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ABSTRACT 

Atmospheric aerosols have significant impact on the chemical balance of the 

atmosphere, biogeochemical cycles, the Earth’s climate and human health. Although 

extensive studies have been performed to explore these effects, there is still considerable 

uncertainty. 

For example, understanding of heterogeneous photochemistry on aerosols may be 

crucial to accurately predict the impact of aerosol loadings on atmospheric chemistry, yet 

few studies have been conducted. In this dissertation research, laboratory studies were 

performed to investigate heterogeneous photoreactions of HNO3 and O3 on typical 

components of metal containing aerosols. Results indicate that irradiation can change the 

reaction mechanism, kinetics, reaction extent, products, and product partitioning. The 

presence of water at different relative humidity also plays a key role in the rates of these 

reactions and the product distribution. 

Increasing evidence has suggested that anthropogenic aerosols play a more 

important role in supplying soluble iron into open ocean water compared with mineral 

dust. Dissolution experiments to simulate atmospheric processing were performed to 

compare iron mobilization abilities of coal fly ash with Arizona test dust, a model for 

mineral dust aerosol. Results indicate that coal fly ash can release more iron into water 

compared with Arizona test dust. The iron solubility strongly depends on the source 

material, surface pH, types of acidic media, and the presence of solar irradiation. 

A study on Pb mobilization from PbO particles following exposure to NO2 shows 

interaction of PbO particles with NO2 leads to an increase in Pb dissolution. 

Collaboration work indicates that size and surface area of iron nanoparticles play a role in 

affecting bacteria growth, pathogenicity, and impairing the AMP activity. Nanoparticles, 

especially the smaller particles with large surface areas, may be harmful to human health 

as it relates to individuals susceptible to bacterial infections and/or colonization. 
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This thesis summarizes the above studies in Chapter 3 to Chapter 7. The research 

described herein provides a number of important issues where further studies are 

warranted. The last chapter suggests future directions for laboratory studies that have the 

potential to make an important contribution on understand the global impacts of 

atmospheric aerosols and heterogeneous chemistry. 
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ABSTRACT 

Atmospheric aerosols have significant impact on the chemical balance of the 

atmosphere, biogeochemical cycles, the Earth’s climate and human health. Although 

extensive studies have been performed to explore these effects, there is still considerable 

uncertainty. 

For example, understanding of heterogeneous photochemistry on aerosols may be 

crucial to accurately predict the impact of aerosol loadings on atmospheric chemistry, yet 

few studies have been conducted. In this dissertation research, laboratory studies were 

performed to investigate heterogeneous photoreactions of HNO3 and O3 on typical 

components of metal containing aerosols. Results indicate that irradiation can change the 

reaction mechanism, kinetics, reaction extent, products, and product partitioning. The 

presence of water at different relative humidity also plays a key role in the rates of these 

reactions and the product distribution. 

Increasing evidence has suggested that anthropogenic aerosols play a more 

important role in supplying soluble iron into open ocean water compared with mineral 

dust. Dissolution experiments to simulate atmospheric processing were performed to 

compare iron mobilization abilities of coal fly ash with Arizona test dust, a model for 

mineral dust aerosol. Results indicate that coal fly ash can release more iron into water 

compared with Arizona test dust. The iron solubility strongly depends on the source 

material, surface pH, types of acidic media, and the presence of solar irradiation. 

A study on Pb mobilization from PbO particles following exposure to NO2 shows 

interaction of PbO particles with NO2 leads to an increase in Pb dissolution. 

Collaboration work indicates that size and surface area of iron nanoparticles play a role in 

affecting bacteria growth, pathogenicity, and impairing the AMP activity. Nanoparticles, 

especially the smaller particles with large surface areas, may be harmful to human health 

as it relates to individuals susceptible to bacterial infections and/or colonization. 
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This thesis summarizes the above studies in Chapter 3 to Chapter 7. The research 

described herein provides a number of important issues where further studies are 

warranted. The last chapter suggests future directions for laboratory studies that have the 

potential to make an important contribution on understand the global impacts of 

atmospheric aerosols and heterogeneous chemistry. 
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CHAPTER 1 

INTRODUCTION 

The atmosphere is composed of 78% nitrogen (N2), 21% oxygen (O2), a variable 

amount of water vapor (H2O), argon (Ar), carbon dioxide (CO2), and traces of other 

“noble” gases.
1
 Although the composition of the atmosphere changes slowly from the 

perspective of the Earth’s evolution, the trace gas abundances have changed rapidly and 

remarkably over the last two centuries due to the dramatic growth of population and the 

great development of industry. 

Comparison of current levels with those of the distant part suggested that CO2 and 

CH4 are two typical extreme examples of recent increases of atmospheric trace gases.
1
 

The comparison can be achieved by measuring the concentration of CO2 and CH4 in the 

bubble air trapped in the ice core in perpetually cold places such as Antarctica and 

Greenland. With extensive measurements, CO2 and CH4 concentrations are believed to 

stay relative stable at 260 and 0.7 ppm, respectively, from the end of the last ice age some 

10,000 years ago until approximately 300 years ago. After that, the CO2 and CH4 

concentrations have been built up continually, reaching to a current mixing ratio of 

approximately 390 and 1.8 ppm, respectively. Human activities account for most of the 

rapid changes in trace gases over the past 200 years due to combustion of fossil fuels for 

transportation and energy, biomass burning, industrial activities, agricultural activities 

and deforestation. 

Although trace gases only account for approximately 1% abundance in the 

atmosphere, they play a crucial role in regulating the Earth’s climate, and have a great 

influence on human health. CO2 and CH4 are two typical greenhouse gases in the 

atmosphere. Increases of these gases in the atmosphere potentially elevate the Earth’s 

temperature, cause sea levels to rise, and eventually lead to climate change. 
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Another representative example of change in trace gas concentrations that impose 

great environmental concerns is that of ozone (O3). Ozone in the stratosphere acts as a 

UV filter to absorb biologically harmful ultraviolet (UV) light to prevent UV radiation 

reaching the Earth’s surface. The emission of large quantities of chlorofluorocarbons 

(CFCs) and halons are extremely stable and can therefore reach the stratosphere, where it 

can be photolyzed to form atomic Cl and F radicals and catalytically deplete the ozone 

layer. Due to the ozone depletion, more UV radiation would penetrate the atmosphere 

and reach the Earth’s surface, causing a deleterious effect on the vegetations, animals, 

ecosystem and human health. 

Local scale air pollution around industrial areas and big cities also causes great 

environmental and health problems. Photochemical smog, for example, is resulted from 

the interaction of nitrogen oxides and hydrocarbons, two common pollutants emitted 

from combustion of fossil fuel, under solar radiation to form highly oxidizing species 

including ozone and peroxyaceyl nitrate.
2, 3

 It causes severe eye irritation, respiratory 

irritation and poor visibility. Sulfur dioxide, which is emitted from coal and heavy oil 

burning, can form industrial smog in winter. It was first discovered in 1952 in London 

that had approximately one million coal-fired stoves in addition to the emissions from 

local industry.
4, 5

 The city experienced an extended period of extremely high particulate 

levels, which were 5-19 times greater than modern regulatory standards and led to the 

deaths of more than 4000 people during the two week episode and over 12,000 in the 

following 3 months. 

 

1.1 Atmospheric Aerosol 

The photochemical smog and industrial smog are both characteristic of aerosol 

formation. Aerosol, which is defined as a suspension of fine solid or liquid particles in 

the atmosphere, has gained enormous interest in the research of atmospheric chemistry. 
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Atmospheric aerosol particles originate from both natural and anthropogenic sources. 

Primary particles are emitted directly from the sources, like wind-blown soils, incomplete 

combustion of fossil fuel, biomass burning, sea spray, volcanic eruption and biological 

materials (plant debris, pollen, etc.) as shown in Figure 1.1. Secondary particles are 

formed by gas-to-particle conversion in the atmosphere and/or condensation of gas 

species on aerosol particles. Aerosols contain sulfate, ammonium, nitrate, sodium 

chloride, trace metals, carbonaceous material, crustal elements, and waters. While natural 

emissions contribute the background level of aerosol in the atmosphere, anthropogenic 

emissions leading to atmospheric aerosol have increased dramatically over the past 

century and have been implicated in human health effects, in visibility reduction in urban 

and regional areas, in acid deposition, and in perturbing the Earth’s radiation balance. 

Aerosol undergoes a variety of physical and chemical interactions and 

transformation in the atmosphere, during which the size, morphology, and chemical 

composition of aerosol would change (Figure 1.1). The interaction of trace gases and 

aerosols, which is termed “heterogeneous reaction”, is especially of considerable 

significance. For example, ozone depletion in the stratosphere is driven by heterogeneous 

reactions between aerosol in the form of ice particulates and inactive chlorine 

compounds. The aerosol surface acts as a medium to promote the conversion of inactive 

chlorine reservoir species to chlorine gas that can then be photolyzed to produce chlorine 

atoms, and participate in the ozone depletion chemical cycles. Aerosols can undergo 

cloud processing by acting as cloud condensation nuclei, on which water vapor in the 

atmosphere can condense to form cloud droplets. When the clouds re-evaporate, aerosol 

particles are again released from the evaporating cloud droplets. Given the dramatical 

change of water content and hence pH on the surfaces of aerosol particles during cloud 

condensation and evaporation, the sizes, morphologies and chemical compositions of 

aerosol particles would be modified.
6
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Figure 1.1 Schematic of aerosol sources, composition, transport, deposition, and impacts 
on climate and biogeochemistry. Adapted from Ref. 7. 

 



www.manaraa.com

 

 

5 

5
 

If, however, cloud droplets form precipitation and reach the Earth’s surface, 

aerosol particles are scavenged to the surface and removed from the atmosphere. This 

process, termed “wet deposition”, is the primary sink of aerosol particles in the 

accumulation mode (e.g. 0.1-1 μm). Beside wet deposition, particle deposition without 

precipitation of airborne water particles, that is, “dry deposition” by convective transport, 

diffusion, and adhesion to the Earth’s surface, is less important but the primary sink for 

large aerosol particles (Figure 1.1). Depending on the aerosol properties and the 

meteorological conditions, the characteristic residence time (lifetime) of aerosol particles 

in the atmosphere range from hours to weeks. 

An overview of major type, sources, and inventories of atmospheric aerosol is 

given in Table in 1.1. This thesis mainly focuses on mineral dust and anthropogenic 

aerosol from coal combustion, biomass burning and industrial processes. These different 

types of aerosol are discussed in detail below. 

 

1.1.1 Mineral Dust Aerosol 

As one of the most mass abundant types of aerosol emitted into the atmosphere, 

wind-blown mineral dust aerosol accounts for one third to one half of the mass of the 

total aerosol budget. It is estimated that between 1600 and 2000 Tg of mineral dust is 

uplifted into the atmosphere annually.
8
 Wind-blown soil is the main source of mineral 

dust.
9
 The arid and semiarid areas of the world, which cover one third of the global 

continental area, are where the majority of mineral dust is originated. Saharan-Sahel 

region of northern Africa is the largest global source, and central Asia is the second 

largest dust source. Figure 1.2 shows images of Saharan and Gobi desert regions during 

dust storm events captured by NASA’s Terra satellite. In addition, human activities, such 

as improper agricultural and grazing practices, contribute to 20-50% of the atmospheric 

dust loadings.
10, 11

 The improper agricultural and grazing practices have resulted in  
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Table 1.1 Global Emission Estimated for Major Aerosol Classes 

Source   
Estimated Flux 

(Tg yr
-1

) 

Natural Primary Mineral dust 0.1-1.0 μm 48 

  Mineral dust 1.0-2.5 μm 260 

  Mineral dust 2.5-5.0 μm 609 

  Mineral dust 5.0-10.0 μm 573 

  Mineral dust 0.1-10 μm 1490 

  Seasalt 10,100 

  Volcanic dust 30 

  Biological debris 50 

 Secondary Sulfates from DMS 12.4 

  Sulfate from volcanic SO2 20 

  Organic aerosol from biogenic VOC 11.2 

Anthropogenic Primary Industrial dust (except black carbon) 100 

  Black carbon 12 

  Organic aerosol 81 

 Secondary Sulfate from SO2 48.6 

  Nitrates from NOx 21.3 

Source: Seinfeld, J. H.; Pandis, S. N., Atmospheric Chemistry and Physics: From Air 

Pollution to Climate Change. 2 ed.; John Wiley: New York, 2006. 

 



www.manaraa.com

 

 

7
 

Figure 1.2 Dust images were captured using Moderate Resolution Imaging Spectroradiometer (MODIS) on NASA’s Terra satellite. 
(a) Dust plume is transported off of the west coast of Africa and over the Atlantic Ocean in late September 2011. (b) Dust 
from the Gobi desert is transported eastward as shown in late April 2011 raised from both north and south sources of the 
Mongolia-China border. [Reprinted with permission from Visible Earth (http://visibleearth.nasa.gov). Copyright 2012 
NASA] 

 

(a) (b)
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desertification of land throughout the globe.
12

 The estimated budget of mineral dust is 

therefore likely to increase due to the predicted increase of human activities as well as the 

expansion of arid regions.
12

 Gravitational settling and wet deposition are the major 

removal pathways for mineral dust from the atmosphere. The average lifetime of mineral 

dust particles is approximately 2 weeks, during which dust can be transported thousands 

of miles. Saharan dust plumes frequently reach the Caribbean, and plumes of dust from 

central Asia can be detected on the west coast of North America.
1, 13-17

 Fine Asian dust 

(<2.5 μm) is a regular component of the troposphere over the eastern Pacific and western 

North America.
16

 

Given that mineral dust aerosol is from wind-blown eroded soils, the chemical 

composition is thought to be similar to that of the continental crust which is in part 

composed of a number of mineral oxide phases. The exact percentage of each phase 

varies and depends on the exact mineral dust source region from which it orginates.
18

 

Typical abundances of different major oxides in the continental crust are given in Table 

1.1. Mineral dust is approximately composed of 60% SiO2 and 10-15% Al2O3. The 

percentages of other oxides, such as Fe2O3, MgO, and CaO are slightly more varied and 

dependent on source location.  

 

Table 1.2 Abundance of Major Oxides in the Continental Crust
18

 

Oxide SiO2 Al2O3 Fe2O3 CaO Na2O MgO K2O TiO2 BaO MnO 

% 61.5 15.1 6.28 5.5 3.2 3.7 2.4 0.68 0.0584 0.1 

Source: Usher, C. R.; Michel, A. E.; Grassian, V. H. Reactions on mineral dust. 

Chemical Reviews 2003, 103(12), 4883-4939. 
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Figure 1.3 Relative elemental concentrations of major constituents in mineral aerosol 
from various source locations. Adapted from Ref. 18. 
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Analyses of the composition of airborne mineral dust collected from various 

source locations show that mineral dust around the globe has fairly small variations in 

elemental content as shown in Figure 1.3.
19

 As a general rule, most of analyzed elements 

are found to be enriched in the aerosol compared with elemental percentages in 

sedimentary rocks. Only Si has higher concentration in bulk soils and rocks. Large grains 

of wind-blown mineral dust commonly contain higher abundance of quartz (SiO2) and 

rapidly fall out of the atmosphere due to the large size and high settling velocity. 

While oxide minerals represent the majority of mineral dust, reactive oxide 

components, such as alumina oxide, iron oxide, and titanium oxide have gained even 

more interest. Extensive studies have been carried out using these oxide components as 

models of mineral dust.
18

 

 

1.1.2 Anthropogenic Aerosol 

With the intensification of human activity, aerosols are estimated to have been 

increased by 10-40%
20, 21

 since the preindustrial era. Human activities such as biomass 

burning and incomplete combustion of fossil fuels create an enormous continuous input 

of aerosol into the atmosphere with an estimation of 270 Tg year
-1

.
1
 These anthropogenic 

aerosols are typically in the submicrometer- to micrometer-size range and are composed 

of numerous inorganic and organic species.
22, 23

 

Fly ash which originates from coal combustion is one of the typical metal-

containing anthropogenic aerosols. Even equipped with highly efficient gas cleaning 

devices, a considerable portion of finely sized fraction of fly ash may escape from the 

combustion stack into the atmosphere with the exhaust gas, resulting in air pollution on 

both urban and regional scale.
24

 With increasing legislative pressure to reduce nitrogen 

oxides and mercury emission, operators are tending to run at lower temperature and with 

an adsorbent present.
25

 These changes in operating conditions unfortunately increase the 

fly ash production. Fly ash particles contain high levels of toxic metals, such as Pb, Co, 
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Cr, Ni, Se, Mo, As, Sb, and Cd, which potentially impose negative effects on human 

health. In addition, the expanding utilization of engineered nanomaterials releases 

nanoparticles, especially environmentally damaging and toxic metal,
26

 into the 

atmosphere, representing another significant yet unknown source. 

Although a number of natural processes, such as forest fires and volcano 

eruptions, can bring nanoparticles to the atmosphere, the exposure of humans to 

nanoparticles has increased dramatically in the last century because of anthropogenic 

sources such as internal combustion engines and power plants.
27-29

 While considerable 

progress has been made in engine combustion technologies, the size of primary black 

carbon soot particles in vehicle exhaust has decreased substantially from micrometer into 

nanometer size range, increasing the emission of nanoparticles in the atmosphere. In 

addition, nanoparticles are not only emitted directly from various sources but also formed 

in the atmosphere from precursors through complex pathways, like gas-to-particle 

conversion. Photochemical reactions of volatile organic compounds, for example, lead to 

the formation of low molecular weight organic compounds, which may condense to form 

secondary organic aerosol through gas-to-particle conversion.
30

 

The rapidly developing field of nanotechnology is likely to become another 

significant source of engineered nanomaterials in the atmosphere.
27-29

 Engineered 

nanomaterials can enter the environments from manufacturing effluent or from spillage 

during shipping and handling.
28

 Personal-care products such as cosmetics and sunscreens, 

mostly contain nanomaterials, which can enter the environment from wearing and 

washing off.
28

 Nanomaterials are used in electronics, tires, fuel cells, and many other 

products. It is unknown whether some of these materials may leak out or be worn off 

over the period of use. Nanomaterials have been also applied in disposable materials such 

as filters and electronics and may therefore reach the environment through landfills and 

other methods of disposal. 
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Due to the ineffectiveness of aerosol sampling methods in collecting nanoscale 

particles, atmospheric nanoparticles remain relatively unknown and difficult to detect.
30-

33
 In a study by Bang et al.,

26
 ultrafine or nanoparticulates (<10-100 nm) that were 

collected on transmission electron microscope (TEM) carbon-coated formvar grids in a 

thermal precipitator (TP) exhibited a propensity (>50%) of non-biological material. Most 

of the collected, non-biological particles were crystalline, or aggregates of individual, 

inorganic, and crystal grains. This seems to be an especially important feature since large 

crystal surface/volume ratios are catalytically active. 

Besides the direct emission, naturally occurring aerosols can be modified by 

human activity as well. For instance, with the high industrial emission of sulfur dioxide 

and nitrogen oxides into the atmosphere, airborne mineral dust was found to be coated 

with sulfate and nitrate during the long-range transport and exhibit higher hydroscopic 

and more efficient as cloud condensation nuclei (CCN).
18, 34

 Such a large perturbation of 

the global aerosol by human activity is currently a major environmental concern. 

Relevant questions are how the perturbation of aerosol by human activity would affect 

chemical balance of atmosphere, biogeochemical cycle, climate and human health and, 

what are the differences between the global impact of anthropogenic aerosols and 

naturally occurring ones? 

 

1.2 Impacts of Aerosol 

Long-range transport of atmospheric aerosols indicates that these particles interact 

with many atmospheric, terrestrial, and ocean systems. It has been well established that 

aerosols can greatly affect atmospheric chemistry, global climate, human health, and 

biogeochemical cycle, which are discussed in more detail below. 
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1.2.1 Heterogeneous Chemistry and Photochemistry of Aerosol 

The interaction of aerosol with gas species, as one typical heterogeneous reactio, 

is evident in the atmosphere. For example, in-situ airborne measurements of trace gases, 

aerosol size distribution, chemistry and optical properties over Mexico and the Eastern 

North Pacific during MILAGRO and INTEX-B campaigns indicate that heterogeneous 

reactions between trace gases and mineral dust. During transport across the North Pacific, 

~5-30% CaCO3 is converted to CaSO4 or Ca(NO3)2 with an additional ~4% consumed 

through reactions with HCl.
35

 

By providing surfaces that facilitate heterogeneous chemistry, aerosols can alter 

the chemical composition of the troposphere and therefore act as sinks for some trace 

gases, as well as sources of others. When interacting with atmospheric species, the 

composition, hydroscopicity, and even morphology of the aerosol will change, which in 

turn affects its subsequent reactivity with other atmospheric species.
18

  

Since 1996, much work in field, laboratory, and modeling studies have been done 

to investigate heterogeneous chemistry of aerosols, bringing an increasingly clear 

understanding to this issue. The seasalt aerosols present in the marine boundary layer are 

highly concentrated solution of halides. Uptake of reactive species, such as HOBr, 

ClONO2, HNO3 and N2O5, can lead to the liberation of halogens.
36-40

 The release of 

halogens from seasalts have far-reaching significance given that halogens are potent 

oxidants in the atmosphere. Trace atmospheric gases, such as SO2, HNO3, and O3, can 

react with mineral dust surfaces with formation of gaseous or/and surface adsorbed 

species.
18

 For example, mineral dust containing CaCO3 removes effectively nitric acid to 

form CO2, representing an important scavenger for nitric acid in the atmosphere.
41

 Ozone 

was reported to decompose on typical components of aerosol.
42, 43

  

Research over the last decade focuses on the nighttime chemistry of aerosol. Little 

is known about heterogeneous chemical processes activated by light and surface 

photocatalysis. Indeed, although short-wavelength radiation is absorbed in the 
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stratosphere and upper troposphere, solar radiation with wavelength >300 nm can reach 

the Earth’s surface. The atmospheric penetrating flux of solar photons is enormous. At 

sunny noon, for example, the density of the solar radiation with wavelengths of the near 

UV region of 300-400 nm corresponds to approximately 10
13

 quanta cm
-2

 s
-1

.
44

 Various 

atmospherically relevant metal oxides such as TiO2, ZnO and Fe2O3, as well as light 

absorbing coatings associated with the aerosol particle surface experience absorption of 

quanta with wavelengths radiation <400 nm and even of visible light. Solar radiation in 

this region has sufficient energy to initiate heterogeneous photoreactions in the 

atmosphere. Relevant questions, then, are what is the role of heterogeneous 

photochemistry in the troposphere and, how does the daytime chemistry of aerosol differ 

from its nighttime chemistry? 

 

1.2.2 Water Adsorption and Its Effects on Heterogeneous Reactions 

Water is one of the most important and pervasive chemicals in the Earth’s 

atmosphere. Mostly, atmospheric aerosols are covered by dense layers of water 

molecules in ambient pressure environments, and even in ultrahigh vacuum (UHV) 

conditions. The surface adsorbed water is in a dynamic balance with water vapor. 

Depending on the system, adsorbed water can be present as a molecule or it may 

dissociate on the surface. Atmospheric water vapor readily adsorbs to aerosol particles 

and dissociates resulting a pair of hydroxyl groups terminated on the aerosol particle 

surface. Adsorbed water is then hydrogen bonded to these hydroxyl groups in equilibrium 

with water vapor forming a thin water layer over the particle surface, causing a potential 

modification of surface properties of aerosol particles.
45, 46

 Previous work has shown that 

surface adsorbed water can either inhibit or enhance heterogeneous reactions depending 

on the relative humidity, the physicochemical properties of aerosols and the specific 

reactions explored. The potential effects of surface adsorbed water include: (i) altering 

reaction pathways and product speciation; (ii) 
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Figure 1.4  Solar radiation spectrum for direct light at both the top of the Earth's atmosphere and at sea level. The sun produces light 
with a distribution similar to what would be expected from a 5525 K (5250 °C) blackbody, which is approximately the 
sun's surface temperature. As light passes through the atmosphere, some is absorbed by gases with specific absorption 
bands. Adapted from http://www.globalwarmingart.com/wiki/File:Solar_Spectrum_png. Image was created by Robert A. 
Rohde / Global Warming Art. 

 

http://www.globalwarmingart.com/wiki/File:Solar_Spectrum_png
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coordinating with surface species; (iii) enhancing the reactions by increasing ion 

mobility; and (iv) inhibiting the reactions by blocking surface active sites.
18, 47, 48

 An 

interesting yet unknown aspect is the interaction between surface adsorbed water and 

heterogeneous photochemistry. 

 

1.2.3 Photochemistry of Nitrate 

While it has been well established from field studies that nitrate exists on the 

surface of mineral dust,
49-51

 nitrate was believed to be the end-product of NOx (NOx = NO 

+ NO2) oxidation, with removal via wet and dry deposition. However, with the 

observation of active photochemistry of nitrate in  snow packs,
52, 53

 and the subsequent 

studies on the reactive oxides of nitrogen such as HONO, NO and NO2 generated in this 

process,
54-59

 particulate nitrate may, in fact, be a reservoir rather than a sink for gas-phase 

nitrogen oxides in the atmosphere. Additionally, recent model calculations predicted 

nitrate aerosols to become more important in the future atmosphere due to the expected 

increase in nitrate precursor emissions and the decline of ammonium-sulphate aerosols.
60

 

Surface nitrate has a huge influence on the global ozone budget.
1
 All of the 

aforementioned factors together make an understanding of all the relevant processes 

involving nitric acid, nitrogen oxides and ozone, including photochemistry, even more 

important.  

 

1.2.4 Climate Effect of Aerosol 

Aerosols have substantially different optical properties than atmospheric gases 

and can absorb and scatter solar radiation. This feature results in a direct modification to 

the radiative budget of the atmosphere and the surface below, known as a direct radiative 

effect. The magnitude and sign of the direct radiative effect for a specific aerosol is 

strongly dependent on its optical properties, which dictate the fractions of light aerosols 

absorb or reflect as a function of wavelength. Aerosol can also affect the global radiation 
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balance indirectly through their interaction with clouds by acting as cloud nucleation 

nuclei (CCN). Aerosols can change the size distribution, residence time, and optical 

properties of clouds, influencing radiative transfer and causing an unexpected global 

climate change.
61

 In addition, aerosols can provide a surface site for heterogeneous 

reactions of atmospheric gases as discussed in the previous subsection, causing the 

change of atmospheric balance. The modifications of optical constants and 

thermodynamic properties of aerosol surfaces as well as the change of atmospheric gas 

phase compositions, have an effect on the radiative forcing, and eventually lead to 

climate change. Very small concentrations of absorbing aerosols deposited onto snow and 

sea ice can reduce albedo of snow. Small change of snow albedo can exert a large 

influence on climate by altering the timing of snow melt and triggering snow/ice-albedo 

feedback. 

Currently, researchers have a low level of scientific understanding about the effect 

of aerosols on radiative budget of the atmosphere, according to the latest report by the 

Intergovernmental Panel on Climate Change (ICPP).The scientific understanding are 

designated as “medium - low” and “low” for direct and indirect climate forcing, 

respectively, as shown in Figure 1.5.
1, 62

 Moreover, the IPCC AR4 report (2007) 

concluded that uncertainties associated with changes in Earth’s radiation budget due to 

anthropogenic aerosols make the largest contribution to the overall uncertainty in 

radiative forcing of climate changes among the factors assessed over the industrial 

period.
62

 

 

1.2.5 Aerosol in Biogeochemical Cycles 

Aerosol has significant effects on biogeochemical cycles through the transport 

and deposition of aerosols in the open ocean water. The deposition of aerosol in the open 

ocean water can release various nutrients including iron, nitrogen, and phosphorus to 

ocean microorganisms. The most important nutrient for the ocean biogeochemistry 



www.manaraa.com

18 
 

 

1
8
 

appears to be iron given that soluble iron serves as a limiting nutrient for various 

organisms in the ocean. The relief of iron stress triggers the growth of various organisms, 

affecting ocean biogeochemical cycles which in turn has a large-scale feedback on global 

climate through atmospheric CO2 consumption and dust production.
63

 Iron enrichment in 

the extensive regions of the ocean referred to as high nutrient low chlorophyll (HNLC) 

regions leads to elevated phytoplankton biomass and rates of photosynthesis in surface 

water, causing a large drawdown of carbon dioxide, an increase of dimethyl sulfide 

levels, and eventually a potential feedback effect on the Earth climate system.
63-67

 Due to 

the complexity of the aerosol-Earth system and the lack of data, considerable 

uncertainties in these interactions still remain, requiring more comprehensive research. 

It is generally believed that soluble iron is mainly derived from the transport and 

deposition of mineral dust.
63, 68-71

 While the solubility of iron in soil is relative low, the 

atmospheric chemical processing of dust particles was suggested to increases iron 

solubility.
69, 72-79

 Indeed, some field studies fail to demonstrate apparent change in the 

solubility of iron particles as they move downwind from the North African source, 

indicating that the hypothesis of atmospheric chemical processing sole is insufficient to 

explain the high iron solubility observed in field studies.
80

 

More recent evidence from field, laboratory and modeling studies suggest that 

anthropogenic aerosol produced from fossil fuel combustion and biomass burning may 

represent a significant source of soluble iron.
70, 81-85

 The high correlation between soluble 

iron and combustion-derived black carbon observed at Cheju, Korea
85

 strongly highlights 

the anthropogenic combustion source of iron. A modeling study by Luo
81

 further supports 

this hypothesis by predicting that combustion-derived aerosols supply a source of highly-

soluble iron to the surface ocean. Schroth
83

 also reported high solubility of iron (~80%) 

from oil fly ash, in which iron mainly presents as ferric sulfate salts.  

The contribution of bioavailable iron from anthropogenic emission relative to 

mineral dust deposition still remains controversial. Laboratory experiments to explore the  
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Figure 1.5  Global average radiative forcing (RF) in 2005 (best estimates and 5 to 95% 
uncertainty ranges) with respect to 1750 for CO2, CH4, N2O and other 
important agents and mechanisms, together with the typical geographical 
extent (spatial scale) of the forcing and the assessed level of scientific 
understanding (LOSU). Adapted from Ref. 62. 
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iron dissolution behavior of anthropogenic aerosols are highly desirable for better 

understanding the effects of aerosols on biogeochemical cycles and climate. 

 

1.2.6 The Effect of Aerosol on Human Health 

Long-term exposure to a large amounts of aerosol can lead to damage of the 

human respiratory system since fine particulates can penetrate into and deposit on lung 

tissue, producing scarring and pulmonary disorders.
86

 Numerous epidemiological studies 

have shown that fine particles in the atmosphere are correlated with severe health effects, 

including enhanced mortality, cardiovascular, respiratory, and allergic diseases.
87

 The 

effects of aerosols on human health have been reviewed in detail.
88-90

 Toxicological 

investigation in vivo and in vitro have demonstrated substantial pulmonary toxicity of 

model and real environmental aerosol particles, but the biochemical mechanisms and 

molecular processes that cause the toxicological effects such as oxidative stress and 

inflammatory response have not yet been resolved. Parameters that are potentially 

relevant to aerosol health effects include particle size and morphology, durability of 

particles, and surface chemistry. An example of particles affecting the human health is 

“World Trade Center cough”. The collapse of the World Trade Center towers in New 

York City on September 11, 2011, released aerosols containing a wide range of dust and 

other particulate into the atmosphere.
91, 92

 Besides the initial release, settled particles were 

also re-suspended into the atmosphere during the rescue and clean-up efforts. The 

emergency works at ground zero, and even the residents live nearby have shown 

symptoms that have been correlated with particulates they inhales.
93, 94

 

In 1997, the U.S. Environmental Protection Agency established the “PM 

(particulate matter) 2.5” standard, which recognizes the importance of aerosols with size 

<2.5 μm in causing health problems. Long exposure to or large doses of particles below 

this size can cause respiratory damage because they penetrate deep into the lung tissues, 

produce scarring, and potentially lead to conditions such as emphysema.  
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Particles with size <100 nm, termed as “ultrafine particle” are suspected to be 

particularly hazardous to human health, given that they can transfer into the human body 

through inhalation, ingestion, and skin uptake.
28, 95

 The effect of nanoparticles on human 

health has been extensively reviewed previously.
28, 29, 96

 They can penetrate the 

membranes of the respiratory tract and enter the blood circulation or be transported along 

olfactory nerves into the brain. A study by Zhiqiang et al. has shown that suspended 

ultrafine particles act as vehicles transporting toxic chemicals into human respiratory 

system.
27

 A large portion of the ultrafine particles is engineered nanoparticles, whose 

release keeps rising due to the expanding applications in various areas including 

electronic components, cosmetics, cigarette filters, antimicrobial and stain-resistant 

fabrics and sprays, sunscreens, cleaning products, ski waxes, and self-cleaning window. 

The association between human health effects and engineered nanoparticles in the 

atmosphere is another issue awaiting for resolution.  

Heavy metals are a major health threat to humans at increased concentrations in 

the blood stream.
97

 Those of highest concern include As, Cd, Co, Cr, Cu, Hg, Mn, Ni, Pb, 

Sn, and Tl, whose emissions are regulated. Some of these elements are carcinogenic or 

toxic, affecting, among other areas, the central nervous system (Hg, Pb, As), the kidneys 

or liver (Hg, Pb, Cd, Cu), skin, bones, or teeth (Ni, Cd, Cu, Cr).
98

 Emissions of heavy 

metals to the atmosphere occur via a wide range of processes and pathways, including 

combustion, extraction and processing.
97

 Thus, there is the potential for humans to be 

exposed to these potentially harmful chemical, physical and biological agents in air, 

water, soil and/or food. One primary concern regarding the aerosol-induced adverse 

health effects is lead-containing aerosols, which have been increased by a factor of 10-

100 by human activity.
99

 Geochemical studies have indicated that the majority of lead in 

ecosystems was originated from industrial operations. Considerable research has been 

previously made to assess lead bioavailability of Pb-bearing particles.
5, 100-102

 Given that 

atmospheric chemical processing modifies the physiochemical properties of aerosols in 
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long-range transport, the solubility of lead from aerosols is also likely to be modified, 

potentially affecting the lead distribution between different compartments of the Earth’s 

system. 

In addition, transition metals in aerosol have a significant effect on human health 

as well. Among all the transition metals, iron is almost always the most abundant one. 

Accumulation of iron represents an important factor promoting oxidative stress and 

inflammation. In addition, nanoparticles have large specific surface area and high 

biological activity, allowing them to affect a greater epithelial surface area in the lung 

and deposit in the lower airways and alveolar space. Research on biological response to 

iron-containing particles is therefore highly desirable. 

 

1.3 Specific Objectives and Significance 

As discussed above, the effect of aerosols on atmospheric chemistry, 

biogeochemical cycles and human health has not been explored to any great extent. The 

overall aim of this thesis is to better evaluate global impact of metal-containing aerosols. 

Specifically, laboratory studies were performed to investigate heterogeneous 

photochemistry, iron release, lead mobilization, and biological toxicity of metal-

containing aerosols. The thesis focuses on the following four objectives. 

(I) To perform laboratory studies that provide insights into the role of 

heterogeneous photochemistry of trace atmospheric gases on components of mineral 

dust aerosols 

Given that aerosols can contain a variety of photoactive semiconductor metal 

oxides, such as TiO2 and Fe2O3, as well as light absorbing coatings associated with the 

aerosol surface, it is worthwhile to examine heterogeneous photochemistry of mineral 

dust aerosols. Particulate nitrate as a chromophore was found to convert into NO and 

NO2 under sunlight.
52, 53, 56-59

 For example, it was reported that irradiation of nitrate-



www.manaraa.com

23 
 

 

2
3
 

coated Al2O3 at 310 nm results in a loss of adsorbed nitrate with the concomitant 

formation of several gaseous products including NO2, NO and N2O.
58, 59

 The product 

yields and branching ratios change with relative humidity. Previous work was performed 

with particles in the powder form under single-wavelength irradiation. In the proposed 

studies, an environmental aerosol chamber coupled with a solar simulator will allow 

heterogeneous photoreactions under more atmospherically relevant conditions, i.e. with 

suspended aerosols under broadband irradiation. Typical components of metal-containing 

aerosols including Fe2O3, Al2O3 and TiO2 will be used to investigate their photoreactions 

with trace atmospheric gases such as HNO3 and O3. Reaction kinetics and mechanism 

under irradiation will be explored in detail. The effect of relative humidity on 

photochemical reactions will be also studied. In addition, a simple model built with 

Kinetic PrePocessor (KPP) will be incorporated with laboratory data to obtain kinetic 

information. The studies unravel new and unidentified reactions activated by sunlight. 

The studies help us further understand daytime heterogeneous chemistry, and better 

evaluate the role of solar radiation plays in the atmosphere.  

(II) To perform laboratory studies that better define the role of 

anthropogenic aerosols in supplying bioavailable iron to the open ocean 

Recent studies have been revealed the significance of anthropogenic aerosols in 

supplying soluble iron into the open ocean. However, few studies have focused on 

measuring iron solubilities from anthropogenic aerosols.  In addition, as atmospheric 

chemical processing, including the reduction of Fe(III) to Fe(II), the interaction with 

inorganic and organic acid (e.g. SO2 and its oxidation products), and the exposure to 

sunlight during cycles of cloud water condensation and evaporation, were reported to 

elevate the iron solubility of aerosol, fundamental studies are necessary to clarify the 

relevant mechanism. Thus typical iron-containing anthropogenic aerosols, coal fly ash 

particles, were characterized to identify their physiochemical properties. Dissolution 

experiments were performed to investigate iron mobilization of those particles. 
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Experiments were carried out to examine the effect of various factors, including 

composition, solution pH, radiation, atmospheric acid processing, and atmospheric cloud 

processing, on controlling the rate, extent, and speciation of iron dissolution. A 

commercially available material, Arizona test dust (AZTD) will be included as a proxy of 

mineral dust for comparison. The studies help us better understand the impact of 

anthropogenic aerosols on atmospheric iron cycling and marine ecosystem.  

(III) To perform laboratory studies of the gas-phase and aqueous phase 

chemistry of heavy metal-containing aerosols such as lead to better understand the 

mobility and bioavailability of these metals in the environment 

The environmental risk of lead in aerosols is related to its bioavailability. As 

stated above, atmospheric processing modifies the physiochemical properties of particles 

dispersed in the atmosphere, and may subsequently affect their lead solubility. The 

influence of aerosol aging process on lead solubility was explored in this thesis. 

Dissolution experiments were performed to explore how atmospheric acid processing 

controls the extent of lead dissolution. X-ray photoelectron spectroscopy was used to 

detect adsorbed species following the adsorption of NO2 on lead-containing particles. 

Dissolution experiments of reacted lead-containing of particles were performed. The 

studies provide some insights into the migration and bioavailability of lead in the 

environment. The data can also serve as basis of regulations for lead control.  

(IV) Through collaborative studies, perform laboratory studies, on well-

characterized particles, to better understand the effect of iron-containing aerosols 

on human health 

Iron is the most abundant transition metal in the troposphere. As a transition 

metal, it is capable of generating reactive oxygen species (ROS) and contributing to 

oxidative stress. In collaboration with Dr. Alejandro Comellas’ laboratory in the 

Department of Internal Medicine, we explored the biological response of iron-containing 

particles. Specifically, , Pseudomonas aeruginosa (PAO1) was grown in the presence of 
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α-Fe2O3 nanoparticles of different size and antimicrobial peptides (AMPs). The proposed 

studies lead to a better understanding of the mechanisms involved in iron-induced 

oxidative damage and lung inflammation, allowing us to design better strategies to 

protect individuals, especially those with chronic lung disease, exposed to high 

particulate matter levels. 

 

1.4 Synopsis of Dissertation Chapters 

The research presented herein focuses on understanding the global impact of 

metal-containing aerosols. Specifically, laboratory studies are presented which 

investigate heterogeneous photochemistry, iron dissolution, lead mobilization, and 

biological toxicity of metal-containing aerosols. 

Multiple experimental techniques were used. The main analytical tool for probing 

heterogeneous reactions on atmospherically relevant interfaces is Fourier transform 

infrared spectroscopy (FTIR). Heterogeneous reactions in the atmosphere were simulated 

in an environmental aerosol chamber that has been equipped with a solar simulator. Both 

reactions under dark and irradiation conditions were investigated to explore the 

differences between daytime chemistry and nighttime chemistry. Solid particles used in 

the current study were characterized by a variety of techniques, including X-ray 

diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDX), computer 

controlled scanning electron microscopy coupled with energy dispersive X-ray 

spectroscopy (CCSEM/EDX), transmission electron microscopy (TEM), 57Fe Mössbauer 

spectroscopy and BET surface area analysis. These characterization techniques provide 

useful information regarding physicochemical properties of the atmospherically relevant 

particles used. The experimental methods and procedures are discussed in detail in 

Chapter 2. 
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In Chapter 3, we investigate heterogeneous chemistry and photochemistry of trace 

atmospheric gas HNO3 with components of mineral dust aerosol using an environmental 

aerosol. For reaction of HNO3 with aluminum oxide, broadband irradiation initiates 

photoreactions to form gaseous NO and NO2. A complex dynamic balance between 

surface adsorbed nitrate, and gaseous nitrogen oxide products including NO and NO2 is 

observed. Furthermore, the role of relative humidity and, thus, adsorbed water, on 

heterogeneous photochemistry has been explored. The atmospheric implications of these 

results are discussed. 

Chapter 4 describes an investigation of heterogeneous chemistry and 

photochemistry of ozone on oxide components of mineral dust aerosol, including α-Fe2O3, 

α-FeOOH, TiO2, and α-Al2O3, at different relative humidity using an environmental 

aerosol chamber. The rate and extent of O3 decomposition on these oxide surfaces are 

found to be a function of the nature of the surface as well as the presence of light and 

relative humidity. Under dark and dry conditions, only α-Fe2O3 and α-FeOOH exhibit 

catalytic decomposition toward O3, while the reactivity of TiO2 and α-Al2O3 is rapidly 

quenched upon ozone exposure. However, upon irradiation, TiO2 is active toward O3 

decomposition, and α-Al2O3 remains inactive. In the presence of relative humidity, ozone 

decay on α-Fe2O3 subject to irradiation or under dark conditions is found to decrease. In 

contrast, ozone decomposition is enhanced for irradiated TiO2 as relative humidity 

initially increases but then begins to decrease at even higher relative humidity levels. A 

kinetic model was used to obtain heterogeneous reaction rates for different homogeneous 

and heterogeneous reaction pathways taking place in the environmental aerosol chamber. 

Atmospheric implications of these results are discussed.  

Chapter 5 reports an investigation of iron dissolution for three fly ash samples in 

acidic aqueous solutions and compares the solubilities with that of Arizona test dust, a 

reference material for mineral dust. The effects of iron speciation, pH, type of acid anion, 

simulated cloud processing, and solar radiation on iron solubility were explored. Similar 
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to previously reported results on mineral dust, iron in aluminosilicate phases provides the 

predominant component of dissolved iron. Iron solubility of FA is substantially higher 

than of the crystalline minerals comprising AZTD. Simulated atmospheric processing 

elevates iron solubility due to significant changes in the morphology of aluminosilicate 

glass, a dominant material in FA particles. Iron is continuously released into the aqueous 

solution as FA particles break up into smaller fragments. Proton-promoted and ligand-

promoted dissolutions are two main mechanisms in mobilizing iron under our 

experimental conditions. Oxalate can form bidentate ligand with Lewis acid iron center, 

and therefore displayed the highest rate of iron dissolution. Solar irradiation shows a 

considerable enhancement on iron dissolution. The assessment of dissolved atmospheric 

iron deposition fluxes and their effect on the biogeochemistry at the ocean surface should 

be constrained by the source, environmental pH, type of acid anion, iron speciation, and 

solar radiation. 

Chapter 6 discusses heterogeneous chemistry of nitrogen dioxide with lead-

containing particles for better understanding heavy metal mobilization in the 

environment. In particular, PbO aerosol, a model lead-containing compound due to its 

widespread presence as a component of lead paint and as a naturally occurring minerals, 

massicot and litharge, are exposed to nitrogen dioxide at different relative humidity. 

Exposed particles are found to increase the amount of lead that dissolves in aqueous 

suspensions at pH 7 compared to unreacted particles. X-ray photoelectron spectroscopy 

shows that upon exposure to nitrogen dioxide, PbO surfaces form adsorbed nitrates with 

the surface coverage and extent of formation of adsorbed nitrate relative humidity 

dependent. Although powder X-ray diffraction analysis shows no bulk formation of 

Pb(NO3)2, surface adsorbed nitrate increases the amount of dissolved lead. These results 

point to the potential importance and impact that heterogeneous chemistry with trace 

gases can have on increasing solubility and therefore the mobilization of heavy metals 

such as lead in the environment. This study also show that surface intermediates, such as 
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adsorbed nitrates, that form can yield higher concentrations of lead in water systems 

including drinking water systems, ground water systems, estuaries and lakes. 

Chapter 7 presents a collaboration work for better understanding the mechanisms 

of iron-containing particle induced bacterial growth and virulence. Specifically, 

Pseudomonas aeruginosa (PAO1) was grown in the presence of iron oxide nanoparticles 

of different size and AMPs. We report that PAO1 utilizes iron from particles for growth 

and virulence and inhibits AMPs. Furthermore, nanoparticle surface area and size 

correlate with bacteria growth. 

General conclusions are given in Chapter 9 along with the future directions. 

Collectively, the results presented herein provide insight into the global impact of metal-

containing aerosols on atmospheric chemistry, human health, climate change and 

biogeochemical cycles. 
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CHAPTER 2 

EXPERIMENTAL APPARATUS AND PROCEDURES 

A variety of experimental methods and techniques were used in this study for 

better understanding the global impacts of metal-containing aerosols. Laboratory 

experiments to simulate atmospheric processing coupled with particle characterization 

techniques can provide comprehensive information regarding the chemistry and 

photochemistry of gas species on atmospherically relevant surfaces. The details of the 

experimental apparatus and methods are described below. 

 

2.1 Experimental Design for Studies of Heterogeneous Reactions 

Heterogeneous reactions were mainly explored using a custom environmental 

aerosol chamber that incorporates with a solar simulator. Various assemblies are attached 

to the chamber to achieve an in-situ investigation of reactions in the chamber, including 

an aerosol generation part, a sample line system to introduce gas species of interest, 

instrumental probes, a humidity controlled flow system to adjust the relative humidity in 

the chamber. 

 

2.1.1 Environmental Aerosol Chamber 

An environmental aerosol chamber was fabricated to study heterogeneous 

reactions between trace atmospheric gases of interest and model atmospheric aerosols.
103, 

104
 A schematic diagram of the environmental aerosol chamber is shown in Figure 2.1.

105
 

The chamber is a stainless steel cylinder that has a height of 0.83 m and a diameter of 

0.56 m. It has a total volume of 0.151 m
3
 with a volume to surface ratio of 10.7 m

-1
. Six 

sets of side arms located at different heights and positions of the chamber allow access to 

the chamber interior. Through these ports, connections are made several different 

instrumental probes, vacuum pumps, a sample line, pressure transducers and an aerosol 
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Figure 2.1 Schematic diagram of environmental aerosol chamber and simulated solar 
system: (A) aerosol inlet valve and antechamber, (V) water bubbler for 
relative humidity experiments, (B) flow meters, (RH) relative humidity 
sensor, (FT-IR) FT-IR spectrophotometer, (M) mirrors for the external beam 
path, (MCT) midband HgCdTe IR detector, (PB) purge boxes for the external 
beam path; (SS) solar simulator, (WF) water filter, (UVT) borofloat 33 glass 
window. Thermocouples and pressure transducers are also connected to the 
chamber. Adapted from Ref. 105. 
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inlet. All chamber interior surfaces and surfaces in contact with gases have been either 

coated with a 3 mm layer of FEP (fluorinated ethylene propylene) Teflon or were 

fabricated from glass or Teflon to provide a chemically inert surface. Large mating 

flanges fabricated by stainless steel for the top and the bottom of the chamber can be 

removed to allow access to the chamber interior. The top mating flange can also be 

replaced by a same size glass window attached with a water filter to allow irradiation 

getting through into the chamber from the top during irradiation experiments. 

The chamber is mounted in a steel frame, holding the chamber approximately 70 

cm off the floor, to allow people access into the chamber from below for cleaning. The 

frame was fabricated from lengths of 1 ¾” square and 1 ½” square, 12 gauge steel tubing 

that allows the chamber height to be adjusted. The chamber can be positioned at three 

different heights, aligning one of three sets of the side arms with the tops of the nearby 

optical tables. The chamber height may be finely adjusted via leveling feet, one under 

each corner of the chamber mount. These feet also serve as vibration dampers.  

 

2.1.2 Solar Simulator 

A commercial solar simulator (Optical Energy Technologies Inc., S13-575) sits 

on the top of the environmental aerosol chamber to allow for studies of heterogeneous 

reactions under irradiation. The picture of the solar simulator is shown in Figure 2.2. It is 

a 575 W metal halide arc lamp with a continuum spectral response close to 6000 K. The 

lamp situates at the focus of a parabolic reflector to produce 13” diameter beam. Light 

from the solar simulator, mounted on top of the chamber, passes through a circulating 

water filter to remove infrared radiation and prevent a temperature rise in the chamber. 

The base of the water filter is a glass transmission window (Borofloat 33, 1.3 cm thick), 

which also provides the seal to the chamber and removes radiation below about 280 nm. 

Contact with the filter caused the temperature to increase to about 303 K, measured in the
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Figure 2.2 Picture of solar simulator S13-575. 
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middle of the chamber, and a temperature gradient of about 10 K to develop over the 

height of the chamber. The transmittance of Borofloat 33 window was measured using a 

UV/vis spectrometer and the measurement result is shown in Figure 2.3. Irradiance below 

280 nm is completely blocked by the Borofloat window. In contrast, the window is 

relative transparent for irradiance above 340 nm, with a transmittance of approximately 

90%. 

Testing with a calibrated solar cell showed that the beam is relatively uniform 

with an average intensity of 1 AM0 (air mass zero, the integrated solar spectral irradiance 

at the top of the Earth’s atmosphere, an average of ~1.4 kW m
-2

). In order to obtain 

homogeneous irradiance, five occulting spots were placed on the Teflon film window of 

the solar simulator, and their positions are shown in Figure 2.4. The occulting spots 

improve the homogeneity of the irradiance profile for the solar simulator as shown in the 

inset of Figure 2.5, which represents the spatial distribution of the simulator beam after 1 

m measured using a calibrated photocell. The data show that there is a central obscuration 

effect, due to the lamp bulb, where the irradiance is about 50% lower than the maximum 

value recorded. With the Borofloat window placed on the top, the irradiance averaged 

over the diameter of the simulator beam is approximately 1.2 of AM1 (air mass one, the 

integrated solar spectral irradiance reached the Earth’s surface, an average of ~1.1 kW m
-

2
), which is close to the irradiance at the top of the Earth’s atmosphere. 

The spectral absolute irradiance from the solar simulator was determined by placing a 

calibrated radiometer at the bottom of the chamber, a distance of approximately 1 m from 

the solar simulator. The results for the chemically relevant near UV and visible region of 

the spectrum are shown in Figure 2.5. As noted above, the Borofloat window effectively 

blocks radiation below about 280 nm.  
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Figure 2.3 Transmittance of Borofloat 33 window used in the current study. 

 

0

20

40

60

80

100

200 300 400 500 600 700

T
ra

n
sm

it
ta

n
c
e 

(%
)

Wavelength (nm)



www.manaraa.com

 

 

3
5
 

Figure 2.4 Schematic diagram of solar simulator S13-575 showing the positions of the occulting spots on the Teflon surface window. 
The occulting spots are represented as squares on the right side of the figure. The bottom of the map corresponds to the 
side with electric fan component on the solar simulator. 
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Figure 2.5 Solar simulator spectral irradiance at the bottom of the environmental aerosol 
chamber. The insert shows the solar constant profile in the environmental 
aerosol chamber. 
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2.1.3 FTIR Spectroscopy 

The decay and/or growth of gas phase species in the environmental aerosol 

chamber were monitored using a Fourier transform infrared spectrometer (FTIR, 

Mattson, Infinity 60AR). Spectra were collected in the range of 650-5000 cm
-1

 at a 

resolution of 8 cm
-1

, and 256 scans were averaged for each spectrum resulting in a time 

resolution of ~52 seconds. A mirror system is used to align the IR beam to get through 

the chamber and then focus on to an IR detector. A schematic diagram of the mirror 

system is shown in Figure 2.6. The IR beam is directed out of FTIR instrument by a 

computer controlled mirror inside the spectrometer. Two gold-coated mirrors are used to 

keep the beam collimated and send it through the central set of side arms on the chamber. 

The first mirror is 3”square flat mirror which directs the diverging beam onto a 6 inch 

spherical mirror which has a focal length of 60 inches (Edmund Scientific, A32-846). 

The IR beam is focused through the chamber and is again diverging as it exits the 

chamber. After exiting, the beam is directed onto a gold-coated, off-axis parabolic mirror 

(Janos Technology, A803730), and then focus onto a liquid-cooled, mid-band, mercury-

cadmium-telluride (MCT) detector. The focal region of the parabolic mirror is 90
0
 off-

axis from the incident IR beam (4 inch focal length), allowing the previously diverging 

beam to be easily focused on the 1 mm
2
 detection element. The detector is mounted on a 

5 inch square linear stage that is capable of 0.5 inch of travel in both the x and y 

directions and can be adjusted with micrometer (Newport, 401-SM-13). 

The IR beam has a diameter of approximately 2 cm at the center of the chamber. 

The chamber side arms are sealed with optical quality, 2” diameter, germanium window 

(Janos Technology, A1305W658) to reduce complications associated with the reactivity 

of salt windows. Wedged (30’) Ge were used to diminish fringing and unwanted 

reflections that occur when plane parallel germanium windows are used. The external IR 

beam path is continuously purged with dry air for stability. The partial pressures of gas 
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Figure 2.6 Mirror system used to direct the external IR beam from FTIR instrument to get through the environmental aerosol chamber 
and then focus on the MCT detector.
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phase species including water vapor, as well as gaseous reactants and products, were 

determined using a Beer’s law calibration. 

A pair of capacitance manometers (MKS, 62611TBE, 626A13TBE, range 0.000 

to 10.000 Torr and 0.0 to 1000.0 Torr, respectively) allows the pressure inside the 

chamber to be continuously measured. 

 

2.1.4 Aerosol Generation 

Aerosol samples are introduced using a cartridge sample holder connected to the 

chamber through stainless steel tubing and terminated by a partial impactor plate. The 

assembly previously was on the top of the environmental aerosol chamber but was 

relocated to the bottom to accommodate the solar simulator. The sample was held under 

vacuum for several hours before introduction to remove surface adsorbed water from the 

sample. To initiate aerosol introduction, the valve connected the sample cartridge to the 

chamber was opened and a short pulse of Ar pressurized at the cartridge, rapidly forcing 

the powder past the impactor and into the chamber. Typical operating conditions include 

a backing pressure of ~90 psig and a pulse width (length of time the valve is opened) of 

1.0 seconds. The pulse width can be adjusted from 10 milliseconds to 10 seconds using a 

custom built circuit that supplies the normally closed valve with 120 VAC for the 

specified duration. The impactor ensures efficient deagglomeration of the particles and 

quick mixing of the aerosol with the reactant gases. Typical particle sample loading was 

approximately 500 mg. 

A picture of the actual partial impactor system is shown in Figure 2.7. It was 

fabricated from stainless steel and electropolished, stainless steel tubing. The impaction 

plate and muzzle were mechanically polished to a mirror finish. Also shown in Figure 2.7 

is a schematic of the partial impactor system, depicted from a cross sectional view. The 

nozzle diameter, W, is 2.0 mm, the muzzle throat length, T, is 5.0 mm and S, the nozzle-

to-plate distance, is 3.2 mm. 
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2.1.5 Humidity Controlled Flow System 

The relative humidity inside the environmental aerosol chamber is controlled by a 

flow system located adjacent to the chamber on a ring stand. A schematic of the system is 

shown in the upper left panel of Figure 2.1. The flow system’s gas supply is provided 

from the purge gas generator. The gas line is split into a dry flow and a humidified flow. 

The humidified flow passes through a 50 cm, cylindrical glass bubbler filled with water 

(Fisher, Optimal grade). The bubble has an estimated volume of 1.4 L, and is 

approximately half-filled with glass beads in 6 mm diameter. The glass beads maximize 

the gas-water interact area and help the flow reach saturation water vapor pressure at the 

bubbler exit. Rotameters are placed on both the dry and humidified flows to control the 

flow rate in both the dry and humidified flow line. After passing through the dry and 

humidified lines, the split gas lines are recombined and get into the chamber. The 

combined gas flow passes by an in-line relative humidity sensor (HyCal Sensing Product, 

HIH-3602L-CP), and then couples to the environmental aerosol chamber via a series of 

Teflon ball valves. The relative humidity of the combined gas can be controlled by 

adjusting the rotameters on the individual lines. 

If dry gas is desirable, the humidified line can be shut off, providing buffer gas 

with <1% relative humidity, as determined by IR adsorption measurement. Conversely, 

the maximum relative humidity gas can be achieve by shutting off the dry line, which 

will result in humidified gas with >90% relative humidity. The flow rate into the chamber 

is typically 25 L min
-1

. 

 

2.1.6 Ozone Generator 

An OREC electric discharge generator (Model O3V5-O) is used to generate 

ozone in studies of ozone decomposition. Oxygen gets through the high voltage electric 

discharger to generate ozone. Water is circulated continuously in the generator to avoid 



www.manaraa.com

41 
 

 

4
1
 

 

Figure 2.7 The left side of the figure is a picture of the partial impactor system. The right 
side is a schematic with critical dimensions labeled. 
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temperature rising in the electric discharger. The generated ozone/oxygen mixture then 

flows into the environmental aerosol chamber through the sample line. The mixing ratio 

of ozone in the ozone/oxygen mixture is dependent on the flow rate of oxygen getting 

into the generator and the voltage applied. Generally, a voltage of 3.4 Volts, and an 

oxygen flow rate of 10 L min
-1

 were used. 

 

2.1.7 Sample Line 

A glass vacuum line is used to introduce the reagent gas samples into the 

chamber. The sample line consists of a glass manifold equipped with a liquid nitrogen 

trapper mechanical pump (Edwards 8). A capacitance manometer (MKS, 121A-12204) 

with a measured range from 0.0 to 1000.0 Torr measures the pressure inside the glass 

manifold. The manifold has several Teflon valves to which gas cylinders or sample line 

can be attached and is connected to the chamber through a length Teflon tubing that is 

sealed at the chamber with a Teflon ball valve. 

 

2.1.8 Experimental Protocol 

In a typical experiment, the environmental aerosol chamber is purged overnight 

with dry air to remove water and other impurities. Several IR spectra are collected. The 

spectra are ratioed to each other and the peak-to-peak noise is calculated over the range 

2500-2800 cm
-1

. The value is monitored in a daily base as check of IR transmittance 

arising from possible difficulties such as window misalignment or loss of source power. 

Typical noise values range from 1-3 × 10
-4

 absorbance units. Then the chamber was 

evacuated to low pressure (e.g. 680 Torr), filled with the reagent gas at a certain RH, and 

brought up to near atmospheric pressure with dry air. The reactant gases were allowed to 

sit in the chamber for about one hour for passivation and quantification of wall losses. 

For dark experiments, s precisely weighed powder sample was then introduced from the 

aerosol-introduced system to initiate heterogeneous reactions involving the gas phase 
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species. For experiments under irradiation, the solar simulator was turned on before 

aerosol introduction for 100 minutes to further quantify additional wall losses and 

photolysis reactions induced by the solar simulator. The powder sample was then 

introduced into the chamber to allow heterogeneous reactions under irradiation. The solar 

simulator was turned off after approximately 500 minutes of reaction to yield a post-

irradiation period. Gas phase concentrations, as well as RH, temperature and total 

pressure in the chamber, were monitored during the entire experiment.  

Upon completion of each experiment, the chamber is purged with dry air for 

several hours to remove gas phase residual reactants and products. The side arm mating 

flanges holding the germanium IR windows are removed. The large bottom flange on the 

chamber cylinder is unattached from the chamber and lowed with the help of a custom 

large lab jack. The chamber interior surfaces are then carefully cleaned with deionized 

water and lab tissues (Kimberly-Clark, Kimwipes). The germanium windows are 

carefully removed from the side arm mating flanges and cleaned with methanol for at 

least three times. Gloves and optical papers should be used when cleaned the germanium 

window to avoid possible scratches on germanium window. The windows are then 

replaced in their mounts, and all the flanges that have been removed are reattached to the 

chamber for next experimental running. Marks have been made on the germanium 

windows and holder so that they may be reproducibly positioned after removal. Care is 

taken when replacing these windows to ensure alignment of the IR beam with the 

detector. When reattaching the bottom flange on the chamber it is necessary to lubricate 

the sealing O-ring to aid in position. A non-reactive lubricant is used for this purpose 

(Dupont, Krytox). The chamber is typically cleaned after each experiment involving a 

powder sample. 

The top large flange or glass window is also removed for cleaning after several 

experimental runnings. For irradiated experiments when glass window is used, it is 

necessary to lubricate the sealing O-ring in the water filter to aid in position and help 



www.manaraa.com

44 
 

 

4
4
 

sealing. Given that the temperature of water in the water filter is raised during irradiated 

experiment, a heat-resistant lubricant (Dow Corning, 3145 RTV) is used. 

 

2.2 Data Analysis for Studies of Heterogeneous Reactions 

Methods to analyze data for studies of heterogeneous reactions are described in 

the section below.  

 

2.2.1 Infrared Spectral Analysis 

The FTIR spectra were continually collected during a typical experiment. The 

gases of interest in the environmental aerosol chamber were monitored by following the 

adsorption intensity in the infrared spectral as a function of time. Typical, the most 

prominent adsorption feature for each specific gas was chosen. Depending on the specific 

gas species, either the integrated area in a certain region or the peak height at certain 

wavelength is examined. The integrated area or the peak height is then compared to a 

previously determined Beer’s law calibration and the exact partial pressure of reagent gas 

or product species is assessed. The instrumental software, Winfirst, was used to analyze 

the infrared spectra. The macros used for data collection and analyses are given in 

Appendix A. 

In an idea experiment, all adsorption bands of gases of interest are well separated. 

When band overlapping for different species occurs, it is possible to isolate the band of 

interest using a serious of well-controlled spectral subtractions. A macro program used to 

subtract water adsorption bands is given in Appendix A. Unless experiments under dry 

conditions, the subtraction of water adsorption bands were applied to each spectrum. A 

gas phase water spectra was taken before each experiments to be used as a reference. 
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2.2.2 Kinetic Analysis 

Heterogeneous reaction of a gaseous species on a model aerosol surface can be 

described by a simple mechanism in equation (2-1), 

 

SPSR sk             (2-1) 

 

where R is the reagent gas, S represents the available reactive sites, and P represents 

product species. The kinetics can be made pseudo-first order when the number of surface 

sites is in excess relative to the concentration of gas phase species.  

The surface rate constants, ks, obtained by fitting the experimental kinetic data to 

a first order exponential decay or obtained from the model calculations under various 

conditions. Uptake coefficients, γ, normalized to the specific surface areas can be 

determined using ks. The heterogeneous uptake coefficient, which is defined as the 

fraction of gas-surface collisions that lead to gas loss, is determined from
42
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            (2-2) 

 

where c  is the mean speed of gas phase species in m s
-1

, SBET is the specific surface area 

of the particle sample in m
2
 g

-1
, and Cmass is the mass concentration of the particle sample 

in the chamber in g m
-3

. 

 

2.3 Quantitative Iron Dissolution Measurements 

In order to compare the contributions of atmospherically relevant aerosols in 

providing soluble iron into open ocean water, dissolution experiments to simulate 
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atmospheric processing were carried out as described in detail in the following 

subsections. 

 

2.3.1 Dissolution Apparatus 

The dissolution measurement setup is shown in Figure 2.8. Briefly, dissolution 

experiments were carried out in a 70 mL glass vessel containing 50 mL of an appropriate 

aqueous solution. As suggested in previous work,
106

 the minor variations in ionic strength 

did not significantly influence the results of the dissolution studies. Thus the ionic 

strength was not controlled. All solutions were stirred under oxygen exposure, and kept at 

298 K using a water jacket integrated to the reaction vessel. The typical solid loading was 

2 g L
-1

. All dissolution experiments were conducted in triplicate and results represent the 

averages and standard deviation of three measurements. After addition of the particles 

into the solution, an appropriate volume of suspension was periodically withdrawn from 

the vessel using a disposable syringe. The aqueous samples were passed through a 0.2 

µm PTFE filter and immediately acidified to a final concentration of approximately 0.2 N 

HCl to preserve the samples for iron analysis. For each sampling event, sufficient 

solution was taken out to allow for determinations of both dissolved Fe(II) and total 

dissolved iron. The explore the effect of irradiation, a solar simulator with a 150 W xenon 

lamp (Oriel Corp.) was mounted on the top of the vessels to allow irradiated experiments. 

For comparison, dissolution experiments in the dark were conducted with the vessels 

wrapped in aluminum foil. 

 

2.3.2 Simulated Cloud Processing 

Cloud processing involves radical fluctuations in pH and has been suggested to 

increase the solubility of iron.
74, 77, 79, 107-109

 To determine the effect of varying pH cycles 

on iron solubility, solutions were cycled between highly and slightly acid conditions over 

periods of 24 hours in separate experiments to simulate cloud processing. Milli-Q water 
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Figure 2.8 Schematic of the custom glass vessel used for quantitative iron dissolution 
measurement. 
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was used instead of acid media. After approximately 24 hours of dissolution, the 

suspension was acidified to pH ≈ 2, a pH value the deliquescent layer on the aerosol 

particle could have,
75

 with concentrated H2SO4. The system was allowed for dissolution 

for a further 24 hours before being restored to pH ≈ 5 with concentrated NH4OH. After a 

further 24 hours, the suspension was lower to pH ≈ 2 again. The varying pH cycle 

repeated up to 3 times. Sufficient solution was periodically withdrawn for both Fe(II) and 

total dissolved Fe analyses during the entire experiment. To explore the effect of 

irradiation, a solar simulator with a 150 W xenon lamp (Oriel Corp.) was mounted on the 

top of the vessels to allow irradiated experiments. For comparison, dissolution 

experiments in the dark were conducted with the vessels wrapped in aluminum foil. 

 

2.3.3 Analytical Methods for Dissolved Iron Determination 

Ferrous iron was measured calorimetrically with 1, 10-phenanthroline as 

described previously.
106

 For Fe(II) analysis, 20 µL of a 5 mM 1, 10-phenanthroline 

solution and 200 µL of an ammonium acetate buffer were added to 1 mL of sample. To 

avoid possible interference from Fe(III), which can also form a complex with 1, 10-

phenanthroline when present at high concentrations, 50 µL of 0.43 M ammonium 

fluoride was added to the sample prior to 1, 10-phenanthroline. The mixture was allowed 

to sit in the dark for 30 min prior to UV-vis analysis, during which time a reddish-orange 

color developed if Fe(II) was present. Total dissolved iron was determined via the same 

protocol, except that 20 µL of 1.5 M hydroquinone, which reduces Fe(III) to Fe(II), was 

added to the aqueous sample instead of ammonium fluoride. 

Absorbance measured at 510 nm was converted to concentrations using aqueous 

standards prepared from anhydrous beads of ferrous chloride (Sigma Aldrich). Standards 

were prepared in each acid used in dissolution studies, and no matrix effects were 

observed. The determination of iron using UV-vis spectroscopy is in a detection limit of 

1 µM. The concentrations of dissolved Fe(III) was calculated from the difference in 
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experimentally measured concentrations of total dissolved iron and dissolved Fe(II). It is 

operationally defined the dissolved Fe(III) concentrations as the summed concentrations 

of aqueous Fe(III) and all colloidal Fe(III) particles less than 0.2 µM present in our 

systems.  

 

2.4 Complementary Physicochemical Characterization Techniques 

and Methods 

A variety of characterization techniques were applied to the samples used in this 

study to explore their physicochemical properties. The different techniques and the 

corresponding principles are described in the following paragraphs. 

 

2.4.1 Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy 

The morphology and composition of particles were examined using a Hitachi S-

3400 N scanning electron microscopy (SEM) coupled with energy dispersive X-ray 

spectroscopy (EDX) system. In SEM analysis, a demagnified, focused spot of electrons is 

generated to scan over the surface of an electrically conductive specimen. These 

impinging electrons strike the specimen, producing signals that contain information about 

the morphology, composition and other properties of the specimen. Typical signals 

produced by a SEM include secondary electron, backscattered electron, characteristic X-

rays, light, specimen current and transmitted electrons. Secondary/backscattered electrons 

escaped from the uppermost layer of the specimen can be collected, processed, and 

eventually translated to a series of pixels. The brightness of the pixels is directly 

proportional to the number of secondary/backscattered electrons generated from the 

specimen surface. Since the electron beam is scanned rapidly over the specimen, the 

numerous points appear to blend into a continuous-tone image composed of many density 

levels or shades of gray, giving the information about the morphology of the specimen. 
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Characteristic X-rays are emitted from the surface when an impinging electron removes 

the core electron of an atom, causing a higher energy level electron to fill the shell and 

releasing X-rays. These characteristic X-rays are used to identify the element 

composition of the specimen. 

Particles in SEM/EDX analysis were dispersed onto carbon tape that had been 

mounted on an aluminum stub and were subsequently carbon coated. Elemental analyses 

used an integrated Bruker XFlash. X-ray microanalysis system that used an accelerating 

voltage of 10 kV and had a detection limit of 1 wt%. A resolution of 256 × 200 pixels 

and a dwell time of 1 second were used.  

 

2.4.2 Computer-Controlled Scanning Electron Microscopy 

Computer-controlled scanning electron microscopy with energy dispersive X-ray 

analysis (CCSEM/EDX)
110

 was also applied to examine the morphology and elemental 

composition of particles of interest. The system allows automated measurement of size, 

aspect ratio and elemental composition for a large number of individual particles.  

Particle samples for CCSEM/EDX analysis were prepared in the same manner for 

all tested particles. Dry particles were mechanically dispersed infront of the inlet of the 

Multi Orifice Uniform Deposition Impactor (MOUDI), model 110-R (MSP, Inc) and then 

were deposited onto TEM grids placed on the 5th stage (cut-off size, D50 = 1 m) of the 

impactor. A dual-beam FIB/SEM FEI Quanta instrument was used in this work. The 

instrument is equipped with an EDX spectrometer with a Si(Li) detector with an active 

area of 10 mm
2
 and an ATW2 window. In CCSEM/EDX operation mode, selected 

sample areas are imaged and particle features in the images are recognized by an increase 

of the detector signal above a pre-set threshold level. Then, X-ray spectra are acquired for 

all detected features. In this work, particles with an equivalent circle diameter within a 

range of 0.2-5 μm were measured. A magnification of ×2000-10000, a beam current of 

400-600 pA, and an accelerating voltage of 20 kV were used, and X-ray spectra were 
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acquired for 10 seconds. Additional details of the CCSEM/EDX analysis of particles can 

be found elsewhere.
110

 

A focused Ga-ion beam was used to cross-section agglomerates of individual 

particle lifted from the substrate using an AutoProbe
TM

 300 nanomanipulator 

(Omniproble, Inc.). During cross-sectioning of particles the ion beam energy and current 

were set at 30 kV and 3 nA, respectively, for initial milling, and then final cleaning was 

performed at 1 nA beam current. Cross sectioned particles were imaged by SEM from 

normal direction to the cross section plane. Additional ion-beam induced SEM images 

were acquired from direction parallel to the cross-section, using non-destructive ion beam 

current of 0.5 pA. Elemental mapping of sectioned particles was performed at the 

standard positioning geometry of the EDX detector at the takeoff angle of 45° with 

respect to the cross-section plane, over the sample positioned at 10 mm working distance.  

 

2.4.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a powerful technique for imaging the 

fine specimen at a significantly higher resolution than conventional light microscopy. In 

TEM system, a beam of electrons is transmitted through an ultra thin specimen, 

interacting with the specimen as it passed through. The electrons transmitted through the 

specimen are collected, and then translated to form a TEM image. 

JEOL 2100F TEM, operating at 200 kV accelerating voltage, was used to 

determine an average particle size and morphology. Particles were prepared for TEM 

imaging by suspending and sonicating in methanol for 5 minutes and then depositing 

them onto 200 mesh Cu grids (Ted Pella) and drying in air.  

 

2.4.4 Powder X-ray Diffraction 

Bulk crystalline phase analysis was performed using powder X-ray diffraction 

(XRD) utilizing Rigaku MiniFlex II spectrometer with a filtered cobalt source. In XRD 
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analysis, the specimen is illuminated with X-rays at a fixed wavelength, and the intensity 

of the reflected radiation as a function of angle is recorded using a goniometer. The 

intensities of reflection at different angles yield information about the crystalline 

compounds of the specimen. 

In XRD analysis, dry powder samples were placed in the XRD sample holder, and 

powder sample was smoothed with a razor until flush with the rim of the holder before 

XRD analysis. Two theta angles ranged from 20 to 80 degree at a 0.02 degree step with a 

step dwell time of 0.6 seconds.  

 

2.4.5 BET Surface Area Measurement 

Surface area measurements for all samples used a seven-point N2-BET adsorption 

isotherm that was acquired with a Quantachrome Nova 1200 surface area analyzer. The 

method is based on a theory developed by Stephen Brunauer, Paul Hugh Emmett, and 

Edward Teller. In a BET surface area measurement, an inert gas, N2 in the current 

research, is introduced into a calibrated sample cell that allows the adsorption of the inert 

gas on the powder sample of interest. The adsorption can be expressed by the BET 

equation as follows, 
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          (2-3) 

 

where P and P0 are the equilibrium and the saturation pressures of adsorbates at the 

temperature of adsorption, W is the weight of adsorbate at a given P/P0, Wm is the weight 

of adsorbate in monolayer coverage, C is the BET constant. The linear relationship 

between 1/ )1)/[( 0 PPW and P/P0 is used to determine Wm. While the cross section of N2 

is known, the total surface area can be obtained. Prior to analysis, samples were 
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evacuated overnight to remove surface adsorbed water at temperatures that would not 

change the properties of the materials. 

 

2.4.6 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a powerful surface sensitive technique 

that not only can identify surface compositions of a sample but also can determine 

quantitatively the composition. XPS spectra are obtained by irradiating a material with X-

ray beams while simultaneously measuring the kinetic energy and the number of 

electrons that escape. The X-ray beams can eject core electron, an electron from a higher 

energy level, then relaxes down to a lower energy state and simultaneously releases a 

photoelectron which has a characteristic binding energy. Because the energy of the X-ray 

at particular wavelength is known, the electron binding energy of each electron emitted 

from surface can be determined by, 

 

kB EhvE              (2-4) 

 

where EB is the electron binding energy referenced to vacuum level and EK is the kinetic 

energy of the electron. XPS only can detect electrons that have actually escaped into the 

vacuum of the instrument. The mean free path of electrons in the material is 10-12 nm, 

thus XPS inherently probes the surface and near-surface regions of the material, making 

it a powerful surface sensitive technique. The electron binding energy values are used to 

directly identify each element on the surface of the material being analyzed. It can also 

provide information regarding to the oxidation state of the elements and surface 

functional group present.  

A custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy system 

(Manchester, UK) was used in the current study. The powder samples were pressed onto 
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indium foil which was placed on either a stainless bar or copper stub for analysis. The 

sample was placed into the XPS analysis chamber, which had a pressure that was 

maintained in the 10
-9

 Torr range during analysis. Charging was prevented by using low 

energy electrons to neutralize the samples. Wide energy range survey scans were 

acquired using the following instrumental parameters: energy range from 1200 to -5 eV, 

pass energy of 160 eV, step size of 1 eV, dwell time of 200 ms, and an x-ray spot size of 

~ 700 × 300 μm. High resolution spectra in the region of interest were acquired using the 

following instrumental parameters: 20-40 eV energy window; pass energy of 20 eV; step 

size of 0.1 eV and dwell time of 1000 ms. 

In addition, for heterogeneous reactions explored using XPS, a reaction chamber 

that connects to sample transfer antechamber is used. The transfer antechamber connects 

both the reaction chamber and the analysis chamber to allow the sample holder be 

transferred between two chambers. Two sample transfer rods were used for transferring. 

The reaction chamber was fabricated with stainless steel. The chamber contains a leak 

valve, a pressure transducer (BOC Edwards WRG-S-NW35), a pumping system (BOX 

Edwards TIC) and two Pyrex glass windows. The pumping system consists of a rotary 

pump, a foreline trap (both BOC Edwards) and an EXT75DX turbomolecular pump with 

60 L s
-1

 pumping capacity. The pumping system is separated from the reaction chamber 

by a hand valve (Granvile-Philips Co.). 

All spectra were calibrated using the adventitious C1s peak at 285.0 eV. A 

Shirley-type background was subtracted from each spectrum to account for inelastically 

scattered electrons that contribute to the broad background. CasaXPS software was used 

to process the XPS data. Transmission corrected relative sensitivity factor (RSF) values 

from the Kratos library were used for elemental quantification. The components of the 

peaks contain a Gaussian/Lorentzian product with 30% Lorentzian and 70% Gaussian 

character. An error of ±0.2 eV is reported for all peak binding energies. 
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2.4.7 Inductively Coupled Plasma Optical Emission Spectroscopy 

Inductively coupled plasma optical emission spectrometry (ICP/OES, Varian 720-

ES, Walnut Creek, CA) is a powerful tool for trace metal analysis. ICP can produce 

excited atoms and ions that emit electromagnetic radiation at wavelengths characteristic 

of a particular element. The intensity of the emission is indicative of the concentration of 

the element within the sample. Argon gas is used to create the plasma. The solutions were 

passed through a 0.2 µm PTFE filter to remove particles, and then centrifuged at 20,000 

rpm for 20 minutes. The supernatant liquid was taken out to remove residual nanoscale 

particles precipitated at the bottom of centrifuge tube. The obtained solution is then 

analyzed by ICP/OES. Approximately 3 mL solution is needed for each ICP/OES 

analysis. Instrument response was converted to aqueous phase concentrations using 

standard stock solutions that were prepared daily in an appropriate aqueous solution. 

 

2.4.8 57
Fe Mössbauer Spectroscopy 

Information regarding the oxidation state of iron in the source materials was 

examined with 
57

Fe Mössbauer spectroscopy. The Mössbauer spectroscopy uses the 

Mössbauer effect, which is described the resonant absorption and recoil-free emission of 

nuclear γ–rays in solid, to probe the hyperfine interactions of an atom nucleus and its 

surroundings. When a free nucleus absorbs or emits a γ–ray to conserve momentum the 

nucleus must recoil, in terms of energy: 

 

Eγ–ray = Enuclear transition – Erecoil        (2-5) 

 

where Eγ–ray, Enuclear transition and Erecoil represent the energies of γ–ray, nuclear transition 

and recoil respectively. When in a solid matrix the recoil energy goes to zero because the 
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effective mass of the nucleus is extremely large and momentum can be conserved with 

negligible movement of nucles. So equation (2-5) can be simplified to 

 

Eγ–ray = Enuclear transition          (2-6) 

 

In this way, the resonant absorption/emission of γ-rays occurs. In Mössbauer 

absorption spectroscopy, a solid sample is exposed to a beam of gamma radiation, and 

detector measures the intensity of the beam transmitted through the samples. The 
57

Fe 

Mössbauer spectra were collected as previously described.
106, 111

 Briefly, Mössbauer 

spectra were collected in transmission mode with a constant acceleration drive system 

and a 
57

Co source.
 57

Fe Mössbauer spectra were collected on dry samples at T = 13 K, 

with an attempt made to randomly orient the powder prior to analysis. Spectral fitting 

was done using Recoil software (University of Ottawa; Ottawa, Canada) with Voigt-

based modeling. Phase identification was done based on center shift, quadrupole splitting, 

hyperfine field values, and temperature-dependent magnetic ordering.  

 

2.5 Reagents and Materials 

2.5.1 Particle Samples 

Commercially available metal oxides, including α-Fe2O3 (Aldrich), α-Fe2O3 (Alfa 

Asar), α-Fe2O3 (Nanostructured & Amorphous Materials), TiO2 (Degussa), γ-Al2O3 

(Degussa), α-Al2O3 (Alfa Aesar), PbO (Acros Organics), and Pb(NO3)2 (Acro Organics), 

were used as received. Three FA samples (SRMs 2689, 2690, and 2691, National 

Institute of Standards & Technology), and Arizona fine test dust (ISO 12103-1 A2 test 

dust, Power Technology Inc.) were used as well. The specific surface areas of the particle 

samples were measured by BET analysis (Quantachrome Nova 4200) and the mineralogy 

was confirmed by powder X-ray diffraction. 
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2.5.2 Liquid and Gas Reagents 

Distilled H2O (Optimal grade) was purchased from Fisher Scientific and was 

degassed prior to use. Gaseous HNO3 was introduced from a bubbler using a mixed 

solution of H2SO4 (96.0%, Fisher) and HNO3 (79.5%, Fisher) in a 3:1 ratio. The solution 

was purified by several freeze-pump-thaw cycles prior to use. Measurements of dissolved 

Fe(II) and total dissolved iron were performed with 1,10-phenanthroline (≥99%) and 

hydroxylamine hydrochloride (98%) which were purchased from Sigma Aldrich and 

ammonium acetate (98.5%, Fisher) and glacial acetic acid (99.7%, EMD). 

Ozone was produced by flowing oxygen (Air products, USP grade) through an 

electric discharge generator (OREC, Model O3V5-O).  
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CHAPTER 3 

HETEROGENEOUS CHEMISTRY AND PHOTOCHEMISTRY OF HNO3 ON 

TYPICAL COMPONENTS OF MINERAL DUST AEROSOL 

3.1 Abstract 

Mineral dust aerosol is known to provide a reactive surface in the troposphere for 

heterogeneous chemistry to occur. Certain components of mineral dust aerosol, such as 

semiconductor metal oxides, as well as light absorbing coatings associated with the dust 

particle surface can act as chromophores that initiate chemical reactions, while adsorbed 

organic and inorganic species may also be photoactive. However, relatively little is 

known about the impact of heterogeneous photochemistry of mineral dust aerosol in the 

atmosphere. This study investigates the heterogeneous photochemistry of trace 

atmospheric gas HNO3 with aluminum oxide, a typical component of mineral dust 

aerosol using an environmental aerosol chamber that incorporates a solar simulator. For 

reaction of HNO3 with aluminum oxide, broadband irradiation initiates photoreactions to 

form gaseous NO and NO2. A complex dynamic balance between surface adsorbed 

nitrate, and gaseous nitrogen oxide products including NO and NO2 is observed. The role 

of relative humidity and, thus, adsorbed water, on heterogeneous photochemistry has also 

been explored. Results show that the presence of water has a significant influence on the 

reaction extent, the decay rate of HNO3, the product partitioning and even the reaction 

mechanism. NO was barely observed at 20%, indicating that NO formation is not 

kinetically favored under humid conditions. The study indicates that irradiation of surface 

adsorbed nitrate can result in renoxification of HNO3 back into the gas phase in the form 

of NOx product species. The NOx levels in the troposphere may, therefore, be affected by 

the continued reactions of adsorbed nitrate initiated by solar radiation. 
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3.2 Introduction 

Of the estimated annual emission of 3000-5000 Tg of particulate matter in the 

form of mineral dust, sea salt, sulfate aerosols, organic compounds and soot,
112

 

components of mineral dust aerosol are particularly reactive with trace atmospheric 

gases.
18

 Convincing evidence from field, laboratory and modeling studies has shown that 

heterogeneous reactions with mineral dust alter the chemical composition of the 

atmosphere. It is also well established that mineral dust aerosol impacts solar radiation 

and can influence radiative transfer by absorption and scattering of solar radiation (direct 

effect), and by changing the size distribution, optical properties and lifetimes of cloud 

(indirect effects).
18, 112, 113

 Atmospheric processing through heterogeneous reactions can 

alter the physicochemical properties of mineral dust aerosol itself, as well.
18, 34

 

While mineral dust can contain various photoactive semiconductor metal oxides, 

as well as light absorbing coatings associated with the dust particle surface, little is 

known about heterogeneous chemical processes activated by light and surface 

photocatalysis. Although heterogeneous reactions of trace atmospheric gases, such as 

SO2, HNO3, and O3, with mineral dust have been previously well established, possible 

heterogeneous photochemistry of mineral dust has not yet been as widely considered. 

Relevant questions, then, are what is the role of heterogeneous photochemistry in the 

troposphere and, how does the daytime chemistry of mineral dust aerosol differ from 

nighttime chemistry? 

Short wavelength (<290 nm) radiation is absorbed in the stratosphere and the 

upper troposphere
1
 but a significant solar actinic flux reaches the Earth’s surface. The 

actinic flux in the lower troposphere in the near UV region, 300-400 nm, is on the order 

of 10
13

 quanta cm
-2

 s
-1

.
44

 Photon energies in this region (300-400 kJ/mole) are sufficient 

to initiate a number of direct photochemical processes involving adsorbates on dust 

surfaces or indirect processes mediated by the absorption of the dust particle itself, for 

instance in the case of semiconductor metal oxides. In addition, cooperative excitations 
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involving charge-transfer between an adsorbate and the particle may also occur. 

Photochemistry involving photoactive adsorbate species may play an important role in 

the daytime chemistry of the atmosphere. 

Nitrogen oxides including NO and NO2, are important atmospheric pollutants 

which are mainly introduced into the atmosphere by human activities, such as coal and 

fuel combustion, biomass burning and vehicle exhaust. Nitrogen oxides along with 

volatile organic compounds are precursors of photochemical smog, which was first 

discovered in Los Angeles in the late 1940s.
2, 114

 The non-linear reactions of nitrogen 

oxides and volatile organic compounds under solar radiation initiate a series of chain 

radical reactions, and represent as the sources of ozone in the troposphere. The 

atmospheric chemistry involved nitrogen oxides is therefore important to accurately 

estimate the formation of tropospheric ozone.  

HNO3 is general believed to be the product of oxidation of nitrogen oxides. 

Adsorption of HNO3 on mineral dust has been observed in field studies with formation of 

nitrates, and is suggested to be a potential pathway for HNO3 removal in the atmosphere. 

49-51
 For example, Wu and Okada

50
 found that both sea-salt and mineral dust particles 

collected in Japan during a “Kosa” sandstorm event contained a certain amount of nitrate 

along with Si, Al, Fe, and Ca containing species. It was concluded that heterogeneous 

reaction of HNO3 on the surface of dust particles is the main source of surface nitrate. 

Subsequent laboratory experiments conducted by Mamane further bolstered this 

conclusion.
115

 Through a number of laboratory studies, the mechanism of nitric acid 

reaction with mineral dust is now
116-120

 fairly well understood. 

For decades, it was thought that nitrate is the end-product of NOx (NOx = NO + 

NO2) oxidation, with removal via wet and dry deposition. However, with the observation 

of active photochemistry of nitrate in snow packs,
52, 53

 and the subsequent studies on the 

reactive oxides of nitrogen such as HONO, NO and NO2 generated in this process,
54-59, 121
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particulate nitrate may, in fact, be a reservoir rather than a sink for gas-phase nitrogen 

oxides in the atmosphere. 

Further evidence has been reported in several field, laboratory and modeling 

studies. For example, the ratio of [HNO3]/[NOx], in the free troposphere is measured at 

~1 to 9 (averaging ~5), which is consistently lower than the value of 12-100 predicted by 

modeling calculation. Chatfield attributed the discrepancy to reaction of HCHO with 

HNO3 in aerosols and cloud droplets.
122

 Study on heterogeneous reaction of HNO3 on 

amorphous carbon observed the conversion of HNO3 to NO, NO3 and H2O.
123

 HNO3 has 

also been identified as a precursor to HONO formation in the atmosphere.
55, 56

 

In earlier publications, it has been studied the photochemistry of adsorbed nitrate 

on aluminum oxide where nitrogen-containing species, including NO2, NO and N2O,
58, 59

 

are produced. Additionally, nitric acid uptake on mineral dust has a large influence on the 

global ozone budget, making an understanding of all the relevant processes involving 

nitric acid, including photochemistry, even more important.  

This study expands on some of initial studies of heterogeneous photochemistry 

using an environmental aerosol chamber recently redesigned to include a solar simulator. 

This study investigates the heterogeneous photochemistry of nitric acid with aluminum 

oxide, a typical component of mineral dust aerosol. Comparison was made for the 

nighttime and daytime chemistry of these species in the presence and absence of dust 

aerosol. From these results, the influence of heterogeneous photoreactions on 

tropospheric chemistry is discussed. 

 

3.3 Experimental Methods 

Experiment was conducted using the environmental aerosol chamber. In a typical 

experiment, the chamber was purged overnight with dry air to remove water and other 

impurities. Then the chamber was evacuated to low pressure (e.g. 680 Torr), filled with 
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the reagent gas, HNO3 in the current study, at a certain RH, and brought up to near 

atmospheric pressure with dry air. The reactant gases were allowed to sit in the chamber 

for about one hour for passivation and quantification of wall losses. The solar simulator 

then was turned on before aerosol introduction for 100 minutes to further quantify 

additional wall losses and photolysis reactions induced by the simulator. A precisely 

weighed powder sample was then introduced to initiate heterogeneous reactions 

involving the gas phase species. The solar simulator was turned off after approximately 

500 minutes of reaction to yield a post-irradiation period. Gas phase concentrations, as 

well as RH, temperature and total pressure in the chamber, were monitored during the 

entire experiment. 

Gaseous HNO3 was introduced from a bubbler using a mixed solution of H2SO4 

(96.0%) and HNO3 (79.5%) in a 3:1 ratio. The solution was purified by several freeze-

pump-thaw cycles prior to use. Commercially available γ-Al2O3 (Degussa, Aluminum 

oxide C) with a surface area of 101 ± 4 m
2
 g

-1
 was used as received. Surface area 

measurements were performed by using a Quantachrome Nova 4200e multipoint BET 

apparatus.  

 

3.4 Results and Discussions 

3.4.1 Comparison of Adsorption Cross-section of HNO3 with Irradiance Spectrum 

of the Solar Simulator 

Figure 3.1 shows the comparison of adsorption cross-section of HNO3 with 

irradiance spectrum of the solar simulator in the environmental aerosol chamber. The 

spectral absolute irradiance from the solar simulator was determined by placing a 

calibrated radiometer at the bottom of the chamber, a distance of approximately 1 m from 

the solar simulator. There is small overlap between the simulator irradiance and the 

absorption profile of nitric acid. 
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Figure 3.1 Solar simulator spectral irradiance (blue line) at the bottom of the environmental aerosol chamber compared to the 
absorption cross section of nitric acid (red line). 
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3.4.2 Heterogeneous Photoreaction of HNO3 with Al2O3  

The heterogeneous photoreaction of HNO3 with Al2O3 under dry conditions (<2% 

RH) was investigated in the environmental aerosol chamber. Typical initial 

concentrations of HNO3 were approximately 160 ppm and the Al2O3 mass loadings about 

were 500 mg. Figure 3.2 displays representative FTIR spectra of the chamber contents 

collected at various times over the course of the experiment. The spectrum collected 

before irradiation, Figure 3.2(a), shows three main absorption bands at 1719, 1315 and 

893 cm
-1

, which are attributed to gaseous HNO3.
124

 These features are observed to 

decrease as the reaction proceeds, especially after the aerosol sample is introduced, 

corresponding to positive reaction times. Small, but observable, bands centered at 1875 

cm
-1

 and 1616 cm
-1

, corresponding to NO and NO2 respectively,
59

 grow in during nitric 

acid decay indicating that both NO and NO2 are produced in the reaction. The appearance 

of a sloping spectral baseline after introduction of Al2O3 into the environmental aerosol 

chamber is characteristic of Mie scattering.  

To assess the time dependent behavior of the gas phase components, infrared 

spectra were collected throughout the course of the experiment. The various absorbance 

features were integrated and converted to mixing ratios (ppm) using previously 

determined Beer’s law calibrations in order to quantify the gas phase concentrations. 

Typical concentration-time profiles for the reactant, HNO3, and product species, NO2 and 

NO, are shown in Figure 3.3. Negative reaction times represent the passivation period (t 

< -100 minutes) and irradiation period (t = -100-0 minutes) before introduction of the 

alumina dust sample (t = 0 minutes). The heterogeneous reaction was allowed to proceed 

under irradiation until the simulator was turned off (t = 550 minutes) and the post-

irradiation period was monitored. 

Analysis of the HNO3 profile shows that there is a small decay during the 

passivation and initial irradiation period that can be ascribed to wall loss. The decay of 

HNO3 slows slightly when the simulator is turned on, suggesting that nitric acid is 
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Figure 3.2 (A) FTIR spectra of gaseous species in the environmental aerosol chamber 
collected at <1% RH (a) prior to Al2O3 introduction in the dark; (b) prior to 
Al2O3 introduction after 60 minutes of irradiation; (c) after Al2O3 introduction 
for 200 minutes with irradiation; (d) after Al2O3 introduction for 400 minutes 
with irradiation; (e) turned off radiation and post-irradiation. (B) A magnified 
view of the spectral region from 1000 to 2000 cm-1. A decrease of HNO3 
bands is evident, as well as the growth of NO and NO2 bands. 
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Figure 3.3 A typical concentration-time profile of gaseous HNO3 (○), NO2 (□), and NO () during the heterogeneous photoreaction of 
HNO3 with Al2O3 at <1% RH in the environmental aerosol chamber. Negative reaction time represents the passivation 
period (t < -100 min), and irradiation period (t = -100 min-0 min) before Al2O3 introduction at time t = 0 min, followed by 
the period of heterogeneous photoreaction. The solar simulator was turned off at time t = 550 min, followed by the post-
irradiation period. 
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reversibly desorbed from the chamber walls due to the small increase in temperature. 

Significantly, no gaseous products are observed with the simulator on but prior to Al2O3 

introduction. A separate experiment, prolonged irradiation of nitric acid in the absence of 

alumina for a period of up to 500 minutes failed to yield detectable levels of gas phase 

products. Despite overlap between the tail of the HNO3 absorption spectrum and the 

simulator output, homogeneous photolysis of the HNO3 is negligible under the current 

experimental conditions.  

Upon introduction of the aerosol, the HNO3 concentration exhibits a rapid initial 

drop due to uptake by the Al2O3 particles on time scale faster than the current 

experimental resolution. Subsequently, a non-exponential decay of HNO3 is observed. 

The rate of nitric acid consumption increases until all of the HNO3 has been consumed by 

a reaction time of t ≈ 270 minutes. Concomitant with HNO3 loss, growth of NO and NO2 

is also observed. In dark experiments reported here and in previous work,
41,125

 NOx 

products were not observed from HNO3 reaction with alumina surfaces, indicating the 

important role of photoinduced processes. The NOx product species increase in 

concentration at a similar rate until all of the gas phase HNO3 has been lost whereupon 

they rapidly reach a photostationary state with [NO] > [NO2]. The steady state persists 

until the simulator is extinguished and all of the NO is converted to NO2 and the reaction 

appears to be complete; no further change in the product nitrogen dioxide concentration 

is observed. 

In separate experiments,
126

 not shown here, NO2 was found to irreversibly and 

rapidly uptake to the surface of Al2O3. The lack of further reaction of NO2 in the post-

irradiation period at the end of the experiment suggests that the surface of the aerosol is 

saturated. The amount of product NO2 at the end of the experiment, 85 ppm, represents a 

reaction yield of about 50% of the HNO3 initially present in the chamber when the dust 

sample is introduced, ≈ 157 ppm. Subtracted the wall loss, the amount of reacted HNO3, 
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63 ppm, is presumably adsorbed as nitrate to the surface of the alumina. The nitrate 

coverage, 
3NO

n , can be calculated as, 

 

BETmass

rxnHNO

NO SRTC

VNPX
n

,3

3

          (3-1) 

 

where rxnHNOX ,3

 = 63 ppm is the mixing ratio for the reacted nitric acid, PT is the total 

chamber pressure, V is the chamber volume, NA is Avogadro’s number, Cmass is the mass 

loading of Al2O3, and SBET is the BET surface area of the commercial mineral dust 

sample. A coverage of 4.5 × 10
14

 cm
-2

, ≈ 1 monolayer, is calculated. The approximate 

monolayer coverage of nitrate indicates that the surface does become saturated and the 

alumina sample is no longer reactive towards NO2. 

In the atmosphere, NO can be rapidly converted to NO2 via oxidation by O3 in the 

reaction,
  

 

22

k

3 ONOONO 1           (3-2) 

 

However, in the chamber experiments, the NO concentration is large and the reaction 

with molecular oxygen is also possible, even though it is a termolecular process, 

 

2

k

2 2NOO2NO 2           (3-3) 

 

In the post-irradiation period, the quantitative conversion of NO to form NO2 

would require 60 ppm of O3, well within the detection limits of the current FTIR probe 

method. No detectable ozone indicates that the conversion of NO to form NO2 is mainly 

through equation (3-3). Since oxygen, with a mixing ratio of 21%, is in excess in the 
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chamber, equation (3-3) is pseudo-second order and the half-life,  1
2
, can be calculated 

as, 

 

022

2/1
]][[

1

NOOk
           (3-4) 

 

where [NO]0 ≈ 60 ppm, is the nitric oxide concentration at the start of the post-irradiation 

period. The calculated half-life of approximately 100 minutes is in accordance with the 

observed decay/growth curves for NO/NO2 observed in Figure 3.3 after the simulator is 

turned off and confirms the importance of equation (3-3) in the post-irradiation period. 

In the photostationary period, t ≈ 280-550 minutes, the concentrations of NO and 

NO2 remain constant. There are no irreversible heterogeneous source or sink reactions 

involving NO or NO2 during this period, although there may be reversible processes, 

perhaps induced by radiation from the simulator. This is unlikely, however, as the total 

product NOx, [NO] + [NO2] ≈ 85 ppm, is equivalent to the NO2 yield at the end of the 

experiment. Thus, the nitrate coverage is the same,  ≈ 1 monolayer, as the post-

irradiation period, and the alumina surface is saturated. The production of NO2 is 

governed by the equation of (3-2) and (3-3), and the most likely loss mechanism is via 

photolysis, 

 

3

O,J

2 ONONO 2NO2   hv         (3-5) 

 

where the O atom product is rapidly converted to ozone through the O2 association 

reaction. The NO2 photolysis rate constant, 
2NOJ , can be calculated from the overlap of 

the measured solar simulator irradiance with the known NO2 absorption spectrum using 

the equation, 
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dIJ SNONONO 222           (3-6) 

 

where 
2NO and 

2NO  are the wavelength dependent absorption cross-section and 

dissociation quantum yield, respectively,
127

 for NO2, and IS is the spectral actinic flux for 

the simulator determined from the data of Figure 3.1. The rate constant calculated from 

equation (3-6) is ≈ 0.013 s
-1

. 

By setting up the production and loss rates of NO2 to be equal, 

 

][

]][[2][
][

1

2

222

3
2

NOk

NOOkNOJ
O

NO 
         (3-7) 

 

and substituting the calculated
2NOJ  and the observed concentrations of the NOx species 

and the known rate constants for reactions of (3-2) and (3-3),
128

 the ozone concentration 

under photosationary conditions is calculated to be ≈ 8.3 ppb, and lower than the 

detection limits of the current FTIR probe method. The NO oxidation with O3 through 

reaction (3-2) represented 92% of total NO2 production, is therefore the main way to 

recycle NO back to NO2 under photosationary conditions in the current experimental 

system.  

The initial reaction period from the time of aerosol introduction until the establishment 

of photostationary conditions, t ≈ 0-280 minutes, is characterized by the loss of HNO3 at 

an exponentially increasing rate and the steady growth of NOx product species. The 

HNO3 loss can be compared to the results of a dark experiment carried out under similar 

conditions of nitric acid pressure and alumina powder mass loading but in the absence of 

irradiation. The HNO3 concentration profile for that experiment, shown in Figure 3.4, 

indicates that after correcting for wall loss (for t > 0, after powder introduction), the 

alumina surface becomes saturated and no further reaction with HNO3 is observed. In 
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addition, neither NO nor NO2 are observed. The total surface coverage is calculated to be 


3NO

n  ≈ 4.0 × 10
14

 cm
-2

, or  ≈ 1 monolayer, assuming that this level of coverage 

corresponds to the effective reactive surface site density for the Al2O3 sample used. The 

final nitrate coverage, 4.5 × 10
14

 cm
-2

, in the solar simulator experiment is slightly higher 

than experiment performed in the dark, and the saturated surface also exhibits no 

reactivity towards NOx, indicating that higher nitrate coverage is required to maintain the 

balance between surface adsorbed nitrate and gaseous NOx. However, in the presence of 

irradiation, all of the nitric acid is consumed and the effective nitrate coverage is 

calculated to be greater than two monolayers. This suggests that the loss of gas phase 

HNO3 is continuous in the presence of Al2O3 and irradiation.  

The product NO and NO2 species appear immediately upon introduction of the 

aerosol and in the presence of irradiation along with a large initial loss of HNO3. 

Furthermore, the concentrations of NO and NO2 track each other over most of the initial 

reaction period, only diverging when the nitric acid is nearly gone. The concentration of 

NO2 is about 5 ppm initially, corresponding to an NO production rate of about 0.4 ppm 

minute
-1

 under the current experimental conditions. However, no induction period is 

observed for the NO product. It appears, then, that the formation and/or loss reactions for 

the NOx species are closely tied together and that heterogeneous processes are probably 

involved. Most interestingly, the photostationary state is not achieved until the HNO3 has 

been totally consumed, suggesting that gas phase nitric acid is important to the reaction 

mechanism.  

Finally, as previously noted, the rate of nitric acid disappearance increases 

exponentially. Surface nitrate species formed on the alumina may act as effective 

chromophore that absorb solar radiation.
59

 By analogy with nitrate photolysis in solutions 

and in ice and snowpack,
52, 53

 NO2 and NO formation may ensue from the following 

reactions,
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Figure 3.4 A typical concentration-time profile of gaseous HNO3 in the presence of Al2O3 under dark and <1% RH conditions in the 
environmental aerosol chamber. The saturation uptake of HNO3 on Al2O3 is rapidly attained after the introduction of Al2O3 
at t = 0 min. 
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OHNOHNO 23  hv         (3-8) 

ONONO -

23  hv          (3-9) 

OHNOHNO2   hv        (3-10) 

 

where NO2 and NO would then interconvert via the photochemical cycle described by 

equations (3-2), (3-3) and (3-5), above. In studies of heterogeneous photolysis of HNO3 

on silica (glass) surfaces, Zhou et al.
56

 also detected the production of NO and NO2, 

although the nitric oxide was produced in much smaller amounts. Their study reported a 

heterogeneous photolysis rate constant for NOx production of J = 6 × 10
-5

 s
-1

 for 

noontime sun under dry conditions. From a comparison of the current calculated NO2 

photolysis rate, 0.013 s
-1
, to the atmospheric photolysis rate of ≈ 0.015 s

-1
,
1
 a NOx 

production rate constant of 5 × 10
-5

 s
-1

 might be expected from the alumina surfaces if a 

similar mechanism to that elucidated by Zhou et al. is applicable. From the known Al2O3 

mass loading in the chamber and assuming the reactive nitrate surface density is 4.5 × 

10
14

 cm
-2

 from the measured HNO3 saturation, the NOx production rate was calculated to 

be ≈ 0.18 ppm min
-1

. Such a formation rate is reasonable based on the time scale of the 

current experimental measurements. 

The low concentration of NO relative to NO2 during the initial reaction period 

suggests there may be other sinks for NO. In studies of heterogeneous reactions of HNO3 

with silica surfaces, molecularly adsorbed nitric acid was detected via its IR signature.
129

 

The nitric acid adsorbate is thought to facilitate a heterogeneous reaction with NO, 

 

(g)NOHONO(a)(a)HNONO(g) 23       (3-11) 

 

followed by, 
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OH(g)2NO(a)HNOHONO(a) 223       (3-12) 

 

The effect of equations (3-11) and (3-12) may be to enhance the rate of HNO3 

loss as the NO concentration, and NO precursors such as NO2, build up in the chamber, 

leading to the observed exponential increase in the nitric acid reaction rate. The nitrous 

acid intermediate, HONO, may also desorb into the gas phase. This study detected no 

HONO in the current experiments but the photolysis rate would be quite large in the 

chamber experiment, with a HONO lifetime with respect to photodissociation of 1-2 

minutes. Zhou et al.
56

 also detected very little HONO in their photolysis experiments 

under dry conditions. A reaction similar to (3-11) with surface nitrate could yield nitrite, 

 

(g)NO(a)NO(a)NONO(g) 223         (3-13) 

 

which could then photodissociate on the surface to yield NO, as in equation (3-10), and in 

analogy to the solution phase mechanism for NO3
-
 photodissociation.

130
 

Hydroxyl radicals may also play a role in the photochemical reaction mechanism. 

Hydroxyl radicals could be formed from HONO photodissociation or from O3 photolysis, 

 

*

23 OOO  hv           (3-14) 

2OHOHO 2

*            (3-15) 

 

where hydrogen sources could be from water adsorbed to the chamber walls, residual 

surface water, or hydroxyl groups terminating the alumina surface. Two potentially 

important radical reactions would be, 

 

3

M

2 HNONOOH           (3-16) 



www.manaraa.com

75 
 

 

7
5
 

OHNOHNOOH 233          (3-17) 

 

The nitrate radical, NO3, would have a short lifetime due to photolysis, 1-2 

minutes, returning to NO2 and NO. Equation (3-17) could contribute to the exponential 

increase in the observed rate of HNO3 loss as OH precursor species build up in the 

chamber. However, the loss reaction, (3-17), is generally slower than the HNO3 

formation reaction, (3-16). The relative rate depends on the ratio of nitric acid to nitrogen 

dioxide and the loss reaction is only faster for a ratio of [HNO3]/[NO2] > 160, conditions 

not achieved during the entire experimental course. Other, as yet unidentified, processes 

that are facilitated by the simulated solar irradiation may also play important roles. 

 

3.4.3 RH Effect on the HNO3 Heterogeneous Photochemistry with Al2O3 

In order to investigate the role of relative humidity (RH) and adsorbed water on the 

heterogeneous photoreaction of HNO3 with Al2O3, a similar experiment was performed at 

20% RH. Figure 3.5 displays the loss of HNO3 and the evolution NO2 in the 

environmental aerosol chamber. In contrast to the dry experiments, NO is not detected. 

The initial, rapid loss of HNO3 upon aerosol introduction is approximately the same as in 

the dry experiment. However, compared to dry conditions, the subsequent decay of 

HNO3 appears to be linear and does not manifest an exponential rate increase. When the 

solar simulator is turned off at time t = 500 min, the HNO3 resumes an exponential decay. 

The loss of HNO3 with and without irradiation present is likely dominated by wall loss 

processes and the data are difficult to interpret. The product NO2 appears immediately 

after aerosol introduction and remains approximately constant at ≈ 5-10 ppm during the 

irradiation period. In the post-irradiation period, the concentration increase exponentially 
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Figure 3.5 A typical concentration-time profile of gaseous HNO3 (○) and NO2 (□) during the heterogeneous photoreaction of HNO3 
with Al2O3 at 20% RH in the environmental aerosol chamber. 
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to a final value of 60 ppm, corresponding to a reaction yield of approximately 38%, less 

than the 50% yield in the dry experiments. 

The lack of detectable NO is consistent with the previous work which showed that 

NO formation is not kinetically favored under humid conditions.
58

 It is proposed that 

photolysis of nitrite, NO2
-
, to yield NO, reaction (3-10), is suppressed in the presence of 

adsorbed water due to the formation of [NO2
-
 ·H2O] on the surface and the lower acidity 

of the wet particle. Zhou et al.
56

 also reported a decrease in the total photolysis rate of 

nitric acid adsorbed on silica in the presence of water. The product yield for HONO 

increased with RH but the NOx yield decreased with NO2 representing almost all of the 

NOx product.  

The slower HNO3 loss can also be partially attributed to heterogeneous hydrolysis 

of NO2, one of the gaseous products of surface nitrate photochemistry. As discussed in 

detail in previous reports,
54, 131

 heterogeneous hydrolysis of NO2 can occur in the 

presence of water: 

 

3

surface

22 HNOHONOOH2NO        (3-18) 

 

Equation (3-18) recycles product NO2 back into surface adsorbed nitric and 

nitrous acids, potentially blocking further absorption of HNO3 on the alumina surface. A 

photoenhancement of the heterogeneous hydrolysis of NO2 along with an increased 

generation of HONO has been reported in several previous studies.
132, 133

 The HONO 

formed in equation (3-18) may be more likely to stay adsorbed on the surface at this 

intermediate RH, 20%. At higher RH, surface adsorbed water can displace the HONO to 

the gas phase.
134

 As noted above, any HONO that does desorb would photolyze rapidly 

and may not be detected in the current experiment. Once the solar simulator is turned off, 
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the adsorbed HONO reacts with HNO3 to reform NO2 (the reverse of reaction (3-18)), 

resulting in the loss of nitrate and the formation of NO2.  

 

3.5 Conclusions and Atmospheric Implications 

This study has incorporated a solar simulator into an existing environmental 

aerosol chamber to investigate the heterogeneous photochemistry of HNO3 on mineral 

dust proxies, single chemical components of mineral dust, to better understand the 

differences between daytime and nighttime chemistry. It is shown the dynamic balance 

between surface adsorbed nitrate, and gaseous HNO3, NO2, and NO. Irradiation of 

surface adsorbed nitrate can result in renoxification of HNO3 back into the gas phase in 

the form of NOx product species. The NOx levels in the troposphere may, therefore, be 

affected by the continued reactions of adsorbed nitrate initiated by solar radiation. 

Furthermore, as discussed, the concentration of a number of important atmospheric 

species, including tropospheric ozone, can be affected by heterogeneous photochemical 

processes as well. As a consequence of photochemistry, uptake of HNO3 on mineral dust 

represents a part of the active nitrogen oxide cycle rather than acting as a permanent sink. 

The presence of water has a significant influence on the reaction extent, the decay rate of 

HNO3 and even the reaction mechanism. Although the photoinduced conversion between 

surface adsorbed and gaseous nitrogen oxide species appears to be rather complex, such 

renoxification processes may need to be taken into account in future field studies and 

modeling work. 

The current study shows that heterogeneous photochemistry of trace atmospheric 

gases with mineral dust aerosol surfaces can potentially play an important role in the 

troposphere. Solar radiation may change the product distribution, the reaction extent, the 

reaction rate, and the reaction mechanism of trace atmospheric gases on the surface of 

mineral dust. Since the surfaces on which such processes may occur include not only 
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airborne particles but also soils, rock formations, buildings, and vegetation, the relevant 

heterogeneous photoreactions might be widespread and globally impact the chemical 

state of the troposphere. Although heterogeneous photochemistry should be incorporated 

into atmospheric chemical models to improve the prediction accuracy of the model 

results, much work remains to fully understand these processes. For example, the role of 

aerosol composition in promoting heterogeneous photochemistry needs to be further 

explored. In addition, the concentrations of the relevant gases in the environmental 

aerosol chamber used in this work are considerably greater than the ambient tropospheric 

concentrations. Experiments carried out under more atmospherically relevant conditions 

will be important to pursue. 

 

3.6 Acknowledgments 

This material is based upon work supported by the National Science Foundation 

under Grant No. CHE-0952605. Any opinions, findings, and conclusions or 

recommendations expressed in this material are those of the author and do not necessarily 

reflect the views of the National Science Foundation. I would like to acknowledge 

Professor Mark A. Young who gave me valuable suggestions on the work, and Dr. Juan 

G. Navea who helped me with the data collection and analysis. 



www.manaraa.com

80 
 

 

8
0
 

CHAPTER 4 

HETEROGENEOUS CHEMISTRY AND PHOTOCHEMISTRY OF OZONE ON 

TYPICAL COMPONENTS OF MINERAL DUST AEROSOL 

4.1 Abstract 

A number of field, laboratory and modeling studies have suggested that ozone 

decomposition on mineral dust surfaces is effectively to present as a sink of tropospheric 

ozone. While previous laboratory experiments are mainly performed under dark 

condition, the impact of solar radiation on ozone decomposition has not explored to any 

greater extent. Indeed, mineral dust aerosol contains semiconductor oxides such as 

hematite and titanium oxide as well as insulator such as aluminum oxide and silicon 

oxides. The energy of solar radiation is sufficient to activate the semiconductors and 

therefore initiate photo-induced reactions that would affect the reaction mechanism, 

reaction extent and even product partitioning. In order to explore the role of solar 

radiation plays in ozone decomposition on mineral dust aerosol, the heterogeneous 

chemistry and photochemistry of ozone on oxide components of mineral dust aerosol, 

including α-Fe2O3, α-FeOOH, TiO2, and α-Al2O3, at different relative humidity have been 

investigated using an environmental aerosol chamber. The rate and extent of O3 

decomposition on these oxide surfaces are found to be a function of the nature of the 

surface as well as the presence of light and relative humidity. Under dark and dry 

conditions, only α-Fe2O3 and α-FeOOH exhibit catalytic decomposition toward O3, while 

the reactivity of TiO2 and α-Al2O3 is rapidly quenched upon ozone exposure. However, 

upon irradiation, TiO2 is active toward O3 decomposition, and α-Al2O3 remains inactive. 

In the presence of relative humidity, ozone decay on α-Fe2O3 and α-FeOOH subject to 

irradiation or under dark conditions is found to decrease. In contrast, ozone 

decomposition is enhanced for irradiated TiO2 as relative humidity initially increases but 

then begins to decrease at even higher relative humidity levels. A kinetic model was used 



www.manaraa.com

81 
 

 

8
1
 

to obtain heterogeneous reaction rates for different homogeneous and heterogeneous 

reaction pathways taking place in the environmental aerosol chamber. Atmospheric 

implications of these results are discussed.  

 

4.2 Introduction 

It is estimated that between 1600 and 2000 Tg of mineral dust is uplifted into the 

atmosphere annually through wind action.
8
 These emissions are likely to increase due to 

the predicted expansion of arid regions.
12

 Transport of the smaller size fraction of mineral 

dust, consisting of particles with diameters of a few microns or less, over long distance 

raises the possibility that these mineral dust aerosols can alter atmospheric trace gas 

concentrations on a global scale.
18, 135

 

One important heterogeneous reaction is the decomposition of ozone (O3) on 

mineral dust surfaces. The reaction is of particular interest due to tropospheric ozone as a 

notable pollutant associated with health and environmental concerns.
136

 Specifically, 

ozone is a greenhouse gas to trap heat in the atmosphere and a reactive oxidant to initiate 

chain reactions of atmospheric compounds. High levels of tropospheric ozone can irritate 

respiratory system, and reduce lung function.
136

 Ground level ozone is not emitted 

directly into the atmosphere, but is formed through complex chemical reactions between 

precursor emissions of VOCs and NOx under solar radiation.
1, 136

 The concentration of 

ozone is therefore an air quality indicator that has been monitored at air monitoring sites. 

Ground-level ozone mixing ratios range from 20 to 60 ppb, but the peak value can exceed 

100 ppb in some polluted areas. 

Field observations of reduced ozone concentrations in air masses with high 

particulate concentrations have been interpreted as evidence of direct uptake of ozone on 

the dust particle surface.
137-140

 For example, de Reus et al.
138

 observed reduced O3 mixing 

ratios over the North Atlantic Ocean in a dust layer originating from North Africa, 
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suggesting the loss of ozone on the dust surface. Bonasoni et al.
140

 gave further evidence 

that a strong anti-correlation exists between the concentrations of coarse particles and 

ozone. They proposed that coarse mineral aerosol originating from the Saharan desert can 

remove atmospheric ozone more effectively than fine particles from industrialized 

regions. 

Modeling studies also supported considerable perturbation of heterogeneous 

reactions on mineral dust surface to tropospheric chemistry. A global three-dimensional 

model of the troposphere was used to simulate the role of mineral dust on tropospheric 

chemistry by Dentener et al.
135

 The modeling results indicate that ozone levels near a dust 

source could decrease up to 10% due to the heterogeneous reaction with mineral dust 

aerosol. Heterogeneous reactions were also incorporated into a Regional Air Quality 

Model System by Li et al. to investigate the impact of heterogeneous reactions on 

tropospheric chemistry in East Asia during the dust storm period in March 2006.
141

 The 

modeling study predicted that O3 concentration decreases 2.1% when heterogeneous 

reactions are taken into account. Direct ozone loss on aerosol surfaces is a key variable 

contributing to considerable uncertainties in atmospheric chemistry models.
135, 142

 

Significant uptake of ozone on oxide components of mineral dust as well as 

authentic dust samples has been observed in laboratory studies.
42, 43, 143-148

 For example, 

Hanisch and Crowley
145

 reported an initial uptake coefficient of γ0 ≈ 3 × 10
-5

 for 

authentic Saharan dust exposed to 30 ppbv ozone, while complete passivation occurred at 

higher ozone concentrations. Previous research from our laboratory suggests that that 

hematite (α-Fe2O3) catalytically decomposes ozone while corundum (α-Al2O3) saturates 

at a lower, finite ozone surface coverage.
42

 In addition, the uptake of ozone on either 

oxide was suppressed by increased relative humidity.  

Previously reported laboratory experiments have been carried out under dark 

conditions. The influence of solar radiation on heterogeneous reactions of ozone with 

mineral dust has not been assessed to any great extent. Indeed, in addition to insulators 
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such as SiO2 and Al2O3, mineral dust also typically contains various photoactive 

semiconductor metal oxides, such as TiO2, ZnO and Fe2O3. The interaction of solar 

radiation with semiconductor metal oxides will likely initiate a number of photochemical 

processes, which could potentially alter the dark reaction mechanism, overall reaction 

kinetics, and final product partitioning for reactions involving trace atmospheric gases 

with these components of mineral dust aerosol.  

In addition to aerosols, various surfaces in contact with the atmosphere potentially 

play a role in affecting the chemical balance of the atmosphere. A representative example 

is TiO2 coating surface, which have been widely applied for building exteriors, cover 

glass for road lamps, airport roofs, and road bricks. The main reason for this is that TiO2 

coated surface can decompose organic pollutants adhering to the surface and maintain 

itself clean while exposure to irradiation.
149, 150

 With the ongoing and continuous 

development of industry, the application of metal-containing coatings will continue to 

grow and expand, bringing more surface available for heterogeneous photoreactions of 

atmospheric trace gases. 

In fact a photoenhancement of ozone uptake on TiO2 has been reported in a recent 

study, which investigated ozone decomposition on TiO2/SiO2 mixtures.
148

 The uptake 

coefficients under irradiation increased with increasing TiO2 mass fraction in the 

mixtures, and the corresponding uptake coefficient based on the geometric surface ranged 

from 3 × 10
-6

 to 3 × 10
-5

. They also observed a reduced ozone loss at relative humidity 

above 30%. 

The current study involves employing an environmental aerosol chamber that 

incorporates a solar simulator to investigate the photo-induced decomposition of ozone 

on different mineral dust components, including three semiconductor metal oxides, TiO2, 

α-FeOOH and α-Fe2O3, as well as an insulator oxide, α-Al2O3. In order to quantitatively 

assess the impact of irradiation and relative humidity on ozone decomposition, a box 

model using the Kinetic PreProcessor
151

 (KPP) was developed to simulate reactions in the 
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environmental aerosol chamber. Using these model results, uptake capacities of ozone on 

the relevant oxides under dark and irradiated conditions are compared. The potential 

influence of solar radiation on the heterogeneous reactions of mineral dust with 

tropospheric ozone is discussed. 

 

4.3 Experimental Methods 

4.3.1 Experimental Apparatus and Procedures 

The experimental apparatus and protocol have been described in detail in Chapter 

2. Ozone is produced by flowing oxygen (Air products, USP grade) through an electric 

discharge generator (OREC, Model O3V5-O). In a typical experiment, dry air was 

flowed through the chamber overnight to achieve a clean and dry state. The chamber was 

evacuated to a base pressure (e.g. 680 Torr), back-filled with a nominal concentration of 

ozone, and finally brought up to near atmospheric pressure with purge gas air at a 

nominal RH. The ozone/air mixture was allowed to sit under dark conditions for 

approximately one hour for passivation and quantification of wall losses. A weighed 

amount of oxide powder sample was introduced into the chamber, as described above, to 

initiate the heterogeneous reactions with ozone. The powder was held under vacuum for 

several hours prior to introduction to remove residual water. For photochemical 

experiments, the solar simulator was turned on for 100 minutes prior to aerosol 

introduction to further quantify wall losses and to characterize any homogeneous 

photochemical pathways. The ozone mixing ratios, as well as RH, temperature and 

pressure of the chamber, were monitored throughout the entire experiment.  

The partial pressure of water vapor, and hence the relative humidity, was 

determined using a Beer’s law calibration. The ozone partial pressure was quantified 

from the peak IR absorbance at 1055 cm
-1

 using a previously reported cross-section.
152, 

153
 Commercially available hematite (α-Fe2O3; Aldrich), goethite (α-FeOOH; Alfa Aesar), 
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titanium oxide (TiO2; Degussa) and aluminum oxide (α-Al2O3; Alfa Aesar) were used as 

received. The specific surface areas of the oxide samples were measured by BET analysis 

(Quantachrome Nova 4200) and the mineralogy was confirmed by powder X-ray 

diffraction. The source and relevant physical properties for each oxide sample are 

tabulated in Table 4.1. The mass loadings of the various oxide samples were adjusted to 

take into account the respective BET surface areas and make the total available surface 

area in each experiment roughly equivalent to 8 m
2
. 

Table 4.1 Commercial Sources and Physical Properties of the Oxide Powder Samples 
Used in the Current Study 

Oxide Source 
Size 
(nm) 

Surface Area 
(m

2
 g

-1
) 

Band Gap 
Eg (eV) 

Threshold 
Wavelength 
λ0 (nm) 

α-Fe2O3 Aldrich 690 ± 150 2.8 ± 0.1 2.2 570 

α-FeOOH Alfa Aesar 
L:490 ± 265 
W: 67 ± 22 

14.6 ± 0.2 2.2 570 

TiO2 Degussa 24 ± 6 51.2 ± 0.2 3.0 420 

α-Al2O3 Alfa Aesar 260 ± 90 8.4 ± 0.1 9.0 138 

 

 

4.3.2 Kinetic Analysis 

Given that there is overlap between the absorption spectrum of ozone with the 

irradiance spectrum of the solar simulator as discussed below, observed decay of ozone in 

the presence of light involves two competing processes: heterogeneous decomposition 

and homogeneous photolysis. A computational model is therefore essential to 

differentiate ozone decay induced by heterogeneous decomposition from homogeneous 

photolysis and obtain the kinetic information of ozone loss on particle surfaces. 
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Reactions in the environmental aerosol chamber were simulated using a box 

model built with the Kinetic PreProcessor (KPP V2.1), where ordinary differential 

equations are integrated with a Rosenbrock solver.
151

 The Kinetic PreProcessor (KPP) is 

a software package that generates computer-friendly versions of chemical mechanism for 

efficient integration (kpp file) and currently is used by many academic, research, and 

industry groups.
151

 To create a KPP model, several input files in KPP language are 

needed, including an equation file to define the chemical mechanism with rate constants 

(with suffix .eqn), a species file to definite the component of each species involved (with 

suffix . spc), and a initiative file to define the initial concentrations, temperature, and 

timescale (with suffix .def). In addition, a KPP input file (with suffix .KPP) is also 

needed to specify the model, the target language, the precision, the integrator and the 

driver, etc. All of the four files in KPP language are given in the Appendix B. 

Homogeneous gas reaction mechanisms and the corresponding rate constants were taken 

from published sources.
127

 The gas-phase mechanism involves 12 species and 26 

reactions as tabulated in Table 4.2. Three photolytic pathways were considered, 

 

2OH  OH 22   2O2Hjhv          (4-1) 

2

1

3 OD)O( 310 O 1,3  Oj nm)(λhv      (4-2) 

2

3

3 OP)O(310 O 2,3  Oj nm)(λhv       (4-3) 

 

The photolysis rate constants of H2O2 and O3 were calculated using irradiance 

measurements of the solar simulator. Determination of the simulator irradiance has been 

reported in Chapter 2. The irradiance averaged over the diameter of the simulator beam is 

approximately 1.2 of air mass one (AM1) (an average of 1.1 kW m
-2

), which is close to 

the irradiance at the top of the Earth’s atmosphere. The absolute spectral irradiance from 

the solar simulator, as well as the adsorption cross-sections for gas phase O3 and H2O2 are 
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plotted in Figure 4.1. The spectral actinic flux, I(λ), was calculated from the irradiance 

data according to the following equation,
1
 

 

)(

)(
)(






photonE

E
I            (4-4) 

 

where I(λ) is expressed as photons cm
-2

 s
-1

 nm
-1

, E(λ) is the spectral irradiance in W cm
-2

 

nm
-1

, and Ephoton(λ) is the photon energy in J photon
-1

. The resultant spectral actinic flux 

was used to determine the photolysis rate constants as follows,
1
 

 





d)(I)()(j

2

1
aaa             (4-5) 

 

where σa(λ) is the absorption cross-section in cm
2
 and Φa(λ) is the dimensionless quantum 

yield. The wavelength dependent absorption cross-sections and quantum yields for O3 

and H2O2 were also taken from previous published sources.
127

 The photolysis rate 

constants were set to zero for simulations of dark reactions. 

Ozone loss in the chamber involved homogeneous photochemical pathways, as 

well as heterogeneous decomposition on the chamber walls and, when present, the 

surface of the relevant oxides. The heterogeneous reactions were modeled as pseudo first-

order kinetic processes, 

 

 wall1.5O    wallO 23  wallk          (4-6) 

S 1.5O    SO 23  sk            (4-7) 
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Figure 4.1 Solar simulator spectral irradiance (blue line) at the bottom of the 
environmental aerosol chamber compared to the absorption cross section of 
ozone (red line) and hydrogen peroxide (black line). 
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Table 4.2 Reactions and Their Corresponding Rate Constants Used in the KPP 
Modeling Simulation of Heterogeneous Photoreaction of Ozone with 
Oxides

127
 

No. Reaction Rate Constant at 298 K  

(cm3 molecule-1 s-1) 

1 H2O2  2HO  1.1675 × 10-5 

2 O3  0.6253O(1D) + 0.3747O(3P) + O2 1.106 × 10-3 

3 O3 + wall  1.5O2 + wall -a 

4 O3 + S  1.5O2 + S - 

5 O(3P) + O2 + O2 O3 + O2 6.10 × 10-34 

6 O(3P) + O2 + N2  O3 + N2 6.10 × 10-34 

7 O(3P) + O3  2O2 8.0 × 10-15 

8 O(1D) + O2  O(3P) + O2 3.95 × 10-11 

9 O(1D) + N2  O(3P) + N2 3.1 × 10-11 

10 O(1D) + O3  O(3P) + 1.5O2 2.40 × 10-10 

11 H + HO2  1.788HO + 0.086H2 +  

0.086O2 + 0.02H2O + 0.02O(3P) 

8.05 × 10-11 

12 H + O2          HO2 FALL(4.4E-32, 0E0, -1.3E0, 4.7E-11, 

0, -0.2E0, 0.6E0)b 

13 O(3P) + HO  O2 + H 3.30 × 10-11 

14 O(3P) + HO2  O2 + HO 5.90 × 10-11 

15 O(3P) + H2O2  HO2 + HO 1.70 × 10-15 

16 O(1D) + H2  HO + H 1.10 × 10-10 

17 O(1D) + H2O  2HO 2.00 × 10-10 

18 HO + H2  H2O + H 6.70 × 10-15 

M 
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19 HO + HO  H2O + O(3P) 1.80 × 10-12 

20 HO + HO          H2O2 FALL(6.9E-31, 0E0, -1E0, 2.6E-11, 0, 

0, 0.6E0) 

21 HO +HO2  H2O + O2 1.10 × 10-10 

22 HO +H2O2  H2O + HO 1.80 × 10-12 

23 HO + O3  HO2 + O 7.30 × 10-14 

24 HO2 + HO2  H2O2 + O2 1.50 × 10-12 

25 HO2 + HO2 + O2  H2O2 + O2 + O2 4.90 × 10-32 

26 HO2 + HO2 + N2  H2O2 + O2 + N2 4.90 × 10-32 

27 HO2 + O3  HO +2O2 1.90 × 10-15 

28 H + O3  HO + O2 2.90 × 10-11 

29 O(1D) + N2 + O2  N2O + O2 2.82 × 10-36 

30 O(1D) + N2 + N2  N2O + N2 2.82 × 10-36 

a See text for the determination of rate constants for wall losses and surface reactions; 

b The definition of rate constants for termolecular reactions in the KPP model. 

 

 

where S represents an surface active site, and kwall and ks are pseudo first-order rate 

constants for wall loss and oxide uptake, respectively. The wall loss constant, kwall, was 

determined by fitting the observed ozone decay during the initial, one hour, dark 

passivation period (vide supra). The rate constants for the heterogeneous uptake on the 

various oxides, ks, were extracted using the kinetic model, adjusting the value of ks to best 

fit the measured ozone decay data in the presence of mineral dust. For simulation of 

reactions in the absence of aerosol, the ks value was set to zero. The full reaction set used 

in the modeling is listed in Table 4.2. 
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The discrepancy between laboratory measurements and modeling calculations 

was defined as, 

 

n

CC

q
n

nn

2)( 

            (4-8) 

 

where nC  is the ozone concentration at each time point of the initial two hours 

determined by laboratory measurement, and nC  is the ozone concentrations at the 

corresponding time point obtained from KPP modeling calculation. The uptake rate 

constant, ks, was evaluated by numerical iteration until q < 10
14 

molecule cm
-3

, a 

detection limit of FTIR in the current study. The change of rate constant to get a q value 

around 2 × 10
14

 molecule cm
-3

 represents as the error of the rate constant. 

Initial concentrations of O3 and H2O serving as model inputs were obtained from 

the experimental data. Initial concentrations of N2 and O2 were assumed to reflect 

atmospheric abundances. A temperature of 298 K was used in the kinetic simulation.  

 

4.4 Results 

4.4.1 Ozone Decomposition on Oxide Particle Surfaces 

For all of the ozone uptake experiments, the FTIR data showed no evidence for 

the growth of new spectral features, indicating that any possible gaseous products are 

either IR inactive or formed in very low concentration. Figure 4.2 displays a comparison 

of ozone decay on oxides at <2% RH under dark and irradiated conditions. Under dark 

and dry (<2% RH) conditions, the ozone concentration exhibited a small decay prior to 

particle introduction on the timescale of the experiment due to wall losses. Subsequent 

irradiation enhances ozone loss. It is well established that ozone can photodissociate to 

yield ground and excited state oxygen atom products (equations (4-2) and (4-3)). The 
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oxygen atom generally quickly reforms O3 in a three-body association reaction with O2, 

but a small fraction of O atoms may be lost via wall collisions, leading to the enhanced 

ozone decay. 

Rapid decay of ozone after the introduction of the hematite sample was observed, 

which is in accordance with our previous results.
42, 154

 Hematite exhibits significant 

uptake capacity for ozone under both dark and irradiated conditions, irradiation slightly 

enhances the rate of ozone uptake (Figure 4.2a). In contrast, goethite shows a rapid ozone 

uptake in the dark but a slower uptake under irradiation conditions, indicating that light 

unexpectedly inhibits ozone loss on goethite surfaces (Figure 4.2b). Titanium oxide only 

shows ozone uptake upon irradiation (Figure 4.2c). The loss of ozone on aluminum 

oxide, the only insulator studied, is found to be negligible under both dark and irradiated 

conditions (Figure 4.2d). 

Given the importance of water in atmospheric chemistry,
155

 experiments to assess 

the effect of relative humidity on the ozone uptake process were also completed. Overall, 

the data showed clearly that relative humidity has a profound influence on ozone decay in 

the environmental aerosol chamber. The electronically excited oxygen atom produced in 

equation (4-2) can react with water to form hydroxyl radicals
1
 

 

2OHOHD)O( 2

1            (4-9) 

 

enhancing ozone loss by competing with recombination with O2. In addition, water can 

also adsorb onto the oxide surface, generally resulting in an inhibition of ozone uptake 

due to competition for active surface sites.
42

 Given the complex interaction of water with 

reactive gas phase species (e.g. equation (4-9)) and through adsorption and reaction on 

oxide surfaces in the environmental aerosol chamber, it is necessary to incorporate a  

 



www.manaraa.com

93 
 

 

9
3
 

Figure 4.2 Ozone decay on oxides in the environmental aerosol chamber under dry, <2% 
RH, conditions for both dark and irradiation experiments: (a) α-Fe2O3, (b) α-
FeOOH, (c) TiO2 and (d) α-Al2O3. Aerosol introduction into the chamber 
occurred at time, t = 0 min. The effect of irradiation on the ozone uptake 
depends on the nature of the specific  
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kinetic model in data analysis to extract detailed kinetic information concerning the 

influence of oxide surfaces and radiation on ozone decay. 

 

4.4.2 Kinetic Analysis 

Control cases, consisting of ozone decay measurements in the presence of 

irradiation and RH but in the absence of aerosol, are first compared to simulations from 

the KPP model as a check of model accuracy. Comparisons between the laboratory data 

and model results for an experiment at 18% and 30% RH are plotted in Figure 4.3, 

displaying a good fit of the data, especially during the first 150 minutes. At longer 

reaction times, the modeling results deviate slightly from the laboratory data at both 18% 

and 30% RH, overestimating the ozone decay. 

A first-order rate constant for the heterogeneous reaction of ozone with the oxide 

surface was then inputted into the kinetics model and adjusted to best fit the experimental 

data obtained in the presence of a dust sample. Figure 4.4 and Figure 4.5 displays the 

comparison between laboratory and model results for ozone decay with α-Fe2O3 and TiO2 

aerosol under a variety of conditions, respectively. In all cases, the model calculations 

agree well with the laboratory measurements throughout the entire time course of the 

experiments. The other oxide samples explored in this study similarly exhibited a good fit 

(not shown here). The resultant surface rate constants, ks, obtained from the model 

calculations under various conditions are summarized in Table 4.3. Also shown in the 

table are uptake coefficients, γ, normalized to the specific surface areas. The 

heterogeneous uptake coefficient, which is defined as the fraction of gas-surface 

collisions that lead to gas loss, is determined from
42

 

 

]C[Sc

k4

massBET

s

         

(4-10) 
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Figure 4.3 Comparison of ozone decay obtained from laboratory measurements and 
model calculations at 18% RH and 30% RH in the absence of oxides. Open 
symbols represent the experimental data, while the solid line depicts the 
results of the model calculation. 
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where c  is the mean speed of ozone in m s
-1

, SBET is the specific surface area of the oxide 

in m
2
 g

-1
, and Cmass is the mass concentration of the oxide sample in the chamber in g m

-3
. 

As shown in Table 4.3, the measured uptake coefficients vary according to the 

oxide, the presence or absence of irradiation, and the RH level. These differences are 

discussed further, below. Dark uptake coefficients obtained from model calculations in 

the current study are in good agreement with the results of our previous study,
42

 

providing additional confidence in the integrity of the model employed. 

 

4.5 Discussions 

4.5.1 Comparison of Ozone Decomposition on Different Oxides under Dry 

Conditions 

The uptake of ozone on oxide surfaces under dark conditions has been well 

studied.
42, 43, 116, 143, 144, 146-148, 156, 157

 The reaction is postulated to proceed according to the 

following scheme,
156, 158

 

 

SOOSO 23             (4-11) 

SOOSOO 223            (4-12) 

SO  SO 22              (4-13) 

2SOSOSO 2            (4-14) 

 

where S represents an active site and S-O and S-O2 are surface-bound oxide species. The 

formation of surface-bound oxide species has been previously reported.
156, 157, 159

 The 

uptake of ozone on an active site to produce a surface-bound oxygen atom and a gaseous 

oxygen molecule (equation (4-11)) is fast relative to the subsequent rate-limiting 
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Figure 4.4 Comparison of ozone decay obtained from laboratory measurements and 
model calculations in the presence of α-Fe2O3 under a variety of conditions: 
(a) dark and dry, <2% RH, (b) dark and 21% RH, (c) irradiated and dry,<2% 
RH, and (c) irradiated and 25% RH. Open symbols represent the experimental 
data, while the solid line depicts the results of the model calculation. Aerosol 
introduction into the chamber occurred at time, t = 0 min. 
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Figure 4.5 Comparison of ozone decay obtained from laboratory measurements and 
model calculations in the presence of TiO2 under a variety of conditions: (a) 
irradiated and dry, <2% RH, (b) irradiated and 12% RH, (c) irradiated and 
22% RH, and (c) irradiated and 39% RH. Open symbols represent the 
experimental data, while the solid line depicts the results of the model 
calculation. Aerosol introduction into the chamber occurred at time, t = 0 min. 
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Table 4.3 Surface Rate Constants and Uptake Coefficients for Ozone Uptake on 
Oxides Under a Variety of Conditions (%RH and Light)

a
 

Oxide  RH (%) Rate Constant (s
-1

) Uptake Coefficient 

α-Fe2O3 dark <2 (20 ± 1) × 10
-4

 (4.1 ± 0.2) × 10
-7

 

21 (13 ± 1) × 10
-4

 (2.7 ± 0.1) × 10
-7

 

irradiation <2 (32 ± 2) × 10
-4

 (6.6 ± 0.3) × 10
-7

 

12 (27 ± 1) × 10
-4

 (5.5 ± 0.3) × 10
-7

 

25 (5.2 ± 0.5) × 10
-4

 (1.1 ± 0.1) × 10
-7

 

α-FeOOH dark <2 (8.0 ± 0.5) × 10
-4

 (1.6 ± 0.1) × 10
-7

 

  18 -
b
 - 

 irradiation <2 (2.3 ± 0.5) × 10
-4

 (4.7 ± 0.2) × 10
-8

 

  23 - - 

TiO2 dark <2 - - 

irradiation <2 (9.8 ± 0.5) × 10
-4

 (2.0 ± 0.1) × 10
-7

 

12 (11 ± 1) × 10
-4

 (2.2 ± 0.1) × 10
-7

 

22 (12 ± 1) × 10
-4

 (2.4 ± 0.1) × 10
-7

 

39 (9.5 ± 0.5) × 10
-4

 (1.9 ± 0.1) × 10
-7

 

α-Al2O3 dark <2 - - 

19 - - 

irradiation 

 

<2 - - 

21 - - 

a
 Errors in the reported rate constants and uptake coefficients are obtained from an 

error analysis of the KPP model; 

b
 Indicates no significant uptake capability. 
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reactions. The regeneration of active sites via equations (4-13) and (4-14) makes the 

overall surface reaction catalytic. When the regeneration steps are much slower or 

otherwise inhibited on the timescale of the experiment, the oxide can exhibit surface 

saturation upon ozone exposure.  

In the current study, aluminum oxide exhibits little or no uptake capacity for 

ozone under either dark or irradiated conditions (Figure 4.2d) and the surface becomes 

rapidly saturated. Similar behavior was observed for TiO2 in the dark (Figure 4.2c). Both 

α-Al2O3 and TiO2 have Lewis acid surface sites, which are proposed to be the most 

important active site for ozone decomposition.
159-161

 The relatively large Lewis acid 

strength of sites on α-Al2O3 and TiO2 may initially decompose ozone very efficiently via 

equation (4-11), but the resultant strong surface-oxygen bond may inhibit the subsequent 

surface site regeneration steps through dissociation and recombination, equations (4-13) 

and (4-14), respectively. Thus, these oxides might be expected to exhibit surface 

saturation.  

In contrast to α-Al2O3 and TiO2, the α-Fe2O3 and α-FeOOH surfaces are regarded 

to have weaker acid sites.
162

 The consequently weaker surface-oxygen bonds formed 

upon ozone exposure may be more likely to facilitate dissociation and recombination, 

making the overall reaction catalytic. In addition, α-Fe2O3 exhibits a slightly larger 

uptake coefficient compared to α-FeOOH, which might be due to a faster regeneration of 

active sites on the experimental time scale. 

The presence of irradiation significantly enhances ozone uptake on both α-Fe2O3 

and TiO2 surfaces under dry conditions, most likely due to their semiconductor nature. 

The uptake coefficient for α-Fe2O3 increases by approximately 60% in the presence of 

light. In the case of TiO2, the ozone uptake is minimal under dark conditions but the 

uptake capacity increases greatly upon irradiation. The band gaps for bulk α-Fe2O3 and 

TiO2 are 2.2 and 3.0 eV, corresponding to wavelength limits of 570 and 420 nm, 

respectively (Table 4.1).
163

 The band gap energies are below the short-wavelength cutoff 
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of the solar simulator used in this study, representative of the solar actinic flux in the 

troposphere. Solar radiation of α-Fe2O3 and TiO2 can, therefore, initiate photocatalytic 

processes, which enhance ozone decomposition. It is generally believed that 

semiconductor reactions proceed either through indirect reaction with photogenerated 

oxidizing or reducing chemical species, or direct reaction with the initially generated 

electron-hole pair.
164

 

Indeed, hematite and titanium oxide are considered to be efficient photocatalysts 

for various redox reactions. Their photochemical activity has been extensively 

explored.
148, 165-169

 For example, Toledano and Henrish
166

 observed enhanced 

chemisorption of SO2 onto single crystal Fe2O3(0001) subject to UV irradiation. The 

creation of a highly reactive transient Fe
2+

 cation by UV irradiation was proposed to be 

responsible for the enhanced adsorption. Ozone photodecomposition on dust samples 

prepared with trace TiO2 in a matrix of SiO2 was reported by Nicolas et al.
148

 who 

observed an increase in the ozone uptake with an increase in the TiO2 mass fraction. The 

photochemical reaction mechanism involving semiconductor TiO2 is postulated to be,
148, 

170
 

 

TiO2 +        TiO2 (e
  +   )         (4-15) 

O3 + e
-     O3

-
            (4-16) 

O  + e
-     O 

-
            (4-17) 

O2
-
 + O3     O 

-
 + O2          (4-18) 

 

Ozone can be directly reduced by a photogenerated electron in equation (4-16), or 

indirectly through equations (4-17) and (4-18). The resultant ozonide anion radical can 

rapidly decompose to form molecular oxygen, O2. 
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Irradiation of certain metal oxides opens the possibility for different reaction 

pathways compared to dark conditions. In the case of TiO2, only light-induced ozone 

uptake is observed. In hematite, uptake of ozone occurs under both light and dark 

conditions although at different rates. A simple kinetic analysis of the ozone uptake on 

hematite is possible. It is assumed that the dark and irradiation uptake pathways occur in 

parallel and that the dark reaction is not affected by the presence of light. Since uptake 

coefficients were referenced to the same surface area, the light-induced ozone uptake 

coefficient is then calculated by subtracting the dark uptake coefficient from the uptake 

coefficient obtained under irradiation conditions. The resultant light-induced uptake 

coefficient for α-Fe2O3 is 2.5 (± 0.5) × 10
-7

, which is slightly larger than that measured 

directly for TiO2, 2.0 (± 0.1) × 10
-7

. Previous studies of photocatalytic efficiency 

generally suggest that TiO2 exhibits a higher efficiency towards the photodegradation of 

organic compounds than α-Fe2O3.
168, 171

 The larger uptake coefficient for α-Fe2O3 

observed in the current study can be partially rationalized by the larger number of 

photons available for absorption. As discussed above, hematite has a smaller band gap 

than that of TiO2. Given the broadband irradiance provided by the solar simulator, there 

are more available photons to promote photocatalysis in α-Fe2O3 samples, perhaps 

yielding an efficiency for ozone photodecomposition that is at least as large as in TiO2. 

In contrast to the semiconductor metal oxides, the insulator oxide α-Al2O3 has a 

band gap of 9.0 eV (or 138 nm), obviously much larger than the cutoff of the solar 

simulator. Irradiation of α-Al2O3 has no discernible effect on the ozone uptake capacity in 

the experimental system used here, indicating the key role played by the semiconducting 

nature of the oxide samples. 

Interestingly, the rate of ozone decomposition on α-FeOOH is unexpectedly lower 

under irradiation compared with reaction in the dark. Previous work has found smaller, 

but observable, photoactivity for α-FeOOH samples.
172, 173

 It is possible that increased 

water adsorption on α-FeOOH suppresses its reactivity. Compared to hematite, goethite 
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has larger density number of surface hydroxyl groups, making its surface highly 

hydrophilic. Given the rise of wall temperature under irradiation, water desorbed from the 

walls and partitioning to the aerosol surface can effectively block surface active sites, 

suppressing its uptake capacity for ozone. The effect of water adsorption on ozone uptake 

is discussed in more detail below. 

 

4.5.2 Effect of Relative Humidity on the Kinetics of Ozone Decomposition on 

Oxide Surfaces 

Since water can adsorb strongly onto oxide surfaces, preferential adsorption of 

water at elevated RH levels can block active sites that would otherwise bind ozone, 

leading to an overall decrease in the ozone decay rate. Thus, consistent with a previous 

work,
42

 it was observed an inhibition of the ozone uptake on α-Fe2O3 when the RH was 

increased under dark conditions (Table 4.3). The uptake coefficient at 21% RH decreased 

by approximately 30% compared to that under dry conditions. As the RH increases 

beyond 20%, multilayer water coverage can form on α-Fe2O3.
42, 174

 The hematite sample 

does retain catalytic activity towards ozone decomposition and all O3 in the chamber is 

eventually consumed, albeit at a slower rate than under dry conditions. This observation 

is not entirely consistent with a simple site-blocking argument, which would predict a 

significant decrease in ozone uptake once a water monolayer forms and all available 

surface sites are occupied by water.
42

  

It is possible that water adsorption on α-Fe2O3 is not uniformly distributed and 

that water clusters form on the surface. This would leave some free surface area, and 

unblocked active sites, to react catalytically with ozone but with a reduced rate. An 

uneven distribution of adsorbed water on oxide surfaces has been reported in previous 

studies.
48, 175-177

 A study of water adsorption on α-Al2O3 and SiO2 using sum frequency 

generation spectroscopy, a surface specific technique for probing interfacial properties at 

the molecular level, suggested that isolated hydroxyl groups exist on the surface even at 
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relatively high RH levels.
175

 Water uptake on another oxide, MgO, was also found to be 

non-uniform, proceeding through the formation of three-dimensional islands prior to 

coalescence and eventual surface saturation.
177

 Another possible explanation is that water 

does not block all of the active surface sites on α-Fe2O3, perhaps leaving available less 

reactive sites, resulting ozone decomposition at a lower rate. 

The inhibition of ozone uptake by water adsorption was much more significant on 

the α-FeOOH sample. It was observed a complete suppression, within the limits of 

detection of the apparatus, of ozone uptake at ≈ 20% RH. Given the greater tendency for 

water to adsorb onto the hydrophilic surface of α-FeOOH, it is likely that multilayer 

adsorption occurs at higher RH. If the resultant water layer is highly polarized and 

structured, perhaps even rigid, it may be that diffusion of ozone through the layer is 

slowed and that decomposition becomes negligible on the current experimental timescale. 

Finally, it may be that the active sites on the α-FeOOH surface are fundamentally 

different than on the other metal oxides and more easily deactivated by water adsorption. 

The role of adsorbed water is complex on illuminated α-Fe2O3 and TiO2 surfaces. 

In the case of hematite, irradiation actually decreases the uptake coefficient compared to 

dark conditions at similar RH levels. The overall uptake coefficient at 25% RH is, 1.1 (± 

0.1) × 10
-7

, in the irradiation experiment but is 2.7 (± 0.1) × 10
-7 

under dark conditions at 

a similar RH, 21%. One hypothesis to interpret this behavior is that irradiation produces 

surfaces defects that can then become hydroxylated by water dissociation, forming a 

hydrophilic surface that enhances the affinity for water uptake.
178-180

 

The photoactivity of illuminated TiO2 exhibits a non-monotonic response to 

changes in RH. Initially, increasing the RH results in a faster ozone decay as the uptake 

coefficient increases from 2.0 (± 0.1) × 10
-7

 at <2% RH to 2.4 (± 0.1) × 10
-7

 at 22% RH. 

However, further increases in the RH yield a decreased uptake coefficient, manifesting a 

value 1.9 (± 0.1) × 10
-7

 at 39% RH. Similar behavior has been reported in a previous 

study of TiO2 photocatalytic activity.
148, 181, 182

 It has been suggested that the ozonide 
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radical formed in equations (4-16) and (4-18) can rapidly reacted with water through the 

reactions,
178-180, 183

 

 

3

-

3 HOHO             (4-19) 

OH OHO 23             (4-20) 

223 HOOO OH           (4-21) 

 

to generate hydroxyl radicals (equation (4-20)). The highly reactive hydroxyl radicals 

could then decompose O3 via equation (4-21), accelerating ozone decomposition in the 

presence of water and irradiation. However, at RH levels above 20% RH, the resultant 

increase in surface hydroxyl groups, which have a greater affinity for water, will lead to 

enhanced water adsorption, blocking surface active sites and decreasing the 

photocatalytic capacity of TiO2.
148, 181, 182

  

Given the semiconductor nature of α-Fe2O3, one might expect a similar reaction 

sequence and an analogous RH dependence. However, the Lewis acid sites on hematite 

might have a higher affinity for adsorbed water, inhibiting O3 uptake and masking the 

formation of hydroxyl radicals via equations (4-19) and (4-20) even at lower RH levels. 

 

4.6 Conclusions and Atmospheric Implications 

This study has focused on the heterogeneous photochemistry of ozone with 

typical oxide components of mineral dust aerosol, including α-Fe2O3, α-FeOOH, TiO2 

and α-Al2O3. It is shown that the activity toward O3 decomposition depends greatly on 

the surface properties of the oxide, the presence of irradiation, and the relative humidity. 

The effect of RH on the ozone uptake rate depends strongly on specifics of the oxide 

surface, such as the type of active site and relative affinity for water. While hematite and 
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goethite can catalytically decompose O3 in the dark, titanium oxide and aluminum oxide 

surfaces are deactivated by O3 exposure. Under dark conditions, the presence of 

atmospheric water inhibits O3 decomposition through the competitive adsorption of water 

molecules and ozone for active surface sites. In the presence of solar radiation under dry 

conditions, a photoenhancement in O3 decomposition was observed for both α-Fe2O3 and 

TiO2 due to their semiconducting properties with band gap energies in the solar spectrum. 

The presence of both water and solar radiation leads to more complicated behavior. 

Water adsorption may be enhanced on hematite surfaces due to the photoproduction of 

defect sites that promote surface hydroxylation, resulting in an anti-correlation between 

the ozone uptake coefficient and the RH level for α-Fe2O3 sample. More interestingly, 

irradiation of TiO2 leads to an initial increase and a subsequent decease for ozone uptake 

coefficients as the RH is increased. Figure 4.6 is a schematic showing the daytime and 

nighttime chemistry of ozone on various atmospherically relevant oxides. 

Mineral dust plays an important role in atmospheric chemistry, providing ample 

surface area for the adsorption and reaction of various atmospheric trace gas species.
18

 In 

agreement with field observations,
137-140

 This study confirmed that ozone can be 

effectively taken up on by oxide components of mineral dust. Given that mineral dust 

aerosol typically contains a number of semiconductor oxides, such as TiO2, ZnO and 

Fe2O3, heterogeneous decomposition of O3 induced by solar radiation may be an 

important sink for tropospheric ozone. In addition, the available surfaces on which such 

processes may occur extend beyond airborne particles and include soils, rock formations, 

and buildings. The relevant heterogeneous photochemical pathways might be widespread 

and influence global ozone concentrations. Modeling studies of atmospheric chemistry 

should take into account not only heterogeneous uptake of ozone on mineral dust but also 

include the effect of irradiation and relative humidity to further improve prediction 

accuracy. 
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This study has also demonstrated that the application of a simple box kinetic 

model to the environmental aerosol chamber results allows us to differentiate 

heterogeneous chemistry from homogeneous chemistry and extract valuable kinetic 

information. Finally, it should be noted that the concentrations of ozone and oxide 

particles in the environmental aerosol chamber used in the current work are considerably 

greater than those typical of the ambient troposphere. Experiments performed under more 

atmospherically relevant conditions will be a desirable goal for future research in this 

area. 

 

4.7 Acknowledgements 

This material is based upon work supported by the National Science Foundation 

under Grant No. CHE095260. Any opinions, findings, and conclusions or 

recommendations expressed in this material are those of the authors and do not 

necessarily reflect the views of the National Science Foundation. I would like to 

acknowledge Dr. Mark A. Young who gave enormous help and suggestions on the work. 

I would also like to thank Dr. Charles O. Stanier who gave me valuable advice for 

building the KPP model. 

 



www.manaraa.com

 
 

 

1
0
8
 

Figure 4.6 A schematic showing the comparison of daytime and nighttime chemistry of ozone on various atmospherically relevant 
oxides. 
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CHAPTER 5 

CHARACTERIZATION OF ANTHROPOGENIC AEROSOLS AND IRON 

DISSOLUTION OF ANTHROPOGENIC AEROSOLS DURING SIMULATED 

ATMOSPHERIC PROCESSING 

5.1 Abstract 

Anthropogenic coal fly ash (FA) aerosols may represent a significant source of 

bioavailable iron in the open ocean. Few measurements have been made that compare the 

solubility of atmospheric iron from anthropogenic aerosols and other sources. This study 

reports an investigation of iron dissolution for three FA samples in acidic aqueous 

solutions and compare the solubilities with that of Arizona test dust (AZTD), a reference 

material for mineral dust. The effects of Fe speciation, pH, type of acid anion, simulated 

cloud processing, and solar radiation on iron solubility were explored. Similar to 

previously reported results on mineral dust, iron in aluminosilicate phases provides the 

predominant component of dissolved iron. Iron solubility of FA is substantially higher 

than of the crystalline minerals comprising AZTD. Simulated atmospheric processing 

elevates iron solubility due to significant changes in the morphology of aluminosilicate 

glass, a dominant material in FA particles. Iron is continuously released into the aqueous 

solution as FA particles break up into smaller fragments. Proton-promoted and ligand-

promoted dissolutions are two main mechanisms in mobilizing iron under the current 

experimental conditions. Oxalate can form bidentate ligand with Lewis acid iron center, 

and therefore displayed the highest rate of iron dissolution. Solar irradiation shows a 

considerable enhancement on iron dissolution. The assessment of dissolved atmospheric 

iron deposition fluxes and their effect on the biogeochemistry at the ocean surface should 

be constrained by the source, environmental pH, type of acid anion, iron speciation, and 

solar radiation.  
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5.2 Introduction 

Iron is an essential nutrient for marine organisms since it is required in various 

metabolic processes.
184-186

 Biological primary productivity is limited by iron 

bioavailability in extensive regions of the ocean referred to as high nutrient low 

chlorophyll (HNLC) regions.
187-189

 Mesoscale iron addition experiments from polar to 

tropical HNLC waters have demonstrated that iron enrichment leads to elevated 

phytoplankton biomass and rates of photosynthesis in surface water, eventually causing a 

potential feedback effect on the Earth’s climate.
63-67

  

It has been generally thought that soluble iron is mainly derived from the 

transport and deposition of mineral dust.
63, 68-71

 While soils have relatively low iron 

solubility, the high solubility of atmospheric iron observed in field studies has been 

explained by the atmospheric chemical processing of dust particles during long-range 

transport.
69, 72-79, 190

 Atmospheric chemical processing involves the reduction of Fe(III) to 

Fe(II), as well as the interaction with inorganic and organic acids, the exposure to 

sunlight, and cloud processing.
69, 72-79

 Iron speciation in aerosol source material also plays 

a crucial role in controlling the solubility of aerosol iron.
83, 109, 191-194

  

Recent evidence from field, modeling and laboratory studies, however, suggests 

that fly ash (FA) produced from fossil fuel combustion and biomass burning may also 

represent an important source of bioavailable iron.
70, 81-85, 193, 195-197

 The high correlation 

between soluble iron and combustion-derived black carbon observed at Cheju, Korea
85

 

strongly suggested the importance of anthropogenic combustion sources. Spectro-

microscopy analyses of individual particles collected at the Okinawa Island during an 

episode of a major outflow event from mainland China showed that the majority of the 

Fe-containing particles have the elemental signature of either biomass or coal 

combustion.
198

 A modeling study by Luo
81

 supported this hypothesis by predicting that 

combustion-derived aerosols supply a source of highly-soluble iron to the surface ocean. 

Although the source of bioavailable iron from combustion is not important globally 
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(<5%), combustion-derived aerosols could represent 50% of the total iron deposited in 

the ocean surrounding industrialized regions.
81

  

Despite increasing evidence suggesting the importance of anthropogenic 

combustion-derived iron, the contribution of bioavailable iron from combustion emission 

relative to mineral dust is poorly understood. This study focuses on anthropogenic 

aerosols, via a series of characterization techniques and dissolution experiments, to better 

understand the impact of anthropogenic dust on providing soluble iron for marine 

ecosystem. Standard reference material fly ash particles were selected as the model of 

anthropogenic aerosol. 

Typical environmental aerosols are diverse mixtures of different particles with a 

wide range of chemical composition, morphologies, sizes, as well as physical and 

chemical properties. Aerosols are additionally diverse in terms of their external mixing 

(ensembles of chemically different particles) and internal mixing (chemical heterogeneity 

within individual particles). Therefore, detailed multi-dimensional chemical 

characterization of particles during their lifetime in the environment is of critical 

importance for understanding their formation and reaction mechanisms, atmospheric 

history, evolution of their compositions and properties.
33

 

Therefore traditional particle characterization techniques, such as SEM/EDX, 

CCSEM/EDX, BET, TEM and XPS, were used to fully characterize the particles used in 

the current study. In addition, a cross-sectioning technique using a dual focused ion beam 

coupled with secondary electron microscopy (FIB/SEM) was applied to FA particles to 

probe the interior structure of FA particles. 

The microscopy technique is very powerful for particle characterization. Over the 

last decade, there has been a remarkable increase in developments and applications of 

novel microscopy and micro-spectroscopy techniques for chemical imaging analysis of 

environmental particles advancing fundamental understanding of particle interior and 

lateral chemical heterogeneity.
199-201

 The qualitative and quantitative data obtained in 



www.manaraa.com

112 
 

 

1
1
2
 

these studies are essential for evaluating hygroscopic and optical properties of particles, 

possible formation processes, atmospheric aging, and sources. Two requirements must be 

met for chemical imaging analysis: (i). the applied technique must have sufficient 

sensitivity to detect chemical differences on a nano scale, and (ii). either penetration 

volume of the probing technique must be controlled to interrogate particle interior, or it 

must include methods for controlled milling (depth profiling) of particle material. 

Capabilities of high resolution transmission electron microscopy (HRTEM) with coupled 

electron-beam based spectroscopy techniques, i.e. EELS – electron energy loss 

spectroscopy and mapping, EDX - energy dispersive X-rays spectroscopy, SAED - 

selected-area electron diffraction, as well as Z-contrast imaging, and ET – electron 

tomography, are commonly used for composition-specific chemical imaging, structural 

and elemental analysis of very small particles.
201

 Methods of the HRTEM analysis work 

best for particles smaller than 100 nm which are sufficiently transparent to the electron 

beam. Interior of particles as large as a few microns in size can be probed by soft X-rays 

in the synchrotron-based scanning transmission X-ray microscopes (STXM).
200

 HRTEM 

and STXM can probe sufficiently thin particles at lateral resolution of <1 nm and <50 

nm, respectively. Analysis of larger, “non-transparent” particles by the same techniques 

requires milling of particles down to the thicknesses accessible by the selected technique. 

A convenient approach for preparation of thin samples for microscopy studies is a 

focused ion beam (FIB) technique that employs site-specific sputtering (milling) of 

specimen by energetic metal ions.
202

 Advanced FIB instruments have an ion column 

interfaced with scanning electron microscope (SEM), energy dispersive microanalysis of 

X-rays (EDX), and mechanical accessories for nano-positioning and nano-manipulators 

assembled together into a multipurpose analytical platform called a dual-beam FIB/SEM. 

The FIB/SEM offers a distinct advantage in that it allows high-precision ion milling of 

specimen and revealing its interior structure that can be immediately imaged with nano-
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scale resolution of SEM and its elemental composition can be probed with EDX 

microanalysis. 

The dual beam FIB/SEM technique has been extensively used for broad 

applications in material science, including microscopic characterization of semi-

conductors, circuit diagnostics and failure analysis, microstructural analysis of thin films 

and coatings, and many others.
203

 However, applications of this technique in 

environmental sciences and particle analysis have been very limited so far and it’s utility 

and limitations are yet to be explored. Examples of recent environmental applications 

include: site-specific milling, sample extraction and imaging of internal inclusions in 

mineral samples;
204

 dissecting and interior analysis of pharmaceutical particles used for 

inhalation;
205

 cross-sectioning and interior analysis of selected dust and fly-ash particles 

collected from an ambient air.
206, 207

 The current study extends the application of 

FIB/SEM for systematic studies of internal composition of fly-ash particles with specific 

focus on the iron containing particles that may an important source of bioavailable iron in 

open ocean as discussed above. 

Iron mobilization of mineral dust in aqueous solutions acidified by typical 

atmospheric inorganic acids, such as H2SO4 and HNO3, has been extensively studied.
106, 

208, 209
 The effect of organic acids in iron dissolution, in addition, has not been assessed to 

any great extent. Indeed, a large number of organic acids such as acetic acid and oxalic 

acid have been identified in the atmosphere and in aerosol phase.
1, 210, 211

 These organic 

acids mainly originate from both anthropogenic and biogenic sources. Low-molecular 

weight organic acids have also been verified as the major products during photo-

degradation of various volatile organic compounds in the atmosphere.
1
 Studies of 

precipitation chemistry have shown that organic acids account for a large fraction, up to 

64%, of the total acidity in nonurban environments.
212

 Due to their polar nature, these 

organic acids preferentially transfer into the aerosol phase,
211

 potentially displaying 

different capacities in iron mobilization compared with inorganic acids. 
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Indeed, organic complexation has been suggested to play a role in promoting iron 

solubility from representative components of dust and authentic dusts.
196, 213-217

 Field 

measurements showed a positive correlation between soluble iron and oxalate in 

collected samples of air mass over the North Atlantic region.
78, 218, 219

 The positive 

correlation was probably due to the complexation of iron with oxalate, although the 

common origin of oxalate and aerosols of high soluble iron, like anthropogenic activities, 

may also play a role. A few laboratory experiments have suggested that organic acids 

have a great capacity in promoting iron dissolution from iron-containing minerals and 

authentic dusts.
196, 216, 217

 Soluble iron increased from 0.0025% to 0.26% of total iron 

when oxalate was present.
217

 A modeling study has also highlighted the role of organic 

acids in iron mobilization of atmospheric dust.
220

 In the presence of solar radiation, 

photoreduced dissolutions of iron may occur, leading to a further enhancement.
220

  

The overall objective of this study is to better understand the impact of 

anthropogenic dust on atmospheric iron cycling and marine ecosystems. Specifically, this 

study has examined the solubility of iron present in three types of coal fly ash (FA) 

particles and compared these results to Arizona test dust (AZTD), a commercially 

available reference material of mineral dust that has been previously characterized,
221

 to 

explore the contribution of bioavailable iron from combustion emissions relative to 

mineral dust. Based on aqueous dissolution studies complemented by particle 

characterization techniques, this study explored the physicochemical factors, including 

composition, pH, solar radiation, atmospheric processing, iron speciation, and 

mineralogy, that influence the process of iron dissolution. Since an earlier modeling 

study
75

 suggested that a deliquescent liquid layer with pH less than 2 can occur on 

particle surfaces, dissolution experiments were conducted to mimic aqueous 

environments at low pH associated with atmospheric aerosol under certain atmospheric 

conditions. This study also characterized individual particles of FA after processing for 

better understanding of how the simulated atmospheric processing modifies the 
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morphology, chemical compositions and element distributions of individual particles. 

These particle analysis data provide important insights on iron release behavior of fly ash 

particles during simulated atmospheric processing, and on the iron solubility trends of 

different particle source materials such as fly ash and mineral dust. Additionally, it is 

presented and discussed here an unconventional methodology of micro-positioning and 

cross sectioning of FA particles that utilizes their substantial electrostatic charges and 

tendency to form stable agglomerates of individual fly-ash spheres. 

 

5.3 Experimental Methods 

5.3.1 Reagents and Materials 

All solutions were prepared using 18 MΩ Milli-Q water. Dissolution studies were 

conducted in aqueous solutions of H2SO4 (Fisher Inc.), acetic acid (Fisher Inc.), and 

oxalic acid (Fisher Inc.). For dissolved iron analysis 1,10-phenanthroline (Aldrich Inc.), 

hydroxylamine hydrochloride (Sigma Aldrich Inc.), ammonium acetate buffer (Sigma 

Aldrich Inc.) and ammonium fluoride (Aldrich Inc.) were used. Working standard 

solutions were prepared by diluting the calibrated stock standard solutions of Fe(II), 

Fe(III) or oxalate. The mobile phase used during HPLC analysis was prepared from 

H2SO4 (Fisher Inc.). FA standard reference material (SRMs 2689, 2690, and 2691; 

National Institute of Standards & Technology), and Arizona fine test dust (ISO 12103-1 

A2 test dust; Power Technology Inc.) were used as received. 

 

5.3.2 Traditional Characterization Methods 

The morphology and composition of FA particles were examined using a Hitachi 

S-3400 N scanning electron microscopy (SEM) coupled with energy dispersive X-ray 

spectroscopy (EDX) system. SEM/EDX elemental maps were collected to examine the 

distribution of Fe in FA particles. Computer-controlled scanning electron microscopy 
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with energy dispersive X-ray analysis (CCSEM/EDX)
110

 was applied to FA and AZTD 

particles before and after dissolution experiments to examine the effect of simulated 

atmospheric processing on the morphology, chemical composition, and element 

distribution within individual particles. 

The surface composition of FA particles was measured using a custom-designed 

Kratos Axis Ultra X-ray photoelectron spectrometer with a monochromatic Al Ka X-ray 

source as previously described.
222

 Since the intense carbon signal in EDX spectra are 

partly due to carbon tape used for sample mounting and the difficulty in obtaining 

quantitative data for low Z-elements, both SEM/EDX and XPS data exclude carbon and 

oxygen contents from quantitative analysis. 

The iron content of AZTD was determined as described in previous study.
106

 

Surface area measurements for all samples used a seven-point N2-BET adsorption 

isotherm that was acquired with a Quantachrome Nova 1200 surface area analyzer. The 

samples were evacuated overnight prior to measurements. 
57

Fe Mössbauer spectra were 

collected as previously described.
106, 111

 Briefly, 
57

Fe Mössbauer spectra were collected 

on dry samples at T = 13 K, with an attempt made to randomly orient the powder prior to 

analysis. Spectral fitting was done using Recoil software (University of Ottawa; Ottawa, 

Canada) with Voigt-based modeling. Phase identification was done based on center shift, 

quadrupole splitting, hyperfine field values, and temperature-dependent magnetic 

ordering.  

 

5.3.3 FIB/SEM Analysis 

Particle samples for FIB/SEM analysis were prepared in the same manner for all 

tested particles. Dry particles were mechanically dispersed infront of the inlet of the 

Multi Orifice Uniform Deposition Impactor (MOUDI), model 110-R (MSP, Inc) and then 

were deposited onto TEM grids placed on the 5th stage (cut-off size, D50 = 1 m) of the 

impactor. 
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A dual-beam FIB/SEM FEI Quanta instrument was used in this work. The 

instrument is equipped with an EDX spectrometer with a Si(Li) detector with an active 

area of 10 mm
2
 and an ATW2 window. The instrument can be operated in computer-

controlled (CC) SEM mode, enabling automated measurements of size and elemental 

composition for large populations of individual particles. In CCSEM/EDX operation 

mode, selected sample areas are imaged and particle features in the images are 

recognized by an increase of the detector signal above a pre-set threshold level. Then, X-

ray spectra are acquired for all detected features. In this work, particles with an 

equivalent circle diameter within a range of 0.2-5 m were measured. A magnification of 

×2000-10000, a beam current of 400-600 pA, and an accelerating voltage of 20 kV were 

used, and X-ray spectra were acquired for 10 s. Additional details of the CCSEM/EDX 

analysis of particles can be found elsewhere.
110

 

A focused Ga-ion beam was used to cross-section agglomerates of individual 

particle lifted from the substrate using an AutoProbe
TM

 300 nanomanipulator 

(Omniproble Inc.), as will be discussed in the results and discussion section of this 

chapter. During cross-sectioning of particles the ion beam energy and current were set at 

30 kV and 3 nA, respectively, for initial milling, and then final cleaning was performed at 

1 nA beam current. Cross sectioned particles were imaged by SEM from normal direction 

to the cross section plane. Additional ion-beam induced SEM images were acquired from 

direction parallel to the cross-section, using non-destructive ion beam current of 0.5 pA. 

Elemental mapping of sectioned particles was performed at the standard positioning 

geometry of the EDX detector at the takeoff angle of 45° with respect to the cross-section 

plane, over the sample positioned at 10 mm working distance. 

 

5.3.4 Dissolution Measurements 

Dissolution measurements were carried out in a glass vessel containing an 

appropriate aqueous solution. Since minor variations in ionic strength did not 
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significantly influence the results of previous dissolution studies,
106

 the ionic strength for 

these measurements was not controlled. All solutions were stirred under oxygen exposure 

and kept at 298 K using a water jacket integrated into the vessel. The solid loading was 2 

g L
-1

. Experiments were conducted in triplicate and results represent the average and 

standard deviation of three measurements. After addition of the particles into the solution, 

aliquots of suspension were periodically withdrawn for analyses of both dissolved Fe(II) 

and total dissolved Fe. The analysis method to determine iron concentrations is described 

in Chapter 2.  

 

5.3.5 Simulated Cloud Processing with and without Solar Radiation 

Cloud processing involves radical fluctuations in pH and has been suggested to 

increase the solubility of iron.
74, 77, 79, 107-109, 223

 To determine the effect of varying pH 

cycles on iron solubility, solutions were cycled between highly and slightly acid 

conditions over periods of 24 hours in separate experiments to simulate cloud processing. 

Specifically, Milli-Q water was used instead of acidic media for simulated cloud 

processing experiments. After approximately 24 hours of dissolution the suspension was 

acidified with concentrated H2SO4 to pH ≈ 2, a pH value the deliquescent layer on the 

aerosol particle could have.
75

 The system was allowed for dissolution for a further 24 

hours before being restored to pH ≈ 5 with concentrated NH4OH. The varying pH cycles 

were repeated up to three times. Sufficient aliquot amounts was periodically withdrawn 

for measurements of both Fe(II) and total dissolved Fe during the course of the 

experiment. To explore the effect of solar radiation during simulated cloud processing, a 

solar simulator with a 150 W xenon lamp (Oriel Corp.) was mounted on the top of the 

vessel to allow irradiated experiments. The sun-like spectrum provided by the xenon 

lamp ranges from 250 and 2400 nm, with maximum radiation in the region of 750 and 

1000 nm. The vessel has a 5 mm thick quartz window mounted on top to allow 
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transmission of light. For reference, dissolution experiments under dark conditions were 

conducted with the vessel wrapped in aluminum foil. 

 

5.4 Results and Discussions 

5.4.1 Characteristics of Fly Ash and Arizona Test Dust 

Measured specific surface areas of FA particles are tabulated in Table 5.1 as well 

as the total Fe content certified by NIST. The specific surface areas of three FA samples 

fall within the range of 0.8 to 3.8 m
2
 g

-1
, and the total Fe contents range from 4.42 to 9.32 

wt %. FA 2689 exhibited the highest total Fe content (9.32 ± 0.06 wt %) but had the 

smallest surface area (0.8 ± 0.1 m
2
 g

-1
). FA 2690 had the highest specific surface area 

(3.8 ± 0.1 m
2
 g

-1
), but the lowest content of Fe (3.57 ± 0.06 wt %). The surface area and 

Fe content of AZTD were determined to be 4.2 ± 1.0 m
2
 g

-1
, and 1.98 ± 0.08 wt %, 

respectively. 

The characteristic morphologies of FA particles are mainly spherical with smaller 

particles typically attached to larger ones, as demonstrated in the representative SEM 

image of FA particles shown in Figure 5.1. The particles ranged from less than 1 µm in 

size to greater than 50 µm, with the majority of the particles in the range of 1 to 10 µm. 

Agglomerated and irregularly shaped particles were also observed. Elemental maps show 

that Si and Al are relatively evenly distributed among the FA particles. In contrast, the 

uneven distribution of Fe is observed for all FA samples. Some particles were entirely 

free of Fe, whereas others exhibited elevated Fe content in localized regions or 

throughout the particle. 

The bulk average composition of an ensemble of particles, determined by 

SEM/EDX is significantly different from that of the surface composition determined by 

XPS, as shown in Table 5.1. While Si, Al, Ca, Fe, Mg, and Na represented the majo r 

  



www.manaraa.com

 
 

 

1
2
0
 

Table 5.1 Physical Properties and Elemental Analysis of Fly Ash Particles Including FA 2689, 2690, and 2691 

 S.A.a %Feb  Si Al Fe Mg Na Ca K Ti S P F 

FA 

2689 

0.8 

± 

0.1 

9.32 

± 

0.06 

XPSc 43.8 ± 1.5 19.7 ± 0.5 8.7 ± 0.8 2.5 ± 0.8 1.5 ± 0.6 6.0 ± 0.1 1.9 ± 1.0 n.d.f 15.9 ± 0.2 n.d. n.d. 

EDXd 44.6 ± 4.0 30.9 ± 3.0 6.9 ± 1.1 2.0 ± 0.5 1.0 ± 0.3 5.8 ± 3.1 5.4 ± 2.1 1.4 ± 0.5 1.5 ± 1.0 0.5 ± 0.3 n.d. 

Ratioe 1.0 ± 0.1 0.6 ± 0.1 1.3 ± 0.2 1.3 ± 0.5 1.5 ± 0.8 1.0 ± 0.6 0.4 ± 0.2 - 10.6 ± 7.1 - - 

FA 

2690 

3.8 

± 

0.1 

3.57 

± 

0.06 

XPS 34.2 ± 1.0 18.7 ± 0.3 7.3 ± 0.4 16.4 ± 0.4 3.8 ± 0.1 8.1 ± 0.1 2.0 ± 1.0 n.d. 7.2 ± 0.5 2.3 ± 0.2 n.d. 

EDX 47.2 ± 5.8 29.1 ± 2.1 5.4 ± 1.0 3.0 ± 0.7 0.5 ± 0.3 9.1± 4.4 2.7 ± 0.6 1.7 ± 1.0 0.4 ± 0.2 1.0 ± 0.5 n.d. 

Ratio 0.7 ± 0.1 0.6 ± 0.1 1.4 ± 0.3 5.5 ± 1.3 7.6 ± 4.6 0.9 ± 0.4 0.7 ± 0.4 - 18.0 ± 9.1 2.3 ± 1.2 - 

FA 

2691 

2.2 

± 

0.1 

4.42 

± 

0.03 

XPS 19.6 ± 0.2 8.3 ± 0.8 3.7 ± 0.8 9.2 ± 0.4 8.8 ± 1.0 23.2 ± 0.1 3.7 ± 1.1 n.d. 14.5 ± 0.2 4.7 ± 0.2 4.3 ± 0.2 

EDX 27.9 ± 10.1 18.7 ± 7.3 6.0 ± 1.1 5.4 ± 2.4 2.5 ± 1.0 32.0 ± 9.4 1.8 ± 1.0 2.8 ± 0.9 2.7 ± 0.9 1.9 ± 0.8 n.d. 

Ratio 0.7 ± 0.3 0.4 ± 0.2 0.6 ± 0.2 1.7 ± 0.8 3.5 ± 1.5 0.7 ± 0.2 2.1 ± 1.3 - 5.4 ± 1.8 2.5 ± 1.1 - 
a Surface area in m2 g-1; 

b Total iron content in wt %; 

c Surface composition as determined by XPS; 

d Composition as determined by EDX; 

e High ratio of XPS/EDX indicates enrichment of element on the surface, while low ratio (<1) of XPS/EDX indicate enrichment of element in the inner core; 

f n.d. = not detected. 
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Figure 5.1 Representative secondary electron images and corresponding Al, Si, and Fe elemental maps obtained from SEM/EDX 
analyses of (a) fly ash SRM 2689, (b) fly ash SRM 2690, and (c) fly ash SRM 2691. The fly ash particles are mainly 
spherical with a heterogeneous distribution of iron. 
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elements for all samples, trace elements such as fluorine were also identified. Sulfur was 

present mainly on the surface for all FA samples. Phosphorus enrichment was found on 

the surface of FA 2690 and 2691. The distribution of other elements varied for the 

different samples. For example, iron in FA 2689 and 2690 is found to be enriched on the 

surface, but for FA 2691, iron on the surface is depleted with respect to the bulk. It is 

noteworthy that most FA particles are alkaline due to the presence of CaO and MgO. In 

agreement with the independent EDX characterization results discussed above, FA 2689 

and 2691 are in fact low-calcium, American Society for Testing and Materials (ASTM) 

Class F FA particles, as certified by NIST. FA 2691 is an ASTM Class C FA with higher 

calcium content. The buffer capacity is likely to affect the dissolution behavior of iron 

from FA particles, as discussed in detail here. 

Most interestingly, from the perspective of this study, is the observation of dark 

spherical FA particles that are seen to have bright aggregates attached to the surface as in 

SEM images. “Spot mode” EDX analyses showed that the bright aggregates on the 

surface contained significant higher content of Fe compared with the dark matrix material 

(data not shown). Similar Fe enrichment on the surface of FA particles was observed in 

previous work.
224, 225

 It was proposed that the Fe-enriched aggregates were mainly 

composed with iron (oxyhydr)oxide, while iron in the matrix of FA particles was mainly 

in an aluminosilicate form.
224-226

  

Mössbauer spectra collected at 13 K (Figure 5.2) provide information regarding 

the speciation of iron in FA particles. All spectra contain multiple ferric iron sextets 

(label (a) in Figure 5.2), revealing the presence of iron (oxyhydr)oxide phases such as 

hematite, goethite, ferrihydrite, and magnetite. Mössbauer spectra for three FA samples 

also show the Fe(III) doublet (label (b) in Figure 5.2) attributed to Fe(III) in an 

aluminosilicate phase based on the lack of magnetic ordering and the chemical shift (CS) 

and quadrupole splitting (QS) values.
227, 228

 Since the three FA standard reference   
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Figure 5.2 Mössbauer spectra of fly ash particles SRMs 2689, 2690, and 2691collected at 
13 K. Each spectrum has been least-squares fitted to a model based on three 
distinct iron-bearing components, including Fe(III) in oxides (a), and Fe(III) 
(b) and Fe(II) (c) in aluminosilicate glass, respectively, as indicated by the line 
diagrams above the spectra. 
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Figure 5.3  Fitting results of Mössbauer spectra of fly ash SRMs 2689, 2690, and 
2691.(a) the fitting Mössbauer spectra; (b) the partitioning of iron 
speciation. 
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materials were previously characterized to be mainly glass, with much less amounts of 

quartz, hematite/magnetite and mullite,
229

 here it is attributed the Fe(III) doublet to 

Fe(III) in aluminosilicate-glass phase. Similarly, Mössbauer spectra showed the Fe(II) 

doublet (label (c) in Figure 5.2) for FA 2689 and 2690, indicating the presence of Fe(II) 

in aluminosilicate glass. The partitioning of iron determined by spectral fitting varied 

among different FA particles as shown in Figure 5.3a. The fitting results are shown in 

Figure 5.3b displaying the percentages of different iron speciations for each FA sample. 

Iron in FA 2689 is mainly present as iron oxides, with a percentage of 63%, with less 

amounts of Fe(II) (16%) and Fe(III) (20%) in aluminosilicate glasses. FA 2690 contained 

17% of Fe(II) and 38% of Fe(III) in aluminosilicate glasses, and 45% of Fe in oxides. FA 

2691 contained 41% of Fe(III) but no Fe(II) in aluminosilicate glasses with the remaining 

iron (59%) as Fe(III) in oxides. 

CCSEM/EDX analysis of individual particles also shows uneven distribution of 

Fe in FA 2689. Figure 5.4a shows the relative atomic ratios of Fe-Si-Al and Fe-Si-O 

elements in individual FA 2689 plotted in ternary diagrams. Each point illustrates the 

relative Fe-Al-Si and Fe-Si-O ratios determined for a single particle, and all particles 

were sorted into three groups according to size. The presence of aluminosilicates in FA 

2689 particles is inferred from the ternary diagrams. Typical aluminosilicates come in 

compositional units of the following stoichiometry: [AlSiO4]
-
, [AlSi2O6]

-
, [AlSi4O10]

-
, 

[Al2Si2O8]
2-

, and [Al2Si3O10]
2-

.
230

 This leads to a range of 1 < Si/Al < 4 characteristic for 

aluminosilicates. A majority of the FA particles fall within this range. Particles with very 

high relative Fe content (>90%) and minimal Si and Al (<10%) were also observed. 

These data likely pertain to particles with Fe dominant in other forms, such as 

(oxyhydro)oxides (e.g., goethite, hematite or magnetite).  

Ternary diagram of Fe-Si-O elements for FA 2689 particles in Figure 5.4a further 

confirms the unevenly distributions of Fe and Si. A large portion of the particles 
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Figure 5.4 Ternary diagrams indicating the relative amounts of Fe-Si-Al and Fe-Si-O 
obtained by CCSEM/EDX analysis in (a) fresh fly ash SRM 2689 particles, 
and (b) processed fly ash SRM 2689 particles after dissolution in pH 2 H2SO4 
for 50 hours. 
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Figure 5.5 Ternary diagrams indicating the relative amounts of Fe-Si-Al and Fe-Si-O 
obtained by CCSEM/EDX analysis in (a) fresh Arizona test dust particles, and 
(b) processed Arizona test dust particles after dissolution in pH 2 H2SO4 for 
50 hours. 
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exhibited high contents of Fe or Si with less content of O. Some particles contained high 

content of O indicating the presence of other metal particles within individual particles. 

More interestingly, particles with size smaller than 1 μm mostly exhibited high Si 

contents with low Fe contents. In contrast, particles with size larger than 1 μm contained 

relatively high contents of Fe. 

In order to compare the compositional difference between FA and AZTD, 

CCSEM/EDX analysis was also performed for AZTD particles. The obtained results are 

plotted in ternary diagram in Figure 5.5a. Compared with FA 2689 (Figure 5.4a), which 

contains considerable particles with size >2 μm, AZTD particles have relatively smaller 

sizes. Most of AZTD particles are less than 1 μm in size. Although AZTD particles also 

mostly fall within the aluminosilicate regions, AZTD particles have relatively higher Si 

contents and lower Fe contents compared with FA 2689. Ternary diagram of Fe-Si-O 

elements for AZTD particles in Figure 5.5a indicates that the oxidation state of Fe-

containing and Si-containing particles is relative stable. AZTD particles have relatively 

higher contents of O compared with FA 2689 in Figure 5.4a, which is in consistent with 

the AZTD as a highly weathered soil. 

Although both FA and AZTD contain significant aluminosillicates, FA particles 

are dominantly Si-Al-Fe-Ca-K glassy spheres formed via high-temperature combustion 

followed by a fast cooling process.
229, 231, 232

 AZTD and authentic dusts contain mainly 

aluminosilicate clay mineral,
106

 which is more crystalline compared with aluminosilicate 

glass. The difference in chemical structure plays an important role in controlling the 

dissolution behavior of the particles, as discussed in detail below. 

 

5.4.2 Interior Structure of Fly Ash SRM 2689 Particles 

FIB/SEM studies were then applied to fresh FA particles to explore the particle 

interior. Consecutive SEM images illustrating the preparation process of cross-section FA 

particles are shown in Figure 5.6. The tungsten probe tip was firstly cut into scoop shape 
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with focused ion beam to facilitate lifting as shown in Figure 5.6a. Using the SE imaging 

normal to the grid, an agglomerate of FA particles deposited on the TEM grid was 

identified and selected for cross-sectioning. The scoop-shaped probe tip was then 

carefully operated to lift up the agglomerate (Figure 5.6b). Due to the attractive 

electrostatical effect of spherical FA particles, the agglomerate remained stable on the 

probe tip during the tip motion and FIB milling. Using the ion-beam induced SEM 

imaging that was acquired from direction parallel to the tip’s cross section, focused Ion 

beam in a rectangular pattern was applied to the agglomerate for cross sectioning. It is 

noteworthy that the agglomerate would move or even fly off during the milling process, 

depending on the charge the agglomerate carried on. The probe tip can be rotated to an 

optimal degree for elemental mapping if the agglomerate stays on the tip. Otherwise, the 

lift-out process will be repeated. The side-view and top-view SEM images of the resultant 

cross-section particle cluster are shown in Figure 5.6c and Figure 5.6d, respectively. The 

edges of cross sections in the top view image (Figure 5.6d) are highlighted with open red 

circles for clarification. Some FA particles were cut in half, showing their cross sections, 

while others were left untreated. 

Cross-sectioning of FA particles - Case I. The elemental maps of the cross-section 

particle agglomerate were collected overnight, and the results of elemental maps are 

shown in Figure 5.7. Most of the interested elements, including Si, Al, Fe, Ca, Mg, K, 

Na, C, P and S, were unevenly distributed among different FA particles. For example, 

silicon in one particle significantly enriched with less other metal elements present, 

indicating that it was mainly composed of silicon dioxide. The uneven distribution of iron 

was also found. Some particles contained significant higher contents of iron, while others 

showed moderate iron abundances. For individual particles, it can be clearly seen that C, 

P and S enriched on the surface. One particle in the agglomerate contained more Na in 

the inner core, while some particles exhibited the enrichment of Na on the surface. 
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Figure 5.6 Preparation of a cross-section FA particles, (a) lift-out of particles from 
substrate; (b) a high-magnification view of a cluster of fly-ash particles 
electrostatically attached to the probe tip.  
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Figure 5.7 Elemental maps obtained from EDX analysis of the cross-section fly ash 
particles in Figure 5.6. 
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More interestingly, the un-sectioned particles in Figure 5.7 contained higher 

abundance of Fe compared with the ones sectioned by ion beam. One possible 

explanation is the enrichment of iron on the particle surface, which is consistent with the 

“spot mode” EDX analyses discussed above. The surface enrichment of iron will be 

further verified by other cases of FA cross-sectioning as discussed in detail below. 

Cross-sectioning of FA particles - Case II. Shown in Figure 5.8 is another case of 

FA cross-sectioning. Three FA particles in the particle agglomerate had been cross 

sectioned as the edges of cross sectioned particles are highlighted with open red circles as 

shown in Figure 5.8b. Similarly, the uneven distribution of the interested elements, 

including Si, Al, Fe, Ca, Mg, K, Na, C, S and P, was observed. The contents of oxygen 

among different FA particles, however, are relative invariable. A small uncross sectioned 

FA particles contained significantly high content of Si with less other metal elements, and 

is attributed to silicon dioxide particles. The largest particle in Figure 5.8, though 

partially shadowed by the probe tip, contained significant higher content of Fe compared 

with other particles in the same agglomerate. 

In order to closely explore the element distribution in individual particles, the 

particle cluster showed in Figure 5.8 was cut with Ga-ion beam at a lower level to make 

both of the cross section and the surface of the largest particle exposed in the top-view 

SEM image. Although a portion of the particle was still shadowed by the probe tip as 

shown in Figure 5.9, enrichment of Fe on the surface was evident. Both the “spot mode” 

EDX analysis as well as cross-sectioning and elemental mapping of FA particles 

supported that dark spherical FA particles commonly coated with bright fragments.
209

 

These Fe-enriched fragments were mainly composed with iron (oxyhydr)oxide, while Fe 

in the inner core of FA particles was mainly in aluminosilicate form. 
224, 225

 It is 

noteworthy that it was not observe surface enrichment of Fe from elemental maps of 

cross-section particles due to the thin and unevenly coating iron-rich fragments on the FA 

spheres.  
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Figure 5.8 Side-view (a) and top-view (b) secondary electron images of fly ash particles 
cut by a 30-kV Ga focused ion beam across selected boundary. The cross 
sections are highlighted with open red circles in the top-view image. (c) 
Elemental maps obtained from EDX analysis of the cross-section fly ash 
particles in (b). 
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Figure 5.9 Side-view (a) and top-view (b) secondary electron images of fly ash particles 
cut by a 30-kV Ga focused ion beam across selected boundary. The cross 
sections are highlighted with open red circles in the top-view image. (c) 
Elemental maps obtained from EDX analysis of the cross-section fly ash 
particles in (b). 
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Cross-sectioning of FA particles - Case III. In another case of cross-sectioning of 

FA shown in Figure 5.10 an ellipse shaped particle contained significant higher Fe 

content, with less Al, Si and other metal elements present, indicating the presence of iron 

(oxyhydr)oxide in FA.  

Cross-sectioning of FA particles - Case IV. Another case of cross-sectioning of 

FA is shown in Figure 5.11, in which only one particle was lift up and cut with Ga-ion 

beam. The particles displayed significant uneven distribution of elements, including Si, 

Al, K and Fe, within one single particle. 

The characterization results suggest the inhomogeneity of FA particles, which 

reflects the complicated processes for FA formation. During high temperature 

combustion, the clay, carbonate, and sulfide minerals as well as other minor minerals are 

melted together with the formation of oxide phases.
233

 When aluminosilicate glassy 

spheres are produced in the subsequent fast cooling process, iron may segregate and 

crystallize to form hematite and magnetite, which may then be present in, or condense on 

the surface of the FA particles. In some cases iron spinels form and make up an entire 

particle as evidence in Figure 5.11. Other minor elements, such as Ca, K, S and Zn, or 

their compounds can absorb, condense, or react onto the aluminosilicate FA particles,
233

 

resulting in the observed inhomogeneous distributions and surface enrichment of some 

elements. As shown in the dissolution experiment below, the particle chemical 

inhomogeneity is a critical factor controlling iron dissolution in these samples. 

 

5.4.3 Comparing Iron Dissolution between FA and AZTD at Low pH 

The kinetics of FA 2689 and AZTD dissolution in pH 1 and pH 2 H2SO4 are 

plotted in Figure 5.12. The dissolved Fe species, including Fe(II), Fe(III) and total 

dissolved Fe increased with time in both experiments, indicating that a great fraction of 

iron in FA and AZTD particles is soluble and bioavailable under these experimental  
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Figure 5.10 Secondary electron images and elemental maps of fly ash particles cut by a 
30-kV Ga focused ion beam across selected boundary. Elemental maps were 
obtained from EDX analysis of the cross-section fly ash particles. 
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Figure 5.11 Secondary electron images and elemental maps of fly ash particles cut by a 30-kV Ga focused ion beam across selected 
boundary. Elemental maps were obtained from EDX analysis of the cross-section fly ash particles. 
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Figure 5.12 Dissolution of fly ash SRM 2689 and Arizona test dust in pH 1 and pH 2 
H2SO4 over time. Calculated solubilities are shown for (a) dissolved Fe(II), 
(b) dissolved Fe(III), (c) total dissolved iron, and (d) the fraction of total 
dissolved Fe present as Fe(II) for each sample. Reactors contained a solids 
loading of 2 g L

-1
. When present, uncertainties represent one standard 

deviation from triplicate experiments. 
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conditions. The FA samples released considerably higher dissolved Fe per unit mass of 

particles compared with AZTD. The yield of Fe per unit mass for FA 2689 was 2 and 7 

times greater than that of AZTD at pH 1 and pH 2, respectively, after 50 hours of 

dissolution in acidic media. The generation of soluble Fe species from AZTD was 

greatest initially (t < 10 h), followed by a more gradual, yet steady, rate of change over 

longer time intervals. The initial rapid release of Fe from AZTD was likely linked to the 

highly soluble Fe in AZTD particles. As this portion of Fe dissolved, Fe dissolution 

proceeded at a much lower rate. In contrast, Fe species in FA continually dissolved into 

the solutions in relative constant rates without any plateau being reached on the timescale 

of measurements in this study. In addition, the Fe solubility of FA was less pH dependent 

compared with AZTD. Increasing pH from 1 to 2 resulted in a 50 ± 10 % decrease in 

total dissolved Fe (Fes) concentration for AZTD, whereas total dissolved Fe 

concentration for FA only decreased by 10 ± 3 %. In accord with previous studies on 

dissolution of dust materials,
77, 234, 235

 proton-promoted dissolution is one of the primary 

routes for soluble iron production at low pH. At low pH, abundant protons attack iron 

oxides and even some aluminosilicate minerals to destabilize the Fe-O bond, leading to 

the release of Fe ions into the aqueous phase.
77, 106, 235

 

Figure 5.12d displays the comparison of fractional Fe(II) (Fe(II)/Fes) between 

AZTD and FA 2689 as a function of time. The ratio of Fe(II)/Fes increased with 

increasing pH in both experiments. Such changes in dissolved Fe speciation are due to 

the greater solubility of Fe(II) relative to Fe(III) in solution. Based on the reported 

solubility products for ferrous and ferric hydroxide, the maximum dissolved 

concentration of Fe(II) at pH 2 is orders of magnitude greater than that of Fe(III).
236

 

The Fe(II) to total Fe ratio remained relatively stable for AZTD during the course 

of the dissolution measurement, especially when dissolved in pH 1 solution, indicating 

that likely ferrous and ferric iron distribute evenly among AZTD particles. The slight 
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Figure 5.13 Representative secondary electron images of (a) fresh fly ash SRM 2689, and 
(b) processed fly ash SRM 2689 after dissolution in pH 2 H2SO4 for 50 hours. 
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Figure 5.14 Representative secondary electron images of (a) fresh Arizona test dust, and 
(b) processed Arizona test dust after dissolution in pH 2 H2SO4 for 50 hours. 
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increase of Fe(II)/Fes for AZTD at pH 2 can be explained by the differences in the 

relative rate and extent of dissolution of the various Fe(II)- and Fe(III)-containing species 

in AZTD particles.
106

 In contrast, the ratio of Fe(II)/Fes for FA 2689 shows more 

significant increase over time in both pH 1 and pH 2 solutions. 

 

5.4.4 Morphology and Chemical Composition Change of Fly Ash and Arizona Test 

Dust during Simulated Atmospheric Processing 

FA particles underwent significant morphology changes in the dissolution process 

as seen in SEM images shown in Figure 5.13. Compared with fresh FA particles as 

shown in Figure 5.13a, these processed FA particles collected after dissolution at pH 2 

for 50 hours, as shown in Figure 5.13b, were found to produce smaller flaky precipitates 

with irregular shaped morphology as particles disintegrate. As discussed earlier, fresh FA 

spheres were attached with iron oxide aggregates, which first released from solid phase in 

the initial dissolution process. Ferrous iron in aluminosilicate glass was mainly present in 

the matrix of FA particles. As FA particles dissolve and break up into smaller fragments 

more ferrous iron comes in contact with the low pH solution and therefore can be 

released into the aqueous phase, displaying a progressive increase of Fe(II)/Fes as shown 

in Figure 5.12b. The disintegration of FA particles into smaller fragments also leads to a 

continuous and less pH-dependent release of iron compared with AZTD as shown in 

Figure 4a. 

SEM images for fresh and processed AZTD particles were also collected as 

shown in Figure 5.14a and Figure 5.14b, respectively. Unlike FA particles, fresh AZTD 

particles exhibit irregular shape and a wide size distribution. In addition, the morphology 

of AZTD particles shows no significant change after simulated atmospheric processing. 

The relative atomic ratios of Fe-Si-Al and Fe-Si-O elements in individual FA 

2689 and AZTD particles after simulated atmospheric processing were also obtained by 
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Figure 5.15 Elemental maps of processed fly ash SRM 2689 particles after dissolution in 
pH 2 H2SO4 for 50 hours. The Fe-rich and Si-rich particles are clearly 
distinguished, further verifying the enrichment of Fe or Si in individual 
particles. 
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Figure 5.16 Elemental maps of processed fly ash SRM 2689 particles after dissolution in 
pH 2 H2SO4 for 50 hours. The Fe-rich and Si-rich particles are clearly 
distinguished, further verifying the enrichment of Fe or Si in individual 
particles. 
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Figure 5.17 Elemental maps of processed fly ash SRM 2689 particles after dissolution in 
pH 2 H2SO4 for 50 hours.  
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CCSEM/EDX analysis and the results are plotted in Figure 5.4b and Figure 5.5b 

respectively. Compared with fresh FA particles, FA particles underwent simulated 

atmospheric processing in pH 2 H2SO4 solution for 50 hours were disintegrated into 

smaller fragments. A major of processed FA particles has size less than 1 μm. The 

disintegration of FA particles during simulated atmospheric processing is in good 

agreement with what is suggested from the SEM images of processed FA in Figure 5.13.  

More interestingly, processed FA particles mostly had either high Fe or high Si 

contents, with fewer particles in the aluminosilicate region. The relative atomic ratios of 

Fe-Si-O elements for processed FA particles in Figure 5.4b indicate that both the Fe/O 

and Si/O ratios of processed FA particles are less variable compared with fresh ones. The 

Fe and Si containing species at low oxidation state, like Fe(II), either dissolved into the 

aqueous phase or transformed into species at high oxidation state. The residual particles 

are mainly composed of SiO2, Fe2O3 or their mixture. 

Elemental maps of processed FA 2689 particles are shown in Figure 5.15-5.17 for 

further verification of Fe or Si enrichments. The Fe-rich and Si-rich particles are clearly 

distinguishable from these elemental maps. Elemental maps of process FA particles 

shown in Figure 5.16 exhibit slightly correlations between Fe and sulfur/phosphorus, 

indicating the formation of Fe-sulfates/phosphates during simulated atmospheric 

processing. Processed FA particles that remained relative spherical were also selected for 

elemental mapping as shown in Figure 5.17. FA particles that showed no significant 

disintegration were mainly composed of aluminosilicate, with barely iron presents within 

the particles. 

These data suggest that Fe-rich aggregates on the fresh FA surface tended to split 

off from the original FA spheres and that processed FA particles disintegrate during 

dissolution. Iron in the aluminosilicate-glass phases was present in the matrix of FA 

spheres, and kept dissolving into the solution. Meanwhile, given that chemical bonds in 
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Figure 5.18 Elemental maps of fresh Arizona test dust particles. 
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Figure 5.19 Elemental maps of processed Arizona test dust particles after dissolution in 
pH 2 H2SO4 for 50 hours. 
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aluminosilicate glass are weak and, thus, can easily be attacked and destabilized by 

protons, the mobilization of Al, K, and Na occur along with the disintegration of FA 

particles. Individual particle analyses by CCSEM/EDX, therefore, showed the enrichment 

of Fe or Si in individual particles. A portion of Si-rich particles were attributed to water-

insoluble quartz present in fresh FA particles. Processed particles with moderate Si and 

Al contents were due to water-insoluble mullite or other aluminosilicate minerals present 

in fresh FA particles. Those aluminosilicate minerals are well crystalline and insoluble so 

that stay relative stable during simulated atmospheric processing. Therefore it was 

observed a small portion of spherical FA particles after simulated atmospheric processing 

as shown in Figure 5.17. Given that FA samples contain significant sulfur and 

phosphorus, and sulfuric acid was used as the acid media for iron dissolution, formation 

of Fe-sulfate/phosphates, and even other metal-sulfate/phosphate are plausible. 

Unlike FA 2689, processed AZTD particles did not display significant change in 

the size distribution as shown the triplot diagram (Figure 5.5). Neither did AZTD show 

significant mobilization of aluminum. Aluminosilicate minerals, a major component of 

AZTD, is highly crystalline and more stable compared to aluminosilicate glass in FA. 

Disintegration and mobilization of AZTD occurs less readily than FA. Although a large 

portion of processed AZTD particles still lies in the marked aluminosilicate region, the 

relative atomic concentrations of Fe moderately decreased. Iron in aluminosilicate glass 

is more soluble and, thus, has a higher tendency to be mobilized in simulated atmospheric 

processing.
106, 192

 Elemental maps of fresh and processed AZTD are shown in Figure 5.18 

and Figure 5.19 respectively. The distribution of Si is relative evenly in AZTD particles. 

In contrast, the distribution of other metal, especially Al and Fe is variable among 

different AZTD particles. Unlike FA particles, the elemental distributions between fresh 

and processed AZTD particles exhibit no significant difference, further supporting the 

relative stability of well crystalline AZTD. The data presented here implies that the 
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heterogeneity and glassy nature of FA particles are critical and unique factors controlling 

its iron dissolution behavior. 

In previous studies from our laboratory, iron dissolution from a variety of mineral 

dust source materials,
106

 including Saudi beach sand, Inland Saudi sand, Saharan sand, 

and China loess, was investigated. A comparison with the current study shows that the 

iron solubility of FA is higher than the iron solubility of authentic mineral dusts. The 

soluble Fe(II) released from FA is also higher compared with mineral dusts, especially 

Saharan sand and Inland Saudi sand.  

Schroth
83

 reported that iron solubility of FA formed in oil combustion, in which 

iron is mainly present as ferric sulfate salt, is approximately 77-81%,which is higher than 

the solubility of coal FA obtained in this study (20-25%). The physicochemical properties 

are different between oil FA and coal FA. Coal FA has a crustal-like composition with a 

great amount of aluminosilicate glass,
237

 whereas oil FA tends to be small, vesicular, 

carbon-rich spheres with high porous surface.
238

 The matrix of amorphous carbonaceous 

material with high surface area to volume ratio makes iron in oil FA potentially more 

water soluble.  

 

5.4.5 Simulated Cloud Processing of Iron Dissolution in FA 

Simulated cloud processing experiments also were conducted for FA 2689 to 

investigate the role of cloud processing in mobilizing iron, as shown in Figure 5.20. With 

the addition of FA to water, a rapid increase of approximately 3 pH units was observed 

due to alkaline components (e.g. CaO and MgO) in FA particles. The suspension of FA 

was acidified to pH ≈ 2 after 24-hour dissolution, leading to a rapid release of dissolved 

iron. Increasing pH from 2 to 5 after a further 24-hour period resulted in rapid and almost 

complete removal of dissolved Fe(III) (Figure 5.20d). The rapid response of dissolved 

iron to a change in pH indicates that iron dissolution under pH cycling is reversible. The  
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Figure 5.20 Dissolution of iron over time in simulated cloud processing of fly ash SRM 2689 particles: (a) the imposed pH cycle, (b) 
the corresponding total Fe solubility, (c) the fraction of total dissolved Fe present as Fe(II), and (d) the dissolved Fe(II) and 
Fe(III). 
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dissolution and precipitation of Fe(III) is directly driven by acid and circumneutral pH, 

respectively. 

Unlike Fe(III), changing pH had a lesser effect on the dissolved Fe(II). The 

dissolved Fe(II) exhibited only a slight decrease under circumneutral conditions, resulting 

in dissolved iron mainly present as Fe(II) at pH ≈ 5. Under circumneutral conditions the 

slight decrease of Fe(II) was due to oxidation by O2 to form Fe(III), which subsequently 

precipitated into the solid phase.
188, 239, 240

 

The total Fe solubility increased with pH cycling: it is approximately 21% after 

three pH cycles, as compared to 8% after the first 24-hour low pH period. The 

concentration of dissolved Fe after each rapid release at pH 2 was even higher than the 

concentration before the solution being neutralized to pH 5, indicating that disintegration 

of FA particles occurred in both acid and circumneutral conditions. Disintegration of FA 

particles under circumneutral conditions produced highly dispersed Fe-bearing particles 

exposed to the aqueous phase, enhancing the availability of Fe-bearing species being 

attacked by protons. The results presented here indicate that cloud processing does play 

an important role in mobilizing iron from FA. 

Spokes et al.
77

 have investigated the dissolution of iron from field collected 

Saharan and urban aerosols under simulated cloud processing. Although they used HNO3 

rather than H2SO4 for acidification and the mass loading of particles was much lower 

compared with the current study, it is still informative to make a comparison. The Fe 

solubilities from Saharan and urban aerosols after three pH cycles were around 5% and 

12%, respectively, which were much lower than the solubility of Fe from FA reported 

here. The pH cycling had a lesser effect (~1% increase) on the iron solubilities of Saharan 

and urban aerosols compared with FA. Desboeufs et al.
241

 also reported that increasing 

the number of cloud processing cycles has negligible effect on the iron solubility profile 

of Saharan aerosol. The significant effect of cloud processing on FA reported here is due 
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to its glassy nature, a unique characteristic of FA not present in iron-containing dust from 

other sources. 

 

Table 5.2 Correlation Coefficients between Different Parameters of Fly Ash SRMs 
2689, 2690, and 2691 

Correlation Parameter Correlation Coefficient (r)
b
 

Fe(III)s 

Fe(III)total 0.97 

Fe(III)oxides -0.27 

Fe(III)glass 0.95 

Fe(II)s Fe(II)glass 0.81 

Fes S.A. 0.60 

a
 The fractions of dissolved iron after three cycle simulated cloud processing include 

Fe(II) (Fe(II)s), Fe(III) (Fe(III)s), and total dissolved Fe (Fes). The physicochemical 

parameters include the fractions of total Fe(III) (Fe(III)total), Fe(III) in oxide 

(Fe(III)oxides), Fe(III) in glass (Fe(III)glass), and Fe(II) in glass (Fe(II)glass) obtained from 

Mössbauer spectroscopy, as well as surface area (S.A.) obtained from BET 

measurements; 

b
 Large coefficient means high correlation, while small or negative coefficient means 

insignificant or no correlation. 

 

 

Simulated cloud processing experiments were also performed for FA 2690 and 

2691 for comparison. Similar dissolution trends were observed for both FA 2690 and 

2691 as shown in Figure 5.21 and 5.22. FA 2691 yielded the highest total iron solubility. 

Approximately 70% of the total iron in FA 2691 dissolved into the solution after three pH 

cycles, compared to 50% and 21% in FA 2690 and 2689, respectively, indicating that 
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iron mobilization is highly dependent on the physicochemical properties of the FA 

particles.  

The coefficients of linear correlation between dissolved Fe fractions Fe(II), 

Fe(III) and total dissolved Fe, obtained from simulated cloud processing, and the 

physicochemical properties, obtained from particle characterization, of three FA samples 

were calculated as shown in Table 5.2. The dissolved Fe(II) fraction highly correlated (r 

= 0.81) to the total ferrous iron species present in the FA particles. No relationship was 

observed between dissolved Fe(III) and total Fe(III) in oxides, with a negative correlation 

coefficient of -0.27. In contrast, dissolved Fe(III) highly correlated (r = 0.95) to the 

Fe(III) species in aluminosilicate glass. The calculated coefficients indicate that iron 

solubility is closely linked to the Fe speciation of particles. Dissolved Fe was mainly 

released from aluminosilicate glass, supporting previous studies:
191, 192

 they suggested 

that Fe solubility was lowest for the oxides with iron covalently bound in the crystalline 

lattice compared with iron presented as amorphous glass or in clay mineral.  

Baker
242

 suggested that surface area plays an important role in iron solubility. The 

coefficient of total dissolved Fe and the corresponding surface area of three FA particles 

was 0.60, indicating that surface area mildly affects iron solubility of FA particles. It is 

noteworthy that with the simulated cloud processing experiments, it is assumed that the 

alkali FA particles can be completely acidified to lower the surface pH to 2. The amount 

of acidic substances deposited/formed on the aerosol surface is dependent on the 

residence time of aerosol particle in the atmosphere and gas species in contact with 

aerosol during long-range transport. The FA 2691 contains significant higher contents of 

CaO and MgO, and thus need more acidic species for titration.  
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Figure 5.21 Dissolution of iron over time in simulated cloud processing of fly ash SRM 2690 particles: (a) the imposed pH cycle, (b) 
the corresponding total Fe solubility, (c) the fraction of total dissolved Fe present as Fe(II), and (d) the dissolved Fe(II) and 
Fe(III). 
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Figure 5.22 Dissolution of iron over time in simulated cloud processing of fly ash SRM 2691 particles: (a) the imposed pH cycle, (b) 
the corresponding total Fe solubility, (c) the fraction of total dissolved Fe present as Fe(II), and (d) the dissolved Fe(II) and 
Fe(III). 
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5.4.6 Solar Radiation Enhances Iron Dissolution during Simulated Cloud 

Processing. 

Simulated cloud processing of FA 2689 under irradiation was also carried out to 

investigate the effect of solar radiation, as shown in Figure 5.23. Both the concentration 

of total dissolved Fe and the Fe(II)/Fes were markedly enhanced under irradiation. The 

enhanced Fe(II) production indicates that dissolution proceeded via a photochemical 

reduction mechanism.
74, 208, 243

 The photolysis of surface hydroxyl groups can reduce 

Fe(III) surface atoms, producing surface-bound Fe(II) species that subsequently detach to 

yield dissolved Fe(II). A semiconductor mechanism is also plausible: reduced 

electron/hole pair generation in the iron oxide lattice with subsequent reduction of surface 

Fe(III) by photovoltaic electrons.
244

 

 

5.4.7 Influence of Different Acids on Iron Dissolution 

The effect of different atmospherically relevant acids on the generation of soluble 

iron species in FA 2689 suspension at pH 2 was investigated, and the results are shown in 

Figure 5.24. The dissolved iron species, including Fe(II), Fe(III) and therefore total 

dissolved iron (Fes) increased with time in all experiments, indicating that all of the 

atmospherically relevant acids investigated in this study can mobilize and release 

considerable iron from FA particles. The relative effectiveness of the acids in total iron 

solubility, as shown in Figure 5.24c, was in the order of oxalic acid > H2SO4 > acetic 

acid. Specifically, total iron solubilities were 44 ± 3 %, 16 ± 1 %, and 9 ± 1 % after 45 h 

of dissolution in pH 2 oxalic acid, H2SO4, and acetic acid, respectively. Oxalic acid 

displayed the highest capacity in mobilizing both Fe(II) and Fe(III) among the three 

acids. 

As revealed in previous studies,
213, 215, 236, 245, 246

 proton-promoted and ligand-

promoted dissolution are two main mechanisms of iron dissolution from oxides and 

aluminosilicates. The dissolution reaction is critically dependent on the coordinative  
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Figure 5.23 Comparison of iron dissolution under dark and irradiated conditions at different sampling points during the pH cycling 
from fly ash SRM 2689 particles. Irradiation enhances both the total dissolved Fe and the fraction of total dissolved Fe 
present as Fe(II). 
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Figure 5.24 Dissolution of fly ash SRM 2689 as a function of time in pH 2 solutions 
acidified by H2SO4, acetic acid and oxalic acid, respectively. Measured 
dissolved iron is shown as (a) dissolved Fe(II), (b) dissolved Fe(III), (c) total 
dissolved iron, and (d) the fraction of total dissolved iron present as Fe(II). 
Reactors contained a solid loading of 2 g L

-1
. When present, error bars 

represent one standard deviation from triplicate experiments. 
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interactions which take place on the surfaces.
213, 215, 247

 Functional groups, such as H
+
 and 

OH
-
 at the surface of particles are able to interact with H

+
 ions and ligands to form 

surface complexes, resulting in the weakening of the bonds in the proximity of a surface 

iron center, and the slow detachment of surface iron species into the aqueous phase.
213, 

215, 247
  

If the H
+
-ion activity alone influenced the iron solubility, all acidic medium at the 

same pH should have displayed similar capacities in mobilizing iron species. The 

different capacities of atmospherically relevant acids in iron mobilization showing here is 

due to different abilities of the corresponding anions to form soluble complexes with 

surface iron. oxalate, which can form bidentate ligand with Lewis acid iron center, brings 

electron density into the coordination sphere of the surface iron, labilizes the surface Fe-

O bond, and eventually enhances the iron release into the adjacent solution. 

Another plausible explanation for the highest capacity of oxalic acid in iron 

mobilization is reductive dissolution of Fe(III) in the Fe(II)-oxalate system. Although 

oxalate alone can promote iron dissolution at a considerable rate, the presence of Fe(II) 

significantly enhances the dissolution rate at the same concentration of oxalate.
214

 The 

mechanism can be depicted as follows,
214
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Oxalate can be adsorbed onto the surface through the complexation with surface 

iron, and act as an electron bridge to facilitate electron transfer between dissolved Fe(II) 

and surface Fe(III). Ferrous iron was suggested to be a catalyst so there is no net 

reduction in the speculated mechanism.
214

 

In contrast, sulfuric acid only displayed moderate capacity in iron mobilization 

given that HSO4
-
 and SO4

2-
 can only form weak complexes with surface iron. The iron 

solubilities in acetic acid solution were lowest among the three acids investigated in this 

study, indicating that the monocarboxylic anion has negligible effect on iron 

mobilization. It has previously reported that dissolution of ripidolite by acetic acid 

appeared to be mainly related to a proton-promoted dissolution reaction, whereas H2SO4 

and oxalic acid significantly increased the dissolution rate by forming metal-ligand 

complexes with framework metals.
248

 The dissolution results indicate that ligand-

promoted dissolution could be as important as acidic processing in controlling iron 

mobilization from atmospheric dust.  

Figure 5.24d displays the comparison of fractional Fe(II) (Fe(II)/Fes) in aqueous 

solutions acidified by H2SO4, acetic acid, and oxalic acid, respectively, as a function of 

time. The Fe(II)/Fes stayed relative constant at 27 ± 3 % after 10 h of dissolution in 

H2SO4 and acetic acid solutions, indicating that there was no redox reaction occurred in 

both systems under dark conditions. The dissolved Fe(II) and Fe(III) arose exclusively 

from the Fe(II)- and Fe(III)- containing species in the FA particles, respectively. The 

initial difference of Fe(II)/Fes can be explained by the differences in the relative rate and 

extent of dissolution of the various Fe(II)- and Fe(III)- containing species in different 

acidic medium.  

In contrast, the Fe(II)/Fes in oxalic acid solution was lower, and displayed an 

initial increase followed by a slightly decrease with time. Comparison of the dissolution 

profile of Fe(II) and Fe(III) in oxalic acid solution with those in H2SO4 and acetic acid 

solutions suggests that the oxalic acid enhanced the formation of dissolved Fe(III) to a 



www.manaraa.com

162 
 

 

1
6
2
 

greater extent compared with the formation of dissolved Fe(II), leading to a lower 

Fe(II)/Fes. Given that surface Fe(II)-O bond has larger lability than Fe(III)-O bond,
215

 

proton alone can effectively destabilize the Fe(II)-O bond with the detachment of iron 

ions from the surface into the aqueous phase. Ligand-promoted dissolution mechanism 

therefore displays lesser effect on the dissolution of Fe(II) compared with the dissolution 

of Fe(III). The catalytic dissolution of Fe(III) in oxalate-Fe(II) system discussed above 

(Eq. 1-6) can also contribute to the enhanced dissolution of Fe(III). In addition, oxidation 

of Fe(II) into Fe(III) by oxygen may occur in a considerable rate in aerated oxalic acid 

solution. Although the oxidation of Fe(II) by oxygen is very slow at pH less than 4 (e.g., 

t1/2 ~ years in air-saturated water),
239

 the presence of ligands can accelerate the rate of 

Fe(II) oxidation by complexation with Fe(II) to change the reduction potential of iron and 

create a labile coordination position capable of forming an inner-sphere complex with 

O2.
247

 Ferric iron therefore presented as the main dissolved iron species in oxalic acid 

solution. 

Acid-promoted dissolution experiments were also performed for AZTD for 

comparison. Similar dissolution trends were observed for AZTD in H2SO4, acetic acid, 

and oxalic acid, respectively, as shown in Figure 5.25. The total dissolved iron in pH 2 

oxalic acid solution was approximately 3.6 and 4.4 times greater than those in pH 2 

H2SO4 and acetic acid solutions, respectively, after 45 h of dissolution in the 

corresponding acidic medium. Oxalic acid enhanced the dissolution of both Fe(II) and 

Fe(III) compared with H2SO4 and acetic acid. Unlike FA 2689, for which the total 

dissolved iron was lower than 1% after the initial 0.5 h of dissolution in all acidic 

medium, a rapid release of iron after the addition of AZTD particles into acidic medium 

was observed, reaching approximately 5% of total dissolved iron after 0.5 h of 

dissolution in all systems. The results indicate that a portion of iron species in AZTD 

particles is highly soluble so can be rapidly mobilized into the aqueous phase. In good  
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Figure 5.25 Dissolution of Arizona test dust as a function of time in pH 2 solutions acidified by H2SO4, acetic acid and oxalic acid, 
respectively. Measured dissolved iron is shown as (a) total dissolved iron and (b) the fraction of total dissolved iron present 
as Fe(II). Reactors contained a solid loading of 2 g L

-1
. When present, error bars represent one standard deviation from 

triplicate experiments. 
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agreement with previous research,
106, 192, 209

 iron speciation is a critical factor controlling 

the rate and extent of iron dissolution in aqueous solution. 

Our previous research reported that compared with crystalline minerals 

comprising AZTD, FA particles can continually release dissolved iron into the aqueous 

solutions acidified by H2SO4 as FA particles break up into smaller fragments.
209

 In the 

current study, iron species in FA particles continually dissolved into the aqueous 

solutions acidified by organic acids in relative constant rates without any plateau being 

reached on the time scale of the current measurements, indicating that the disintegration 

of FA particles also occurred in aqueous solutions acidified by organic acids.  

 

5.4.8 Influence of pH of Organic Solution on Iron Dissolution and Dissolved Iron 

Speciation 

Dissolution experiments were performed for FA 2689 in pH 3 acetic acid and 

oxalic acid solutions to investigate the influence of pH on iron dissolution. Figure 5.26 

illustrates the evolution of total dissolved iron and the Fe(II)/Fes as a function of time in 

these experimental systems. As anticipated from established dissolution trends for iron-

containing atmospheric dust,
77, 106, 209, 235

 increasing pH from 2 to 3 produced roughly 

60% and 80% decrease in total dissolved iron concentrations in acetic acid and oxalic 

acid solutions, respectively. Compared with acetic acid, iron dissolution in oxalic acid 

showed a more significant decrease as the increase of pH. The concentration of oxalic 

acid in pH 2 and pH 3 is 1.18 × 10
-2

 and 9.68 × 10
-4

 M, respectively. Given that iron 

dissolution in oxalic acid solution is mainly driven by ligand complexation as discussed 

above, the drastic decrease of oxalate concentration significantly suppressed iron release 

from FA in oxalic acidic media at pH 3. The results are in good agreement with a recent 

laboratory measurement, in which a positive correlation between oxalate concentration 

and iron solubility from various dust sources was observed.
217

 The solution pH could also 
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Figure 5.26 Influence of pH on iron dissolution of fly ash SRM 2689 at a function of time in solutions acidified by acetic acid and 
oxalic acid, respectively. Measure dissolved iron is shown as (a) total dissolved iron and (b) the fraction of total dissolved 
iron present as Fe(II). Reactors contained a solid loading of 2 g L

-1
. When present, error bars represent one standard 

deviation from triplicate experiments. 
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influence surface complexation of oxalate with iron by controlling charge characteristics 

of both the surface and the ligand. Increasing pH makes the surface less positively 

charged, whereas the acid dissociates to become more negative, resulting in less 

likelihood of the acids to approach and bind to the surface.
249

 

The Fe(II)/Fes increased with increasing pH in both experiments. Such changes in 

dissolved iron speciation are due to the greater solubility of Fe(II) relative to Fe(III) 

solution at high pH. Similar dissolution behavior of FA 2689 in H2SO4 solution has been 

reported in our previous work.
209

  

 

5.4.9 Influence of Solar Radiation on Iron Dissolution and Dissolved Iron 

Speciation in Organic Solution 

Dissolution experiments were also carried out under irradiation in pH 2 acetic 

acid and oxalic acid solutions, respectively, to investigate the effect of solar radiation on 

iron solubility, and the results are shown in Figure 5.27. Irradiation displayed significant 

effect on the iron dissolution in both acetic acid and oxalic acid-containing systems as 

discussed in detail below.  

No discernible change in the concentration of total dissolved iron was observed 

for the irradiated acetic acid solution. The Fe(II)/Fes, however, showed a consistent 

decrease with time, with less than 5% of total dissolved iron present as Fe(II) after 45 h 

of dissolution. Comparison with the iron dissolution in the dark, in which the Fe(II)/Fes 

slightly increased with time and reached approximately 22% after 45 h, indicates that 

irradiation promotes the formation of dissolved Fe(III) in acetic acid solution. It has been 

well established
239,250,247

 that Fe(II) can be oxidized into Fe(III) by active oxygen species 

like O2
-
·/HO2/H2O2 in irradiated aerate waters. Photoreduction of Fe(III) with the 

formation of Fe(II) could also occur while an electron-donating compound is present.
247, 

250
 Given that complexation of Fe(III) with acetic acid is negligible under the current 
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experimental conditions, the photochemically active species has been suggested to be 

hydrolytic iron,
250

  

 

  OHFe    Fe(OH) 22 hv

        (5-7) 

  COOCHOHFe    COOHCH OHFe 32
2

3
2

  (5-8) 

 

The iron redox cycling can eventually reach steady state , and the ratio of 

Fe(II)/Fes is dependent on rate constants of the reactions involved, solution pH, light 

intensity, as well as concentrations of iron species, acetic acid and dissolved oxygen. It is 

noteworthy that while large excess acetic acid was present in the current experiment 

system, no discernible changes of the concentration of acetic acid and pH were observed. 

In the case of oxalic acid, a completely different dissolution kinetics under 

irradiation was observed. The total dissolved iron in irradiated oxalic acid solution as 

shown in Figure 5.27a initially increased followed by a rapid decrease, with more than 

90% of iron presented as Fe(II) after 10 h of dissolution. In order to obtain detailed 

information on iron dissolution in irradiated oxalic acid system, a 10-h dissolution 

experiment under the same conditions was carried out, and oxalate content and pH were 

periodically determined as well as iron species. Figure 5.28 shows the solution pH, the 

concentration of oxalic acid, the total dissolved iron and the Fe(II)/Fes as a function of 

time. The concentration of oxalic acid (Figure 5.28b) showed a slight decrease in the 

initial 4 hours, and then a drastic decrease during 4 to 7 hours, followed by a slow 

decrease after 7 h of dissolution. The solution pH in the current experiment system was 

controlled by oxalic acid, and was therefore negatively correlated with the concentration 

of oxalic acid as shown in Figure 5.28a. While a controlled dissolution experiment 

showed that no significant decomposition of oxalic acid occurred in the absence of FA 
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Figure 5.27 Influence of irradiation on iron dissolution of fly ash SRM 2689 at a function of time in solutions pacified by acetic acid 
and oxalic acid, respectively. Measure dissolved iron is shown as (a) total dissolved iron and (b) the fraction of total 
dissolved iron present as Fe(II). Reactors contained a solid loading of 2 g L

-1
. When present, error bars represent one 

standard deviation from triplicate experiments. 
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Figure 5.28 Dissolution profile of fly ash SRM 2689 as a function of time in pH 2 oxalic acid under dark and irradiation conditions, 
respectively. The results are showed the evolution of (a) pH, (b) the concentration of oxalic acid, (c) total dissolved iron, 
and (d) the fraction of total dissolved iron present as Fe(II). 
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particles (data not shown), the observed decrease of oxalic acid in FA-containing system 

was due to iron-catalyzed photodegradation of oxalate. 

The first step in the slow process of oxalic acid decomposition during the initial 4 hours 

was attributed to the complexation of oxalic acid with surface iron, which promotes the 

detachment of both Fe(II) and Fe(III) from FA particles into the aqueous phase. 

Photodegradation of oxalate adsorbed on the FA surface could occur under irradiation 

according to the following mechanism,
251
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III OCFe     OCFe
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After formation of the Fe(III)-oxalate complex, ligand-to-metal electron transfer 

occurs under irradiation, resulting in the reduction of structural Fe(III) to Fe(II) and the 

oxidation of oxalate. The surface-associated Fe(II) can then detach from the surface to 

generate dissolved Fe(II). The photoexcitation of Fe(III)-oxalate complex through 

reaction 9 was probably a relative slow process and the rate-limiting step in controlling 

the photodegradation of oxalic acid, resulting in a slow decrease of oxalate during the 

initial 4 hours.  

With the dissolution of iron species, photodegradation of oxalic acid can also 

occur in aqueous phase as follows,
250

 

 




42
2

42
22n)-(3

n42
3 OCO1)C-(2n2Fe    ])O(C2[Fe

hv

 
   (5-11) 

22242 2CO  O    O  OC          (5-12) 

  3
22

2
22 Fe  OH  Fe  /OHO      (5-13) 

 



www.manaraa.com

171 
 

 

1
7
1
 

Photolysis of ferrioxalate yields Fe(II) and oxalate radical. The oxalate radical 

then interacts with oxygen to form superoxide (O2
-
·) and its conjugated acid, 

hydroperoxide radicals (HO2·). The HO2·/O2
-
· is a strong oxidant and can rapidly 

reoxidize Fe(II) to Fe(III), leading to the formation of H2O2. With the accumulation of 

dissolved iron species in the aqueous solution, the photodegradation of oxalic acid 

in aqueous phase appeared to be autocatalytic with time, and its concentration therefore 

displayed a drastic decrease during 4 to 7 hours of dissolutions.  

With the increase of pH, ferric iron started to precipitate, displaying a rapid 

decrease of total dissolved iron and an increase of Fe(II)/Fes. Even though the fraction of 

the anionic form of oxalic acid increases at high pH, surface adsorption and complexation 

of oxalate on the particle surface is suppressed.
 72,252

 With the less likelihood of surface 

complexation of oxalate, and the decrease of dissolved Fe(III), photodegradation of 

oxalic acid was inhibited, leading to a slow decay of oxalic acid after 7 h of dissolution.  

 

5.5 Atmospheric Implications 

The source of bioavailable iron from anthropogenic FA has been suggested from 

recent studies, and this study confirms that coal FA releases larger amounts of iron into 

water system compared with AZTD and authentic dusts studied in previous works.
106, 197, 

208
 It is suggest that the disintegration of FA facilitates the mobilization of iron into the 

aqueous phase. Aluminosilicate glass, a dominant material in FA particles, has a 

disordered structure that can more easily be destabilized by protons, resulting in the 

disintegration of the particles. In contrast, mineral dust mainly consists of aluminosilicate 

minerals (clay) that are well crystallized and more stable. A schematic showing fly ash 

particles undergo atmospheric processing is shown in Figure 5.29. 

Results in this study also suggest that cloud processing results in the 

disintegration of FA particles with production of soluble iron as the particles move 
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downwind during long-range transport in the atmosphere. This can at least partially 

explain the high solubility of iron from anthropogenic aerosols collected in field work.
82, 

84
 In addition, the slowly disintegration of FA particles can provide a constant release of 

iron to marine organisms while suspending and recirculating through the HNLC waters. 

Dissolved iron is mainly associated with the aluminosilicates rather than oxides. Photo-

driven solubility of atmospheric iron is also suggested to be important environmental 

process. 

Data reported here and in the literature
83, 106

 show that iron solubility of different 

source materials is generally in the order of: oil FA > coal FA > mineral dust. Aerosol 

iron solubility is strongly influenced by the source material. Anticipated increases in 

energy production from fossil fuel and coal combustion have the potential to exert 

significant effects on the magnitude and spatial distribution of soluble iron deposition to 

the open ocean. Compared to the increased flux of windblown mineral dust caused by the 

global expansion of arid and semi-arid regions, increased industrialization, coal 

combustion, and biomass burning in developing countries (such as China and India) 

would play a more significant role in increasing soluble iron species to regions of the 

ocean. While the emission of FA coincides with the emission of trace acidic gases, such 

as SO2 and NOx, the interaction of FA with acidic gases would further enhance their iron 

solubility. 

By comparing of iron dissolution from FA and AZTD particles in H2SO4, acetic 

acid and oxalic acid, it is suggested that proton-promoted and ligand-promoted 

dissolutions are two main mechanisms in mobilizing iron under the current experimental 

conditions. Oxalate can form bidentate ligand with Lewis acid iron center, and therefore 

displayed the highest rate of iron dissolution. Sulfuric acid only displayed moderate rate 

in releasing iron given that HSO4
-
 and SO4

2-
 can only form weak complexes with surface 

iron. The iron solubility in acetic acid solution was lowest, indicating that the 

monocarboxylic anion has negligible effect. Compared with acidic processing, ligand-  
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Figure 5.29  Schematic showing disintegration of spherical coal fly ash particles into small irregular fragments during atmospheric 
transport and processing. 
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promoted dissolution of iron may play a more important role in mobilizing iron from 

atmospheric dust. The capacity of organic species in iron mobilization is critically 

dependent on the ability of these anions to form complexes with surface iron. A ligand to 

form multiple bonds with surface iron, like oxalic acid investigated here can significantly 

enhance iron mobilization. In contrast, monodentate ligands, like acetic acid, which 

presumably can readily penetrate the surface structure, are believed to be less efficient for 

iron mobilization. When solar radiation is present, iron-catalyzed photodegradation of 

oxalic acid can lead to a decrease of oxalic acid available for surface complexation as 

well as an increase of solution pH, and eventually suppress dissolution of iron. In 

agreement with previous study,
217

 photo-reduction of iron on aerosol surfaces is probably 

not as important as surface complexation in iron mobilization.  

Current global-biogeochemical models have generally assumed that the fractional 

solubility of aerosol iron is constant at 1-2% because of the limitation of data available on 

iron solubility.
253-257

 As indicated in the current study, the assumption was not sufficient 

to capture the iron distribution on a global scale. Given the potential disintegration of FA 

particles during long-range transport, the treatment of anthropogenic mode iron 

processing may in fact be different from dust mode processing. The assessment of 

dissolved atmospheric iron deposition fluxes and their effect on surface ocean 

biogeochemistry should be constrained by taking into account the source materials, 

environmental pH, Fe speciation, type of acidic media and solar radiation in future 

modeling efforts. 
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CHAPTER 6 

HETEROGENEOUS CHEMISTYR OF NITROGEN DIOXIDE ON LEAD OXIDE 

PARTICLES AND ITS IMPACT ON LEAD DISSOLUTION 

6.1 Abstract 

Heterogeneous chemistry of nitrogen dioxide with lead-containing particles is 

investigated for better understanding heavy metal mobilization in the environment. In 

particular, PbO particles, a model lead-containing compound due to its wide spread 

presence as a component of lead paint and as a naturally occurring minerals, massicot and 

litharge, are exposed to nitrogen dioxide at different relative humidity. Exposed particles 

are found to increase the amount of lead that dissolves in aqueous suspensions at pH 7 

threefold compared to unreacted particles. The surface coverage of adsorbed nitrate is 

relative humidity dependent. X-ray photoelectron spectroscopy shows that upon exposure 

to nitrogen dioxide, PbO surfaces form adsorbed nitrates with the surface coverage and 

extent of formation of adsorbed nitrate relative humidity dependent. Although powder X-

ray diffraction analysis shows no bulk formation of Pb(NO3)2, surface adsorbed nitrate 

increases the amount of dissolved lead. These results point to the potential importance 

and impact that heterogeneous chemistry with trace gases can have on increasing 

solubility and therefore the mobilization of heavy metals such as lead in the environment. 

This study also shows that surface intermediates, such as adsorbed nitrates, that form can 

yield higher concentrations of dissolved lead in water systems including drinking water 

systems, ground water systems, estuaries and lakes. 

 

6.2 Introduction 

Due to the increased processing of lead (Pb) ore, the emission of Pb into the 

environment has drastically increased during the twentieth century. The introduction of 

tetraethyl Pb into gasoline as an antiknock additive in the 1920s contributed substantially 
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to increase airborne Pb concentrations. As shown in Figure 6.1, by 2008, Unite States 

(U.S.) Pb emissions totaled 1,016 tons per year, of which mobile contributed 58% of total 

Pb emissions, far exceeding emissions from stationary sources.
258

 In addition, with the 

widely application of Pb containing materials, there is the potential for humans to be 

exposed to these harmful Pb containing materials in water, soil and food. 

The adverse health effects of Pb containing materials were discovered shortly 

after the introduction of leaded gasoline.
259

 With studies of decades, the adverse health 

effect of Pb has been well understood. Childhood lead poisoning remains a major 

environmental health problem. Research have demonstrated that children with high levels 

of lead in their bodies can suffer from damages to the brain and nervous system, and 

behavior and learning problems, such as hyperactivity, slowed growth, hearing problems, 

as well as headaches. Besides, lead is also harmful to adults, potentially causing 

reproductive problems, high blood pressure and hypertension, nerve disorders, memory 

and concentration problems, as well as muscle and joint pain. Since the United States 

Environmental Protection Agency (EPA) confirmed the health risks caused by exposure 

of Pb in particulate matters (MA), regulations were issued to protect human health. The 

legislation set a maximum limit on the Pb content of gasoline and initiated the phase-out 

of tetraethyl Pb in gasoline. Over the last few decades, lead emissions in developed 

countries decreased due to the use of the unleaded oil.
97

 In spite of that, due to the 

widespread commercial use of Pb containing materials in batteries, metal alloys, solder, 

glass and ceramics, lead persists in daily use maintaining its presence and potential for 

toxic exposure.
260

 The exposure of humans to lead is still one of the biggest 

environmental and occupational concern.
261

 

Atmospheric transport and leaching are two primary pathways of environmental 

heavy metal mobilization.
262

 Our interest in this study is related to natural and 

anthropogenic lead mobilization from stationary or airborne sources through atmospheric 

processing. Lead in stationary sources, including lead paint, pipes and lead-containing 
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minerals, are often exposed to trace atmospheric gases. The behavior of materials during 

atmospheric transport and processing depends on their physicochemical properties, 

particle size distributions and meteorological conditions. Trace elements associated with 

atmospheric aerosols can undergo either wet or dry deposition into terrestrial or aquatic 

environments. While in the atmosphere, atmospheric aerosols can undergo a variety of 

chemical and physical processing. A very strong relationship , for example, exists 

between acid rain and heavy metal concentrations for insoluble heavy metals associated 

with acidic precipitation and accumulation in soil.
263, 264

 It is also related to the presence 

of gas phase NO2 and SO2, mainly from anthropogenic emissions like coal-fired power 

plants.
18

 

A recent study showed that when exposed to nitrogen dioxide (NO2) and ozone 

(O3), lead-based paint granules became more available for subsequent transfer due to the 

reaction of these gases with polymeric binders in paint.
265

 This may cause great risks of 

lead leaching and poisoning, particularly in rural areas where lead-based paints remain in 

old buildings and machinery. Thus reactions of atmospheric gases with Pb surfaces need 

to be investigated to provide a greater detail on possible enhancement of Pb leaching in 

rural and urban environments. 

In this study, PbO, a model compound used in paints that also occurs as the 

minerals massicot and litharge in the environment, is exposed to nitrogen dioxide, a 

common pollutant in the atmosphere with expected increasing concentrations in the next 

two decades.
266

 Following reactions at different relative humidity (RH), the 

concentrations of dissolved lead in aqueous suspensions at pH 7 were determined. The 

results show that lead solubility increases by approximately a factor of three after 

exposure to NO2. X-ray photoelectron spectroscopy shows that the resulting surface 

adsorbed nitrates after exposure to NO2 lead to the increase in solubility. The 

environmental and health implications of this work are discussed. 
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Figure 6.1 National inventory of lead emissions in U.S. in 2008
258

 

 

0

0

2

5

11

153

259

586

0 100 200 300 400 500 600 700

Agriculture

Dust

Fires

Solvent

Miscellaneous

Fuel Combustion

Industrial Processes

Mobile

Short tons



www.manaraa.com

180 
 

 

1
8
0
 

6.3 Experimental Methods 

6.3.1 Materials 

Lead oxide, PbO (> 99.9%), and lead nitrate, Pb(NO3)2 (ACS grade), particles 

were purchased from Acros Organics. All particles were used as received. Nitrogen 

dioxide (NO2, research grade) was purchased from Matheson and used as received. 

Distilled water (Optima grade from Fisher Scientific) was used for relative humidity 

studies. Prior to use, the distilled water was degassed several times with consecutive 

freeze-pump-thaw cycles. 

 

6.3.2 Particle Characterization 

BET area was determined using a seven-point Brunauer-Emmett-Teller (BET) 

technique on the analysis instrument of NOVA 4200e (Quantachrome instruments). 

Powder X-ray diffraction was performed using Rigaku MiniFlex II with a filtered cobalt 

source. SEM images were obtained using Hitachi S3400 with 20 kV accelerating voltage 

operating in variable pressure mode. 

 

6.3.3 Dissolution Measurements 

PbO dissolution experiments were performed in a glass reactor at room 

temperature. First, ex situ heterogeneous reaction of NO2 with PbO was performed in an 

overnight evacuated cell with (a) 100 mTorr NO2 and (b) 100 mTorr NO2 and 8 Torr H2O 

present to evaluate the effect of NO2 and RH on a possible mobilization of lead. Reacted 

samples were then transferred into a solution reaction vessel described before.
267

 Reacted 

particles were suspended and stirred in Mill-Q water for 24 hours. The mass loading was 

50 g L
-1

. Aliquot from the supernatant was then passed through a 0.2 µm PTFE filter to 

remove particles. The concentration of Pb ions was measured using Varian 720-ES 

inductively coupled plasma-optical emission spectrometer (ICP-OES). Dissolution of 
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fresh PbO was also conducted under the same conditions for comparison. All 

experiments were conducted in triplicate and result represents the average of three 

measurements and the standard deviation. 

 

6.3.4 Surface Analysis 

A custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy system 

was used to investigate the interaction of NO2 with lead and lead oxide particle surfaces 

under different environmental conditions. In a typical experiment, lead oxide particle 

surfaces were exposed to gas-phase reactants in the reaction chamber in the following 

order: (1) NO2 and (2) NO2 and H2O vapor at various RH, introducing NO2 first followed 

by H2O vapor. Thus, all the reaction experiments were performed consecutively, using 

the same sample. The time necessary for the introduction of each reactant was 

approximately 15 seconds. The resulting gas mixture was allowed to equilibrate with the 

sample for 30 min before evacuation. The sample holder with reacted samples was then 

transferred to the analysis chamber for XPS analysis. 

 

6.4 Results and Discussions 

6.4.1 Particle Characterization 

SEM image and XRD pattern of PbO particles are shown in Figure 6.2. The PbO 

particles show platelet morphology with a particle size of ~5m. The large particles 

observed in SEM image is in consistent with the small BET surface area of PbO, 0.4 ± 

0.2 m
2
 g

-1
,
 
determined by BET surface area analysis. The XRD patterns of Pb-containing 

reference compounds and minerals, including PbO (massicot),
268

 Pb metal,
269

 PbO 

(litharge),
270

 PbO2 (plattnerite),
271

 Pb3O4 (minium),
272

 PbCO3 (cerussite)
273

 and 

Pb3(CO3)2(OH)2 (hydrocerussite), 
274

 are also shown in Figure 6.2 for comparison. 
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Figure 6.2 SEM image and XRD pattern PbO particles used in the current study. For 
comparison, XRD patterns of lead containing compounds and minerals, 
including PbO (massicot),

268
 Pb metal,

269
 PbO (litharge),

270
 PbO2 

(plattnerite),
271

 Pb3O4 (minium),
272

 PbCO3 (cerussite)
272

 and Pb3(CO3)2(OH)2 
(hydrocerussite)

274
 are shown. 

 



www.manaraa.com

183 
 

 

1
8
3
 

Orthorhombic PbO in the form of mineral massicot present as the major constituent 

(Figure 6.2).
268

 Small amounts of other crystalline Pb-containing species were also 

observed. Indeed, a number of crystalline Pb-containing species are thermodynamically 

stable in the ambient environments. Formation enthalpies of massicot and litharge, for 

example, are -217.3 and -219.0 kJ mol
-1

, respectively.
275

 The formation enthalpy is higher 

for PbO2, -277.4 kJ mol
-1

.
275

 Pb3O4 has highest enthalpy of formation, -718.4 kJ mol
-1

, 

followed by PbCO3, -699.1 kJ mol
-1

.
275

 Pb(OH)2 has been reported to have -576 kJ mol
-

1
enthalpy of formation.

276
 In addition, cerussite (PbCO3), hydrocerussite 

(Pb3(CO3)2(OH)2), massicot (PbO) and elemental lead were previously detected via XRD 

analyses of weather materials of lead bullets collected in shooting ranges.
277

 In the 

current study, reflections at 33 and 37 degrees in XRD pattern of PbO particles are 

assigned to tetragonal form of PbO, litharge.
270

 Reflections at 30, 31, 46 and 82 degrees 

can be due to more complex phases of lead containing compounds, including cerussite 

(PbCO3) and hydrocerussite (Pb3(CO3)2(OH)2). 

The XRD data showing here indicated the formation of a complex slightly 

oxidized surface layer on PbO particles under the ambient conditions. The various 

oxidized Pb-containing species are form via reactions of fresh PbO samples with 

atmospheric oxygen and carbon dioxide under humid conditions, termed as “atmospheric 

aging” or “atmospheric processing” here. The reactions are thermochemically favorable, 

potentially affecting the capacity of lead mobilization for the PbO sample. These 

processes were further assessed using surface sensitive X-ray photoelectron spectroscopy 

as discussed below. 

 

6.4.2 XPS Analysis of NO2 Exposed PbO Particles under Various Environmental 

Conditions 

XPS analysis was performed for unreacted, as well as NO2 reacted PbO particles. 

Survey scans were acquired for unreacted PbO particles, as well as those reacted with 
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100 mTorr NO2 for 30 min. The obtained XPS data are shown in Figure 6.3. Main peaks 

in XPS spectra are due to Pb4f, C1s, Pb4d, O1s, Pb4p, Pb4s and O KLL photoelectrons at 

around 137, 285, 411, 530, 641, 892 and 971 eV, respectively. Low intensity peak 

appeared at around 400 eV for reacted sample is due to nitrogen compounds indicating 

that the formation of surface adsorbed species on PbO particles. 

To obtain detailed insight of the interaction of NO2 with PbO particles, high 

resolution XPS spectra at O1s, N1s, C1s and Pb4f regions were collected as shown in 

Figure 6.4 with the corresponding binding energy values and their assignments tabulated 

in Table 6.1. Spectra are shown for unreacted PbO, reacted consecutively with 100 mTorr 

NO2, 100 mTorr NO2 and 1.9, 8 and 18 Torr H2O for 30 min, corresponding to 9, 38 and 

85 %RH. Given that metal oxides are known to form nitrates on the surface via NO2 

adsorption,
278

 XPS spectra of Pb(NO3)2 were also collected and are shown in Figure 6.4 

for comparison. Pb(NO3)2 has enthalpy of formation of -451.9 kJ mol
-1

,
275

 indicating that 

its formation is thermodynamically favorable.  

O1s region shows a primary peak at 528.9 eV for unreacted PbO particles due to 

Pb-O bonds. A peak at 531.1 is assigned to surface hydroxyl groups and/or carbonates.
279, 

280
 After reaction with 100 mTorr NO2, the peak of Pb-O bonds at 528.9 eV shifted to 

529.6 eV in conjunction with the shift observed in Pb4f region (vide infra). A new peak 

appeared at 533.2 eV due to the O atoms in surface nitrate, in agreement with Pb(NO3)2 

reference O1s peak. This shift of peak due to Pb-O bonds suggests a distinct effect of 

adsorbed NO2 product on the electronic structure of PbO. Shift towards higher binding 

energies can be related to the high electronegativity of nitrate, thus affecting the 

electronic structure of PbO on the surface. Finally, when the PbO sample was further 

reacted with 100 mTorr NO2 and a series of increased RH, peak due to surface Pb-O 

bonds at 529.6 eV almost completely disappeared showing main surface species as 

Pb(NO3)2 (533.2 eV) and small amount of adsorbed hydroxyls/carbonates (531.8 eV). 

These data suggest that the outermost (~3 nm) layer of PbO particles were reactively 
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Figure 6.3 Survey spectra of unreacted PbO and after reactions with 100 mTorr NO2. 
Inset: N1s region with a peak due to the adsorbed nitrate, NO3

-
, species. 

Standard deviation was calculated from three independent 30 min NO2 
adsorption experiments. 
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Figure 6.4 High resolution XPS O1s, N1s, C1s and Pb4f spectra of unreacted and reacted PbO under various environmental 
conditions, as well as Pb(NO3)2 standard. 
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Table 6.1 XPS Binding Energy Assignments 

Region Assigned Species 
Binding Energy, eV 

Current Work
a
 Reference 

O1s O
2-

 in Pb-O 528.9(529.6) 528.8 
281

 

 OH
-
; CO3

2-
 531.1(531.8) 531.2 

279, 280
 

 NO3
-
 533.2 Pb(NO3)2 standard 

N1s NO3
-
 407.4 Pb(NO3)2 standard 

C1s C-C 285.0 285.0 
282

 

 CO3
2-

 289.0 298.1 
283

 

Pb4f Pb
2+

 in Pb-O 137.5 (138.5) 137.1 
281

 

 Pb(NO3)2 139.7 Pb(NO3)2 standard 

a
 Calibrated to the C1s peak at 285.0 eV 

 

 

converted into Pb(NO3)2 via heterogeneous reaction with NO2 and water greatly enhances 

the extent of reaction. 

The appearance of NO3
-
 peak at 407.4 eV, in agreement with the nitrate N1s peak 

of the Pb(NO3)2, further confirms the formation of surface nitrate. This surface nitrate 

species can be formed through a two step reaction mechanism via NO2 adsorption on 

surface sites followed by combination of two surface adsorbed NO2 into surface adsorbed 

nitrate and gaseous NO.
284

 (where ≡Pb represents surface Pb site) 

 

≡Pb + NO2(g)   ≡PbNO2          (6-1) 

2 ≡PbNO2   ≡PbNO3 + NO(g)        (6-2) 
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This partitioning has previously been reported on TiO2 surfaces with NO3
-
 ion 

bound onto Ti
4+

 sites and NO
+
 ion on O

2-
 sites.

285
 Alternatively, as inferred from the peak 

shifts due to the electron delocalization in O1s region, surface oxygen atoms can be 

directly involved into reaction to form adsorbed nitrate via equation (6-3). 

 

≡PbO + NO2(g)   ≡PbNO3         (6-3) 

 

High resolution N1s spectrum of PbO2 reacted with 18 Torr H2O (85% RH) in 

Figure 6.4 exhibits nitrate peak at 407.1 eV, slightly shifted towards lower binding 

energies and an additional peak at 403.6 eV. This peak was only apparent at higher RH 

(85% RH) and can be assigned to several nitrogen containing species, with most likely 

due to that of surface nitrite, NO2
-
, as determined from analysis of well-defined NaNO2 

particles.
278

 

Stable NO2
-
 formation is possible via adsorption of NO2 on PbO surface sites via 

O or N atoms with neighboring oxygen sites strongly hydroxylated and unavailable for 

further reaction 

 

≡Pb + NO2(g)   ≡Pb
+
-NO2

-
         (6-4) 

≡Pb + NO2(g)   ≡Pb
+
-ONO

-
         (6-5) 

 

or via hydroxyl bound complex disproportionation reaction (6-6) by analogy with the 

mechanisms previously observed on -Al2O3.
286

 

 

2 ≡Pb-OH + 2NO2(g)   2 ≡Pb-OH∙2NO2             

   ≡Pb
+
-NO2

-
 + ≡Pb

+
-NO3

-
 + H2O      (6-6) 
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At high RH water not only forms a film to protect surface from further reactions, 

but also affect the product partitioning by inducing the formation of surface adsorbed 

nitrite. It is noteworthy that PbO used in this work has a low BET surface area (0.4 ± 0.2 

m
2
 g

-1
), indicating that the resulting adsorbed species has to be sufficient to generate 

signal for XPS analysis. It is therefore plausible that surface nitrite species was formed at 

RH lower than 85% but not sufficient to exhibit a distinct peak in the XPS spectrum.  

C1s region for all of the particles showed a main peak at 285.0 eV due to the 

adventitious carbon, commonly used as a charge calibration reference. Notably, while 

this peak was present in all the samples, another peak at 289.0 eV was only present in the 

unreacted PbO implying that the underlying carbon species is consumed or displaced 

during the reaction with NO2. This peak is due to the adsorbed carbonate species, PbCO3, 

in support of the complex nature of PbO surface in the ambient environment as discussed 

in XPS data. Calculation of C1s:Pb4f ratio indicates about 20% of surface sites covered 

by adventitious carbon or carbonate for unreacted PbO. 

Pb4f region showed doublets characteristic of Pb4f7/2 and Pb4f5/2 transitions. Pb4f 

peaks of unreacted PbO locate at 137.5 and 142.3 eV, consistent with previous literature 

values.
281

 Upon reaction with 100 mTorr NO2, both peaks shifted to higher binding 

energies by ~1 eV due to the increased surface electronegativity. New peak appear in 

Pb4f spectrum at 144.6 and 139.7 eV, in agreement with Pb(NO3)2. When reacted PbO 

was further exposed to 100 mTorr NO2 and series of RH, peaks due to PbO disappeared, 

further confirming that all PbO within the surface depth investigated (~3 nm) was 

converted into Pb(NO3)2.  

Relative humidity can change the speciation and the amount of adsorbed NO2 

product. To investigate RH effect, PbO sample was consecutively exposed to 100 mTorr 

NO2 at different RH values. Resulting XPS spectra were used to quantify adsorbed 

nitrogen product on the sample surface in terms of N1s:Pb4f ratio as shown in Figure 6.5. 

The adsorbed nitrogen species increases with increasing RH up to ~30%, and then 
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Figure 6.5 (Filled circles) Quantification of nitrogen reaction product adsorbed on PbO 
after six consecutive exposures to 100 mTorr NO2 for 30 min. For 
comparison, separate set of data is shown in filled squares of consecutive 100 
mTorr NO2 exposures at various RH. 
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decreases at high RH. At 85% RH the amount of surface nitrogen species was close to 

that of 6
th

 NO2 exposure in the absence of RH. No increase in adsorbed nitrogen was 

observed when PbO was consecutively exposed to 100 mTorr NO2 in the absence of RH. 

These data are consistent with previous observations of Tompkins et al.
287

 via 

gravimetric measurements showing high growth rate of Pb(NO3)2 thin film on tin-lead 

alloy upon exposure to NO2 at intermediate RH (20-40%) with a very slow growth rate at 

high RH. They postulated that at high RH adsorbed water exceeds a monolayer and 

unevenly spread out across the sample surface. This clustering, in turn, would result in 

decreased NO2 reaction with lead surface sites. In our experiments, however, adsorbed 

nitrogen amount decreased with RH after 25% RH showing removal of surface nitrogen 

species back to gas phase. 

 

6.4.3 Effect of NO2 Exposure on the Dissolution of PbO Particles 

Dissolution experiments were performed for unreacted PbO as well as on those 

reacted with NO2 under various environmental conditions to investigate how mobility of 

PbO changes upon atmospheric aging in the presence of acidic gases. Data obtained is 

shown in Figure 6.6. It can be seen that compared with unreacted PbO both NO2 and 

NO2+RH reacted samples had increased dissolution of lead about two and three fold, 

respectively. To better understand the cause of the increased solubility of Pb and relative 

species involved, solubility product values for several relevant Pb-containing compounds 

are tabulated in Table 6.2. The lead oxide, hydroxide or carbonate compounds are 

insoluble in water, while Pb(NO3)2 is soluble (59.7 g/ 100 g H2O at 25
o
C). Lead nitrate 

formed on surface of PbO, thus, can be mobilized in aqueous solutions. XRD spectra 

obtained for the reacted PbO samples after the exposure to NO2 and NO2+RH didn’t 

show any new peaks (data not shown), indicating that NO2 adsorption is surface limited 

and reaction doesn’t extend to the bulk of the particles. This agrees well with the low 

BET surface area of PbO. Notably, the presence of RH (8 Torr, ~38 % RH at room 
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Figure 6.6 ICP-OES measured Pb amounts in solution from unreacted PbO and reacted 
with 100 mTorr NO2 for 24 h, as well as 100 mTorr NO2 and 8 Torr H2O 
mixture for 24 h. Reactors contained a solids loading of 50 g L

-1
. 

Uncertainties represent one standard deviation from triplicate experiments. 
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temperature) enhanced the mobility of Pb, indicating that the presence of RH lead to 

greater uptake of adsorbed nitrogen species. Similar enhancement was previously 

observed in spectroscopical studies of SO2 adsorption on calcite.
222

  

Table 6.2 Tabulated Solubility Products of Lead Compounds 

Compound (mineral) Ksp Reference 

PbO (litharge) 1.2 × 10
-15

 288 

PbO2 (plattnerite) 3.2 × 10
-66

 288 

Pb(OH)2 1.43 × 10
-20

 275 

PbCO3 (cerussite) 7.4 × 10
-14

 275 

Pb(NO3)2 Soluble5 9.7 g/ 100 g H2O at 25
o
C 275 

a
 No solubility data for PbO (mineral massicot) was found 

 

 

6.5 Environmental and Health Implications 

Taken together, these data show that nitrogen dioxide can react with lead 

containing particles by forming adsorbed lead nitrates, which in turn can readily dissolve 

in solution and thus increase the mobilization of otherwise stationary Pb. Resulting lead 

nitrate layer is very mobile in the environment due to its enhanced solubility. The amount 

of dissolved lead is increased nearly three times following exposure to NO2. To our 

knowledge, this is the first mechanistic study of the reactivity characterization of lead 

particles towards NO2 under environmentally relevant conditions. Recent work by 

Edwards and co-workers showed increased Pb mobility after exposure to NO2 and O3 

mixture while concluding that a reaction with polymer binder was major factor in Pb 

release.
265

 It can be argued that an alternative mechanism for the formation of soluble Pb 
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salts in the environment and the release of Pb is through the heterogeneous reaction of 

NO2 with lead oxide surfaces. In fact, this is the likely mechanism to release most lead 

into the environment as lead nitrate is soluble in water. Furthermore, lead nitrate films 

formed could easily react with organic compounds available in the environment such as 

carboxylic and humic acids in water
289

 and isoprene and other higher hydrocarbons
3
 

yielding organonitrates, alternatively to the OH radical initiated mechanisms proposed 

recently.
290

 These organic lead nitrate compounds due to their volatility and high 

solubility are much more readily mobilized that inorganic lead compounds and can have 

enhanced toxicity, with confirmed organolead poisoning of nervous system.
260

 Yadav and 

Sharma showed that both 4.5% lead nitrate or lead acetate in diet of mice severely 

damaged heme synthesis.
291

 Thus it is proposed that in order to fully understand the 

mobilization and toxicity of lead containing materials, adsorption assessment of model 

organic molecular compounds, such as formic, acetic and citric acid is needed. 
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CHAPTER 7 

A COLLABORATIVE STUDY ON THE IMPACT OF IRON-CONTAINING 

PARTICLES ON HUMAN HEALTH 

7.1 Abstract 

Ambient air pollution contains particulate matter (PM), a complex mixture which 

is often rich in iron. Given the increased use of iron containing nanoparticles in a number 

of applications, understanding the mechanisms of iron-containing particle induced 

bacterial growth and virulence provides valuable knowledge in the development of future 

public health policies aimed at controlling not only ambient concentrations of PM, but 

also in understanding the physicochemical characteristics of particles that potentially can 

cause detrimental effects on human health. This is especially true for susceptible 

populations. Since iron concentrations are extremely low in body fluids, there is the 

potential that iron-containing particles will influence the ability of bacteria to scavenge 

iron for growth, and inhibit antimicrobial peptide (AMP) activity. Furthermore, the 

physicochemical characteristics and properties of these particles can play an important 

role in this activity. In this study, Pseudomonas aeruginosa (PAO1) was grown in the 

presence of iron oxide nanoparticles of different size and AMPs. It is reported here that 

PAO1 utilizes iron from particles for growth and inhibits AMPs. Furthermore, 

nanoparticle surface area and size correlate with bacteria growth. 

 

7.2 Introduction 

Iron-containing nanoparticles exhibit intrinsic qualities, and have been widely 

used in industry. For example, these materials are used in recording media because of 

their paramagnetic properties.
292

 They have also been used as a catalyst in clean fuel 

synthesis.
292

 Given that iron-containing nanoparticles are relatively inexpensive and 
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readily available, it is expected that their application will be potentially expanded in 

future industrial activities, partially replacing the usage of rare-earth containing materials.  

Although the properties of iron nanoparticles prove beneficial in a wide-range of 

applications, little is known about the effects of iron-containing nanoparticles on bacterial 

pathogens. Through evolution, several organisms, including humans, have developed 

numerous mechanisms that limit iron bioavalability to microbial pathogens, keeping 

extremely low iron concentrations in various biological fluids (10
-18

 M).
293

 Iron-

containing nanoparticles can therefore act as an exogenous iron source for bacteria, 

potentially becoming deleterious to human health. 

Metal oxide nanoparticles have been shown to alter the composition of the soil 

bacterial community by reducing both biomass and diversity.
294

 Epidemiological studies 

have shown that exposure to ambient air pollution is associated with increased respiratory 

exacerbations,
295-298

 pneumococcal infections,
299

 otitis media,
300

 and eye infections.
301

 

One significant component for ambient air pollution is particulate matter (PM), which is 

composed of particles of various compositions, morphologies, and sizes. Due to the 

increasing applications of iron-containing nanoparticles in industry, as well as its 

prominent natural occurrence, the potential for increased iron-containing particle 

exposure as particulate matter in the atmosphere is an environmental and public concern. 

Recent studies have shown that chemical and biological reactivity of iron-containing 

carbon nanoparticles is positively correlated with the surface area.
302

  

Hematite (α-Fe2O3) is one of the most abundant phase of iron oxides that has been 

detected in atmospheric dusts over a wide size range.
303

 The aqueous phase dissolution of 

iron is controlled by the physicochemical properties of the particles, including particle 

size, morphology, composition, and crystalline structure. Aggregation of nanoparticles 

can impact both the dissolution rate and reactivity of the nanoparticles.
304

 Previous study 

suggested that nanorods of α-FeOOH (goethite) have a higher iron dissolution capacity 

compared to microrods due to the greater surface area and chemical activity of nanorod 
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α-FeOOH.
305

 Nanomaterial morphology and crystallinity can influence toxicological 

response due to large aspect ratio of irregular shapes or highly crystalline, and thus highly 

reactivity of metal oxide nanoparticles.
306

 Aging of the nanoparticles in natural or 

biological relevant environment distinctly changes their physicochemical characteristics, 

reactivity and, thus, bioactivity.
307, 308

 Given the potential size and surface area effect of 

nanoscale particles, nanoscale α-Fe2O3 potentially provide a source of iron to bacteria, 

and induce significant effect on bacterial growth and virulence. 

In this study, Pseudomonas aeruginosa (PAO1) was grown in the presence of α-

Fe2O3 nanoparticles of different size and antimicrobial peptides (AMPs). The obtained 

results demonstrate that α-Fe2O3 nanoparticles enhance bacterial growth with a strong 

dependence of bacterial growth on particle surface area and size. α-Fe2O3 nanoparticles 

inhibit AMP activity, one of the host first lines of defense against foreign invaders. 

Furthermore, α-Fe2O3 nanoparticles increase pathogenecity more than nanoparticles 

devoid of iron (e.g. aluminum oxide nanoparticles).  

 

7.3 Experimental Methods 

7.3.1 Synthesis of α-Fe2O3 Nanoparticles 

Hematite particles used in the current study is either synthesized or commercially 

available. The smallest α-Fe2O3 nanoparticles investigated, 2 ± 1 nm in size, were 

prepared using a synthesis method similar to that used previously for other metal oxide 

nanoparticles reported earlier by Wu et al.
309

 Briefly, 2.35 g (8.7 mmol) of iron chloride 

hexahydrate precursor was added to 40 ml methanol. The solution was refluxed for 

several minutes to dissolve the precursor and 3 ml of water was added to the resulting 

solution. In the next step, 30 ml of methanol solution containing 1.04 g (26.1 mmol) of 

NaOH was added drop-wise and refluxed. After 48 hours of reaction at reflux 

temperature, a brown-red precipitate was collected by centrifugation at 10,000 rpm for 30 
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minutes. The isolated precipitates were washed three times using a 1:1 ratio of 

ethanol/acetone and dried under vacuum for 24 hours. The weight of the α-Fe2O3 product 

from a 3 ml water addition reaction was 0.82 g corresponding to a 60 % yield based on 

the iron precursor reactant. Other nanoscale α-Fe2O3 samples were purchased from 

various sources including Nanostructured & Amorphous Materials, Alfa Aesar, Sigma 

Aldrich. 

 

7.3.2 Characterization of α-Fe2O3 Nanoparticles 

Morphology, composition, surface area and crystallinity properties of the 

synthesized and commercially purchased α-Fe2O3 nanoparticles were characterized by 

powder X-ray diffraction (XRD), transmission electron microscopy (TEM), BET surface 

area analysis, and X-ray photoelectron spectroscopy (XPS). 

 

7.3.3 α-Fe2O3 Nanoparticle Bacterial Exposure Experiments 

In order to determine the effects of nanoscale α-Fe2O3 on bacteria growth, 

Pseudomonas aeruginosa (PAO1), a known bacterial pathogen to humans,
310

 animals
311

 

and plants,
311, 312

 was grown overnight in an iron deficient media (M9) at pH 6.8 with 2.2 

mM glucose, 0.002 M magnesium sulfate (MgSO4), 0.001 M calcium chloride (CaCl2) 

and 25mM sodium succinate. To test size-dependent effects of nanoscale α-Fe2O3 

particles on bacteria growth, 10µg/mL of four different size α-Fe2O3 particles (540, 85, 

43 and 2 nm) were added to 3 hour sub-cultured PAO1 cultures and growth was 

determined by measuring OD600 at 37ºC for 9 hours while correcting for particle 

absorbance effects. 25μM iron chloride (FeCl3), a soluble source of iron, and 10μg/mL 

aluminum oxide (-Al2O3), an iron-deficient control particle, were used as positive and 

negative controls respectively. Prior to conducting experiments, the presence of any 

bacterial contamination in α-Fe2O3 samples was determined by diluting and culturing 

them on chromagar plates. None of the α-Fe2O3 nanoparticle samples contained any 
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culturable bacteria (data not shown). Agglomeration of the nanoparticles in M9 media 

was monitored using dynamic light scattering (DLS) instrument from Beckman Coulter. 

All α-Fe2O3 nanoparticles used in this study formed larger aggregates in M9 media of 

approximately the same size, ~500 nm, as measured by DLS. Additionally, inductively 

coupled plasma-optical emission spectroscopy (ICP-OES) was performed using Varian 

720-ES instrument to determine the extent of dissolution in the medium. Nanoscale α-

Fe2O3 were suspended in 4mL of M9 media with 10 g/mL concentration and incubated 

at pH 6.8 for 4 h at 37
o
C while rotating at 300 rpm. Samples were then centrifuged at 

2950 rpm for 8 min followed by filtering through 0.2 m filter to remove undissolved 

particles. This process of removing undissolved particles worked well for all but the 

smallest particle size investigated. Thus for the smallest particle the amount of 

bioavailable iron is the sum of dissolved iron and extremely small nanoparticles. Three 

independent experiments were performed and represented by the standard deviation 

reported. 

 

7.4 Results and Discussions 

7.4.1 Characterization of Nanoscale α-Fe2O3 

The properties of the particles used in this study, including TEM derived primary 

particle size, BET specific surface area and manufacturer information are provided in 

Table 7.1. Smallest (~2 nm) α-Fe2O3 nanoparticles was synthesized as previously 

described (see Wu et al.
309

 and references therein). XRD spectrum of the synthesized α-

Fe2O3 shown in Figure 7.1a exhibit the most intense peaks at 39 and 41 degrees due to 

the (104) and (110) reflections of hematite.
313

 Small amount of amorphous nature of the 

synthesized α-Fe2O3 nanoparticles was also observed in the XRD spectrum, according to 

the underlying background. The amorphous iron oxides and hydroxides have been shown  
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Table 7.1 Summary of TEM Particle Size, BET and Manufacturer Data of α-Fe2O3 
Nanoparticles Used 

Sample Source 
Size

a 

(nm) 
Specific Surface Area 

(m
2
 g

-1
)
b
 

α-Fe2O3 Synthesized 2 ± 1 220 ± 10 

α-Fe2O3 
Nanostructured & 
Amorphous Materials 

43 ± 6 39 ± 1 

α-Fe2O3 Alfa Aesar 85 ± 25 11 ± 1 

α-Fe2O3 Sigma Aldrich 540 ± 90 2.5 ± 0.1 

-Al2O3
 c
 Degussa 16 ± 5 101 ± 4 

a
 Particle diameter and standard deviation as determined from TEM images; 

b
 Triplicate measurements; 

c
 -Al2O3 was used as a control nanoparticle that did not contain iron. 

 

 

to dissolve faster than their crystalline counterparts and may play a role in supplying 

dissolved iron to bacteria. Dissolution rate of Fe(III) has shown to depend on 

crystallinity, among other parameters, thus increasing the rate orders of magnitude for 

poorly crystalline nanoparticles.
314

 Fe(III) extraction process with EDTA and ammonium 

oxalate from amorphous iron oxide, hematite and goethite mixture only dissolved 

amorphous fraction due to its high reactivity.
315

 Wahid and Kamalam proposed that 

crystalline Fe(III) oxides have to be transformed into amorphous Fe(III) oxides via 

microbial processing or hydration before transformed into bioavailable Fe(II).
316

 To 

explore the size effect of α-Fe2O3 nanoparticles on bacterial growth, 43, 85 and 540 nm 

particles from various commercial sources were also used in this study. XRD patterns for 

these nanoparticles are also shown in Figure 7.1. Major reflections in XRD due to the 
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Figure 7.1 Powder X-ray diffraction (XRD) patterns of α-Fe2O3 nanoparticles used in 
this study. 
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hematite, -Fe2O3, crystalline phase are observed in all of these different sized 

nanoparticles, while small peaks at 36 and 52 degrees are due to minor impurities of other 

iron oxide phases.
317

 This information is important to fully understand the biological 

response, in this case the growth and pathogeneity (vide infra), as iron oxide and 

hydroxide nanoparticles can have different dissolution mechanisms depending on their 

crystallinity and chemistry.
318

 

Representative TEM images of nanoscale α-Fe2O3 used in this work are shown in 

Figure 7.2. Particle samples show relatively narrow size distributions. 540 nm particles 

are irregular in shape, while other samples have morphologies best described as spherical 

or rhombohedral, as is typically seen for hematite.
319

 As expected, measured BET surface 

areas increase with decreasing particle size with the smallest 2 ± 1 nm particles having 

the largest BET surface area of 220 ± 10 m
2
 g

-1
. 

XPS was used to determine the composition of the nanoparticle surfaces. The 

high resolution spectra of Fe2p, O1s and C1s for nanoparticles used in this work are 

shown in Figure 7.3. These all have nearly the same spectral features showing very 

similar chemical composition of the surface. Namely, a doublet in Fe2p region with 

peaks at 710.8 and 724.4 eV are due to the 2p3/2 and 2p1/2 transitions in hematite.
320

 O1s 

spectrum showed primary peak at 530.0 eV due to the surface Fe-O bonds and a broader 

feature at 531.7 eV which is due to the combination of lattice and adsorbed Fe-OH 

bonds.
320

 Additionally, C1s spectrum showed a strong peak at 285.0 eV due to the 

adventitious carbon and 289.0 eV due to the O-C-O bonds.
321

 Collectively, these data 

show surface species present on the hematite nanoparticles includes structural and 

adsorbed hydroxyl groups and some adventitious carbon material either left over from the 

synthesis or from ambient air contamination. To assess the relative abundance of each 

element and corresponding species within, quantification was performed based on XPS 

data. The calculated ratios are shown in Table 7.2. In particular, the O1s:Fe2p ratio shows 

a value of 1.40, close to the expected stoichiometric 1.5 in α-Fe2O3 particles in all 
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Figure 7.2 TEM images of α-Fe2O3 nanoparticles of different size. Analysis of over two 
hundred particles yield an average size of 2 ± 1, 43 ± 6, 85 ± 25, and 540 ± 90 
nm for the four different samples used (see Table 7.1). 

 

 

(a) (b)

(c) (d)
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Figure 7.3 XPS high resolution spectra in the Fe2p, O1s and C1s regions for α-Fe2O3 nanoparticles. The O1s region was peak-fit 
using four Gaussian-Lorentzian synthetic components. The black solid line represents experimental data and the green line 
with circular markers represents the total calculated fit. The other curves represent components used to curve fit the 
spectra. Ratios for different peak areas are given in Table 7.2 
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Table 7.2 Elemental Composition of -Fe2O3 Nanoparticles as Determined from 
XPS Analysis 

Size 
(nm) 

Quantification 

O1s:Fe2p C1s:Fe2p O1s(Fe-O):O1s O1s(Fe-OH):O1s 

2 ± 1 1.23 0.25 0.60 0.40 

43 ± 6 1.42 0.30 0.61 0.39 

85 ± 25 1.45 0.29 0.57 0.43 

540 ± 90 1.37 0.37 0.67 0.32 

 

 

samples but the smallest 2 ± 1 nm one. For the smallest particles, the O1s:Fe2p ratio is 

found to be 1.23 suggesting a slightly reduced stoichiometry. It is possibly related to the 

fact that small metal oxide nanoparticles are prone to reduction in the XPS instrument 

under X-ray illumination in vacuum, as has been observed for 6 nm CuO particles.
322

 

C1s:Fe2p ratio in all samples was close to ~0.3 showing that just a little less than one-

third of surface sites are covered with carbonaceous material. Two observed oxygen 

species with O1s region, Fe-O and Fe-OH accounted for 60% and 40% of total oxygen, 

respectively. This shows that hematite nanoparticle surface is terminated with hydroxyl 

groups which have been shown to be active sites for surface dissolution and 

adsorption.
319

 

 

7.4.2 Growth and Pathogenicity of PAO1 in the Presence of α-Fe2O3 Nanoparticles 

As shown in Figure 7.4, the smallest particles (2 ± 1 nm) induce the greatest 

amount of growth when compared to larger ones. The bacterial growth is positively 
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Figure 7.4 PAO1 grown overnight in M9 media were subcultured and exposed to four α-Fe2O3 particles (10 μg/mL) of different size 
and surface area (Table 7.1). Growth was recorded over nine hours. PAO1 exposed to the smaller particles with a larger 
surface area had the largest growth effect. Non-linear regression (curve-fit) with variable slope from three independent 
experiments was used for statistical analysis. Data were compared for all parameters of the growth curve using the extra 
sum of squares F-test to detect differences throughout the entire growth curve. n = 3 in triplicates. SEM reported * 
p<0.0001. 
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correlated to particle BET surface area (R
2 

= 0.8153), although all of the α-Fe2O3 

nanoparticles form larger aggregates in the M9 media, near 500 nm in size as measured 

by DLS. In order to determine whether this effect was due to different propensities of 

dissolved iron in the different samples, all four samples were incubated for 4 hours at 

37°C in M9 media and inductively coupled plasma optical emission spectrometer 

(ICP/OES) (Varian, 720-ES) was used to determine the concentrations of dissolved iron. 

Blank samples were also analyzed to ensure no other significant source of iron. Only 2 

and 43 nm particles resulted in a measurable amount of bioavailable, 14.8 ± 1.5 and 5.1 ± 

1.6 ppb of dissolved iron, respectively, at pH 6.8 in M9 media. The dissolved iron for 85 

and 540 nm particle dissolution is under the detection limit of ICP/OES, indicating 

increased propensity of iron to dissolve and become bioavailable as decreased particle 

size. It is therefore expected that the 2 nm particle has an increased iron bioavailability 

for the PAO1. Since the optimal iron requirement for bacterial growth is 0.3-1.8 μM in 

vitro cultures,
323

 the amount of iron in the media with the other iron oxide particles could 

be beyond the experimental detection limits but well within the range of iron requirement 

through other mechanisms such as direct iron-bacteria interactions. It is a potential reason 

that all α-Fe2O3 nanoparticles used in the current study play a role in bacterial growth 

although some samples shows no significant dissolution of iron in M9 media. 

Bacteria not only exist in planktonic form, but frequently they form highly 

structured communities called biofilms that can coat the inside of tubes such as catheters 

or faucets or form dense communities in patients with cystic fibrosis or chronic 

obstructive pulmonary disease (COPD).
324

 Previous study has shown that the presence of 

iron (FeCl3) enhances biofilm formation.
325

 Therefore, the effect of α-Fe2O3 nanoparticles 

on biofilm formation was assessed using the crystal violet method.
326

 In the presence of 

10 μg/mL α-Fe2O3 particles, biofilm formation was enhanced compared with control (p < 

0.0001) and FeCl3 (p = 0.0269) containing experiments. However, no significant size 

dependent effect was observed between 2 nm and 540 nm α-Fe2O3 particles(Figure 7.5).
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Figure 7.5 Iron oxide nanoparticles increase biofilm formation. PAO1 grown in the presence of 10µg/mL α-Fe2O3 (2 nm and 540 nm) 
or FeCl3 for 24 hours and crystal violet staining was used to determine biofilm formation. 2 nm and 540 nm α-Fe2O3 as 
well as FeCl3 increased biofilm formation more than control (*p<0.0001), however there were no differences between 2 
nm and 540 nm biofilm formation. N=7 in triplicates. T-test used to compare 2 nm and 540 nm conditions. SEM reported. 
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The lack of size dependent effects in biofilm formation could be possibly due to 

similarity in their production of siderophores, which are well-known low molecular 

weight ligands and have a high affinity for iron. Indeed, bacteria has to produce 

siderophores to coordinate Fe (III) to acquire iron in any anaerobic environment.
327

 

Siderophore production is increased in order to increase iron bioavailability in low 

density populations.
328

 Therefore, siderophore production could be more affected by the 

species of iron particle rather than size in the iron-deprived environment. The increase in 

biofilm formation in the presence of the α-Fe2O3 particles over FeCl3 could be explained 

by the increased solubility of iron in FeCl3 thus decreasing siderophore production and 

consequently biofilm formation.
328

 However, the increased solubility of iron should be 

sufficient to overcome the reduced siderophore production.
329

 A further examination of 

specific siderophore production would need to be conducted in order to understand the 

mechanism of biofilm formation in the current model which is beyond the scope of this 

current study. Although there was no size dependent effect, the direct increase of biofilm 

formation due to the presence of α-Fe2O3 nanoparticles could have dramatic effects in 

populations who are chronically colonized with biofilms of Pseudomonas. 

The airway surface liquid (ASL) is comprised of a combination of proteins that 

prevent bacterial colonization, including lysozyme, lactoferrin and β-Defensins 1 & 2. 

These antimicrobial peptides (AMPs) are part of the host innate immunity. Each AMP 

has specific bactericidal activity and has been shown to have synergistic effects. 

Lysozyme is known to degrade the bacterial cell wall by muramidase activity and β-

Defensins have broad antibacterial activity.
330

 Lactoferrin is an iron-binding glycoprotein 

that sequesters iron thus inhibiting microbial respiration.
330

 Not only does lactoferrin 

inhibit bacterial growth, but it has been shown to inhibit biofilm formation due to its 

ability to sequester iron.
331

 In order to determine the effect of iron-containing particles on 

AMP activity, physiologically relevant concentrations of AMPs
332

 and α-Fe2O3 particles 

were incubated and effects of bacterial killing were tested. Specifically, 600 µg/mL 
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lysozyme, 200 µg/mL lactoferrin and 100 ng/mL β-Defensins 1 & 2 were used in this 

mixture. PAO1 was grown overnight in M9 media, subcultured and 1.3e
4
 was used in the 

experiment. 10 µg/mL α-Fe2O3 particles were added with AMPs and PAO1 to a sodium 

phosphate buffer at pH 7.8 in a 96 deep well plate. Mixture was incubated for one hour at 

37ºC and 300 rpm. ¼ diluted Luria Broth (LB) media was added and grown overnight. 

OD600 was measured to determine level of PAO1 growth (+AMP). In order to determine 

if the effects on AMP inhibition were due to direct AMP inhibition or PAO1 growth as 

seen in the previous experiments, particles were incubated with AMPs for one hour and 

then removed by centrifugation and filtration. After the AMPs were filtered, the 

experiment was conducted as stated above.  

As shown in Figure 7.6a, FeCl3 completely inhibited AMPs activity with and 

without pre-incubation. Conversely, smaller α-Fe2O3 particles (2 nm) inhibited AMP 

activity more effectively compared to the larger particles (540 nm) (Figure 7.6b, 

p=0.0061). The size dependent effect was lost when AMPs were pre-incubated for one 

hour with 10µg/mL α-Fe2O3 particles (Figure 7.6b, Inc.AMP). Therefore, this effect 

appears to be due to direct α-Fe2O3 particles AMP activity inhibition rather than merely 

increased growth in the 2 nm condition. This could be due to direct lysozyme inhibition 

as it has been shown that cations inhibit lysozyme activity.
333

 Therefore, the observed 

inhibition of AMPs in current experiment could be due to the presence of Fe
2+

 interaction 

with lysozyme. In addition, the size related effects of AMP inhibition could be due to the 

increasing structural disorder of particles with decreasing size.
303

 For example, in the 

presence of smaller α-Fe2O3 particles, more cations could be readily released, thus 

inhibiting AMPs. Overall, the attenuated AMP activity by α-Fe2O3 particles prevents the 

body’s defense system from properly fighting foreign invaders. 
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Figure 7.6 Iron oxide nanoparticles inhibit antimicrobial peptide activity. Panel a. PAO1 
growth in the presence of FeCl3 with and without AMP cocktail in sodium 
phosphate buffer. After eighteen hours, FeCl3 increased PAO1 growth. (-
AMP) In the presence of FeCl3, AMPs (600 μg/mL Lysozyme, 200 μg/mL 
Lactoferrin and 100ng/mL β-Defensin 1&2) are inhibited with and without 
incubating for one hour. (+AMP and Inc. AMPs) Panel b. α-Fe2O3 particles (2 
nm and 540 nm) were added to PAO1 culture in the presence and absence of 
AMPs. PAO1 growth in the presence of 2 nm induces more growth than 540 
nm particles (-AMP) * p=0.011. 2 nm α-Fe2O3 appears to inhibit AMP 
activity (+AMP) when compared with 540 nm **p=0.0061. When particles 
are removed after incubating with AMPs for one hour, the size dependent 
effect of AMP inhibition is lost (Inc. AMPs). N=3 in triplicates. T-test used to 
compare 2 nm and 540 nm conditions. SEM reported.  
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7.5 Conclusions 

The results demonstrate that one mechanism of iron containing particle induced 

PAO1 growth is linked to particle size and surface area, likely explained by the increased 

propensity of large surface area iron particles to have a greater amount of iron dissolution 

and the ability of small particles to get into bacteria. Although this is true while the 

bacteria exist in planktonic form, the size dependent effect on growth does not translate 

to increased biofilm formation. Another finding of this work is that α-Fe2O3 particles are 

able to inhibit AMP activity, thus impairing the ability of a body to respond to foreign 

invaders such as PAO1. Overall, size and surface area of iron nanoparticles seem to be a 

factor in playing a role to the effects of bacteria growth, pathogenicity, and impairing the 

AMP activity.  

Although recent studies of hematite nanoparticles greater than 90 nm do not show 

signs of toxicity in macrophages and lung epithelial cells,
334

 nanoparticles, especially the 

smaller particles with large surface areas, may be harmful to human health as it relates to 

individuals susceptible to bacterial infections and/or colonization. In the era of 

nanotechnologies continued promise and growth, understanding the mechanisms of 

nanoparticle induced bacterial growth and virulence is important for the development of 

future public health policies aimed at controlling, not only PM concentrations in the 

environment, but at potential regulations for materials with properties that can cause 

detrimental effects in healthy and ill subjects. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

Atmospheric aerosols greatly influence the chemical balance of the atmosphere, 

biogeochemical cycles, the Earth’s climate and human health. Although extensive studies 

have been carried out to explore these effects, there is still considerable uncertainty. 

Studies in this thesis aim to evaluate better the global impacts of metal-containing 

aerosols in the atmosphere via a series of laboratory experiments. 

Although heterogeneous reactions of atmospheric trace gases, such as SO2, NOx, 

HNO3, O3 and volatile organic compounds, on aerosols under dark conditions have been 

well understood after extensive studies in the last two decades, the effect of solar 

radiation on these heterogeneous reactions has not yet been explored to any great extent. 

In order to better understand difference between daytime and nighttime chemistry, 

heterogeneous photochemistry of HNO3 and O3, two common atmospheric pollutants, on 

typical components of metal-containing aerosols was explored using an environmental 

aerosol chamber that has incorporated with a solar simulator. Heterogeneous 

photoreaction of HNO3 on Al2O3 shows the formation of gas phase NOx via the 

adsorption of HNO3 on Al2O3 to form nitrate followed by the photodecomposition of 

nitrate to produce NOx that are released back into the gas phase. It was displayed a 

dynamic balance between surface adsorbed nitrate, and gaseous HNO3, NO2 and NO 

under irradiation. The work confirms that nitrate is not the end product but the reservoir 

for nitrogen oxides in the atmosphere. This is consistent with previous field studies 

showing the release of NOx from Antarctic and Greenland snow packs,
52, 53

 and 

laboratory experiments showing the formation and release of NOx from amorphous 

carbon after exposure to HNO3.
123

 The presence of water has significant effects on the 

reaction extent, the uptake of HNO3, and even the reaction mechanism. 
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Heterogeneous photochemistry of ozone on α-Fe2O3, α-FeOOH, TiO2 and Al2O3 

was also explored using the environmental aerosol chamber. Experiments show that 

Al2O3, the only insulator used in this study, exhibits no significant activity toward ozone 

decomposition under either dark or irradiated conditions. α-Fe2O3 and α-FeOOH show 

great capacities in decomposing ozone under both dark and irradiated conditions. More 

interestingly, TiO2 only decomposes ozone in the presence of irradiation. The effect of 

relative humidity on the ozone uptake rate depends strongly on specifics of the oxide 

surface, such as the type of active site and relative affinity for water. The rate of ozone 

decay on α-Fe2O3 decreases with increasing relative humidity under both dark and 

irradiated conditions due to the competitive adsorption of water and ozone on surface 

active sites. Increasing relative humidity for TiO2-O3-irradiation system initially shows 

an enhancement on ozone decay. But at high relative humidity the ozone decomposition 

is inhibited. It was explained by the combination effects of the formation of surface 

hydroxyl groups, a highly active oxidant, at low relative humidity and the coverage of 

water film on TiO2 surface to block surface active sites at high relative humidity.  

The studies on heterogeneous photochemistry of atmospheric trace gases in this 

thesis indicate that daytime chemistry differs from nighttime chemistry, and plays an 

important role in regulating the chemical balance of the atmosphere. Heterogeneous 

photoreactions of atmospheric trace gases may change the reaction mechanism, kinetics, 

and even products and product partitioning compared with reactions in the dark. Since the 

surfaces on which such processes may occur include not only airborne particles but also 

soils, rock formations, buildings, and vegetation, the relevant heterogeneous 

photoreactions might be widespread and globally impact the chemical state of the 

troposphere. Modeling studies of atmospheric chemistry should take into account 

heterogeneous photochemistry of aerosols for better evaluation of aerosol effects and 

better prediction of atmospheric chemistry. 
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Given that heterogeneous photochemistry of aerosols has not been fully 

understood, future works are needed. Some future directions include, 

1. Heterogeneous photochemistry of other atmospheric trace gases such as NOx, 

and reactive volatile organic compounds is important to pursue to fully understand the 

fate of atmospheric trace gases. 

2. Heterogeneous photochemistry of other typical components of aerosols, such as 

ZnO, seasalt and soot needs to be explored to fully understand heterogeneous 

photochemistry of aerosols. 

3. Due to the expanding application of metal containing materials in the industry, 

such as sunscreen and cosmetic using nanoscale TiO2 and ZnO as constituents, as well as 

the coating of TiO2 or TiO2 containing materials on building exterior, road lamps, and car 

mirrors, the effects of other surfaces in contact with the atmosphere, besides aerosol, are 

needed to be explored. 

4. The effect of physicochemical properties of aerosol components, including 

size, shape, ad surface properties (like defect and crystalline face) needs to be examined.  

5. The effect of external/internal mixing of two or more metal containing 

components on their photochemistry is important to peruse. 

6. Reactions under more atmospherically relevant conditions should be explored. 

e.g. reactant gas concentrations at ppb/ppt levels; particle concentrations close to 

atmospheric levels. 

7. The effect of irradiation at different wavelengths is important to be explored.  

For the impact of aerosols on biogeochemical cycles, laboratory experiments were 

performed to better understand the role of anthropogenic aerosols in supplying soluble 

iron into the open ocean. Aerosols, especially mineral dust, are considered to be the main 

source of soluble iron in open ocean water. The transport and deposition of aerosols on 

the ocean water can cause a release of iron. Given that iron is a limiting nutrient for ocean 

organism in extensive regions of the ocean referred to as high nutrient low chlorophyll 
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regions,
187-189

 the release of iron leads to elevated phytoplankton biomass and rates of 

photosynthesis in surface water, eventually causing a potential feedback effect on the 

Earth’s climate.
63-67

 While recent evidence suggests anthropogenic aerosols to be more 

important than mineral dust in supplying bioavailable iron, few measurements have been 

made to compare the iron solubilities between them. In this thesis, coal fly ash was 

selected as the model of anthropogenic aerosols to investigate iron mobilization of 

anthropogenic aerosols. Through a variety of characterization techniques coupled with 

dissolution experiments, it was found that aluminosilicate glass, a major component of 

coal fly ash, disintegrates into fragments during simulated atmospheric processing, 

causing an enhancement of iron mobilization. In contrast, Arizona test dust, a proxy of 

mineral dust used in this study, is mainly composed of aluminosilicate mineral, which is 

well crystallized and stays relatively stable without significant morphology change during 

simulated atmospheric processing. Research indicates that anthropogenic aerosols have 

different chemical structures compared with mineral dust, and therefore exhibit different 

iron mobilization abilities. Iron mobilization from aerosols is strongly dependent on the 

source material, atmospheric acid processing, atmospheric cloud processing, surface pH, 

type of acidic media and solar radiation. These factors should be taken into account in 

assessing the soluble and bioavailable iron provided by the transport and deposition of 

aerosols. 

Since the effect of anthropogenic aerosols on providing soluble and bioavailable 

iron into the open ocean waters remain uncertainty, further studies are desirable. Some 

future directions include, 

1. Given that coal fly ash is the only model of anthropogenic aerosols used in this 

study, further laboratory studies are needed to investigate iron mobilization of other kinds 

of anthropogenic aerosols, such as engineering iron-containing particles, and biomass 

burning aerosols to fully understand the impact of anthropogenic aerosols on 

biogeochemical cycles. 
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2. Dissolution experiments should be performed at high pH in future work to 

better simulate atmospheric processing. Specially, the effect of pH in the range of 3-6 is 

important to be closely examined given that iron solubilities of oxides and minerals 

change dramatically in the pH range of 3-6.
236

 

3. Field studies should be performed to investigate potential changes of 

morphology and chemistry of fly ash particles during atmospheric transport as suggested 

in the laboratory study here. 

For health effect of heavy metal containing species, PbO was selected to 

investigate lead mobilization. The effect of atmospheric processing, i.e. reaction with 

NO2, on Pb mobilization has also been investigated. Experiments show that PbO can 

effectively react with NO2 to form surface adsorbed nitrate. At high relative humidity, 

surface nitrite was also observed. The formation of surface Pb-NO3 and Pb-NO2 species 

greatly enhances Pb mobilization, potentially causing more mobile Pb entering the 

environment. These results point to the potential importance and impact that 

heterogeneous chemistry with trace gases can have on increasing solubility and therefore 

the mobilization of heavy metals such as lead in the environment. This study also shows 

that surface intermediates, such as adsorbed nitrates, can yield higher concentrations of 

dissolved lead in water systems including drinking water systems, ground water systems, 

estuaries and lakes. Some future studies include, 

1. The heterogeneous reactions of other atmospheric trace gases, including NO, 

HNO3, SO2, and organic acids with Pb-containing materials are desirable to better assess 

the effect of atmospheric trace gases on lead dissolution. 

2. The current work should be expanded to other Pb-containing materials, such as 

PbO2, Pb3O4 and elemental Pb to further understand Pb mobilization in the environment.  

Iron is the most abundant transition metal in the troposphere. As a transition 

metal, it is capable of generating reactive oxygen species (ROS) and contributing to 

oxidative stress. In collaboration with Dr. Alejandro Comellas’ laboratory in the 
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Department of Internal Medicine, biological response of iron-containing particles was 

investigated. Specifically, pseudomonas aeruginosa (PAO1) was grown in the presence 

of α-Fe2O3 nanoparticles of different size and antimicrobial peptides (AMPs). Results 

demonstrate that one mechanism of iron containing particles induced PAO1 growth is 

linked to particle size and surface area, likely explained by the increased propensity of 

large surface area iron particles to have a greater amount of iron dissolution and the 

ability of small particles to get into bacteria. Although this is true while the bacteria exist 

in planktonic form, the size dependent effect on growth does not translate to increased 

biofilm formation. In addition, α-Fe2O3 particles are able to inhibit AMP activity, thus 

impairing the ability of a body to respond to foreign invaders such as PAO1. This study 

suggests that size and surface area of iron nanoparticles seem to be a factor in playing a 

role to the effects of bacteria growth, pathogenicity, and impairing the AMP activity.  

This study highlights that nanoparticles, especially the smaller particles with large 

surface areas, may be harmful to human health as it relates to individuals susceptible to 

bacterial infections and/or colonization. In the era of nanotechnologies continued promise 

and growth, understanding the mechanisms of nanoparticle induced bacterial growth and 

virulence is important for the development of future public health policies aimed at 

controlling, not only PM concentrations in the environment, but at potential regulations 

for materials with properties that can cause detrimental effects in healthy and ill subjects. 

In order to better understand the potential effect of iron-containing particulate matter on 

human health, some future studies include, 

1. Other iron containing materials including goethite and Fe nanoparticles should 

be explored. 

2. The role of physicochemical properties of iron containing particles, such as size 

and shape, plays in controlling the detrimental effects in human health is needed to be 

explored. 
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3. Atmospheric processing can cause changes of physicochemical properties of 

iron containing particles. For example, particle surface can be covered with 

nitrate/sulfate/organic acids. How atmospheric processing influences the detrimental 

effect of iron-containing particles is interesting to be pursued. 

In conclusion, the work reported in this thesis helps to further understand the 

impacts of aerosols on the chemical state of the atmosphere, biogeochemical cycles, the 

Earth’s climate and human health. The knowledge gained here can be combined into 

future atmospheric modeling studies to better evaluate of the global impacts of aerosols 

and accurately predict atmospheric chemistry as well as global climate change. 

Regulations should be made in future to restraint the release of atmospheric aerosols, 

especially metal-containing particles, in order to protect public and environmental health. 
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APPENDIX A 

WINFIRST MACROS USED FOR INFRARED SPECTRAL COLLECTION AND 

ANALYSIS 

The following macro programs were used for infrared spectral collection and 

analysis. The generalized programs are given while the individual collection intervals, 

integration region, peak height, reference spectrum etc. were changed accordingly 

dependent upon the experiment or analysis being conducted. 

 

Macro 1: Used to collect a serious of infrared spectra continuously 

pause "press enter when ready" 

verbose "on" 

sleep 15 

verbose "off" 

 

for x=1 to 300 step 1 

begin 

bench:scan 

end 

 

for x=1 to 300 step 1 

begin 

bench:scan 

sleep 150 

end 
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Macro 2: Used to ratio all single beam spectra (*.sbm) to absorbance spectra (*.abs) 

cd C:\VMS\033107 

S = findFirstFile "cVMS0*.sbm" 

A = stringLength S 

if (A > 0) 

{ 

while (A > 0) 

{ 

  B = load S 

  ratio "cVMS0001.sbm" 

  ras2abs 

  SAVE 

  S = findNextFile 

  A = stringLength S 

 } 

} 
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Macro 3: Used to integrate a specific set of absorbance bands 

cd c:\praveen 

S = findFirstFile "5ja05*.abs" 

A = stringLength S 

verbose "on" 

if (A > 0) 

{ 

 while (A > 0) 

 { 

  B = load S 

  A = integrate 680 807 

  A = integrate 807 940 

  A = integrate 1152 1272 

  A = integrate 1272 1383 

  A = integrate 3490 3603 

  S = findNextFile 

  A = stringLength S 

 } 

} 
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Macro 4: Used to obtain the peak height (net absorbance) of a specific absorbance 

feature 

cd c:\amp\feb2002\feb06 

S = findFirstFile "2fe06*.abs" 

A = stringLength S 

if (A > 0) 

{ 

 while (A > 0) 

 { 

  B = load S 

  A = neta 1197.58 1700.0819 2120.36 

  SAVE 

  S = findNextFile 

  A = stringLength S 

 } 

} 
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Macro 5: Use to subtract out gas phase water contributions 

cd c:\vms\022007 

S = findFirstFile "Cvms0*.abs" 

A = stringLength S 

if (A > 0) 

{ 

 while (A > 0) 

 { 

  B = load S 

  C = integrate 1300 1235 

  load "c:\vms\subtract\Water40.abs" 

  E = integrate 1300 1235 

  F = C/E 

  B = load S 

  loadRef "c:\vms\subtract\Water40.abs" 

  subtract F 

  save 

  S = findNextFile 

  A = stringLength S 

 } 

} 
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APPENDIX B 

INPUT FOR KINETIC PREPROCESSER  

The following files were used as input of Kinetic PreProcesser to define the 

chemical mechanism with reaction constants, the formula of each species involved in, the 

initial conditions, the numerical integrator, and the output language. 

 

(I) aerosol_ozone.eqn: The equation file, used to define the reaction mechanism with 

reaction constants. 

#Equations 

{Constant need to qualify} 

{R32} H2O2 = 2HO:          1.1675E-5; 

{R12} O3 = 0.63O1D + 0.37O3P + O2:    1.1060E-3;   {photolysis of ozone} 

{Rwallloss} O3 + wall = 1.5O2 + wall:    4.2485E-6; 

{Rsuface} O3 + FeS = 1.5O2 + FeS:     0; 

{R1_1} O3P + O2 + O2 = O3 + O2:     ARR(6.0E-34, 0.00E0, -2.40E0); 

{R1_2} O3P + O2 + N2 = O3 + N2:     ARR(6.0E-34, 0.00E0, -2.40E0); 

{R2} O3P + O3 = 2O2:         ARR(8.0e-12, 2060.0e0, 0.0e0); 

{R3} O1D + O2 = O3P + O2:       ARR(3.3e-11, -55.0e0, 0.0e0); 

{R3_2} O1D + N2 = O3P + N2:       ARR(2.15e-11, -110.0e0, 0.0e0); 

{R4} O1D + O3 = 1.5O2 + O3P:      2.40E-10; 

{R13} H + HO2 = 1.788HO + 0.086H2:    7.95E-11; 

+ 0.086O2 + 0.02H2O + 0.02O3P 

{R14_1} H + O2 + O2 = HO2 + O2:     FALL(4.40E-32, 0.00E0, -1.30E0, 4.70E-11,  

                0.00E0, -0.20E0, 0.60E0); 

{R14_2} H + O2 + N2 = HO2 + N2:     FALL(4.40E-32, 0.00E0, -1.30E0, 4.70E-11,  

                0.00E0, -0.20E0, 0.60E0); 

{R15} O3P + HO = O2 + H :       ARR(2.20E-11, -120.00E0, 0.0E0); 
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{R16} O3P + HO2 = HO + O2:       ARR(3.00E-11, -200.00E0, 0.0E0); 

{R17} O3P + H2O2 = HO + HO2:      ARR(1.40E-12, 2.0E3, 0.0E0); 

{R18} O1D + H2 = HO + H:        1.10E-10; 

{R19} O1D + H2O =2HO :       ARR(1.63E-10, -60.0E0, 0.0E0); 

{R20} HO + H2 = H2O + H:        ARR(2.80E-12, 1.80E3, 0.0E0); 

{R21} HO + HO = H2O + O3P:       1.80E-12; 

{R22_1} HO + HO + O2 = H2O2 + O2:    FALL(6.90E-31, 0.00E0, -1.00E0, 2.60E-11,  

                0.00E0, 0.00E0, 0.60E0); 

{R22_2} HO + HO + N2 = H2O2 + N2:    FALL(6.90E-31, 0.00E0, -1.00E0, 2.60E-11,  

                0.00E0, 0.00E0, 0.60E0); 

{R23} HO + HO2 = H2O + O2:       ARR(4.80E-11, -250.00E0, 0.0E0); 

{R24} HO + H2O2 = H2O + HO2:      1.80E-12; 

{R25} HO + O3 = HO2 + O2:       ARR(1.70E-12, 940.00E0, 0.0E0); 

{R26] HO2 + HO2 = H2O2 + O2:      ARR(3.50E-13, -430.00E0, 0.0E0); 

{R27_1} HO2 + HO2 + O2 = H2O2 + O2 + O2:  ARR(1.70E-33, -1000.00E0, 0.0E0); 

{R27_2} HO2 + HO2 + N2 = H2O2 + O2 + N2:  ARR(1.70E-33, -1000.00E0, 0.0E0); 

{R28} HO2 + O3 = HO + 2O2:       ARR(1.00E-14, 490.00E0, 0.0E0); 

{R29} H + O3 = HO + O2:        ARR(1.40E-10, 470.00E0, 0.0E0); 

{R30} O1D + N2 + O2 = N2O + O2:     ARR(2.80E-36, 0.00E0, -0.9E0); 

{R31} O1D + N2 + N2 = N2O + N2:     ARR(2.80E-36, 0.00E0, -0.9E0); 
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aerosol_ozone.spc: The species file, used to specify the formula of each species 

involved in the reactions. 

 

include atoms 

#DEFVAR {define variable species} 

 O3P = O; 

 O1D = O; 

 O3 = 3O; 

 O2 = O + O; 

 HO = H + O; 

 H2O = H + H + O; 

 H2O2 = 2H + 2O; 

 H2 = 2H; 

 H = H; 

 HO2 = H + 2O; 

 N2O = 2N + O; 

 

#DEFFIX {define fixed species, the formulas of wall and surface active site are ignored} 

 N2 = N + N; 

 wall = IGNORE; 

 FeS = IGNORE;  
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aerosol_ozone.def: The initiative file, used to define the initial conditions 

#include aerosol_ozone.spc 

#include aerosol_ozone.eqn 

 //#LANGUAGE Fortran90     {Output Language} 

//#DOUBLE ON        {Double Precision} 

//#JACOBIAN SPARSE_LU_ROW  {Use Sparse DATA STRUCTURES} 

 //#INTEGRATOR rodas3     {Specify the numerical integrator used} 

//#DRIVER general 

#LOOKATALL        {File Output} 

#MONITOR O3;H2O;       {Monitor the concentrations of O3 and H2O} 

#INITVALUES         {Initial Values} 

 

  CFACTOR = 1;       {Conversion Factor}  

  O2 = 5.168e+18;      {Initial concentration of O2} 

  N2 = 1.944e+19; 

  O3 = 2.9155e+15; 

  H2O = 0.1984E+17; 

  wall = 1; 

  FeS = 0;         {FeS represents the surface active sites of hematite, set 

              to 0 when aerosol is absence} 

 

#INLINE F90_INIT       {Define the integration step} 

  TSTART = 12.0d0*3600.0d0 

  TEND = TSTART + 10.0d0*3600.0d0 

  DT = 0.01d0*3600.d0 

  TEMP = 298.0d0      {Define the reaction temperature} 

#ENDINLINE
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aerosol_ozone.kpp: The KPP input file, used to generate KPP file 

#MODEL    aerosol_ozone 

#INTEGRATOR   rosenbrock  

#LANGUAGE  Fortran90 

#DRIVER    general 

#HESSIAN    ON 

#STOICMAT   ON 

#DOUBLE    ON 
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