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ABSTRACT 

Epidemiological studies have consistently shovvn an association between elevated 

quantities of ambient airborne particulate matter (PM) and acute health effects. The 

focus here is on health effects of primary PM and is intended to provide insight into the 

roles of particulate speciation on inhalation toxicity. PM considered consisted of 

combustion generated ash particles from 1) coal, 2) coal/municipal sewage sludge (MSS) 

mixture, 3) MSS burned with natural gas assist, 4) coal/ refuse derived fiiel (unstaged and 

staged), 5) residual fuel oil (ROFA), 6) combustion generated zinc particles, with and 

without sulfur, and 7) combustion generated zinc which had been sequestered by sorbent 

particles. 

In each case, health effects were investigated in-vivo by direct inhalation by a 

mouse model. An aerosol re-suspension system that produces aerosol concentrations of ~ 

1000 ^g/m^ was designed, and characterized. Particles were characterized with respect to 

size, elemental composition, leachability, and pH of supernatant. Measured alterations in 

lung permeability, along with pulmonary functions were used as measurements of lung 

injury. One-hour exposures were conducted for periods lasting from 1 to 24 days. The 

validity of assumptions used in the lung permeability measurement technique, was 

explored using a new mathematical model. 

In-vivo results indicate two types of lung permeability behavior. Inhalation of 

ash particles from coal, MSS, residual fiiel oil, ZnO. and Zn sequestered by kaolinite 

caused an initial decrease in lung permeability followed by a "recovery" to control mice 
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values (Type 1 behavior). In contrast, the exposure to ash from coal plus MSS, coal plus 

RDF, and zinc plus sulfur, triggered an increase in lung permeability (Type 2 behavior). 

This work demonstrates the value of health effects engineering, combining both 

combustion engineering and toxicology. Particle speciation is extremely important and 

sulfated zinc has been identified as a "bad actor". Ash aerosol from either coal or MSS 

combustion alone produces Type 1 behavior in lung permeability, while ash aerosol from 

combustion of a mixture of coal and MSS produces Type 2 behavior. The high 

temperature capture of zinc vapor on kaolinite sorbent greatly mitigates lung injury 

allowing permeability behaviors to change from Type 2 to Type 1. 
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CHAPTER 1 

BACKGROUND 

1.1 Introduction 

During the combustion of fossil fuels, aerosols (particles) and gases are formed. 

The aerosols and gasses that are not captured by particulate control equipment are 

discharged to the atmosphere. The release of these anthropogenic pollutants often leads 

to adverse human health effects. Studies have shown that urban air pollution of 

developed and/or developing countries is associated with an increased rate of morbidity 

and mortality. These increased rates have heightened concern that air pollution will 

continue to pose a threat to public health (Bascom et al., 1996; Dockery and Pope 1996; 

Ostro 1993; Schlesinger 1995; Schlesinger and Graham 1992). 

Recent epidemiological studies have consistently shown an association between 

elevated quantities of ambient airborne particulate matter (PM) and increases in 

mortality, aggravated asthma, chronic bronchitis, chronic cough, respiratory tract 

infections, ischemic heart diseases, and strokes (Kaiser 2000a, b; Samet et al., 2000a, b; 

Zanobetti et al., 2000). Since PM causes health concerns, the U.S. EPA has implemented 

a more stringent air pollution standard, PM-2.5 (particulate matter less then 2.5 microns 

in diameter) (EPA/600/P-95/001). 

Many studies have been conducted to determine the human health effects of 

exposure to air pollution. From these studies, researchers have suggested that small 

airborne particles are a toxic component of urban air pollution (Samet et al., 2000a, b). In 

the past, it was believed that particulate mass concentration alone was the primary 
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contributor to adverse health effects (Kaiser et al., 2000a). However, recent evidence 

suggests that aerosol and particulate characteristics other than mass concentration have a 

greater negative impact on human health than previously thought (Mauderly 1999). 

The relevant characteristics of small particles that appear to have toxic effects 

include: particulate matter (PM) mass concenu^tion. PM particle size. PM surface area, 

and PM chemical composition. Of particular interest is the presence and relative 

concentration of transition metals, acids or acid forming compounds, polyaromatic 

hydrocarbons (PAH's), peroxides, soot, cofactors, biogenic particles, salts, and secondary 

aerosols (Mauderly et al., 1998). 

Secondary aerosols are particles that are formed during atmospheric chemical 

reactions that produce inorganic ionic species (Friedlander 2000). The most important 

ionic species areNH^J, SOf, and NOj. 

1.2 Particle Origin 

During the combustion of a fuel, the original material (the reactant or fuel) goes 

through a chemical transformation and subsequent release of energy. In theory, the 

complete combustion of a fuel should yield energy, carbon dioxide (CO2), and water 

(H2O). However, in a real combustion process other combustion byproducts are formed. 

These byproducts result from the incomplete combustion of the fuel and inhomogeneities 

found within the fuel (coal), and/or oxygen deficient conditions which are always found 

on the side of the flame front (Lighty et al., 2000). For example, sulfuric acid (H2SO4), 

nitrogen oxides (NO*), and particulate are byproducts formed either during the 

combustion process or shortly thereafter. 
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NOx are formed by the high temperature, thermal fixation of molecular oxygen, 

and nitrogen present in the combustion of air (Coriey 1976) or by the oxidation of 

chemically bound nitrogen in the fuel . Coal contains about 1.4% wt chemically bound 

nitrogen, which accounts for 70-80% of the NO* emissions (Pershing 1976). Even 

though NO2 is thermodynamically favored at lower temperatures, NO is the oxide formed 

because the residence time in most combustion process is too short for the oxidation of 

NO to NO2 (Bartok et al., 1964). 

Coal, and many other fossil and waste fuels, contain inorganic matter in the form 

of excluded ash. included minerals (inclusions) and organically bound metals. Some of 

the metals are volatile or semi-volatile (Seames 2000). Particles can be created from 

gases or metal vapor precursors foimd during the combustion of a fuel. The formation of 

particles is divided into four classes (Lighty et al., 2000): 

Either homogenous or heterogeneous nucleation is involved in the formation of 

inorganic ash particles, H2SO4 droplets, and condensable organics (Lighty et al., 2000). 

The total amount of condensation of the aforementioned three classes of particles is 

approximately equal to the amount of initially vaporized material that is in excess of 

thermodynamic equilibrium at the ambient temperature. For soot, the nucleation step and 

the amount of soot formed are determined by kinetics (Lighty et al., 2000). 

1. Inorganic particles 

2. Soot 
Formed at high temperatures 

3. H^SO, 

4. Condensable organics 
Formed at exhaust temperatures 
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1.3 Particle Characteristics and Health Effects 

While it is widely accepted that the inhalation of combusted fuel byproducts may 

result in adverse health effects, fiirther investigations are required to pinpoint how the 

characteristics of those byproducts affect human health. It is insufficient to say that coal 

ash aerosols may cause respiratory distress. There is a need to understand how such 

characteristics such as a particle's size and chemical composition affect human 

respiratory health. 

1.3.1 Aerosols 

Aerosols are suspensions of small particles in gases (Friedlander 2000). These 

small particles are possibly formed by the conversion of gases, the disintegration of 

liquids, or the degeneration of solids. The combustion of a fuel (natural gas, diesel. or 

coal) usually generates small particles thus leading to the generation of aerosols. 

1.3.2 Particle Size 

Small particles are formed during the oxidation of a fuel are characterized based 

on their size. Particle size is expressed in terms of its aerodynamic diameter; which is 

defined as the diameter of a unit density sphere that has the same settling velocity (Hinds 

1999). Typically, PM that exists in the atmosphere is distributed as a bimodal size 

distribution (Whitby and Svendrup 1980). Atmospheric PM is commonly divided into 

two general categories: 1) coarse and 2) fine modes. The coarse mode is identified by 

particles that have a diameter greater than 2 ^im (Whitby and Svendrup 1980). The fine 

mode consist of PM that has particle diameter less then 2 [im (Whitby and Svendrup 

1980). Particles found in the fine mode are further subdivided into two classes: 



21 

accumulation range (-0.09 jim < Dp < 2.0 ^m) and ultrafines (0.002 nm < Dp > -0.09 

Jim) (Whitby and Svendrup 1980). Figure 1-1 graphically demonstrates some of the 

characteristics of a ftiel source, the transformations of the fuel upon high temperature 

oxidation, and plausible pathways of particulate generation. Examples of processes that 

lead to particulate generation include nucleation, condensation, attritive fragmentation, 

explosive fiagmentation, secondary atomization, submicron inclusions, and residual 

particles. Furthermore, Figure 1-1 demonstrates, not to scale, the particle distribution of 

natural and anthropogenic sources. Of interest, is the demonstration of how an 

anthropogenic source can subdivide or generates aerosols into fine particles and coarse 

particles. 

1.3.3 Particle Chemical Composition 

Combustion derived aerosols are typically multi-component, composed of many 

different chemical species (Friedlander 2000). Furthermore, a single aerosol particle may 

be composed of many chemical compounds, and the entire aerosol may consist of mixed 

particles of different composition (Friedlander 2000). Depending on the chemical 

composition, an aerosol can be called internally mixed or externally mixed. Internally 

mixed particles have a uniform chemical composition while externally mixed particles 

have different chemical components. Particle size is a key characteristic related to the 

health effects in humans and the source contributing to the mass of the fine and coarse 

mode particles may differ; which in turn are reflected in their chemical composition 

(Spengler and Wilson 1996). Table 1-1 lists some of the general characteristics of PM 

versus particle size. 



Fuel Characteristics Transformations Particles 

Milil¥i»ar 

Natural 
Wind-blown Dust 

Submkron Aerosol 

Sea spray 

Porous 
Partkle 

Plant PartidSf -

Anthropogenic 
Porous 

ch*r 

Dense 
Particle 

Supermlcron Ptrllcles 
(CollecMble) 

Inorganic Mixture 

0.002 0.01 0.1 1 2 10 100 
Pankle diameter, 

TiwnMnf MucM « AccumulMlon 1
 

1
 

1
 Aitk*n nucW r«nf» ftng* Mnnolr«n9« 

nrwptniclvt CotTM pwitclti 

Figure I-l: Possible mechanisms or pathways of particle formation in combustion systems, sources of aerosols, and their 
relative particle size range. 



23 

Fine Mode Coarse Mode 

Composed of: Sulfate, SO^'4; Nitrate, NO"^; 
Ammonium, Hydrogen ion, FT; 
Elemental carbon, C; Organic 
compounds; PNA; Metals: Pb, Cd, V, 
Ni, Cu, Zn; Particulate-bound water; 
Biogenic organics. 

Re-suspended dust, soil 
dust, street dust. Coal and 
oil fly ash. Metal oxides of 
Si, AI, Mg, Ti, Fe. CaCOs. 
NaCl, sea salt, pollen, mold 
spores, plant parts. 

Source of: Combustion of coal, oil, gasoline, 
diesel, wood. Atmospheric 
transformation products of NO*, SO2, 
and organics including biogenic 
organics, e.g. terpenes. High 
temperature processes, smelters, steel 
mills, etc. 

Re-suspension of soil 
tracked onto roads and 
streets. Suspension from 
disturbed soil, e.g. farming, 
mining. Re-suspension of 
industrial dusts. 
Construction, coal and oil 
combustion, ocean spray. 

Lifetimes: Days to weeks Minutes to hours 

Travel distance: 100s to 1000s of kilometers 1 to 10s of kilometers 

Table 1-1: General characteristics of fine versus coarse mode particles (Spengler and 
Wilson 1996). 

1.3.4 Surface Chemistry 

In contrast to bulk properties, which are derived from a combination of the 

composition and atomic structure, the properties of a surface depend on its chemical 

composition, atomic structure, surface charge, and microtopography (Hochella 1993). 

Microtopography is defined as the morphology of the surface on the general dimensional 

scale of the chemical interactions that will take place there; usually from a few tenths to 

perhaps a few nanometers. 

A key component of particle reactivity is surface composition. Poorly 

coordinated atoms and ions are present on the particle's surface and constitute local 
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centers of more pronounced reactivity (Fubini 1997). For example, fresh surfaces of 

ground silica exhibit more acute lung damage than ground silica that has been oxidized 

(Castranova et al., 1996). 

The atomic structure on a surface is generally modified from the equivalent 

structure in the bulk by virtue of the fact that the entire surface is a defect (Hochella 

1993). 

It has been known for some time that surfaces are electrically charged (Hochella 

1993). Therefore, surface charge can potentially be an important aspect of the reactivity 

of ash particles in biological systems. In a study conducted by Yasuhito (1988). surface 

charge did play a role in the behavior of macrophage uptake of polymer microspheres. 

1.3.5 Acidic Aerosols and Sulfur 

Depending on the type of fuel, the content of sulfur present varies. During 

combustion, sulfur present in the fuel can be partitioned to form SO2 and SO3, depending 

on the temperature and humidity of the flue gas. However, in the presence of water, the 

combustion by-product, SO3 is converted to H2SO4. The dew point of combustion flue 

gas containing H2SO4 is much higher than that containing only H2O (Stemling and 

Wendt 1972). Therefore, the acid formed will nucleate and condense to form aerosol 

particles as the gas is diluted and cooled. And. unlike steam, the formed aerosols will 

remain condensed at very high dilutions with ambient air, i.e. (blue) sulfuric acid plumes 

will persist in the air, while steam will disperse. 
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1.3.6 Water-soluble Metals 

Chemical species or compounds, some of which are water soluble, can adhere to 

ash particles by coagulation, surface reaction, and/or agglomeration (Linak and Wendt 

1993). In some recent in-vivo and in-vitro studies, water soluble chemical species 

leached from combustion generated aerosols have received some attention (Costa and 

Dreher 1997; Dreher et al, 1997). In the aforementioned studies, ash particles were 

mixed with water. The supernatant of the ash/water mixture was either instilled via 

intratracheal instillation or applied to transfected lung cells. The results from these 

studies indicated that indeed the chemical species released into the water proved to cause 

an inflammatory response via the release of inflammatory mediators. The list that 

comprises water soluble species includes the elements such as iron, zinc, nickel, copper, 

vanadium, and sulfated ions (Costa and Dreher 1997; Dreher et al., 1997). However, the 

solubility of cadmium, copper, iron, lead, zinc, and vanadium appears to be dependant on 

the acidity of the ash particles (Brunori et al., 2001; Polyak and Hlavay 2001). 

Two metals commonly found in combustion generated ash particles and that are 

of interest in inhalation health effects studies are iron (Fe) and zinc (Zn). Fe is one of the 

most abundant elements on Earth and the isotope ^^Fe is the most common type of atom 

(Welz and Sperling 1999). It is estimated that 37% of the Earth is made up of iron, while 

the top 16 km of the Earth's surface contains about 5% iron. Fe is an essential element 

for humans and plants. An adult human with body mass of 70 kg contains 4.2 grams of 

Fe, the majority of which is bound to hemoglobin (Welz and Sperling 1999). 
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Hemoglobin is found in red blood cells, where its primary function is to transport oxygen 

from the limgs to body tissue where it removes carbon dioxide. 

Zn makes up about 0.0012% of the Earth's crust (Welz and Sperling 1999). In 

abundance, Zn is close to copper, strontium, and vanadium. Zn is a non-noble metal that 

occurs in nature in the form of its compounds, mostly in the divalent oxidation state, with 

lead and cadmium (Welz and Sperling 1999). Zn is utilized in the production of 

galvanized steel and it is also used in glass, ceramics, and dyes. Zn is an essential trace 

element for humans, animals, plants, and microorganisms. The human body contains 2-4 

grams on average (Welz and Sperling 1999). Large quantities of zinc salts can cause 

external caustic bums on the skin and very painful internal inflammation of the digestive 

organs; but the toxic limits are much higher than other essential elements such as copper 

(Welz and Sperling 1999). 

1.4 Aerosol Removal Technology 

In the U.S. and other countries of the world, regulatory laws exist to prevent or 

minimize the emission of combustion generated aerosols to the atmosphere. Regulations 

in the U.S. (Clean Air Act of 1963 and Amendments 1970, 1977, and 1990) require the 

reduction of particulate, trace elements, SO*, and NO* when fossil fiiels are combusted. 

Industries with energy generating facilities have installed equipment, such as electrostatic 

precipitators, dry scrubbers, spray dryers, cyclones, and bag houses that aid in the 

removal of aerosols that are suspended in flue gas streams. The removal of SOx and NO* 

gases is accomplished by employing scrubbers (i.e. limestone scrubbers, citrate 

scrubbers, etc.) and/or catalytic reduction systems (Cooper and Alley 1994). 
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The majority of particulates are removed by the aforementioned devices, with 

only the fine particulates, usually less than 1 (im. being emitted into the atmosphere. The 

advent of PM2.5 regulation (particulate matter less than 2.5 micrometers) has prompted an 

increased interest in the examination of secondary aerosols, which are a major component 

of poststack fine particulate material in the micron and submicron range. NaCl, Na2S04, 

(NH4)2S04, NH4NO3, and KaOCKOH) are the most common secondary aerosols 

encountered. 

1.5 Sorbents 

In the previous section, some of the common pollution control devices currently 

used in industry were introduced. Even with the implementation of an up-to-date 

pollution control device in any incinerator, the complete removal of airborne toxic metals 

or compounds is not possible (Lisk 1988). During combustion, toxic metals present in 

the fuel are mobilized into the vapor form. As the temperature of the flue gas declines, 

the mobilized metal is forced to nucleate and form a new particle or condense on an 

existing ash particles with or without surface reaction (Linak and Wendt 1993). Since the 

decline in temperature influences the formation of new particles, the size of the formed 

particles usually is in the submicron range. The formation of submicron size particles 

leads to very poor removal of these panicles by the pollution control device. Therefore, 

other alternatives for the removal of toxic compounds from a combustor flue gas have 

been explored. 

An ingenious format that has been investigated to remove toxic compounds from 

a combustor flue gas is the utilization of a sorbent. A sorbent, which is a powder, is 
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typically injected directly into the ftimace after post-combustion. A sorbent offers three 

advantages in the removal of toxic compounds (Linak and Wendt 1993). The first 

advantage is the availability of a large surface area where toxic compounds can condense. 

Secondly, the toxic compounds in the vapor form can chemically react with the surface of 

the sorbent and a new compound is formed. The last advantage, if the toxic metal reacts 

or condenses on the surface of the sorbent, is the shift in particle size distribution by 

favoring the supermicron size particles for the easy removal by one of the 

aforementioned pollution control devices. 

Typical tyjaes or examples of sorbents are lime, clay, and kaolinite. Lime has 

been utilized for many years in the removal of sulfur dioxide (SO2) gas that is emitted 

from combustion processes (Cooper and Alley 1994). However, more recently, the use 

of sorbents has been investigated as a technology having the practical applicability for the 

capture/removal of toxic metals found in the combustion process. 

Several researchers have demonstrated that some toxic metals may be captured by 

sorbents. However, the mode of the experimental investigations has been carried out in 

two different formats: bench scale and laboratory scale. In the bench scale format, the 

experiments have been performed on a small apparatus, such as an oven, in which the gas 

temperatures were below 1000 °C and the residence time of the gas ranged from minutes 

to hours. Furthermore, the sorbent under investigation resided in a fixed location in small 

quantities of mass. With the bench scale setup, toxic metals have been sequestered by 

various sorbents. Example of metals removed by sorbents are: selenium (Ghost-Dastidar 
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cadmium (Scotto et al., 1994); (Uberoi and Shadman 1991), and copper (Chen et al.. 

1998). 

In a laboratory scale setup, the experiments have been performed in under much 

different conditions. The experimental apparatuses are designed to simulate combustion 

conditions, temperatures and residence time, similar to an industrial process. Evidence of 

toxic metals sequestration has been contradictory, different chemical mechanisms and 

products have been generated, than the bench scale. However, the following toxic metals 

have been seized by sorbent used in a laboratory scale format: lead (Linak et al., 1995; 

Scotto et al., 1992), cadmium (Linak et al., 1995), nickel (Linak et al., 1995), cesium, and 

strontium (Amos 1999). In addition to experimenting with one toxic metal at a time, 

bimetal experiments with lead/cadmium, lead/sodium, and cadmium/sodium have been 

accomplished (Gale 2001). 

1.6 Particle Deposition 

As was previously mentioned, all particles have physical properties. The size, 

shape, density, and chemical properties of the particle will determine how it is 

transported and how it will react with the human respiratory tract. Airway geometry and 

the individual's breathing pattern will also influence the transport characteristics, air 

velocity, path, and penetration depth, of combustion generated ash particles. For 

example, the particle size will help to determine what area of the respirator>' system will 

be impacted. 

Gas velocities play an essential role with respect to particle settling in the air 

passages of the lung. The determination of velocity profiles through the lungs has been a 
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challenge. Due to the difficulty in obtaining an actual model for determining airway 

velocities, complicated mathematical expressions and computer models are used in lieu 

of physical experimentation. Assuming a steady flow rate of 1.0 L/sec, Table 1-2, based 

on Weibel's model, shows the velocities for selected regions of the lung (Hinds 1999). 

The velocity column shown in Table 1-2 demonstrates that the velocity in the 

airways increases until the air reaches the lobar bronchi. After this point, the velocity 

decreases rapidly. Since flow rate is equal to velocity times tube cross sectional area, for 

a constant flow rate and assuming plug flow condition, an increase in area results in a 

decrease in velocity by the same factor. 

Velocity is one parameter of the Reynolds number (Re): 

Re = ̂  
1 

where p is the gas density, v is the velocity, d is the diameter of the pipe, and q is the gas 

viscosity. The Re is fundamental to the understanding of aerodynamic properties of 

aerosols (Friedlander 2000; Hinds 1999). The Re is a dimensionless number that 

characterizes fluid flow through a pipe or around an obstacle such as an aerosol particle 

(Hinds 1999). The Re has the following properties: 

1. It is an index of the flow regime; that is, it provides a benchmark to determine 

whether the fluid flow is laminar or turbulent. Laminar flow is typically 

characterized by low velocities and consequently a low Re. For flow around a 

spherical particle, laminar flow is defined for a Re < 10'' (Hinds 1999). 
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2. It is proportional to the ratio of inertial forces to frictional forces acting on each 

element of the fluid. This ratio is the key to determining which flow resistance 

equation is correct in a given situation (Hinds 1999). 

3. Equality of the Re is required for geometrically similar flow to occur around 

geometrically similar objects. This similarity means that the pattern of the 

streamlines will be the same for flow around different-sized objects or different 

fluids for similar geometry. A streamline is the path traced by a tiny element of 

fluid as it flows around an obstacle (Hinds 1999). 

Therefore, accurate determination of aerosol density and velocity is essential to 

determining where the particles will deposit in the respiratory airways. Several 

mathematical models have been derived to accommodate several or various parameters 

involved in the inhalation of particles. While some of these mathematical models are 

derived for animal models, i.e. the rat, they can be extrapolated to humans, since the 

alveoli of a mouse lung have similar geometrical dimensions to those of a human lung. 

For example, (Tran et al., 1999) have derived a mathematical model that accounts for the 

retention and clearance of low-toxicity particles. Other mathematical models have been 

focused on particle deposition (Ashgarian and Yu 1989; Harris and Timbrell 1977), and 

the effects of airway humidity and temperature profiles (Kaufman et al., 1996). 

There are five complex mechanisms by which a particle can be deposited in the 

respiratory system (Hinds 1999): 

1. Interception 

2. Inertial impaction 
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3. Diffusion 

4. Gravitational settling 

5. Electrostatic attraction 

The most important of these mechanisms are impaction, settling, and diffusion 

(Hinds 1999). Interception and electrostatic attraction are somewhat less essential as 

mechanisms (Hinds 1999). 

Numerous studies, experimental and mathematical, have been performed in the 

area of particle deposition in the human respiratory system. In 1966, the International 

Commission on Radiological Protection (ICR?) published a document that predicted the 

behavior of particle deposition of various sizes on various parts of the respiratory tract. A 

summary of the prediction is demonstrated in Figure 1-2. 

In a schematic of the human respiratory system. Figure 1-3 can be more easily 

interpreted. The nasopharyngeal (Nasal-P) region consists of the nose and throat. The 

tracheobronchial (T-bronchial) region consists of the wind pipe and large airways. The 

pulmonary regitm consists of the small bronchi and the alveolar sacs. 



33 

g 0.7 -
Pulmonary 

I 0.6^^ m 

'̂¥\1 
0.1 

0 iZ9HIK!^E3^H^ 
0.01 0.05 0.1 0.5 1.0 5 10 50 100 

Mass Median Aerodynamic Diameter (iim) 

Figure 1-2; Particle deposition as a function of particle diameter in various regions of the 
human Iimg. Source: Task Group on Limg Dynamics, Health Phys. 12:173 (1966). 
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Figure 1-3: Schematic of the human respiratory system and sites of particle deposition as 
function of particle diameter. 



Airway Generation Number 
per 

generation 

Diameter 
(mm) 

Length 
(mm) 

Total cross 
sectional area 

(cm^) 

Velocity 
(mm/s) 

Residence 
time 
(ms) 

Trachea 0 1 18 120 2.5 3900 30 
Main bronchus I 2 12 48 2.3 4300 11 
Lobar bronchus 2 4 8.3 19 2.1 4600 4.1 
Segmental bronchus 4 16 4.5 13 2.5 3900 3,2 
Bronchi w/ cartilage in wall 8 260 1.9 6.4 6.9 1400 4.4 
Terminal bronchus II 2,000 I . I  3.9 20 520 7.4 
Bronchioles w/ muscle in wall 14 16,000 0.74 2.3 69 140 16 
Terminal bronchiole 16 66,000 0.60 1.6 180 54 31 
Respiratory bronchiole 18 260,000 0.50 1.2 530 19 60 
Alveolar duct 21 2,000,000 0.43 0.7 3200 3.2 210 
Alveolar sac 23 8,000,000 0.41 0.5 72,000 0.9 550 
Alveoli 300.000,000 0.28 0.2 

Table 1-2: Characteristics of selected regions of the lung (Hinds 1999). 

UJ 
4^ 
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1.7 Lung Physiology 

In this section, the anatomy of the human respiratory system will be briefly 

introduced. As the human respiratory system is in itself an educational and investigative 

subject of its own. The respiratory system is broken down into three regions. Each 

region, however, has its own function and it is impacted differently by pollutants, i.e. 

gases, droplets, and particles. 

The respiratory system of a normal adult processes 10 to 25 m^ of air per day (Hinds 

1999), Figure 1-4. The surface area of the lung used for gas exchange is about 75 m^ 

(Wiebel and Gil 1977) and is perfused with more than 2000 km of capillaries (Hinds 

1999). During normal respiration, at rest, 0.5 L of air are inhaled and then exhaled with 

each breath (Wiebel and Gil 1977). A normal, resting adult breaths 12 times per minute 

and this rate can triple during heavy work (Hinds 1999). As air flows from the U-achea to 

the alveolar surfaces, it travels through 23 airway branchings (Hinds 1999). There are 

three distinct zones of the airway system (Wiebel and Gil 1977). The respiratory zone 

consists of all alveoli together with the pulmonary capillary network. The conducting 

zone is comprised of those elements of the airway system designed to distribute the flow 

of inspired air into the gas exchange region. These elements are not in direct contact with 

the pulmonary capillaries. The intermediate zone consists of tubes so closely associated 

with alveoli that they cannot be easily separated. This zone forms the link between 

conducting and respiratory airways. 
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Figure 1-4: Schematic representation of the human respiratory system. 

1.7.1 Trachea and Bronchi 

Trachea and Bronchi (Figure 1-5) make-up the central airway system of the lungs 

and are characterized by four major anatomic constituents (Gong and Drage 1982): 1) A 

mucous membrane (mucosa) that is composed of epithelium and is ciliated, 

pseudostratified, and vertical pillar-like shaped, with scattered mucous goblet cells; 2) 

Glands that are composed of clear mucous cells and serous cells; 3) Cartilage formed in a 

C-shape, stacked in an orderly fashion over one another, not oriented systematically, and 
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diminished peripherally in size and closeness of apposition; 4) Smooth muscle that is 

arranged as bidirectional helical weaves in the walls of the bronchi. 

Serous cells form a serous membrane. One serous membrane, the parietal pleura 

membrane, lines the body cavity but unlike the alveoli, this membrane is not exposed to 

the environment (Solomon et al., 1996). Additionally, the serous membrane that covers 

the lungs, the visceral pleura membrane. Figure 1 -5, forms a continuous sac that encloses 

the lung and becomes the lining of the thoracic cavity (Solomon et al., 1996). 

Bronchioles 

Blonchi 

Trach^ 

Rin^sbf 
cartilage 

m 

Pleural 
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Pleural 
cavity 

Diaphragm 

Figure 1-5: Schematic representation of the lungs; which shows the trachea and the 
bronchial tree (bronchi and bronchioles). 
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1.7.2 Bronchioles 

The trachea divides into two branches, the left and right bronchus. The bronchi 

connect the trachea to the lungs. The bronchi are characterized anatomically by the 

persistence of some mural muscle and peripherally decreasing density of ciliated mucosal 

cells (Gong and Drage 1982). However, cartilage and glands are absent from the bronchi 

(Gong and Drage 1982). 

The bronchi are divided into two types: non-respiratory and peripheral respiratory 

primary (extrapulmonary) bronchi and intrapulmonary (secondary and tertiary) bronchi 

(Gartner and Hiatt 1997; Gong and Drage 1982). In the peripheral respiratory, the walls 

are complete and uninterrupted. However, the non-respiratory are interrupted by direct 

alveolar openings in an increasing fashion as the bronchi approach the actual lung tissue. 

Since gas exchange occurs in the bronchi, these are defined as the "conducting zone of 

the limg" (Gong and Drage 1982). 

The connection between the lung and the bronchi is called the acinus or terminal 

respiratory unit. The acinus is further subdivided into I, II, and III order respiratory 

bronchioles (Gong and Drage 1982). 

1.7.3 Alveoli 

The final structure of the respiratory system is the alveoli. Figure 1 -6. Alveoli are 

structures that are very densely packed and separated by a thin septa or partition that 

contains a tightly laced network of blood capillaries (Wiebel and Gil 1977). These dense 

packed pockets form the channels of the alveolar ducts. The alveolar ducts are connected 

to the bronchioles and their contents are exchanged with inhaled air. 
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Figure 1-6: Schematic diagram of a branching of the respiratory system, displaying a 
bronchiole, respiratory bronchiole, alveolar ducts, alveolar sacs, and alveoli. 

Capillaries extend within the alveolar wall (Wiebel and Gil 1977). The capillaries 

obtain all deoxygenated blood from the pulmonary arteries. Due to their large numbers 

and extensive network, they are continuously perfused with blood and are very efficiently 

arranged for gas exchange. 

The alveoli, in an average human adult, is about 250 ^m in diameter and their size 

variation appears to be rather small; standard deviation being on the order of 5% to 10% 

(Wiebel and Gil 1977). 
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Initially, it appeared that the alveolus was the primary unit of gas exchange. 

Opposing this theory, in 1967, Reid defined the acinus as the portion of the respiratory 

zone that connects to the first-order respiratory bronchioles, indicating that the alveolus is 

not functionally significant to gas exchange (Saudek 1997). Researchers continue to look 

for unambiguous gas exchange dependence on a specific lung zone unit. 

1.7.4 Structure of the Air-Blood Barrier 

The fine structures of the air-blood barrier include alveolar epithelium and the 

capillary endothelium, which provide an uninterrupted cell lining for the alveoli and 

capillaries, respectively (Wiebel and Gil 1977). The difference between endothelium and 

epithelium is that endothelium has a different embryonic origin than the "true" epithelium 

(Solomon et al., 1996). A lining and connective tissue support these cells, complying 

with the unit cell theory. The alveolar epithelium, capillary endothelium, and connective 

tissue make up the layered barrier between alveolar air and capillary blood through which 

gas exchange occurs (Wiebel and Gil 1977). Figure 1-7 displays a graphical 

representation of the alveolar region with associated pulmonary capillaries. 

The capillary endothelium is made up of squamous cells, similar to those found in 

muscle capillaries (Wiebel and Gil 1977). The cytoplasm of these cells contains few 

organelles and it forms a thin layer around the nucleus and extends as thin sheets, 0.1 to 

0.2 ^m thick (Wiebel and Gil 1977). The sheet-like extensions contain numerous small 

vesicles. It is asserted that these vesicles function as a shuttle vehicle of macromolecules 

in both directions (Wiebel and Gil 1977). The transport process of macromolecules is 

called pinocytosis (Wiebel and Gil 1977). 
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Figure 1-7: A schematic representation of a thin section of the alveolus cell composition 
and the surrounding pulmonary capillaries. 

The alveolar epithelium is a mosaic of three cell types that differ structurally and 

ftmctionally (Wiebel and Gil 1977). The squamous alveolar epithelial cell or Type I 

pneumocytes forms 90% to 95% of the actual lining of alveolar surface. They contain 

few organelles, just like the endothelial cell, and their cytoplasm form a thin sheet that 

extends over a distance of 50 nm or more from the nucleus (Wiebel and Gil 1977). 

The granular epithelial cell or Type 11 pneumocytes are cuboidal and have no 

lateral cytoplasmic extensions; but their surfaces have numerous short microvilli that are 

typically arranged around the edge of the cell (Wiebel and Gil 1977). These cells contain 

numerous organelles for example large mitochondria, well-developed endoplasmic 

reticulum, a Golgi complex, and multivesticular bodies (Wiebel and Gil 1977). 
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Due to the large number of organelles contained therein. Type II pneumocytes are 

the main contributor to the metabolism of the lung (Wiebel and Gil 1977). In addition to 

its geometric differences and internal components, the Type II pneumocytes also contain 

granules. The granules are lined by a membrane and contain a highly osmiophlic 

material disposed in the form of lamellae (Wiebel and Gil 1977). This material is 

believed to be phospholipids and may represent the intracellular storage site of the 

surfactant system (Wiebel and Gil 1977). Additionally, unlike Type I, Type II 

pneumocytes are capable of mitotic division (Wiebel and Gil 1977). 

Alveolar macrophages (AM) are the first cells of the host defense system to 

interact with foreign substances (particulate matter and bacteria) and modulate the 

ensuing inflammatory response (Gartner and Hiatt 1997: Wallaert 2000). Their primary 

function is to scavenge foreign matter within the air sacs; thus maintaining a sterile 

environment within the lungs (Gartner and Hiatt 1997). 

1.8 Toxicological Experiments 

In order to understand the posed health threats associated from the inhalation of 

combustion generated particulate, toxicological experiments must be carried out. 

Toxicological experiments are approached by two methodologies: in-vivo and in-vitro. 

Each method offers a different perspective and a brief discussion of each is well 

deserved. 

1.8.1 In- Vivo Experiments 

In-vivo experiments are conducted with live subjects, usually animals. The most 

commonly used subjects in these studies are rats, mice, monkeys, or guinea pigs. The 
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laboratory mouse has become a particularly useful model for studying human genes 

(Solomon et al.. 1996). At least 99% of the genes of humans and mice are essentially the 

same; although not necessarily identical (Solomon et al., 1996). Therefore, the use of a 

mouse model can be very useful in correlating the health effects associated with the 

inhalation of ash particles in humans. Also, as noted above, the characteristic length 

scales of the mouse alveoli are similar to the alveoli of humans. Ash particles are 

introduced to the subject by either intratracheal installation or direct exposure. 

1.8.1.1 Intratracheal Instillation 

Intratracheal instillation is perhaps the most preferred in-vivo toxicological 

method used to investigate the health effects of aerosol inhalation. This type of 

investigation avoids the necessity to implement complex equipment, capital, and time. 

Ash particles are typically collected on a filter. The aerosols are collected on a laden 

filter and are then removed via mechanical force; removed with a spatula or agitated in a 

saline solution. Furthermore, in some experiments the pH of the final solution is adjusted 

to physiological pH, ~ 7.4. 

Once the solution has been prepared, a small volume of it is directly dispensed 

into the pulmonary system. There are advantages and disadvantages to this method. An 

advantage to intratracheal instillations is that it requires substantially less time (a few 

days) to complete an experiment. However, the disadvantages can be numerous: 1) the 

particle size distribution is not taken into account; therefore, large particles that would 

normally be filtered out by physical means can be incorporated into the mixture and may 

contribute a health response, 2) as previously mentioned, the pH of the solution is usually 
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adjusted, thereby modifying a physical property of the aerosol. 3) the concentration of 

particles and dissolved chemical species are largely concentrated in a small section of the 

lung; which may produce artificial significant effects. 

1.8.1.2 Direct Exposure 

Direct exposure is the most representative way of studying the health effects of 

aerosols. This arrangement of experimentation simulates actual time history of aerosol 

particles inhaled by humans. However, due to moral and ethical dilemmas, animals are 

studied instead of humans; that is when exposures are likely to cause permanent damage. 

The disadvantages of direct exposure are cost, time, and usage of costumed engineered 

equipment. In the work presented here, direct exposure was utilized to conduct the 

experiments. 

1.8.2 /w-F//ro Experiments 

In-vitro experiments are by far the most prevalent type of experiment conducted 

to study health effects of combustion generated particles. The time and capital invested 

to perform such experiments are small compared to in-vivo experiments. The usual setup 

of an experiment consists of culturing a type of cell culture and small amounts of 

collected particulate are mixed with the cell media. These types of experiments involve 

the measurement of a cell biological response to PM. The type of biological response can 

range from the release of inflammatory cytokines (TNF-a, ILl-P, IL6, etc.), cell 

metabolism, cellular damage (lipid peroxidation, carcinogenesis), cell 

mitotic/differentiation events, deoxyribonucleic acid (DNA) damage, and immune 

response, just to name few of the several cell biological responses. An advantage to this 
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system is the possibility of acquiring cell biological mechanisms without the interference 

of other cells present in a complex organ. 

Monolayer cell cultures are commonly used in in-vitro experimentation and there 

are some caveats to be aware of. Particle uptake by monolayer cell cultures has appeared 

to possess very little cell type specificity, and in many reported experiments with 

compact particles, the cells used were not derived from the lung (Churg 1996). Most 

cultured cells lose apical polarity and/or apical morphologic specialization (Churg 1996). 

Cultured cells may have antioxidant capabilities quite different from those of their in-vivo 

parents and antioxidant defenses appear to play a role in particle uptake (Churg 1996). 

1.9 Biochemistry 

A eukaryotic cell contains a billion or so protein molecules, which constitutes 

about 60% of its dry mass (Alberts et al., 1994). There are thought to be about 10,000 

different types of protein in an individual vertebrate cell, and most of them are highly 

organized spatially. The pulmonary epithelium mainly consists of two different cell 

groups: Type I and Type II pneumocytes (Iwatsuki 1992). The alveolar macrophages 

(AM) are the first cells of the host defense system. Whenever foreign material enters the 

pulmonary system, the cells communicate with the surrounding environment by a 

subsequent release of proteins. Two important proteins involved in the communication 

process are tumor necrosis factor-a and interleukins. These two proteins have been 

widely investigated as important indicators of pulmonary response to combustion 

generated particulate (Ghio et al., 1999; Hetland et al., 2000; Kennedy et al., 1998; 

Nordenhall et al., 2000; Ostro 1993; Smith et al., 2000; Stringer and Kobzik 1998). 
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1.9.1 Tumor Necrosis Factor Alpha (TNF-a) 

TNF-a also know as cachectin, is a cytokine which plays a critical role in normal 

host resistance to infection and to the growth of malignant tumors, serving as mediators 

of the inflammatory response (Tran et al., 1999). Cytokines are proteins (usually 

glycoproteins) of relatively low molecular mass that predominately consist of a single 

chain. Cytokines are signaling chemicals secreted by various leukocytes to activate other 

cells, which regulate all important biological processes: cell growth, cell activation, 

inflanunation, inimunity, tissue repair, fibrosis and morphogenesis. TNF-a is released by 

activated macrophages. It enhances activation of T-cells, and induces proliferation of T-

cells and B-cells. TNF-a also attracts additional macrophages and granulocytes to the 

site. This prompts macrophages and other immune cells, to release tissue-damaging, 

oxygen-containing substances and prostagladins to promote inflammation (Roitt et al., 

1996). Inflammation is a tissue's immunological response to trauma, injury, or invasion; 

characterized by mobilization of leukocytes, antibodies, and increase of body 

temperature, with fluid accumulation. 

1.9.2 Interleukin Proteins 

A large group of cytokines (IL-1 to IL-15) are produced mainly by leukocytes, 

although some are made by mononuclear phagocytes, or by Auxiliary Cells. They have a 

variety of functions, but most are involved in directing other Immune Cells to divide and 

differentiate. Each interleukin acts on a specific, limited group of cells that express the 

correct Receptor for that interleukin. 
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InterLeukin-l (IL-1) is produced by activated macrophages, endothelial cells. B-

cells, and fibroblast cells. IL-1 induces inflammatory responses, edema, promotes the 

production of IL-2, prostaglandins, and the growth of leukocytes. It also augments the 

release of cortico steroids, and induces fever. 

InterLeukin-8 (IL-8) is produced by most cells of the body, especially 

Macrophages and Endothelia Cells. It enhances inflammation, by enabling Immune Cells 

to migrate into tissue, and is a powerful inducer of chemotaxis for neutrophil cells. 

1.10 Specific Objectives of this Work 

This research focuses on the health effects observed in a mouse model, C57BL/6 

mice strain, resulting from the inhalation of particulate generated from the combustion of 

various fiiels. An additional goal is the introduction of health effects engineering. It has 

been well established that particle size, chemical composition, and water soluble 

chemical species are important factors contributing to inhalation health effects (Dockery 

and Pope 1996; Schlesinger 1995). As a result, the goal of this work is to determine the 

impact of fine particles and their role with regards to their influence on lung permeability. 

More specifically, an emphasis is placed on the influence of zinc and sulfur, two elements 

found in combustion generated fine particles. This work will ultimately lead to a greater 

understanding of the human health effects from combustion generated particulate. In this 

work, all of the ash particles used for the direct exposure studies were generated in down 

flow furnaces that simulate the combustion environment of an industrial process. The 

overall approach objectives of this study were met through the completion of the 

following steps or subprojects: 
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• Implementation of a solid particle re-suspension system for in-vivo ash 

particle inhalation studies. 

• Theoretical exploration of regimes of applicability of lung permeability 

measurement methods. 

• Investigation of inhalation health effects of combustion generated ash 

particles from the combustion of the following fossil and biomass fuels: 

1. pulverized coal (Gottelbom) by itself. 

2. a mix of 80% Gottelbom coal/20% municipal sewage sludge (MSS). 

3. a mix 80% Gottelbom coal/20% refuse derived fuel (RDF) staged and 

un-staged combustion conditions. 

4. natural gas/MSS assisted by natural gas. 

• Identification of chemical elements or species in ash particles that may 

contribute to lung injury. 

• Systematic generation of ash particles from the combustion of fuel oil #2 

(diesel) doped with zinc or zinc and sulfiar. 

• Investigation of a sorbent (kaolinite powder) as a means to sequester zinc 

vapor downstream from the combustion of doped fuel oil #2. 

• Exploration of the potential health effects (lung injury) associated from 

inhalation of or exposure to the aforementioned particles in in-vivo. These 

particles consisted primarily of oxidized Zn, sulfated Zn and sorbent 

sequestered Zn. 
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1.11 Dissertation Format 

This first chapter of this dissertation presents an overview of the current 

knowledge about the health effects from the inhalation of anthropogenic aerosols. 

Chapter 2 covers the methods and material utilized to conduct this study. Also in this 

chapter, a summary section of the results of experimental data, grouped in an 

appropriately logical fashion, and conclusions are presented. Appendices follow alter 

Chapter 2. Each appendix has been written in a format that might represent a paper for 

publication. 

Appendix A describes the derivation of a mathematical model that covers the 

transport of''"'Tc-DTPA from the lumen to interstitial space of the lungs. This appendix 

serves the purpose of introducing the concept of lung permeability k-value, which will 

emphasized several times in several chapters. Appendix B covers the implementation of 

a particle re-suspension system and results acquired from characterization of this system. 

Appendix C includes the publication of the results from the inhalation of re-suspended 

coal and coal/MSS ash particles. Appendix D includes the results from the experiments 

where mice were exposed to re-suspended coal and refused derived fuel (RDF) ash 

particles. The coal/RDF ash particles were generated under two different conditions: 1) 

base and 2) staged combustion. Appendix E addresses the comparison of health effects 

from the inhalation of re-suspended coal and that of municipal sewage sludge ash 

particles as a separate issue. Appendix F focuses on the synthetic generation of zinc 

containing combustion generated ash particles, the re-suspension of these ash particles, 

and the response to inhalation of these aerosols. Appendix G elucidates the results after 
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the injection of sorbent to sequester zinc oxide gas after post flame combustion and the 

response after the inhalation of these ash particles. Appendix H covers the results from 

the exposure to residual ftiel oil ash particles. Finally, the remaining appendices are 

miscellaneous items such as drawings, mathematical equations used to analyze data, and 

animal protocol required in order to conduct in-vivo experiments. 
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CHAPTER 2 

PRESENT STUDY 

This chapter consists of three subsections in which methods and materials, 

summary of results, and conclusions of the whole study are presented in turn. The 

methods, results, and conclusions of individual separate topics contained in this study are 

presented in the papers found in Appendices A through I. First, the "Methods and 

Materials" subsection describes, in considerable detail, the experimental facilities, 

equipment, and methodology employed to accomplish the experiments. Then, the 

"Summary of Results" subsection presents a synopsis of the most important findings of 

this work. Finally, the chapter ends with the subsection containing a summary of all the 

conclusions that were derived from this work. 

2.1 Methods and Materials 

2.1.1 Combustion Facilities 

The generation of ash particles was conducted at two different academic research 

facilities: The University of Arizona (U of A) and Institute of Process Technology, 

Stuttgart University, Germany (IVD) under the direction of Professor Klaus R.G. Hein, 

with Dr-Ing Roberta Cenni, and Ms Natascha Wolski. Figure 2-1 demonstrates a rough 

detail of the IVD combustor and its components. No further construction details will be 

provided here and the interested reader is referred to (Cenni et al., 1998). 

The combustion experiments conducted at the U of A were performed in a 15 cm 

inner diameter and 7 m vertical downflow combustor. Figiye 2-2 displays a rough sketch 

of the U of A combustor with attached auxiliary components. The combustor was 
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constructed in four sections, each section including subsections. Gale (2001) provides 

additional detail using a figure which describes the top ~ 1.22 m of the combustor. 

The 1.22 n\ section of the combustor was constructed of two high-density 

refractory materials (Thermal Ceramics). The cap or the first ~15 cm (6.0 in) of the top 

section of the combustor was assembled with Kaocrete® 32-CM refractory. The rest of 

section was constructed with a higher density material Kaocrete® HPM™ 90. However, 

the fabrication of each subsection was carried out in a similar fashion. 
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Figure 2-1: Schematic representation of the IVD combustor, Stuttgart University. 
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2.1.2 Air/Fuel Supply System 

Figure 2-3 displays a rough sketch of the air and fuel supply system. An air 

compressor continuously supplied compressed air to two air pressure regulator 

assemblies. The air pressure regulator assemblies were used to remove condensed water, 

compressor oil, and to reduce the air pressure from 0.827 MPa to 0.103 MPa. 

The depressurized air then passed through a 19.05 mm micro-needle valve for 

total flow control and a laminar flow element. The pressure drop across the laminar flow 

element was measured with a 25.4-cm H2O incline monometer (Model 40HE35 WM, 

Merian Instruments; Cleveland, OH). Therefore, accurate measurements of air flowing 

into the burner inlet were obtained. 

Two plastic reservoirs (19-liter and 11.5-liter) were utilized as fuel oil storage 

containers. In between the fuel oil reservoir and fuel oil pump, a fuel oil filter was 

utilized to remove any fragments that could potentially damage the fuel oil pump. The 

fiiel delivery system was plumed with 9.53 mm diameter clear flexible plastic 

polycarbonate tubing. 

The fuel oil was fed to the furnace by Webster model 2M34CB-3 fuel oil pump. 

The fuel oil pump required a constant 3400 rpm rotational speed and was preset to deliver 

0.690 MPa of pressure to the fuel oil nozzle. 

Monarch nozzles 30°R, rated to deliver 1.90 liter per hour of fuel oil when 0.690 

MPa was applied, were used to achieve mechanical atomization of the fuel. The nozzles 

were capable of delivering fiiel oil at a 30°-cone angle. Figure 2-4. This requirement was 
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criticed since it was highly undesirable to spray the walls of the combustion furnace with 

the fuel oil. 

• Fuel oil storage container 
Fuel oil pump 

Fuel oil filter 

Natural 
gas ?? k] Compressed air 

Fuel oil/natural gas burner 

Figure 2-3: Schematic representation of the distilled fiiel oil supply system. 

Figure 2-4: Monarch distilled ftiel oil nozzle. 
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2.1.3 Natural Gas/Fuel Oil Burner 

Figure 2-5 illustrates the natural gas/fliel oil burner used in this investigation and 

the complete sets of drawings are found in Appendix C. The upper half of the bumer was 

used for the compressed air. The other two inlets were utilized for natural gas injection. 

The natural gas inlets were located in the midsection of the bumer. Each pair of inlets 

was separated 180° from each other. At the midsection point of the bumer, the air and 

natural gas were pre-mixed. The pre-mixed natural gas and compressed air were utilized 

for the pre-heating of the combustor prior to fuel oil combustion experiments. 

In addition to the air and natural gas inlets, two water-cool jackets were required. 

Tap water enters at the inlet of the cooling jacket for the fuel injection delivery pipe and 

exits at the exit fitting. The exiting water was then injected into the inlet fitting of the 

main body of the bumer. The warm water exited the bumer and was then fed to the flue 

gas cooling heat exchanger. 

The bumer main body inside diameter was 54.61 mm and the outside diameter of 

the fuel oil injector holder was 47.63 mm. These listed diameter dimensions allowed for 

the establishment of an approximate axial air velocity of 18.29 m/sec at the experimental 

fuel to oxygen stoichiometric ratio of 1.2. 

2.1.4 Fuel Oil Injector 

The fuel oil injector holder used in this study was a critical component of the fuel 

oil bumer. Corley (1976) listed two reasons why it was necessary that the fuel oil 

injector holder needed to be extemally water-cooled: 
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1. Changes in kinematic viscosity of the fuel oil with corresponding effects on 

the Sauter mean diameter of the oil droplets. 

2. Fuel vaporization/carbonization within the injector. 
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Compressed 
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Figure 2-5: Distilled fuel oil/natural gas burner. 
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2.1.5 Coal, MSS, and RDF Combustion Experiments 

At the IVD, ash particles were generated from the combustion of Gottelbom coal 

(Cenni et al., 1998), 80 % Gottelbom coal/20 % municipal sewage sludge (MSS) (Cenni 

et al., 1998), and 80 % Gottelbom coal/20 % refuse derived ftiel (RDF) (Wolski 2000). 

These percentages are by thermal load (theoretical energy output) not by mass. The 

combustion of the Gottelbom coal/RDF mixture was completed by two different 

experiments: base and staged combustion conditions. The base combustion experiment 

was carried out by applying a constant stoichiometric ratio of 1.2. The staged 

combustion experiment was accomplished with a first stage a stoichiometric ratio of 0.8 

and the second stage leaned out to an overall stoichiometric ratio of 1.2. The 

stoichiometric ratio refers to the number of moles of oxygen to the number of moles of 

oxygen required for complete combustion. 

All ash particulates collected and re-suspended for the other in-vivo studies were 

generated at the U of A combustor. 

2.1.6 Combustion of Fuel Oil 

For purposes of calculating stoichiometric ratio fuel oil U1 (diesel) was modeled 

as dodecane (C12H26) (Moran and Shapiro 1992). The combustion of 1.89 liters per hour 

of fuel oil has the approximate energy output of 18 KW. Therefore in order to 

theoretically combust at the selected fuel rate, a volumetric flow rate of air at standard 

temperature and pressure was 18.13 m^ per hour. 
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2.1.7 Doping of Fuel Oil 

Fuel oil was doped with either zinc naphthanate or zinc naphthanate/thiophene 

(39554 and 30641, respectively, Alfa Aesar). The desired concentration of either agent 

was 100 ppm in the flue gas at standard temperature and pressure. To obtain these 

concentrations, the following equation was utilized (Cooper and Alley 1994) 

F V„ 

V, RxT V, " 

C_=40.9xC^XM.W.^ 

where 

Mp = mass of particles 

V, = total gas volume 

P = absolute pressure 

R = ideal gas law constant 

T = absolute temperature 

Vp = volume of pollutant gas 

M.W.p = molecular weight of pollutant 

Cppm ~ volume concentration in parts per million 

C„.„ = mass concentration, /ig/m' 

2.1.8 Sorbent Injection 

The sorbent injection system is demonstrated in Figure 2-6. The main 

components that comprise this system are a K-tron twin-screw volumetric feeder 

(KCVT20) and a water cooled probe. The sorbent (Burgess 80) was stored in the feeder 

hopper and the screws feed the sorbent at a constant rotational speed. The linking 

equipment used in between the feeder and probe were a pneumatic transferring device 



60 

and a 0.95 cm outer diameter polycarbonate tube. Nitrogen gas was used as a sorbent 

carrier at a flow rate of 8.5 slpm. 

F 

Figure 2-6: Sorbent injection system and arrangement. 

2.1.9 Aerosol Characterization 

The collected or re-suspended particulate was characterized by particle size 

distribution (PSD), elemental composition, and leaching analysis. The following sub­

sections describe the methodology utilized in the characterization of the ash particles. 
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2.1.9.1 Particulate Sampling/Size Segregation 

In order to reproduce similar experimental conditions, three flue gas analyzers 

monitored the concentrations of CO, CO2, O2, and NO*. CO2 and CO concentrations 

were monitored with a ZRH gas analyzer (California Analytical Instruments). O2 was 

monitored with a 755R oxygen analyzer (Rosemount Analytical). NO, NO2, and NO* 

were monitored with a Series 10 analyzer (Thermo Electron Corporation). The 

measurements of NO* were the main component in proper particulate sampling. 
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T 

Nitrogen quench gas 

Mass flow 
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Data acquisition and control computer 
Labtech Notebook Ro & labtech Control 

Gas analyzers 

Figure 2-7: Ash particulate sampling equipment. 
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In addition to monitoring gases, the temperature of the flue gas was also 

monitored and recorded. The flue gas temperature was measured at the centerline of the 

furnace through a furnace access port. The gas temperature was measured with a bare 

wire R-type thermocouple (P13R-010, Omega; Stamford, CT) and the temperature 

reading was displayed via a computer with proper sof^are (LabTech, Laboratory 

Teclmologies Corporation). 

In order to quantify the particle size distribution of the generated ash particles, a 

Bemer-type low-pressure impactor (LPI) was utilized to collect these ash particles. 

Figure 2-8. The LPI consists of 11 stages. Stages 1 thru 10 were utilized for particulate 

mass, size, and elemental analysis. 

The aerodynamic 50% cut-off particle diameters for the LPI for each plate are 

listed in Figure 2-8. The aerodynamic 50 % cut-off diameters range 15.7 ^un for plate 11 

to 0.0324 Jim for plate 1. The aerodynamic 50% cut-off diameter refers to the diameter 

of a sphere of unit density having the same Stokes number of the actual particle. 

The aerosol flow rate through the LPI was controlled by a sonic orifice, LPI plate 

6. For proper LPI operation, an approximate flow rate of 24.5 standard liters per minute 

was maintained at all times during particulate sampling. To ensure proper operation of 

the LPI during particulate sampling, the pressure was measured at the outlet of the 

impactor. An outlet pressure below 9 kPa (absolute) was necessary. 
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50% Cut-Off 
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Plate 11 15.7 

Plate 10 7.33 

Plate 9 3.77 

Plate 8 1.98 

Plate 7 0.973 

Plate 6 0.535 

Plate 5 0.337 

Plate 4 0.168 

Plate 3 0.0926 

Plate 2 0.0636 

Plate 1 0.0324 
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Atmospheric 
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Figure 2-8: Schematic of a Bemer low pressure impactor. 
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2.1.9.2 Substrate Conditioning and Particulate Collection at The U of A 

In order to collect particles in each stage of the LPl, polycarbonate substrates 

were utilized (Cat. No KOOCPARCOO, Osmonics Inc). Prior to particulate collection, the 

substrates were sprayed with a mixture of 20 grams of Apeizon high-purity vacuum 

grease (Apeizon-L, Apiezon Products M&I Materials LTD) mixed with 1 liter of hexane 

(stock number 39199, Alfa Aesar). Apeizon-L grease was needed to prevent particle 

bounce off (Moss and Kenoyer 1986). For each particulate collection run, 10 grease-

coated substrates were then placed in a batch and wrapped in aluminum foil. The 

wrapped batch was then placed in an oven that was set to 70-75 "C for 30 minutes. The 

elevated temperature helped to volatilize a significant amount of hexane. Hexane proved 

to be a significant loss mass factor in gravimetric particulate measurements. In 

previously conducted experiments, the substrates were vacuum desiccated for 24 hours to 

remove the hexane (Davis 1999), however, in this case, vacuum desiccation resulted in 

negative mass measurements in the low-pressure section of the LPI, plates 1 to 5 af^er the 

particulate sampling. 

The desiccated substrates were then weighed three consecutive times in a mass 

balance (AP250D Analytical Plus Electronic Balance, Ohaus) prior to and af^er 

particulate collection. The collected particulate mass of each plate was recorded. The 

collected particulate was then stored in a 10-ml clear plastic transport tube (2010, 

Perfector Scientific, Atascadero, CA). The stored particulate was then either digested in 

a mixture of acids or placed in ultra pure water (UPW) for further analysis. 
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2.1.9.3 Ultra-pure Water Leaching 

The collected particles and substrate were placed in a clear 10-ml plastic vial 

(2010, Perfect Scientific, Atascadero, CA) along with 10 ml of UPW and capped. The 

particle/water mixture was than fixed in a roto-lorque (Model 7637-20, Cole-Parmer) and 

allowed to mix for 24 continuous hours in a light deprived area. The light deprived 

condition was necessary to eliminate any possibility of light induced chemical reactions 

(Costa and Dreher 1997; Waite and Morel 1984). The solutions were then stored in a 

light deprived area for fiirther elemental analysis. 

2.1.9.4 Ash Particle Digestion 

In addition to water leaching studies, the collected ash particulate was also acid 

digested. Individual LPI substrates with collected particulate were placed in a clear 10-

ml plastic vial. To each vial, 4 milliliters of dissolving acid was added. The vials which 

contained the acid and particulate mixture were then sonicated for 10 minutes and left to 

rest for 24 hours. After the 24 hour rest period, the vials were then sonicated for an 

additional 10 minutes and then 4 milliliters of boric acid solution were added. The vials 

with its contents were then sonicated for an additional 5 minutes. The final step was to 

add UPW to each vial to achieve a total volume of 10 milliliters. The recipes for the 

dissolving acid and boric acid are listed below in Table 2-1. 
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Dissolving acid Boric acid Acid blank Dilution acid 

0.5L UPW 
56.6 g of boric 
acid crystals 

28.3 g of boric acid 
crystals 

56.6g boric acid 
crystals 

0.3L of 49% HF ILofUPW 0.75LofUPW 0.5L UPW 
0.1Lof37%HCl 0.15Lof49%HF 0.3L of 49% HF 
0.1Lof70%HN03 0.05LofHCl 0.1Lof37%HCl 

0.05LofHN03 O.IL of 70% HNO3 

Table 2-1: Solutions used during the various stages of ash particles elemental analysis. 

2.1.9.5 pH 

A known mass quantity of particles was placed in a 10-ml clear plastic vial with 

10 ml of UPW. A pH probe was then placed in the mixture and the pH was monitored 

for 24 hours at 5 minute intervals with a computer and Dr DAQ data acquisition system 

(Dr DAQ, Pico Technology Limited). 

2.1.9.6 Elemental Analysis 

Particulate elemental analysis was a critical aspect in the investigation of this 

work. As stated in the previous sections, the collected particulate was either acid 

digested or leached in ultra pure water. After digestion or leaching, the supernatant was 

analyzed for trace metals with a Perkin-Elmer 4110 ZL Zeeman corrected graphite 

furnace atomic adsorption analyzer. The major metals were analyzed with a 2380 Perkin-

Elmer flame atomic absorption spectrophotometer. 

2.1.10 Bulk Particulate Collection System for Health Effect Studies 

Initially, a three cyclone train (In-Tox Products, New Mexico) was installed in 

similar configuration as demonstrated in Figure 2-2 and Figure 2-9; however, cyclone 3 

took the place of the filter housing as shown in Figure 2-9. Due a significant pressure 

drop induced by cyclone 3, a large vacuum pump was needed to draw flue gases from the 
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ftimace. An alternative to this dilemma was the implementation of a two cyclone train 

system followed by a custom fabricated bag house filter. The two cyclones and filter 

were connected in series, respectively. Figure 2-9 displays a rough schematic 

representation of this system. Cyclone 1 and cyclone 2 had an aerodynamic cut-off 

diameter (Dp) of Dp >10 jim and 2 nm< Dp <10 ^m, respectively. The bag house filter 

had a 99% collection efficiency for particles greater then Dp 0.5 ^m. 

Figure 2-9: Ash particle size segregation and collection arrangement. 

2.1.11 Solid Particulate Re-suspension System 

In order to conduct experiments in-vivo, a system was required to store and re-

suspend collected ash particulates. The re-suspended ash particulate needed to be re-

suspended in a systematic manner, at a constant and continuous aerosol concentration. In 
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addition to a constant and continuous aerosol concentration, the aerosols had to undergo 

minimal physical and chemical transformations. 

The system designed for ash particulate re-suspension is composed of four 

components: a PALAS RBG-1000, a splitter/dilution chamber, an In-Tox mouse 

exposure chamber, and a filter holder assembly along with a vacuum pump. Figure 2-10 

displays the complete particle re-suspension system. 

Figure 2-10: Solid particle re-suspension system. 
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2.1.11.1 PALAS RBG-1000 

The solid particle disperser (RBG-1000) transfers dry and non-cohesive ash 

particles into an airborne state. This unit is capable to delivering a continuous amount of 

powder and leaving the state or morphology of the particle relatively intact. The RBG-

1000 consists of three basic components: brush, reservoir/transportation piston, and a 

dispersion head, see Figure 2-11. The RBG-1000 components will be described in detail. 

Figure 2-11: Front view of the RBG-1000 solid particle disperser. 



70 

The brush has dimensions of 7.62 cm in length and 3.81 cm in diameter. Its 

composition consists of hundreds of imbedded stainless steel wires which extend 90° 

from the shaft surface. Its ftmction is to collect transported particles from the bottom of 

the dispersion head to the dispersion cover. The brush can rotate at a variable speed from 

600 to 1200 revolutions per minute. 

The reservoir/transportation piston is the second main component of the RBG-

1000. The reservoir/transportation piston is further subdivided into two components: 

reservoir and piston. The reservoir, as the name implies, temporarily withholds powder 

or ash particles and the transportation piston feeds or transports the particles to the wire 

brush. The transportation rate of the piston can vary from 1 to 700 mm per hour. The 

dimensions of the piston are 7 mm in diameter and 10 cm in length. 

The last component of the RBG-1000 is the dispersion head. The dispersion head 

houses the brush and at its lowest location connects with the reservoir/transportation 

piston assembly. In addition to housing or connecting with other components, the 

dispersion head contains a dispersion cover. The function of the dispersion cover is to 

combine the transported particles from the reservoir with high velocity air. The mixture 

of air and particles form the aerosol, which is immediately exhausted at the exit port. See 

Figure 2-12: for the operating principals of the RBG-1000. 
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Figure 2-12: Basic representation of the operating principals in the re-suspension of ash 
particles. 

2.1.11.2 Re-suspension of Ash Particles 

Prior to the re-suspension of a new particulate, the RGB-1000 brush was 

thoroughly cleaned with a soapy water solution several times then rinsed with clean 

water. After sufficient cleaning, the brush was rinsed with a 70% ethanol and 30% water 

solution. The brush was then carefully re-installed as instructed in the RBG-1000 

manual. 
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After cleaning and installation of the brush, approximately 4 to 5 grams of the 

collected ash particulate (coal ash or fuel oil ash) was placed in a weighing plastic boat. 

The mass of the plastic boat/particulate was measured before and after the deposition of 

the particulate into the RBG-1000 storage reservoir. In most cases, approximately two to 

three grams of the ash particulate was deposited in the storage reservoir. The deposited 

mass depends on the type of ash particle and how well the ash particles were compacted. 

Compaction was one of the most important parameters in the re-suspension of ash 

particulate. If the particulate experienced too much compaction, the transporting piston 

could encounter too much resistance and two potential problems could arise. One 

potential problem was the inability of the transporting piston to feed particulate. The 

second problem was that while the transporting piston was capable of feeding particulate, 

the entrainment of particles and desired particulate concentration was potentially 

irregular. For this experimental research project, ash particles were compacted more then 

100 times and re-suspended in order to reproduce and understand the influence of ash 

particle compaction on ash particle concentration. 

Figure 2-13 shows the RBG-1000 solid particle reservoir assembly containing ash 

particles. The intent of this figure is to emphasize the possible compaction regimes that 

can be encountered during the loading of ash particulate. In this figure, two compaction 

regimes are shown for practical purposes: gradient (left figure) and continuous (right 

figure). However, in actuality, other types of compaction gradient or gradients exist. The 

goal of these figiires is to demonstrate the importance of how ash particle compaction can 

affect the concentration of the re-suspended solid particles. 
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The compaction gradient is very dependent on the type of particle being 

deposited. The right figure in Figure 2-13 demonstrates one continuous compaction; 

which is desirable for a constant aerosol concentration. The left figure in Figure 2-13 

demonstrates one continuous compaction gradient. In this case, it can be seen that the 

first few centimeters (top portion) of the deposited particles will contribute to lower 

aerosol concentration. However, as the transporting piston moves in the upper direction, 

the aerosol concentration will increase. As the ash particle are U'ansported to the top of 

the solid particle reservoir, the solid particles located in the middle section of the 

reservoir experience further compaction from the upper layer due to the imposed wall 

friction. This compaction is due to fnction induced by the reservoir wall on the particle 

in contact with it. Therefore, for this project and in most cases, a great effort was devoted 

to load the solid particle reservoir in the compaction configuration demonstrated in the 

right figure as demonstrated in Figure 2-13. In some circumstances, compaction 

gradients are encountered. In this case, a different approach to this dilemma has to be 

emphasized. When compaction gradients were encoimtered, the top 'A to 'Z: of the 

deposited ash particles were slowly removed from the reservoir with the RBG-1000 and 

not used for inhalation studies. Furthermore, daily monitoring of the aerosol 

concentration was a must and if undesirable concentration were encountered proper 

action was taken. 
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Figure 2-13: Compaction conditions of loaded ash particles in the solid particle 
reservoir. 

2.1.11.3 Aerosol Concentration 

There are three possible methods used to calculate re-suspended aerosol 

concentration. The first method is to calculate the characteristic density. The 

characteristic density (pc) is calculated by using the mass of the ash particle loaded into 

the solid particle reservoir and the length of the transporting piston. The method by 

which loaded mass information is gathered has been previously described. The length of 

the transporting piston is measured with a set of calipers or by carefully raising the piston 

platform of the RBG-1000. The length or the distance of the piston protruding from the 
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assembly was then annotated. The measured distance of the piston and the mass 

deposited information were used to calculate the characteristic density of the re-

suspended particles. See Appendix J for an illustration of the calculations involved for 

this process. Therefore, for every I mm traveled by the transporting piston, it was 

possible to calculate the amount of mass re-suspended. From the amount of mass re-

suspended, air flow rate, and transporting piston traveled time, the aerosol concentration 

can be obtained. 

The second approach was to use the mass collected on the filter data, the airflow 

rate passing through the filter, and aerosol sampling time. This approach is the 

recommended method of calculating re-suspended aerosol concentration. However, there 

are a few drawbacks to it. Moisture in the air and filter electrostatic phenomena were two 

drawbacks encountered. Of the two, moisture was by far the biggest problem and as 

suspected it was more evident during high humidity days. Allen et al. (2001) have 

described in detail an inexpensive way to remedy the drawbacks of this method. 

The last technique that can be utilized to calculate the re-suspended aerosol 

concentration is to use the decrease in airflow rate as a fiinction of mass collected on the 

filter (filter cake). The advantage of this technique is that concentration information was 

gathered in real time. Particles that are collected on the surface of the filter plugged the 

pores of the filter which results in a decrease in air flow rate. In this project all three 

techniques were utilized to ensure consistent aerosol concentrations were utilized for 

inhalation studies. 
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2.1.11.4 RJBG Operation 

Once the particle reservoir is placed in appropriate position on the RGB-1000, be 

sure that desiccator stones are stored in the container. In addition, a pressurized air 

source with a minimum pressure of 0.35 MPa must be available on site for the proper 

operation of the RBG-1000. Even though the RGB-1000 can be operated at a lower 

pressure (minimum of 0.5 bar), a pressure setting of 2.5 bars is suggested for better 

displacement/disassociation of small conglomerated particulate. 

After the listed pressure setting was established and the particulate reservoir was 

placed in position, the air, brush, and feed controls were activated sequentially for proper 

operation; otherwise the RBG-1000 would not operate. Adjustments to the brush and 

particulate feed rate can be accomplished while the RBG-1000 is in operation. For this 

research, the brush speed was set at a maximum speed rate of 1200 rpm and the feed rate 

was set at 1 millimeter per hour. See the RBG-1000 operating manual for additional 

information regarding correct operation and maintenance of this apparatus. 

2.1.11.5 Splitter/Dilution Chamber 

The diffuser/splitter was constructed of a solid 316 L stainless steel piece, with 

the exception of one small part. It consists of three body components and an extraction 

probe. The three body components consist of a major and a minor cone and main body. 

These three pieces divide the diflftiser/splitter into a major and minor zone, see Figure 2-

14. 

The major zone receives all of the aerosols ejected by the RBG-1000. The most 

critical component of the major zone is the major cone. The major cone's functions are 
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to minimize flow separation and provide an area for isokinetic sampling, if desired. With 

those two conditions in perspective, an angle of 8.6° was chosen to accommodate the 

feasibility of construction and minimized the pressure recovery coefficient. Finally, a 

major advantage of having the cone with these dimensions is to aid in the separation or 

settling of undesirably large particles. 

The minor zone of the difiuser serves to dilute the inspire aerosols and as the 

intake to the In-Tox exposure chamber. This zone contains two entry points as illustrated 

in Figure 2-14. The center or internal intake point serves as the intake of aerosols and 

the side point serves as the point for the injection of pressurized breathing quality air. In 

addition to its ftinction, the minor zone contains the minor cone. The minor cone's 

purpose is to smooth out transporting air into the exposure chamber. 

High concentration 
aerosols 

Diluting air entry port 

Excess aerosols 

Diluted aerosols 
r to Intox chamber 

Figure 2-14: Components of the splitter/dilution chamber. Large arrows indicated the 
entry and exit of the aerosols. 

L[rm 
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2.1.11.6 Cone Static and Dynamic Pressures Measurements 

In order to determine the pressure distribution in the stainless steel diluter/splitter, 

an acrylic replica was constructed of identical size and dimensions. Pressure taps were 

then punched along the major cone section one inch apart from each other. 

The air volumetric flow rate was monitored with a digital flow meter (Model 840, 

Sierra Instruments Inc.; Monterey, CA). Since volumetric flow rate (Q) is the velocity 

multiplied by the cross sectional area and assuming that the air flow was represented by a 

plug flow configuration, the average velocity as a function of the cone distance was 

determined. 

The static pressure was obtained by placing pressure taps 2.54 cm apart for a total 

of six along the cone section of the splitter/diluter replica. The size of each pressure tap 

was constructed in accordance with the recommendations given in (Jorgensen 1983). 

The static pressure measurements were obtained with an incline monometer (Model 

40HE35M, Merian Instruments, Sierra, CA), which has a range of 25.4 cm of water with 

0.254 cm reading increments. 

2.1.11.7 In-Tox Exposure Chamber 

The In-Tox exposure chamber was compartmentalized into the pre- and post 

exposure zones. The intake of entrained aerosols was located in the pre-exposure zone. 

The intake was located on the left side of the chamber, see Figure 2-15. The pre­

exposure zone was divided into four channels which subdivides inspire aerosols equally. 

The diverted aerosols were then channeled to the exposure ports. 
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The post exposure zone temporally withheld the non-used portion of aerosols and 

the expired gasses from the experimental mice. It contained no channels and its main 

function was to serve as a support for the housed mice and as a separation barrier from 

die ambient atmosphere. The exhaust gases and aerosols leave the chamber at a port 

located at the top of the chamber. 

The In-Tox exposure chamber is capable of housing 24 or less mice per sessions. 

The chamber contained four rows and 6 columns. Each of the mice was housed in a 

separate exposure tube with nose-only exposure to the experimental aerosols. Figure 2-

16. Therefore, risk of contaminating their ftir and ingestion of experimental aerosols was 

minimized. 

Figure 2-15: Front view of the In-Tox mice exposure chamber. 
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Figure 2-16: Mouse exposure tubes. 

2.1.12 In-vivo Exposures to Ash Particles 

C57BL/6NHsd mice strain, pathogen free, was selected for the ash particulate 

exposure studies. Each exposure group of mice usually consisted of 8 subjects. Each 

exposure group was randomly divided into subgroups and each subgroup usually 

contained four mice. Depending on the study, a group of mice was exposed to ash 

particulate for a selected period of time (i.e. 3, 12, or 24 days). In each study, a group of 

mice was selected as the control. The control mice were exposed to ambient air. 

The re-suspended particulates were drawn through a 24-port nose-only exposure 

chamber (IN-TOX, Albuquerque, NM) using a constant vacuum (2.5 to 10.0 slpm). The 

nose-only exposure system was utilized in order to minimize ingestion of particulate 

matter during grooming and to more closely simulate occupational exposure. Animals 
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were exposed for 1 hour/day for up to 24 consecutive days. Control mice were exposed 

to room air only. 

The mice were housed in a cage with a 12-hr light/12-hr dark cycle at the Arizona 

Health Science Center animal facility (approved by the American Association for the 

Accreditation of Laboratory Animal Care) and fed a standard mice chow diet and tap 

water. 

2.1.12.1 Pulmonary Function and Lung Permeability 

To exclude transient changes immediately following particulate exposure, 

analyses were performed 24 to 30 hr after each final exposure. To ensure a deep state of 

anesthesia for the entire experimental period, the mice were anesthetized with an 

intramuscular injection -0.05 cc of a mixture of ketamine HCL (80 mg/Kg; Parke-Davis, 

Morris Plains, NJ), xyline (10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate 

(3 mg/Kg; Fermenta, Kansas City, MO). Tracheostomy was performed with the insertion 

of a Teflon intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an 

endotracheal tube. 

Airflow was measured with a pneumotachograph (Fleisch Instrumentation 

Associates) that was coupled to a differential pressure transducer (Validyne, Northridge, 

CA). Airflow and pressure signals were used to measure dynamic compliance. 

Pulmonary resistance was measured with a modified PEDS-LAB (Medical Associated 

Services, Hatfield, PA) pulmonary function system by the method of Rodarte, (Rodarte 

and Rehder 1986). The mechanical pulmonary functions were recorded and normalized 

to the weight of each animal. 



82 

The change of lung permeability was measured with an endotracheal instillation 

of 100 jil of -3.00 mCi '''"technitium labeled diethylenetriamine pentaacetate (""* Tc-

DTPA, 492 amu, physical half-life of 6.02 hr) bolus, followed by five tidal 500 ^1 

volume breaths of ambient air to disperse the ^Tc-DTPA. The gamma radiation was 

measured \vith a Ludlum (Model 2000, Sweetwater, TX) lead shielded probe with a range 

of 0 to 0.9 M counts/min. The probe was positioned in the center and -0.5 cm above the 

mouse chest area. 

Pulmonary clearance of """Tc-DTPA was established over a 10-minute count 

period beginning immediately after the introduction of ''"'Tc-DTPA. 3-background 

radiation counts were first established before the introduction of ''"'Tc-DTPA. After the 

introduction of ''"'Tc-DTPA, gamma counts were recorded for the first 30 seconds of 

every starting minute. 

2.1.12.2 Bronchoalveolar Lavage 

Immediately following lung permeability measurements, lung lavages were 

performed. Each experimental animal's lung was washed three times with 1 ml of 

aliquots of sterile 0.85% saline solution per wash (Reynolds and Thompson 1973). The 

mean fluid recovery was 84.1% (± 1.6%). Bronchoalveolar lavage fluid (BALF) cell 

counts were performed in some of the experiments. BALF cell number was determined 

from a 0.2 ml sample by hemocytometer counting. The collected fluid was decanted into 

chilled polypropylene tubes and spun at 1000 rpm for 10 minutes at 4 °C. The 

supernatant was decanted fi"om the cell pellet and stored at -70 °C without preservatives 

until used for chemical mediator assays. 
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2.1.12.3 Pathologic Evaluation of Ash Particulate Exposure 

After dissecting the esophagus and cardiovascular structures from the hearth-lung 

block, the tracheopulmonary block was perfiised or suffused with primary fixative (4% 

formaldehyde, 1% glutaraldehyde, and O.IM PO4 at pH 7.4) at 20 cm H2O pressure at 4 

"C for 24 hrs. The lungs were cut into approximately 2 mm per side cubes, placed in 600 

Hl polypropylene centrifuge tubes then immersed in 500 nl of primary fixative. The 

centrifuge tube's caps were left open and placed in an evacuation chamber where 

negative pressure was applied to withdraw any remaining air bubbles. The fixed lung 

tissue was rinsed in O.IM PO4 pH 7.4 at <5 °C, postfix in 0.1% Osmium tetroxide in DI 

water at <5 °C, twice rinsed in DI water, and rinsed with ethanol for 40 sec. starting with 

30% and increasing ethanol percentage by 20% per wash. The tissue was then critically 

dried for 2 hrs for scanning electron microscopy (SEM) purposes. Particle and tissue 

SEM samples were fixed in a standard SEM aluminum post and gold-coated Denton 

evaporator. The SEM images were observed in an I.S.I 150. For transmission electron 

microscopy (TEM), the tissue was infiltrated twice with 50% PO (propylene oxide)/50% 

Epon araldyte at room temperature for 30 min at a time then micro waved in 100% Epon 

araldyte at 35 °C, and cured for 8 hrs at 75 °C. For TEM use, thin sections were 

osmicated and stained with lead citrate and uranyl acetate. The thin sections were 

examined with a Hitachi 500 TEM. 

3 to 4, 2-mm per side, cubes of lung tissue and 600 |il of primary fixative were 

placed in polypropylene in a 2-ml centrifuge tube. While all of the tissue was being 

processed, the prepared tissue was stored in ice. The centrifiige tube containing the tissue 
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was then placed in a container and low pressure (vacuum) was applied. The tissue was 

exposed to the low pressure, under 0.067 Pa) for 1 minute. This process was repeated 

three consecutive times. The application of low pressure served the purpose of removing 

any air bubbles remaining in the lung tissue and insuring that all of the lung cells was 

properly fixed. The cooled samples were then inserted in the microwave to raise the 

temperature of the fixative to 15 °C. The samples were then cooled in ice. For all of the 

remaining lung fixation steps, please refer to Table 2-2. In the alcohol and resins steps, a 

temperature probe monitored the temperature of the samples. 

2.2 Suitmiary of Results 

Several investigators have used the external detection of radiolabeled molecules 

to study the flux of these molecules from either the plasma into the pulmonary 

interstitium or vice versa (Riddle 1992); (Roselli and Harris 1989); (Harris and Roselli 

1989). The transport of radiolabeled molecules across the alveolar epithelium is referred 

as lung permeability and an increase in lung permeability has been characterized as acute 

respiratory distress syndrome (ARDS) (Sangren 1953). Quantitative measurements of 

the increase or decrease in lung permeability have been utilized in toxicological studies to 

indicate potential toxicity of inhaled substances (Witten 1990; Witten 1985). 

In this work, a mathematical model was derived justify the measurements used to 

quantify the decrease of instilled '''"Tc-DTPA form the alveoli to the capillaries over 

time. The derived mathematical model predicts an exponential depletion of the 

radiolabeled substance as a function of time. The derived mathematical model was 



85 

Primary 
fixative 

4% formaldehyde, 1% glutaraldehyde, and O.IM 
P04 at pH 7.4 

30 sec Microwave 15 °C 

5 min Cool <5°C 

30 sec Microwave 15 °C 

5 min Cool <5 °C 

30 sec Microwave 15 °C 

5 min Cool <5°C 

30 sec Rinse 0.1MP04pH 7.4 at <5 °C 

2X 5 min Rinse 0.1MP04pH 7.4 at <5 °C 

1 hour Postfixative 0.1% Osmium tetroxide in DI water at <5 °C 
30 sec Rinse DI water 
5 min Rinse DI water 

Dehydrate 
40 sec Microwave 30% ETOH at 37-45 "C 
40 sec Microwave 50% ETOH at 37-45 °C 
40 sec Microwave 70% ETOH at 37-45 °C 
40 sec Microwave 95% ETOH at 37-45 °C 
40 sec Microwave 100% ETOH at 37-45 °C 

3X 40 sec Microwave 100% ETOH at 37-45 °C 

FOR SEM 
2hr  Critical point dry 
FOR TEM 

2X 15-30 min Infiltrate 50% PO (propylene oxide)/50% Epon araldyte at 
room temperature 

Resin 
3X 10 min Microwave 100% Epon araldyte at 35 °C 

8 hours Cure 75 °C 

Table 2-2: Outline procedure of mice lung tissue preparation for either TEM or SEM. 

confirmed by experimental data. In addition from this model, it was also possible to 

derive an equation that resembles the "slope-index" equation (Riddle et al., 1992). The 

resembled slope index-equation was obtained by converting the exponential equation into 

an infmite series and accounting for terms of importance; time interval of less then 15 

minutes. The infinite series allowed the possibility get a linear equation from which the 
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slope was used as lung permeability k-value. The lung permeability k-value was used 

extensively in this work to indicate possible lung injury. 

Part of this work also involved the design and implementation of an ash particle 

re-suspension system. The ash particle re-suspension system was designed to change the 

ash particles from a collected state into dispersed aerosol form. Several ash particles 

derived from the combustion of several types of combustion fuels and silicon nitrate 

powder were re-suspended. Achievable entrained aerosol concentrations ranged from 

38,000 to below 1000 ^ig/m^. However, characteristic density, particle size, particle 

compaction, feed rate, pre-pressure, brush speed and the chemical composition of each 

type of ash particle were factors that influenced the aerosol concentrations. The smaller 

the particle diameter, the more difHcult it was to re-suspend the ash particles at a 

consistent concentration. The comparison of the PSD's before ash particle collection 

and after re-suspension indicated that some particle condensation may have occurred 

during these processes. However, the PSD from the re-suspension silicon nitrite powder 

was compared with the certified PSD values and the results indicated that minimal 

transformation occurred by the re-suspension process. However, it was not investigated 

any further whether particle condensation occurred as a result of either collection or re-

suspension or both. SEM micrographs of ash particles af^er re-suspensions showed 

evidence of plausible particle condensation but no evidence of particle physical 

transformation i.e. particle fragmentation. 

It has been determined that an increase in uptake of ''"'Tc-DTPA from the lung 

tissue correlates with an increase in lung injury (Hays et al., 1995). Pulmonary clearance 
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of'^mjc-DTPA is an extremely sensitive marker of lung injury (Witten et al., 1985). The 

rate of change, lung permeability, of this marker either increases or decreases for the 

experimental versus the control subjects and is used as an indicator of toxicity. An 

increase in lung permeability can serve as an indicator of immediate cell damage in 

which toxicants are easily able to infiltrate surrounding cells and other body organs. In 

terms of the time frames involved in this work, it can be assumed that inhaled materials 

that caused this effect are rather "harmful". On the contrary, a decrease in lung 

permeability can serve as an indicator of gradual cell damage. In this work, a small, short 

term decrease in lung permeability has been interpreted as if the inhaled ash particles are 

"relatively benign". It should be emphasized that this may not be generally true, and 

significant decreases in lung permeability may be far from benign. Cell damage can be 

manifested in several forms that can range from the subsequent release of inflammatory 

cytokines, increase in fibrin (fibrosis), and/or cell death. Therefore, it should be 

emphasized that exposure to "relatively benign" ash particles could potentially cause 

severe damage after a prolonged exposure (Tran et al., 1999). 

2.2.1 Health Effects of Gottelbom Coal Ash 

The particle size distribution (PSD) for the re-suspended coal ash particles is 

demonstrated in Figure 2-17. The particle size distribution was plotted in differential 

form; therefore, the area under the curve between two points designates the 

corresponding mass fraction. From this figure, it can be concluded that the PSD 

consisted of three distinct modes (Linak et al., 2000). The large mode primarily 

contained coarse ash particles and contributed to a large fraction of the total mass. 
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Figure 2-18 demonstrates the elemental concentration distribution of two metals: 

iron (Fe) and zinc (Zn). The total mass of Fe or Zn, from particle acid digestion, is 

divided by original mass on each plate. Both quantities are plotted in differential form, 

so that area under curve yields an average concentration of either total element found 

between two particle diameters. Analysis of the ash particles indicated that a substantial 

fraction of the total mass consisted of Fe. However, most of the Fe was present in coarse 

ash particles. Zn composed a smaller fraction of the total mass; but a significant portion 

of is mass was concentrated in the fine particulate. 
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Figure 2-17: Particle size distribution after the re-suspension of the Gottelbom coal ash 
particles. 
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Figure 2-19 demonstrates lung permeability results from exposure to re-

suspended Gottelbom coal ash particles. The data demonstrate that even exposure of 

even one day to these ash particles caused a decrease in lung permeability and the most 

statistically signiflcant change occurred to mice that were exposed for three days. The 

mice exposed for more then three days, however, appear to have adapted to the assault of 

the coal ash particles; i.e. 12 days. A decrease in lung permeability has been associated 

with dust overloading (Morrow 1988). Dust overload has been observed in rats that 

inhaled particles or fibers at high airborne mass concentration (Bolton et al., 1993; Jones 

et al., 1988). Overloading has been characterized by the retardation of alveolar clearance 

of a radiolabeled marker, inflammation, fibrosis, and, in some cases with very high 

exposure, tumors (Lee 1985). 

Even though not statistically significant, it appeared that a prolonged exposure to 

the coal ash particles, 24 days, caused an apparent small increase in the mean value of the 

lung permeability measured. The observed slight increase in lung permeability may also 

be potentially or partially due to ash particulate overloading. The daily inhalation of low-

toxicity particles will gradually result in impaired phagocytosis as the numbers of 

alveolar macrophages approach their maximum load capacity (Tran et al., 1999). The 

loaded macrophages will become increasingly less motile and more likely to perish, 

thereby releasing their load of ingested particles back to the alveolar surface (Tran et al., 

1999). Therefore, a long term exposure caused a different lung permeability response as 

a plausible result of macrophages and alveolar cell damage. 
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Figure 2-18: Size segregated coal ash aerosol elemental distribution of Fe and Zn. 
the difference in left hand and right hand scales. 

Note 

In addition to gathering data for lung permeability, pulmonary functions (dynamic 

compliance, pulmonary resistance, and lung compliance) were also of interest. Amdur 

and Chen (1989) have demonstrated that guinea pigs exposed to acidic aerosols showed a 

significant modification in two pulmonary functions; total lung capacity and vital 

capacity. Of the three measured lung parameters, lung compliance was the only 

parameter that significantly increased as the result of inhalation of the Gottelbom coal 

ash particles. The alteration was observed after one day exposure and the most 

noteworthy change occurred for mice that were exposed for 12 days. 
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Figure 2-19: Lung pei..ieability k-value ai^er the inhalation of re-suspended Gottelbom 
coal ash particles. The bars represent a standard deviation and * character represents a p-
value of less than 0.05. 

2.2.2 MSS (assisted by natural gas) Ash 

The PSD for the re-suspended coal ash particles is demonstrated in Figure 2-20. 

The re-suspended MSS ash particles contained a very large fraction of coarse particulate 

with only a small vaporization mode. The existence of a middle "fine fragmentation 

mode" is not obvious. The MSS elemental concentration of Fe and Zn distribution is 

demonstrated in Figure 2-21. In contrast to coal ash particles, the MSS ash particles 

contained significant amounts of Fe and Zn. The distribution of Zn and Fe followed a 

similar behavior for the fine ash particles. However, the concentration of Fe is less than 

that of Zn in the coarse ash particles. 
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Figure 2-20: Particle size distribution after the re-suspension of the MSS (assisted by 
natural gas) ash particles. 

The exposure to MSS ash particles caused a similar lung permeability response as 

the Gottelbom coal ash particles. Figure 2-22. However, a difference between these two 

types of ash particles is the duration of the lung p)ermeability behavior. Mice that were 

exposed to these ash particles for 3 or 12 days showed a significant decrease in lung 

permeability. But, mice that were exposed for 24 days illustrated a small recovery, 

which was slightly different than what was observed for mice that were exposed to 

Gottelbom coal ash. 
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Figure 2-21: Size segregated MSS ash aerosol elemental distribution of Fe and Zn. 

The measured pulmonary functions from the exposure to MSS ass particles were 

also different than the recorded pulmonary functions after the exposure to Gottelbom coal 

ash. Lung compliance was changed, increased, for mice that were exposed for 12 days, 

but not the other exposures to these same types of ash particles. However, the dynamic 

compliance was decreased for mice that were exposed for 24 days. Therefore, alterations 

in pulmonary functions have been observed but they are not consistent. 
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2.2.3 Coal and MSS Ash 

If the PSD's of the re-suspended Gottelbom coal and Gottelbom coal plus MSS 

ash particles are compared, one would find that their corresponding PSD's were very 

similar. Figure 2-23. Both types of ash particles had a tri-modal distribution. However, 

the Gottelbom plus MSS ash had more coarse particles. 
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Figure 2-22: Lung permeability response after the inhalation of re-suspended MSS 
(assisted by natiiral gas) ash particles. The bars represent a standard deviation and * 
character represents a p-value of less than 0.05. 
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Figure 2-23: Measured particle size distributions for Gottelbom coal and Gdttelbom coal 
plus MSS ashes. 

In contrast to the two previous experimental results. Figure 2-24 displays the lung 

permeability response after the inhalation of re-suspended ash particles that were 

generated after the combustion of Gdttelbom coal and MSS mixture (Fernandez et al., 

2001a, b). The coal data for 24 days from Figure 2-19 was roughly consistent with the 

data from Figiu-e 2-24. From comparison the data between Gdttelbom coal or MSS ash 

particles with the Gdttelbom coal/MSS ash particles, it is evident that latter particles 

induce a significant lung injury for the same period of time. An increase in lung 

permeability poses a greater risk by allowing toxicants to enter and being transported to 

other body organs. This finding suggests that mixing and combusting of Gdttelbom coal 

plus MSS can potentially cause unwanted health effects. Investigation of the elemental 
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analysis, via acid digestion, of the Gottelbom coal and Gottelbom coal plus MSS ash 

particles indicated that zinc plus some other element (possibly sulfur) present in the coal 

are partially responsible for the observed lung permeability behavior. Figure 2-25. 

Therefore, experimentations that involved the generation and exposure to zinc and zinc 

plus sulfur ash particles will be addressed in the subsequent sections. 

0.5 

Figure 2-24: Lung permeability alterations after the inhalation for 24 days of re-
suspended coal/MSS ash particles. Low and high dose represent an aerosol concentration 
of -1000 ng/m^ and 3000 ng/m^, respectively. Exposure concentration for coal ash was 
at the high dose. The bars represent a standard deviation and * character represents a p-
value of less than 0.05. 
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Figure 2-25: Measured zinc distribution in Gdttelbom coal and Gotteibom coal plus 
MSS ash particles. 

2.2.4 Coal and RDF Ash 

The PSD's for the coal plus RDF, staged and unstaged, are demonstrated in 

Figure 2-26. In this case, it appears that the change in combustion conditions did not 

alter the particle size distribution. Both PSD's consisted primarily of one single peak and 

the re-suspended ashes primarily contained coarse particles. 

Figure 2-27 displays lung permeability results after mice were exposed to ash 

particles that were generated after the combustion coal and RDF mixture. The mixture of 

coal and RDF were combusted under two conditions: staged and unstaged. Both types of 

ash particles induced an increase in lung permeability; however, the change in lung 

permeability was not as significant as to the Gotteibom coal plus MSS ash particles. 
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But, the ash particles generated under the staged combustion condition showed a 

pronounce effect. In all of the three exposures (8, 12 and 24 days) to the staged coal + 

RDF showed a statistically significantly increase in lung permeability. The unstaged 

condition generated ash particles that appeared to cause less of a distress af^er the 12 of 

exposure. 
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Figure 2-26: Particle size distribution for Gottelbom coal plus RDF. 

Changes to pulmonary functions appeared to be of unpredictable fluctuations. 

The ash particles generated under the staged condition changed all three of the listed 

pulmonary functions. The mice that were exposed for 3 days to these ash particles 
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(staged condition) demonstrated a decrease in all three parameters; however, longer 

exposure to cause less of a predictable behavior. Mice that were exposed to the other 

type of ash particles (unstaged condition) for 3 days demonstrated an increase in 

pulmonary resistance and lung compliance; but the dynamic compliance remained 

relatively unchanged for all of the three time interval exposures. 

2.2.5 Doped Distillate Oil: Zinc Only and Zinc plus Sulfur 

Since of interest was the chemical speciation of Zn and the corresponding lung 

injury, doped distilled fuel oil was combusted in a cylindrical downflow reactor. The 

doping agents were zinc naphthenate and zinc naphthenate plus thiophene. The mass 

quantity added to the fiiel was sufficient to achieve a 100 ppm of each element, Zn or 

sulfur (S). Particles were collected on a custom made filter system. The surface filter 

was capable of collecting ash particles of 0.5 ^m in diameter at 99% efficiency. The 

doped distilled fuel oil was combusted at 1.9 liters per minute and the particles were 

collected after several hours' fuel combustion. The collected particulate was then stored 

on a container and than the container was stored in a desiccated vessel until further use. 

Thermodynamic equilibrium calculations suggested that the collected particles consist of 

zic oxide (with sulfur in fuel oil) and zinc sulfate when sulfur was added to the distilled 

fuel oil. 
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Figure 2-27: Lung permeability modification for mice that were exposed to coal/RDF 
ash particles generated under unstaged and staged combustion condition. Bar indicates ± 
one standard deviation (S.D.) and * represents p-values of less than 0.05. 
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The samples' PSD's for the Zn particles as collected from the flue gas from the 

furnace are depicted in Figure 2-28. There is one nucleation mode, between 0.1 nm and 

1 ^m that dominate the PSD; which is an indication that vaporization of zinc occurred. 

In view of the nanosized asjject of this distribution it is unlikely that the re-suspended 

particles used for toxicological experiments had the same PSD's. 
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Figure 2-28: Particle size distribution of sampled ash particles from the combustion of 
doped distilled oil with a) Zn and b) Zn plus S. 

The response, lung permeability, to the inhalation to the re-suspension to these 

ash particles is revealed in Figure 2-29. The upper panel displays the lung permeability 
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response to the zinc oxide particles and the lower panel displays the response to the 

sulfated zinc particles. The lung permeability data indicate that zinc oxide (ZnO) 

decreased this parameter and that the sulfated zinc particles increased the lung 

permeability. Mice that were exposed to the ZnO particles for 3 days showed an apparent 

statistically insignificant increase in lung permeability. However, exposure to the same 

ZnO particles for 24 days appreciably decreased the lung permeability. Data for the 12 

day exposure to ZnO particles is missing due to excessive expiration of experimental 

subjects while surgery was been performed. 

The lung permeability response to the sulfated zinc particles is demonstrated in 

the lower panel of Figure 2-29. The mice exposed to these particles showed a similar 

response as the ZnO particles, a slight increase in lung permeability. However, mice that 

were exposed for more the 12 days demonstrated a statistically significant increase in 

lung permeability and the increase appeared to be proportional to the amount of times 

being exposed. Furthermore, these data, namely for zinc with sulfur, are consistent with 

the Gottelbom coal plus MSS data. 
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Figure 2-29: Lung permeability k-value for mice exposed to zinc oxide (upper) and 
sulfated zinc (lower) ash particles. Bar indicates ± one standard deviation (SD) and the * 
character specifies a p-value of less than 0.05 (p-value <0.05). 
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In addition, the mice that were exposed to ZnO or sulfated zinc particles showed 

physical appearances that were different than the conu-ol mice. The nasal septum and 

paws demonstrated a bright red appearance. The redness of the nasal septum was also 

observed with mice that were exposed to Gottelbom coal plus RDF ash particles. Other 

differences were the difficulty in capturing pulmonary functions, the brownish color of 

the lungs (some exposed mice had lungs with patchy white spots) in comparison to the 

healthy pink of the lungs in control mice, and the hypersensitivity to bleeding. From 

transmission electron microscopy, it was observed that alveolar cell exhibited a greater 

number of lamellar bodies and connective tissue. These signs potentially contributed to 

the observed decrease in lung permeability. Furthermore, the BALF cell count was also 

different. Mice were exposed to ZnO particles showed a decrease in BALF cell nimiber. 

The mice that were exposed to sulfated zinc particles exhibit an initial (3 day) decrease in 

BALF cell count, but the longer term exposure (>I2 days) caused the cell number more 

than double in comparison to the control. In these experiments, both ash particles 

contained zinc, however the chemical speciation contribute to the difference in response. 

Therefore, it can be concluded that the chemical speciation of the ash particles 

significantly contributes to the degree of lung injury. 

2.2.6 Health Effects Engineering; Diminishing Lung Injury of PM by Sorbent Injection 

Since the interest was to mitigate some of the health effects associated with 

combustion generated particulate, sorbent was added above the dew point of zinc vapor. 

Using the method of aerosol fractionation 40% versus 30% of the zinc vapor was 

sequestered by the sorbent with or without sulfur being present in the flue gas. 
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respectively. The zinc sequestered sorbent particles were collected from a two cyclone 

train (In-Tox, Albuquerque; NM) and the non sequestered zinc particles were collected 

on the custom made filter system. The first cyclone and second cyclone were design to 

remove particles greater the 10 nm and 2 ^m in diameter, respectively. The PSD's for 

these studies are demonstrated in Figure 2-30 and the elemental composition of these ash 

particles are demonstrated in Figures 2-31 and 2-32. 
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Figure 2-30: Particle size distribution fi-om Zn plus kaolinite sorbent. 
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Figure 2-31: Elemental composition of the size segregated zinc sequestered sorbent 
particles without sulfur in the flue gas. a) elemental concentration distribution per plate 
and b) is the mass distribution. 
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Figure 2-32: Elemental composition of the size segregated zinc sequestered sorbent 
particles with sulfur in the flue gas. a) elemental concentration distribution per plate and 
b) is the mass distribution. 
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Figure 2-33 shows both of the sorption cases. The solid line crossing the data 

points is the approximate 1/dp dependence of zinc concentration to particle size for 

particles greater than 0.5 ^m in diameter. The 1/dp dependence suggests that zinc was 

sequestered by kaolinite by external surface or pore difftision control reaction. 
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Figure 2-33: Composition versus particle size dependence for zinc sequestered kaolinite 
particles after sorbent injection. 

Since particle were collected at three different locations and the interest was to 

investigate their corresponding health effects, zinc sequestered sorbent particles collected 

in cyclone 2 (2 ^m < Dp < 10 |im) were re-suspended and introduced in the In-Tox 

1/d. 
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exposure chamber for mice to inhaled them. The lung permeability results after the 

inhalation of these ash particles is demonstrated in Figure 2-34. The lung permeability 

behavior followed a similar pattern as to the Gottelbom coal ash or the MSS ash 

particulate. However, a statistically significant decrease in this parameter was observed 

for mice that were exposed for 12 days. This suggest that these ash particles are not as 

harmful as the zinc sulfated ash particles, however, it would be safe to assume that long 

term exposure may cause other unwanted pulmonary changes. 
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Figure 2-34; Lung permeability respond after the exposure to re-suspended zinc 
sequestered sorbent ash particles. Bars represent one standard deviation and the * 
character indicates a p-value of <0.05. 
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2.2.7 Residual Oil Fly Ash 

The previous results have demonstrated lung permeability responses to several 

solid ash particles. In this experiment, mice were exposed to residual oil fly ash particles 

that were generated after the combustion of fuel oil # 6 that contained high concentrations 

of sulfur and vanadium (Linak et al., 2000). The changes in lung permeability are 

demonstrated in Figure 2-35. From these data, it can be concluded that this ash particles 

cause a very significant decrease in lung permeability. In contrast to the Gottelbom coal 

or MSS ash particles, the significant alterations were observed after three days of 

exposure and signs of "apparent lung permeability recovery" were not observed even 

af^er 24 days of exposure. 

2.3 Conclusions 

This work has demonstrated that an effective collaboration between engineers and 

toxicologists can provide interesting and real world applicable solutions to currently 

pressing environmental problems. The scope of the work presented here required the 

contributions of both disciplines to reach a better understanding of the effects of 

combustion generated particulate and their inhalation health effects. 

First, a mathematical model was explored to explain the transport ''*"Tc-DTPA in 

mice lung; alveolar space to the interstitium. The model predicted an exponential uptake 

or removal of the radioactively labeled compound which was in agreement with the 

experimental data. Furthermore, from this model it was also possible to derive an 

equation that resembles the "slope index" equation (Riddle et al., 1992); by expressing 

the exponential term into an infinite series. Analysis of the infinite series for time frames 
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of less the 15 minutes linearized the infinite series and the slope of the linear equation 

was used as the lung permeability k-value. The lung permeability k-value was used 

extensively in this work to indicate possible lung injury. 
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Figure 2-35: Lung permeability alterations after the exposure to re-suspended ROFA 
particles. Bars represent one standard deviation and the * character indicates a p-value of 
<0.05. 

Also part of this work involved the implementation of a solid particle re-

suspension system. With the solid particle re-suspension system, silicon nitrate powder 

and several types of combustion generated ash particles were re-suspended. Achievable 

entrained aerosol concentrations ranged from 38,000 to below 1000 ^g/m^ However, 

characteristic density, particle size, particle compaction, feed rate, pre-pressure, brush 
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speed, and particulate chemical composition were factors that influenced the aerosol 

concentrations. The smaller the particle diameter, the more difficult it was to acquire a 

consistent aerosol concentration. The PSD's before ash particle collection and after re-

suspension were compared and the data suggest that some particle condensation may 

have occurred during these manipulations. However, the PSD from the re-suspension 

silicon nitrite powder was compared with the certified PSD and the data indicate that 

minimal transformation occurred by the re-suspension process. SEM micrographs of 

Gottelbom plus MSS ash particles after re-suspension showed evidence of plausible 

particle condensation but no evidence of particle physical transformation. 

The chemical composition and speciation of combustion generated ash particles 

are very important in determining the consequent health effects caused by their 

inhalation. The new field of Health Effects Engineering results from this observation and 

is useftil in identifying the effects of ftiels and operating conditions on the health effects 

of particles produced. Therefore, it could be possible to devise combustion modifications 

to diminish potentially bad health effects (environmental problems). 

Lung permeability was used as a marker for incipient lung injury and as a marker 

for subsequent transport of pollutant into other body organs. Two types of lung 

permeability behaviors were observed, an increase or a decrease, as a result of exposure 

to re-suspended ash particulate. Mice that were exposed to Gottelbom coal ash, MSS 

ash, ROFA, ZnO ash, or zinc sequestered sorbent ash particles showed a decrease in lung 

permeability. The decrease in lung permeability was plausibly attributed ash particle 

overloading. An increase in lamellar bodies in the alveolar cells and fibrin (fibrosis), as it 
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was observed in TEM micrographs, are some of the signs of dust overloading 

characteristics (Morrow 1988). Most ash particles that caused this type of behavior in 

mice appear to cause the most statistically significant decrease at about 12 days of 

exposure, except ROFA which showed a persistent decrease in lung permeability. Mice 

that were exposed for 24 days, however, showed an "apparent recovery". The "apparent 

recovery" was a plausible warning that the inhaled ash particles were overwhelming, 

annihilating, the alveolar macrophages and subsequently injuring the unprotected alveolar 

surface, thus the perceived increase in lung permeability (Tran et al., 1999). 

Mice that were exposed to Gottelbom coal plus MSS ash, or Gottelbom coal plus 

RDF (staged or unstaged) ash, or sulfated zinc ash particles showed an increase in lung 

permeability. An increase in limg permeability is an undesirable event because it is 

suspected that this behavior could potentially allow infiltration of toxicants to other body 

organs. An increase in lung permeability also, is a marker for incipient lung injury. 

Davison et al. (1974) elucidated that sulfated zinc particles usually reside in the fine 

particulate generated by the combustion of coal. Amdur et al. (1986), Amdur and Chen 

(1989), and Chen et al. (1990) have demonstrated alteration of pulmonary functions of 

after the exposure to sulfated zinc particles in guinea pigs. TEM micrographs of mice 

lung tissue that was exposed to Gottelbom plus MSS ash demonstrated an increase in 

lamellar bodies in the alveolar cells and fibrin. Elemental analysis of the Gottelbom coal 

(containing S) plus MSS (high concentrations of zinc) indicated that zinc could 

potentially contribute to the observed increase in lung permeability. Mice that inhaled 

the sulfated zinc ash particles also demonstrated an increase in lung permeability. This 
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finding suggest that both zinc and sulfur must be present in order to increase lung 

permeability suggests that chemical speciation of zinc contributes to inhalation health 

effects of zinc containing PM. 

Health effects engineering can be employed to diminish the health risk caused 

by burning fuels containing both zinc and sulfiir. Injection of kaolinite sorbent 

downstream of the flame, but above the appropriate Zn compound dew point, can 

sequester Zn and react to form new particles with different chemical characteristics. As it 

has been demonstrated in this work, mice that inhaled zinc sequestered sorbent particles 

showed a decrease in lung permeability; which was the opposite effect witness by the 

sulfated zinc particles. Even though a decrease in lung permeability (an inflammatory 

response) may not be a long term desirable characteristic, in a short term exposure it 

would reasonable to suggest that is preferable to an increase in lung permeability (greater 

exposure to toxicants by other body organs i.e. heart). Therefore, it is reasonable to 

suggest that this approach would be applied to units burning coal and MSS, biomass 

mixtures, and municipal waste incinerators. 
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Abstract 

Several investigators have used the external detection of radiolabeled molecules 

to study the flux of these molecules from either the plasma into the pulmonary 

interstitium or vice versa. From several of these studies, mathematical models, such as 

"slope index", have been derived to express the transport of these radiolabeled molecules 

across the alveolar epithelium. The transport of radiolabeled molecules across the 

alveolar epithelium is usually referred to as lung permeability and an increase in lung 

permeability has been characterized as acute respiratory distress syndrome (ARDS). 

Quantifying the increase or decrease in lung permeability has been utilized in 

toxicological studies to indicate the degree of toxicity of inhaled particles. The purpose 

of this study is to derive a mathematical expression that models the removal rate of 

99mTc.DTPA from the lumen to pulmonary interstitium as a function of time. 
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Introduction 

One of the main functions of the lungs is the exchange of gases. The exchange of 

gases, oxygen and carbon dioxide, occurs by diffusion (Sherwood 1997). The mature 

human lung contains about 3x10^ alveoli and each of them can be surrounded by 

thousands capillaries. The total alveolar surface area is estimated to be approximately 70 

m^ and the thickness of the alveolar-capillary barrier is on the average 0.5 ^m (Sherwood 

1997). 

The rate of transport of radiolabeled fluids across the lung membrane tissue is 

called lung permeability. Lung permeability is of great medical and toxicological interest 

(Conhaim et al. 2001). Pulmonary edema is defined as an abnormal increase in the 

amount of fluid in the extra-vascular space of the lung and occurs when the 

microvascular leakage exceeds the lymphatic drainage (Staub 1984). A particular form 

of pulmonary edema is adult respiratory distress syndrome (ARDS). Besides ARDS, the 

increase or decrease in the lung permeability also has been utilized to indicate whether 

subjects exposed to air borne toxic agent have experienced lung damage (Witten et al. 

1985). 

Harris and Roselli (1989), Roselli and Harris (1989), and Roselli (1989) gave an 

excellent review of the various mathematical models used to analyze lung transport data 

and simulated experiments. However in their reviews, the models emphasized 

correspond to the transport of molecules from the interstitium to the lumen. On the other 

hand, (Widdicombe 1997) has proposed that the following equation models the clearance 

or uptake of a radioactive label tracer from the airway and alveoli by 
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A, =A„exp(-^t) (1) 

or as a decrease percentage clearance (%C1) 

^ 0.693 %C1 = 100 1-exp 
0.5t 

(2) 

where ^ is an experimental decaying constant. Unfortunately, an undesirable result is 

acquired when t equals zero in Equation (2). The tracer, usually ^""Tc-label 

diethylenetriamine pentaacetic acid (''"'Tc-DTPA), can either be given as an aerosol or 

installed as a bolus into the tracheobronchial tree. 

In this paper, the goal is to derive a mathematical model that describes the 

depletion of radiolabel tracer molecules ('^"Tc-DTPA) from the lumen of the lung 

(alveolar space). In order to quantify the depletion of''"'Tc-DTPA from the alveoli, two 

models that describe the transport of the tracer across the membrane (lung epithelium) 

were explored: 1) membrane permeability for short time analysis and 2) psuedosteady 

analysis for the long times. Both of these transport models have been applied to simple 

experimental systems and are explained by (Deen 1998). Therefore, minor modifications 

were made to them and results are demonstrated. 

Methods and Materials 

CB56/Hsd mice (25.0 g±2.0; n=8) were anesthetized with an intramuscular 

injection mixture of ketamine HCL (80 mg/Kg; Parke-Davis, Morris Plains, NJ), xyline 

(10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate (3 mg/Kg; Fermenta, 

Kansas City, MO). Tracheostomy was performed with the insertion of a Teflon 

intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an endotracheal 
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(Fleisch Instrumentation Associates) that was coupled to a differential pressure 

transducer (Validyne, Northridge, CA). Airflow and pressure signals were used to 

measure dynamic compliance. Pulmonary resistance was measured with a modified 

PEDS-LAB (Medical Associated Services, Hatfield, PA) pulmonary function system by 

the method of Rodarte (Rodarte and Rehder 1986). The mechanical pulmonary functions 

were recorded and normalized to the weight of each animal. Lung permeability was 

measured with a 100 ^il endotracheal instillation of a 100 ^Ci ''"'technitium labeled 

diethylenetriamine pentaacetate (''^Tc-DTPA, 492 amu, a hydrophilic molecule with a 

physical half-life of 6.02 hr) bolus, followed by five tidal volume breaths of ambient air 

to disperse the ''"'Tc-DTPA. Lung permeability was then determined by monitoring the 

pulmonary clearance of ""Tc-DTPA over ten minutes using a Ludlum Model 2000 

gamma counter (Ludlum, Sweetwater, TX). 

Theory 

Alveolar Space 

The alveoli are clusters of thin-walled, inflatable, grapelike sacks at the terminal 

branches of the conducting airways (Sherwood 1997), Figiu-e 1. The structure of alveolar 

walls consist of a single layer of flattened Type I alveolar cells and cuboidal Type II cells 

on one side and capillaries on the other side. Figure 2. The walls are covered with dense 

network of pulmonary capillaries encircling each alveolus and each capillary is also only 

one cell-layer thick (Sherwood 1997; Solomon 1996). The thin barrier formed by 

alveolus and the surroimding capillary network has an approximate interstitial distance of 

0.5 |im (Sherwood 1997). The interstitial distance, approximately 0.5 nm, between an 
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alveolus and the surrounding capillary network forms a thin barrier. Figure 2. Therefore, 

it would be reasonable to assume that modeling this tissue as a single thin flat membrane 

would simplify the mathematical modeling process and the introduction of error could be 

small. 

Figure 1: SEM micrograph of mice lung tissue denoting the alveolar space and the 
alveolar sheet thickness. Bar represents 10 fim. 
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Figure 2: A schematic representation of a detailed electron microscope view of an 
alveolus and surrounding capillaries (Sherwood 1997). 



128 

Governing Equation and Boundary Conditions 

Since of interest is to quantify the removal of a radiolabeled molecule from the 

alveoli, an equation was needed to address the change in concentration of the 

radiolabeled molecule as a function of time. Therefore, a conservation equation that 

accounts for the decrease in concentration is of the following form 

V(t)^ = -A(t)N(t) (3) 
dt 

C concentration of ""Tc-DTPA at the alveoli 

t time 

where V(t) volume of '^Tc-DTPA in the alveoli 

A(t) alveolar surface area covered by the ''"Tc-DTPA 

N(t) solute flux just inside inside the membrane 

Equation (3) describes the change in concenu-ation of the radiolabeled molecules with 

respect to time. However, this equation also contains a flux variable. The flux variable 

accounts for the solute flow just inside the membrane. Therefore, the task was to find a 

analytical expression for this variable. 

In order to find this we start with The governing equation that describes the 

transport conservation of chemical species / through the membrane(Deen 1998): 

DC. 

Dt 

where 

- = V C, + R„ (constant p and £),) (4) 

C, concentration of chemical species / 

D, diffusion coefficient of chemical species i 

R„ rate of reaction for chemical species i. 
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In this paper, one chemical species is of concern and it is assumed that no 

chemical reaction takes place between the ''""Tc-DTPA and the lung epithelium or 

surfactant layer. Cheema et al. (1988) have investigated the binding capacity of'''"Tc-

DTPA with mucus glycoproteins and found that the affinity was small; although 

whatever binding had occurred between the '^Tc-DTPA and the mucus was tight. 

Furthermore, it is assumed the flux of diffusible tracer into the pulmonary interstitium is 

assumed to occur only by diffusion and that one dimensional transport occurs in the lung 

epithelium as indicated in Figure 2. Therefore, Equation (4) reduces 

^ = D— 
5t 
— = (5) 

The boundary conditions that satisfy Equation (5) are 

C(x,0) = 0 

C(0,t) = /:C,(t) (6) 

C(L,t) = 0 

where K is the partition coefficient and Ca(t) is the concentration of'''"Tc-DTPA in the 

alveolar space. The partition coefficient is a thermodynamic quantity that depends on 

temperature, pressure, and composition of the two phases (Deen 1998). Foumier (1998), 

however, describes the partition coefficient as it applies to some biological systems. 

In addition, it is necessary to keep track of the ^Tc-DTPA content in the 

alveolus compartment, since technetium is decaying with respect to time. In order to 

account for this change, a mathematical equation along with a proper boundary condition 

are needed 
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V(t)^ = -A(t)N.|_.. t=0 C(t) = C. (7) 

[  V ( t)  volume of  ' ' "DTPA fluid in the alveolus space 
where •< 

[  A ( t)  alveolar  surface area covered by the '^Tc-DTPA 

Furthermore, it is assumed that there is no accumulation of '''"Tc-DTPA in the 

interstitial space and that the residence time of''"Tc-DTPA in the pulmonary capillaries 

is relatively small (Foumier 1998). Therefore, the fluxes inside the membrane are 

and (8) K|x=0 ^ xUl ^ 

and since there is no accumulation of mass the fluxes in Equation (7) are equal to each 

other. 

Transport thru the Membrane at Short Times 

In this section, an approximation to the membrane diffusion problem is presented. 

This approximation is valid for times in which the """Tc-DTPA molecules have not 

penetrated "through" the membrane. In this analysis, it is assumed that the volume and 

concentration of the injected ''"'Tc-DTPA ('/z life of 6.02 hrs) has not changed 

appreciably and that its concentration remains very close to its initial value, CAO- The 

boundary conditions for this problem are slightly different the boundary conditions 

presented for Equation (5). The original presented boundary conditions take the 

following form 

C(0,t) = *C^ 

c(«,t) = 0 
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where K is the partition coefficient of the lung epithelium. 

Proceeding with order of magnitude estimates, the derivatives of Equation (5) are then 

ac 

^ ^ (10) 
KC^ 

ax' ^ 5^ 

5 is referred as the penetration depth, which is a function of time. And for this analysis, 

the penetration depth is such that 5(t)«L and L represent the average length or thickness 

of the lung membrane. Substituting Equation (10) into Equation (5) and solving for 8(t), 

the result is 

(11)  

Equation (11) indicates that the penetration depth increases with the square root of 

time. From this expression, it can also be learned that the time required for '''"Tc-DTPA 

to penetrate the lung tissue is 

Using the dimensionless parameter 

<p^-^ (13) 

Equation (5) is transformed into the following form 

a ds} 
(14) 

The transformed boundary conditions in Equation (6) are 
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^!7(x,0) = 0 

9'(0,/) = 0 (15) 

^7(QO,r) = 0 

Equation (14) can be solved by using the similarity method technique. This 

technique reduces the partial differential equation into an ordinary differential equation, 

which involves a single composite variable. It is assumed the (p variable can be 

expressed as a function of a single independent variable t], where 

06) 

g(t) is a scale factor which is to be determined. 

Equation (14) is now determined to be of the form 

(17) 
i n '  \ D j i r ,  

dg 
where g' = —-

® dt 

Since g(t) is a function of time, therefore its derivate is also a fimction of time and 

both terms are positive and greater than zero. In order to solve Equation (14), it is going 

to be assumed that gg' equals 2D. Doing such manipulation. Equation (14) results in the 

following expression 

( .8) 
drj At] 

Integrating Equation (14) twice and applying Equation (13), the result is 
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^{ri) = \--^ fe''dssl-erf(7)  = erfc(7)  
yJTt * 

(19) 

Transport thru the Membrane at Long Times 

The above results are only applicable for short time, few seconds, evaluation. For 

a long time approximation (i.e. t»tD or Equation (12)), Equation (5) reduces to 

d'C 

dx* 
T = 0 (20) 

The solution of Equation (20) with the last two boundary conditions of Equation 

(6) results in 

c(x, t)  = /:c( t)  I - i i  (21) 

Using the derivative of Equation (21) and inserting the outcome into Equation (8), 

the product is then substituted into Equation (7) to give a solution of the following form 

C = Cq exp 
-OA(l) 

V ( t )  
= C,exp(-at) (22) 

However, Equation (22) does not account for the natural decaying activity of 

'^"'Technetium. Therefore, a minor modification can be done and the result is 

C = Co exp 
( ADK 

+ t = Co exp[-(Qr + A:)t] (23) 

Of interest in Equation (23), are the terms found inside the exponent. These terms 

will be discussed in the results and discussion section. 
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Results and Discussion 

In the previous sections, mathematical expressions were developed to model 

infiltration of radioactive labeled tracer in the alveolar-capillary barrier. The developed 

mathematical equations covered analysis for short term and long term transport 

parameters within the membrane. The pseudosteady (long term) analysis of the 

membrane facilitated the quantification for the flux across the membrane. 

Equation (23) indicates that the infiltration into the lung membrane and the 

removal by the lymphatic system of ''"'Tc-DTPA occurs exponentially. Sangren and 

Sheppard (1953), Renkin (1595), and Crone (1963) have proposed a model, known as 

SSRC after the first initials of their last name, that covers the transport of a tracer from 

the capillaries to the surrounding tissues. The SSCR model comprises radial transport of 

a tracer from the lung capillaries to the lung interstitial space. This model also contains 

an exponential term and it is represented by the following equation: 

where 

C,, Cy - concentration in the arterial and venous end of the capillary, respectively 

P - capillary permeability coefficient 

F - the blood flow in the capillary 

S - capillary surface area 

The exponent term in Equation (23) depends on six variables. The important 

variables in this expression are the alveolar space volume and alveolar surface area 

covered by ''""Tc-DTPA, the diffusion and partition coefficients, and time. The ''""Tc-

DTPA radioactive decaying constant is of little transport significance because it only 

(24) 
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depends on time and not on its surrounding environment; therefore, a brief discussion on 

the significant variables is needed. 

An interesting aspect of biological systems is their heterogeneous nature. The 

diffusion and partition coefHcients are very dependent on the surrounding tissue structure 

and composition. The difiusivity of any molecule from the limien to the capillary and 

lymphatic systems depends on the number, size, and length of the pores associated with 

tissue and the parameters (size, weight, charge) of molecule been transported (Foumier 

1998). Therefore, a simple correlation that describes these coefficients is a considerable 

task and in most cases an empirical equation is sought. A brief description and additional 

references about this subjects are found in (Foumier 1998). 

The physical structure and layout of the lung alveolar space is very complex. Its 

physical arrangement resembles a sponge. Figure 1. The alveolar space volume and 

alveolar surface area covered by ''"'Tc-DTPA may be variable from one individual to 

another individual; that is, the physical arrangement may be unique to each individual. 

Therefore, the quantification of alveolar surface area coverage by infused ''^Tc-DTPA 

could be very difficult, if not impossible. 

Instilled substances are transported or move from regions of high concentration to 

other parts of the body were its concentration may be zero. In this experiment, a known 

initial volume of ^""Tc-DTPA was introduced into the alveolar space and this quantity 

decreased with time. That is some of the instilled substance was been transported across 

the epithelium. However, a complexity is added to this dilemma and the assumption is 

that the introduced tracer only occupied certain alveolar space. That is that, the tracer did 
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not continuously travel to occupy additional non-covered alveolar surface before it was 

transported away. It is plausible to for see that indeed some of the introduced substance 

over time occupied other alveolar surface areas but the movement would be very difficult 

to quantify. Therefore, it can be assumed that this surface coverage phenomena is not 

significant. 

In light of these complex parameters, the next best thing to do would be to group 

them together and make them one term. The term selected, a, is shown in Equation (23). 

With this major adjustment, the experimental data can be compared with the derived 

mathematical expression. Figure 3 displays the normalized experimental and best fitted 

line ''•"Tc-DTPA clearance results without error bars for sake of clarity. This figure 

suggests that the experimental data indeed follows an exponential decay or clearance of 

the instilled ''"'Tc-DTPA; which agrees with the derived mathematical equation. 

Equation (23). 

The next step is to correlate the values of a and Co with the best fit equation. The 

line that best fits the experimental data is expressed by the following equation 

C(t) = 1.0105exp(-0.0162t) (25) 

On a percentage clearance basis. Equation (25) can be multiplied by 100. From 

Equation (25), the values of the quantities (a+^) and Co are 0.0162 and 1.0105, 

respectively. Therefore, the value of a is approximately 10 (8.438 to be more exact). 

a accounts for four parameters, two of which are function of time: diffusion 

coefficient, partition coefficient, introduced '""Tc-DTPA volume, and alveolar surface 

area covered by ''"'Tc-DTPA. This group parameter can be subdivided into two 
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contributing parameters. The diffusion and partition coefficients are grouped together to 

account for one sub-parameter which has a very small value (>1X10*^ cm/sec). The other 

sub-parameter accounts for the coverage surface area and the instilled tracer volume; both 

of these parameters are ftmctions of time. The contribution of this sub-parameter 

indicates that its value is many orders of magnitude larger than the diffusion and partition 

coefficient sub-parameter. 
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Figure 3: Normalized percent clearance of''"'Tc-DTPA from mice lung tissue for a 53 
min counting period. 

Clearance of''"'Tc-DTPA from the lungs has been utilized to study the toxicity 

effect of a toxicant when experimental subjects have been exposed to it. For example, 
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Hays et al. (1995) have utilized this technique to study the changes in lung permeability 

when mice have been subjected to the inhalation JP-8 jet fuel. Witten et al. (1990) have 

employed this method to ascertain the induced lung injury when animals have been 

subjected to the inhalation of smoke. Fernandez et al. (2001) have used this methodology 

to leam the potential risk associated with the inhalation of re-suspended coal-biomass ash 

particles. In two of the aforementioned experiments, gamma counts were taken by a 

scintillation probe for a period of ten minutes for a total of 10 counts. That is, each 

counting period lasted 30 seconds and was started at the beginning of every minute. 

The aforementioned toxicological studies fall under the category of "slope index" 

(Riddle et al., 1992). Slope index is utilized to quantify the accumulation of protein in 

the pulmonary interstitium (Sugerman et al., 1980). However, the slope index in this 

study was utilized to study the removal of the tracer from the pulmonary interstitium. 

The derivation similar to the slope index can be accomplished by converting the 

exponential term in Equation (23) into an infinite series. The conversion of the exponent 

in Equation (23) into an infinite series yields the following: 

= (26) 
^ ^ 1! 2! 3! 

Note that k ('^'"Tc natural decaying constant) has been removed from exponential 

terms for clarity in notation. 

In Equation (26), the first two terms on the right side of the equal sign are of 

relevance for a small period of time analysis, less then 15 minutes. Initially, time has a 

small significance and the contribution of a is trivial. Terms raised to power greater or 
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equal to 2 contribute insignificantly; due to their very small value as the numerator is 

increased by a power greater then one. Therefore, for short term analysis Equation (26) 

can be reduced to a simple linear equation. However as the counting period progresses 

(i.e. t > 15 minutes), the contribution of the third and forth terms becomes evident and the 

linearity approximation is not longer valid. 

The results from a ten minute counting period are demonstrated in Figure 4. 

Plotting data in this format makes it possible to obtain the lung permeability k-value. The 

lung permeability k-value is the slope of the fitted line. An increase in the slope value 

indicates an increase in lung permeability and a decrease in the slope value indicates the 

contrary. The slope index or lung pemeability k-value is complementary to the a term in 

Equation (26). For toxicological experiments, two terms that are of importance are the 

changes in D and K (diffusion and partition coefficients, respectively). An increase in D 

and/or K can signify potential damage to alveolar cells and this case is illustrated on the 

right side of Figure 5. A decrease of D and K can signify an alteration to the surrounding 

structure of the cells and an increase in production of pulmonary surfactant. In cases 

were a decrease in lung permeability (plausibly a decrease in D and K) were observed, 

TEM micrographs are illustrated in Appendix G and please refer to Figures 13 to 16. 

Conclusions 

In this paper, two mathematical expressions were derived with a goal to use them 

to explain the clearance behavior infiltration of '^"'Tc-DTPA within the lung epithelium. 

The similarity method was employed to interpret the short time infiltration 

approximation. The resulting mathematical equation has been illustrated by (Deen 1998). 
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The pseudosteady approximation made it feasible to derive an expression for the flux just 

inside the membrane. With the flux and the conservation equation (Equation (3)), a 

mathematical expression that represents the removal of'''"Tc-DTPA from the alveoli was 

obtained. 
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Figure 4: Normalized percent ''"Tc-DTPA clearance from mice lung tissue for a 10 
minute counting period. Bars indicate a 95% confidence label. 
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Figure 5: Illustration of possible transport routes of an introduced substance in the 
alveolar space. L and I represent the lumen and interstitium, respectively. The lower 
case letters represent four plausible modes of 99mTc-DTPA transport across the lung 
epithelium barrier, a) Vesicular transport, b) transendothelial channels, c) 
interendothelial junction, and d) transcellular pathway resulting from cell injury (Lewis 
and Granger 1986). 

From the presented data in Figure 3, the response or clearance time of '''"Tc-

DTPA from the alveolar space justifies the use of psuedosteady approximation model. 

The use of this model along with Equation (3) results in an exponential decay in gamma 

counts. The exponential variables found in Equation (23) account for the changes in 

'''"Tc-DTPA volume in the alveoli, the alveolar surface area covered by the instilled 

radiolabeled molecules, the partition coefficient constant, the diffusion coefficient, the 

natural decaying constant of """Tc, and time. The only problem associated with this 

model is the inability to solve for four of the variables found inside the exponential term. 

Therefore, it was necessary to lump all of the unsolvable variables into one group. 

Fitting the experimental data with the theoretical model, it was determined that the lump 

group had an approximate value of 10. 
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Furthermore, from Equation (23), it was possible to derive a "slope index" 

equation as it has been elucidated by (Riddle 1992). The derived slope index equation is 

justifiable for use in short periods of time analysis, counting periods of less then 15 

minutes in mice. For counting periods greater than 15 minutes, a more complex equation 

should be addressed, such as Equation (23). The lung permeability k-value is essentially 

the slope of the slope-index equation, Equation (26), and it contains four different 

parameters: diffiision coefficient, partition coefficient, introduced '"Tc-DTPA volume, 

and alveolar surface area covered by ''"'Tc-DTPA. Of importance in toxicological 

studies are the diffusion and partition coefficients. Changes in the later two parameters 

are summarized in Table 1: 

Change in D and K 
parameters 

Lung permeability 

Decrease Decrease 
Increase Increase 

Table 1: Change in lung tissue parameters and the result in lung permeability. 

References 

Cheema, M. S., Groth, S., and Marriot, C. (1988). "Binding and Diffusion Characteristics 
of '"'C-EDTA and '^Tc-DTPA in Respiratory Tract Mucus Glycoprotein from 
Patients with Chronic Bronchitis." Thorax, 43,669-673. 

Conhaim, R. L., Watson, K. E., Lai-Fook, S. J., and Harms, B. A. (2001). "Transport 
Properties of Alveolar Epithelium Measured by Molecular Hetastarch Absorption 
in Isolated Rat Lungs." JAppl Physiol, 91(4), 1730-1740. 

Crone, C. (1963). "The Permeability of Capillaries in Various Organs as Determined by 
Use of the Indicator Diffusion Method." Acta Physiol Scand, 58,292-305. 

Deen, W. M. (1998a). Analysis of Transport Phenomena, Oxford University Press, Inc., 
New York. 

Fernandez, A., Wendt, J. O. L., Wolski, N., Wang, S., and Witten, M. L. "Inhalation 
Health Effects of Fine Particles fi-om Coal/RDF Combustion." NIEHS, North 
Carolina. 



143 

Foumier, R. L. (1998). Basic Transport Phenomena in Biomedical Engineering, Taylor 
& Francis, Lillington, NC. 

Harris, T. R., and Roselli, R. J. (1989). "Exchange of Small Molecules in the Normal and 
Abnormal Lung Circulatory Bed." Respiratory Physiology, H. K. a. P. Chang, M., 
ed.. Marcel Dekker, Inc., New York, NY, 737-798. 

Hays, A. M., Parliman, G., Pfaff J. K., Lantz, C. R„ Tinajero, J., Tollinger, B., Hall, J. N., 
and Witten, M. L. (1995). "Changes in Lung Permeability Correlate with Lung 
Histology in a Chronic Exposure Model." Toxicology and Industrial Health, 
11(3), 325-336. 

Lewis, R. E., and Granger, H. J. (1986). "Neutrophil-Dependent Mediation of 
Microvascular Permeability." Fed. Proc., 45, 109-113. 

Renkin, E. M. (1595). "Transport fo Potassium-42 from Blood to Tissue in Isolated 
Mammdian Skeletal Muscles." Am. J. Physiol, 197,1205-1210. 

Riddle, W. R., Roselli, R. J., and Pou, A. (1992). "Modeling Flux of Free and Protein-
Bound Radioisotopes into the Pulmonary Interstitium." J. Appl Physiol, 68,2434-
2442. 

Rodarte, J. R., and Rehder, K. (1986). "Dynamics of Respiration." Handbook of 
Physiology: The Respiratory System, Bethesda, ed., Am Physiol Soc, 131-144. 

Roselli, R. J., and Harris, T. R. (1989). "Lung Fluid and Macromolecular Transport." 
Respiratory Physiology an Analytical Approach, H. K. a. P. Chang, M., ed., 
Marcek Dekker, Inc., New York, NY, 633-735. 

Roselli, R. J. a. H., T. R. (1989). "Exchange of Small Molecules in the Normal and 
Abnormal Lung Circulatory Bed." Respiratory Physilogy: an Analytical 
Approach, H. K. C. a. M. Paiva, ed.. Marcel Dekker, Inc., New York, QP121.R46. 

Sangren, W. C., and Sheppard, C. W. (1953). "A Mathematical Derivation of the 
Exchannge of a Labeled Substance Between a Liquid Flowing in a Vessel and an 
External Compartment." Bull Math Biophys, 15,387-394. 

Sherwood, L. (1997). Human Physiology: from Cells to Systems, Wadsworth Publishing 
Company, Belmont, CA. 

Solomon, E. P., Berg, L. R., Martin, D. W., and Villee, C. (1996). Biology, Saimders 
College Publishing. 

Staub, N. C. (1984). "Pathophysiology of pulmonary edema." Edema, N. C. S. a. A. E. 
Taylor, ed.. Raven Press, New York, 719-46. 

Sugerman, H. J., Hirsch, J. 1., Strash, A. M., Kan, P. T., Sharp Jr., A. R., Stonebumer, J., 
and Greenfield, L. J. (1980). "Gamma Camera Detection of Oleic Acid AJveolar-
Capillary Albumin Leak." J. Surg. Res., 29, 93-99. 

Widdicombe, J. (1997). "Airway and Alveolar Permeability and Surface Liquid 
Thickness: Theory." J Appl Physiol, 82(1), 3-12. 

Witten, M. L., Grad, R., Quan, S. F., Sobonya, R. E., Hubbard, A. K., Lantz, R. C., 
Lentz, A. L., Devine, L. C., and Lemen, R. J. (1990). "Piriprost Pretretment 
Attenuates the Smoke-Induced Increase in '^'"Tc-DTPA Lung Clearance." 
Experimental Lung Research, 16,339-353. 



144 

Witten, M. L., Lemen, R. J., Quan, S. F., Sobonya, R. E., Roseberry, H., Stevenson, J. L., 
and Clayton, R. C. (1985). "Acute Cigarette Smoke Exposure Increases Alveolar 
Permeability in Rabbits." Am. Rev. Respir. Dis., 132, 321-325. 



145 

APPENDIX B 

A DEVICE FOR THE RE-SUSPENSION OF COMBUSTION GENENRATED 

ASH PARTICLES FOR HEALTH EFFECTS STUDIES 

Art Fernandez and Jost O. L. Wendt* 

Department of Chemical and Environmental Engineering, The University of Arizona, 

Tucson, AZ 85721, USA. 

* corresponding author. E-mail: wendt@email.arizona.edu 



146 

Abstract 

This paper presents the development and experimental characterization of a 

system that has been used to re-suspend combustion generated ash particles for inhalation 

health effects studies. The solid particle re-suspension system consists of four 

components: an RBG-1000, a splitter/diluter chamber, an In-Tox exposure chamber, and 

a vacuum pump. The RBG 1000 re-suspends the ash particles at various concentrations 

depending on the characteristic density of the selected experimental ash particle. With 

the implemented solid particle re-suspension system, 7 different types of combustion 

generated ash particles were re-suspended. After particle re-suspension, the 

splitter/dilution chamber diluted the aerosol to a concentration of 1000 ^ig/rn^ or less and 

the diluted aerosols were then introduced into the In-Tox mouse exposure chamber. A 

Bemer low pressure impactor was used to characterize the re-suspended ash particles for 

size distribution. The measured particle size distributions (PSD) of the re-suspended ash 

particles indicate that the particles had an average aerodynamic diameter of 2.5 |Am. As 

verification, silicon nitrate powder (SRM 659) was re-suspended. The measured PSD 

and log-normal mass distributions had similar characteristics to the NIST's certificated 

value. A comparison of ash particles before and after re-suspension, using Scarming 

Electron Micrographs (SEM), showed no discemable differences from the re-suspension 

process. 
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Introduction 

Recent epidemiological studies have consistently shown an association between 

elevated quantities of ambient airborne particulate matter (PM) and increases in 

mortality, aggravated asthma, chronic bronchitis, chronic cough, respiratory tract 

infections, ischemic heart diseases, and strokes (Samet 2000a; Samet 2000b; Samet 2001; 

Laden 2000; Zanobetti 2000; Kaiser 2000). Since PM causes health concerns, the U.S. 

EPA has implemented a more stringent air pollution standard, PM-2.5 (particulate matter 

less then 2.5 microns in diameter) (EPA/600/P-95/001). 

PM has a wide range of physical properties; therefore several factors have been 

implicated in pulmonary distress. Some of these factors include: particle size, acidic 

aerosols (Dockery 1992), and chemical elemental speciation (iron, zinc, etc.). However, 

the contributing agent(s) have not been conclusively identified and the confounding 

effects due to co-exposure to gaseous pollutants are inherently difHcuIt to analyze (Linn 

2000). 

The principal source of airborne PM-2.5 is the combustion of ftiel (Squadrito 

2001) and in order to investigate PM potential health effects, a systematic approach must 

be pursued. Inhalation health effects can be conducted via direct exposure to aerosols. 

Direct exposure studies to ash particles have been carried out by exposing subjects 

directly from the source as was done by Chen, et al. (1990). Other investigators have 

developed ambient fine particle concentrators which were used to expose subjects to 

ambient aerosols (Sioutas 1994a; Sioutas 1994b; Godleski 1998); while other 
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investigators have resorted to the re-suspension of collected ash particles (Fernandez 

2001). 

This paper presents the development of a system that has been used to re-suspend 

combustion generated ash particles for inhalation health effects studies. Ash particles 

from the combustion of Gottelbom coal (Gc), Gc/refuse derived fuel (RDF), 

Gc/mimicipal sewage sludge (MSS), natural gas (NG)/MSS, residual fuel oil ash, and 

silicon nitrite powder (NIST 659) were successfully re-suspended. The PSD from the re-

suspended NG/MSS ash particles was compared with PSD ash particles prior to total 

particle collection. In addition, non combustion generated particles (NIST 659) PSD 

were compared with the re-suspended PSD of the same particle type. From the re-

suspension of these ash particles, the particle size distributions were obtained and most of 

these particles had an average particle diameter size of 2 ^un. This indicated that the 

implemented solid particle re-suspension system could be used as an alternative for the 

study of health effects associated with the inhalation of ash particles. 

Methods and materials 

Ash Particulate Generation 

The combustion-generated particulates were generated at two different university 

laboratories: Institute for Process Engineering and Power Plant Technology (University 

of Stuttgart) and Chemical and Environmental Engineering Department (The University 

of Arizona). 

In all of the combustion-generated ash particulate experiments, the ash particles 

were collected via a bag house (filter) collection system. The particulate generated at 
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The University of Arizona was derived from the combustion of (1) 50% Ohio coal (Oc) 

and 50% MSS, and (2) 50% NG and 50% MSS. The combustion of these fuels was 

completed in an 18-KW, 6-m tall, and 0.15-m inner diameter (ID) down-flow furnace. 

To collect the ash particulate, a customized total ash particle collection system was 

utilized. The total ash particle collection system consists of a single Nomex® filter bag 

(BHA-TEX Group, Inc., Kansas City, Missouri) enclosed in a custom designed chamber. 

The custom chamber received approximately 380 standard liters per minute of flue gas 

with a sampling time of approximately 30 minutes. The chamber was insulated and 

heated to maintain a temperature above 110 ®C to avoid water condensation. After 

particulate sampling, the collected particulate was removed and placed in a container. 

The particulate was then stored in a desiccator for future use. For more details on the 

combustion experimental procedures, see (Seames 2000). 

The other sets of ash particles, (3) Gc, (4) 80% Gc/20% MSS, and (5 and 6) 80% 

Gc/20% RDF (un-staged and staged), were generated and collected at the University of 

Stuttgart. The combustion experiments for the aforementioned fuels were conducted in a 

500-KW down-flow combustor. Cenni et al. (1998) gives more details on the fuel 

characteristics, equipment, and combustion conditions. All of the experimental 

combustion conditions are listed in Table 1. Note, all of the above listed fuel percentages 

represent the percent of the thermal load not mass input into the combustor. 

As a particle standard or quality control, silicon nitrate powder (National Institute 

of Standards & Technology, SRM 659) was re-suspended. The particle size distribution 

for this standard reference material is listed in Table 2. 
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Experiment Thermal Air ratio Coal Natural Bio-fuel 
share (Kg/h) Gas (Kg/h) 
(%) (m^/h) 

1 50 1.2 1.26 1.36 
2 50 1.2 0 1.12 1.36 
3 0 1.2 37.8 
4 20 1.2 30.2 12.3 
5 20 1.2 30.2 12.3 
6 20 0.8/1.2 30.2 12.3 

Table 1: Experimental combustion conditions of the listed fuels. The thermal share % 
column represents the energy contribution from the bio-fliel. 

Cumulative 
Weight 

Percentile 

Certified Value 
(nm) 

Uncertainty 
(^un) 

10 0.48 0.10 
25 0.81 0.10 
50 1.43 0.10 
75 2.08 0.11 
90 2.80 0.13 

Table 2: NIST certified particle size distribution for the silicon nitride powder (SRM 
659). 

Ash Particle Re-suspension Apparatus 

The solid particle re-suspension system consists of four main components: a 

PALAS RBG-100 Solid Particle Disperser (PALAS® Gmbh, Karlshuhe, Germany), a 

dilution/splitter chamber, an In-Tox mouse exposure chamber (In-Tox, Albuquerque, 

NM) and a vacuum pump, Figure 1. 
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Figure 1: Solid particle re-suspension system. 

A schematic representation of the dilution/splitter apparatus is shown in Figure 4. 

This piece was constructed with 316-stainless steel and its dimensions are also displayed 

in Figure 2. The dilution/splitter chamber contains two chambers that are connected via a 

0.203 m long and 0.00635 m ID tube. To obtain static pressure along the first chamber's 

cone section, an acrylic replica of the dilution/splitter apparatus was completed. In the 

replica, pressure taps were placed one inch apart along the cone section. The static 

pressure at each pressure tap was measured with an incline water monometer (Merian 

Instruments, Cleveland, OH). 
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Figure 2: Detailed schematic representation of the splitter/dilution chamber. 

The airflow rates at various points in the particle re-suspension system were 

monitored with three Sierra Series 820 flow mass monitors (Sierra Instruments, Inc., 

Monterey, CA). The particles exiting the In-Tox exposure chamber were collected by a 

filter holder that supported 47 mm in diameter Millipore PVDF membrane filters with 0.1 

^m pore size. The mass of each filter was recorded before and after each particulate 

collection run. The mass of collected particles along with air flow rate of the particulate 

were then used to calculate particulate concentration. 

Ash Particulate Characterization 

A Bemer low-pressure impactor (Hillamo and Kauppinen 1991) (LPI; 11 stages 

with aerodynamic 50% cut-off diameters ranging firom 15.7 to 0.0324^m) was used to 
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size-segregate the re-suspended ash samples. Polycarbonate substrates were sprayed with 

Apiezon-L grease and a hexane mixture to prevent bounce off and were then used as 

impaction surfaces. The sprayed substrates were then placed in an oven at 75 °C to drive 

off hexane for 30 minutes prior to particle collection. Each of the polycarbonate 

substrates were weighed (AP250D Analytical Plus Electronic Balance, Ohaus) before and 

af^er particulate collection. 

Results and Discussion 

The ash particles were re-suspended by the RBG-1000 (delivering a controlled 

flow of particles as low as 38 mg/h) and entrained into an air stream. The entrained 

aerosol was diluted to yield a large range of concentrations (30, 000 |ig/m^ - <200 ng/m^) 

for direct inhalation studies. 

Four operational parameters were used to obtain the desired re-suspended 

particulate concentration: pre-pressure, brush rpm, particulate feed rate, and aerosol 

dilution. In all of the experiments conducted, the brush rotated at a constant 1200 

revolutions per minute (rpm). However, the brush can be set from 600 to 1200 rpm. To 

account for the diffliser cone pressure distribution, pre-pressures of 0.5, 1.0, 1.5, 2.0, and 

2.5 bars were used; which correspond to air flow rates of 17.0, 23.0, 30.0, 35.0, and 42.0 

standard liters per minute, respectively. The particulate feed rate can also be set to a 

particulate range (1 to 700 mm/hr'). For the conducted experiments, the particulate feed 

rate used was 1 mm/hr'. The re-suspended ash was diluted with breathable quality 

compressed air to a range of 0 to 95% dilution. 
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Diffuser/SpUtter Cone Characteristics 

Five pre-pressure set points were utilized to obtain the dynamic and static 

pressure distributions of the diffuser/splitter cone arrangement; 0.5, 1.0, 1.5, 2.0, and 2.5 

bars. The Bernoulli equation was used to analyze the static and dynamic pressure 

distributions. The potential energy of position term, gZj found in the Bernoulli equation 

was eliminated because the cone's datum line is horizontal and the potential energy 

contribution or change is zero. The air velocity at the cone's throat was less than 18 m/s; 

therefore, the gas flow had a Mach number less than 0.3, (M<0.3). Air flows with 

M<0.3 are usually considered or treated as an incompressible fluid (Fox and McDonald 

1992). Assuming incompressible flow, the dynamic or velocity pressure at each point 

along the cone was calculated using the following equation (Jorgensen 1983) 

2^cCf 

where Pv is the velocity pressure, p is the air density, gc is gravitational constant, Cf is a 

conversion factor from English to metric units, and V is the average velocity at the point 

in question. 

After minor manipulations of the collected data. Figure 3 shows the dynamic and 

static pressure distribution along the cone's section of the flrst chamber for the 

aforementioned pre-pressures. The data from this figure indicate that the dynamic or 

static pressure reached a plateau at a dif!xiser length to inlet radius ratio (L/ri) of 

approximately 10, where L is the length of the cone and ri is the inlet radius of the cone. 
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Figure 3: Static and dynamic pressure distributions along the first cone of the 
splitter/dilution chamber. Note: P-# indicates the preset RBG-1000 pre-pressure in bars 
and the ordinate is indicated as absolute pressure. 
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From the dynamic and static pressure data, it was desirable to calculate the 

diffiiser/splitter pressure recovery coefficient or effectiveness factor and investigate the 

occurrence of aerosol flow separation. Jorgensen (1983) has listed effectiveness factor 

charts for conical diflusers, among other configurations, with L/ri less than 12; however, 

the conical cone used in the implemented system had an LVri of 40. Fox and McDonald 

(1992) suggested that the following mathematical equation can be used to calculate the 

pressure recovery coefficient (Q): 

where. Pi and P2 are the static pressures, p is the air density, and Vi is the average 

velocity; 1 and 2 are reference points at the diffuser's throat and exit, respectively. 

Equation 3.2 is essentially independent of the Reynolds number for Reynolds 

number greater than 7.5X10'' and fully developed turbulent flow at the diffbser inlet (Fox 

and McDonald 1992). However, the largest Reynolds number achieved in this 

experiment was 1.8X10"*. A Cp of 0.6 can be acquired from a conical difiuser with the 

internal cone angle of 16° with an Ut\ of 8 and an area ratio of 4 at Reynolds numbers 

greater then 7.5X10'* (Cookrell and Bradley 1971). An ideal Cp can be calculated using 

the following equation; 

(2) 

(A3/A,) 
(3) 
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where A2/A1 is the ratio of the diffiiser's outlet to inlet areas. For the air flow conditions 

and diffiiser/splitter arrangement, the calculated Q, was ~1.0. A precise Cp value can not 

be given due to the lack of more accurate monometer readings. 

Since a minimal change in the physical properties of the re-suspended ash 

particles was desired, aerosol flow separation was considered in the design of the conical 

difliiser arrangement. Because of this phenomenon, a cone with an internal angle of 

-16.0° was selected. Cookrell and Bradley (1971) have investigated air flow separation 

in conical diffiisers with several internal angles including 16.0°. A cone with an internal 

angle of 16.0° is on the edge of the air flow separation regime. Due to the difficulty in 

quantifying this phenomenon with the selected pieces of equipment, this factor was not 

investigated any further. 

As a possible sign of small air flow separations and ash particle settling, ash 

particles were re-suspended at various feed rates. From these trials, it was evident that a 

small fraction (usually less than 5 percent) of the total re-suspended ash particles had 

been deposited at the bottom of the diffiiser's surface, before L/ris:25. At large ash 

particle feed rates >25 mm/hr, more of the re-suspended ash particulate tended to deposit 

along the bottom of the cone's surface and a very small amount of ash particles covered 

the remaining surface. 

Particulate Concentration as a Function of Dilution 

In order to conduct meaningful ash inhalation toxicological studies, the particulate 

being re-suspended had to be diluted from an average concentration of 30000 ng/m^ 

exiting the solid particle disperser to a concentration of 1000 ^g/m^ or less at the In-Tox 
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exposure chamber ports. The designed of diluting/splitting chamber served the purpose 

of diluting a small portion of the deviated re-suspended ash aerosols and the isokinetic 

extraction of the re-suspended ash particles. 

Figure 4 displays the concentration of re-suspended 80% Gc/ 20% MSS ash 

particles as a function of percent dilution. For this set of experiments, a characteristic 

density (pc) of 1.247 g/cm^ and an ash particle feed rate of 7.5 mm/hr' were used. From 

this figure, it can be concluded that it is possible to re-suspend solid ash particles, extract 

a small portion of the aerosols, and dilute them from their original concentration to a 

relatively smaller particle concentration. 

The Pc was calculated using the following equation; 

P c = —  ( 4 )  
V 

where m is the mass of deposited ash particulate and v is the volume of the solid particle 

reservoir. However, the aerosol concentration was sensitive to pc. If Pc was increased, 

the aerosol concentration also increased. The opposite effect occurred when Pc was 

decreased. Therefore, the aerosol concentration was dependent on the amount of ash 

particle mass deposited and how carefully it was compacted. 
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Figure 4: Aerosol concentration entering the In-Tox exposure chamber as function of re-
suspended aerosol dilution at chamber's cone 2. 

Re-suspended Ash Particle Size Distributions 

The re-suspended particle size distributions (PSD's) for all of the experiments are 

illustrated in Figures 5 through 6. The particle size distributions are plotted in differential 

form. Therefore, the area under the curve between two particle sizes gives the 

corresponding mass fraction. 

Figure 5a displays the PSD from the re-suspension of coal/RDF ash particles. 

The ash particles were generated under two combustion conditions, staged and un-staged. 
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Both types of re-suspended ash particles had very similar PSD's and their particle 

distributions followed a monodisperse behavior; with its mean particle diameter and 

mode centered at ~ 2.5 nm. This behavior suggests that the combustion of coal/RDF 

either under staged or un-staged conditions does not affect the ash PSD. 

The PSD from the re-suspension of coal and MSS/coal ash particles is shown in 

Figure 5b. In this case, both ash particle distributions followed a similar pattern and both 

ashes appeared to have three distinct modes (Linak 2000). The modes appeared to be 

centered at -2.5 |am, -0.25 urn, and ~0.025 |im, from large to small, respectively, llie 

mean particle diameter for both ash particles was approximately 2.0 ^m. However, the 

coal ash PSD shows that the re-suspension of these ash particles contains more particles 

in the fine mode than the coal/MSS ash particles. In addition. Figure 5b suggests that the 

addition of MSS to coal increased the coarse mode and decreased the fine mode 

distribution. 

Figure 6a presents the PSD from the re-suspension of ash particles generated from 

two different combustion experiments. In one experiment, MSS was combusted with the 

assistance of natiiral gas (NG). In the second experiment, Oc/MSS were incinerated. 

Therefore, one of the common ingredients in these experiments was MSS. The PSD's 

from the re-suspension of NG/MSS and Oc/MSS appeared to be bi-modal, that is, there 

are two possible particle distribution modes. The mean particle diameter for both ash 

particles was approximately 2.5 ^m. A possible explanation for the lack of resolution in 

the second mode is that these ash particles were collected on a total ash particle collection 

system. It was been established that MSS contains large amounts of non-combustible 
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materials, i.e. Fe203, Si02, CaO, etc., and these materials will shift the particle size more 

to the coarse mode (Ceimi 1998). Therefore, large amounts of coarse ash particles were 

acquired while suppressing the fine particle mode. 

Figures 6b and 7 display the particle size and the log-normal mass distributions 

fi-om the re-suspension of SRM 659 particles, respectively. The re-suspended and 

certified PSD followed a monodisperse particle distribution. Furthermore, the re-

suspended and certified had a mean particle diameter of -1.5 |im. One distinct difference 

is the base of the distribution mode. The mode's base ft-om the particle re-suspension 

was wider. One possible explanation for this occurrence is that two different pieces of 

equipment were utilized to account for the particle size. The re-suspended particles were 

collected on a Bemer low pressure impactor by mechanical means; whereas the given 

certified particle size information was gathered by gravitational settling. However, if 

the log-normal plot is analyzed it can be deduced that the mass fi-action of the re-

suspended and certified values follow a similar trend. 

In addition to the aforementioned ash particles, soot particles generated from the 

combustion of fijel oil #6 were also re-suspended. Since the quantity of these soot 

particles was rather small, the soot particles were utilized for other purposes and no re-

suspended PSD data has been acquired to date. 
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nitrate powder (SRM 659). 

Comparison of Re-suspended versus Generated Ash Particles 

Even though the SRM 659 particles offered a possible non-biased way to compare 

PSD's between re-suspended particles and certified values, it was imperative to compare 

the PSD of ash particles re-suspended versus ash particles prior to collection. The PSD's 

from NG/MSS ash particles prior to total particle collection and after re-suspension were 

compared. Figure 8. As observed from these plots, both PSD's have similar distribution 

trends and a large peak is observed at about 2.5 ^m. However, a difference does exist 
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between the re-suspended and original ash particle size distributions. The re-suspended 

ash particles have a lower quantity or mass of the fine particles, Dp50< 1 ^im where Dp is 

defmed as the particle diameter. The diminished quantity of fme particles indicates that 

some of the fine particles have, perhaps, agglomerated or coagulated with other ash 

particles. However, at this point it is difficult to confirm during which event the 

agglomeration occurs. It is plausible and more likely that the coagulation occurs during 

the collection of particles and during the re-suspension. 

2 . 0  -  — P r i o r  t o  p a r t i c u l a t e  c o l l e c t i o n  
: —» — After re-suspension 

•D 0.5 -

o 
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Figure 8: A comparison of particle size distribution for municipal sewage sludge 
(assisted by natural gas) ash particles prior to collection and re-suspension. 
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Physical Transformation after Re-suspension 

Figure 9 displays a scarming electron micrograph of a re-suspended 80% 

coal/20% MSS ash particle resting on a filter. As observed from this figure, the particle 

appears to be intact, denoting no evidence of physical damage or fragmentation. It does 

however appear that some smaller particles were attached to the surface of this particle. 

At this point, it is difficult to assess whether this coagulation of small particles occurred 

during collection or re-suspension of the ash particles. 

Figure 9: Scanning electron micrograph picture of re-suspended 80% Gottelbom 
coal/80% municipal sewage sludge ash particle collected on a filter. 
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Conclusions 

In-vivo studies that require direct exposure to combustion generated ash particles 

can be complicated and quite costly. Therefore, the implemented solid ash particle re-

suspension system offers an alternative way to study the inhalation health effects 

associated with combustion generated particles. With the implemented setup, it is 

possible to expose subjects to small concentrations, less than 1,000 |ig/m^, of ash 

particles at any time and for an extended period. 

A concise investigation was carried out using a custom constructed conical 

diffliser/splitter chamber. Static and velocity pressures and the pressure recovery 

coefficient were calculated. From the calculated parameters, it was determined that the 

system operates at a very low pressure and the recovery pressure coefficient approached 

an ideal value. However, deposited ash along the cone's surface indicated that two 

parameters, air flow separation and particle size contributed to the observed ash particle 

deposition. In addition to gravitational settling, diffusion can also influence the particle 

deposition (Willeke and Baron 1992). However, these parameters were not investigated 

further. 

For all toxicological studies, it is imperative that fine particles are collected with 

minimal chemical and physical changes (i.e. fragmentation and coagulation) to simulate 

real combustion ash particles. In order to access possible physical changes that occurred 

during the collection and the re-suspension of ash particles, the PSD's of re-suspended 

and prior to total ash collection particles were compared. In most cases, the results 
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indicated that the re-suspended particles had similar PSD to ash particles in the exhaust of 

the combustor prior to collection. 

As additional verification to that listed above, silicon nitrate powder was also re-

suspended and the PSD and mass log-normal distributions were compared to the certified 

values. The re-suspended and certified PSD followed the same monodisperse behavior 

and both had close to identical mean particle size and distribution. 

As visual proof of physical transformation, SEM micrographs indicated that no 

particle fragmentation occurred during re-suspension. Figure 9 indicates that small 

particles are attached to the surface. However, this type of behavior is typically found or 

has been observed in collected ash particles during PM sampling. A positive outcome 

from this result is the indication of no particle fragmentation as a result of particle re-

suspension. 
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Public health: Particulate emission from biomass combustion 

[Brief Communications] 
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Mixing dried human sewage sludge with pulverized coal is being evaluated as a 

way to reduce carbon dioxide emissions from traditionally coal-fired power plants, as 

well as to overcome sewage-disposal problems. Here we investigate the effects of 

inhaling particles emitted from the combustion of this mixture and find that these cause 

significantly more lung damage in mice than do particles from coal alone, probably 

because of their zinc content. Our findings indicate that the use of dried municipal 

sewage sludge as a 'green' (C02-neutral) replacement fuel should be considered with 

caution. 

Airborne particulate matter is associated with acute respiratory distress in 

humans'. Suggested causes^ of the lung damage caused by these particles include their 

composition - for example, they may contain soluble transition metals such as copper, 

iron, vanadium, nickel or zinc - their acidity, and their ultrafine size (some particles are 

less than 0.1 fim in diameter). These properties are all features of airborne particulate 

matter resulting fi-om the co-combustion of pulverized coal and biomass, including dried 

municipal sewage sludge (MSS). 
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Combustion of pulverized coal (from the University of Stuttgart) and of MSS/coal 

mixtures was performed in a semi-industrial-scale, 500-kW downfired pulverized-ftiel 

combustor^. MSS had been processed (Swiss 'Combi' process) to produce 2-4-mm pellets, 

which were then pulverized and mixed (20% thermal, 50% mass load) with coal. 

Sampled particulate matter was re-suspended and diluted"* to a sufficiently low 

concentration to allow the effects caused by different particle properties to be assessed on 

exposed mice. Mice were exposed for only 1 hour each day for 24 consecutive days to a 

low dose of 1,000 ^g m'^ and to a high dose of 3,000 ng m'^ (the atmospheric dose of 

particulate matter less than 10 ^m in diameter currently allowed by the United States 

Environmental Protection Agency is 150 ^g m'^ averaged over 24 hours). 

Figure 1 indicates that co-combustion of MSS/coal ash produces airborne 

particulate matter that has a significant effect on lung permeability in mice, increasing 

with dosage, which is greater than the effect of either air on its own or a high dose of 

particles produced by burning only coal ash, which appears to be relatively benign. Cell 

counts in broncho-alveolar lavage fluid in our mice decreased after exposure to 

particulate matter from MSS/coal, compared to ambient air and coal ash alone, which 

again appears relatively benign (Figure 1). (Details of measurement techniques and the 

use of anesthetic and paralytic drugs to minimize discomfort and pain in the mice can be 

obtained from M.L.W.) We found no significant differences in other pulmonary functions 

(pulmonary compliance or resistance). Increased lung permeability enhances access by a 

toxin to the lung interstitium and pulmonary circulation, correlating with the extent of 

pathological lung injury. 
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We measured the distribution in particle sizes to which the mice were exposed by 

using a Bemer low-pressure impactor, and recorded differences in mass and 

concentration of certain elements. Mass and size distributions for particles produced by 

coal/MSS ash mixtures and by coal ash on its own are quite similar, although the coal ash 

generates a slightly greater fraction of nanometre-sized particles. We conclude that the 

increased toxicity of the MSS/coal is not due to a difference in the size of the particles it 

produces on combustion. 

Instead, the toxic effects seem to be associated with the presence of zinc in the 

particles. Combustion of MSS together with coal increases the concentration of zinc in 

the resulting airborne particulate matter in the respirable-size particles (diameters 

between 0.3 and 2.5 ^m) from 2 to 14 wt% and in ultraflne particles (diameter smaller 

than 0.1 |im) from 4 to 11 wt%. MSS also produces 10 wt% cobalt in the ultrafmes. 

Selenium, arsenic, lead and vanadium were present in similar amounts in particles from 

MSS/coal and from coal, whereas more iron was found in particles from coal burned 

alone. We therefore believe that zinc is the culprit metal that causes an increase in a 

measurable precursor for lung damage, a conclusion that is supported by other 

measurements^ of lung inflammation after intratracheal injection. 

The replacement of coal by MSS in power stations is being considered as one 

option to help meet the requirements of the Kyoto Protocol and to replace landfill 

disposal of MSS. Our results, indicating that the toxicity to mice of inhaling particles 

from coal/MSS co-combustion is greater than from coal alone, suggest that the 

environmental advantages may be tempered by the risk to respiratory health. 
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Figure 1: Effect of inhaled particulates on lung permeability (top) and broncho-alveolar 
lavage fluid cell counts (bottom). Thirty-two specific, pathogen-fiee mice (strain 
C57BL/6) were randomly divided into four groups (weight, 25.0 ± 4.3 g; « = 8), housed 
at 8 per cage under a I2-h light/12-h dark cycle at the Anzona Health Science Center 
animal facility (approved by the American Association for the Accreditation of 
Laboratory Animal Care, to ensure proper treatment of animals), and fed a standard chow 
diet and tap water. Results were analysed 24-30 h after the final exposure to airbome 
particulate matter (see text). Cells were counted from the first 3 of 6 lavages (1 ml sterile 
isotonic saline) of the lungs. In the top bar graph, the asterisk symbol indicates statistical 
significance compared with exposure to particles fi-om the coal/sewage ash of P < 0.0001; 
in the bottom graph, the asterisk and hash indicate statistical significance compared with 
exposure to coal/sewage ash particles of P < 0.0005 and P < 0.0001, respectively. Enor 
bars indicate ± s.d. Bars; I, controls; 2, values corresponding to coal-ash exposure dose 
of -3,000 ^g m"^; 3 and 4, values for coal/sewage-ash exposures of ~1,000 ^g m"^ and 
-3,000 ng m"^, respectively. 



175 

References 

1. Dockery, D. W. et al. N. Engl. J. Med. 329, 1753-1759 (1993). 
2. Lighty, J. S., Veranth, J. M. & Saroflm, A. F. J. Air Waste Manag. Assoc. 50, 1565-
1618 (2000). 3. Cennl, R., Frandsen, F., Gerhardt, T., Spliethoff, H. & Hein, K. R. G. 
Waste Manag. 18,433-444(1998). 
4. Fernandez, A., Wendt, J. O. L., Cenni, R., Young, R. S. & Witten, M. L. J Air Waste 
Manag. Assoc. (submitted). 
5. Adamson, I Y. R., Prieditis, H., Hedgecock, C. & Vincent, R. Toxicol. Appl. 
Pharmacol. 166, 111-119 (2000). 



176 

APPENDIX D 

Permission for use of copyrighted material is shown below. This information was 

obtained from Elsevier publishing company website. If fluther assistance is requested 

please visit the following web address: 

http://authors.elsevier.com/getting published.html?dc=QG8. 

What rights do I retain as author? 
As an author, you retain rights for large number of author uses, including use by your 
employing institute or company. These rights are retained and permitted without the 
need to obtain specific permission from Elsevier Science. 
, Patent and trademark rights or rights to any process or procedure described in the 

article. 

, The right to photocopy or make single electronic copies of the article for their 
own personal use, including for their own classroom use, or for the personal use 
of colleagues, provided those copies are not offered for sale and are not 
distributed in a systematic way outside of the employing institution. 

, The right to post the article on a secure network (not accessible to the public) 
within the employer's institution. 

, The right to retain a preprint version of the article on a public electronic server 
such as the World Wide Web. Elsevier Science does not require that authors 
remove from publicly accessible servers versions of their paper that differ from 
the version as published by Elsevier Science. See also our information on 
electronic preprints for a more detailed discussion on these points. 

, Posting of the article as published on a public server can only be done with 
Elsevier Science's specific written permission. 

, The right, subsequent to publication, to use this article or any part thereof free of 
charge in a printed compilation of works of their own, such as collected writings 
or lecture notes. 

, If the article is a "work for hire" made within the scope of the author's 
employment, the employer may use all or part of the information in this article 
for intra-company use. 

, The right to include the article in a thesis or dissertation provided that this is not 
to be published commercially. 

, The right to present the paper at a meeting or conference and to hand copies of 
the paper to the delegates attending the meeting. 

, The right to publish a different or extended version of the paper so long as it is 
sufficiently new to be considered a new work. 



177 

, The right to expand the article into book-length form for publication. 

, The right to re-use parts of the paper in other works, provided that the new work 
is not to be published commercially. 

Other uses by authors should be authorized by Elsevier Science through the Global 
Rights Department, and authors are encouraged to let Elsevier Science know of any 
particular needs or requirements. 

This article was published in The Science of the Total Environment journal; 

volume 287 pages 265-274 of the year 2002. 



178 

Re-suspension of Coal and Coal/Municipal Sewage Sludge Combustion Generated 

Fine Particles for Inhalation Health Effects Studies 

Art Fernandez', Jost O. L. Wendt', Roberta Cenni*, R. Scott Young*, and Mark L Witten' 
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Abstract 

Airborne particulate matter (PM) is an important environmental issue because of 

its association with acute respiratory distress in humans, although the specific particle 

characteristics that cause lung damage have yet to be identified. Particle size, acid 

aerosols, water-soluble transition metals (e.g. Cu, Fe, V, Ni, and Zn), polyaromatic 

hydrocarbons, and particle composition are the focus of several popular hypotheses 

addressing respiratory distress. All of the above mentioned characteristics are contained 

in PM generated from the combustion of both pulverized coal, and biomass, including 

dried municipal sewage sludge (MSS). In this investigation, we report results from 

collaborative interdisciplinary research on the inhalation health risks caused by particles 

emitted from the co-combustion of municipal sewage sludge (MSS) and coal. 

A solid particle re-suspension system was implemented to re-suspend ash 

particles. Mice were exposed to re-suspended coal and MSS/coal ash particles. Mice 

exposed to MSS/coal ash particulate demonstrated significant increases in lung 

permeability, a marker of the early stages of pathological lung injury, while the mice 

exposed to coal-only ash did not. These results show that the composition of particles 

actually inhaled is important in determining lung damage. Zinc was significantly more 
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concentrated in the MSS/coal ash than coal ash particles and the pH of these particles did 

not differ significantly. Specifically, an MSS/coal mixture, when burned, emits particles 

that may cause significantly more lung damage than coal alone; and that consequently, 

the use of MSS as a "green", COa-neutral replacement fuel should be carefully 

considered. 

' Department of Chemical and Environmental Engineering, University of Arizona. 
Tucson, AZ 85721, USA 

^ Institut fur Verfahrenstechnik und Dampfkesselwesen, Universitdt Stuttgart, Germany 

^ Lung Injury Laboratory, Department of Pediatrics, Arizona Health Sciences Center, 
Tucson, AZ 85721, USA. 
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Introduction 

With increased international awareness of global warming, the release of CO2 

from power plants that bum fossil fuels has become a major concern. Power plant 

operators obtain CO2 credit for biomass combustion, which allows for greater overall 

CO2 emissions per unit of electricity generated. Additional benefits are derived from the 

combustion of biomass wzistes, like municipal sewage sludge, as other disposal options 

become unavailable. Since land filling has become less attractive due to decreasing space 

and increasing environmental concerns, incineration is increasingly being used as a 

disposal option. This is particularly true in Europe where available space is at a 

premium. It is projected that, by 2005, MSS production will increase to 10,000,000 

tons/year (dry matter) in the European Union with 38 % of this matter disposed of by 

incineration (Werther and Ogeda, 1999). These projections include anticipated 

implementation of regulations in Germany, which limit the land filling of organic rich 

matter. While much of MSS incineration will consist of traditional multiple-hearth and 

fluidized-bed combustors, the co-combustion of dried MSS and pulverized coal in 

existing coal-fired power plants is being evaluated as a potential option. Co-combustion 

in coal-fired power plants has the benefits of better thermal efficiency and suitability for a 

large installed base of existing facilities. 

Since the roles of particle composition on mechanisms of lung damage from 

combustion generated particles are not well understood, the approach followed two 

thrusts. First, fuels and processes that emit particles that are toxic to human health were 

identified. Second, specific attributes of combustion-generated particulates that rendered 
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certain particles and not others, particularly toxic to human health were sought. The 

specific issue addressed here is determination of the physiological effects on the 

pulmonary system of an ash formed during the co*combustion of MSS and coal. 

In this investigation, a solid particle re-suspension system was implemented to 

study the physiological effects of re-suspended MSS/coal and coal ash particles. The 

investigation was accomplished in two different ways. First, transfected rat alveolar type 

II lung epithelial cell line was used for these studies as a model for limg epithelial type II 

cells. Secondly, 3 sets of mice were exposed to the ash particles at three different 

concentrations. 

Material and Methods 

Particulate Source and Reagents 

Ash samples were provided by the Institute for Process Engineering and Power 

Plant Technology at the University of Stuttgart. Combustion of coal and of MSS/coal 

mixture were performed in a semi-industrial scale, 500 kW downfired pulverized fuel 

combustor which had a 0.75 m diameter and ~7 m length. The first 4 m of the combustor 

are refractory lined while the remaining section is water cooled to simulate an industrial 

boiler section. MSS was mechanically and thermally dried, and processed (according to 

the Swiss "Combi" process) to produce 2-4 mm pellets, which were then pulverized and 

mixed in various amounts with Gottlebom coal, a high-volatile bituminous German coal. 

For the work presented here, MSS was mixed to equal 20 % of the total load on a thermal 

basis. The MSS had overall water content of 5 %. The flue gas with ash particles that 

were generated by the combustor passed through a bottoms hopper, air preheater (7=550 



182 

K), cyclone (7=500 K), and bag filter (7=480 K), respectively; and ash particles can be 

collected at the four listed locations. The ash particles used in the research described in 

this paper were gathered at the surface of a baghouse filter, which exited the cyclone, and 

were reported to have a nominal mean diameter of 3.5 ^m. A complete description of 

experimental procedure for the fuel combustion is found elsewhere (Cenni et al., 1998). 

Particulate Re-suspension/Characterization 

The solid particle re-suspension system consists of four main components: a 

PALAS RBG-100 Solid Particle Disperser, a dilution/splitter chamber, and an In-Tox 

mouse exposure chamber, followed by a vacuum pump (Figure 1). The ash was re-

suspended by the RBG-1000 (delivering a controlled flow of particles as low as 38 mg/h) 

and entrained inio an air stream. The RBG-1000 was set at a pre-pressure of 2.5 bars (2.5 

m^/hr flow rate) and the plunger travel rate of 1 mm/hr. The entrained aerosols are 

diluted to yield a large range of concentrations (30,000 ng/m^ to less than 200 ng/m^) for 

direct inhalation. A Bemer low-pressure impactor (Hillamo and Kauppinen, 1991) (LPI) 

(11 stages with aerodynamic 50 % cut-off diameters ranging from 15.7 to 0.0324 jun) 

was used to size segregate the re-suspended ash samples. Polycarbonate and paper 

substrates, which were sprayed with Apiezon-L grease to prevent bounce off, were used 

as impaction surfaces. The sprayed substrates were then placed in an oven at 75 °C to 

drive off toluene for 30 minutes prior to particle collection. Each of the polycarbonate 

substrates was weighted and then acid digested in 3HF:1HC1:1HN03 and analyzed by 

graphite furnace atomic absorption spectroscopy (Perkin Elmer 4110 ZL). Three sets of 

the paper substrate were weighed, deposited in an aluminum-covered plastic vial. 



183 

deposited in 5 ml of sterile 0.9 % sodium chloride solution pH 5.5 (Baxter, Deerfield, IL), 

and allowed to rest for 24 hrs. After the 24 hrs, the pH was measured of each vial, 

including a blank substrate. 

Figure 1: Solid particle re-suspension system. 

Cell Culture 

A transformed rat alveolar type II lung epithelial cell line, RLE-6TN, was used 

for these studies as a model for lung epithelial type II cells; because this cell line has been 

utilized in other particulate exposures (Timblim et al., 1998; Driscoll et al., 1997). The 

RLE-6TN cells were maintained in BRFF medium (Thomasville, MD) in an incubator at 
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37 °C. The cells were cultured to 90-100 % confluence on 6-well plastic cell culture dish 

prior to use in the experiment. 

Animals 

Thirty two specific, pathogen free mice, C57BL/6, were randomly divided into 

four groups (25.0±4.3 g, n=8) to be exposed to (a) MSS/coal ash low dose (1000 ^ig/m^), 

(b) MSS/coal ash high dose (3000 ^g/m^), (c) coal ash alone (3000 ng/m^), or (d) ambient 

air as control. The mice were housed 8 per cage with a 12-hr light/12-hr dark cycle at the 

Arizona Health Science Center animal facility (approved by the American association for 

the Accreditation of Laboratory Animal Care) and fed a standard mice chow diet and tap 

water. 

Particulate Exposure 

The re-suspended particulates were drawn through a 24-port nose-only exposure 

chamber (IN-TOX, Albuquerque, NM) using a constant vacuimi (2.5 1/min). The nose-

only exposure system was utilized in order to minimize ingestion of particulate matter 

during grooming and to more closely simulate occupational exposure. Animals were 

exposed for 1 hour/day for 24 consecutive days. Control mice were exposed to room air 

only. 

Pulmonary function and respiratory permeability 

To exclude transient changes immediately following particulate exposure, 

analyses were performed 24 to 30 hr after the final exposure. To ensure a deep state of 

anesthesia for the entire experimental period, the mice were anesthetized with an 

intramuscular injection mixture of ketamine HCL (80 mg/Kg; Parke-Davis, Morris 



185 

Plains, NJ), xyline (10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate (3 

mg/Kg; Fermenta, Kansas City, MO). Tracheostomy was performed with the insertion of 

a Teflon intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an 

endotracheal tube (Kent Scientific, Litchfield, CT) and given an intraperitoneal injection 

of gallamine triethiodide (8 mg/kg) to suppress spontaneous breathing. Airflow was 

measured with a pneumotachograph (Fleisch Instrumentation Associates) that was 

coupled to a differential pressure transducer (Validyne, Northridge, CA). Airflow and 

pressure signals were used to measure dynamic compliance. Pulmonary resistance was 

measured with a modified PEDS-LAB (Medical Associated Services, Hatfield, PA) 

pulmonary function system by the method of Rodarte (Rodarte and Rehder, 1986). The 

mechanical pulmonary ftinctions were recorded and normalized to the weight of each 

animal. Lung permeability was measured with a 100 jil endotracheal instillation of a 100 

nCi ''"Hechnitium labeled diethylenetriamine pentaacetate ('^Tc-DTPA, 492 amu, 

physical half-life of 6.02 hr) bolus, followed by five tidal volume breaths of ambient air 

to disperse the '^'"Tc-DTPA. Lung permeability was then determined by monitoring the 

QQ_ 
pulmonary clearance of Tc-DTPA over ten minutes using a Ludlum Model 2000 

gamma counter (Ludlum, Sweetwater, TX). 

Bronchoalveolar lavage 

Immediately following lung permeability measurements, bronchoalveolar lavage 

fluid (BALF) cell counts were performed. Anesthetized animals were euthanized by 

exsanguination of the abdominal aorta and the lungs were removed and cannulated. The 

lungs were lavaged thee times with sterile isotonic saline at a volume of 1 ml at a volume 
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of 1 ml via the cannula. BALF cell number was determined from a 0.2 ml sample by 

hemocytometer counting. 

Pathologic evaluation of MSS/coal ash particulate exposure 

After dissecting the esophagus and cardiovascular structiu-es from the heart-lung 

block, the tracheopulmonary block was measured for its mass on an electronic scale. The 

lungs were perfused with primary fixative (4 % formaldehyde, 1 % glutaraldehyde, and 

O.IM PO4 at pH 7.4) at 20 cm H2O pressure at 4 °C for 24 hrs (Pinkerton and Crapo, 

1985). The lungs were cut into an approximately 2 mm per side cubes, placed in a 600 jil 

polypropylene centrifiige tubes then immersed in 500 ^1 of primary fixative. The 

centriflige tube's caps were left open and placed in an evacuation chamber where 

negative pressure was applied to withdraw any remaining air bubbles. The fixed lung 

tissue was rinsed in O.IM PO4 pH 7.4 at less than 5 °C, postfixed in O.I % Osmium 

tetroxide in de-ionized (DI) water at less than 5 "C, twice rinsed in DI water, rinsed with 

ethanol for 40 sec. starting with 30 % and increasing ethanol percentage by 20 % per 

wash. The tissue was then critically dried for 2 hrs for scanning electron microscopy 

(SEM) purposes. Particle and tissue samples were fixed in a standard SEM aluminum 

post and gold-coated Denton evaporator. The SEM pictures were observed in an I.S.I 

150. For transmission electron microscopy (TEM), the tissue was infiltrated twice with 

50 % PO (propylene oxide)/50 % Epon alradite at room temperature for 30 min at a time 

then micro waved in 100 % Epon alradite at 35 "C, and cured for 8 hrs at 75 °C. For 

TEM use, thin sections were osmicated and stained with lead citrate and uranyl acetate. 

The thin sections were examined with a Hitachi 500 TEM. 
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Results 

In order to complete in-vivo tests involving inhalation of appropriate 

concentrations of particles, we developed a system by which sampled particulate matter 

could be re-suspended and adequately diluted. Particulate concentrations were achieved 

on the order of 1000 ng/m^, which is about six and a half times the current EPA 

atmospheric 24 hour averaged, PMio particulate standard of 150 ^g/m^ (US EPA, 1990). 

Note however, the mice were only exposed for 1 hour per day. After re-suspension and 

dilution, the particle size distributions (psd's) for coal and for the MSS/coal mixture 

(Figure 2) are quite similar in shape and size with the mean diameter of approximately 

3.5 ^m. The particle size distributions are plotted in differential form so that the area 

under a designated portion of the curve gives the fraction of the mass contained within 

two particle sizes. 

The coal particle size distribution appears to show more particles in the fine 

particle modes (less than 1 nm) than does the MSS/coal psd. Three distinct modes in the 

psd for the coal ash are in agreement with recent data by Linak et al. (2000). Addition of 

MSS appears to dampen the middle mode. There is, therefore, no evidence that adding 

the MSS to coal changed the particle size to be inherently more dangerous to human 

health, when compared to coal only. 
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Figure 2: Measured total mass distributions for coal and MSS/coal ashes. 

A SEM picture was obtained in order to visually analyze and compare the 

condition of the particles being re-suspended. As it can be observed in Figure 3, the 

MSS/coal ash particles do not contain any visual fractions or fragmentations that may 

have occurred as a result of re-suspension. However, it appears that some sub-micron 

particulate do agglomerate on the surface of larger particulate. Since particle 

agglomeration is suspected to occur, agglomeration can occur during the filter collection 

step or as a result of the re-suspension process or as a result of both physical processes. 

In addition, it is possible to assume that the elemental mass fraction can be shifted to the 

larger particles. However, the chemical speciation of the particles more likely is not 

significantly altered. Whether this agglomeration occurs during the filter collection step 
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or as a result of the re-suspension process and alteration of mass fraction and chemical 

speciation requires further investigation. 

Figure 3: SEM picture of a re-suspended MSS/Coal ash particle and collected on a filter. 

In order to test whether any difference in health effects might be due of acidic 

aerosols (Pritchard et al., 1996; Ghio et al., 1996; Kadiiska et al., 1997; Gavett et al., 

1997), the pH value of MSS/coal ash and coal ash particles was measured (Figure 4). 

This test confirmed that both MSS/coal ash and coal ash particles had very similar pH 

values. 
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Figure 4: Measured pH of ash particles in 0.9% sodium chloride solution. 

Since particle size and pH did not differ significantly and to test whether particle 

composition is important for health effects (Phalena and McClellan, 1995; WHO, 1995), 

elemental analyses were performed to determine As, Co, Cu, Fe, Pb, Se, V, and Zn in 

each size class. The greatest differences between MSS/coal and coal were found in the 

distribution of zinc across different particle sizes, as shown on Figure 5. The burning of 

MSS with coal causes a substantial increase in zinc concentration, both in the ultrafine 

particle size range (dp < 0.1 fim) where the zinc mass fraction increased from 4 % to 11 

% and especially in the middle mode (0.3^m < dp < 2.5^m) where zinc mass fractions 

increased firom less than 2 % to 14 %. This middle mode is usually thought to be the one, 

which allows inhaled particles to remain in the lung. Pb and Co were slightly higher in 

mass fraction in the MSS/coal ash particles then the coal alone, but their respective mass 
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contribution was very small. However, Fe was in higher concentrations in the coal ash 

that was in the MSS/coal mixture ash. 
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Figure 5: Measured distribution of zinc in both coal and MSS/coal ash. 

As an initial screen of MSS/coal ash toxicity, alveolar Type II cells (RLE-6TN) 

were exposed, in vitro, to 0.1 mg of ash. The intent was to quantify biomarkers of 

inflammatory cytokine release and lipid peroxidation. Previous researchers have shown 

that cytokine production in human airway epithelial cells depends on metal contained in 

particles (Carter et al., 1997) with particularly strong effects noted for iron in coal ash 

(Smith et al., 2000) and for iron in the glass phase in particular (Veranth et al., 2000). 

However, when this screening assessment was performed for the coal and the MSS/coal 

ash, the majority of the cells exposed to the MSS/coal ash died within 24 hours, rendering 

quantitative measurement of these biomarkers impossible. These screening tests 
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suggested that there was a likely health injury problem with the MSS/coal ash, but that a 

better approximation to possible inhalation health effects on humans would have to 

involve actual inhalation of particles by a mouse model. This approach would help 

assess the importance of both particle size and composition, something that is not 

possible in in-vitro tests or in-vivo instillation tests involving mechanical placement of 

the particles through the trachea into the lung of the animal. The SEM picture on Figiu-e 

6 shows several spherical particles that may represent MSS/coal ash particles deposited 

deep in the lung tissue; however, no pathological information is inferred from this figure. 

MSS/Coal ash 
particles 

Figure 6: SEM picture of mouse lung tissue with possible deposited MSS/Coal ash 
particles. Bar equals 2 ^m. 

As a measure of the potential health effect presented by these particles, in vivo 

tests were performed with measurement of lung compliance, resistance and permeability 

and quantification of pulmonary alveolar macrophage (PAM) in limg lavage. Figiu-e 7 

displays two pulmonary functions acquired fi-om this experiment, pulmonary resistance 
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and dynamic compliance. It appears that the dynamic resistance did not change 

significantly for the mice that were exposed to any of the ash particles. However, it 

appears that dynamic compliance was slightly altered for the mice that were exposed to 

the coal ash alone. Mice that were exposed to MSS/coal appeared to have not endured 

any significant change. Therefore, from these parameters it is difficult to assess the 

impact the coal or MSS/coal ash particles have on the pulmonary system. 
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Figure 7: Dynamic compliance and pulmonary resistance. Values shown as mean +/-
S.D. 

Data from these studies do demonstrate significant alterations in lung 

permeability from MSS/coal ash exposure compared to control animals or animals 

exposed to coal ash alone (Figure 8). The change in lung permeability appears to be both 

dose dependent and dependent on the chemical differences between the coal ash alone 

and MSS/coal ash mixttire. Cell counts, primarily PAM, from BALF demonstrate similar 

significant alterations (Figure 9). Animals exposed to coal ash alone demonstrate no 



194 

significant alterations in cell counts compared to ambient air controls. Cell counts from 

BALF of animals exposed to MSS/coal ash demonstrate significant decreases in total cell 

counts compared to coal ash and ambient air controls. This decrease is consistent with 

the in vitro screening tests and suggests a link between in vitro and in vivo tests. These 

results may indicate a reduction in the immune capability of the lung since the resident 

immune cell is the PAM. A significant loss of PAM in the lung microenvironment could 

lead to detrimental effects including increased inflammatory responses, increased 

susceptibility to infections, and decreased clearance of foreign particulate matter. 
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Figure 8: Measured lung permeability for mice exposed to various particulates {* 
statistically significant compared to MSS/Coal Ash High and Low Dose (p<0.0001). 
Values shown as mean +/- S.D.). 
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Figure 9: Cell counts were from first 3 out of 6 lavages (ImL volumes of sterile isotonic 
saline) of the animal lungs. Upper graph • and # are statistically significant compared 
with the coal/sewage ash exposures p<0.0005 and p<0.0001, respectively 

The 24 day exposure to MSS/coal ash demonstrates that this particulate 

composition has significant effects on lung permeability and cell counts compared to coal 

ash alone and air controls. Pulmonary clearance of'''"Tc-DTPA is an extremely 

sensitive marker of lung injury (Witten et al., 1985). Increased lung permeability is an 

important parameter when attempting to understand the effects of various inhaled 

particulates on the respiratory system by allowing greater access of the toxicant to the 
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lung interstitium and pulmonary circulation. It has previously been determined that 

increased clearance of'''"Tc-DTPA correlates with increased pathological injury (Hays et 

al., 1995). In the current study, a dose dependent increase in lung permeability compared 

to coal ash exposure alone and ambient air controls is demonstrate. 

The TEM picture shown in Figure 10 confirmed that indeed the MSS/coal ash 

particles cause cell damage. The type II cells exhibited a greater increase in Lamb bodies 

and swelling of mitochondria. In addition, some cells demonstrated certain sections of 

the cell as abnormal or damaged. 

Figure 10: TEM picture of mouse lung tissue exposed to MSS/Coal ash particles. Bar 
equals 2 (im. 
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Discussion 

In this investigation, a new particle re-suspension system for in-vivo toxicological 

studies was implemented. This system was capable of re-suspending both sub-micron 

and super- micron ash particles that had been collected via a filter, although some 

distortion from the particle size distribution of ash particulate actually generated during 

the combustion process is to be expected. For example, some sub-micron particles will 

adhere to larger particles. Nevertheless, this system can be used as a tool to study the 

health effects of particulate matter. 

A useful international research collaboration of combustion engineers and 

toxicologists allowed examination of the potential health impact of particles generated 

during the co-combustion of municipal sewage sludge and coal to be examined. 

Inhalation of MSS/coal ash particulate demonstrates significant alterations in lung 

permeability and BALF cell counts compared to coal ash alone and to ambient air 

controls. Long-term exposure to these particulates composed of MSS/coal ash may lead 

to severe pulmonary dysfunction. Since the apparent differences between particle size 

distributions and pH of coal ash and MSS/coal ash are minimal, composition differences 

are likely to be responsible for the observed difference in the response. The data points 

to zinc as the "responsible party" causing lung injury (Adamson et al., 2000), rather than 

iron, which has been suggested by others (Smith et al., 2000; Veranth et al., 2000). Iron 

was in higher concentrations in the "benign" coal ash than it was in the "toxic" mixtiu-e 

ash. It was interesting to note that ash from the MSS/coal mixture indicated inhalation 

health risks, while that from coal ash alone did not, even though previous work (Smith et 
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al., 2000) has shown an increase in certain lung injury biomarkers for coal ash in-vitro 

tests. This apparent discrepancy points to the need for true inhalation in-vivo tests to 

support inhalation toxicity arguments, although useful screening can be completed 

through in-vitro tests. 

The current study demonstrates that the composition of particulate matter actually 

inhaled plays an important role in the lung injury process. Furthermore, these in-vivo 

tests produce important results on lung permeability, which cannot be easily be 

determined from in-vitro cell culture experiments. At present, the speciation of the zinc 

in these ash samples is not known, and future work must determine whether the sulfur or 

other element provided by coal plays an essential role in its toxicity. The most practical 

outcome of this work is that it suggests that care must be taken to evaluate the use of 

biomass, in particular municipal sewage sludge, as a replacement fuel for coal. Benefits 

of CO2 abatement might be countered by increases in toxic particle emissions. 
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Abstract 

This paper addresses the health effects from the inhalation of particles emitted 

from the combustion of coal, and from the combustion of RDF/coal mixtures, with the 

latter occurring under both normal and low NOx conditions. Ash particles were sampled 

and collected from a pilot scale combustion unit and then re-suspended and diluted to 

concentrations of -1000 ^g/m^. These particles were inhaled by mice, which were held 

in a nose-only exposure configuration. Exposure tests were for 1 hour per day, and 

involved three sets (8 mice per set) of mice. These three sets were exposed over 8, 16, 

and 24 consecutive days, respectively. Pathological lung damage was measured in terms 

of increases in lung permeability. 

An important result is that coal/RDF ash appeared to cause significant lung 

damage (as measured by permeability increases compared to control) while the coal ash 

did not. However, the greatest lung damage for the coal/RDF occurred at the short 

exposure period of 8 days, and thereafter appeared to be gradually repaired. Ash from 

staged (low NO*) combustion of coal/RDF appeared to cause greater lung injury than that 

from unstaged (high NO*) coal/RDF combustion, although the temporal behavior and 

(apparent) repair processes in each case were similar. After 24 days, the increase of lung 

permeability, compared to the control, had essentially disappeared for the unstaged 

coal/RDF ash, and was much diminished for the staged combustion ash. In contrast to 

this, coal ash alone showed a slight decrease of lung permeability after 1 and 3 days, and 

this disappeared after 12 days. Since these results all suggest that the composition of 

particles actually inhaled is important in determining lung injury, the size segregated 
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elemental analyses of particles inhaled are presented, both after water-leaching and acid 

digestion. The water-leached analysis shows that water soluble sulfur, zinc, and 

vanadium, but not iron, were present in the non-benign coal/RDF ash particles. 

However, differences in health effects between unstaged and staged coal/RDF 

combustion could not be attributed to variations in pH values of the leachate. 

Introduction 

Airborne particulate matter (PM) is an important environmental issue due to its 

association with acute respiratory distress in humans. Although the specific particle 

characteristics that cause lung damage remain yet to be identified, particle size, aerosol 

acidity, water-soluble transition metals, polyaromatic hydrocarbons, and particle 

composition have all been identified as possible contributors to respiratory distress. All 

of the above mentioned characteristics are contained in FM generated from the 

combustion of fuels, including coal mixed with refuse derived fuel (RDF). 

It has been hypothesized that FM might be a source of bioavailable transition 

metals and inorganic compounds (Costa and Dreher 1997); (Dreher 1997); (Adamson 

2000). At the cellular level, it has been found that transition metals from PM induce a 

response by the release of inflammatory cytokines, acellular generation of hydroxyl 

radicals, and oxidative DNA damage (Carter 1997); (Broeckaert 1999). 

Atmospheric PM is composed of a complex mixture of chemicals and its sources 

are most likely both anthropogenic and combustion generated. Even under baseline 

combustion conditions, combustion generated ash particles have complex structures and 

compositions, due to in-homogeneity in the fuel (i.e. coal) or to oxygen deficient 



204 

conditions, wiiich are always found on the side of the flame front (Lighty 2000). Low 

NOx combustion modifications often involve staged combustion, where a ftiel-rich 

combustion zone is followed, after burnout air addition, by a fuel lean zone. Staged 

combustion conditions might modify the size segregated chemical and surface 

composition of (primarily) inorganic particles formed, first, through the reducing 

atmosphere in the first stage, and, second, through the lower temperatures attained 

throughout the process. This combustion modification has been shown to influence the 

quantity and composition of ultrafine particles fi-om coal combustion (Linak and 

Peterson, 1984, 1986). Size segregated particle composition is an important variable 

since (Davison 1974) reported that toxic elements such as Pb, Se, Sb, Cd, Ni, V, Sn, and 

Zn in urban aerosols have been reported to have equivalent mass diameters of the order 

of 1 ^im, whereas, Fe, Al, and Si are more commonly found on particles that have a 

diameter greater than 2.5 ^m (Rahn 1971). 

From an engineering point of view, this study addresses two questions, namely: 

1) is the fly ash from coal/RDF combustion likely to cause more lung damage that that 

from the combustion of coal alone and 2) does a low NOx combustion modification 

ftirther exacerbate or diminish any lung injury observed? As a corollary to responses to 

these questions, it was necessary to identify differences in the size segregated 

compositions of the particles themselves, and of the corresponding leachate from ultra-

pure water, and so these data are presented and interpreted. From an health effects point 

of view, this study addresses, for the first time, some additional complexities involved in 

assessing potential lung injury from actual combustion generated particles. One of these 



205 

complexities lies in the need for obtaining time resolved health effects from sequences of 

1 hour exposures, since, due to cell repair mechanisms that can occur in living organisms, 

the longest exposures may not necessarily indicate the greatest injury. 

Material and Methods 

Particulate Source and Reagents 

Ash samples were provided by the Institute for Process Engineering and Power 

Plant Technology at the University of Stuttgart. Combustion of coal and coal/RDF 

mixtures were performed in a semi-industrial scale, 500 kW downfired pulverized fuel 

combustor which had a 0.75 m diameter and ~7 m length. The first 4 m of the combustor 

are refractory lined while the remaining section is water cooled to simulate an industrial 

boiler section. RDF was mixed with coal to equal 17-19 % of the total load on a thermal 

basis or approximately 30-34 % by weight. The RDF contributed approximately 40% of 

the ash to the total ash of the mixture. Compositions of the parent coal and RDF are 

shown on Table 1, and elemental compositions of the appropriate ashes are given on 

Table 2. One set of ash particles were generated under combustion conditions with a 

stoichiometric ratio, X=1.2, hereafter denoted as "imstaged". The other set of ash 

particles were produced under low NOx, staged, combustion conditions with 

stoichiometric ratios X= 0.8 and X= 1.2 for the rich and lean stages respectively. The flue 

gas with ash particles that were generated by the combustor passed through a bottoms 

hopper, air preheater (7'=550 K), cyclone (7'=500 K), and bag filter (r=480 K), 

respectively; and ash particles can be collected at the four listed locations. The ash 

particles used in the experiment described in this paper were gathered at the surface of a 
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baghouse filter, which exited the cyclone, and were reported to have a nominal mean 

diameter of 3.5 (im. (Cenni 1998) gave a complete description of experimental procedure 

for the fuel combustion of coal and coal/MSS (municipal sewage sludge). Similar 

combustion procedures were completed for the combustion of coal/RDF; however the 

only difference is the replacement of MSS with RDF. 

Ash Particulate Re-suspension/Characterization 

A solid particle re-suspension system, which has been previously utilized to 

conduct similar toxicological studies, was employed (Fernandez 2001). The ash was re-

suspended by the RBG-1000 and entrained into an air stream. The RBG-1000 was set at 

a pre-pressure of 2.5 bars (2.5 m^/hr flow rate) and the plunger travel rate of 1 mm/hr. 

The entrained aerosols are diluted to yield breathable air/particulate stream at a 

concentration of approximately 1000 ^ig/m^ for direct inhalation. A Bemer low-pressure 

impactor (Hillamo and Kauppinen, 1991) (LPI) (11 stages with aerodynamic 50 % cut­

off diameters ranging from 15.7 to 0.0324 ^m) was used to size segregate the re-

suspended ash samples. Prior to particulate size segregation polycarbonate substrates 

were sprayed with a mixture of Apiezon-L grease and hexane to prevent bounce off and 

were used as impaction surfaces. The sprayed substrates were then placed in an oven at 

75 °C to drive off hexane for 30 minutes prior to particle collection. Each of the 

polycarbonate substrates was weighted before and after particulate collection and then 

acid digested in 3HF;1HC1;1HN03. The digested particles were then analyzed by 

graphite furnace atomic absorption spectroscopy (Perkin Elmer 4110 ZL). An additional 

set of size segregated ash particles was utilized for chemical leaching studies. Each of 



the size segregated particles were deposited in plastic vials, that were cleaned with a 

diluted solution of nitric acid for 24 hours prior to use, with 10 ml of ultrapure water. 

The vials that contained the mixture of size segregated particles and ultrapure water were 

fixed on a Roto-Torque apparatus (Cole-Parmer) fixed speed rotator and allowed tc rotate 

for 24 hrs in dark environment. For the detection of sulfur leached chemical species, an 

ion chromatography apparatus (Dionex DX-500) was used. Additionally, 0.1749 and 

0.2885 grams of coal/RDF unstaged and staged ash particles, respectively, were placed in 

a plastic vial with 10 ml of ultrapure water and the mixture pH was monitored with a 

DrDAQ data acquisition device (Pico Limited Technology). 

Coal RDF 
C (wt%, wf) 73.36 43.5 
H (wt%, wf) 4.82 5.8 
N (wt%, wf) 0.98 0.9 
S (wt%,wf) 1.14 0.6 
CI (wt%, wf) 0.17 1.3 
0 (wt%, calc. diff., wf) 8.55 31.3 
Moisture (wt%, ad) 4.78 1.48 
Volatiles (wt%, wf) 39.2 70.7 
Ash (wt%, wf) 9.66 16.6 
Lower Calorific Value, MJ/kg 30.52 18.79 
Particle size dso as fired, ^m 28 106 

Table 1: Properties of Gottelbom coal and refuse derived fuel (RDF) 
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Components Coal RDF 

Major, rwt%l 

AI2O3 23.6 20.6 
CaO 2.7 16.9 
Fe203 12.5 3.0 
K2O 3.1 3.2 
MgO 2.7 2.6 
NaiO 0.4 3.3 
P2O5 0.3 1.2 
Si02 42.5 47.7 
Ti02 1.0 1.4 
Minor, fmg/kgfueil 
Ba n.d 239 
Cd 0.8 <7.75 
Cr 35 72.9 
Cu 24 105.9 
Hg n.d n.d 

Mn 95 174.3 
Ni 24 25.9 
Pb 47 180.5 
Zn 64 344.2 

Table 2: Chemical and elemental composition of ash derived from coal and refuse 
derived fuel (RDF). 

Animals 

Sixty four specific, pathogen free mice, B6C3F1/Hsd, were randomly divided into 

four groups (25.014.3 g, n=8 per group) to be exposed to coal/RDF baseline or staged ash 

particles. The mice were housed 4 per cage with a 12-hr light/12-hr dark cycle at the 

Arizona Health Science Center animal facility (approved by the American Association 

for the Accreditation of Laboratory Animal Care) and fed a standard mice chow diet and 

tap water. 
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Particulate Exposure 

The re-suspended particulates were drawn through a 24-port nose-only exposure 

chamber (IN-TOX, Albuquerque, NM) using a constant vacuum (2.5 1/min). The nose-

only exposure system was utilized in order to minimize ingestion of particulate matter 

during grooming and to more closely simulate occupational exposure. The experimental 

mice were exposed for 1 hour/day for 8, 12, and 24 consecutive days to coal/RDF ash 

particles. The control set of mice were exposed to ambient air only. All of the mice used 

for inhalation of aerosolized ash particulate were exposed to a concentration of -1000 ^g 

of ash particles per cubic meter. 

Pulmonary function and respiratory permeability 

To exclude transient changes immediately following particulate exposure, 

analyses were performed 24 to 30 hr after the final exposure. To ensure a deep state of 

anesthesia for the entire experimental period, the mice were anesthetized with an 

intramuscular injection mixture of ketamine HCL (80 mg/Kg; Parke-Davis, Morris 

Plains, NJ), xyline (10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate (3 

mg/Kg; Fermenta, Kansas City, MO). Tracheostomy was performed with the insertion of 

a Teflon intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an 

endotracheal tube (Kent Scientific, Litchfield, CT) and given an intraperitoneal injection 

of gallamine triethiodide (8 mg/kg) to suppress spontaneous breathing. Airflow was 

measured with a pneumotachograph (Fleisch Instrumentation Associates) that was 

coupled to a differential pressure transducer (Validyne, Northridge, CA). Airflow and 

pressure signals were used to measure dynamic compliance. Pulmonary resistance was 
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measured with a modified PEDS-LAB (Medical Associated Services, Hatfield, PA) 

pulmonary function system by the method of Rodarte ((Rodarte and Rehder 1986). The 

mechanical pulmonary functions were recorded and normalized to the weight of each 

animal. Lung permeability was measured with a 100 ^1 endotracheal instillation of a 100 

nCi ''"Hechnitium labeled diethylenetriamine pentaacetate (''"'Tc-DTPA, 492 amu, 

physical half-life of 6.02 hr) bolus, followed by five tidal volume breaths of ambient air 

to disperse the ''"'Tc-DTPA. Lung permeability was then determined by monitoring the 

pulmonary clearance of '^"'Tc-DTPA over ten minutes using a Ludlum Model 2000 

gamma counter (Ludlum, Sweetwater, TX). 

Results and Discussion 

Characterization of Inhaled Particles 

The particle re-suspension system previously employed by (Fernandez 2001) was 

utilized to conduct the in-vivo ash particle inhalation studies. Particulate concentrations 

on the order of 1000 ^g/m^ were achieved in all of the studies reported here. That 

concentration is about six and a half times the current EPA atmospheric 24 hour 

averaged, PMio particulate standard of 150 ^g/m^ (US EPA, 1990). However, the mice 

were only exposed to ash particulate for 1 hour per day. 

Figure 1 displays the particle size distributions (PSD's), after re-suspension and 

dilution of aerosolized particles, for coal/RDF obtained under unstaged and staged 

combustion conditions. All particle size distributions are plotted in differential form so 

that the area under a designated portion of the curve gives the fraction of the total mass 

collected, contained within two particle sizes. PSD's for both unstaged and staged ash 
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are quite similar in size and display the same unimodal shape. The mean particle 

diameter of these PSD's is approximately 2.0 fim. Particles with a mean diameter of less 

then 2.0 fun can be classified as fine particulate (Friedlander 2000). Therefore, about 

50% of the re-suspended particulate falls under this category. A very small portion of the 

particulate comprises the unltrafine particles, denoted as those with a mean diameter of 

less then 0.5 ^m (Friedlander 2000). 

Fernandez et al. (2001). Like much of the data reported by (Linak 2000) the re-

suspended coal ash did show a tri-modal particle size distribution with a mean diameter 

of approximately 3.5 ^im. 

Some studies have reported that pH of aqueous solutions of dissolved metals is an 

important factor in lung injury ((Pritchard 1996), (Ohio 1995), (Kadiiska 1997), (Gavett 

1997). In this study, the pH of the aqueous solution containing coal/RDF ash particles 

was measured by imersing the ash particles in ultrapure water, as noted above. The pH 

value was noted until no further changes occurred. pH values of approximately 9.5 and 

10 were obtained for coal/RDF unstaged and staged conditions, respectively. High pH 

values may be due to the high calcium and magnesium contents of the coal/RDF ash 

particles (Veranth 1999). In contrast to this, the pH value for aqueous solutions 

containing coal ash alone was 4.2, which is acidic. 

Size segregated particle concentrations of Fe, Zn and V, shown in Figtires 2 (for 

unstaged coal/RDF) and Figure 3 (staged coal/RDF), were obtained through total particle 

digestion with acids. Fe and Zn are major elements. V is a trace metal. As shown in 

Figures 2 and 3, greater emrichment of Zn in the ultrafine particle size range occurs under 
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staged combustion conditions than under unstaged. V is also slightly more enriched 

under staged than under unstaged conditions. This is roughly consistent with the findings 

of Linak and Peterson (1984). Table 2 displays some elemental and compositional 

components of the coal and RDF ashes. Clearly, there are many possible candidates for 

"bad actors" among the elements listed. There is ((Fernandez 2001)) an indication that 

zinc may play and important role in limg damage, and RDF greatly increases that 

element. 
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Figure 1: Measured total mass distribution for re-suspended coal/RDF 
particulate. 



213 

O *r\ 
a. 
Q 
c 
NJ 

I 
o. 

s 
Q 

O •TV 
a. 
Q 
c 
.J 

g 
Q. 

2 
Q 

Sulfur species 

\ 

0.001 
0.01 0.1 1 

Aerodynamic 50% cut-off diameter, Dpjp [|xm] 

10 

Figure 2: Size segregated coal/RDF ash aerosol composition data- unstaged combustion 
conditions. Upper panel shows mass element leached into ultrapure water divided by 
original mass on each plate. Lower panel shows total mass element (acid digested) 
divided by original mass on each plate. Both quantities are plotted in differential form, 
so that area under curve yields average concentration of either water soluble element or 
total element found between two particle diameters. 
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Inhalation toxicity tests 

As a measure of the potential health effect presented by the coal/RDF base 

condition ash particles, in vivo tests, using a mouse model were conducted. Pulmonary 

clearance of '^'"Tc-DTPA, which quantifies lung permeability, is an extremely sensitive 

marker of lung injury (Witten 1985). Increased lung permeability allows greater access 

of the toxicant to the lung interstitium and pulmonary circulation, and it has previously 

been determined that increased clearance of '^'"Tc-DTPA correlates with increased 

pathological injury (Hays 1995). Results are shown on Figure 4. The two bars on the left 

side show lung permeability, or pulmonary clearance, of ^""Tc-DTPA for mice that were 

exposed to coal/RDF unstaged ash particles, relative to the unexposed control set. 

Similarly, the two bars located on the right of Figure 4 display the lung permeability of 

QQ_ ^ 

Tc-DTPA for mice that were exposed to coal/RDF staged ash particles, relative to the 

control set. 

The mice were exposed to ash particles for 1 hour in each of 8, 16, and 24 

consecutive days. The mice that were exposed for 8 days to coal/RDF unstaged ash 

particulate did experience a significant increase in lung permeability. However, the mice 

that were exposed over a longer period of time were able to recover or diminish the 

permeation of ''"*Tc-DTPA. It appeared as though the incipient lung damage was being 

repaired. A similar trend was followed by the mice that were exposed to coal/RDF 

staged ash particles. However, this type of particulate appears to cause a greater access 

to ''•"Tc-DTPA and the effects were more severe. The fact that one out of six control sets 
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gave a different absolute value for ''""Tc-DTPA clearance (for unknown reasons) does 

not change interpretation of these results. 

For coal (only) ash the lung permeability response was different. In these tests, 

however, the tests were run over 1, 3 and 12 days, see Figure 5. For the coal only ash the 

lung permeability of the exposed subjects appeared first to decrease and then to return to 

normal. After 12 days in this test and certainly after 24 days in a previous test 

(Fernandez 2001), lung permeability returned to the control values. Comparison of the 

coal/RDF data to the coal (alone) data shows that admixing RDF rendered the resulting 

ash aerosol to cause more lung damage. A possible hypothesis for the initial decrease in 

permeability is the possibility of lung inflammation or similar response that allows the 

lung tissue to become less susceptible to infiltration to ''"'Tc-DTPA. 

Figures 6 and 7 show the effects of inhaling coal/RDF ash and coal ash particles 

on other pulmonary functions, such as lung compliance (DL), pulmonary resistance (PR), 

and dynamic compliance (Coyn). The effects of coal/RDF ash and coal ash by itself are 

not large, although some statistically significant variations are apparent. Time resolution 

is important for all these measurements. In general, results from exposure after 24 days 

and 16 days differ from those from short term exposures. Coal ash by itself does appear 

to have a lasting effect (after 12 days) on lung compliance. Further interpretation of 

Figures 6 and 7 is premature and must await lung pathology studies. 
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Figure 5: Lung permeability k-value for mice that were exposed 1 hour per day spread 
over various time intervals, to Gottelbom coal ash particles. Bar indicates ± S.D. and * 
denotes a p-value of less than 0.05. 
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Figure 6: a) Dynamic compliance, b) pulmonary resistance, and c) lung compliance data 
for mice that were exposed to ash particles from coal/RDF either combusted under 
unstaged or staged conditions. Bar represents ± S.D. 
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Figure 7: a) Dynamic compliance, b) pulmonary resistance, and c) lung compliance for 
data for mice that were exposed to coal ash particles. Bar specifies ± S.D. and * indicates 
a p-value of less than 0.05. 
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Conclusions 

Data from these studies demonstrate significant alterations in lung permeability 

from coal/RDF ash exposure compared to control animals or animals exposed to coal ash 

alone. The change in lung permeability appears to be dependent on the chemical 

differences in the particles generated from the combustion of coal/RDF under unstaged 

and staged conditions. Coal/RDF ash generated under staged (low NOx) conditions 

showed greater effects on mouse lung injury than did coal/RDF ash particles that were 

generated under unstaged (uncontrolled NOx) conditions. These findings suggest that 

exposure to coal/RDF ash particles is less desirable than exposure to coal ash particles, 

and that low NO* operation in the coal/RDF case can exacerbate lung injury. This latter 

point may be important in calculating trade-offs between mitigation of respiratory disease 

through NOx control and/or (fine) particulate control. 

Ash particle size and pH may contribute to the extent of lung injury and the pH of 

aqueous solutions containing coal/RDF ash was 9.5-10 while that of coal ash alone was 

4.2. Zn and V were released with sulfur during leaching by ultra-pure water, although Fe 

was not, even though it was concentrated in the smaller particles, and this might well 

contribute to the increased toxicity due to the presence of RDF. As proposed by (Amdur 

1986), (Chen 1990), and (Adamson 2000), zinc appears to a be a factor into the extent of 

lung injury. Other elements may also play a role, although probably not Fe, as has been 

hypothesized by others. Staged combustion allows some metals, such as Zn, to become 

more greatly enriched on the ultrafines, because of increased vaporization in the fuel rich 
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regions. This might partially explain why the inhalation toxicity of staged coal/RDF ash 

was greater than that of the unstaged coal/RDF ash. 

Perhaps one of the most interesting aspects of this study, is that it suggests that 

mice are capable of recovering from the extent of lung permeability of''"Tc-DTPA, and 

that  i t  is  important to measure lung permeabili t ies not only at  the end of a sequence of ,  

say, 24 days but at intermediate times before as well. In fact, the results from this 

research suggest that lung damage can occur quickly, and may then appear to exhibit a 

slow recovery. Measurements made only after a large number of days, may miss the very 

effect being investigated. Whether the lung permeability recovery signifies a total 

pulmonary recovery remains to be seen. 

In these studies, changes in pulmonary functions did not follow an easily 

imterpretable pattern, although they did occur. (Chen 1990) have demostratated that 

pulmonary functions, total limg capacity and vital capacity, were reduced when 

experimental subjects were exposed to ash particulate generated from the combution of 

coal. Our studies show, however, that, just as for lung permeability, time resolution is 

important, and one time sample can be misleading. 
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Abstract 

Fine ambient particulate matter is a heterogeneous mixture that varies in size and 

chemical composition. Both of these characteristics have a significant impact on human 

toxicological effects. Anthropogenic sources of fine particulate matter include 

combustion, but not all of the combustion generated particulate has equivalent physical 

properties. In a previously conducted study, mice were exposed to re-suspended ash 

particles that were derived from the combustion of coal and coal/municipal sewage 

sludge (MSS). Mice that were exposed to coal/MSS ash particles showed a significant 

increase in lung permeability. Therefore, it was imperative to investigate the engineering 

aspects and health effects associated from combusted coal and MSS ash particles, 

separately. This study presents some of the health effect findings associated with the 

inhalation of coal and MSS ash particles at a concentration of ~I000 |ig/m^ per exposure 

over various time periods. Mice exposed to either of the ash particles had similar lung 

permeability behavior, but a small change in pulmonary ftmctions. Particle size 

distribution of re-suspended ash followed a similar trend. Analysis of the ash particles 

demonstrated that the pH of the supernatant of coal and MSS had a value of 4.3 and 12.3, 

respectively. Ash particle digestion analysis indicated that coal ash contained high 

concentrations of Fe and Si, where Fe was more concentrated in the coarse mode. 

Whereas, the MSS ash analysis showed that Al, Fe, and Zn were more prevalent. From a 

water leaching analysis, the supernatant of the MSS ash particles contained sulfiir, zinc, 

and vanadium. Sulflu* and vanadium followed a similar distribution trend; however. 
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sulflir was more highly concentrated. Zinc was more concentrated in the fine particle 

mode. 

Introduction 

Airborne particulate matter (PM) is an important environmental concern due to its 

association with acute respiratory distress in humans. Although the specific particle 

characteristics that cause lung damage remain unidentified, particle size, aerosol acidity, 

water-soluble transition metals, polyaromatic hydrocarbons, and particle composition 

have all been identified as possible contributors to respiratory distress. All of the above 

mentioned physical characteristics are contained in PM generated from the combustion of 

fiiels, including coal or natural gas/municipal sewage (MSS). 

It has been hypothesized that PM is a source of bioavailable transition metals and 

inorganic compounds (Adamson 2000; Costa and Dreher 1997; Dreher 1997). At the 

cellular level, it has been found that transition metals from PM induce a response by the 

release of inflammatory cytokines, acellular generation of hydroxyl radicals, and 

oxidative DNA damage (Broeckaert 1999; Carter 1997; Maanen et al., 1999) 

Atmospheric PM is composed of a complex mixture of chemicals whose sources 

are anthropogenic (i.e. combustion) and natural (i.e. volcanoes, forest fires, oceans, and 

dust storms). However, not all atmospheric PM has the same chemical composition. 

Size segregated particle chemical composition is an important variable. Davison et al. 

(1974) have reported that toxic elements such as Pb, Se, Sb, Cd, Ni, V, Sn, and Zn in 

urban aerosols have equivalent mass diameters on the order of 1 ^m, whereas, Fe, Al, and 
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Si are more commonly found on particles that have a diameter greater than 2.5 ^m (Rahn 

1971). 

In a previously conducted study, the health effects associated from the inhalation 

of re-suspended coal and coal/MSS ash particles were addressed (Fernandez 2001b). 

From this study, it was concluded that inhalation of coal/MSS ash particles led to a larger 

increase in lung permeability than coal ash particles. Therefore from engineering and 

toxicological points of view, it was necessary to address the following two issues: 1) is 

the fly ash from MSS assisted by natural gas combustion more likely to cause more lung 

damage than the fly ash from the combustion of coal alone and 2) does time resolution 

uncover some effects that perhaps were missed by the aforementioned study? As a 

corollary to responses to these questions, it was necessary to identify differences in the 

size segregated particle distribution, particle acid digestion analysis, and leachate analysis 

from ultra-pure water. From a health effects point of view, this study addresses time 

resolved health effects from sequences of 1 hour exposures per day at three time 

intervals, 3, 12, and 24 days of ash exposure. 

Methods and Materials 

Particulate Source and Reagents 

Gottelbom coal ash samples were provided by the Institute for Process 

Engineering and Power Plant Technology at the University of Stuttgart. Combustion of 

coal was performed in a semi-industrial scale, 500 kW downfired pulverized ftiel 

combustor having a 0.75 m inner diameter and ~7 m length. The first 4 m of the 

combustor were refractory lined while the remaining section was water cooled to 
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simulate an industrial boiler section. The flue gas containing ash particles that were 

generated by the combustor passed through a bottoms hopper, air pre-heater (7=550 K), 

cyclone (7'=500 K), and bag filter (7=480 K), respectively. Ash particles can be 

collected at the four previously listed locations. The ash particles used in the experiment 

as described in this paper were gathered at the surface of a baghouse filter, which exited 

the cyclone, and were reported to have a nominal mean diameter of 3.5 fim. Cenni et al., 

(1998) gives a complete description of experimental procedures for the fuel combustion 

of coal and coal/MSS (municipal sewage sludge). 

MSS assisted by natural gas were combusted in an 18 kW downfired pulverized 

fuel combustor which had a 0.15 m inner diameter and -6 m length. The first 1.22 m of 

the combustor was refractory lined while the remaining sections were made of pre­

fabricated sections of Zicar. The furnace was designed to simulate the time and 

temperature histories and complex particle interactions of a commercial scale combustor. 

The feed rates of natural gas and MSS were 1.12 m^/hr and 1.36 Kg/hr, respectively. 

Tables 1 and 2 provide some chemical and elemental characteristics of the solid fuels 

used for this study. 

Particulate Re-suspension/Characterization 

A solid particle re-suspension system, which had been previously utilized to 

conduct similar toxicological studies, was employed (Fernandez 2001b). The ash was re-

suspended by the RBG-1000 and entrained into an air stream. The RBG-1000 was set at 

a pre-pressure of 2.5 bars (2.5 m^/hr flow rate) and a plunger travel rate of 1 mm/hr. The 

entrained aerosols were diluted to yield breathable air/particulate stream at a 
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concentration of averaged 1000 |ig/m^ for direct inhalation. A Bemer low-pressure 

impactor (Hillamo and Kauppinen 1991) (LPI) (11 stages with aerodynamic 50 % cut-off 

diameters ranging from 15.7 to 0.0324 ^un) was used to size segregate the re-suspended 

ash samples. Prior to particulate size segregation polycarbonate substrates were sprayed 

with a mixture of Apiezon-L grease and hexane to prevent bounce off and were used as 

impaction surfaces (Moss and Kenoyer 1986). The sprayed substrates were then placed 

in an oven at 75 °C to drive off hexane for 30 minutes prior to particle collection. Each 

of the polycarbonate substrates was weighed before and after particulate collection and 

then acid digested in 3HF;1HC1;1HN03. The digested particles were then analyzed by 

graphite furnace atomic absorption spectroscopy (Perkin Elmer 4110 ZL). An additional 

set of size segregated ash particles was utilized for water leaching studies. Each of the 

size segregated ash particles was deposited in plastic vials with 10 ml of ultrapure water 

(UPW). Prior to depositing the ash particles, the plastic vials were cleaned with a diluted 

solution of nitric acid for more than 24 hours prior to use. The vials that contained the 

mixture of size segregated particles and UPW were fixed on a Roto-Torque apparatus 

(Cole-Parmer) fixed speed rotator and allowed to rotate for 24 hrs in a dark environment. 

For the detection of sulfur leached chemical species, an ion chromatography apparatus 

(Dionex DX-500) was used. Additionally, 0.2 grams of coal or MSS ash particles was 

placed in a plastic vial with 10 ml of UPW. The supematants from the mixtures were 

tested for changes in pH value. 
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Analysis Value Units 
Heat of combustion 6.647 MJ/Kg 
Proximate 
Moisture 5.12 wt % 
Volatile Matter 39.20 wt % 
Fixed carbon 1.89 wt% 
Uhimate 
Carbon 19.70 wt % 
Hydrogen 3.08 wt % 
Nitrogen 2.22 wt % 
Chlorine 0.041 wt % 
Sulftir 0.59 wt % 
Ash 53.79 wt % 
Ash Elemental Analysis 
AI2O3 19 wt% 
CaO 8.8 wt % 
Fe203 15 wt% 
MgO 4.1 wt % 
Na20 1.8 wt % 
Si02* 36 wt % 
As 6.7 ppmw 
Sb 7.2 ppmw 
Se 3.3 ppmw 
Zn 664 ppmw 

Table 1: Characteristics of dried and processed municipal sewage sludge. * Major 
elements converted to oxides on a sulfur-free basis. Data reported was not normalized. 

Animals 

Seventy two pathogen free mice, C57BL/6NHsd, were randomly divided into 

groups of eight (30.0±4.3 g). Of the Seventy two mice, fifty six (seven groups) were 

selected to be exposed to coal or MSS re-suspended ash particles. The other mice were 

used as experimental controls. The mice were housed 4 per cage with a 12-hr light/12-hr 

dark cycle at the Arizona Health Science Center animal facility (approved by the 
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American Association for the Accreditation of Laboratory Animal Care) and fed a 

standard mice chow diet and tap water. 

Analysis Value Units 
Heat of combustion 30.52 MJ/Kg 
Proximate 
Moisture 4.78 wt % 
Volatile Matter 39.20 wt % 
Ultimate 
Carbon 73.36 wt % 
Hydrogen 4.82 wt% 
Nitrogen 0.98 wt % 
Chlorine 0.17 wt % 
Sulfur 1.14 wt % 
Ash 9.66 wt% 
Ash Elemental Analysis 
AI2O3 23.6 wt % 
CaO 2.7 wt % 
Fe203 12.5 wt % 
K2O 3.1 wt % 
MgO 2.7 wt % 
Na20 0.4 wt % 
P2O5 0.3 wt% 
Si02* 42.5 wt % 
Ti02 1.0 wt% 
Cd 0.8 ppmw 
Cr 35 ppmw 
Cu 24 ppmw 
Mn 95 ppmw 
Ni 24 ppmw 
Pb 47 ppmw 
Zn 64 ppmw 

Table 2: Characterization of Gottelbom coal. * Major elements converted to oxides on a 
sulfur-free basis. Data reported was not normalized. 
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Particulate Exposure 

The re-suspended particulates were drawn through a 24-port nose-only exposure 

chamber (IN-TOX, Albuquerque, NM) using a constant vacuum (-12 1/min). The nose-

only exposure system was utilized in order to minimize ingestion of particulate matter 

during grooming and to more closely simulate occupational exposure. Four groups of the 

experimental mice were exposed to re-suspended coal ash particles for 1 hour/day for 1, 

3, 12, and 24 consecutive days. Furthermore, three groups of the experimental mice were 

exposed to re-suspended MSS ash particles for 1 hour/day for 3, 12, and 24 days. The 

control set of mice were exposed to ambient air only. All of the mice exposed to 

aerosolized particulate were exposed to a concentration of -1000 fig of ash particles per 

cubic meter. 

Pulmonary function and respiratory permeability 

To exclude transient changes immediately following particulate exposure, 

analyses were performed 24 to 30 hr after the final exposure. To ensure a deep state of 

anesthesia for the entire experimental period, the mice were anesthetized with an 

intramuscular injection mixture of ketamine HCL (80 mg/Kg; Parke-Davis, Morris 

Plains, NJ), xyline (10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate (3 

mg/Kg; Fermenta, Kansas City, MO). Tracheostomy was perfonned with the insertion of 

a Teflon intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an 

endotracheal tube (Kent Scientific, Litchfield, CT). Airflow was measured with a 

pneumotachograph (Fleisch Instrumentation Associates) that was coupled to a differential 

pressure transducer (Validyne, Northridge, CA). Airflow and pressure signals were used 
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to measure dynamic compliance. Pulmonary resistance was measured with a modified 

PEDS-LAB (Medical Associated Services, Hatfield, PA) pulmonary function system by 

the method of Rodarte (Rodarte and Rehder, 1986). The mechanical pulmonary 

ftmctions were recorded and normalized to the weight of each animal. Lung permeability 

was measured with a 100 ^1 endotracheal instillation of a 100 ^Ci ''"Hechnitium labeled 

diethylenetriamine pentaacetate (''"'Tc-DTPA, 492 amu, physical half-life of 6.02 hr) 

bolus, followed by five tidal volume breaths of ambient air to disperse the '^'"Tc-DTPA. 

Lung permeability was then determined by monitoring the pulmonary clearance of''"Tc-

DTPA over ten minutes using a Ludlum Model 2000 gamma counter (Ludlum, 

Sweetwater, TX). 

Results and Discussion 

Characteristics of Re-suspended Aslt Particles 

The in-vivo ash particle inhalation studies were conducted by utilizing a particle 

re-suspension system, (Fernandez 2001b). Aerosolized ash particulate concentrations on 

the order of 1000 ^g/m^ were achieved in these exposures. A concentration of 1000 

| ig/m^ is  about six and a half  t imes the current EPA atmospheric 24 hour averaged, PMio 

particulate standard of 150 jag/m^ (US EPA, 1990). However, the mice were only 

exposed to ash particulate for 1 hour per day. 

The particle size distributions (PSD's) for the re-suspended ashes are illustrated in 

Figure 1. The particle size distributions are plotted in differential form. Therefore, the 

area under the curve between two particle sizes gives the corresponding mass fraction. 
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The particle size distribution for both ash types follows a similar particle 

distribution pattern. The PSD's for coal ash appeared to have three distinct modes (Linak 

2000). The PSD's for MSS ash appeared to have two modes with a very large mode 

center at ~2.5 ^m. The three modes for the coal ash are centered at -2.5 ^un, -0.25 ^m, 

and -0.025 ^mi, from large to small, respectively. The mean particle aerodynamic 

diameter for both ash particles is approximately 2.0 |im and MSS ash has the larger 

mode. 
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Figure 1: Measured particle size distribution of the re-suspended Gottelborn coal and 
natural gas/municipal sewage sludge ash particles. 
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In addition, the coal ash shows that the re-suspension of this ash particulate 

contains more particles in the fine mode, which is important for toxicological studies. 

Morrow (1964) and Hatch and Gross (1964) have demonstrated that aerosolized particles 

are deposited in different regions of the lung and their deposition depends on their 

aerodynamic size. The particle's deposition behavior has been graphically illustrated by 

(Boubel 1994). 

An important characteristic of the ash particulate analysis is pH of its supernatant. 

The pH value of the supernatant can be crucial in determining which elements will leach 

into solution (Brunori 2001), therefore a small mass fraction of the ash particle may 

become bioavailable (Adamson 1999; Costa and Dreher 1997; Dye 1997). The pH value 

from the coal and MSS supernatant had a value of -4.3 and 12.3, respectively. From this 

test, it may be deduced that the two type's ash particles have different chemical 

properties. 

Numerous in-vivo and in-vitro studies have indicated that iron (Fe) may be 

involved in lung injur}' (Dreher 1997; Gavett 1997; Guilianelli 1993; Pritchard 1996; 

Smith and Aust 1997; Smith 2000). However, an in-vivo study conducted by Peters et 

al.(2000), in which animals were exposed to the exhaust of an engine which combusted 

doped fuel with ferrocene, demonstrated no significant changes in health effects. 

Ferrocene is an organo-metalic compound that contains Fe. 

Zinc (Zn) is also of particular toxicological interest. During the combustion of 

coal, many elements found in coal particles are liberated into the gas phase. Due to 

changes in temperatiire and chemical properties of the flue gas, layering of metals occurs 
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during the evolving ash particles and some metals have the tendency to concentrate in 

certain particle size fractions. Zn is one the elements commonly found in the 

submicrometer (Dp50 <2.0 |im) size fraction and in the surface of atmospheric fly ash 

(Amdur 1986; Davison 1974; Kaakinen 1975; Linton 1976). Furthermore, Amdur and 

Chen (1989), Chen et al., (1990), Adamson (2000), and Costa and Dreher (1997) have 

elucidated that Zn may play a significant role in particle toxicity. 

As it has been indicated, not all combustion generated ash particles are created 

equal. Therefore, a complete break down or acid digestion of the ash particles revealed 

their main elemental differences. The acid digestion supernatant from the particle size 

segregated ashes was analyzed for the following elements: Al, As, Ca, Co, Cu, Fe, Mg, 

Na, Pb, Se, Si, V, and Zn. Analysis of the collected data revealed that the re-suspended 

coal ash particles contained a significant amount of Fe, Al, and Si; which agrees with 

results published by Cenni et al. (1998). However, the results of Fe and Zn are of great 

interest and their respective distributions are shown in Figure 2. As it is shown in this 

figure, Zn is more concentrated in the submicron region of the ash particles; while Fe is 

more apparent in the larger size of the particle size distribution. 

The same, as to the coal ash particles, elemental analysis was carried out for the 

re-suspended MSS ash particles, with the exception of two elements Ca and Si. The 

results of the analysis indicated that Al, Fe, and Zn were the predominant elements found 

in these ash particles (Cenni et al., 1998). Figure 3 displays the elemental distribution of 

Fe and Zn. If the elemental distribution of Fe and Zn are compared for the two re-

suspended ash particles, it becomes apparent that in the MSS ash particles contained 
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amounts of Zn and Fe in the fine particle region. Furthermore, Fe was more concentrated 

in the fine ash particles of MSS then coal, but Zn was still a major constituent in this 

particle size range. Therefore, there is a distinct difference in chemical composition 

between the two ash particles. 
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Figure 2: Size segregated coal ash aerosol elemental composition. The total mass of Fe 
or Zn, from particle acid digestion, is divided by original mass on each plate. Both 
quantities are plotted in differential form, so that area under curve yields an average 
concentration of either total element found between two particle diameters. 
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Figure 3: Size segregated MSS ash aerosol elemental composition. The total mass of Fe 
or Zn, from particle acid digestion, is divided by original mass on each plate. The mass 
flection quantities are plotted in differential form, so that area under curve yields an 
average concentration of either total element found between two particle diameters. 

From the UPW leaching analysis of the MSS ash particles, three chemical 

elemental components were detected: vanadium (V), Zn, and sulfiu- species (SOa'^ and 

SOa"^). Figure 4 displays the distribution of these elemental components. Sulfur species 

were found to be in greater concentration of the three elemental components by two 

orders of magnitude throughout the PSD. However, its greatest concentration was 

located in particles with a diameter greater than 1 nm. Zn and V were found in a lesser 
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amount; but there was a difference between the two of them. V followed a similar trend 

as sulfur and Zn and was more concentrated in fine particulate matter; which appears to 

agree with results obtained from Davison et al., (1974), Kaakinen et al., (1975), Amdur et 

al., (1986), and Linton et al. (1976). Analysis of the supernatant for iron, lead, and 

copper was also completed, however, these elements were not detected. Furthermore, no 

coal ash particles solubility in UPW has been determined. 
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Figure 4: Size segregated MSS ash aerosols measured water leached elemental 
distribution. The total mass element leached into ultrapure water was divided by original 
mass on each plate. The mass fraction quantities are plotted in differential form, so that 
area under curve yields average concentration of the water soluble elements found 
between two particle diameters. 

Response to the Inhalation of Re-suspended Ash Particles 

Hays et al., (1995) has previously determined that increased clearance of''"'Tc-

DTPA correlates with increased pathological injury. Furthermore, Witten et al., (1985) 
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demonstrated that pulmonary clearance of'^'"Tc-DTPA is an extremely sensitive marker 

of lung injury. Increased limg permeability is an important parameter when attempting to 

understand the effects of various inhaled particulates on the respiratory system by 

allowing greater access of the toxicant to the lung interstitium and pulmonary circulation. 

The lung permeability k-values obtained from the ash exposures demonstrate a decrease 

in lung permeability that occurred in both ash particle exposures. Figures 5 and 6. 

Figures 5 and 6 represent the lung permeability k-value for the mice exposed to re-

suspended coal and MSS ash particles, respectively. 

A decrease in lung permeability has been associated with dust overloading 

(Morrow 1988). Dust overload has been observed in rats that inhaled particles or fibers 

at high airborne mass concentration (Bolton et al., 1993; Jones et al.,1988). Overloading 

has been characterized by the retardation of alveolar clearance of a radiolabeled marker, 

inflammation, fibrosis, and, in some cases with very high exposure, tumors (Lee 1985). 

Mice that were exposed to coal ash particles for only one day displayed a decrease 

in '^'"Tc-DTPA infiltration with a more significant change in the 3 day exposure. Mice 

that were exposed to ash particles for 12 days showed an adaptation or recovery to the 

ash particles and the permeability of ''^DTPA was close to the control subjects. 

However, the mice that were exposed for 24 days showed a slight increase in lung 

permeability. The observed slight increase in lung permeability was potentially or 

partially due, also, to ash particulate overloading. The daily inhalation of low-toxicity 

particles will gradually result in impaired phagocytosis as the numbers of alveolar 

macrophages approach their maximum load capacity (Tran et al., 1999). Loaded 



242 

macrophages will become increasingly less motile and more likely to perish, thereby 

releasing their load of ingested particles back to the alveolar surface (Tran et al., 1999). 

Therefore, a long term exposure caused a different lung permeability response as a 

plausible result of macrophages and alveolar cell damage. 
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Figure 5: Lung permeability k-values for mice that were exposed, 1 hour per day spread 
over four time intervals, to re-suspended coal ash particles. The bar indicates ± S.D and a 
p-value of <0.05 is indicated by * character. 
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Figure 6: Lung permeability k-values for mice that were exposed, 1 hour per day spread 
over four time intervals, to re-suspended natural gas assisted combustion of MSS ash 
particles. The bar indicates ± S.D. and p-value of <0.05 is indicated by * character. 

Mice that were exposed to re-suspended MSS ash particles displayed a similar 

lung permeability trend as the coal ash exposure. There was a significant decrease in 

lung permeability for mice that were exposed to 3 or 12 days, but mice exposed for 24 

days appeared to begin a recovery phase. However, the lung permeability effect is 

different than the coal ash particles. 

Amdur and Chen (1989) have demonstrated that guinea pigs exposed to acidic 

aerosols showed a significant change in pulmonary functions (total lung capacity and 

vital capacity) response. In this study, the pulmonary functions (pulmonary resistance. 
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compliance, and dynamic compliance) do not appear to be drastically changed. Figures 7 

and 8. 

Of the three measured parameters, the most notable parameter that changed with 

time was compliance. However, this parameter does not clearly show an obvious trend. 

Changes in lung dynamic compliance have been observed by Gavett et al., (1997) after 

mice were intratracheally installed with residual fuel oil fly ash (ROFA). The ROFA 

contained significant amounts of leachable Zn. Therefore at this time, it is difficult to 

use these parameters to determine the extent of lung injury. 

Conclusions 

In this study, mice were exposed to re-suspended ash particles that were generated 

from the combustion of coal and municipal sewage sludge. Data obtained from the 

particles' characteristics indicate that the pH of the ash particle supernatant does not 

directly correlate to the changes in lung permeability. However, it is feasible to suggest 

that pH may influence the solubility of chemical elements found in the ash particles. 

Furthermore, the PSD's of both types of ash particles have distinct particle size 

distributions; vdth coal ash having a larger quantity of mass in the fine mode. 

This study has partially answered the previously proposed questions. It appears 

that the ash particles generated from combustion of coal or MSS assisted by natural gas 

have similar lung permeability effects. When the two fuels are combusted independently, 

mice exposed to the re-suspended ash particles demonstrated a decrease in lung 

permeability. 
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Figure 7: Pulmonary mechanical functions: (a) Dynamic compliance, Coyn, (b) 
pulmonary resistance, PR, and (c) lung compliance, Lc, data for mice that were exposed 
to re-suspended coal ash particles. The bar represents ± S.D. and a p-value of <0.05 is 
indicated by the * character. 
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Figure 8: Pulmonary mechanical functions: (a) Dynamic compliance, Coyn, (b) 
pulmonary resistance, PR, and (c) limg compliance, Lc, data from mice that were exposed 
to re-suspended natural gas assisted combustion of MSS ash particles. The bar represents 
± S.D. and a p-value of <0.05 is indicated by the * character. 
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Figure 9: Lung permeability k-value for mice that were exposed to coal alone and 
coal/MSS ash particles. The low dose and high dose exposure of coal/MSS ash aerosols 
represents an exposure concentration of 1,000 and 3,000 ng/m^, respectively. The bar 
represents ± SD and the * character indicates a p-value of <0.05. 

From the MSS water leaching analysis, sulfur species, V, and Zn were detected at 

low concentrations and the Zn was more concentrated in the fine mode. This is an 

important result. Since inhaled ash particles may release Zn ions, these ions may become 

bioavailable inside the lung and can disrupt some important cellular f\mctions. 

The most significant decrease in lung permeability occurred in the mice that were 

exposed to re-suspended ash particles for only 3 days for both types of ash particulate. 

Mice that were exposed to coal ash particles for 24 days displayed an increase in lung 

permeability, whereas mice exposed to MSS for the same period of time appeared to be 
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in a recovery phase. In comparison, mice that were exposed for 24 days to coal/MSS re-

suspended ash particles demonstrated a significant increase in lung permeability. Figure 9 

(Fernandez et al., 2001a). 

Even though the elemental composition of the coal or MSS ash particles is 

slightly different, the lung permeability response appears to follow the same trend. This 

tends suggests that chemical speciation of the ash particles is an extremely important 

aspect in lung injury. Cadmium (Cd), mercury (Hg), and zinc (Zn) are associated with 

Group IIB in the periodic table of elements, which share similar chemical properties. Cd 

and Hg are highly toxic, even at low concentrations. Zn is an essential trace element for 

humans, animals, plants, and microorganisms. The human body contains 2-4 grams of 

Zn on average (Welz and Sperling 1999). Large quantities of zinc salts however can 

cause external caustic bums to the skin and very painful internal inflammation of the 

digestive organs. The re-suspended coal ash particles contained a higher concentration of 

Zn than Fe in the fine mode. At the cellular level, Fe has been implicated in oxidative 

DNA damage by highly reactive hydroxyl radicals by Fenton-type reactions (Hartwing 

2002). However, Fe and Zn followed the same trend in the MSS ash particulate. 

From the pulmonary function data, it is difficult to assess any correlation with 

regards to particulate toxicity. However, a change in lung compliance was detected. 

Changes in lung dynamic compliance have been observed by Gavett et al. (1997) after 

mice were intratracheally installed with residual fiiel oil fly ash (ROFA). The ROFA 

contained significant amounts of leachable Zn. Pulmonary functions are a very difficult 
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issue to address without further evaluation of the lung tissue, i.e. transmission electron 

microscopy and biochemical assays. 
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Abstract 

In a previous toxicology experiment conducted in our laboratory, mice were exposed to 

re-suspended coal and coal/municipal sewage sludge (MSS) ash particles. The re-

suspended coal/MSS ash particles induced a significant increase in lung permeability. 

Elemental analyses of the coal/MSS ash particles revealed that zinc was present in these 

ash particles at higher concentrations, in the respirable size range, then the coal ash 

particles alone. Therefore, we wanted to investigate, as a separate experiment, the 

toxicological effects from the inhalation of systematically generated zinc particles 

derived from combustion. In order to generate zinc particles, doped distilled fuel oil was 

combusted in a cylindrical downflow reactor. The doping agents were zinc naphthenate 

or zinc naphthenate and thiophene in order to achieve a 100 ppm of zinc and sulfur in the 

reactor's flue gas. Experimental mice were exposed to -1000 ^g/m^ of re-suspended zinc 

oxide and sulfated zinc particles. Lung permeability, bronchoalveolar lavage cell counts, 

inflammatory cytokines (TNF-a and ILl-P) and pulmonar>' functions were gathered from 

all of the experimental sets. The zinc sulfate particles caused an increase in lung 

permeability; while zinc oxide particle caused the opposite effect. Most of the exposed 

mice experienced some change pulmonary functions but the response was not consistent. 

BALE cell counts from the zinc containing particulate were remarkably different for the 

zinc oxide and sulfated zinc particles. TEM microscopy was accomplished for the lung 

tissue exposed to zinc oxide particles and the results show an obvious difference in cell 

morphology. 
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Introduction 

Epidemiological studies have provided evidence of a positive association between 

exposure to ambient air particles, an increase in respiratory and cardiovascular morbidity, 

and mortality at low exposure levels (Schwartz 1996). The majority of the air particles 

found in our environment are present because we fail to remove them from the flue gases 

of anthropogenic sources, i.e. the combustion of fossil fuels. 

The important biological factors of combustion generated particles are: particle size, 

shape, density, overall chemical composition, and surface chemistry. Particle size is 

expressed in terms of aerodynamic diameter. Aerodynamic diameter is defined as the 

diameter of a unit density sphere that has the same settling velocity as the sample particle 

(Hinds 1999). Particle size, shape, and density dictate how far these particles can 

penetrate the human respiratory tract (Spengler and Wilson 1996). 

Not all combustion generated ash particles are alike. The overall particle chemical 

composition is dependent on the type of fuel being combusted, i.e. coal, fuel oil, biomass. 

Depending on the fiiel source chemical composition, some inorganic materials that are 

found in the fuel have the tendency to partition due to their physical properties. For 

instance. Coal combustion investigations conducted by Kaakinen et al., (1975) and 

Davison et al., (1974), independently, have reported the preferential enrichment of 

chromium (Cr), nickel (Ni), arsenic (As), lead (Pb), and zinc (Zn) in the small ash 

particles. Further support of the enrichment behavior of Zn and other elements is 

addressed in an investigation of the combustion of coal and municipal sewage sludge 

conducted by Cenni et al., (1998), who confirmed that Zn has the tendency to concentrate 
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particles. For a more detailed description of trace element partitioning in flames and 

furnaces see an overview written by (Ratafia-Brown 1994). 

Sodium, potassium, and sulfur have a propensity to concentrate on the surface of ash 

particles (Amdur et al., 1986). The condensation of these elements depends on their 

concentration in the flue gas and their physical characteristics. Hansen et al., (1984) 

presented data where anions (fluoride, phosphate, and sulfate) and cationic metals (zinc, 

cadmium, cobalt, copper, and chromium) were present as salts on the surface of ash 

particles. Sulfur trioxide (SO3), formed from combustion of sulfur bearing compounds in 

coal, can react with basic metal oxides on the particle surfaces to form metal sulfates as 

soon as the flue gas temperature is low enough for sulfate salts to be stable (Hansen et al, 

1984). 

The formation of sulfated compounds on the surface of ash particles is of great 

importance. Zn is considered a trace metal in coal accounting for approximately 2 % of 

the total aerosol mass (Amdur et al.,1986). However, since Zn condenses on the surface 

of ash particles (presumably as zinc oxide which reacts with sulfur dioxide to from zinc 

sulfate), the higher concentration of this salt on the ash particle surface can have a 

significant impact on its bioavailability. It has been shown in several in-vitro studies that 

bioavailable metals can significantly contribute to cell toxicity and pulmonary 

hypertension (Adamson 1999; Costa and Dreher 1997; Ghio 1999; Prahalad 1999). 

The chemical and surface composition of combustion generated ash particles can 

have a complex impact on lung function and properties. An in-vivo inhalation 

experiment conducted by Amdur and Chen (1989) brought to light the possibility that 
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zinc oxide (ZnO) particles coated with sulfuric acid cause a significant change in lung 

mechanical functions and increase the protein and neutrophils in the pulmonary lavage 

fluid. More recently, Adamson et al., (2000) published findings from intratracheal 

installation of an atmospheric dust sample (EHC-93); which contained several metals. 

Adamson's findings indicated that the soluble Zn had induced an inflammatory response 

with some necrosis of alveolar Type I cells, an increase in protein concentration, and the 

total number of cells in the bronchoalveolar lavage fluid (BALF). 

In previous investigations conducted in our laboratories, we evaluated the health 

effects associated with the inhalation of re-suspended coal and coal/MSS ash particles 

(Fernandez et al., 2001a). From that study, the results indicated that mice exposed to the 

coal/MSS ash particles showed an increase in lung permeability. An elemental 

evaluation of the re-suspended coal/MSS ash particles revealed that Zn was more 

concentrated in these ash particles with the area of highest concentration in the respirable 

particle size range. Since the aforementioned studies have indicated that Zn may play an 

important role in the toxic effects in ambient aerosols, the goal of this study was to 

further investigate the inhalation response to systematically generated Zn ash particles. 

The systematically ash particles were generated from two different experimental 

combustion conditions were distilled fuel oil was doped with Zn only and Zn and sulfur. 

Methods and Materials 

Combustion Experiments 

An 18 KW, 6 m in length and 15.25 cm in inner diameter, vertical downflow 

fiimace was utilized for the combustion of doped distilled fuel oil. The fiimace was 
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designed to simulate the time and temperature histories and complex particle interactions 

of a commercial scale combustor. 1.89 liters per hour of doped distilled fuel oil were 

introduced into the furnace. Depending on the experimental condition, the distilled fuel 

oil was also doped with zinc naphthenate and zinc naphthenate/thiophene (39S54 and 

30641, respectively; Alfa Aesar). Thiophene is a compound that contains S. The desired 

Zn and/or S concentrations of each element in the flue gas were 100 ppm. Furnace 

centerline temperature profiles were taken in all of the experiments with a bare wire, 

ceramic shielded, R-type thermocouple. Temperature data obtained from the 

measurements are demonstrated in Figure 1. Furthermore, proper combustion conditions 

were monitored continuously by sampling the emissions of CO, CO2, O2, and NO* gas 

concentrations. 

Isokinetic Particle Sampling and Size Segregation System 

In order to collect particles in each stage of the LPI, polycarbonate substrates 

were utilized (KOOCPARCOO; Osmonics Inc). Prior to particulate collection, the 

substrates were sprayed with a mixture of 20 grams of Apeizon high-purity vacuum 

grease (Apeizon-L; Apeizon Products M&I Materials LTD) mixed with 1 liter of hexane 

(39199; Alfa Aesar). Apeizon-L grease was needed to prevent particle bounce off (Moss 

and Kenoyer 1986). For each particulate collection run, 10 grease-coated substrates were 

combined as batch then placed in an oven that was set to 70-75 "C for 60 minutes. The 

elevated temperature helped to volatilize a significant amount of hexane. The desiccated 

substrates were then weighted three consecutive times in a mass balance (AP250D 

Analytical Plus Electronic Balance; Ohaus) prior and after particulate collection. 
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Generated solid particles were withdrawn isokinetically from the centerline of the 

exhaust system of the furnace by a particle sampling probe. After the particle laden flue 

gas entered the probe, the sampled flue was diluted with nitrogen and the mixture was 

then passed through a Bemer-type low pressure cascade impactor (LPI) (Hillamo and 

Kauppinen 1991). The impactor consists of 11 stages with an aerodynamic 50% cutoff 

diameter of 15.7, 7.33, 3.77, 1.98,0.973, 0.535, 0.337, 0.168, 0.0926, 0.0636, and 0.0324 

(im from stage 11 to 1, respectively. To ensure proper operation of the impactor and 

particle collection, the exiting flue gas from the impactor was monitored downstream 

from the vacuum pump with a pressure gauge and analyzed with a NO* gas analyzer. 

Since one of the goals of this experiment was to generate and collect particles for 

toxicological purposes, particles were collected on clone train (In-Tox, Albuquerque; 

NM) and a custom made filter system. The cyclone train consisted of two cyclones. The 

first cyclone was designed to remove particles larger then 10 nm in diameter while 

cyclone two was designed to remove particles larger than 2 ^m. The custom made filter 

system was capable of collecting particles larger than 0.5 ^m at 99% efficiency. The 

particles were collected on the surface of the filter. After several hours of running one 

type of experimental condition, the collected particles were removed and stored in a 

desiccated container until further use. 
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Figure 1: Average flue gas temperature profile during the experimental combustion of 
doped distilled fuel oil. The bar indicates ± one standard deviation. 

Particle Acid Digestion and Leachate pH 

Before and after particulate collection, each of the polycarbonate substrates was 

weighted and the collected mass recorded. The collected particles and substrate were 

stored in a clear 10-ml plastic transport vial (2010; Perfect Scientific; Atascadero, CA) 

and capped. The stored particulate was then digested in a 3HF:IHC1:1HN03 acid 

mixture. The digested ash particles were then analyzed by graphite fimiace atomic 

absorption spectroscopy (Perkin Elmer 4110 ZL) or flame ionization atomic absorption 

spectroscopy (Perkin Elmer 2380). Prior to depositing the ash particles, the plastic vials 

H - f .  
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were cleaned with a diluted solution of nitric acid for more than 24 hours prior to use. 

Additionally, -0.2 grams of the ash particles were placed in a plastic vial with 10 ml of 

UPW. The supematants from the mixtures were tested for changes in pH value. 

Particulate Re-suspension 

A solid particle re-suspension system and methodology, which has been 

previously utilized to conduct similar toxicological studies, were employed (Fernandez 

2001b). The entrained aerosols were diluted to yield breathable air/particulate stream at 

a concentration of averaged 1000 |ig/m^ for direct inhalation. 

Animais and Experimental Design 

Eighty pathogen free mice, C57BL/6NHsd, were randomly divided into groups of 

eight (27.0±4.3 g). Of the seventy two mice, fifty six (seven groups) were selected to be 

exposed to coal or MSS re-suspended ash particles. The mice were housed 4 per cage 

with a 12-hr light/12-hr dark cycle at the Arizona Health Science Center animal facility 

(approved by the American Association for the Accreditation of Laboratory Animal 

Care) and fed a standard mice chow diet and tap water. 

The re-suspended particulates were drawn through a 24-port nose-only exposure 

chamber (IN-TOX, Albuquerque, NM) using a constant vacuum (-12 1/min). The nose-

only exposure system was utilized in order to minimize ingestion of particulate matter 

during grooming and to more closely simulate occupational exposure. Three groups of 

the experimental mice were exposed to re-suspended ZnO or sulfated zinc ash particles 

for 1 hour/day for 3, 12, and 24 consecutive days. The control set of mice were exposed 
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to ambient air only. In all of the particulate exposures, mice were exposed to a 

concentration of -1000 ng of ash particles per cubic meter. 

Pulmonary Functions and Lung Permeability 

To exclude transient changes inunediately following particulate exposure, 

analyses were performed 24 to 30 hr after the final exposure. To ensure a deep state of 

anesthesia for the entire experimental period, the mice were anesthetized with an 

intramuscular injection mixture of ketamine HCL (80 mg/Kg; Parke-Davis, Morris 

Plains, NJ), xyline (10 mg/Kg; Mobay, Shawnee, KS), and acepromazine maleate (3 

mg/Kg; Fermenta, Kansas City, MO). Tracheostomy was performed with the insertion of 

a Teflon intravenous catheter (20 gauge; Critikon, Tampa Bay, FL) serving as an 

endotracheal tube (Kent Scientific, Litchfield, CT). Airflow was measured with a 

pneumotachograph (Fleisch Instrumentation Associates) that was coupled to a differential 

pressure transducer (Validyne, Northridge, CA). Airflow and pressure signals were used 

to measure dynamic compliance. Pulmonary resistance was measured with a modified 

PEDS-LAB (Medical Associated Services, Hatfield, PA) pulmonary function system by 

the method of Rodarte (Rodarte and Rehder, 1986). The mechanical pulmonary 

functions were recorded and normalized to the weight of each animal. Lung permeability 

was measured with a 100 ^l endotracheal instillation of a 100 ^Ci ^"^echnitium labeled 

diethylenetriamine pentaacetate (''"'Tc-DTPA, 492 amu and a physical half-life of 6.02 

hr) bolus, followed by five tidal volume breaths of ambient air to disperse the '''"Tc-

DTPA. Lung permeability was then determined by monitoring the pulmonary clearance 
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of ''•"Tc-DTPA over ten minutes using a Ludlum Model 2000 gamma counter (Ludlum, 

Sweetwater, TX). 

Bronckoalveolar Lavage Analysis 

From each of the experimental groups normally four animals were selected for 

bronchoalveolar lavage. The washes were performed three times with I ml aliquots of 

sterile 0.85% saline solution each time (Reynolds 1973). The mean saline recovery was 

approximately 85%. The collected bronchoalveolar lavage fluid solution (BALF) was 

decanted into chilled polypropylene tubes and spun at 1000 rpm for 10 minutes at 4 °C. 

The supernatant was transferred from the cell pellet and stored at -70 °C without 

preservative until ftuther use for chemical mediator assays. Prior to spinning the BALF, 

approximately 100 ^l of the solution was placed in a hemocytometer and total cell count 

was performed under light microscopy. Biochemical assays, TNF-a and ILl-p (Assay 

Designs, Inc.; 900-047 &. 900-041), were performed on the cell-free BALF. 

Histopathologic Evaluation of Lung Sections 

After dissecting the esophagus and cardiovascular structures from the heart-lung 

block, the tracheopulmonary block was measured for its mass on an electronic scale. The 

lungs were perfused with primary fixative (4 % formaldehyde, 1 % glutaraldehyde, and 

O.IM PO4 at pH 7.4) at 20 cm H2O pressure at 4 °C for 24 hrs. The lungs were cut into 

approximately 2 mm per side cubes, placed in a 2 ml polypropylene centrifuge tubes then 

immersed in 600 ^1 of primary fixative. The centrifuge tube's caps were left open and 

placed in an evacuation chamber where negative pressure was applied to withdraw any 

remaining air bubbles. The fixed lung tissue was rinsed in O.IM PO4 pH 7.4 at less than 
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5 °C, postfixed in O.I % Osmium tetroxide in de-ionized (DI) water at less than 5 "C, 

twice rinsed in DI water, rinsed with ethanol for 40 seconds starting with 30 % and 

increasing ethanol percentage by 20 % per wash. The tissue was infiltrated twice with 50 

% PO (propylene oxide)/50 % Epon alradite at room temperature for 30 min at a time 

then microwaved in 100 % Epon alradite at 35 °C, and cured for 8 hrs at 75 °C. For 

transmission electron microscopy (TEM) use, thin sections were osmicated and stained 

with lead citrate and uranyl acetate. The thin sections prepared for TEM were examined 

with a JOEL 100 CXII TEM (Peabody, MA USA). Thin sections prepared for light 

microscopy were examined with Leica light microscope (Leitz Diaplan Leica, Deerfield, 

IL USA). 

Results and Discussion 

Particle Size Distribution 

Prior to the combustion of doped distilled fuel oil, taintless distilled fiiel oil was 

combusted in the same configuration as the discussed in the methods and materials 

section. The goal was to collect ash particles in the absence of any additive, however 

without a surprise an insignificant amount of carbonaceous particles was collected. 

Distilled fliel oil is usually model as dodecane (Moran and Shapiro 1992), therefore, it 

would be safe to assume that the primary composition of this fiiel were light 

hydrocarbons. The events associated with the combustion of distilled fuel oil can be as 

follows. Initially, the distilled fuel oil is atomized and sprayed to form small droplets. 

The droplets are then mixed with combustion air. Due to the high temperatures that exist 

in the flame region of the combustor, the distilled fuel oil droplets are heated and the light 
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organics vaporize. The vaporized organics diffused into the gas phase and react with the 

oxygen, consequently forming a diffusion flame around each fuel droplet. As the light 

hydrocarbons leave the droplet, the heavier hydrocarbons are left behind in the droplet. 

In essence, the burning of the droplet is a fractional distillation process, in which liquid -

phase cracking and thermal decomposition add vapor-phase fuel species to the flame 

front (Linak and Wendt 1993). 

Figure 2 displays the particle size distribution (PSD) derived from the combustion of 

distilled fiiel oil that was either doped with Zn or Zn/S. Both PSD's have a monodisperse 

particle distribution with a mean particle diameter (Dp50) of-0.18 nm and -0.29 ^m for 

the distilled fiael oil doped with Zn or Zn/S, respectively. The monodisperse distribution 

is of no surprise. Particles that were generated by the combustion of distilled fiiel oil 

doped with Zn and S tended to have a larger Dp50. This shift in particle size can be 

attributed by two possible mechanisms: 1) the formation of complex interactions between 

Zn, S, and O2 or 2) the condensation of ZnS04 with H2SO4 droplets. The possible 

governing mechanisms for particles formed from the combustion of distilled fuel oil with 

Zn are the nucleation of ZnO and further growth by ZnO condensation or agglomeration. 

Besides the small shif^ in particle size distribution, a pH value of 12.0 versus 6.5 was 

recorded for the ZnO and sulfated zinc particles supernatant, respectively. 

Lung Permeability 

In all of these studies, an immense effort was made to assure that mice were 

exposed to re-suspended ash particulate at an approximate concentration of 1000 ^ig/m^. 

The experimental particulate exposure concentration is approximately seven times higher 
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than the US EPA Outdoor National Ambient Air Quality Standard of 150 |ig/m^; which is 

PMio for 24-hour average. However, the mice were only exposed to ash particles for 1 

hour per day. The re-suspension system used for the entrainment of the ash particles has 

been described in Appendix B. 
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Figure 2: Measured particle size distribution from the combustion of doped distilled fiiel 
oil with zinc and zinc/sulfiir. 

Removal of edema liquid from the air space of the lungs is a life-threatening 

problem that affects thousands of hospital patients (Conhaim et al., 2001). In this paper, 

it is shown that exposure to combustion generated particulate can either increase or 
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decrease the permeability of ^*"Tc-DTPA in the lung tissue. Lung permeability (lung 

permeability k-value) is a parameter used to measure the rate of removal or clearance of a 

radiolabeled compound that is instilled in the lungs. 

Figure 3 displays results of the lung permeability k-value of mice exposed to re-

suspended zinc oxide (ZnO) and zinc sulfate (ZnS04) ash particulate at various exposure 

time intervals, respectively. Even though both of these ash particles contained zinc, the 

physiological responses were quite different. In the case of ZnO particles, the k-value of 

the 3-day exposure mice set increased by a small amount but not statistically significant. 

The 24-day exposure mice set exhibited a significant decrease in lung permeability. The 

upper panel value in Figure 3 for the 12 day exposure is missing. The lack of 

representation for this group set occurred as a result of the expiration of experimental 

subjects while surgery was being performed. 

The sulfated zinc particles, however, showed a different result. Any mice set 

exposed to these particles displayed an increase in lung permeability. A statistically 

significant change occurred for mice that were exposed for 12 days or more. 

Furthermore, the lung permeability increased as the exposure time, number of exposure 

days, increased. An increase in lung permeability can possibly pose a greater risk of 

allowing toxicants to come into contact with other organs. 

Pulmonary Functions 

Besides lung permeability data, pulmonary fimction characteristics were also 

analyzed. Amdur et al., (1989) observed tliat guinea pigs exposed to ZnO with a surface 

layer of sulfuric acid experienced a change in lung functions. Figures 4 through 6 exhibit 
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the data collected from pulmonary mechanical functions. The recorded pulmonary 

mechanical ftmctions were dynamic compliance (CD>TI), lung compliance (DL), and 

pulmonary resistance (PR). 

The lungs and chest walls are elastic structures, and compared to other body 

organs, they are highly compliant (very easy to distend). Coyn is a measure of the change 

in lung's compliance during tidal breathing. CD>TI value is less than when the lung is 

static. The decrease in value is due to a slow rise in surface tension created by the 

pulmonary surfactant (Jackson 1998). 

Figure 4 demonstrates changes in Coyn in mice that were exposed to ZnO or 

sulfated zinc particles. ZnO particles significantly decreased this lung parameter in both 

sets of experimental mice. The decline of Cd>ti, however, reached the same value 

regardless of exposure time. Sulfated zinc particles considerably increased the dynamic 

compliance, but only for mice that were exposed for 24 days. The other two sets, less 

than 24 days, of experimental mice that were exposed to the sulfated zinc ash particles 

did not showed any noteworthy change in Coyn, Figure 4. 

Figxu-e 5 reveals modifications in CL- CL refers to how much effort is required to 

stretch or distend the lungs (Sherwood 1997) and it is calculated as follows 

AV 
CL = . AV is the change in lung volume and AP is the difference of alveolar pressure 

minus the pleural pressure. Surprisingly, CL did not change significantly for any of the 

mice that were exposed to the particles that contained zinc. 

The third and last lung parameter accounted for is pulmonary resistance (PR). PR 

is inversely proportional to CL; therefore an increase in PR results in a decrease in CL-
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For example, lung tissue that exhibits excessive amounts of elastic connective tissue 

(elastin fibers) displays an increase in PR and a decrease in CL. Variations in the PR 

parameter are demonstrated in Figure 6. Exposure to ZnO and sulfated zinc ash particles 

did cause an alteration in this parameter. Figure 6. Mice that inhaled ZnO particles 

showed a large decrease in PR. In the contrary, inhalation of sulfated zinc particles 

caused an increase in this factor. 

Another difference between these two ash particles is the time effect. The 3-day 

and the 24-day experimental sets that were exposed to ZnO particles showed a 

statistically significant decrease in PR. The decrease in PR was approximately the same 

for both cases. Contrary to ZnO exposure, mice that were exposed to sulfated zinc 

showed a noteworthy change only after the 3-days exposure set. The increase in this 

parameter was also the same for the last two experimental sets. 

Bronchoalveolar Lavage Fluid Cell Count 

The number of cells (alveolar macrophages (AM), polymorphonuclear neutrophils 

(PNN), and lymphocytes) recovered from the BALF of mice exposed to zinc containing 

particles is shown in Figure 7. Due to lack of experience in cell differentiation 

methodology, no effort was made to differentiate the type of cell with their corresponding 

cell number. The control mice groups had relatively the same amount of cells present in 

the BALF, as expected. The total BALF cell count from mice that were exposed for 3 

days to either ZnO or sulfated zinc particles diminished appreciably. Longer exposure to 

either type of particle incites a different response. The cell number from mice exposed to 
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ZnO particles for 12 and 24 days was two times greater than mice only exposed for 3 

days, but not the same amount as the control mice. 

A remarkable difference was seen in the mice that were exposed to sulfated zinc 

particles. The initial response (3 day exposure) caused a decrease in total BALF cell 

number. However, mice that were exposed for 12 and 24 days to sulfated zinc particles 

showed a major reaction to this particle. The total number of cells more than doubled for 

both experimental exposures in comparison to the control groups. 

The difference in response can be attributed to the difference in chemical 

composition of the particles. ZnO is relatively insoluble in water whereas ZnS04 is (by 

many orders of magnitude) soluble in water at 0 °C (Perry and Green 1997). In the 

alveolar space, a thin layer of fluid separates the alveolar cells from the gas. The thin 

layer of fluid is composed of water and phospholipoproteins, also know as pulmonary 

surfactant (Griese 1999). Its major biophysical role is to prevent alveolar collapse at low 

lung volume and to preserve bronchiolar patency during normal and forced respiration 

(Griese 1999; Hills 1999). Since water is present in the pulmonary surfactant, it is 

reasonable to assume that a large fraction of the deposited sulfated zinc ash particles will 

disassociate into and S04^' ions. 

One of the main roles of the AM is scavenging of foreign material deposited in 

the alveolar space and to modulate the ensuing inflammatory response (Solomon et al., 

1996; Wallaert et al., 2000). Since combustion generated ZnO particles are foreign 

matter in the mouse lungs, the mission of the AM is to remove this matter by 

phagocytosis. The initial response to a 3-day exposure to ZnO particles appears to have a 
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toxic effect. Longer exposure ZnO particles appeared to cause a slight decrease in total 

cell number; however the number of AM cells appeared to have recovered. 

It is reasonable to presume that the behavior of solid particles will be different 

than ions in solution. Two possible hypotheses are presented to account for the cell count 

difference. First, it is feasible to assume that the disassociation of ZnS04 particles into 

ions in the alveolar space can affect the surrounding area from its disassociation site. 

Therefore, the ions can potentially bind to transmembrane proteins found on the surface 

of nearby cells. The binding of these ions can consequently interfere with the normal 

intracellular cell and/or cell-cell signaling process. 

Ions can also be transported intracellularly by some form of endocytosis 

(phagocytosis, pinocytosis, or receptor mediated endocytosis). In any case, a disruption 

in the normal alveolar cell environmental activity can occur. One scenario that can be 

inferred is that the cells (Type I and Type II) foimd in the alveolar wall encountered a 

disturbance by the influx of ions and a cell signaling process was induced. The induction 

of the signaling process greatly activated the AM and the result was a greater number of 

total cell counts as shown in Figure 7. 

As it was aforementioned, one of the main f\mctions of the AM is the removal of 

foreign material (particles) being deposited in the lung tissue. A mode of removing 

foreign material by the AM is engulfmg particles and the subsequent generation of 

reactive oxygen species (ROS) (Demers and Kuhn 1994). ROS breakdowns deposited 

material into manageable components. However, it is plausible to speculate that during 
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the breakdown of the ZnO particles, Zn"^ may cause damage to the AM by some 

undefined way (at least at the present time). 

Histopathology 

In addition to lung permeability and pulmonary functions, lung tissue fi-om 

control and exposed mice to ZnO particles was processed for light and TEM microscopy. 

Figures 8, 9, and 10 display the results acquired for light microscopy examination. 

Figure 8 corresponds to control mice lung tissue. Figures 9 and 10 correspond to mice 

lung tissue exposed to ZnO particles for 3 and 24 days, respectively. 

A significant point of this finding is the difference of intratracheal installations 

versus normal inhalation of ash particles. Gavett et al., (1997) and Broeckaert et al., 

(1999) have demonstrated light micrographs of rat lung tissue that have been 

intratracheally challenged with residual oil fly ash (ROFA) and coal fly ash (FA). The 

acquired micrographs, from these challenges, exhibit the overwhelming amount of ROFA 

and FA particles that were deposited, more likely at specific alveolar areas, in the lung 

tissue. The acquired micrographs from this study do not reveal the same information. 

Rather, the lung tissue does not show obvious evidence of accumulation of ash particles. 

Furthermore, from these figures is difficult to make a clear assessment of lung injury. 

Since light micrographs revealed limited lung injury information, TEM 

micrographs were taken from the aforementioned experiments. The results from TEM 

work are shown in Figures 11 thro 16. Figure 11 and 12 demonstrate lung tissue of 

control mice. Figures 13 to 14 demonstrate lung tissue of mice exposed to ZnO particles 

for 3 days. Figures 15 and 16 demonstrate lung tissue of mice exposed to ZnO particles 
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for 24 days. Comparing these figures an apparent difference that can be observed is the 

number of lamellar bodies per cell. Lamellar bodies are responsible for the secretion of 

phospholipids from the interior of the cell to lumen. The increase in discharge of 

phospholipids appears to coincide with the acquired decrease in lung permeability k-

value for mice that were exposed to the ZnO particles. 

Besides the appearance of a disproportionate amoimt of lamellar bodies per cell. 

Figures 15 and 16 also appear to demonstrate an increase in connective tissue. Large 

sections of the cells appeared to be laminated with sheets of collagen. Churg (1996) has 

commented in the possibility of the occurrence of interstitial fibrosis after cells have been 

exposed to fibers. The pulmonary functions data gathered from the ZnO particulate 

exposure demonstrates a possible change lung in cormective tissue. 

Cytokine Release 

The alveolar macrophages respond to stimuli, such as ash particles, by releasing 

inflammatory mediators such as cytokines, growth factors, reactive oxygen species, and 

eicosanoids (Demers and Kuhn 1994). Inherently the fimction of some of these factors, 

such as cytokines, is to send signals to other white cell through an autocrine and paracrine 

route to participate in the neutralization of dust particles' effects on the lung. In this 

study, the concentration of TNF-a and ILl-p (cytokines) in the BALE were accounted 

for. Unfortunately, an insignificant increase in either cytokine was not detected versus 

the control group. Therefore, no further comments will be addressed to this issue. 


