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ABSTRACT

Metal oxides in the atmosphere emitted from various natural and anthropogenic
processes alter the chemical balance of the Earth’s atmosphere due to heterogeneous and
photochemical processes with atmospheric trace gases. Therefore, understanding the
heterogeneous chemistry and heterogeneous photochemistry of atmospheric trace gases
on these oxide surfaces has become vital to precisely predict the effect of mineral dust
loading on the Earth’s atmosphere. Among the various components of mineral dust, light
absorbing oxides play a significantly important role during the daytime.

The work reported herein has focused mainly on TiO, and a-Fe>Os. These are
light adsorbing components found in atmospheric mineral dust. Apart from being a
component of mineral dust, TiO> is heavily used in a number of industrial applications
ranging from uses in self-cleaning, water purification to cosmetics. These applications
have led to their presence in the atmosphere as anthropogenic dust particles and in
contact with the atmosphere as a stationary phase. lron-containing particles are
transferred to the atmosphere mainly from wind and volcanic activities in the form of
iron-containing mineral dust and volcanic ash aerosols. a-Fe2O3 is the most stable iron
containing compound found in the Earths’ crust which constitutes in significant amounts
in mineral dust. The presence of these oxide surfaces in the atmosphere can play a major
role in heterogeneous chemistry and photochemistry.

In this dissertation research, transmission FTIR spectroscopy and X-ray
photoelectron spectroscopy are used to probe the details of heterogeneous chemistry and

photochemistry of CO2, SO2, NO2, HCOOH, and HNO3 on titanium dioxide and hematite



surfaces. Adsorption sites, surface speciation and surface species stability have been
determined from analysis of FTIR and XPS spectra. Isotope labeling experiments were
also carried out in order to obtain mechanistic information about the details of surface
hydroxyl group reactivity on these oxide particle surfaces. Furthermore, heterogeneous
photochemical reactions of adsorbates from atmospheric trace gas adsorption on TiO:
and a-Fe2O3 were investigated under the conditions pertinent to troposphere. The role of
adsorbed water on the stability of adsorbed species that form as a result of heterogeneous
reactions and the effect of relative humidity on photochemistry on these oxide particles
surfaces has also been investigated due to its important implications in the atmospheric
chemistry of oxide surfaces. The research adds to our overall scientific understanding of
the molecular level details of heterogeneous chemistry and photochemistry of light

absorbing components in the atmosphere.
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CHAPTER 1

INTRODUCTION

1.1 Metal Oxides in the Atmosphere

The main source of metal oxide containing particles suspended in the atmosphere
is most likely from windblown mineral dust. As one of the most mass abundant types of
aerosols emitted into the atmosphere, windblown 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.! Major desert areas
like Sahara and Gobi account as major sources of windblown dust. Figure 1.1 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.>® The improper
agricultural and grazing practices have resulted in desertification of land throughout the
globe. 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.”

Given that mineral dust aerosol is from windblown 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. Typical abundances of different major
oxides in the continental crust are given in Table 1.1.°> As shown in Table 1.1 SiO, and
Al,O3 are the most abundanct oxides in continental crust. The exact percentage of each
phase will vary and depend on the exact mineral dust source region from which it

originates.® Components of mineral dust such as silicon dioxide, aluminium oxide, iron



Figure 1.1. Satellite images of (a) Dust plume is transported off of the west coast of Africa and over the Atlantic Ocean in late
September 2011 and (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. The images were captured using the Moderate Resolution Imaging Spectroradiometer
(MODIS) on NASA’s Terra satellite. Reprinted with permission from Visible Earth (http://visibleearth.nasa.gov). Copyright 2011

NASA.



in experimental studies. Heterogeneous chemistry of trace atmospheric gases on these
oxide surfaces has been widely studied using different experimental techniques and

summary of those studied can be found in several review articles.®’

Table 1.1. Abundance of Major Oxides in the Continental Crust

Oxide SiOz A1203 F6203 CaO NaZO MgO KzO TiOz BaO MnO

Y% 61.5 151 628 55 32 37 24 068 0.0584 0.1

In the atmosphere, mineral dust aerosol particles undergo atmospheric processing
by reacting with different trace atmospheric gases in the presence of water vapor,
molecular oxygen and light before finally deposited onto the earth’s surface. Processed
particles can also be deposited into the hydrosphere. Figure 1.2 shows a pictorial
representation of the life cycle of an atmospheric dust particle, in terms of emission,
transport, and deposition into aqueous and terrestrial ecosystems as a modified dust
particle.?

The focus in this thesis is on the important yet sometimes poorly understood
physical and chemical heterogeneous processes, especially the role of heterogeneous
chemistry and photochemistry of light adsorbing components. Laboratory studies on the
heterogeneous chemistry of mineral dust aerosol have focused mainly on night time
chemistry of the metal oxide components of mineral dust. Short wavelength (< 300 nm)
radiation is absorbed in the stratosphere and upper troposphere. However, a significant
solar actinic flux reaches the Earth’s surface. The actinic flux in the troposphere in the

near UV region between 300 — 400 nm, is on the order of 10** quanta cm™ s™.° Photon



energies corresponding to this wavenumber range are 300 — 400 kJ/mol and are sufficient
to initiate a number of direct photochemical processes involving adsorbates on the dust
particle surface. Additionally, light adsorbing components of mineral dust can induce
new reaction pathways due to electron/hole pair generation and can play a significant role
in the troposphere during daytime. In the presence of solar radiation, photochemistry
dominates gas phase chemistry of the atmosphere. Although these solar light initiated
reactions may be of significance in the atmosphere, little is known about photochemical
reactions involving mineral dust aerosol. Additionally, the role of relative humidity and

molecular oxygen on heterogeneous photochemical reactions are important to understand.

Life Cycle of Atmospheric Dusts
>
Release of Atmospheric ~ Atmospheric Transport and Deposition of “Aged”
Dusts into Air enneensProcessing Dusts into Aquatic and
____________ Heterogeneous Chemistry, Terrestrial Ecosystems
** Heterogeneous Photochemistry and ~ ""**e.,,. as
E Cloud Processing
O3, NO,, SO, HNOs , OH. HCOOH....
Fresh Dust < D iged Dust
(Mineral Dust, Nanodust) (dissolved ions , increased hygroscopicity...?)
= _

Figure 1.2. Cartoon representation of the life cycle of dusts represented in terms of
emissions, long-range transport of dust where important yet in some cases poorly
understood chemical and physical processes occur and subsequent deposition into aquatic
and terrestrial ecosystems. These “aged” dust particles can then undergo deposition into
aqueous and terrestrial ecosystems with very different physicochemical properties than
the freshly emitted particles. Adapted with permission from Ref. 8. Copyright 2010
American Chemical Society.



1.2 Semiconductor Metal Oxides

When excited with light at wavelength equal to or greater than the band gap
energy, the photocatalytic nature of semiconductors leads to the generation of electron
hole pairs in the conduction and valence bands, respectively. The photogenerated electron
hole pairs can then follow several pathways: (i) recombination of electron and hole on the
surface or in the bulk of the semiconductor; (ii) reduction of electron acceptors by
photogenerated electrons and; (iii) oxidation of electron donors by photogenerated holes.
Electrons and holes transported to the particle surface can therefore initiate redox
chemistry.’® Some examples of oxidation and reduction processes following reaction with
electron acceptors (A) and donors (D) for TiO,, a well-known photocatalyst are shown in
Figure 1.3. Photogenerated electrons and holes, for example, can react with H,O and O,
molecules with the formation reactive oxygen species. The reaction mechanism can be

depicted as follows in equations (1.1)-(1.3):

TiO, + hv(4 <390nm)— e +h" (1.1)
h*+ H,0 - OH"+ H* (1.2)
e +0, —» 0, (1.3)

The resultant reactive oxygen species can reduce and/or oxidize environmental
pollutants, including volatile organic compounds (VOCs), leading to the breakdown of

these pollutants into low-molecular weight products. It is a main feature developed as a



0, —> 0,
hy A | NO,—> NO;
0,— O;

D+

H,0 —> OH- + H*
D | NOs—> NO;
R-OH —> R=0

Figure 1.3. Schematic of TiO, photoexcitation to initiate electron-hole pairs (e/h*) and
redox chemistry at the TiO, surface. Separated electron-hole pairs at the TiO, surface can
result in the reduction of electron acceptors (A) by photogenerated electrons, and the
oxidation of electron donors (D) by photogenerated holes. Metal oxide photocatalysis
with atmospheric gases has the potential to play an important role in atmospheric
chemistry. Adapted with permission from Ref. 7. Copyright 2012 American Chemical
Society.



usage of self-cleaning materials by adding semiconductor material such as TiO, or
applying a coating to the conventional building materials for environmental

remediation.}**3

1.3 Semiconductor Oxides Studied

Under Dissertation Research
1.3.1 Titanium Dioxide

Titanium dioxide (TiO,) is a relatively inexpensive, non-toxic and easy to handle
material, which is of great interest as evidenced by the wide number of applications, as
well as the number of publications that have appeared in the past twenty years.** Besides

reports in the literature related to the utilization of TiO, in solar cells,*®> environmental

17,18 19,20

remediation,*® sensing,'"*® and as coatings'®%, recent studies have focused on the role of
TiO, photocatalysis in atmospheric chemistry. It has been reported that TiO, surfaces
facilitate interfacial photochemical reactions, and that these reactions have the potential
to change the chemical balance of the atmosphere.

TiO, is a semiconductor material with a band gap of ~3.2 eV, corresponding to a
wavelength of ~390 nm. TiO, has three major stable polymorphs, namely anatase, rutile
and brookite. Among those, anatase has generally shown the highest photocatalytic
activity with some crystallographic planes of anatase being particular reactive.?®*’ The
presence of rutile in anatase sample, however, was suggested to increase catalytic activity

by introducing mesoporosity and a wider pore size distribution.?®*° Degussa P25 TiO, is

a typical commercially available material composed of 75% anatase and 25% rutile. It is



generally accepted to exhibit better photocatalytic efficiency compared with other forms
of TiO,, and has been widely used as a reference material in laboratory studies.”*"

TiO, surfaces can reduce and/or oxidize environmental pollutants, including
volatile organic compounds (VOCs), leading to the breakdown of these pollutants into
low-molecular weight products. The ability of TiO, surfaces to reduce and/or oxidize
environmental pollutants and its potential self-cleaning applications of TiO, are related to
window materials, cement, tiles, paving stones, paints and other building materials, which
stay clean themselves in the presence of sunlight due to their ability to breakdown
organic atmospheric species.** TiO, surface chemistry and photochemistry and its
applications in environmental remediation have been extensively reviewed in several
publications.'0343®

The greatest interest and focus of this dissertation research is the impact of TiO;
heterogeneous chemistry and photochemistry in the atmospheric environment. Photon
energies in the troposphere are sufficient to activate TiO, with the formation of separated
electron/hole pairs as discussed previously.? TiO, can be found as a minor component in
Aeolian dust particles. The mass mixing ratio of TiO, in atmospheric dust sources are in
the range of 0.1 to 10% depending on the source from which they originated prior to
uplifting into the atmosphere.*® Additionally, TiO; particle surfaces have been recently
reported in urban airsheds, suggesting that there may be some anthropogenic release due
to its widespread usage.”>*" Although TiO, is a relatively minor component in the
environment, its interaction with solar radiation can initiate a number of photochemical

processes, and therefore, potentially play a role in daytime atmospheric chemistry.

Understanding the photocatalytic behavior of TiO, is expected to fill a gap in our



knowledge of atmospheric chemistry, which previously has not considered TiO,

photocatalysis to impact the chemical balance of the troposphere to any great extent.

1.3.2 Titanium-Containing Mineral Dust Aerosol

TiO, has been widely reported to be present in airborne particulate matter (PM).**
> For example, analysis of total suspended particles (TSP) in the atmosphere in south-
east Beijing reported that on average there was 250 to 520 pg m™ of TSP for the different
seasons from autumn 2005 to summer 2007 with 0.75 to 1.58 pg m™ of that TSP
composed of TiO,.* Sources of TiO, particles in the atmosphere include both natural
processes and human activities, which is discussed in more detail below.

The main source of TiO, particles suspended in the atmosphere is from
windblown mineral dust. The exact percentage of each phase will vary and depend on the
exact mineral dust source region from which it originates.® Approximately 0.7 wt% TiO;
is found in the continental crust.’> However, TiO; is not evenly distributed throughout the
earth’s crust. Table 1.2 shows TiO, distributions derived from various dust samples
originated from Saharan and Gobi deserts from information provided in several
studies. 8
The content of TiO; in the atmosphere is also seasonally variable. The median
mass concentration of TiO, was reported to be 7.3 ng m™ in PMy, samples collected
during the cold period in a 2006 campaign at K-puszta, Hungary, but samples collected in
the warm period at the same site contained significantly higher TiO, concentrations with
a median mass concentration of 50.0 ng m™.°2 The mobilization of TiO, during the warm

period was explained by the combination of a dried soil and increased agricultural
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activities. Additionally, the TiO, content in PMy is generally higher than that in PM;5 as

reported in several field studies.**9°3>9

Table 1.2. TiO, Distribution within Different Dust Source Regions.

Dust Source Region %TiO, Ref.
Cape Verde Islands 4.5 39
Saharan
lle-Ife, Nigeia 3.33 55
Beijing 0.58 56
Gobi
Taklimakan desert 0.38 56

Field studies using single particle analysis techniques also revealed TiO,-
containing particles in aerosol samples.****®* TiO, was commonly found mixed with
other metallic elements including Fe. For example, Kertész et al. carried out quantitative
X-ray emission analysis for single particles collected in an urban location in Debrecen
and in the Szemlohegy-cave situated under Budapest in the winter of 1998.%°° They
reported that particles within all different size bins contain titanium, but the abundance of
titanium varies from particle to particle. Single particle analysis of dust samples from
Africa suggested that the titanium-rich particles account for approximately 0.3% of all
particles analyzed, and contained particles greater than 20% Ti.®* These particles are rare,
but occur in both fine and coarse modes, often in small aggregates. Titanium-enriched
silicate particles were observed, suggesting that TiO, readily aggregated with clay

minerals.
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Smaller-size fraction of mineral dust, consisting of particles with diameters less
than 0.1 pum or less, can be transported over long distances and therefore raise the
possibility that TiO, in mineral dust aerosol can interact with atmospheric trace gases
during transport on a global scale.®® Compositional analysis of sea aerosol particles
(reference®® and papers therein) was reported to contain titanium-rich particles originated
from continental areas, supporting the long-range transport of mineral dust over the open

ocean.

1.3.3 Other Sources of TiO, in the Atmosphere

Besides TiO, in mineral dust, there are additional sources of airborne particulate
matter containing TiO, from industrial processes including the nanotechnology industry
that could contribute significantly to TiO, in the atmosphere.***">%%%%" Eor example,
compositional analysis and source identification of PM samples collected at the
Pittsburgh Supersite indicated that wood combustion, vegetative detritus, and industrial
processes account for significant sources of TiO, besides mineral dust.>® Titanium
contents in food and personal care products were studied recently showing their potential
importance as TiO, sources in the environment.®® Due to the ineffectiveness of aerosol
sampling methods in collecting nanoscale particles, atmospheric nanoparticles remain
relatively unknown and difficult to detect.®® " In a study by Bang et al., tetragonal rutile
TiO, particles around 50 nm in size were identified in atmospheric particles in several
outdoor locations in the El Paso, Texas. Larger crystalline-agglomerated particles
containing Fe and Ti in a 2:1 ratio with sizes around 100 nm were also found.** Such

aggregates may be mixtures of Fe,O3 and TiO,. Although nanoscale TiO, particles
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represent only a relative small portion of the mass of PM,5 or PMyy, these particles are
expected to display high photocatalytic activity due to their large surface area to volume
ratios, potentially playing an important role in atmospheric chemistry as TiO,-containing

particles from mineral dust.®

1.3.4 Sources of TiO; Particles in Contact

with the Atmosphere

Since it can save time, cost, and energy for maintenance, self-cleaning materials
coated with TiO, have been widely applied to building exteriors, cover glass for road
lamps, airport roofs, and road bricks to name a few. In the last two decades, the use of
commercial TiO,-coated surfaces has grown and is currently used in building exteriors,
floor tiles, road pavements, and windows.™™*%*3* One reason for this is that TiO, coated
surface can decompose organic pollutants adhering to the surface and maintain itself
clean while exposure to irradiation.**** Self-cleaning cover glass for tunnel light is one of
the typical commercial products using this effect. For example, in most tunnels in Japan,
sodium lamps emitting UV-Vis light are used, and the decrease in light intensity due to
organic thin film formation from vehicle exhaust compounds is a serious problem. When
the lamp is coated with TiO,, it can decompose the contaminant, remaining clean and
transparent for long-term use.* Building exteriors coated with TiO, are thought to be
another successful application and this application is widely used around the world.
Several thousand buildings in Japan have been covered with self-cleaning tiles from
TOTO, Ltd., one of the pioneers of self-cleaning technology.** Figure 1.4 contains

images of some of these self-cleaning building materials used in cities throughout Japan.
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Figure 1.4. Application of different uses of self-cleaning exterior building materials. (a)
The MM Towers, in Yokohama, coated with self-cleaning tiles; (b) The Matsushita
Denso building covered with self-cleaning glass; (c) The self-cleaning sound-proof wall;
(d) Eco-life-type houses using self-cleaning tiles and glass and; (e) Self-cleaning roof of a
train station in Motosumiyoshi. Reprinted from ref 34, Copyright 2008, with permission
from Elsevier.
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The ongoing and continuous development of applications of TiO, as a coating
material accounts for another significant source of TiO, surfaces that can be in contact
with atmospheric gases. It is expected that the application of TiO, will continue to grow
and expand. Thus, TiO,-coated materials potentially make more TiO, surfaces available

for heterogeneous photocatalysis of atmospheric gases.

1.3.5 Iron Oxide

Iron oxides are the third most abundant fraction of the Earth’s crust and therefore,
a major component of wind-blown mineral dust aerosol in the atmosphere.® In addition,
iron oxides are introduced to the atmosphere as fly ash from power plants, combustion
exhaust, and from industrial operations. Wet and dry deposition of atmospheric iron-
containing aerosols particles act as a main source of iron for ocean waters as iron is an
essential nutrient for marine phytoplankton.”™

Because iron ions may exist in different oxidation states, electron transfer
reactions are possible on Fe-containing mineral dust particles. Another interesting feature
of iron oxide chemistry is the presence of different polymorphs. The major polymorphs
include a-Fe,O3 (hematite), FesO4 (magnetite) and y-Fe,O5 (maghemite).”> Among these
different polymorphs, a-Fe,O3; (hematite) is the thermodynamically stable phase and
therefore, the most common form of iron oxide. Iron hydroxides and oxide-hydroxides
are other types of iron containing materials which can also be found in several different
polymorphs.”” Among iron oxide-hydroxides, a-FeOOH (goethite) has reported in
various mineral dust samples and thought to be the most common iron oxide-hydroxide

component of mineral dust.
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Hematite (a-Fe,O3) exists as a corundum crystal structure. The band gap energy
of a-Fe,O3 is 2.2 eV and the semiconductor nature of iron oxides can influence
atmospheric reactions in the troposphere.”>’®* However, the quantum efficiency of a-
Fe,O3 has been reported as low compared to other well-known semiconductors such as
TiO, and ZnO.”* The lower quantum efficiency could be due to both the low band gap
energy and energy the gap being the energy for indirect d-d Fe®*" crystal field
transitions.” a-Fe,O3 can absorb visible radiation leading to a red coloration of the
particles. Therefore, radiative forcing of iron-containing mineral dust may be highly

dependent on iron content and type of iron-containing material present.

1.3.6 Iron-Containing Mineral Dust Aerosol

Iron is a major component of mineral dust aerosol, ususlly found in the form of
iron oxides and particularly Fe,O3. Fe,O3 composition in continental crust accounts for
6.28%.° Iron oxides in mineral dust aerosols are transferred into the atmosphere as a
result of wind and volcanic activity. Iron has been widely reported to be present in
airborne particulate matter (PM).***>* Studies on total suspended particles (TSP) collected
in different dust regions have reported iron in those samples. Analysis of total suspended
particles in the atmosphere in two sample collection stations in the Canary Islands
reported 45 and 49 ug m™ of average TSP from December 2001 to December 2009 with
an average total Fe content from both stations being 2.919 pg m™.” The main source of
mineral dust in the Canary Islands is from the Saharan desert region. Higher standard
deviations for TSP levels were reported in this study and may be associated with the

changes in local weather patterns. TSP collected in 3 stations in Korea reported yearly
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average of 2.5736, 0.7552 and 1.2349 pg m™ of Fe.”® Iron analysis from TSP at the same
sites during mineral dust episodes enhanced Fe content by 4.4 — 9.3 % confirming the
effect of dust outbreak on Fe content.

Table 1.3 contains the Fe,O3 composition reported in several studies for different
dust source regions. As can be seen in Table 1.3 Fe,O3; composition can be varying
slightly from region to region and study to study. Elemental composition analysis by
Lafon et. al. have presented Fe content as Fe,O3 mass percentage and reported 6 — 9 %

for several samples from Niger, China and Cape Verde.”’

Table 1.3. Fe,03 Distribution within Different Dust Source Regions

Dust Source Region %Fe,O3 Ref.
Cape Verde Islands 14.7 (FeO) 39
Saharan
lle-Ife, Nigeria 5.6 55
Beijing 5.63 57
Gobi
Taklimakan desert 2.2 57

1.3.7 Iron from Fly Ash

Iron released from combustion sources is generally referred to as fly ash. These
sources include fossil fuel combustion and biomass burning. Field, laboratory, and
modeling studies reported fly ash can act as an important source of bioavailable iron.
Combustion derived iron account for ~50% of the total deposited iron on ocean
surrounding industrial regions.”® Luo et al. reported a summary of %Fe found in fine and

coarse particulate matter of industrial and combustion sources from various references.’
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Among these sources industrial coal combustion accounts for being the highest
percentage of Fe in both coarse and fine particles with 4.5 — 9.4 % being iron. Iron was
reported as a dominant element in wild fire particulate matter samples in Portugal during
summer 2010.”° Fly ash particles are mostly fine particles and therefore, can be

transported to far away locations from their source and deposited into the hydrosphere.®

1.3.8 Iron Deposition into Aqueous Environment

In the oceans, iron is a critical nutrient for phytoplankton and several other
organisms. Mineral dust and fly ash deposition into the ocean is thought to be the major
iron source for these organisms.’*® Therefore, many experimental and modeling studies
have focused on the chemistry of iron dissolution from fly ash and iron oxides.” Iron
dissolution from iron containing materials and natural mineral dust aerosol samples have
been extensively studied under various environmentally relevant conditions.”®%* These
studies on iron dissolution from iron containing materials such as fly ash, mineral dust
and iron oxides have revealed that the iron deposition and its effects on biogeochemistry
greatly depends on source, environmental pH, iron speciation, and solar radiation.”* Iron
solubility data reported in the literature shows highest solubility for oil fly ash followed
by coal fly ash with mineral dust being least soluble. Shi et al. have recently reviewed the
dissolution of iron from iron containing particles and discussed the necessity of more
field and modeling studies to further investigate the complex nature of iron dissolution.”
Atmospheric processing of iron containing mineral dust can also play a significant role in
the solution phase behaviors of mineral dust particles once deposited into hydrosphere.

Atmospheric processing by reaction with atmospheric trace gases can either enhance or
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Figure 1.5. A schematic diagram showing some of the most important processes controlling the speciation of Fe in the atmosphere
and its subsequent deposition back to the land and/or ocean. Processes in the source regions include weathering and aging of Fe
oxides, which affect the Fe mineralogy of dust, resulting in dust of different potential solubilities. During transport, dust may mix with
soot particles from biomass burning and other anthropogenic aerosols. This mixture of particles may also take up sulphate, nitrate and
organic ligands. During long range transport, dust undergoes gravitational settling, cloud processing, photo-reduction, and acid
uptake/processing. Cycles between dust, particularly aged dust (serving as cloud condensation nuclei, CCN) and clouds through
condensation/evaporation processes can occur 5-10 times before the dust is deposited to the ocean. Reprinted from Ref 71, copyright
2008, with permission from Elsevier.
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hinder the iron solubility. Study of solution phase behavior of iron oxides previously
reacted with atmospheric trace gases is important in terms of iron solubility and the
biogeochemistry of processed particles. The schematic in Figure 1.5 summarizes some

important process in iron cycling.

1.4  Atmospheric Trace Gases

Earths’ atmosphere is mshi

ainly composed of 78% nitrogen (N), 21% oxygen (O,), water vapor (H,0),
argon (Ar) and other noble gases. Apart from these gases, the atmosphere contains trace
gases which account for less than 1%.%* The composition of trace gas abundances have
changed rapidly and remarkably since the industrial revolution due to world population
growth and increase in industrial activities. The trace atmospheric species include carbon
dioxide, nitrogen oxides, nitric acid, sulfur dioxide, ozone, hydrogen peroxide and
volatile organic compounds (VOCs). A brief overview of the atmospheric trace gases
studied in dissertation research will be presented here.

Atmospheric trace gas composition and their reactions leading to secondary
products in the atmosphere are vital to life on earth.®* For example, greenhouse gases,
including CO,, are important in terms of keeping the earth’s surface warm enough to
sustain life on earth. However, atmospheric CO, concentration has increased over the last
few hundred years continuously. Ice core records have revealed the pre-industrial
revolution CO, level was about 280 ppm. The current level in December 2013 was
396.81 ppm as measured at Scripps Institute of Oceanography at Mauna Lao, Hawaii.

This increase in CO; levels can result in a global temperature increase leading to global
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warming and global climate changes. Therefore, surface reactions of carbon dioxide are
of much importance and interest in terms of increased interest in carbon dioxide capture,
storage and transformation in the scientific community. Carbon dioxide adsorption on
oxide surfaces mainly results in adsorbed carbonate and bicarbonate.®>®® Carbon dioxide
transformation to more useful products using photocatalysis has been widely investigated
in bare and doped semiconductor oxide materials.®"#

Sulfur dioxide is another trace atmospheric gas. In the atmosphere, the main
source of sulfur dioxide is from coal power plant emissions. Once in the atmosphere, SO,
can be oxidized to sulfate leading to cloud condensation nuclei formation and acid
rain.®** Mechanisms that convert SO, to sulfate leading to acid rain on mineral dust
surfaces are poorly understood. SO, uptake on Saharan dust, where TiO, is a measurable
but minor component, has shown an irreversible uptake with uptake coefficients on the
order of 10 at a temperature of 298 K.** Components of mineral dust aerosol have been
shown to play an important role in the heterogeneous conversion of sulfur dioxide to
sulfate. Sulfur dioxide adsorption on metal oxide surfaces, including titanium dioxide and
iron oxides, have been shown to form adsorbed sulfite and bisulfite.***” Details of the
sulfur dioxide adsorption and conversion to adsorbed sulfate on oxide surfaces have been
investigated in several studies.®* >

Nitrogen oxides (NOy, x = 1, 2) are mainly emitted from the combustion of fossil
fuels.” Car exhausts emit 0.015-0.8 g NOy per kilometer, and diesel engines exhaust
contributes 35-70% NOy in urban areas. NOy concentration during intense photochemical

pollution events in urban environments is around several hundred ppbv.** NOy can cause

a wide range of health and environmental effects, from adverse respiratory problems to
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acid rain. Tropospheric ozone is mainly produced through a series of nonlinear reactions
between NO, and VOCs.** The World Health Organization has suggested that the
maximum NOy concentration should not exceed 23 ppb as an annual mean concentration.
With the increased interest towards removal of NOy (deNOy), the possibility of applying
metal oxides in deNOy processes has been widely studied. TiO, has been reported as an
effective NO4 removal material by oxidizing NO and NO, into nitrate. NO, reacted on
metal oxide surfaces mainly forms adsorbed nitrate species with different coordination
modes.”® Furthermore, NO, reactions on TiO, in the presence of solar irradiation have
been shown to form more harmful products such as HONO.?>*®

NOx oxidation in the atmosphere leads to gas phase HNOs, a stable product that is
thought to be removed from the atmosphere via wet or dry deposition. Nitrate formation
on dust particles has long been thought to be a sink for atmospheric NOy and HNOs.
Similar to NO,, reaction between HNO3; and oxide surfaces results in adsorbed nitrate

. . . 101
with several coordination modes.'°

However, recent studies on the photochemistry of
adsorbed nitrate on Al,Os, TiO, and Fe,O; have shown the potential renoxification with
NO, NO; and N,O formation, under different environmental conditions pertinent to the

102-104
troposphere.' '

Furthermore, estimations have shown the produced NO has a range of
0.02-13 pptv after 10 hours travel time which has implications on higher NOy levels in
remote and clean areas.'®®

In addition to the ubiquitous presence of inorganic trace gases in the atmosphere,
there are also numerous volatile organic compounds (VOCs) present as atmospheric trace

pollutants.®* Sources of VOCs contain both biogenic processes and human activities.®*

Natural biogenic processes give rise to substantial ambient levels of organic compounds
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and include the emissions from plants, wild animals, natural forest fires, and anaerobic
processes in bogs and marshes. Human activities also release a variety of organic matters
directly into the atmosphere through, for example, automobile emissions, leaf abrasion,
wood smoke, gas combustion and petrol evaporation, increasing levels of atmospheric
VOCs. The presence of VOCs is of great environmental concern due to its role in the
production of tropospheric ozone and secondary organic aerosols. Once emitted into the
atmosphere, VOCs undergo a number of physical and chemical processes leading to their
removal or transformation in the atmosphere.'® Adsorption and subsequent reactions of
VOCs on oxide surfaces act as a potential removal pathway. Among the class of VOCs,
volatile organic acids, including formic acid and acetic acid, have been found to be one of
the most abundant species in VOCs.** Organic acids originate from both anthropogenic
and biogenic sources on the ground as well as photochemical oxidation of organic
compounds in the atmosphere.* Studies of precipitation chemistry have shown that
organic acids may account for a large fraction, up to 64%, of the total acidity in non-
urban environments.'® Removal pathways of organic acids in the atmosphere principally
include wet and dry deposition and, to a smaller extent, reaction with OH radicals.

Trace atmospheric gases, such as CO,, SO,, NO,, HNO3, and HCOOH, can react
with mineral oxide surfaces in the atmosphere by forming gaseous and/or surface
adsorbed species. These surface species can undergo various transformations in the
presence of light. Most of the major dust storms originate in remote regions, but mineral
oxide particles can be transported by wind activity to other regions where they could

encounter atmospheric trace gases. Additionally, engineered oxide materials released into
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the environment can act as a source of atmospheric oxide surfaces and undergo chemical

reactions as well.

1.4.1 Roles of Water Vapor and Molecular Oxygen

Both water vapor and molecular oxygen are abundant in the troposphere. Their
interactions with oxide surfaces play a critical role in the chemistry and photochemistry
of atmospheric oxide particles. The adsorption of these is certainly one of the most
extensive areas of study in the surface science of metal oxides. Water vapor plays an
important role on adsorption and reaction chemistry on metal oxide surfaces.'®” Water
adsorption on oxide surfaces has been widely investigated using various
techniques.'®*1%11% Adsorbed water can play multiple roles on adsorbed surface species
by changing the oxide coordinated adsorbed products to water solvated products, as well
as affecting the stability of tightly adsorbed species on oxide surfaces.®” Furthermore,
hygroscopic behavior can be greatly affected by the adsorbed species on metal oxide
surfaces. For example, alumina particles reacted with formic acid have shown to be
hydrophobic compare to unreacted."' However, water uptake on Arizona test dust
reacted with co-dosed SO,, O, and H0 did not show changes in hygroscopic behavior.'*?
Therefore, it is important to study the water uptake on oxide particles previously reacted
with trace atmospheric gases. In semiconductor metal oxide surfaces, H,O molecules can
react with holes (h") and increasing RH increases the OH radical formation. Hole
scavenging by water molecules minimize electron hole recombination leaving excess

electrons on the surface.
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Molecular oxygen is the second most abundant gas in the atmosphere and it plays
an important role in atmospheric photocatalysis. It assists in charge separation by acting
as an electron scavenger to form O, as shown in equation 1.3. It can also generate other
active species, like H,0, and OH that participate in subsequent photocatalyzed reactions.’
The presence of molecular oxygen can greatly influence the product formation by the
reactions involving adsorbates on oxide surfaces.'®® Fundamental studies of the
photochemistry of atmospheric traces gases with oxide surfaces in the presence of
molecular oxygen are therefore critical in understanding atmospheric photocatalysis of

oxides.

1.4.2 Atmospherically Processed Particles in Aqueous Environment

Atmospherically processed particles can deposit on aqueous systems resulting in
aqueous suspensions. Depending on the atmospheric processing, dissolution and solution
phase behavior can be changed significantly, such as enhanced dissolution of metal ions
of the oxides or making stable suspensions. Studies have shown NO, reacted PbO
particles display higher lead release to aqueous phase and nitric acid reacted goethite
particles form more stable suspension compared to unreacted.**** Therefore, solution
phase behavior of oxide particles reacted with trace gas was investigated in some of this

dissertation research.

1.5  Thesis Overview and Objectives
The research presented herein focuses on understanding the heterogeneous

chemistry and photochemistry of light adsorbing atmospherically relevant metal oxides
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using various experimental methods. Furthermore, aqueous phase behavior of the
processed metal oxide particles has also been investigated.

Multiple experimental techniques were involved in the investigation of the
reactions of trace atmospheric gases with titanium dioxide and iron oxide. These
experimental methods include FT-IR spectroscopy, X-ray Photoelectron Spectroscopy
(XPS), as well as the use of a quartz crystal microbalance (QCM). Oxide samples used
for these studies were characterized using Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), X-ray diffraction (XRD), and BET surface area
measurements. In addition to these techniques, several other techniques were used to
study the solution phase behavior of oxide particles previously reacted with trace gases.
The experimental methods that were used for the dissertation research discussed in this
thesis are described in detail in Chapter 2.

In Chapter 3, understanding the mechanistic aspects of sulfur dioxide surface
chemistry and photochemistry on TiO, nanoparticle surface is the major focus.
Vibrational frequencies of adsorbed SO, to yield adsorbed sulfite as well as sulfate
formation on TiO, are reported. Isotope labeling was used to get additional insight into
the reaction chemistry of SO, on TiO, nanoparticle surfaces. Furthermore, the relative
stability of adsorbed sulfite compared to adsorbed sulfate on TiO; particle surfaces as a
function of relative humidity is investigated for the first time to the best of our
knowledge. Loss of sulfur from the surface as a function of relative humidity is
quantified using X-ray photoelectron spectroscopy.

In Chapter 4, the surface chemistry of three pollutant triatomic gases CO;, SO,

and NO, on TiO;, nanoparticle surfaces is discussed. Reactivity of different surface
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hydroxyl groups with these three gases and product formation have been examined. We
show here that there are large and important differences in the chemistry of these three
atmospheric gases with surface hydroxyl groups. Furthermore, water uptake and effect of
water vapor on adsorbed carbonate, sulfite and nitrate on TiO, surfaces was investigated.

In Chapter 5, formic acid adsorption on nanoparticle TiO, and the effect of
relative humidity on photooxidation of adsorbed formate is discussed. In this study
transmission FTIR spectroscopy was used for studying the surface and gas-phase
products. Vibrational frequencies of adsorbed species are reported. Aqueous phase
behavior of formic acid reacted TiO, particles examined.

In Chapter 6, a detailed spectroscopic study of the photochemistry of adsorbed
nitrate on hematite, a-Fe,Os, surface under environmentally relevant relative humidity
and molecular oxygen by XPS and FTIR spectroscopic techniques is presented. The
formation of reduced nitrogen surface species was presented as a function of relative
humidity. The impact that HNO; reaction has on iron dissolution is also investigated.

The conclusions and future directions for research are given in Chapter 7
including future directions for better understanding of the light adsorbing components in
the troposphere. The results presented here provide insight into the heterogeneous
chemistry and photochemistry of atmospherically relevant light absorbing metal oxides

under different environmental conditions.
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CHAPTER 2

EXPERIMENTAL METHODS

The scope of the research presented in the following chapters used a number of
different experimental methods to investigate atmospheric trace gas adsorption on oxide
surfaces. In this chapter, a description of multiple experimental techniques and methods
utilized in dissertation research are discussed in detail. These techniques include
Transmission Fourier Transform Infrared (FTIR) spectroscopy, X-ray Photoelectron
Spectroscopy (XPS) and Quartz Crystal Microbalance (QCM) measurements. In addition
to these techniques, several other characterization methods such as X-Ray diffraction
(XRD), scanning electron microscopy (SEM) as well as methods used to study the
aqueous phase behavior of oxide particles previously reacted with trace gases will be
briefly discussed. The specifics of each study are discussed in more detail in the

respective chapters.

2.1  Fourier Transform Infrared (FTIR)

Spectroscopy

Infrared (IR) spectroscopy provides data on the structure of surface adsorbates,
the nature of bonds formed between adsorbed molecules and the surface, and the
existence of various types of surface and gas phase compounds. A vibrational spectrum
reflects both the properties of molecules and characteristic features of chemical bonds

within the molecule. Vibrational spectroscopy provides information on changes in



28

molecule experiences as it comes into contact with the solid surface and thus gives us

information about the relationship between the surface and the adsorbate.

2.1.1 Transmission FTIR Spectroscopy:

Experimental Setup

Transmission FTIR spectroscopy was used in a number of experiments to
investigate formation of new surface and gas phase species when in contact with
different metal oxide surfaces in equilibrium with atmospherically relevant gases.
Infrared spectra were collected using a single beam FTIR spectrometer, Mattson Infinity
Gold, equipped with a liquid nitrogen-cooled narrowband mercury cadmium telluride
(MCT) detector. A commercially available air dryer (Balston 75-62) was used to purge
the spectrometer and the internal compartment to minimize and to stabilize H,0 and CO;
concentrations in the purge air. A custom designed infrared cell made from a stainless
steel cube was placed in the internal sample compartment of the spectrometer. A
schematic of the sample holder and infra-red cell are shown in Figure 2.1. The sample
holder contains a tungsten grid (3 cm % 2 cm, 100 mesh/in., 0.002” wire dia., Accumet
Materials Co.) held in position by nickel jaws. Thermocouple wires are spot welded to
the tungsten grid to measure the temperature of the sample. In a typical experiment, one
half of the tungsten grid is coated with the particular solid sample. Infrared cell is
equipped with two BaF, windows for infrared measurements which were sealed by O-
rings in the cell. The infra-red cell is a cube of 7 cm in all dimensions along the outside,
with a total inner volume (V) of 310 £ 3 mL. A stage on which the infra-red cell sits is

placed on equipped with a linear translator to allow either the gas phase or the surface to
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Thermocouple wires 4 ]ﬂl Copper leads

7.0 cm

Figure 2.1. Schematic of the IR cell used for transmission FT-IR studies: 1. A
Photoetched tungsten grid held by sample holder jaws (a) the sample side and (b) blank
grid side; 2. Infrared incident light; 3. Aluminum screws and holder for the BaF;
windows; 4. O-rings to hold the BaF, windows; 5. BaF, window; 6. Stainless steel
holder; 7. Stainless steel infrared cube; 8. Holes for clamping the sample holder; 9. Gas
inlet/outlet port which is connected to a gas handling system.
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Figure 2.2. Schematic of the infrared cell and gas handling system used for these studies.
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be placed in the path of the FTIR beam. The reaction chamber was connected to a power
supply and vacuum/gas handling system (Figure 2.2). The infrared cell was connected to
a premix chamber (V= 565 £ 9 mL). The pre-mix chamber contains valves and gas
supply lines connected to reagent gas containers, a two-stage vacuum system and two
absolute pressure transducers (MKS instruments) that operate in two different pressure
regimes from 0.001 to 10.00 Torr and from 0.1 to 1000 Torr. A schematic of this setup is
shown in Figure 2.2. The experimental apparatus has been previously described in
detail.'*> The vacuum system consists of a turbo molecular pump and a mechanical pump
that is used to evacuate the system down to a final pressure of around 1 x 107 Torr. Data
acquisition was carried out using Winfirst software. Typically, spectra were recorded

using a resolution of 4 cm™' with 250 averaged scans from 800 to 4000 cm ™.

2.1.2 Experimental Method

Solid samples (~ 10 mg) were dissolved in optima water at room temperature to
produce a hydrosol. The hydrosol was sonicated for 10 min and transferred to one half of
a tungsten grid using a pipette. Water evaporated at room temperature to create a uniform
thin film. The sample holder was placed in the infrared cell. The sample was then
evacuated overnight at room temperature or specific temperature for the oxide sample
prior to introduce gas-phase reactants.

For absorbance spectra of surface species resulting from adsorption of gas-phase
reactant, the gas was allowed into the reaction chamber at a desired pressure and then
allowed to equilibrate until a constant pressure was measured. The coated half of the grid

is associated with the spectral features of the surface and gas-phase whereas the other half
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FTIR spectrometer

Prism
Sample holder/
Reaction chamber

Water filter

Hg arc lamp

Figure 2.3. Schematic of the optical path of the light from the mercury arc lamp the
infrared cell sitting inside the FTIR spectrometer. The sample is irradiated for certain
time intervals after which spectra are then recorded of the gas phase and the oxide
surface.

of the grid only contains spectral features of the gas-phase. Single beam spectra were
referenced to the initial surface or gas phase to identify adsorbed and gas phase species.
Spectra of adsorbed products were obtained by subtracting gas-phase spectra under

similar conditions. All IR spectra were recorded at 296 K unless otherwise indicated.
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2.1.3 Transmission FTIR Spectroscopy:

Photochemical Studies

The transmission FTIR experiments described in Section 2.1.1 was slightly
modified for photochemical experiments. A 500 Watt mercury arc lamp (Oriel, model no.
66033) was used as a broadband light source that contained ultra-violet, visible, and
infrared light. The optical path of the light from the arc lamp to the infrared cell and a

graphical representation of these modifications are shown in Figure 2.3.
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Figure 2.4. Irradiance profile of the light source (Hg arc lamp) with and without the
broadband UV filter which cutoff wavelength of light below 300 nm.

Following sample preparation and reactive gas introduction, the valve connecting
the FTIR cell to the mixing chamber was closed, letting the gas-phase products
accumulate inside the cell as the surface was irradiated. The infrared light from the

broadband source was removed with a water-filled filter. Samples were irradiated with
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either the full broadband irradiation (without infrared light) or with the use of long-pass
filters (A < 300 nm, Oriel filter no. 59425) to cut off some of the higher energy
wavelengths of light. Figure 2.4 shows the Irradiance of the lamp output measured using
a spectroradiometer (model RPS900-R, International Light Technologies).

During the photolysis, infrared spectra of both gas phase and surface were
recorded with the FTIR spectrometer in a similar fashion described in section 2.1.1. To
acquire the infra-red spectra of surface-mediated and gas-phase post irradiation

processes, the light source was blocked using a plastic shutter and spectra were recorded.

2.2 Quartz Crystal Microbalance (QCM)

Measurements
2.2.1 Flow cell for QCM Measurements

A custom built flow system was used to study CO,, SO,, NO, and water uptake
on TiO, surfaces. The details of the flow system can be found elsewhere.***® Flow
system consist a Thermo Nicolette 6700 FTIR spectrophotometer and a QCM200, 5 MHz
quartz crystal microbalance. The amount of water and reactive gas uptake on oxide
surfaces was measured with the QCM. An ATR-FTIR system is in parallel to QCM can
be simultaneously used to get the spectroscopic information of the adsorption (Figure
2.5). The QCM portion of this system was used in dissertation research to quantify the

uptake of reactive gases and water vapor.

2.2.2 QCM Analysis and the Sauerbrey Equation

The QCM measures the frequency of vibration at piezoelectric point for the
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crystal in the instrument as humid air flows over the sample. The change in the frequency
can be related to the mass of water or reactive gas uptake from the air passing through the
sample when the mass loading is less than 2% of the crystal frequency by the Sauerbrey
equation,

Af = -Cf x Am 2.1)

where Af is the change in frequency (Hz), Am is the change in mass (ng/cm?) related to
the change in frequency, and —Cf is the sensitivity factor which is a constant for a 5 MHz
AT-cut quartz crystal (56.6 Hz ug cm?). Water and reactive gas adsorption on oxide
particle surfaces were quantified using a commercial 5 MHz quartz crystal microbalance
flow cell with a 1” inch diameter gold/Cr polished quartz crystal (QCM200, Stanford
Research Systems). The QCM measurements yield important quantitative data for a
better understanding of adsorbed species quantitatively on atmospherically relevant

particles.!*31®

2.2.3 Experimental Method

In sample preparation, oxide power, approximately 10 mg, was first suspended in
water and then the suspension was sprayed onto the QCM crystal using a glass atomizer.
This method created a uniform thin film of particles covering the entire active area of the
gold-coated quartz balance. The entire QCM system was placed inside a custom-made
box constructed from Teflon that was designed to protect the flow cell from air currents

which could affect the stability of these measurements.



Dry air
MFC )
v Dry air WEmR Y '\I'/ Dry air
[ I—-J Sos i I
MFC
FM
Humidified air MFC Mass flow controller
FM Flow meter
‘ Reactant bubbler RH  Relative humidity sensor
HZO bubblers
kx Ve Vale
Mixing chamber QCM controller
P [ —eeesf
Internal Compariment of FTTR. f
H fied air Humidified air E
: RH .
| > ! : Air inlet
il Eﬁ?l_, Teflomla  ° { Air outlet
i— 1/8”holt =
IR beam from source IR be‘;m to detector E QCM

36

Figure 2.5. Schematic of the flow system which allows for simultaneous measurements of quartz crystal microbalance (QCM) and
ATR-FTIR spectrometer. Only the QCM portion was used in this dissertation research. Adapted with permission from Ref. %,

Copyright 2012 American Chemical Society.
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The frequency of the coated QCM was then recorded and subtracted from the
baseline frequency (5 = 0.1 MHz) with no sample present. This gave the exact mass of
the sample before starting gas uptake measurements. After the sample was dried
overnight (< 1% RH), the QCM was zeroed to Af = 0 so that the change in mass
measured was only due to the mass of water or reactive gas taken up by the sample. The
relative humidity or reactive gas was allowed to stabilize and equilibrate for
approximately 30 minutes, depending on the sample. Uptake experiments were carried
out in triplicate measurements.

Gas uptake was studied by using a steady flow rate of 250 SCCM of the gas of
interest over the sample deposited onto the QCM. Uptake was monitored using change in
frequency of the QCM. The water uptake was carried out using two water bubblers and
dry air flow. The dry air flow was sent through the two water bubblers producing
humidified air. This humidified air was mixed with dry air to get the desired relative
humidity. Both dry and humidified air flows equilibrated inside a mixing chamber before
being directed towards the sample deposited on QCM. The relative humidity was
controlled by changing the dry air flow through the water bubblers. The water uptake at
each relative humidity was monitored using QCM. The relative humidity of the flow was

read using a (Honeywell) humidity sensor and a custom-built digital readout.

2.3 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique
which uses X-rays to eject core electrons from the surface region. An electron from a

higher energy level then relaxes down to a lower energy state and simultaneously releases
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a photoelectron which has a characteristic binding energy of the element and its chemical
environment. Since the mean free path of electrons in the solid usually on the order of
several nanometers, XPS inherently probes the surface and near-surface regions of the
material.

The sample is irradiated with X-rays with energy hv. Kinetic energy (KE) of the
emitted photoelectrons is measured. Then binding energy (BE) of emitted photoelectrons

is calculated using the work function of the instrument (®). This relationship is given by:

BE=hy- KE-® (2.2)

where BE is the binding energy referenced to vacuum level and KE is the kinetic energy
of the electron. Furthermore, the binding energy can shift up to a several eVs depending
on the chemical environment of the atom. Thus, XPS can yield information about the
elements present on the surface, the oxidation state of the elements, surface functional
groups, and surface adsorbates present. A Kratos Axis Ultra X-ray photoelectron
spectroscopy system (Manchester, UK) was used to investigate the bare and reacted

surfaces of the metal oxide particles as described below.

2.3.1 XPS Experimental Setup

The custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy system
for reactions and analysis has been described in detail before."*"'*® The experimental
setup has capabilities for reacting samples with gas-phase reactants and evacuating the

gas-phase and surface product analysis with four different chambers that include: (i) an
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ultra-high vacuum (UHV) surface analysis chamber, (ii) a sample transfer antechamber,
(iii) a stainless steel reaction chamber (Figure 2.6) and (iv) a Teflon coated reaction
chamber. The transfer antechamber is connected to the analysis chamber, steel reaction
chamber and Teflon coated reaction chamber. With this configuration, the transfer
antechamber is used to introduce samples into the analysis chamber, and also allows for
samples to be transferred directly from the surface analysis chamber to the reaction
chambers vice versa.

The details of the stainless steel reaction chamber have been described before.**®
Teflon coated reaction chamber was used to react corrosive gases such as HNOg to react
with solid samples during experiments. Additionally, UV light source consisting a 500 W
Hg lamp (Oriel Instruments model number 66033) was used to irradiate the samples. A
water filter (Oriel Instruments) was used in line with the lamp output to minimize
infrared damage and heating of the sample. The light from the lamp was reflected using
a 90° turning mirror (Oriel Instruments, Model: 66215 Beam Turning Mirror, Full
Reflector, 200 nm — 30 pum Primary Range, 1.5 Inch Series) into the reaction chamber via
the Pyrex window. The transmissivity of the Pyrex window was ~80% at the wavelengths
above ~320 nm with a 0.72 W/cm? measured light intensity at the sample.

The surface analysis chamber is equipped with monochromatic radiation at
1486.6 eV from an aluminum K, source using a 500 mm Rowland circle silicon single
crystal monochromator. The X-ray gun was operated using a 15 mA emission current at
an accelerating voltage of 15 kV. Low energy electrons were used for charge
compensation to neutralize the sample. Survey scans were collected using the following

instrument parameters: energy scan range of 1200 to -5 eV; pass energy of 160 eV; step
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Figure 2.6. Schematic of the custom-designed Kratos Axis Ultra XPS. The system
consists of four chambers: a transfer antechamber, surface analysis chamber, reaction
chamber and Teflon coated HNO; reaction chamber (not shown). Each chamber is
equipped with a separate pumping system, pressure gauges and is separated from the
other chambers from manual and motorized valves, V2 and V4 respectively. The surface
analysis chamber is equipped with X-ray sources, Fe-SEM gun, SE detector, UPS source,
ion gun and sample manipulator. See experimental methods section for a more detailed
description of this four chamber system. (Note: TMP — turbomolecular pump; CCG —
cold cathode gauge; LV — leak valve and V — valve). Adapted from ref. 117 with
permission of the PCCP Owner Societies.
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size of 1 eV; dwell time of 200 ms and an X-ray spot size of 700 x 300 um. High
resolution spectra were acquired in the region of interest using the following
experimental parameters: 20 to 40 eV energy window; pass energy of 20 eV; step size of
0.1 eV and dwell time of 1000 ms. The absolute energy scale was calibrated to the

Cu2p,3 peak binding energy of 932.6 eV using an etched copper plate.

2.3.2 Data Processing of Core Photoelectron Spectra

All spectra were calibrated using the adventitious C1s peak at 285.0 eV. For TiO,
samples, spectra were calibrated using a well-defined Ti** binding energy of 459.3 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.''® Details of the binding energies and full-width-at-the-half-
maximum (FWHM) of the bands observed in high resolution XPS spectra will be
discussed in detail in following chapters where necessary. An error of £0.2 eV is reported

for all peak binding energies.

2.3.3 Experimental Method

For typical XPS analysis, powdered samples were pressed onto indium foil. The
indium foil was then placed on either a stainless steel bar or copper stub for analysis. The
samples were placed into the transfer antechamber and evacuated to 5 x 10~ Torr and
transferred to the XPS analysis chamber, which had a pressure that was maintained in the

10 Torr range during analysis. After acquiring the initial scans at the surface analysis
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chamber, the sample was transferred to either steel or Teflon coated chamber via the
transfer antechamber by means of sample transfer rods depending on the reactive gas.
The sample was then reacted with gas-phase reactants followed by evacuation to remove
gas-phase and transferred to the sample analysis chamber for scans. The evacuation step
removes any weakly adsorbed species. After acquiring the initial scans, samples were
transferred to the steel reaction chamber for reactions under environmentally relevant
conditions of (1) H,0, (2) Oy, (3) H,O/O; and UV light. H,O or O, was introduced in
approximately 15 seconds. The resulting gas mixture was allowed to equilibrate with the
sample for at least 30 minutes. The reacted sample was then evacuated and transferred

back to the analysis chamber for post-reaction surface analysis.

2.4 Aqueous Phase Studies of Oxide Particles
Reacted with Trace Gases

2.4.1 Solution Phase Behavior of Metal Oxide

Particles Reacted with Trace Atmospheric Gases

Reacted and unreacted particles were suspended in optima water (Fisher). The
suspension was sonicated for 10 minutes. The stabilities of unreacted and reacted particle
suspensions were measured using sedimentation plots created by measuring the
extinction with a Perkin-Elmer Lambda 20 UV-visible spectrometer. Hydrodynamic

radii, Zeta potential and pH of the suspension were measured as necessary.
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2.4.2 Iron Dissolution Experiments

HNO; reacted a-Fe,Os; particles were prepared in a Teflon coated reaction
chamber by reacting with gas-phase HNO3 to investigate the effect of reaction on iron
dissolution. Reacted particles were suspended in optima water (Fisher). The suspension
was stirred for 24 h. Metal ion dissolution was studied for both reacted and unreacted
particles. Aliquot from the supernatant suspension was passed through a 0.2 um PTFE
filter to remove particles. The concentration of metal ions was measured using Varian
720-ES inductively coupled plasma-optical emission spectrometer (ICP-OES).
Dissolution of unreacted sample was also conducted under the same conditions for

comparison. All experiments were conducted in triplicate.

2.5  Complementary Physical and Chemical

Characterization Techniques
2.5.1 Transmission Electron Microscopy (TEM)

The size and the morphology of metal oxide nanoparticles were determined by
JEOL JEM-1230 Transmission Electron Microscope (TEM). Sample preparation for the
TEM analysis is as follows. A dilute suspension of nanoparticles in water was prepared
and sonicated for 10 minutes. A drop of the sample was transferred to the TEM grid and
was allowed to dry. Once dried the TEM analysis was performed. The TEM grids were
carbon coated Cu grids (CF150-Cu) purchased from Electron Microscopy Sciences. The

oxide particle size was given as the average diameter of 200 particles.
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2.5.2  Scanning Electron Microscopy (SEM)

A Hitachi S-4000 SEM-EDX system was used to collect scanning electron
microscopy (SEM) images. Particles were sprinkled onto tape that was attached to an
aluminum stub. An accelerating voltage of 15 kV was used to obtain the images shown.
Particles were sprinkled onto carbon tape. The tape was attached to a carbon stub. An
accelerating voltage of 15 kV was used to obtain bulk elemental compositions with of
limit of detection of 1 wt% of the bulk. The oxide particle size was determined as the

average diameter of at least 200 particles.

2.5.3 X-ray Diffraction (XRD)

Crystalline structure and composition of bulk powder samples were determined
using (XRD) analysis. Dry powder samples were placed in the XRD sample holder, and
the surface of the powder was smoothed with a razor until flush with the rim of the
holder. A Siemens D5000 X-ray diffractometer with Cu Ka target and nickel filter was

used to collect the XRD powder patterns between angles of 26 from 10° and 90°.

2.5.4 Brunauer, Emmett and Teller (BET)

Surface Area Measurements

The surface area of the mineral oxide powders were measured by BET surface
area analysis. Relative pressures, (P/P,), of inert gases are introduced into a calibrated
sample cell that allows the adsorption of the inert gas, N, in the current studies, to be
measured, W. The cross section of the N, molecule is known and total surface area can be

calculated. The total surface area is divided by the sample mass to give a surface area per


http://particle.dk/methods-analytical-laboratory/surface-area-bet/surface-area-bet-theory/
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unit mass. The specific surface area of each nanoparticle was determined from seven-
point N-BET adsorption isotherm measurements performed on a Quantachrome 4200e
surface area analyzer by the following equation (2.3) in the limited linear range of the

BET isotherm,

! - +C_l[ﬂj (2.3)
W((P,/P)-1) W,C W,C|P,

where W, is the weight of adsorbate constituting one monolayer of coverage and C is a
constant. Plotting 1/W((Po/P)-1) versus (P/P,) allows for determination of W, and C by
the slope and intercept of the linear fit. The sample preparation for surface area analysis
is minimal. Prior to analysis, samples were degassed overnight at temperatures that would
not change the properties of the oxide. Typically temperature between 150 — 300 °C

depending on the sample.

2.6 Materials and Reagents
2.6.1 Oxide Powders

Commercially available TiO, and a-Fe,O3; powder samples were used in this
dissertation research. The source of all metal oxides used in the research, with their
measured particle size and specific surface area measurements, are listed in Table 2.1. All
surface areas were measured using a Quantachrome Nova 1200 Multipoint BET

apparatus. X-ray diffraction of the powders confirmed the crystalline phases of the metal
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Table 2.1. Source of metal oxide powders with particle and surface area specifications.

_ Average
Oxide ) ) ) ) Surface area
Commercial Source Purity Particle size )
Sample (m</g)
(nm)
) Nanostructures and
TiO, anatase (~94%) 10 (£ 3) 128 (= 5)
Amorphous Inc.
a-Fe,03 Alfa Aesar hematite 310 (x 22) 23 (£ 2)

(b)
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Figure 2.7. Nanoparticle characterization (a) Transmission electron microscopy (TEM)
image and (b) X-ray Diffraction (XRD) pattern of TiO..

oxides presented here. TEM and SEM were used to acquire images of TiO; and a-Fe,03

particles respectively.

2.6.2 Liquid and Gas Reagents
For relative humidity studies and aqueous phase studies optima water (Fisher) and

distilled H,O (Milli-Q) were used. Dry gaseous nitric acid was taken from the vapor of a
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1:3 mixture of concentrated HNO; (70.6% HNOs;, Mallinckrodt) and 95.9% H,SO,
(Malllinckrodt). Formic acid (Alfa Aesar) was used as received. Prior to use, liquid phase
reactants were degassed several times with consecutive freeze-pump-thaw cycles.
Oxygen (UPC grade) was obtained from Airgas and Praxair. CO, (UPC grade) was
purchased from Airgas Inc. SO, (99.98% purity) and NO, (99.95% purity) were

purchased from Matheson gas.
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Figure 2.8. Particle characterization (a) Scanning electron microscope (SEM) image and
(b) X-ray diffraction (XRD) pattern of of a-Fe,0Os.



48

CHAPTER 3
SULFUR DIOXIDE ADSORPTION AND PHOOTOOXIDATION ON
ISOTOPICALLY-LABELLED TITANIUM DIOXIDE NANOPARTICLE SURFACES:
ROLES OF SURFACE HYDROXYL GROUPS AND ADSORBED WATER IN THE

FORMATION AND STABILITY OF ADSORBED SULFITE AND SULFATE

3.1 Abstract

Transmission FTIR spectroscopy and X-ray photoelectron spectroscopy (XPS) are used
to probe the details of sulfur dioxide adsorption and photooxidation on titanium dioxide
nanoparticle surfaces. Adsorption sites, surface speciation and photooxidation chemistry
have been determined from analysis of FTIR spectra in conjunction with isotope labeling
experiments. These data show that surface hydroxyl groups are involved in the adsorption
of sulfur dioxide, and in particular, sulfur dioxide reacts with either one surface O—-H
group to yield adsorbed bisulfite or two surface O—H groups to yield adsorbed sulfite and
water. Using *°O-H, **0-D and '®0-H labeled surface O—H groups, additional insights
into the adsorption mechanism as well as shifts in the vibrational modes of adsorbed
sulfite have been determined. Upon irradiation, adsorbed sulfite/bisulfite converts to
adsorbed sulfate. The relative stability of adsorbed sulfite to adsorbed sulfate on TiO,
nanoparticle surfaces was also examined in the presence of increasing relative humidity
(RH). It is shown here that adsorbed water can more easily displace sulfite compared to
sulfate by forming a stable sulfur dioxide water complex in the presence of adsorbed

water. These differences in the RH-dependent stability of adsorbed species that form as a



49

result of surface heterogeneous reactions on oxide particles surfaces has important

implications in the heterogeneous chemistry of mineral dust aerosol in the atmosphere.

3.2 Introduction

There is increasing evidence that mineral dust aerosol plays an important role in the
Earth’s atmosphere.®'*> Among the components of mineral dust aerosol, there has been
some recent interest in titanium dioxide due to the fact that it is a semiconductor material
and a well-known photocatalyst.®®” Additionally, with the widespread use and production
of nanoscale TiO;, there is a possibility that these engineered nanomaterials can get into
atmospheric environment.”>** Thus, for these reasons, there is interest in the atmospheric
chemistry of TiO,.

UV light irradiation of TiO, with photon energies above the band gap, i.e. E > 3.2
eV with A < 390 nm, generates electron-hole (e/h") pairs on TiO, particle surfaces which
can lead to redox processes.'***812! These photocatalytic properties of TiO, have been
used in a wide range of applications including the destruction of volatile organic
compounds.®®*? For example, TiO, coated self-cleaning window glasses are widely used
thin films for removing organic pollutants.®* Additionally, as an atmospheric component
of mineral dust aerosol, it has been proposed that TiO, can photochemically convert
nitrogen dioxide in urban environments to HONO.?>*?

Here we investigate reactions of sulfur dioxide, which has several atmospheric
sources including as a product of the burning of sulfur-containing fuels and coal, on the
surface of Ti0,.2% Earlier studies of SO, adsorption on metal oxides have clearly shown

that Lewis acid sites, hydroxyl groups and oxygen vacancies can all play a role in the
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surface chemistry.®#®*% In the case of titanium dioxide, there have been several infrared
and theoretical studies on SO, heterogeneous interactions with anatase and rutile TiO,
surfaces.>***1% More recently, attention has been focused on these heterogeneous
interactions and their dependence on environmental conditions.? In a recent study on
heterogeneous reactions of SO, on nanoscale titanium dioxide particles using XPS,
Baltrusaitis et. al. showed the formation of a variety of sulfur-containing surface
products, including adsorbed sulfite and sulfate.® The coverage of these different surface
products was found to depend on sample pre-treatment and particle size as well as several
environmental factors including the presence of molecular oxygen, water vapor and/or
UV light.

Although both sulfite and sulfate have been detected on metal oxide particles as

| 89495117 Jittle is known about the

well as other components of mineral dust aeroso
relative stabilities of adsorbed sulfite and sulfate, especially as a function of relative
humidity and in the presence of adsorbed water. Studies at the adsorbed water-oxide
interfaces have shown that ions such as nitrate and carbonate can be readily solvated by
adsorbed water molecules under ambient conditions.**? For example, previous FTIR
studies have shown that there are changes in the infrared spectrum of adsorbed nitrate as
a function of relative humidity as a result of changes in the bonding of nitrate on the
surface of aluminum oxide particle surfaces.’* In the absence of adsorbed water, nitrate
forms different coordination modes to the oxide surface but in the presence of adsorbed
water these oxide coordinated nitrate ions can be solvated by water molecules forming

stable inner and outer sphere solvated complexes. Furthermore, this process is reversible

for the nitrate ion, i.e. upon decreasing relative humidity the conversion back to oxide-
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coordinated nitrate is observed upon decreasing relative humidity with the concurrence of
water desorption from the surface.'® In contrast, previous studies have suggested that the
vibrational bands of sulfate groups on sulfated TiO, change very little in the presence and
absence of adsorbed water."”” Therefore, it is important to further understand the
interactions between adsorbed species such as sulfite and sulfate on particle surfaces
under different relative humidity conditions.

In this study, we investigate mechanistic aspects of sulfur dioxide surface chemistry
and photochemistry on TiO, nanoparticle surfaces. Vibrational frequencies of adsorbed
SO, to yield adsorbed sulfite as well as sulfate formation on TiO; are reported. Isotope
labeling provides additional insights into the reaction chemistry of SO, on TiO,
nanoparticle surfaces. Furthermore, the relative stability of adsorbed sulfite compared to
adsorbed sulfate on TiO, particle surfaces as a function of relative humidity is
investigated for the first time to the best of our knowledge. Loss of sulfur from the
surface as a function of relative humidity is quantified using X-ray photoelectron

spectroscopy.

3.3 Experimental Methods
3.3.1 Sources and Purity of Gases

D,0, H,™0 (Sigma Aldrich) and distilled H,O (Fisher, Optima grade) were
degassed with several freeze-pump-thaw cycles prior to use. SO, (99.98 wt % min purity)

was purchased from Matheson gas and O, (UPC grade) was obtained from Airgas Inc.
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3.3.2  Source of TiO, and Nanoparticle Characterization

TiO, nanoparticles purchased from Nanostructures and Amorphous Materials Inc.
were used as received. The bulk crystalline phase of TiO, sample was analyzed using a
Siemens D5000 diffractometer with a Cu Ka source. Transmission electron microscopy
(TEM) images were acquired using a JEOL 1230 Transmission Electron Microscope.
Brunauer-Emmet-Teller (BET) adsorption isotherm measurements were carried out using
a Quantachrome Nova 4200e multipoint surface area analyzer. TiO, particles were

degassed for 4 h at 473 K prior to the surface area analysis to remove any impurities.

3.3.3 Transmission FTIR Spectroscopy

Transmission FTIR spectroscopy was used to investigate SO, adsorption on TiO,
nanoparticles, in an experimental apparatus that has been previously described in
detail.'***#® FTIR spectra were collected using a Mattson Galaxy 6000 spectrometer
equipped with a liquid nitrogen cooled mercury cadmium telluride detector (MCT). TiO,
samples (8-10 mg) were dissolved in optima water at room temperature to produce a
hydrosol. The hydrosol was sonicated for 10 min and transferred to one half of a tungsten
grid (3 cm x 2 cm, 100 mesh/in., 0.002” wire dia., Accumet Materials Co.) held in
position by nickel jaws using a pipette. Water evaporated at room temperature to create a
uniform thin film. Thermocouple wires were attached to the tungsten grid to allow
resistive heating. The sample holder was placed in a stainless steel reaction chamber
equipped with a linear translator to allow either the gas phase or the TiO, sample to be
placed in the path of the FTIR beam. The reaction chamber was connected to a power

supply and vacuum/gas handling system. Data acquisition was carried out using Winfirst
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software and spectra were recorded using a resolution of 4 cm™* with 264 averaged scans
from 800 to 4000 cm*. For absorbance spectra of surface species resulting from
adsorption of SO,, the gas was allowed into the reaction chamber at a desired pressure
and then allowed to equilibrate until a constant pressure was measured. The coated half
of the grid is associated with the spectral features of the surface and gas-phase whereas
the other half of the grid only contains spectral features of the gas phase. Single beam
spectra were referenced to the initial surface or gas phase to identify adsorbed and gas
phase species. Spectra of adsorbed products were obtained by subtracting gas-phase
spectra under similar conditions.

A pretreatment process was carried out for cleaning TiO, nanoparticles as these
particles contain an obvious impurity potentially from the manufacturing process (vide
infra). This begins with overnight heating and evacuation at 107 Torr. The sample was
then allowed to cool to room temperature before gases were admitted into the reaction
chamber. All spectra were recorded at 296 K. For photochemical experiments, irradiation
was carried out using a 500 W broadband Hg arc lamp (Oriel, model no. 66033),
followed by a water filter, to remove IR radiation, and a UV filter to remove shorter
wavelengths (A < 300 nm, Oriel filter no. 59425), was used to distinguish the effect of

UV light.

3.3.4 X-ray Photoelectron Spectroscopy (XPS)
XPS was used to quantify the amount of adsorbed sulfur species on the surface. A
custom-designed Kratos Axis Ultra spectrometer that was used for these measurements

and data analysis has been previously described in detail.**’
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3.4 Results and Discussion
3.4.1 Characterization of TiO, Nanoparticles

Transmission electron microscopy images show primary particles with an average
particle size of 10 = 3 nm (200 particles counted). The image in Figure 2.1 shows these
smaller particles appearing quite aggregated. Only the primary particles were used to
calculate the average particle size. A primary particle size histogram is shown along with
the TEM image in Figure 2.1. XRD reveals that the TiO, particles are primarily anatase
with small amount of rutile (~6%). Surface area measurements using a seven-point BET
analysis results in an average value and standard deviation of 128 + 5 m?/g from three

replicate measurements.

3.4.2 Surface Hydroxyl Groups and Adsorbed

Water on TiO, Nanoparticles

An FTIR spectrum of TiO, nanoparticle surfaces placed in the infrared cell and
evacuated initially contained surface adsorbed water with a broad band of H-bonded
hydroxyls at 3300 cm™ and water bending mode at 1620 cm™ as well as the presence of a
band at 1361 cm™ that appeared to be an impurity (spectra not shown). Surface-bound
water was completely desorbed by 200 °C and the particles were further heated to 400 °C
for 12 hours to remove impurities left on the particle surface most likely a result of the
synthesis process. During the 400 °C heat treatment, all hydroxyl groups were removed
leading to dehydroxylated TiO, nanoparticle surfaces. Hydroxyl groups on TiO, surfaces
have been shown to play a role in sulfur dioxide adsorption.® Therefore, after heating,

samples were exposed to water vapor at room temperature to regenerate hydroxyl groups
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followed by evacuation at 200 °C to remove weakly adsorbed water. Samples were then
allowed to cool to room temperature prior to gas adsorption.

The hydroxyl group region following heating and subsequent re-hydroxylation
shows absorption bands between 3600 and 3800 cm™ with at least two prominent features
at 3672 cm™ and 3717 cm™ respectively. FTIR spectra, which contain features due to
surface species present on the surface, are peak fitted to more clearly resolve absorptions
due to different vibrational frequencies for the different hydroxyl groups present on the
surface. Peak-fitting results in five absorption bands at 3733, 3717, 3691, 3672 and 3642
cm™ as seen in Figure 3.1(a). There is some controversy in the literature on the exact
assignment of these bands. In general, it is accepted that the different bands are due to

the O—H stretching motion mostly associated with hydroxyl groups present as isolated
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Figure 3.1. Peak-fitted hydroxyl group region for (a) **O-H stretching vibrations for
unlabeled TiO,, (b) *O-D stretching vibrations for deuterated TiO, following D,O

exchange, (c) '®O-H stretching vibrations for 80 labeled TiO, following H,™%0
exchange. See text for further details.

and bridge bonded moieties.*?® In another study, Dizwigaj et. al. combined experimental

data and theoretical calculations to assign the vibrational bands of TiO, hydroxyl groups
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as isolated hydroxyl groups and O-H associated with chemisorbed water on different
surface crystallographic planes*® Deiana et. al. have discussed the hydroxyl groups and
defect sites of P25 TiO, in more detail proposing that absorption bands higher than 3680
cm™ assigned to isolated hydroxyls and bands below 3680 cm™ be assigned to bridged
hydroxyls.*?® Due to these differences in assignments, further studies are needed to
confirm the presence of chemisorbed water on TiO, surface. In this study we follow the
assignment of Deiana et al. as being due to isolated and bridged hydroxyl groups on TiO,

nanoparticle surfaces as summarized in Table 3.1.

Table 3.1. Vibrational assignment of hydroxyl groups, *°0-H, O-D and *0-H, on TiO,
nanoparticle surfaces.

Assignment This Study Literature

Ti-*OH Ti-**0-D Ti-®0-H Ti-®OH

Ti— OH isolated 3733 2751 3720 3736
3717 2741 3708 3717
3691 2719 3677 3688
Ti— OH bridged 3672 2708 3665 3672
3642 2676 3630 3642

Isotope studies were conducted to provide insights into SO, adsorption (vide
infra). TiO, nanoparticles were exposed to 10 Torr of D,O for 30 minutes followed by
evacuation. This process was repeated several times until all surface O—H groups were
found to exchange to O-D.®* To investigate **0O—H labeled groups, TiO, nanoparticles
were exposed to H,*0 for 12 hours under UV irradiation to exchange surface *°O—H for

131

80_H groups.®* After these isotope labeling treatments, samples were evacuated at 200

9C for 12 hours to remove physisorbed water. Infrared spectra of these two isotopically-
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labeled surface hydroxyl groups, O-D and ‘*0-H, are shown in Figure 3.1(b) and (c),
respectively. Assignments for these are also given in Table 3.1 along with the °0-H

assignments.*?

3.4.3 SO, Adsorption on TiO, Particles

TiO, nanoparticle surfaces were exposed to known pressures of SO, and, after 25
minutes, an infrared spectrum was recorded. For the surface adsorbed species, each
spectrum was obtained by referencing to the initial TiO, spectrum prior to SO,
introduction and then subtracting out gas-phase absorptions. These difference spectra are
shown in Figure 3.2 and are recorded following exposure of TiO, nanoparticles to SO, as
a function of increasing initial pressures between 5 mTorr to 100 mTorr (5, 10, 15, 20,
22, 25, 28. 30, 40, and 100 mTorr). As can be seen in Figure 3.2, these difference spectra
are quite rich with several spectral features apparent. In particular, multiple absorption
bands are observed between 800 and 1200 cm™ and more isolated bands are seen at 1325
and 1620 cm™. Additionally, there is another broad absorption band between 2500 and
3500 cm™. Furthermore, these spectra show negative features between 3600 and 3900
cm™ associated with the loss of surface hydroxyl groups from the surface upon
adsorption of SO,.

The broad absorption between 800 and 1200 cm™ of Figure 3.2 is composed of
several components that can be identified at the highest coverage at 886, 923, 971, 1006,
1057 and 1139 cm™. After evacuation of gas-phase SO, the absorption band at 1139 cm
! disappears from the spectrum as does the absorption band at 1325 cm™. This can be

seen in the inset of Figure 3.2. This behavior suggest that the 1139 and 1325 cm™ bands
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are associated with a more weakly, reversibly adsorbed species on the surface whereas
absorption bands between 800 and 1200 cm™ are not removed upon evacuation of gas-
phase SO, suggesting a more strongly bound chemisorbed species on the surface.
Assignment of the weakly adsorbed species can be made to physisorbed SO, with
symmetric (v;) and asymmetric (vs) stretching modes at 1139 and 1325 cm™,
respectively, which are close in frequency to the gas-phase values. This assignment
agrees well with previous studies of SO, physisorbed on different metal oxides.'?®

In analyzing these spectra, the role of the hydroxyl groups in the adsorption and
surface chemistry of SO, on TiO, nanoparticles can be addressed by viewing the O-H
stretching region not as difference spectra as shown in Figure 3.1 but instead as
absorption features that are due to O—H groups remaining on the surface. Figure 3.3
shows the O-H region for all three isotopes after adsorption of SO, at the highest exposed
initial pressures (100 mTorr). It can be seen that the intensity of some hydroxyl groups
decrease significantly after the adsorption of SO,. In particular, for Ti-*°OH absorption
bands at 3717 cm™ and 3691 cm™ are nearly gone while absorptions at 3733 and 3642 cm"
! remain in the spectrum. The band at 3672 cm™ is also visible but less intense after
reaction. From the vibrational assignment of O—H absorptions, it can be concluded that
SO, prefers reaction of isolated hydroxyl groups followed by reaction with bridged
hydroxyl groups. The hydroxyl groups at 3733 cm™ and 3642 cm™, the hydroxyl groups
with the highest and lowest frequencies for isolated and bridging O-H groups,

respectively, appear to be much less reactive and remain on the surface. Similar changes
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Figure 3.2. Transmission FTIR spectra of TiO, surface as a function of increasing
pressure of SO,. Spectra labeled “gas-phase subtracted” were recorded in the presence of
the gas phase at initial pressures of 5, 10, 15, 20, 22, 25, 28, 30, 40, and 100 mTorr. The
spectra are stacked from lowest initial SO, pressure to highest SO, pressure. The
spectrum labeled “gas-phase evacuated” was collected after evacuation of SO, at the
highest pressure. These difference spectra show both positive and negative absorptions
associated with the formation and loss, respectively of species from the surface. See text
for further details.

are seen for the other two isotopes Ti-*°OD and Ti-**0OH. These remaining absorption
bands in the spectra may be associated with a particular crystallographic plane that may
in fact be less reactive. Additionally, experiments on dehydroxylated surfaces show much
less reactivity with little product formation (data not shown) consistent with XPS results
recently reported suggesting that surface oxygen atoms are less reactive compared to O—
H groups toward SO,.

Before an assignment of all remaining bands in Figure 3.2 is made, additional

spectra are shown for SO, adsorption on Ti-*°0-D and Ti-**0—H labeled surfaces. The
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Figure 3.3. Peak-fitted hydroxyl group region following reaction with 100 mTorr SO, of

(a) *°O-H stretching vibrations for unlabeled TiO,, (b) °0O-D stretching vibrations for
deuterated-TiO,, (c) **0-H stretching vibrations for ®0-labeled TiO,.

IR spectra of labeled and unlabeled TiO, surfaces in the presence of 100 mTorr SO are
shown in Figure 3.4. Absorption band frequencies in the 800 to 1800 cm™ spectral region
are similar for the SO, adsorption on both Ti-**O-H and Ti-*°O-D surfaces. SO,
adsorption on Ti-*0-H shows frequency shifts for some bands due to 20 incorporation
into the adsorbed sulfur species. Negative features seen in the **0-D (between 2500 —
2900 cm™) and *®0-H (between 3500 — 3900 cm™) stretching region are similar to what
is observed for Ti-®O-H indicating the involvement of surface hydroxyl groups.
Additionally, instead of a band at 1620 cm™, there is a band seen at 1194 cm™ following
SO, adsorption on Ti-'*0-D surface in Figure 3.4. This shift confirms the assignment of
this vibration to the water-bending mode for adsorbed water formed in the reaction.
Furthermore, the broad band between 2300 — 2600 cm™ is consistent with the formation
of D,O. Most interestingly, in the case of SO, adsorption on Ti-**0-H labeled surfaces, is
the fact that the band at 1620 cm™ associated with the water bending mode does not shift

to lower frequency suggesting that the H,O formation does not involve *20 surface
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Figure 3.4. Transmission FTIR spectra for TiO, in the presence of gas phase SO, at a
pressure of 100 mTorr for (a) SO, adsorbed on TiO, with (b) SO, adsorbed on

deuterated-TiO,, and (c) SO, adsorbed on *20-labeled TiO,. Gas-phase absorptions have
been subtracted from the spectra.

atoms. Additionally, the 2400 — 3600 cm™ region for the SO, adsorption on both Ti-O-H
and Ti-*%0-H show similar features at the same frequencies indicating that the **O-label
does not end up in the water product. The data in Figure 3.5 shows water adsorption on
TiO, nanoparticles surfaces as a function of increasing relative humidity for all three
isotopes, H,0, D-O and H,*0, on different isotopically labeled surfaces, O-H, O-D and
80_H, respectively, as a comparison as these spectra show how the vibrational frequency
do change for these three isotopes due to the change in the reduced mass. This important
point here for SO, adsorption and the water product that forms in this reaction is that the

180 label from surface Ti-**0-H does not get into the water product. Any mechanism
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Figure 3.5. Transmission FT-IR spectra for (a) H.O (b) D-O (c) H,®0O adsorption on
TiO, surface as a function of increasing relative humidity (0.6, 1.2, 3.1, 10, 26, 56 and 76
%). Spectra were recorded in the presence of gas phase and gas phase was subtracted out.
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proposed for this reaction will need to account for this fact (vide infra). Furthermore,
although 'O label is not in the water product, it does get into the more strongly bound
sulfur-containing products that form as seen in the shifts of the absorption bands in the
800 to 1200 cm™ spectral region.

The vibrational assignment of the features observed in the 800 to 1200 cm™
region and the mechanism for the formation of different species can be interpreted based
on assignments in the literature for SO, adsorption on different metal oxide surfaces that
have been previously reported,?*%3%13 | fact the features in the 800 to 1200 cm™ of
Figure 3.2 can be made to two surface adsorbed sulfur species, sulfite and bisulfite, as
result of SO, adsorption.’® It has been proposed that adsorbed SO, on metal oxides
surfaces can lead to form monodentate and bidentate sulfite.**® Datta et al. investigated
SO, adsorption on y-Al,O3 and suggested sulfite formation based on a band observed
1050 cm™. Recently, this assignment was confirmed by calculations for SO, adsorption
on y-Al,0:.**" Additionally, in another recent study of SO, adsorption on ferrihydrite
nanoparticles by Liu et. al., bands at 1070, 1030, 966 and 910 cm™ have been assigned to
the oxygen coordinated monodentate sulfite whereas bands at 1005, 820 and 875 cm™ for
bidentate bridging sulfite. At lower pressures of SO,, there are two distinct bands
apparent in the spectrum shown in Figure 3.2 at 1077 cm™ and 1033 cm™. As the pressure
increases, the peaks broaden and there is a broader band centered at 1057 cm™. Adsorbed
HSO5 on TiO, surfaces has been reported between 1070 and 1090 cm™.%

Additionally, the band at 3648 cm™ of Figure 3.2 is most likely associated with

the OH stretching vibration of adsorbed bisulfite.**® However, it should be noted that the

band at 1006 cm™ could also belong to a bidentate sulfite according to the Liu et. al.
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Furthermore, calculated and experimental vibrational frequencies of SO, adsorption on
ferrihydrite nanoparticles by Liu et al. have shown that the vibrational frequency of
symmetric stretching mode of monodentate sulfite strongly depends on the hydrogen
bonding to neighboring hydroxyl groups. In the present study, highly hydroxylated TiO,
surfaces could be expected to have similar behavior with different vibrational frequencies
for the symmetric stretching mode of adsorbed monodentate sulfite.

Taking all of these data from earlier studies and the data presented here — FTIR
spectra, literature assignments and isotope data — the broad band between 800 and 1200
cm™ is suggested to be a combination of sulfite and bisulfite absorptions. The band
centered at 1057 cm™ at high coverage is most likely a combination of asymmetric
stretching mode of sulfite (1033 cm™) and bisulfite (1077 cm™) bands. Furthermore O—H
stretching vibration of HSOs is seen at 3648 cm™. The bands at 971 and 923 cm™ are
assigned to the symmetric stretching vibration of monodentate sulfite and 1006 and 886
cm™ for bidentate sulfite. A summary of the band assignments for absorptions observed
in this study along with frequencies reported in earlier studies are given in Table 3.2.

Several mechanisms for SO, adsorption on hydroxylated metal oxide surfaces
have been proposed in these earlier studies. From the data shown in Figures 3.1-3.5,
several different surface reactions are proposed for strongly bound sulfur species
following exposure of SO, to TiO, nanoparticle surfaces. In the current study,
experimental results confirm that the reaction shown in reaction (3.1) is occurring and
there is water formation following reaction of SO,. Second the formation of bisulfite
from reaction of SO, molecules with O-H groups reaction (3.2) is also occurring as

discussed previously. A third reaction to yield sulfite involving O atoms and SO, has
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Table 3.2. Vibrational frequencies of different adsorbed sulfur-containing species on TiO, nanoparticle surfaces and on other metal
oxides surfaces.

Molecular species This Study TiO, Al,04 S04~ a-Fe,O;  Ferrihydrite  Water-Air
ITiO, interface
SO, 1325and 1139 1330 1330 and 1400 1330 and
1149 1144
HSO3 1077and 3648 1070-1090 1200 — 900
1100 — 850
SO5” 1050-1060 1060
Monodentate 1033, 971, 923 1041 and 956 1074, 1028,
966, 913
Bidentate 1006, 886 1062 and 954 1005, 875,
820
S0,” (several coordination 1361, 1297, 1161, 1111, 1100-1300 1372, 1000 —
modes) 1172, 1116, 1070 1176 and 1211, 1300"
1050, 1000 1350 1043
1370
Solvated 1050
SO5% /HSO3
Solvated SO4* 1168, 1129 1161, 1111
SO,-H,0 complex 3498, 3211 3460,
O-H region 3200

Source: Assignments from reference 92
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also been suggested in the literature and is shown in reaction (3.3).2

2Ti-OH +S0, — Ti,-S0, -H,0 (3.1)
Ti-OH+S0, — Ti-OSO,H (3.2)
Ti-O* +S0, — Ti-SO? (3.3)

Scheme 3.1. Reaction of SO, and surface hydroxyl groups to form adsorbed sulfite and
water

O
N\ H
5=0 O\\ H C\)\ H 9 O~
S’ H ST~ _H SC
0
180/H 180/H 180/ 180/ 180/ Cl)so/ 180/ 185
| | — 1 | — | | — | |
Ti Ti Ti Ti Ti Ti Ti Ti
VAN /1N /7 1\ / 1\ 71\ /1N /1 \ /1N
OO0O0O0O0O0 OO0 O0O0OO0O0 OO0 O0O0OO0O0 OO0 O0O0OO0O0

Although reactions shown in egs (3.2) and (3.3) may occur in a single step,
clearly the reaction shown in eq. (3.1) must involve multiple steps. Scheme | suggests a
mechanism for sulfite and water formation that is in agreement with the experimental
results for the different isotopes. The mechanism involves two neighboring O—H groups
and the insertion of SO, into one of the O—H bonds. This is followed by nucleophilic
attack of the neighboring O—H group and proton transfer followed by the elimination of

water.
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3.4.4 Photooxidation of Adsorbed Sulfite/bisulfite

XPS studies have previously shown conversion of S(1V) species to S(VI) species
on TiO, nanoparticle surfaces in the presence of UV light and in the presence or absence
of an external source of oxygen (e.g. O, or H,0).2 Transmission FTIR spectra of SO,
reacted TiO, surface collected with increasing irradiation are shown in Figure 3.6.
Absorptions at 1361, 1297, 1172, 1116, 1050 and 1000 cm™ clearly grow in as a function
of irradiation time. These can be assigned to adsorbed sulfate species.™*® Vibrational
modes for different protonation states and adsorption coordination modes have different
frequencies across the frequency range from ca. 900 to 1400 cm™. Molecular sulfuric
acid shows four adsorption bands at 1350 — 1440, 1150 — 1230, 960 -1000 and around
910 cm™.*° Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy studies on solution phase sulfate adsorption on TiO, surface have shown
bands at 1070, 1111 and 1161 cm™.'* Studies on SO4*/TiO, catalyst preparation and
characterization provide important information on the vibrational frequency assignment
of adsorbed sulfate. Yang et. al. observe infrared absorption bands at 1384, 1211, and
1043 cm™ for the SO,*/TiO, catalyst surfaces, which were assigned to a catalytically
active sulfate species. In addition, an absorption band at 1142 cm™ has been also assigned
to a sulfate species.'*? Lange et. al. observed a band at 1370 cm™ for a tridentate sulfate
groups on SO4%/TiO, that forms under dry conditions. Ma et. al. investigated the sulfate
formation on y-alumina and assigned peaks at 1176 cm™ and 1350 cm™ to the symmetric
and asymmetric stretching vibrations, respectively, of adsorbed sulfate.*** Experimental

results combined with the early studies have shown the presence of tridentate sulfate



68

] I P
Joos p(02) <107 Torr
A 1000
b 1050,
A
0
1310
r 1620
b > ~_ A
R ——— TR | o
a M — 04} min . y '
n o ~ Towa ;|
Wit 120 mén ' i
' S ¥ /_._',_.—/—"'_'_"\\.,_‘_‘_‘_‘_\_ 0 miz w
] i 3 min L_ P
Omin eyvacuated for 25 min
- - T B ——— — S 4
jr}r exposed bo 100 mTorr of S0y
T T

=T T T T T T T
4000 3600 3200 2800 2400 '” 1500 100 1400 1200 1000 B00
Wavenumber (em™)

Figure 3.6. Transmission FTIR spectra are shown as a function of irradiation time for the

TiO, surface containing bisulfite/sulfite species. As discussed in detail in the text, these
spectra show the conversion to adsorbed sulfate.

bands. Based on these literature data, an assignment for the sulfate bands are given in
Table 3.2.
A reaction for sulfate formation has been proposed previously and is shown in eq.

(3.4).%

SO + O° — SO + e (3.4)

Apart from the adsorbed sulfate peaks, there is the growth of the band at 1620 cm’
! and a broadband in the range of 3300 ~ 3500 cm™ with the increasing irradiation time
that is clearly observed. The band at 1620 cm™ is again assigned to the bending mode of

the adsorbed H>O. This indicates the formation of surface water with the sulfate
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formation which agrees with the mechanism (3.5) proposed by Zhang et al. that involves

both surface OH and 0.%

HSO; + O + OH —» SO? + H,0 + e (3.5)

3.4.5 Effect of Water Vapor on Adsorbed Sulfite

and Sulfate on TiO, Particles.

Surface adsorbed water plays an important role in the heterogeneous chemistry of
trace atmospheric gases, however, little is known about the role of adsorbed water in the
stability of various adsorbates on oxide surfaces. Therefore, water adsorption on TiO;
nanoparticles with adsorbed sulfite and sulfate was further examined by FTIR
spectroscopy. Sulfite coated TiO, nanoparticles were prepared by reacting 100 mTorr of
SO, for 25 minutes to saturate the surface followed by 25 minute evacuation to remove
physisorbed SO,. Sulfate coated TiO, nanoparticles were obtained by irradiating the
adsorbed sulfite for 600 minutes. A known pressure of water vapor was then introduced
to the TiO, surface coated with either sulfite or sulfate for 25 minutes and IR spectra
were collected. The cell was evacuated for 25 minutes and the second relative humidity
was introduced. Water adsorption on both surfaces was carried out as a function of
increasing relative humidity from 0.6 to 76% RH (from water pressures of 150 mTorr to
18 Torr at 296 K). Adsorbed sulfite and sulfate show very different behaviors in the
presence of water vapor.

An increase in intensity as well as a shift in frequency to 1633 cm™ is seen for the

water bending mode as the relative humidity is increased for both sulfite coated and



70

o0 S B o= 90w o B

4000 3600 3200 2800 2400 // 1800 1600 1400 1200 1000 800
Wavenumber (cm™)
[/
IM (b} I 16:241 |3:4.§13,??Jlg'z[imlq_wm

1447 923

G0 S o o= 0w o

{1 <08
4000 3600 3200 2800 2400 // 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 3.7. Transmission FTIR spectra of water adsorption as a function of increasing
relative humidity on (a) sulfited-TiO, after SO, adsorption and (b) sulfated-TiO, surfaces
after irradiation of sulfited-TiO, with light. These spectra show changes with increasing
relative humidity of 0.6 to 76 %RH. Following increasing RH, the infrared cell is
evacuated to less than 0.6 %RH. These spectra are shown as the top spectra in both (a)
and (b).
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sulfate coated TiO, nanoparticle surfaces (Figure 3.7). Upon addition of increasing
relative humidity, sulfite-coated particles show changes in the relative intensities of
several bands in the 800-1200 cm™ region in Figure 3.7(a). Upon water adsorption, there
is a large enhancement in the O—H stretching region with distinct features at 3211 and
3498 cm™ that are quite visible for water adsorbed on hydroxylated TiO, surfaces that
have been exposed to SO,. These bands are characteristic of absorptions seen at the liquid
water air interface using sum frequency generation in the presence of SO, and provide
evidence for the formation of SO,-H,O complex at the oxide water interface.** The
characteristic bands for molecularly adsorbed SO, were also observed, albeit very
weakly; in the presence of water vapor further confirming the formation of this solvated
complex. Sulfur dioxide water complexes have been observed at the air water interface
and at the surface of a crystalline sulfuric acid solid film but never hitherto at the oxide-
adsorbed water interface.***!*°

Additionally, the intensity of the band at 1050 cm™ decreases with increasing
relative humidity suggesting loss of this species and an overall lower stability of adsorbed
sulfite in the presence of water vapor. After exposing the surface to the highest relative
humidity, the infrared cell was evacuated overnight. Upon evacuation, water solvated
sulfite converts back to the chemisorbed sulfite. However, the intensity of the absorption
broads between 800 - 1200 cm™ has considerably decreased suggesting loss of sulfur
species from the surface. Thus, indicating desorption of sulfur oxide species, most likely
as SO, during evacuation after exposure to water. The two bands at 1335 and 1186 cm™
after overnight evacuation are most likely due to the formation of small amount of sulfate

in the presence of water vapor. Sulfate formation by water vapor was previously reported
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in XPS studies on SO, and H,0 adsorption on TiO, surfaces.? It has been reported that
the adsorbed SO, becomes solvated in the presence of water vapor followed by
hydrolysis forming a surface complex which then becomes fully solvated in the bulk
phase.* This process can be proposed to a set of reactions of solvation of adsorbed
sulfite and bisulfite according to the reaction (3.6), (3.7) and (3.8). This is similar to what
happens at the air-liquid interface as it has been proposed that the complex between SO,

and HO is in equilibrium with bisulfite according to the reaction (3.9).

Ti-0-SO,H +H,0 = Ti-OH + SO,-H,0 (3.6)
Ti,-0,80-H,0 +H,0 = 2Ti-OH + SO,-H,0 (3.7)
Ti-SO? + H,0 = Ti-0* + SO0,-H,0 (3.8)
HSO,H" &S0, -H,0 (3.9)

Water adsorption on sulfate coated TiO, particles are shown in the panel (b) of the
Figure 3.7. The increase in the intensity of the bands at 1283, 1186, 1168 and 1129 cm™
can be clearly seen leading to a broad band centered at 1129 cm™ at higher relative
humidity. This can be due to the formation of water solvated sulfate at the higher relative
humidity and these bands can be assigned to solvated sulfate. Bisulfate formation is
observed with the new band growing at 1447 cm™ with the increasing relative humidity
by solvating the adsorbed sulfate. Increasing intensity of H bonded hydroxyl region has
shown a broad band between 2500 - 3600 cm™. The decrease in vibrational frequency of
sulfate S=0 bond due to water solvation has previously observed and it was suggested

127

that this was due to a weakening of SO bond on sulfated titania.”" Overnight evacuation
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following the water uptake regenerated a surface spectrum for adsorbed sulfate, which
differs some from the initial spectrum. In particular, the infrared absorptions for surface
adsorbed sulfate showed a red shift before and after the water uptake experiment.
Adsorbed water on TiO, surface could not be completely removed with the evacuation;
hence the remaining water molecules on the surface can affect the bonding of adsorbed
sulfate. Lange et. al. has observed a band at 1318 cm™ for the tridentate sulfate groups on
sulfated TiO, which shifts to 1370 cm™ upon evacuation at 720 K. The results of the
present study agree well with the observations of Lange et al. and according to the

reaction (3.10) proposed by Saur et al., where they have suggested a bridged tri-dentate

Ti—0O Ti—O o) (3.10)
O :

Ti—O}S:o + H,O & \S<\ ©H + Ti—OH

Ti—O0 Ti—o” o

sulfate structure is formed which is assumed to interact with H,O by breaking one Ti-O
bond resulting a bridged solvated sulfate complex.'*® The water solvated sulfate complex
is bridged to the surface leading to a tight interaction with the surface making it difficult
to remove by evacuation.

Finally, the amount of sulfur species desorbed from the surface following
exposure to SO, was quantified with XPS. The S(2p):Ti(2p) ratio decreased by 31 and
9%, for adsorbed sulfite/bisulfite and sulfate, respectively, following exposure to water
vapor corresponding to 8% RH (data not shown). Following additional water exposures
corresponding to 34 and then 75 %RH, the S(2p):Ti(2p) ratio decreased by 50 and 25%,

respectively, for adsorbed sulfite/bisulfite and sulfate. These XPS data quantitatively
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shows that adsorbed sulfite is less stable compared to adsorbed sulfate on titanium
dioxide surfaces in the presence of relative humidity and adsorbed water. These data
further suggest that adsorbed water in equilibrium with water vapor plays a role in the
stability of secondary species associated with oxide particle surfaces, important

components of mineral dust aerosol.

3.5 Conclusions and Environmental Implications

The current study provides detailed analysis of FTIR data for SO, adsorption on
TiO, nanoparticle surfaces on isotopically labeled surfaces. The data show that for
hydroxylated surfaces, O-H groups are involved in the surface chemistry to yield sulfite
and bisulfite on the surface and those O-H groups on some surface sites react more
readily. These data also provide information on the mechanism for different products
formed in the reaction. S(IV) species readily oxidize upon irradiation at solar
wavelengths to form S(V1) species, namely sulfate, on the surface. A comparison of the
relative stability of these different adsorbed sulfur species in the presence of water vapor
gave some interesting results. Under humid conditions, there was a greater loss of S(I1V)
species from the surface relative to S(VI) suggesting that under atmospheric conditions of
temperature and relative humidity that adsorbed sulfite is less stable than sulfate as a
result of the formation of a SO,*H,0O complexes that can play a role in the desorption of

sulfur species from the surface.
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CHAPTER 4
TITANIUM DIOXIDE NANOPARTICLE REACTIVITY WITH CO,, SO, AND NO;:
ROLES OF SURFACE HYDROXYL GROUPS AND ADSORBED WATER IN THE

FORMATION AND STABILITY OF ADSORBED PRODUCTS

4.1 Abstract

The reactivity of O—H groups on titanium dioxide nanoparticle surfaces with gas-phase
carbon dioxide, sulfur dioxide and nitrogen dioxide is compared. As shown here, the
surface reactivity of O—H groups with these three triatomic gases differs considerably due
to different reaction mechanisms for adsorption and surface chemistry. Carbon dioxide,
sulfur dioxide and nitrogen dioxide react with ca. 5, 50 and nearly 100%, respectively, of
all hydroxyl groups on the surface. In addition to investigating O-H group reactivity, the
role of adsorbed water in the stability of different surface species that form from
adsorption of carbon dioxide, nitrogen dioxide and sulfur dioxide on hydroxylated TiO,
nanoparticles is probed as a function of relative humidity as is quantitative measurements
of water uptake on TiO, nanoparticles before and after surface reaction. These water
uptake studies provide insights into the stability of adsorbed species on oxide surfaces
under atmospherically relevant conditions as well as changes in particle hygroscopicity

following reaction with atmospheric gases.
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4.2 Introduction

There is a great deal of interest in the chemistry of atmospheric gases with solid
surfaces and metal oxide surfaces being of particular interest.® This attention comes from
a number of perspectives including heterogeneous catalysis, environmental remediation
and heterogeneous atmospheric chemistry.” Adsorption and photochemistry of small
molecules on TiO; surfaces has been received a lot of attention due to its industrial and
environmental applications as well as atmospheric importance as has been discussed in
several recent review articles.”3**?*14"™* Titanjum dioxide (TiO.) is a semiconductor
metal oxide with band gap around 3.2 eV. TiO, coated or mixed materials break down
pollutants into less harmful products while retaining photoctalytic activity.” These self-
cleaning materials act as surfaces for reaction with atmospheric gases. Mineral dust
aerosol is another source of TiO, in the atmosphere. As a component of mineral dust
aerosol, TiO, can facilitate atmospheric trace gas adsorption, heterogeneous reactions and
photochemical reactions.’

Hydroxyl groups often play a role in the reaction chemistry of metal oxide
surfaces. From hydrogen bonding to insertion reactions to OH radical chemistry, the
different types of reactivity for surface O—H groups are quite large and depend on the
particular metal oxide, surface crystallography and coordination mode. TiO, surfaces
have several different kinds of hydroxyl groups including isolated and bridged hydroxyls
on different sites that depends on the specific crystal planes.*® It is therefore important to
gain an understanding of reactivity of these hydroxyl groups on TiO, with common

atmospheric gases.
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In this study, the reactivity of O—H groups on titanium dioxide nanoparticle
surfaces with gas-phase carbon dioxide, sulfur dioxide and nitrogen dioxide is compared.
Surface reactions of carbon dioxide are of much importance and interest in many aspects.
It is the most abundant greenhouse gas after water vapor and has a higher warming
capacity. The increasing concentration of atmospheric carbon dioxide since the industrial
revolution has greatly impacted the earth’s climate and because of this, there has been
increased interest in carbon dioxide capture, storage and transformation in the scientific
community. In several studies, carbon dioxide adsorption on TiO, has shown the
formation of adsorbed carbonate species and bicarbonate.’**™* However, these studies
have not shown the details of surface hydroxyl group reactivity with CO, quantitatively.

The main source of sulfur dioxide is from coal power plant emissions. The
conversion of sulfur dioxide to sulfate in the troposphere leads to acid rain and aerosol
particle formation. Various components of mineral dust aerosol have shown to play an
important role in heterogeneous conversion of sulfur dioxide to sulfate.” In addition,
sulfur dioxide adsorption on metal oxide surfaces including TiO, have shown to form
adsorbed sulfite and bisulfite.”? The reactions of sulfur dioxide with hydroxyl groups’
results adsorbed bisulfite, sulfite and water. Details of the sulfur dioxide adsorption on
TiO, have been investigated in several studies.?*%%’

Reactions with nitrogen dioxide lead to acid rains and photochemical smog with
combustion of fossil fuels as the main source of NO, emissions. NO; reacted on TiO;
surfaces mainly forms adsorbed nitrate species on different coordination modes.*”

Although nitrate is assumed to be final product of atmospheric NOXx, studies have shown

the potential renoxification of adsorbed nitrate in the presence of ultra violet light on
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TiO, surfaces leading to the production of gas phase products of NO and NO,. %%
Furthermore, NO; reactions on TiO, in the presence of solar irradiation have shown to
form more harmful products such as HONO.?>*®

It is clear that adsorbed water plays an important role in surface adsorption and
surface chemistry of metal oxides.’” In fact, adsorbed water can play multiple roles in
the reaction chemistry of oxide surfaces with atmospheric gases as recently reviewed by

Rubasinghege and Grassian.*”’

Water adsorption on TiO, surfaces has been widely
investigated using various techniques but few studies have addressed how water uptake
on TiO, changes in the presence of adsorbates.’™ ™ The hygroscopic behavior and
the uptake of water can be greatly affected by the presence of adsorbed species.™™* For an
example, alumina particles reacted with formic acid have shown low water uptake
vhereas water uptake on Arizona test dust reacted with co-dosed SO,, O, and H,O did
not show any change in hygroscopic behavior.'*? Thus, further investigations of gas-
phase water adsorption on surfaces with different adsorbates is warranted.

As discussed below, the surface chemistry of three triatomic gases CO,, SO, and
NO; on TiO; nanoparticle surfaces has been investigated and compared. In particular, the
reactivity of different surface hydroxyl groups with these three gases and product
formation is examined. It is shown here that there are large and important differences in
the chemistry of these three atmospheric gases with surface hydroxyl groups.
Furthermore, the effect of water vapor on the adsorbed product stability — carbonate,

sulfite and nitrate — on TiO, surfaces is compared and the possible change in adsorbed

water dynamics is discussed.
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4.3 Experimental Methods
4.3.1 Sources and Purity of Gases

CO; (UPC grade) was purchased from Airgas Inc. SO, (99.98% purity) and NO;
(99.95% purity) were purchased from Matheson gas. Distilled H,O (Fisher, Optima

grade) were degassed with several freeze-pump-thaw cycles prior to use.

4.3.2 Source of TiO, Nanoparticles and

Nanoparticle Characterization

TiO, sample was purchased from Nanostructures and Amorphous Materials Inc.
TiO, particles were characterized using Siemens D5000 diffractometer with a Cu-Ka
source, JEOL 1230 transmission electron microscope (TEM) and Quantachrome Nova
4200e multipoint Brunauer-Emmet-Teller (BET) surface area analyzer. TiO, particles
were degassed for 4 h at 473 K prior to the surface area analysis to remove any

impurities.

4.3.3 Adsorption and Surface Chemistry

Monitored by Transmission FTIR

Spectroscopy

Transmission FTIR spectroscopy was used to investigate gas adsorption on TiO,
nanoparticles and the surface chemistry of O—H groups. The experimental setup has been
previously described in detail.**> FTIR spectra were collected using a Mattson Galaxy
6000 spectrometer equipped with a liquid nitrogen cooled mercury cadmium telluride

detector (MCT). TiO, samples (8-10 mg) were dissolved in optima water at room
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temperature to produce a hydrosol. The hydrosol was sonicated for 10 minutes to break
any agglomerates and transferred to one half of a tungsten grid (3 cm x 2 c¢cm, 100
mesh/in., 0.002” wire dia., Accumet Materials Co.) held in position by nickel jaws using
a pipette. Water evaporated at room temperature to create a uniform thin film.
Thermocouple wires were attached to the tungsten grid to allow resistive heating. The
sample holder was placed in a stainless steel reaction chamber equipped with a linear
translator to allow either the gas phase or the TiO, sample to be placed in the path of the
FTIR beam. The reaction chamber was connected to a power supply and a vacuum/gas
handling system. Data acquisition was carried out using Winfirst software and spectra
were recorded using a resolution of 4 cm™ with 264 averaged scans from 800 to 4000
cm ™. For absorbance spectra of surface species resulting from gas adsorption, the gas
was allowed into the reaction chamber at a desired pressure and then allowed to
equilibrate until a constant pressure was measured. The coated half of the grid is
associated with the spectral features of the surface and gas-phase whereas the other half
of the grid only contains spectral features of the gas phase. Single beam spectra were
referenced to the initial surface or to gas phase to identify adsorbed and gas phase
species. Spectra of adsorbed products were obtained by subtracting gas-phase spectra
under similar conditions.

A pretreatment process was carried out for cleaning TiO, nanoparticles. The TiO;
thin film held by nickel jaws was heated at 400 °C and evacuated at 10" Torr for 4 hours.
During the 400 °C heat treatment, all hydroxyl groups were removed leading to
dehydroxylated TiO, nanoparticle surfaces. After heating, samples were exposed to water

vapor at room temperature to regenerate hydroxyl groups followed by evacuation at 200
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9C overnight to remove weakly adsorbed water. Samples were then allowed to cool to

room temperature prior to gas adsorption.

4.3.4 Quantitative Uptake Measurements

Using a Quartz Crystal Microbalance

Flow Cell

A custom-built flow system was used to study CO,, SO,, NO, and water uptake
on TiO, surfaces. The details of the flow system can be found elsewhere.'® The flow
system consist a Thermo Nicolette 6700 FTIR spectrophotometer and a QCM200, 5 MHz
quartz crystal microbalance. The QCM portion only was used for the current study. Gas
uptake was studied by using a steady flow rate of 250 SCCM of the gas of interest over
the sample in the QCM. Uptake was monitored using QCM measurements.

In order to control relative humidity, two water bubblers and dry air flow was
used. The dry air flow was sent through the two water bubblers producing humidified air.
This humidified air was mixed with purely dry air stream to get the desired relative
humidity. Both dry and humidified air flows equilibrated inside a mixing chamber before
flowing to the sample contained in the QCM. The relative humidity was controlled by
changing the dry air flow through the water bubblers. The water uptake at each relative
humidity was monitored using QCM. The relative humidity of the flow was read using

the humidity sensor and a custom-built digital readout.
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4.4 Results and Discussions

4.4.1 Characterization of TiO, Nanoparticles

Transmission electron microscopy (TEM) image of TiO, show (Figure 2.1) primary
particles with an average particle size of 10 = 3 nm (200 primary particles counted). X-
ray Diffraction (XRD) patterns reveal that the TiO, particles are primarily anatase with
small amount of rutile (~6%). Surface area measurements using BET analysis results in

an average value and standard deviation of 128 + 5 m?/g.

4.4.2 Reactivity of Surface Hydroxyl Groups on TiO, Nanoparticles

The hydroxyl group region of TiO; particles following heating and subsequent re-
hydroxylation shows absorption bands between 3600 and 3800 cm™. The same band
envelope has been observed in previous studies for nanomaterial P25 (rutile content ~
25%) Ti0,.°*'® FTIR spectra were peak fitted to more clearly identify and resolve the
infrared absorptions of different hydroxyl groups. Peak-fitting results in five absorption
bands at 3733, 3717, 3691, 3672 and 3642 cm™. The peak fitted hydroxyl region is
shown in Figure 4.1. Bands at 3733, 3717 and 3691 cm™ are assigned to isolated
hydroxyl groups and bands at 3672 and 3642 cm™ were assigned to bridged hydroxyl
groups using the literature references.’” The multiplicity of the bands can be attributed to
different planes, edges and corner sites on the TiO, nanoparticle surface. Additionally,
CO adsorption studies have previously shown the presence of variety of Ti*" sites on P25
TiO, in different planes and which may be responsible for the same multiplicity of OH

groups as well *2%1%°
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Figure 4.1. FTIR spectra of hydroxyl group region before reaction with gas phase
reactants, of TiO; used for this study.

The differences in reactivity of surface hydroxyl groups can be seen in the FTIR
spectra presented in Figure 4.2 which shows the hydroxyl spectral region following
reaction with each atmospheric gas CO,, SO, and NO; as a function of pressure. The
spectra in Figure 4.2 are for the O-H region before and after exposed to the highest gas-
phase pressure. Figure 4.2(a) shows the spectra recorded in the presence of gas phase
CO; at initial pressure of 33500 mTorr. Figure 4.2(b) shows the spectra recorded in the
presence of gas phase SO, at initial pressure of 100 mTorr. Figure 4.2(c) shows the
spectra recorded in the presence of gas phase NO; at initial pressure of 2343 mTorr.
These data show quite convincingly that there is minimal reactivity of surface hydroxyl
groups with CO,, some reactivity of surface hydroxyl groups with SO, and nearly

complete reactivity of surface hydroxyl groups with NO,. Quantitatively, through
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Figure 4.2. Hydroxyl region of Ti0O; surfaces reacted with (a) CO,, (b) SO, and (c) NO,.



86

integration of the O-H stretching region, it is determined that there is loss of 6, 51 and
96% of the integrated intensity of the O-H stretch due to surface O—H groups, following
gas uptake of carbon dioxide, sulfur dioxide and nitrogen dioxide, respectively. This
determination is done by integrating the intensity of the absorption band from 3620 to
3750 cm™ in the O-H stretching region at the highest pressures used in these studies.

1%6 these

Although CO; is often used to measure the basicity of surface hydroxyls,
findings suggest the inability to study hydroxyls group basicity of TiO, using CO, due to
minimal reactivity as shown in Figure 4.2(a). There is some observed growth of bands
between 3600 — 3800 cm™ that can be attributed to the formation of adsorbed HCO;' in
the presence of gas-phase CO,. Previous studies have shown that the reaction between
CO; and hydroxyl groups on other oxides in equilibrium with HCOj" in the presence of
gas-phase CO,.%* Bicarbonate formation was lowest for CO, adsorption on TiO,
compared to other oxides such as Fe,Os, y-Al,O5 suggesting lower reactivity.”**>" The
results of this current study show minimal adsorbed bicarbonate formation compared to
adsorbed carbonate, as discussed below.

For SO,, there is significant decrease in some intensity in the O-H region as
shown in Figure 4.2(b). Bands at 3717 and 3691 cm™ are completely reacting while the
band at 3672 cm™ shows less reactivity compared to the previous two. The bands at 3733
and 3642 cm™ remain in the spectrum indicating low reactivity with respect to SO,.
Therefore, SO, prefers reaction with isolated hydroxyl groups and only certain bridged
hydroxyl groups. SO, adsorption on TiO, suggests less basicity of hydroxyl groups with

frequencies at 3733 cm™ and 3642 cm™. Interestingly, there is complete reaction with O-
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H groups and NO,, as seen in the hydroxyl stretching region. This is in agreement with
previous studies.'®

Recent experimental studies on toluene adsorption and photoxidation on P25 TiO,
have suggested the hydroxyl groups at 3733 am™ and 3717 cm™ are a source of OH
radicals, while the remaining acting as adsorption sites.®® However, in the present study,
the hydroxyl group at 3717 cm™ act as an adsorption site for both SO, and NO,,
suggesting the importance of the nature of the adsorbate on hydroxyl group reactivity.
Apart from the basicity of O-H groups, recent study of P25 and nanoanatase TiO;
reactivity with CO claimed higher Bronsted acidity of bridged OH groups compared to
terminal ones.’® However, since CO, showed minimal and NO, showed complete
reactivity only SO, reaction can be used to get an idea about the Bronsted acidity of OH
groups in the present study.

In order to gain additional information about the reactivity of these three triatomic
gases, it is important to look at the surface products that form. FTIR spectra following the
formation of adsorbed products from the reaction of these three triatomic gases are shown
in Figure 4.3. Figure 4.3(a) shows the spectra recorded in the presence of gas phase CO;
at initial pressures of 89, 339, 636, 1261, 6684, 15900 and 33500 mTorr. Figure 4.3(b)
shows the spectra recorded in the presence of gas phase SO; at initial pressures of 5, 10,
15, 20, 22, 25, 28, 30, 40, and 100 mTorr. Figure 4.3(c) shows the spectra recorded in the
presence of gas phase NO; at initial pressures of 25, 55, 85, 216, 1136 and 2343 mTorr.
Adsorbed carbonate, sulfite and nitrate are observed following reaction of CO,, SO, and
NO, at the exposed pressures previously stated. The vibrational bands observed in the

spectra can be assigned based on previous studies and these assignments are given in
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Table 4.1. In the case of CO,, it can be seen that the spectrum is dominated by adsorbed
carbonate that is a result of the reaction of surface oxygen atoms according to reaction
(4.1). In particular adsorbed monodentate and bidentate carbonate was observed from this
reaction. CO; reaction with small amounts of hydroxyls has shown small amount of
bicarbonate formation as evident by the 1623, 1433 and 1222 c¢m™ bands in Figure 4.3(a).
Formation of a band for molecularly adsorbed CO, was observed at 2350 cm™ (not
shown), only present in the presence of gas-phase CO, and disappeared with gas-phase

evacuation.

CO; (g + 0%ty > CO3™ (aas) 4.1)

For SO,, spectra are assigned to primarily adsorbed sulfite and bisulfite and can

be shown to react with O-H groups according to the following reactions.

SOz(g) +OH-(1) - HSO3-(ads) 4.2)

SOz(g) + 2OH-(1) - 8032-(3(15) + HZO(ads) (43)

The HSO; band can initially be seen at 1077 cm™, but overlaps with the sulfite
band at 1033 cm™ with increasing exposure pressure. Evidence for the sulfite formation
via reaction (4.3) is evident by the formation of water as seen by the band at 1620 cm™ in
Figure 4.3(b). SO, reaction with O sites also forms adsorbed sulfite but have shown
minimal contribution in sulfite formation in previous studies.”” Hydroxyl group reactivity

shows mostly isolated and some bridged hydroxyl groups react with SO,. Reaction (4.2)
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Figure 4.3. Transmission FTIR spectra of (a) CO,, (b) SO, and (c) NO; adsorption on
nanomaterial TiO, surface. The spectra were recorded in the presence of the gas phase
with contributions from gas phase subtracted from these spectra.
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forms stable bisulfite indicating higher Bronsted acidity of isolated OH in comparison to
bridged. However, it should be noted that there is a contribution from reaction (4.3) for
the O-H group reactivity as well. Similar to CO,, bands for molecularly adsorbed SO,
was observed. These bands disappeared upon gas phase evacuation. This suggests the
presence of available Ti*" centers for physisorption of gas phase reactants even after
hydroxylation.

NO; reactions with hydroxyl groups are more complex as the mechanism is quite
different. The overall reaction that has been previously proposed involves three NO,
molecules reacting with two hydroxyl groups forming nitrate, nitric oxide and water

according to reaction (4.4)."°%'”

3N02(g) + 2OH_(1) - 2NO3_(adS) + NO(g) + HZO(ads) (44)

Bands for adsorbed nitrate with different coordination modes arre observed in the
1000 — 1700 cm™ region. The water bending mode was not easily observed as it might
overlap with some of the nitrate bands. Additionally, the NO, dimer, N,Oy4, can react on
the surface to yield NO'NO;™ on O*Ti*"0* sites to form nitrate and nitrite.'®® NO,
adsorption results in nitrate as the major surface species in different coordination modes
of monodentate, bidentate and bridged as shown in Figure 4.3(c). Vibrational frequency
assignments for these different nitrate species are presented in table 4.1. The band for the
adsorbed nitrite at 1178 cm™ appears only at the low NO, pressures as the increasing NO,
dosage oxidizes nitrite to nitrate forming complete nitrate coating and gas phase

NO.** 100161 At higher NO, pressures NO' accumulates on the surface as evident by the
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Table 4.1. Assignment of vibrational frequencies of adsorbed products following the
reaction of CO,, SO, and NO, with TiO, nanoparticles.

Surface species Vibrational Frequency Refs®
description mode (cm-1)

assignment

CO, Carbonate  Monodentate v3 (low) 1375 Bt

vz (high) 1511 ol

vi 1055 o

Bidentate v3 (low) 1336 Bl

vs (high) 1580 Bl

Vi n.o.b Bl

Carboxylate  v3 (low) 1269 Bl

vs (high) 1675 Bl

Bicarbonate vy (OH) 3606 Bl

v, (O-C-0) 1623 B

vs ((O-C-0)) 1433 B

84 (COH) 1222 B

SO, Molecular Vi 1139 %

SO, V3 1325 %

Sulfite Monodentate v, 923 %

Vi 971 %

V3 1033 %

Bidentate V1 886 %2
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V3 1006 %
bisulfite v (SO) 1077 92128
vi (OH) 3648 92138
Solvated 1050 92,138
sulfite
NO, Nitrate Monodentate v (low) 1280 >
vs (high) 1507 ¥
Vi 925 102
Bidentate v3 (low) 1240 »
v3 (high) 1582 ¥
Vi 998 102
Bridged v (low) 1216 »
vs (high) 1631 %
v 1029 »
Nitrite V3 1178 »
NO* 2218 2118
N,O3 v (N=0) 1911 21
N,O,* 1328 21
Solvated v3 (low) 1338 »
Nitrate va (high) 1409 »
Vi 1044 102

Note. ? Literature references on TiO, and Al,O3 surfaces and references therein, ® n.o.: not
observed
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band at 2218 cm™ which goes away upon evacuation of the gas phase.”' Small amounts
of adsorbed N,O3 formation is observed as evident by a weak band at 1911 cm.

The stability of these different species agreed with the previously reported
literature. That is, upon evacuation, molecularly adsorbed CO,, bicarbonate and most of
the carbonate desorbs from the surface, molecularly adsorbed SO, leaves the surface,
leaving adsorbed sulfite and bisulfite, and nitrate strongly adsorbs to the surface while
small amount of nitrate (mainly monodentate) and all NO* desorbs from the surface.
Therefore, it can be concluded that evacuation of the gas phase removes more weakly
bonded species.

Uptake of these reactive gases by TiO, was further quantified using a flow system
attached to a QCM cell. The change in frequency of the QCM resonator can be related to

the increase in mass on the crystal. This relation is given by the Sauerbrey equation.

Af=—CfAm (4.6)

In equation 4.6, Af is the change in frequency of the resonator, Am is the change
in mass related to the change in frequency (ug/cm?), and Cf is the sensitivity factor,
which is a constant of 56.6 Hz cm?/ug for a 5 MHz AT-cut quartz crystal. In a typical
experiment, a hydrosol was made from the solid TiO, sample and applied to the QCM
crystal using a custom designed atomizer. Dry air was passed through the QCM cell
overnight to allow the sample to dry completely. Details of the sample preparation can be
found elsewhere. The following day, the sample was reacted with the gas of interest using

the flow system. The dry air flow was switched to a 250 SCCM reactive gas flow using
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MKS type flow controller. The adsorption was allowed to reach equilibrium, which was
determined by monitoring the change in frequency. Once the change in frequency
became constant, which was after about 15 to 30 minutes, the flow was switched back to
dry air flow to remove reversibly adsorbed products. Adsorption and desorption of the
reactants on the TiO, thin film resulted in changes in mass and therefore, changes in the
frequency. Using the Sauerbrey equation the change can be quantified. Table 4.2 shows

the irreversible, reversible and total uptake of CO,, SO, and NO,.

Table 4.2. Saturation Surface Coverage for Adsorbed CO,, SO, and NO, on nanomaterial
TiO, quantified using QCM at 296 K

Surface coverage (molecules cm™)

Reactive gas

reversible irreversible total uptake
CO; 1.1+0.1 x 10" 0.4+05x 107 1.5+ 0.5 x10"
SO, 3.6 £0.3 x 10" 1.5+1.1x10" 5.0 +1.3 x 107
NO; 3.9+1.7x10" 1.7+1.2 x 10 5.5+ 2.4 x 10*

The QCM data showed highest coverage for NO, adsorption and lowest for CO,
adsorption. SO, adsorption showed moderate coverage. CO, showed the lowest total
coverage of 1.5x10* molecules cm™ with 1.1x10™ molecules cm™ of reversible and
0.4x10™ molecules cm™ of irreversible coverage. This lower irreversible coverage agrees
with desorption of most adsorbed carbonate and bicarbonate under evacuation shown in
FTIR experiments. Total uptake of SO, was determined to be 5.0x10* molecules cm™
with 1.5x10" molecules cm™ of irreversible coverage. The observed coverage values are

lower than the coverage found using volumetric measurements in previous studies where

FTIR studies showed SO, reaction on Al,O3 and MgO forming adsorbed sulfite and
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bisulfite with saturation coverage of 2 +1x10™ molecules cm™. Adams and coworkers
have studied SO, uptake on Saharan dusts using a flow tube and reported ~8x10™
molecule cm 2 of highest irreversible coverage.®® In the present study reversible coverage
was higher than the irreversible coverage. This suggests higher molecular SO, adsorption
in the flow system. Irreversible coverage found for NO, was 1.7x10" molecules cm™and
agreed well with that previously reported for TiO,, (1.5-2) x10** molecules cm?.*** The
total coverage including reversible coverage of 5.5x10* molecules cm™ found in this
study is higher than the previously reported saturation coverage using volumetric
measurements. Similar to the reversible coverage of CO, and SO, gases the reversible
uptake of NO, showed a higher coverage. Combining spectroscopic data and QCM
measurements, the schematic in Figure 4.4 represents the overall surface species
speciation and coverages in the presence of gas-phase reactant and after evacuation.

The schematic in Figure 4.4 summarizes the discussion of surface species formed
by TiO, particles reaction with CO,, SO, and NO,. Coverages of surface species resulting
from the reaction with gas-phase reactants in the presence of gas-phase and after

evacuation quantified using QCM are presented as well.

4.4.3 Water Uptake on Particles Reacted with

CO,, SOz and NO,

Water vapor has been shown to play an important role in the reaction chemistry of
adsorbed species on metal oxide surfaces. Water vapor can enhance or suppress
adsorption and change the speciation of adsorbed products to water solvated products. In

turn, adsorbed species can enhance or suppress the water uptake by changing the surface
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sites and hygroscopic behavior. Ambient pressure X-ray photoelectron spectroscopy
studies have shown the bridged hydroxyl groups as a nucleation site for water uptake.'®®
Therefore, the study of water uptake on metal oxides such as TiO; previously reacted
with CO,, SO, and NO, is important since the reaction with those gases change the
surface O-H group speciation. In the present work, water uptake on nanoparticle TiO,
previously reacted with CO,, SO, and NO, was studied using both FTIR spectroscopy to
gather molecular level information and QCM to quantify the water uptake. Firstly, the
FTIR experimental setup described under experimental methods was used to study water
adsorption. The TiO, surface was saturated with the gaseous species of interest followed
by an evacuation to remove any weakly bound species. Water vapor was introduced with
increasing relative humidity and exposure for 25 minutes, to reach equilibrium. The FTIR
spectra were then recorded, and the surface was evacuated for another 25 minutes before
introducing the next relative humidity.

Figure 4.5(a) shows the FTIR spectra of water adsorption on TiO, nanoparticles
previously reacted with CO,. The bottom spectrum shows the spectrum for TiO; particles
reacted with CO; for 25 minutes and evacuated for another 25 minutes. The bands for the
adsorbed carbonate and bicarbonate in Figure 4.5(a) before water introduction show less
intensity compared to the adsorption spectra in Figure 4.3(a) due to carbonate and
bicarbonate desorption upon evacuation. Among the remaining bands, bidentate
carbonate bands show the highest intensity and bands for monodentate carbonate and
bicarbonate show the lowest intensity. Intensity of the band at 1640 cm™ increases with
exposure to increasing relative humidity. Furthermore, intensity of the bands for

carbonate and bicarbonate decrease with exposure to water vapor. Bands for water
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solvated carbonate at 1428 cm™ and 1324 cm™ on TiO, have been previously observed
when CO, and H,0 were co-dosed™™*, but were very low in intensity. Here we did not see
any new band growth at 1428 cm™ and 1324 cm™. The band at 1336 cm™ for the
symmetric stretching mode of bidentate carbonate remained in very low intensity even at
the highest water exposure suggesting a higher stability for water vapor. The band at
1580 cm™ for the asymmetric stretching mode of the bidentate carbonate appeared only at
low water vapor exposures and was not seen at higher exposures. This could be due to
overlap with water bending mode at higher water vapor exposures. The top spectra of
Figure 4.5(a) show the spectra after overnight evacuation after the highest water vapor
exposure. It shows very low intensity of the water bending mode and bidentate carbonate
bands with very low intensity. Overall, both carbonate and solvated carbonate species
desorption from the surface upon evacuation after exposed to water vapor due to being
more weakly adsorbed to the surface.

Figure 4.5(b) shows the effect of relative humidity on adsorbed sulfite/bisulfite.
TiO;, sample was reacted with 100 mTorr of SO, for 25 minutes and evacuated another
25 minutes. The adsorbed sulfite and bisulfite were then exposed to water vapor, where a
band centered at 1050 cm™ grows initially with increasing relative humidity. The
intensity of sulfite and bisulfite band envelope decreases with increasing relative
humidity. This observation was previously explained by the formation of water solvated
sulfite in the presence of water vapor, leading to a more liquid like reaction and
desorption from the surface upon evacuation.” Therefore, adsorbed water decreases the

stability of sulfite and bisulfite.
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Figure 4.5. FTIR spectra of water uptake on TiO, nanoparticles previously reacted with (a) CO,, (b) SO, and (c) NO, with exposure to
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final spectra are shown in (a), (b) and (c).
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Figure 4.5(c) shows the formation of water solvated nitrate with exposure to
increasing relative humidity, with the growth of bands at 1409 cm™ and 1338 cm™. At the
highest exposure, all of the nitrate ions are solvated by co-adsorbed water as evident by
dominance of water solvated nitrate bands in the spectrum. Adsorbed nitrate in different
geometries resulted from NO, reaction conversion to water solvated nitrate on oxide
surfaces after exposed to water vapor has been previously observed.'®%1%3 The
intensity of the band at 1640 cm™ for bending mode of adsorbed water started increasing
with exposure to water vapor. This feature started appearing as a shoulder at the 10% RH
exposure and appeared with the highest intensity at the highest exposure. This suggests
low water adsorption at low water exposures and higher water adsorption at higher
exposures. The intensity of the adsorbed nitrate band envelope has decreased after
exposure to different relative humidities and evacuation cycles as seen from the top
spectra of Figure 4.5(c). Oxide coordinated nitrate conversion to water solvated nitrate
conversion and the reverse reaction are thought to be reversible processes. In our
experimental method, we evacuate the introduced water vapor down to 1 x 107 before
introducing the next higher relative humidity. It is proposed on clay surfaces as water
pushing bridged and bidentate nitrate to comparatively less tightly bound monodentate
nitrate.'®* This also can lead to possible desorption of some of monodentate nitrate under
evacuation. Therefore, during water vapor exposure and evacuation cycles, some of the
nitrate molecules which are going through the conversion from oxide coordinated to
water solvated and vice versa can be desorbed.

The broad O-H stretching absorption band of H bonded OH groups of adsorbed

water resulted from water adsorption on unreacted and reacted TiO, particles as a
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function of increasing water vapor pressure between 0.6 and 76% relative humidity is
shown in Figure 4.6. The broad band adsorbed water between 2500 and 4000 cm™ and is
centered at 3551 cm™ with water bending mode is centered at 1640 cm™. Water
adsorption on unreacted TiO, particles and TiO, particles previously reacted with CO, as
a function of increasing water vapor pressure is shown in Figure 4.6 (a) and (b) and they
show no difference suggesting no effect from initial CO, reaction on water uptake of
TiO,. Surface hydroxyl groups are acting as the water adsorption sites on oxide
surfaces.'®” The negative bands appeared between 3600 — 3900 cm™ in Figure 4.6 (a) and
(b) confirms that adsorbed water by interacting with the surface hydroxyl groups. Water
adsorption on TiO, particles reacted with SO, in Figure 4.6(c) shows growth of broad
band between 4000 — 2500 cm™ with two features at 3498 cm™ and 3211 cm™ that has
been previously assigned to SO,*H,O complex. Figure 4.6(d) contains the FTIR spectra
between 800 and 4000 cm™ for water uptake on nitrogen dioxide reacted TiO, surface.
The bending mode for adsorbed water grows in intensity similar to others. The intensity
of broad band between 2500 and 4000 cm™ shows lower growth for H bonded OH of
adsorbed water with increasing relative humidity compare to the Figure 4.6(a), (b) and
(c). This suggests the adsorbed water is used to solvate the adsorbed nitrate while not
forming much of H bonds with other water molecules. Negative bands resulted between
3600 and 3900 cm™ from NO, reaction with surface hydroxyl groups of TiO, particles
prior to exposure to water vapor in Figure 4.6(d) did not show changes after exposure to
water vapor. This suggests water adsorption has not regenerated hydroxyl groups on the
surface in the presence of these adsorbates. However, as discussed earlier exposure to

water vapor solvates the adsorbed nitrate completely. Therefore, during the solvation of
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adsorbed nitrate, the surface Ti sites which were initially coordinated to nitrate molecules
can be expected to be occupied by adsorbed water molecules.

Changes in the H bonded O-H group region for adsorbed water in Figure 4.6 (d)
compared to the other three scenarios can be possibly due to the changes in dynamics of
adsorbed water in the adsorbed water layer. Experimental studies of neutral vs ionic
interfaces have shown changes in hydrogen bond rearrangement in the ionic interfaces
compare to neutral interfaces and bulk water.**>*® The dynamics of adsorbed water can
be significantly different in these confined space environments compared to liquid water.
This can be seen in the FTIR spectra for adsorbed water on TiO, nanoparticle surfaces
before reaction (Figure 4.6(a)) compared to following reaction with CO,, SO, and NO,
(Figure 4.6(b), (c), (d)). Furthermore, water dynamics will be greatly influenced by the
species present and the nature of the interface.*> TiO, nanoparticle surfaces exposed to
water vapor results in several layers of adsorbed water on the surface. These adsorbed
water layers can be considered as being in confined space environments. Therefore,
solvated ions on the adsorbed water layer of TiO, particles previously reacted with trace
atmospheric gases can change the dynamics of adsorbed water resulting changes in the
intensity of the broad vibrational band for the H bonded OH groups that can not be
simply explained by the transmission FTIR spectroscopy. Therefore, further studies using
different techniques are useful in terms of understanding the dynamics of adsorbed water
in these environmentally relevant and confined adsorbed water layers of reacted oxide
surfaces.

The mass of water taken up on TiO, particles reacted with CO,, SO,, and NO,

was quantified using QCM. Quantification of water uptake using FTIR data was not
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feasible due to several reasons. First, the bending mode of adsorbed water overlaps with
the bidentate carbonate and bridged nitrate bands. This made curve fitting unfeasible due
to the uncertainty of the contribution from the overlapping peaks. Quantification of
adsorbed water using the H-bonded hydroxyl region of adsorbed water between 2500 —
3600 cm™ was not possible due to water uptake on NO, reacted TiO, was not showing
much growth in H-bonded hydroxyl region while conversely showing an increase in
intensity of the band for bending mode of adsorbed water vapor (Figure 4.6(d)).
Therefore, quantitative comparison of water uptake was carried out using QCM
technique.

Table 4.3 contains the amount of water uptake quantified by QCM for unreacted
TiO, particles and TiO, particles previously reacted with CO,, SO, and NO. In these
experiments the TiO, sample was reacted with the reactant gas for about 15 minutes until
the QCM showed a maximum uptake, determined by monitoring relative frequency until
it remained constant, followed by passing dry air for another 15 minutes to remove
weakly bound species. Water vapor was then introduced in increasing relative humidity,
allowing approximately 15 minutes for the relative frequency to stabilize before
increasing relative humidity. The data is presented as total water uptake between 0-30%
RH, 30-60% RH and 60-100%RH in Table 4.3. All the uptake experiments were repeated
3 or more times to collect more data points. The data does not show much difference in
water uptake on unreacted TiO, and TiO, reacted with CO, and SO,. This suggests the
lower impact of CO, and SO; reaction on hygroscopic behavior of TiO,. For CO, reacted
TiO, particles, most of the adsorbed CO, are removed from the surface during evacuation

of the QCM sample (dry air passing) due to less stability. Additionally, the O-H groups
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are available for water adsorption; therefore, water uptake is similar to unreacted TiO,.
Some of the remaining bidentate carbonate leaving the surface during water vapor flow

can also add a negative contribution to the total mass uptake. For SO, reacted, most of the

Table 4.3. Water uptake on TiO, quantified with QCM measurements as a f(%RH) for
unreacted and previously reacted with CO,, SO,, and NO,

Surface coverage of water (Mass H,O/Mass TiO5)

TiO, sample %RH Range
0-30 30-60 60 - 100
Unreacted 0.006 (+0.0032) 0.0184 (+0.0045) 0.0328 (+0.0093)
Reacted with CO,  0.0071 (+0.0029) 0.0206 (+0.0056) 0.0340 (£0.0058)
Reacted with SO,  0.0036 (+0.0021) 0.0175 (+0.0055) 0.0331 (x0.0085)
Reacted with NO,  0.0057 (+0.0048) 0.0161 (+0.0005) 0.1136 (x0.0307)

bridged O-H and some of the isolated O-H are available on TiO; surface after reaction
with SO,. Awvailability of these sites enables water adsorption. Water uptake
measurements were similar to the unreacted TiO,. Thus it appears that SO, did not
change of amount of adsorbed water on TiO, particle surfaces. Additionally, weakly
bound SO,-H,O complex in the presence of water vapor which showed less stability
during evacuation has been proposed in previous studies.”® Similar to CO, reacted TiO,
it is possible that this complex formed and was removed from the surface with water
vapor flow adding negative contribution to the water uptake measurements. Ma and
coworkers have studied water uptake on Arizona test dust with a different experimental
method where samples were co-dosed with SO,, O, and water, and reported no impact of
the presence of SO, on hygroscopic behavior agreeing with our QCM results.*? For the

water uptake on NO; reacted TiO, lower water uptake was observed at 0-30% and 30-
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60% RH regions. After that, at the highest relative humidity range the water uptake was
significantly higher compared to the unreacted TiO; and reacted with CO, and SO,. For
the water uptake on TiO, particles previously reacted with NO,, the experiment was
repeated 3 times and results from one of those trials were excluded due to significant
difference from other two trials. The data suggests adsorbed NO3;™ complete solvation has
more water associated with it compared to other adsorbates. In the literature there have
been several studies on water uptake measurements on nitrated TiO,. Water uptake
calculated using volumetric measurements on TiO, particles previously reacted with
HNO; using a reaction system attached to transmission FTIR spectrometer did not show
an enhancement in water uptake.'™ Ma and co-workers have observed enhancement in
water uptake on Degussa TiO, (known as P25) particles previously reacted with NO + O,
to generate adsorbed nitrate using DRIFTS system attached to a flow system.*®” They
have seen continuous enhancement in water uptake for 0-100% RH and used the
integrated absorbance of 2600-3800 cm™ region of DRIFT spectra of adsorbed water to
compare the water uptake. The differences in their observations from the spectroscopy
and QCM results shown here were they have observed continuous enhancement in water
uptake and growth in H-bonded O-H groups of adsorbed water of nitrate covered TiO,.
These observations could be due to several factors. They have used a 100 SCCM flow
rate that might have left some O-H groups available for water uptake. Another possibility
is the NO and O, co adsorption mechanism shows that they produce surface NO,.2? This
newly formed NO, should then react with O-H groups to remove O-H groups completely.
Since NO; production is a secondary product, O-H groups might not have completely

reacted. The observed increase in intensity for H bonded hydroxyl region for
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adsorbed water could be due to the combined effect from the availability of some O-H
groups for water uptake after reaction with NO+O, and adsorbed nitrate solvation.
However, agreeing with the results discussed here they observed an increase in water
uptake with increasing relative humidity. The observed higher water uptake could be due
to higher water uptake by solvated nitrate. Experimental studies have shown the
conversion of oxide coordinated nitrate formed by NO, reacting with water solvated
nitrate after exposure to water vapor on several different metal oxide surfaces including
Ti0,.1021831%8 The structure of solvated nitrate or nitrate water clusters (NO3+(H,0),) has
been studied using experimental and computational methods in several studies for n=1-6
and n=15-500 and the importance in nitrate heterogeneous photochemistry on surfaces
has been discussed.®**%°*1"® Our QCM results suggest complete nitrate solvation of oxide
coordinated nitrate of TiO; requires more water. Therefore, TiO, previously reacted with
NO; appears to be more hygroscopic at higher %RH.

Figure 4.7 summarizes the water adsorption on TiO, particles previously reacted
with CO,, SO, and NO,. TiO; particles reacted with CO, and SO, contains surface
hydroxyl groups for H,O adsorption and water adsorbs forming multilayers. Water
adsorption on TiO, particles reacted with SO, also forms SO,.H,O complex in the
presence of water vapor. Water adsorption on TiO; particles reacted with NO,, changes

the oxide coordinated nitrate to water solvated nitrate.

4.5 Conclusions
The reactivity of three triatomic gases on TiO, surface is discussed here. The

results show the difference in surface hydroxyl group reactivity with trace gas adsorption.
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Specifically, nitrogen dioxide is highly reactive with nearly complete reaction occurring
with all hydroxyl groups, whereas carbon dioxide on the other end shows the least
reactivity. However, understanding the orbitals involved and the dynamics of the
reactivity of different hydroxyl groups is currently a challenge due to controversies in the
literature on the exact assignment of different hydroxyl groups. Therefore, further
experimental and computational investigations are needed to elaborate the bonding of
hydroxyl groups on TiO, nanoparticle surfaces. The effect of water vapor on the stability
of surface species is demonstrated here as well as the role of solvation. Upon evacuation,
solvated sulfite/bisulfite desorbs from the surface but this does not occur for adsorbed
nitrate. QCM studies revealed that the adsorbed nitrate enhance the hygroscopic

properties of TiO,, potentially due to the formation of solvated nitrate.
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CHAPTER 5
SURFACE ADSORPTION AND PHOTOCHEMISTRY OF FORMIC ACID ON TiO;
NANOPARTICLES: THE ROLE OF ADSORBED WATER IN THE ADSORPTION
KINETICS, SURFACE COORDINATION MODE AND RATE OF PHOTOPRODUCT

FORMATION

5.1 Abstract

Formic acid adsorption and photochemistry have been investigated on TiO,
nanoparticle surfaces using transmission FTIR spectroscopy. The results show that gas-
phase formic acid adsorbs on the surface at low exposures to yield adsorbed bridged
bidentate formate and, at higher exposures, molecularly adsorbed formic acid as well.
Upon exposure to water vapor, adsorbed formate becomes solvated by co-adsorbed water
molecules and the bonding configuration changes as indicated by shifts in the vibrational
mode frequencies for adsorbed formate. Adsorbed water also impacts the adsorption
kinetics for formic acid on TiO, by providing a medium for facile dissociation.
Ultraviolet irradiation of adsorbed formate on TiO; in the presence of molecular oxygen
results in the formation of gas-phase carbon dioxide. Although carbon dioxide forms
under the different environmental conditions investigated, carbon dioxide formation
increases in the presence of adsorbed water. Additionally, the dispersion of TiO,
nanoparticles in water suspensions is found to change following exposure to formic acid.

The environmental implications of all these results are discussed.
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5.2 Introduction

TiO; is a component of mineral dust aerosol and the amount of TiO, present
depends on the dust source.®” Typically, the composition of TiO, in mineral dust is
reported to be in the range of 1 to 10% by mass.” These dust particles can react with trace
atmospheric gases as the dust is transported away from the source region.'”* Additionally,
stationary surfaces of TiO, or TiO, composite mixed materials, which are mainly used as
self-cleaning coatings mainly to eliminate organic pollutants due to its high
photocatalytic activity, can also act as surfaces for atmospheric trace gas adsorption and
reaction.*

Volatile organic compounds (VOCs) are important constituents of the troposphere

and emit from both biogenic and anthropogenic sources.*

Volatile organic compound
degradation as well as direct biogenic and anthropogenic emissions generate atmospheric
formic acid. Among the class of atmospheric acids, formic acid is the most abundant

organic acid in the troposphere.”

A recent modeling study revealed that around 30%
contribution of emissions are directly by vehicles in northern hemisphere (mid-high
latitudes).’™ In another study, formic and acetic acids were identified as the main
constituents of cloud and rain water samples in a mountainous region in southern
China.'™ Formic acid concentrations have been reported to be in the range from 3 to 20
ppbv and have shown changes in both urban and remote regions.'”® Formic acid
emissions measured during Winter ClearfLo Campaign in London, January 2012 have
shown maximum concentrations of 6.7 ppm with mean concentrations a factor of ten less
near 610 ppt.}™ Furthermore, studies have shown adsorbed mineral dust particles can

adsorb organic acids.'"**"’



112

Formic acid uptake on components of mineral dust such as clays, carbonates and
oxides that include SiO,, Al,O3, Fe;O3, and TiO, has been studied using experimental
and computational methods.""**"®*%" These studies have investigated formic acid
adsorption, uptake coefficients, stability of adsorbed products and hygroscopic behavior
of reacted particles. In fact, heterogeneous chemistry and photochemistry of volatile
organic compounds including organic acids on oxide surfaces have received some
attention in scientific community and have been discussed in several recent review
articles,”172188
Formic acid adsorption on anatase and rutile TiO, has been studied using gas-
phase and aqueous phase formic acid in several studies.'®"#318%1%! Stydies of formic acid
heterogeneous reaction on metal oxides revealed that formic acid can dissociatively
adsorb on oxide surfaces resulting in adsorbed formate. Adsorbed formate in a bridged
bidentate geometry was the main coordination mode found under dry conditions.'®
Additionally, physisorbed and chemisorbed molecular formic acid are found to be present
on the surface in smaller, but measurable, quantities.*®*'%

Furthermore, light absorbing components of mineral dust aerosol such as TiO,
can initiate photocatalytic decomposition of adsorbed formate in the presence of solar
light. Surface reactions in the presence of UV light can be initiated due to the formation
of electron and hole (e7h*) pair generation which diffuse to the particle surface.’®%®
Molecularly adsorbed formic acid can photocatalytically decompose to formate and
adsorbed formate photooxidizes to yield CO, and H,0.'** Additionally, adsorbed

methanol photooxidation on rutile TiO, particle surfaces have shown bridged bidentate

formate production.*®
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The focus of the current study is to further understand the details of formic acid
adsorption on TiO; nanoparticles and the effect of relative humidity on photooxidation of
adsorbed formate. Transmission FTIR spectroscopy has been used for studying the
surface and gas-phase products. Furthermore, the aqueous phase behavior of formic acid

reacted TiO, particles has also been examined.

5.3 Experimental Methods
5.3.1 Transmission FTIR Spectroscopy

The experimental system used to study the HCOOH acid adsorption on
nanoparticle TiO, has been described in detail elsewhere.*® Briefly, the sample holder
contains two nickel jaws to hold the tungsten grid (3 cm % 2 ¢m, 100 mesh/in., 0.002”
wire dia., Accumet Materials Co.). Two thermocouple wires were attached to the
tungsten grid to monitor the temperature of the sample during any resistive heating
procedures. A TiO, sample (~10 mg) was dissolved in a small amount of water and
sonicated for 10 minutes to decrease particle aggregation. One half of the tungsten grid
was then coated with the hydrosol to get the surface information and other half remained
uncoated to get the gas phase information. After coated the sample was allowed to dry at
the room temperature. Then, the sample holder is connected to the reaction chamber. The
reaction chamber was connected to a premix chamber and was pumped down to 107 Torr
using a turbomolecular/mechanical pump system. The reaction chamber acts as the
infrared cell with two BaF, windows. Reaction chamber was moved using a linear
translator, allowing both halves of the grid to be scanned for surface and gas-phase

information. Infrared spectra were recorded with a Mattson Galaxy 6000 spectrometer
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equipped with a MCT detector. In a typical experiment, an instrument resolution of 4 cm”
! was used and 250 scans were co-added and further processed to give the absorbance
spectra shown here. Single beam spectra for the surface and gas phase were referenced to
the initial spectra in order to obtain the absorbance spectra. UV irradiation experiments
were carried out using a 500 W broadband Hg arc lamp (Oriel, model no. 66033). A

water filter was used to remove IR radiation.

5.3.2 Solution Phase Studies of Nanomaterial

TiO, Previously Reacted with HCOOH

TiO; particles reacted with HCOOH in the reaction chamber described earlier.
Reacted and unreacted particles were suspended in optima water (Fisher) at a mass
loading of 0.7 mg/20 mL. The suspension was sonicated for 10 minutes. The size
distribution of aggregates of unreacted and reacted particles was obtained using a
commercial dynamic light scattering (DLS) instrument (Delsa Nano C particle analyzer)

equipped with a green laser at 532 nm.

5.3.3 Sources of Chemicals

Formic acid (Alfa Aesar) and optima H,O (Fisher) was used as received. Prior to
use, both the distilled water and HCOOH were degassed several times with consecutive
freeze-pump-thaw cycles. Oxygen (UPC grade) was obtained from Praxair. TiO, sample

was purchased from Nanostructures and Amorphous Inc.
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5.4 Results and Discussions
5.4.1 Transmission FTIR Studies of Formic Acid

Adsorption on TiO, Nanoparticles

Titanium dioxide nanoparticles used in the current study have been previously
characterized by a variety of techniques. The sample is composed of nanoparticles with
an average particle size determined from transmission electron microscopy to be 10 + 3
nm (200 particles counted). BET analysis gives a surface area of 128 + 5 m? g%, with the
standard deviation determined from three replicate measurements. Powder X-ray
diffraction patterns from this sample show that the TiO, nanoparticles particles are
primarily anatase with a small amount of rutile (~6%).

Formic acid adsorption was carried out by exposing the TiO, nanoparticles to a
known pressure for 25 minutes. After 25 minutes, single beam spectra for the surface and
gas phase were collected. The single beam spectra were referenced to the initial single
beam spectra to get the absorbance spectra. Gas-phase absorbance spectra were
subtracted from the surface spectra to remove them from the surface spectra. Figure 5.1
shows the FTIR spectra of adsorbed species after exposure to increasing pressures of
formic acid, 11, 25, 41, 60, 100, 306, and 491 mTorr.

The gas phase subtracted spectra show the surface species formed by formic acid
adsorption and the inset shows the surface spectrum collected following overnight
evacuation following exposure at the highest formic acid pressure. The spectra show the
growth of adsorption bands at 1208, 1252, 1322, 1362, 1385, 1412, 1562, 1620, 1675,

1725, 2591, 2735, 2872, 2923 and 2951 cm™. These bands can be assigned to two surface
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Figure 5.1. Transmission FTIR spectra of HCOOH adsorption on nanomaterial TiO,. Spectra were collected as particles were
exposed to increasing HCCOH (11, 25, 41, 60, 100, 306 and 491 mTorr) pressure for 25 minutes. The spectra were recorded in the
presence of gas-phase and gas-phase spectra have been subtracted. The inset shows the spectrum recorded after evacuation of gas-
phase HCOOH following the highest exposure.
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species: (i) adsorbed formate resulting from dissociative formic acid adsorption and; (ii)
molecularly adsorbed formic acid.

Earlier studies have shown that formic acid can dissociatively adsorb on metal
oxide surfaces forming adsorbed formate according to reaction (5.1). Formic acid can
also react with surface hydroxyl groups to form adsorbed formate and water as shown in
reaction (5.2). Reactivity of surface hydroxyl groups on TiO, nanoparticles can be seen
with the negative peaks observed between 3600 and 3900 cm™ in Figure 5.1. Evidence
for water formation can also be seen by the absorption band at 1620 cm™ characteristic
for the bending mode of adsorbed water. This band is only apparent at initial, low
pressures of formic acid. At higher pressures, this band is more difficult to discern due to

the growth and overlap of other absorption bands in the spectrum.

HCOOH(g) — HCOO (ads) + H*(ads) (5.1)
HCOOH(g) + OH (surface)» HCOO (ads) + H,O(ads) (5.2)
oo
/K C C
0”0 07 X0 07 X0
| | I N/
Tr Tr Ti Tr
() (b) (c)

Figure 5.2. Formate adsorption structures: (a) Monodentate, (b) bridged bidentate and (c)
chelating bidentate.
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Adsorbed formate can coordinate to the surface in different modes including
monodentate, bridged bidentate and chelating bidentate (Figure 5.2). The frequency
difference between the asymmetric and symmetric modes of the v(COO) stretch is often
used to distinguish between these different bonding modes. This analysis has been
previously described in detail for adsorbed formate on P25 TiO..*®" The vibrational
energy difference (Av(COO)) for the asymmetric and symmetric COO stretching for
sodium formate is 201 cm™ (vs (OCO) and vs (OCO) at 1567 and 1366 cm™).}*® A
wavenumber difference lower than or close to that of sodium formate can be assigned to
bridged bidentate formate.'** In this current study, absorptions are seen at 1562 cm™ and
1362 cm™ which gives a wavenumber difference of 197 cm™ that is very close to that of
the sodium salt. Therefore, these bands are assigned to bridged bidentate formate.
Bridged bidentate formate is the major surface species resulted from formic acid
adsorption on 10 nm TiO, particle surfaces. A wavenumber difference higher than that of
sodium formate was used to assign the bands for monodentate formate. The band at 1322
cm™ which grows in along with bridged bidentate formate bands can be assigned to
v(COO) symmetric stretching mode of monodentate formate. The lower intensity of this
band suggests less monodentate formate formation, assuming the absorptivity for this
mode does not differ too much between these different coordination modes. The higher
wavenumber asymmetric stretch may have some overlap with the band at 1562 cm™
making it difficult to distinguish. The vibrational band assignments for adsorbed species

are summarized in Table 5.1.181’183’190’191'195’196 17



Table 5.1. Vibrational Frequencies Assignment of Adsorbed Species after HCOOH Reaction with TiO,.
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Adsorbed Assignment This Literature Reference Frequencies
Species study
TiO; a-Al;03
P25 P25 Rutile P25 Anatase  Wuet Tong
Liaoet Milleret Rotzinger EI-Maazawi (101) al. et al.
al. al. et al. etal. Xu et al.
Bridged L4 (OCO) 1562 1557 1550 1533 1575 1598 1590 1600
bidentate vs (OCO) 1362 1371 1378 1355 1358 1362 1393 1393
formate SCH 1385 1385 1323 1377 1323 1386 1378 1378
vCH 2872 2867 2873 2867 2866
L5(0CO)+3CH 2951 2945 2957 2985
Ls(0OCO)+5CH 2735 2750 2750
Monodentate L4 (OCO) n.o. 1565 1647
formate vs (0CO) 1322 1360 1315
Formic acid v C=0 1725 1787 1716 1706
physisorbed v CO 1208 1105 1204
Formic acid v C=0 1675 1682 1675
chemisorbed v CO 1252 1277 1263
S CH n.o. 1325
v CH 2923 2921 2921
v OH 2591 2562
Dioxymethylene 1412 1407
Solvated formate Va5 (OCO) 1583 1565
(monodentate) v (OCO) 1338 1360
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Density functional theory studies have previously shown the bridged bidentate orientation
to be more favored on anatase (101) over monodentate which further confirms our
observation and assignment to the formation of bridged bidentate formate on the surface
of TiO, nanoparticles.’*” The anatase sample used in this study is dominated by the (101)
plane as revealed by XRD. Thus theory agrees with the experimental data presented
here.

Absorption bands for molecularly adsorbed formic acid at 1725, 1208, 1675 and
1252 cm™ become visible as the pressure is increased and become increasingly dominant
at exposure higher than 100 mTorr. Another set of bands are seen between 2500 and 3200
cm™ for C—H stretching of adsorbed formate, combination bands of C-H bending with
symmetric and asymmetric stretching of v(COO) of adsorbed formate, and C-H and O-H
stretching of chemisorbed formic acid. Assignments of these bands are presented in Table
5.1. Additionally, a weak feature at 1412 cm™ which has been previously assigned to the
dioxymethylene is also observed. In some studies, this band has been assigned to 6C-H
bending mode of adsorbed formate. Dioxymethylene can be formed by the protonation of
bridged bidentate formate.

There is some controversy on some of the band assignments for adsorbed formic
acid on oxide particles in the literature. Liao et al. and Rotzinger et al. observed bands at
1385 and 1377 cm™ and assigned to 8C—H of adsorbed formate.***% Miller et al. and El-
Maazawi et al. have assigned this vibration to band at 1323 cm™.28:'% Ljao et al. have
observed a band at 1323 cm™ and assigned it to molecularly adsorbed formic acid.'® The
reason for the controversy can be possibly due to the lower intensity of some of the bands

resulting from formic acid adsorption and their multiplicity. Sodium formate solid has a
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8C—H band at 1377 cm™'* whereas the band for aqueous formate is observed at 1383
cm™ at pH 6.3."° Formate adsorption from solution phase to a rutile coating did not show
changes in the same band for adsorbed formate.*®® Therefore we assigned band observed
at 1385 cm™ to 8C—H of adsorbed formate. The band at 1322 cm™ grows simultaneously
with the growth of bands for adsorbed bridged bidentate formate (1562 cm™ and 1362
cm™) and all saturate simultaneously in intensity. That gives an indication that the band at
1322 cm™ is not associated with molecularly adsorbed formic acid. Furthermore, the band
at 1322 cm™ does not grow with the bands at 1725 and 1675 which are the most intense
bands associated with molecularly adsorbed formic acid. Therefore the band at 1322 cm™
could be related to an adsorbed formate species. Since the bands for bridged bidentate
formate are already assigned, this feature could be responsible for a small amount of
monodentate formate on the surface.

Following exposure to the highest formic acid pressure, the sample was evacuated
at 107 Torr overnight. The inset of Figure 5.1 shows the spectra obtained after overnight
evacuation. The bands for adsorbed formate remained on the surface whereas other bands
decrease in intensity indicating higher stability for adsorbed formate after the evacuation
relative to other surface species. For example, the intensity of molecularly adsorbed
formic acid bands decreases upon evacuation of the gas phase. However, small amounts
of molecularly adsorbed formic acid still remain even after the overnight evacuation
potentially coordinate to Ti*" sites.

These formic acid reacted nanoparticle surfaces were then exposed to water vapor
in increments of increasing relative humidity. Figure 5.3 shows changes in the surface

spectra with increasing relative humidity across the percentage relative humidity range
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from 0.3 to 79. In these experiments, water vapor was introduced and spectra were
recorded after 25 minutes equilibrium. Then water vapor was evacuated for another 25
minutes before introducing the next higher water pressure. These spectra clearly show
growth of a band at 1640 cm™ representing the water bending mode associated with
adsorbed water as well as a shift in the frequency of absorption bands at 1562 and 1362
cm™ to 1583 and 1338 cm™ for bidentate bridged formate. The wavenumber difference
between these two bands is 245 cm™. This value could differ slightly from the actual
value due to the band at 1583 cm™ overlapping with water bending mode at 1640 cm™
and the band at 1338 cm™ overlap with 1322 cm™. Miller and co-workers observed a 205
cm™ wavenumber difference for monodentate formate after exposing adsorbed bridged
bidentate formate to water vapor.’®* However, the difference observed in the current
study is seen to be much larger. The wavenumber difference observed for aqueous
formate at pH 6.3 is 230 cm™ (bands at 1580 and 1350 cm™).*® Therefore, the large
splitting observed for adsorbed formate in the presence of adsorbed water suggests the
adsorbed bridged bidentate formate has both changed its coordination and is also solvated
by water molecules. Furthermore, this process is reversible and bridged bidentate formate
appears again after water vapor evacuation. This equilibrium behavior with water has
been previously observed by Medin and co-workers. They have exposed TiO, surface
that contained adsorbed formic acid and formate to water saturation pressure and
observed the change in adsorbed geometry from bidentate to monodentate.'®
Additionally, they have observed that adsorbed formic acid is displaced after exposure to
the saturation water vapor pressure. In the current study, we introduced water vapor in

increasing relative humidity in order to understand the behavior as a function of relative
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Figure 5.3. FTIR spectra of water uptake on TiO, nanoparticles previously reacted with formic acid. Water vapor was introduced with
increasing relative humidity between 0.3 and 79% (0.3, 1.0, 3.5, 11, 33, 76 and 79) relative humidity at 296 K. Gas-phase water vapor
was evacuated for 25 minutes after each exposure before introducing the next exposure. After exposed to the highest relative humidity
the infrared cell was evacuated overnight.
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humidity. Absorption bands for molecularly adsorbed formic acid at 2923, 1675, 1257,
1725 and 1208 cm™ are present at lower relative humidity exposures suggesting their
stability at low relative humidity environments. However, these bands disappear with
increasing relative humidity and do not appear again after water vapor was evacuated.
The band at 1412 cm™ became more prominent after exposure to water vapor pressures
followed by overnight evacuation, which could be due to the abstraction of protons from

water molecules by bidentate formate to form dioxymethylene.

5.4.2 Saturation Coverage and Heterogeneous

Reaction Kinetics

Formic acid saturation coverage was determined using volumetric measurements.
The adsorbed volume of the gas was calculated using the equilibrium pressure difference
with and without sample after exposure to gas-phase HCOOH. Then the pressure
difference was converted to the adsorbed molecules. A plot of adsorbed cumulative
molecules vs exposed pressure (Pexposed) 1S Shown in Figure 5.4, but a plot of adsorbed
molecules vs equilibrium pressure (Peg) Was not possible due to overlap of equilibrium
pressure for the first three exposures. Figure 5.4 clearly shows the increase in HCOOH
adsorption leading to a plateau for adsorbed formate saturation and further molecular

adsorption. FTIR spectra discussed above agree with these results and show a saturation
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Figure 5.4. The number of formic acid molecules adsorbed on the TiO, surface at 296 K
as a function of Peygosed Was determined by volumetric measurements.

of adsorbed formate after exposed to 100 mTorr of gas-phase formic acid. Formic acid
exposures higher than 100 mTorr did not show an increase in the intensity of adsorbed
formate bands but did show an increase in bands for molecularly adsorbed formic acid.
The formate saturation coverage estimated from the Figure 5.4 is ca. 6 x 10** molecules
cm™. Coverage calculations using volumetric measurements have a higher uncertainty
and reported error in previous studies is about 50% due to the gas affinity to the reactor
walls. However, this is a good method to get an approximate value for the the coverage
and uptake coefficient. Formic acid saturation coverage reported for CaCO3 was 3 £ 1 X

10" molecules cm™ using volumetric measurements.*® Irreversible HCOOH uptake
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reported for both alumina and kaolinite using a flow system attached to a quartz crystal
microbalance is 3 + 1 x 10 molecules cm™.'* Reported formic acid saturation coverage
for P25 TiO, quantified using temperature programmed desorption was 52 pmol/g and
355 pmol/g corresponding to 6.3x10** molecules cm™ and 4.3x10™ molecules cm™ in
two separate studies.’®'* The value obtained in the current study is close to that of Ref.
111.

The rate of HCOOH uptake on TiO, particles was determined by time course
experiments. TiO, particles were exposed to 11 mTorr of gas phase HCOOH leading to
equilibrium pressure of 9 + 2 mTorr (corresponding to 3.3 + 0.7 x 10 molecules cm™)
after 25 minute of exposure. Equilibrium pressure after 25 minutes of exposure without
the sample was recorded to determine the adsorbed pressure of the gas. In these
experiments, FTIR spectra were recorded with four scans per spectrum at an instrument
resolution of 4 cm™ for 1494 total seconds. Spectra collected for HCOOH uptake on TiO-
as a function of time are shown in Figure 5.5. Formic acid uptake on TiO, particles was
determined by taking the peak height of band at 1362 cm™ and plotting the peak height
versus time as shown in the inset of Figure 5.5. The peak height after 25 minutes was
then related to the pressure drop from blank experiments, and this relationship was used
to convert the integrated absorbance into the number of adsorbed molecules per surface
area.

The heterogeneous uptake of a gas on a solid is most often expressed in terms of
an uptake coefficient, y. Equation 5.3 shows vy as the rate of adsorption divided by rate of

gas-surface collisions.
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dNa (5.3)
_Tdt
Y_Flux

PN (5.4)
Flux = ————
W= 2nMRT)1/2

The numerator of equation (5.3) is the rate of formation of surface-bound species
on the oxide particles upon reaction with HCOOH vapor (units of molecules cm™ s™).
The denominator is the flux or collision rate per unit area of HCOOH vapor with the
oxide particles (units of molecules cm™ s™). The flux is calculated according to the
kinetic gas theory using equation (5.4), where P is the pressure of HCOOH, N is the
Avogadro’s number, M is the molecular weight of the gas, R is the gas constant, and T is
the temperature.

The rate of formation of surface-bound products was calculated using the slope of the
first 120 seconds of the inset in Figure 5.5. The rate calculated was 4.4 x 10® peak height s™
which, upon conversion from the calibration, results in a rate of 1.7 x 10° molecules s* cm™. The

flux of formic acid calculated using equation (5.4) at exposed pressure of 11 mTorr is 3.3 x 10®

molecules s* cm™. From this, the average uptake coefficient was determined to be 0.5 + 2.6 x 10°
°_ Previous studies on formic acid uptake on a-Al,O3 have reported uptake coefficients of
2.37 +0.30 x 10 "and 2.07 + 0.26 x 10 > from DRIFTS using BET and geometric surface
areas respectively.’® The two values resulted from BET and geometric surface area have
been proposed as lower and upper limits for the uptake coefficient of formic acid. %%
This was explained by the reactive gas molecules being larger in size compared to the
nitrogen molecules used for BET surface area measurements and thereby the area

accessed by formic acid molecules may be lower than the BET area.
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Figure 5.5. Transmission FTIR spectra of formic acid uptake on nanomaterial TiO, as a function of time. For clarity, spectra at 0 s, first 5 spectra

and every 10" spectrum followed by final spectrum are shown. The peak height for the absorption band for formate at 1362 cm™ is plotted as a
function of time using each of the spectra collected.
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Formic acid uptake coefficient under dry conditions for CaCOj3 found using Knudsen cell
was 3 + 1 x 107 This is orders of magnitude lower than the value obtained here.®
Ullerstam et al. have studied SO, uptake on mineral dust in the presence of NO, and
found the uptake coefficient (BET) derived using Knudsen cell is ~10* times higher
compare to the same from DRIFTS.**® This has been explained by differences in
measured values with the uptake coefficient obtained by Knudsen cell being an initial
uptake coefficient whereas from the DRIFTS experiments an overall average reactive
uptake coefficients.'**** Similarly, HNOs, another acid present in the atmosphere with a
similar adsorption mechanism to HCOOH, with uptake coefficients (BET) calculated for
Ca0, MgO and SiO; using Knudsen cell and FTIR system have shown a difference of
~10*% Hence, the uptake coefficient we report here agrees with the previous findings

and can be considered as an average and not an initial reactive uptake coefficient.

5.4.3 Photochemistry of Adsorbed

Formate under a Range of Environmental

Conditions

Photochemistry of adsorbed formate was studied under a range of environmental
conditions. TiO, sample was exposed to 100 mTorr of gaseous formic acid to form
adsorbed formate to saturate the surface with adsorbed formate. Additionally,
molecularly adsorbed formic acid has shown very fast photocatalytic decomposition in
previous studies.’® After reaction with formic acid, the sample was evacuated for 25
minutes and the valve of the reaction chamber was closed before irradiation began.

Formate coated TiO, was irradiated for 6 hours under different environmental conditions.
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Figure 5.6 shows the surface spectra of adsorbed formate on TiO, particles under
different environmental conditions (a) <1% RH and PO, =0 Torr, (b) <1% RH and PO, =
100 Torr, (c) 40% RH and PO, = 100 Torr and (b) 85% RH and PO, = 100 Torr, of water
vapor and molecular oxygen. In the absence of water vapor, monodentate formate bands
were prominent at time = 0 minute and the intensity of these bands decrease with
increasing irradiation time indicating photooxidation of adsorbed formate in Figure 5.6
(@) and (b). Bands for molecularly adsorbed formic acid in Figure 5.6 (a) and (b)
disappear more quickly, after 30 minutes of irradiation, agreeing with higher
photocatalytic decomposition of molecularly adsorbed formic acid. The presence of
molecular oxygen shows further increases the rate of loss of adsorbed formate bands
(Figure 5.6 (b)). Band position at 1562 cm™ shift slightly at longer irradiation time that
might have resulted due to the decrease in formate band intensity and its overlapping with
band at 1620 cm™ resulted from water formed during the formic acid adsorption. In
Figure 5.6 (c) and (d), bands for bridged bidentate formate are prominent at time = 0
minutes before irradiation. The intensity of absorption bands associated with bridged
bidentate formate decreases significantly in Figure 5.6 (c) and (d) with increasing
irradiation time suggesting further enhancement of adsorbed formate photooxidation by
water vapor in the presence of oxygen.

Irradiation resulted in gas-phase CO, as the main product. Figure 5.7 shows the
integrated absorbance of the CO, peak with irradiation time in three different relative
humilities of <1%, 40% and 85% in the presence of 100 Torr molecular oxygen. Figure
5.8 contains the FTIR spectra of gas-phase carbon dioxide formation upon irradiation

under these conditions. Figure 5.7 contains the carbon dioxide formation without
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Figure 5.6. Surface spectra of adsorbed formate on TiO, particles following UV
irradiation as a function of time under different environmental conditions (a) <1% RH
and PO, =0 Torr, (b) <1% RH and PO, = 100 Torr, (c) 40% RH and PO, = 100 Torr and
(d) 85% RH and PO, = 100 Torr.
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molecular oxygen and water vapor under irradiation for comparison. UV irradiation of
TiO, forms electron/hole pairs in the conduction and valence bands according to reaction
(5.5). It has been proposed that formate photooxidation is initiated by reaction with
photogenerated holes as reported by several studies leading to several reactions
producing carbon dioxide and water.®®*®?°%%2 Figure 5.7 shows an increase in CO,
production in the presence of molecular oxygen, with a ~3.5 increase in the presence of
100 Torr of molecular oxygen. This could be due to the reaction of photogenerated
electrons with O, molecules, thereby decreasing the electron hole recombination which

leads to more formate photooxidation according to reaction (5.6), (5.7) and (5.8).

100 Torr O, + 85% RH

_;
n
1

100 Torr O, +40% RH

—_
1

100 Torr O, +<1% RH

0.59

no O, + <1% RH

Integrated Absorbance of Gas-Phase CO,

T 1 I 1 1 1 1 1
0 S0 100 150 200 250 300 350
Irradiation time (min)

Figure 5.7. Comparison of CO, formation during formate photooxidation. Integrated
absorbance between 2280 — 2400 cm™ of the gas-phase CO, peak was used for the
comparison.
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Figure 5.8. FTIR spectra of gas-phase carbon dioxide formation upon irradiation of
adsorbed formate in the absence and presence of molecular oxygen under different
relative humidity conditions of (a) <1% RH and P(O,) =0 Torr, (b) <1% RH and P(O,) =
100 Torr, (c) 40% RH and P(O) = 100 Torr and (b) 85% RH and P(O;) = 100 Torr.
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Carbon dioxide production increased an additional ~1.6 times in the presence of
40% and 1.8 times at 85% RH compared to <1% RH all in the presence of 100 Torr of
oxygen. Agreeing with these results, Liao et al. observed a doubling of the CO,
production with 1 Torr water vapor pressure in the presence of 10 Torr molecular
oxygen.’® In the present study, the focus was on the change in gas phase water vapor
pressure on photooxidation of formate in order to better understand the behavior of
adsorbed organic acids under atmospherically relevant conditions. The results show that
under atmospherically relevant conditions, CO, formation increases with increasing
relative humidity from 40% to 85%. The increase in gas phase CO, formation can be
explained by series of reactions. In the presence of water vapor, H,O molecules react
with holes generating H* and OH® radicals according to reaction (5.9) and OH® can
further react with adsorbed formate enhancing the overall carbon dioxide production
(5.10). Newly formed H* can react with O, scavenging more electrons, resulting in
adsorbed water according to reaction (5.11). Our experimental results and previous
studies showed the bridged bidentate to solvated monodentate transformation of adsorbed
formate in the presence of water vapor. Miller et al. computationally showed presence of
monodentate formate and adsorbed water increases the conduction band minimum
enough to favor reaction (5.6).*% This will make carbon dioxide formation favorable in
the presence of water vapor.

To summarize the above discussion, gas-phase CO, can be formed according to

reactions (5.5) — (5.10) under environmentally relevant conditions.
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TiO,+hv—>h* +¢ (5.5)

e +0,5 0, (5.6)

h* + HCOO (ads) - COO* + H* (5.7)
COO* - CO, + ¢ (5.8)
h*+H,0 — H*+ OH® (5.9)

HCOO (ads) + OH® — COO*" + H,0 (5.10)
O, +4H" + 3¢"— 2H,0 (5.11)

5.4.4 Aqueous Phase Behavior of Formic

Acid Reacted Nanomaterial TiO,

As discussed in the Introduction, unreacted and formate coated TiO, samples
were introduced to water to investigate the possible changes on aqueous phase behavior
of TiO, nanoparticles upon reaction with gas-phase formic acid. Formate coated samples
were prepared by reacting TiO, particles with gas-phase formic acid followed by gas-
phase evacuation. Reacted sample was then removed from the tungsten grid and
suspension was prepared with a 0.035 g/L (0.7 mg/20 ml) solid loading. Dynamic light
scattering (DLS) of the reacted and unreacted suspensions were measured. The DLS plot
in Figure 5.9 shows smaller aggregate size for formate coated compare to unreacted TiO».
This can be due to the adsorbed bridged bidentate formate solvation resulting solvated
monodentate formate that increases surface charge resulting smaller TiO, aggregates.

Schematic in Figure 5.10 summarizes the findings of the current study. In
summary formic acid adsorption results mainly adsorbed bridged bidentate formate.

Adsorbed
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Figure 5.9. Intensity normalized aggregate distribution of unreacted and TiO, particles
previously reacted with gas-phase formic acid.
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Figure 5.10. Schematic representation of formic acid adsorption, phototooxidation and
solution phase behavior of TiO, nanoparticles.
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formate photooxidize to gas-phase carbon dioxide in the presence of water vapor and
molecular oxygen. Additionally, reaction with formic acid changes the solution phase

aggregate formation of TiO, nanoparticles.

5.5 Conclusions and Atmospheric Implications

The adsorption of formic acid with TiO, nanoparticles, 10 nm in diameter, and the
photooxidation of the resultant adsorbed formate were investigated. These results showed
gas-phase formic acid adsorbs dissociatively on TiO, forming adsorbed formate mainly
in bridged bidentate coordination. Co-adsorbed water changes the coordination of
formate to solvated, monodentate formate. The calculated reactive uptake coefficient
agrees with the previously reported values for other atmospherically relevant surfaces.
Coadsorbed water have shown an enhance in formic acid uptake. Higher relative
humidity conditions in the presence of molecular oxygen showed enhanced formate
photooxidation. According to these findings, more formate conversion under tropospheric
conditions can be expected during daytime. Furthermore, solution phase behavior of
formic acid reacted TiO, was investigated. These results show that TiO, nanoparticle
dispersion into aqueous suspensions differ upon reaction with formic acid. These oxide

nanoparticles with formate coatings can be more readily dispersed into water systems.
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CHAPTER 6
SURFACE PHOTOCHEMISTRY OF ADSORBED NITRATE: THE ROLE OF
ADSORBED WATER IN THE FORMATION OF REDUCED NITROGEN SPECIES

ON o-Fe,O3 PARTICLE SURFACES

6.1 Abstract

The surface photochemistry of nitrate, formed from nitric acid adsorption, on hematite
(a-Fe,03) particle surfaces under different environmental conditions is investigated using
X-ray photoelectron spectroscopy (XPS). Following exposure of a-Fe,Oz particle
surfaces to gas-phase nitric acid, a peak in the N1s region is seen at 407.4 eV; this
binding energy is indicative of adsorbed nitrate. Upon broadband irradiation with light (A
> 300 nm), the nitrate peak decreases in intensity as a result of a decrease in adsorbed
nitrate on the surface. Concomitant with this decrease in the nitrate coverage, there is the
appearance of two lower binding energy peaks in the N1s region at 401.7 and 400.3 eV,
due to reduced nitrogen species. The formations as well as the stability of these reduced
nitrogen species, identified as NO— and N—, are further investigated as a function of water
vapor pressure. Additionally, irradiation of adsorbed nitrate on a-Fe,O3; generates three
nitrogen gas-phase products including NO,, NO, and N,O. As shown here, different
environmental conditions of water vapor pressure and the presence of molecular oxygen
greatly influence the relative photoproduct distribution from nitrate surface

photochemistry. The atmospheric implications of these results are discussed.
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6.2 Introduction
Nitrate ion is an important chromophore and can undergo photochemical reactions

204-207 and in

on the surface of atmospheric aerosols,*® deliquesced thin films,? ice/snow
solution.”®#° Nitrate ion has an absorption maximum at 302 nm (£=7.2 mol dm™ cm™)
in aqueous solution.”* In the atmosphere, gas-phase nitrogen oxides readily react with
particulate matter (e.g., mineral dust) to yield adsorbed nitrate. Atmospheric nitric acid is
the main reservoir species in the NOx cycle. Heterogeneous reactions and possible
renoxification mechanisms of tropospheric HNO3 acid have been widely studied on
different environmental interfaces and surfaces.?>*!” Mineral dust aerosols act as a
reactive surface for atmospheric nitric acid adsorption and photochemical reactions of
adsorbed nitrate.

The photochemistry of adsorbed nitrate, formed by either exposure to NO, or
HNO; has been widely studied on the surface of components of mineral dust
aerosol 22100102218 ppotoexcitation of adsorbed nitrates forms several gas-phase products
like N,O, NO and NO, and HONO.'01%221% Eqr example, transmission FTIR studies of
HNO; reacted y-Al,O3 particles observed gas-phase NO and NO, formation as the main
gas-phase products upon irradiation with A > 300 nm light.**? Irradiation of HNO; reacted
in NaY zeolite showed formation of nitrite thought to be stabilized in the zeolite cage due
to interactions with the charge compensating cation.?*® Additionally, some recent studies
on NO, adsorption and photochemistry on semiconductor metal oxides such as Cr,O3 and
TiO, have shown conversion of adsorbed nitrate to gas-phase NOXx species under

irradiation conditions.?>'9%1%8 These studies used chemiluminescence, mass spectrometry

and infrared spectroscopy as tools to detect gas-phase photoproducts and infrared
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spectroscopy and X-ray photoelectron spectroscopy to detect adsorbed photoproducts as
well. For adsorbed species, it is sometimes difficult to differentiate products due to the
fact that there are overlapping absorption bands for different species that contain N-O
functional groups.?**® X-ray photoelectron spectroscopy (XPS), however can detect
adsorbate which differ in the oxidation state of nitrogen atom. In this study XPS is used
to investigate the surface photochemistry of nitrate adsorbed on hematite particle
surfaces.

Hematite is one of the most common iron oxide polymorphs present in the earth’s
crust. lron-containing particles are transferred to the atmosphere from both wind and
volcanic activities in the form of iron containing mineral dust and volcanic ash aerosols.®
Hematite is a semiconductor material with a lower band gap of 2.2 eV that can absorb
solar radiation and has the potential to alter nitrate photochemistry pathways.??
Therefore, understanding both gas-phase and surface processes that occur on nitrate
adsorbed on hematite is important to further understand atmospheric processes. Fe
dissolution from iron-containing atmospheric particles has received much attention

recently due to atmospheric aging is thought to play a role.*®®

In this study,
photochemistry of adsorbed nitrate on hematite, o-Fe,O3 surface is investigated under
environmentally relevant relative humidity and molecular oxygen by XPS and FTIR

spectroscopic techniques. The impact that this reaction has on iron dissolution is also

investigated.
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6.3 Experimental Methods
6.3.1 Surface XPS Analysis Chamber Coupled with

Transfer and Reaction Auxiliary Chambers

The custom-designed Kratos Axis Ultra X-ray photoelectron spectroscopy system
for reactions and analysis has been described in detail before.**® For these experiments it
was modified to accommodate an additional Teflon coated reaction chamber for HNO;
reaction experiments and UV source for photochemistry experiments.”***"'® The
experimental setup has capabilities for reacting samples with gas-phase reactants and
evacuating the gas-phase and surface product analysis with four different chambers that
include: (i) an ultra high vacuum (UHV) surface analysis chamber, (ii) a sample transfer
antechamber, (iii) a stainless steel reaction chamber and (iv) a Teflon coated reaction
chamber (Figure 6.1). The transfer antechamber is connected to the analysis chamber,
steel reaction chamber and Teflon coated reaction chamber. With this configuration, the
transfer antechamber is used to introduce samples into the analysis chamber, and also
allows for samples to be transferred directly from the surface analysis chamber to the
reaction chambers vice versa.

The Teflon coated reaction chamber is connected to the transfer antechamber. The
details of the stainless steel reaction chamber have been described before.!®
Additionally, a 500 W Hg lamp (Oriel Instruments model number 66033) was used to
irradiate  the samples in the steel reaction chamber. A water filter (Oriel Instruments)
was used in line with the lamp output to minimize infrared damage and heating of the

sample. The light from the lamp was reflected using a 90° turning mirror (Oriel

Instruments, Model: 66215 Beam Turning Mirror, Full Reflector, 200 nm — 30 um
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Figure 6.1. Schematic of the custom-designed Kratos Axis Ultra XPS system with UV
irradiation setup. The system consists of four chambers: a transfer antechamber, surface
analysis chamber (not shown), reaction chamber and Teflon coated HNOj reaction
chamber. A cross section of the O,/H,0O reaction chamber equipped with the UV source

and beam optics is shown in the inset.

See experimental methods section for a more

detailed description of this four chamber system. (Note: TMP — turbomolecular pump;
CCG - cold cathode gauge; LV — leak valve and V — valve).
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Primary Range, 1.5 Inch Series) into the reaction chamber via the Pyrex window. The
transmissivity of the Pyrex window was ~80% at the wavelengths above ~320 nm with a
0.72 W/cm? measured light intensity at the sample.

For typical XPS analysis, powdered samples were pressed into indium foil and
mounted onto a copper stub. After acquiring the initial scans at the surface analysis
chamber, the sample was transferred to the Teflon coated chamber via the transfer
antechamber by means of sample transfer rod and a hand valve. The sample was then
reacted with HNO3. HNOj3 reacted a-Fe,O3 surfaces were evacuated and transferred to the
sample analysis chamber for initial scans. The evacuation removes molecularly adsorbed
HNO;. After the initial scans, samples were transferred to the steel reaction chamber for
reactions under environmentally relevant conditions of (1) H,O, (2) O, (3) H,O/O, and
UV light. No gas phase HNO; was present in the chamber during those reactions.
Reactant gas was introduced in approximately 15 seconds. The resulting gas mixture was
allowed to equilibrate with the sample for at least 30 minutes. The reacted sample was
then evacuated and transferred back to the analysis chamber for post-reaction surface

characterization.

6.3.2 Data Processing of Core Photoelectron Spectra

All spectra were calibrated using the adventitious Cls 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.''® The N1s transition was fit to one peak with a fixed full-width-

at-the-half-maximum (FWHM) value of 1.4 eV that of HNO3. The components of the
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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.

6.3.3 Transmission FTIR Spectroscopy

For FTIR measurements, the o-Fe,O3 particles were prepared by pressing onto
half of a tungsten grid (Buckbee Mears, 100 lines per inch tungsten mesh wire widths of
~0.0015 in. and thickness of ~0.002 in.). The other half of the grid was left blank for gas-
phase measurements. The grid half coated with the oxide powder was placed inside the
infrared cell. The inside of the stainless steel cube is coated with Teflon in order to avoid
HNO;3; decomposition on the walls of the infrared cell. The oxide samples prepared on the
tungsten grid are secured inside the infrared cell by Teflon coated sample holder jaws.
The infrared cell is connected to a vacuum chamber through a Teflon tube and two
consecutive glass gas manifolds with ports for gas introduction and two absolute pressure
transducers. Details of the experimental system have been described before.'%* Typically,
250 scans were collected with an instrument resolution of 4 cm™ in the spectral range
from 4000 to 750 cm™. Absorbance spectra for gas and adsorbed species were obtained
by referencing single beam spectra of the blank grid and the oxide coated grid to single

beam spectra collected prior to gas exposure.

6.3.4 Iron Dissolution Experiments
Iron Dissolution Experiments. HNO3 reacted a-Fe,O3 particles were prepared in a
Teflon coated reaction chamber by reacting with HNO3 to investigate the effect of HNO3

on Fe dissolution. Reacted particles were suspended in optima water (Sigma Aldrich) at a
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mass loading of 30 mg/50 mL. The suspension was stirred for 24 h. The stability of
unreacted and reacted particle suspensions were measured using the sedimentation plots
by measuring the extinction with a Perkin-Elmer Lambda 20 UV-visible spectrometer at
510 nm. Iron dissolution was studied for both unreacted and HNOj3 reacted o-Fe;Os.
Aliquot from the supernatant suspension was passed through a 0.2 um PTFE filter to
remove particles. The concentration of iron was measured using Varian 720-ES
inductively coupled plasma-optical emission spectrometer (ICP-OES). Dissolution of
unreacted a-Fe,O3 was also conducted under the same conditions for comparison. All

experiments were conducted in triplicate.

6.3.5 Characterization of a-Fe;05
X-ray diffraction (XRD), scanning electron microscopy (SEM) and BET surface

area analyzer were used to characterize the a-Fe,O3 samples.

6.3.6 Sources of Chemicals

Dry gaseous nitric acid was taken from the vapor of a 1:3 mixture of concentrated
HNO; (70.6% HNOs3;, Mallinckrodt) and 95.9% H,SO,4, (Mallinckrodt). For relative
humidity studies, distilled H,O (Milli-Q) was used. Prior to use, both the distilled water
and HNO3z; were degassed several times with consecutive freeze-pump-thaw cycles.
Oxygen (UPC grade) was obtained from Airgas. Hematite (a-Fe,O3, Alfa Aesar, a-phase,

99% metal basis) was used as received.
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6.4 Results and Discussions
6.4.1 Characterization of o-Fe,O3

The average particle size of a-Fe,O3 was determined by scanning electron
microscopy (SEM) and shows particles with diameter of 310 + 22 nm (200 particles
counted). Figure 2.8(a) shows an SEM image of the a-Fe,O3 particles used. Surface area
measurements using BET analysis showed a specific surface area of 23 + 2 m?%/g. X-ray
diffraction pattern of a-Fe,Os; shown in Figure 2.8(b) agrees well with the standard

pattern for hematite.

6.4.2 XPS of Metal-nitrogen Salt Standards

In order to establish characteristic binding energies that may help to identify
surface species generated from HNO; adsorption on a-Fe,O3 surfaces, the results of
previously measured N1s binding energies for nitrogen containing salts were used here.
In particular, a single peak at 407.4 eV was observed for NaNO3 and was assigned to the
N1s transition in nitrate ion (NO3’) and similarly a single peak was observed in N1s
region for NaNO, at 403.6 eV, assigned to N1s transition in adsorbed nitrite (NO,).!*®
Torres et al. has reported that N1s peak of iron nitride (FeN) appeared at 397.4 eV.**
These three reference compounds encompass a full range of N1s binding energies for
HNO3 reaction product related compounds, as nitrogen oxidation state changes from +5
on NaNOs to -3 in FeN thus accounting for all possible nitrogen oxidation states. The

binding energy decreases with the decrease in the nitrogen oxidation state due to the

increase in number of electrons as well as the electron-electron repulsion.
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6.4.3 XPS of HNO3 Acid Reacted a-Fe,O3 in the

Presence of Environmentally Relevant Pressures

of Relative Humidity and Molecular Oxygen

The high-resolution spectra of Fe2p, Ols and N1s binding energy regions of
unreacted and o-Fe,O3 reacted with HNO;3; for 25 minutes are shown in Figure 6.2.
Assignments of the observed peaks in the different binding energy regions are given in
Table 6.1 with values reported for reference compounds and previous literature

assignments. Photoelectrons emitted within the Fe2p region of unreacted a.-Fe,O5 are at

Table 6.1. Assignment of Binding Energies for N1s, O1s and Fe2p Transitions Observed
in this Study.

Region  Assigned species Binding Energy, eV
This work Literature reference
N1s NOs 407.4 407.4 (NaNO3) Baltrusaitis

etal.; 407.6 (NO3") Aduru et
al. and references therein

NOy not observed 403.6 (NaNO,) Baltrusaitis
et al. and 403.7 (NO)
Bandis et al.

NO 401.7 401.7 (NO") Baltrusaitis et
al.; 402.6 (NO") Overbury et
al.

atomic N” on defect 400.3 400.3 (N") Baltrusaitis et al.;

sites 400.5 (anionic N at defects)

Overbury et al.; 400.8
(atomic N) Rosseler et al.;

N* not observed 397.3 (FeN) Taylor et al.;
397.4 Torres et al.
Ols lattice O in a-Fe,03 530.0 529.8 Baltrusaitis et al.
Chemisorbed NO3’ 532.5 531.3 Rodriguez et al.
Fe2p lattice Fe in a- Fe2psp: 711.2and Fe  Fe 2p3, : 710.8 and Fe 25 :
Fe,05 2p12: 124.7 724.4 Baltrusaitis et al.

Note: Calibrated to the C1s peak at 285.0 eV, Source: Assignments from 105
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binding energies of 711.2 and 724.7 eV which correspond to Fe2ps, and Fe2pp. In the
O1s region, photoelectrons at 530.0 and 531.6 eV were observed for the unreacted
surface. These are assigned to Fe-O in a-Fe,O; lattice structure and surface hydroxyl
groups, respectively. Upon reaction with HNO3, formation of adsorbed nitrate is observed
as well as seen by a new peak in the N1s region. Additionally, there are observed shifts
in the Ol1s and Fe2p levels by ~0.5 eV and ~0.7 eV, respectively as a result of strong
electrostatic interaction between nitrate and the hematite surface. The peak appearing at
532.5 eV in the O1s region after reacting with HNO3 can be assigned to the oxygen
atoms in adsorbed nitrate. A similar peak has been assigned to the chemisorbed nitrate
by Rodriguez et al. for NO, reacted TiO»(110) surface.?® The high resolution N1s
spectrum of HNOj3 reacted a-Fe,O3 can be curve fit with one component corresponding
to the 407.4 eV peak that is assigned to nitrate ion (NOg3’), adsorbed on the surface. The
binding energy of this peak can be confirmed by the binding energy of NaNO3."*® The

formation of adsorbed NO3 species can be written as follows;

HNO3(g) — NO3 (ads) + H*(ads) (6.1)

Nitrate formation is governed by dissociative HNOs adsorption with NOj3
occupying Fe sites and dissociated proton on lattice oxygen sites according to Reaction
(6.1). Another possible adsorption mechanism is surface hydroxyl groups react with
HNO; forming adsorbed nitrate and water. Bands for newly formed water or hydroxyl
groups were not readily apparent due to overlap with oxygen band of adsorbed nitrate in

O1s
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Figure 6.2. High-resolution X-ray photoelectron spectra of a-Fe,O3 particles in the Fe2p, Ols and N1s binding energy regions (a)
prior to and (b) after saturation exposure of HNO:s.
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region of HNOj; reacted a-Fe,O3 as shown in Figure 6.2. The dissociative adsorption of
HNO; acid is presumably an exothermic process and thus thermodynamically favorable
process on hematite surface. Upon HNO3 adsorption no features were observed around
403 eV or 406 eV region to surface nitrite (NO;") or molecularly adsorbed NO, species.
Formation of such species have been observed in various oxide surfaces including
hematite when reacted with NO,,2318161.223

Further experiments were performed by adsorbing HNO3; on a-Fe,O3 particles
and then subsequently exposing this reacted surface to various conditions, i.e. under dry
conditions %RH<1 and without O, and with 100 Torr of O, as well as 45 %RH without
and with 100 Torr of O,. Upon post-analysis with XPS, no new peaks or change in the

binding energy observed in the N1s upon subjecting HNO3 reacted a-Fe,O3 particles for

30 minutes under each of these different environmental conditions.

6.4.4 Nitrate Photochemistry on a-Fe,Oj3 in the Presence

of Environmentally Relevant Pressures of Water

Vapor and Molecular Oxygen

In order to understand the photochemistry of adsorbed nitrate on a-Fe,O3 particle
surfaces following reaction with nitric acid, the surface was irradiated and high resolution
XPS analysis was performed. The high-resolution spectra in the N1s binding energy
region of a-Fe,O3 reacted with HNO3 and then irradiated with UV light (A > 300 nm) for
90 minutes are shown in Figure 6.3. These experiments were performed under different
levels of molecular oxygen and water vapor. XPS in the N1s showed only the binding

energy peak corresponding to surface nitrate at 407. 4 eV, but with a decreased intensity
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following UV exposure time indicating loss of surface bound nitrate. However, when
nitrate was irradiated with UV radiation in the presence of water vapor a broad feature
appeared at low binding energy region of Figure 6.3 (c) and (d) and there is also a more
significant decrease in the intensity of nitrate peak (vide infra). This broad low binding

energy feature was fit to two components, a peak centered at 401.7 and another 400.3 eV.

— Experimental data N 1 S

= Total fit

(d) 45 %RH with 100
Al

Intensity (CPS)

412 408 404 400 396
Binding Energy (eV)

Figure 6.3. High resolution X-ray photoelectron spectra of a-Fe,Os particles in the N1s
binding energy regions following exposure to HNOj; to saturation coverages and
subsequent UV irradiation for 90 minutes in the presence and absence of water vapor and
molecular oxygen. (a) %RH < 1 without O, (b) %RH < 1 with 100 Torr O,, (c) %RH =
45 without 100 Torr Oy, (d) %RH = 45 with 100 Torr O, at T = 296 K. Black and green
lines represent the experimental data acquired and the total fit respectively. Surface
species obtained by peak fitting are shown in red and blue lines. The fitted curve for
nitrate peak overlaps with the total fit.
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The exact binding energy assignment of reduced nitrogen species between 402 —
399 eV has been controversial as the surface binding sites can change the binding energy
slightly. Baltrusaitis and co-workers have discussed these differences in detail and used
computational analysis to assign these two features at 401.7 and 400.3 eV to NO™ and N,
respectively.'®

In previous studies, the photochemistry of adsorbed nitrate and formation of NO
has been observed using FTIR spectroscopy in the presence of UV light via short lived

NO, and/or NO; species according to the reactions (6.2) to (6.4).'%

NOs(ads) + H" + hv — NO,(ads) + OH*® (6.2)
NO5 (ads) + hv — NO, (ads) + O(P) (6.3)
NO, (ads) + H" + hv — NO(ads) + OH® (6.4)

The newly formed adsorbed NO and NO, can desorb into the gas phase.
Photolysis of adsorbed nitrate on alumina reported NO and NO, as the major gas phase
species.'%? It has also been shown that NO has a relatively high electron affinity and can
easily trap free electron thus forming a negatively charged NO™ anion adsorbed on metal

cationic sites on the surface according to reaction (6.5) resulting band at 401.7 eV.'8

NO(ads) + e — NO(ads) (6.5)

O(vacancy) + NO(ads) — N(ads) + O(ads) (6.6)
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In addition, adsorbed NO can decompose on some surfaces to produce atomic N
and O on the surface as reported by NO; adsorption studies on Mo(110) by Jirsak et
al.?*. In another study, adsorbed NO conversion to N,O through an atomic N
intermediate has reported by Yates and co-workers on TiO, surfaces.?”® Rosseler et al.
have observed a band at 400.8 eV for NO, adsorption on TiO; studies and have assigned
to reduced N. Overbury et al. have observed a band at 400.5 eV that they have claimed to
anionic N species that have resulted from NO decomposition which then had charge
transferred to nitrogen atom leading to N".**® Iron oxide surfaces have been reported as
materials rich with oxygen vacancies. Higher population of point defects have been
reported for hematite surface compared to the bulk.??” Furthermore, oxygen vacancies on
other semiconductor surfaces like TiO, have shown negative charge associated with
trapped electrons and similar sites has been proposed on iron oxide surfaces in previous
studies.®*??® The electrons generated from band gap excitations of hematite can be
trapped in oxygen vacancy sites and increase the availability of negatively charged
oxygen vacancy sites. Therefore, in the current study, newly formed NO decomposition
on negatively charged O vacancy can be expected resulting N™ according to the reaction
(6.6).

More reaction pathways according to reaction (6.7) — (6.9) are available for nitrate
photolysis on a semiconductor surface as evident by the nitrate photochemistry studies on
Ti0,.'® Nitrate photolysis via a nitrate radical intermediate forming reduced NO and
NO, was reported for TiO, surfaces.'® These reactions, initiated by electron-hole (e/h*)

pairs, can also play a significant role on hematite surface.
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NO;'(ads) + h* — NO3* (6.7)
NO;* + hv — NO(ads) + O, (6.8)
NO3® + hv — NO,(ads) + O° (6.9)
NOy(ads) + e — NO;’ (6.10)

Newly formed NO,(ads) from reaction (6.9) can either react with photogenerated
electrons forming adsorbed NO,  which undergoes continued photoreactions to yield
adsorbed NO according to reaction (6.4) or desorb to the gas phase. However, from these
studies, we have no evidence for NO(ads) or NO, (ads). Therefore, NO,(ads) conversion
to NO(ads) via NO,” may be a very fast reaction. Additionally, the electron attachment,
reaction (6.10), is more feasible on hematite surface due to the availability of
photogenerated electrons.

Figure 6.4 shows the high resolution spectra in the N1s region for a-Fe,O3 surface
exposed to gas-phase HNO3 and then irradiated with UV light for 0, 30 and 90 minutes
time periods in the presence of 45%RH. Spectra clearly show the loss of surface-bound
nitrate and the appearance of low binding energy features corresponding to reduced
nitrogen species with increasing irradiation time. Reduced-nitrogen, surface-species
formation did not show any difference in the presence of molecular oxygen (spectra not
shown). In the presence of water vapor, hydroxyl radicals formed on hematite surface
upon UV irradiation, reaction (6.11) can initiate following reactions in competition with

the nitrate photolysis reactions leading to secondary pathways.
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Figure 6.4. High resolution X-ray photoelectron spectra of a-Fe,O3 particles in the N1s
binding energy regions following exposure to HNOj to saturation coverages and
subsequent UV irradiation for 0, 30 and 90 minutes in the presence of %RH = 45 without
0,. All spectra were acquired at 296 K. Black and green lines represent the experimental
data acquired and the total fit respectively. Surface species obtained by peak fitting are
shown in red and blue lines. The fitted curve for nitrate peak overlaps with the total fit.
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H,O +h" > H" + OH® (6.11)
NO; + H" — HONO (6.12)
NO, + OH® — NO, + OH" (6.13)
NOs (ads) + OH® — NO3* + OH" (6.14)

These alternative pathways can dominate in the presence of relative humidity
according to the reactions (6.12) and (6.13) converting NO;" intermediate to the gas phase
HONO and NO, and converting NOj3 (ads) to nitrate radical according to reaction
(6.14).° In HONO uptake studies on Fe;O3, Bedjanian and co-workers have reported the
HONO decomposition to gas phase NO and NO,.?* This decomposition is also possible
under the experimental conditions used in the current study.

Surface product formation under irradiation was investigated as a function of
water vapor pressure. It can be seen that the formation of surface-bound reduced nitrogen
species changes significantly with water vapor pressure. Left panel of Figure 6.5 shows
the N1s region of HNOj; reacted a-Fe,O3 after 90 minute UV irradiation at different water
vapor pressures. UV irradiation in the presence of different water vapor pressures showed
changes in the presence of reduced nitrogen surface species. The right panel of Figure 6.5
shows the total nitrate loss after 90 minute UV irradiation calculated from initial and final
N1s:Fe2p speciation ratio using the adsorbed nitrate N1s peak at 407.4 eV. In the absence
of water vapor, reduced nitrogen species were not observed. This can be due to the low
nitrate loss under irradiation in the absence of water vapor and low availability of
electrons due to higher electron hole recombination. As shown in the right panel the total

nitrate loss is ~3 times higher in the presence of water vapor. This confirms the important
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Figure 6.5. High resolution X-ray photoelectron spectra of a-Fe,O3 particles in the N1s
binding energy regions following exposure to HNOgj to saturation coverages and
subsequent UV irradiation for 90 minutes in the presence of (a) 0 Torr H,O, (b) 5 Torr
H,0, (c) 11.5 Torr H,0, (d) 17 Torr H,O at T = 296 K (left panel) and the percentage loss
of nitrate after 90 minutes of UV irradiation in the presence of different water vapor
pressures (right panel). In the left panel black and green lines represent the experimental
data acquired and the total fit respectively. Surface species obtained by peak fitting are
shown in red and blue lines. The fitted curve for nitrate peak overlaps with the total fit.

role of water in nitrate photolysis on hematite and the increase in nitrate loss due to
increase ability to react and new mechanisms available for reactions giving rise to a
significantly greater loss of nitrate and the observed increase in surface-bound products at
5 and 11.5 Torr water exposures. Additionally, in the presence of water vapor photo-
generated holes react with water molecules and that decreases the e/h* recombination
leaving more electrons to form reduced nitrogen surface species. In the presence of water
vapor, around 60% nitrate loss was observed for all three %RH experiments. However,
reduced-nitrogen, surface-species were not observed at the highest water vapor exposure.

This may suggest that surface sites for NO™ and N adsorption are available only at 5 and
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Figure 6.6. Schematic of adsorbed nitrate photochemistry on a-Fe;O3; (a) in the absence of water vapor, adsorbed nitrates present on
the hematite surface in different coordination modes undergo limited nitrate photochemistry due to electron and hole pair
recombination, (b) in the presence of 5 and 11.5 Torr water vapor pressure (24 and 55 %RH), there is higher nitrate conversion due to

lower electron/hole recombination rates, thus NO™ and N~ form on cationic sites and O

vacancy sites, (c) in the presence of 17 Torr

(81 %RH) of water vapor pressure, there is high nitrate conversion, similar as in (b), however cationic sites and O vacancy sites are

not available to form NO™ and N™. See text for further details.
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11.5 Torr water exposures (24 and 55% RH) and potentially covered at the highest water
vapor pressure of 17 Torr (81% RH). Mogili and co-workers have previously reported
that the water adsorption is not uniform on hematite surfaces and water adsorption results
water patches leaving some of the surface sites available up to 60% RH water vapor
exposure.”®® This uneven water adsorption on hematite has been reported previously in
several studies.?***"?*° Since the percentage nitrate loss did not show much difference for
three water vapor pressures the disappearance of NO™ and atomic N” species at the highest
water vapor exposure can be possibly due to the occupation of water molecules on
adsorption sites at the highest relative humidity that are then blocked for further
reactions.

Figure 6.6 shows schematics of the summary of reactions for nitrate
photochemistry on hematite and reduced nitrogen surface species and gas-phase NO, NO,
formation under different water vapor exposures. Table 6.2 contains percentage relative
humidity for adsorbed water layers formation taken from the water adsorption isotherms
reported in Mogili et al. for a-Fe;03.°® In the absence of water vapor, low nitrate loss
and higher e/h" recombination does not facilitate reduced nitrogen surface species
formation. At the intermediate and higher water vapor pressures higher nitrate loss results
due to the available new mechanisms in the presence of water molecules. In the presence
of water vapor oxide coordinated nitrate converts to water solvated nitrate and degree of
solvation depends on amount of water vapor equilibrium with the surface. At the
intermediate water vapor exposures of 5 and 11.5 Torr (24 and 55 %RH) ~2 and ~3 water

layers are formed. In these intermediate water vapor exposures less electron hole
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Table 6.2. Percentage Relative Humidity for Water Layer Formation on a-Fe,O3
Estimated from Water Adsorption Isotherm Curves Reported in Reference 230

%RH Number of layers formed
8 1
27 2
58 3
77 4

recombination due to water molecules reaction with photo-generated holes and
availability of adsorption sites results reduced nitrogen surface species. At the highest
water vapor pressure the surface is covered with ~4 layers of water and adsorption sites
are not available for the formation of reduced nitrogen surface species.

The gas-phase products formed during photolysis of nitrate adsorbed on a-Fe,O3
particles were also monitored using the FTIR system described under experimental
methods. Adsorption of HNO3; on a-Fe,O3 particles produced absorption bands for
monodentate, bidentate and bridged nitrate in the FTIR spectrum under dry conditions.
Adsorbed nitrate exposed to water vapor showed the formation of solvated nitrate.
Surface FTIR spectra were consistent with data reported for HNO3 adsorption on a-Fe;O3
under dry and wet conditions. Adsorbed nitrates on nanoparticle surfaces such as y-
Fe,03, 7-Al,03, a-Al,05 have been reported in previous publications.***%%! Figure 6.7
show the gas-phase product formation recorded as a function of UV exposure time in
presence of 45% RH of water vapor. Three peaks appeared at 1616, 1874 and 2223 cm™.
These vibrational modes can be attributed to the gas-phase NO,, NO and N,O species
respectively. The mechanisms for N,O formation will be discussed later in the text. The
bands for gas-phase NO and N,O appeared after 30minutes UV irradiation and grow

continuously for 420 minutes. Gas-phase NO, was not observed after 30 minute
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irradiation and can be due to the NO; reaction with H,O according to the reaction (6.15)
under acidic conditions. Another possible reaction is NO, react with H,O forming HONO
and HNO; according to the reaction (6.16).2*? Gas phase HONO was not observed
possibly due to the decomposition on Fe,O3 surface. Gas phase NO, appeared at longer
irradiation times 120 and 420 minutes. The dominant gas-phase species in the presence of
water vapor was NO at all the irradiation times agreeing with the presence of adsorbed
NO™ on the surface. Identical experiments performed to monitor the gas-phase products
under wet condition, in the presence of molecular oxygen showed higher gas phase NO;

amounts (data not shown). Presence of molecular oxygen has shown NO, dominance in
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Figure 6.7. Transmission FTIR spectra of gas-phase product formation from UV
illumination of adsorbed nitrate under %RH = 45 without O, at T = 296 K.
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the gas phase on UV irradiation of nitrated Al,O3 and TiO, surfaces.?*>?*® This has been
explained by two NO molecules react with molecular oxygen to form two NO,
molecules.

These infrared spectra clearly indicate that only NO and NO, as the major gas-
phase products and small amount of N,O present in the system even after irradiating
HNOj reacted surface for 420 minutes. The N,O formation in the presence of 45% RH
that can be due to secondary pathway according to the reaction (6.15) under acidic
conditions in the presence of water vapor.** Furthermore, reactions (6.17) and (6.18) can

be sources for N,O as well.>®

8NO; + 3H,0 —> N,O + 6HNO;3 (6.15)
2NO, + H,0 — HONO + HNO; (6.16)
NO + NO3 — N,O + 5/40; + 1/20% (6.17)
NO, + NOs — N,O + 7/40, + 1/20% (6.18)

6.4.5 Aqueous Phase Behavior of HNO3

Reacted Hematite Particles

Agueous Phase Behavior of HNO3 Reacted Hematite Particles. HNO; reacted a-
Fe,O3 particles were introduced to water to investigate the possible enhancements in Fe
dissolution due to the HNOj reactivity. Studies have shown HNO;3 reacted o-FeOOH
formed stable suspension compared to o-FeOOH that was not reacted.'*® Sedimentation

plots of HNO; reacted and unreacted o-Fe,O3; showed fast settling down with no
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difference between the two. Dissolved Fe concentration was below the limit of detection
of ICP(OES). The data explains HNOj3 reaction does not change particle aggregation or

enhance Fe dissolution from a-Fe,O3 particles.

6.5 Conclusions and Atmospheric Implications

HNO;3 adsorption on hematite surface under different environmental conditions of
relative humidity and molecular oxygen was explored in the presence and absence of UV
irradiation. Ex and in-situ analyses were used to follow the surface and gas-phase species
that form in these reactions. Surface nitrate was found to be the predominant species in
the absence of UV irradiation. Irradiation with UV light resulted in the formation of
surface-bound, reduced-nitrogen species. Furthermore, XPS analysis indicates that
reduced species are observed only with the presence of co-adsorbed water except at the
highest pressures of water vapor, and thus highest coverage, during the UV irradiation.
Thus, these data show a relative humidity dependent extent of reaction and the stability
of reduced surface species that form. Transmission FTIR studies confirm that irradiation
with the UV light resulted the reduction of the adsorbed nitrate to form gas-phase N0,
NO and NO; species. The distribution of surface-bound and gas-phase products depends
on the presence of water vapor. Additionally, HNO3 acid adsorption does not change the
dissolution and solution phase behavior of these a-Fe,O3 particles.

The data presented here support the role that iron-containing aerosol surfaces in
the atmosphere can facilitate the conversion of adsorbed nitrate to gas-phase NO,, NO
and N,O as well as adsorbed NO™ and N° during heterogeneous photochemistry. The

effect of relative humidity in the formation of highly reduced nitrogen species on iron
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oxides has not been shown previously and represents another role of adsorbed water in

the reaction chemistry of environmental interfaces.
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CHAPTER 7

CONCLUSIONS AND FUTURE DIRECTIONS

Oxide surfaces in the atmosphere as mineral dust particles and stationery surfaces
in contact with the atmosphere can alter the chemical balance of the atmosphere via
heterogeneous and photochemical processes. This dissertation research focuses on
studying the details of heterogeneous chemistry and photochemistry of atmospheric trace
gases on light absorbing components of mineral dust. Water vapor and molecular oxygen
present in the atmosphere can affect these reactions and can alter reaction mechanisms
and product formation. Thus, the role of adsorbed water as a function of relative humidity
on the stability and speciation of adsorbates resulted from atmospheric trace gas
adsorption is important to study in order to better understand the relative humidity
dependence of the stability and speciation.

In Chapter 2, the details of spectroscopic techniques used in investigating
heterogeneous chemistry and photochemistry, oxide sample characterization techniques,
and solution phase analytical techniques were outlined. The main spectroscopic
techniques are combined with reaction chambers designed to study adsorption and
photochemical reactions.

Sulfur dioxide adsorption and photooxidation on titanium dioxide nanoparticle
surfaces were discussed in Chapter 3. FTIR spectroscopy and isotope labelling
experiments were carried out in order to determine adsorption sites, surface speciation
and photooxidation chemistry. Sulfur dioxide reacts with either one surface O-H group to

yield adsorbed bisulfite or two surface O-H groups to yield adsorbed sulfite and water.
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Surface O-H groups were labelled in order to get additional insights into the adsorption
mechanism. Adsorbed sulfite/bisulfite conversion to adsorbed sulfate was observed upon
irradiation. The stability of adsorbed sulfite/bisulfite and sulfate was examined in the
presence of water vapor. Adsorbed water more easily displaces adsorbed sulfite/bisulfite
compared to sulfate by forming a sulfur dioxide water complex in the presence of
adsorbed water. Therefore, these differences in the stability of adsorbed species that form
as a result of surface heterogeneous reactions on oxide particles surfaces has important
implications in the heterogeneous chemistry of mineral dust aerosol in the atmosphere.

Chapter 4 contains a comparison of the reactivity of O-H groups on titanium
dioxide nanoparticle surfaces with gas-phase carbon dioxide, sulfur dioxide and nitrogen
dioxide. The surface reactivity of O-H groups with these three triatomic pollutant gases
differs considerably. We show there are considerably different reaction mechanisms for
adsorption and surface chemistry that occurs for these three gases. Role of adsorbed
water in the stability of surface species that form from adsorption of carbon dioxide,
nitrogen dioxide and sulfur dioxide on hydroxylated TiO, nanoparticles is probed as a
function of relative humidity and provides insights into the stability of adsorbed species
on oxide surfaces under atmospherically relevant conditions. Additionally, water uptake
on TiO, particles previously reacted with CO,, SO, and NO, was quantified using quartz
crystal microbalance.

In Chapter 5, heterogeneous reactions of HCOOH with nanomaterial TiO, and
photooxidation of adsorbed formate was investigated. HCOOH adsorbs dissociatively on
TiO, forming adsorbed formate mainly in bridged bidentate orientation. Adsorbed

formate exposed to water vapor changed the coordination from bridged bidentate to
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solvated formate. The solvated formate is assumed to be in the monodentate coordination.
Uptake coefficient for HCOOH reaction on TiO, surface agrees with the previously
reported values. Fomate photooxidation was studied in the presence of different
environmental conditions. Higher relative humidity conditions in the presence of
molecular oxygen showed enhanced formate photooxidation. These studies suggest
enhanced formate conversion under daytime tropospheric conditions. Solution phase
behavior of HCOOH reacted TiO, showed the smaller aggregate formation once these
particles are coated with formate.

HNO; adsorption on hematite surface under different environmental conditions of
relative humidity and molecular oxygen was explored using XPS in the presence and
absence of UV irradiation in chapter 6. HNOj3 adsorption resulted in adsorbed nitrate in
the absence of UV irradiation. Irradiation with UV light resulted in the formation of
surface-bound, reduced nitrogen species when the irradiation was carried out in the
presence of water vapor. These reduced species are not observed at the highest pressures
of water vapor, and thus highest coverage, during the UV irradiation. Thus, these data
clearly show a relative humidity dependent surface reduced nitrogen species formation.
FTIR results of adsorbed nitrate irradiation with the UV light showed adsorbed nitrate
renoxification to form gas-phase N,O, NO and NO; species. The distribution of surface-
bound and gas-phase products depends on relative humidity. Additionally, HNO3 acid
adsorption does not change the dissolution and solution phase behavior of these a-Fe;O3
particles. Effect of HNOj reaction on iron dissolution from nitrated hematite did not show

change in particle aggregation or enhance in Fe dissolution.
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The atmospheric abundance of TiO; has the potential to significantly increase due
to the expected increase in the loading of mineral dust aerosol in the atmosphere and the
expanding industrial production and applications of nanom TiO,. Additionally, given that
TiO, composite materials are being used as surface coatings for both indoor and outdoor
applications, there is the potential for heterogeneous reactions with atmospheric gases
that have the potential to impact indoor and outdoor air quality. Given that solar radiation
can provide sufficient energy to initiate photocatalysis on TiO, surfaces, heterogeneous
photochemistry of TiO; has the potential to become increasingly important in impacting
the chemical balance of the atmosphere. The abundance of airborne a-Fe;O3 also has the
potential to increase due to the increase in mineral dust loading increase results due to
desertification and improper agriculture practices. Atmospheric Fe-containing mineral
dust can also contain other forms of iron oxides and hydroxides. Therefore, further
research is needed in order to fully understand the different roles play by these different
iron-containing particles. Additionally, solution phase behavior of Fe-containing oxides
and hydroxide has received much attention recently and research related to that has been
increasing.

Although the dissertation research provides an important contribution for our
understanding, there remain questions as to the role of light absorbing oxide assisted
photochemical processes as they relate to atmospheric chemistry. These questions can be
answered through a combined effort of laboratory studies, field studies, and modeling
analysis. Some future directions include the following:

(1) Photocatalysis carried out under atmospherically relevant conditions of gas phase

concentrations, relative humidity, and solar flux.
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(2) Photocatalytic studies that probe both surface and gas phase species in situ under
relevant environmental conditions, as these are best suited for mechanistic studies of
these reactions.

(3) Further exploration of the effects of the physicochemical properties of TiO, and a-
Fe,O3; on heterogeneous photochemistry that include size, shape, coatings, and use as
composite materials.

(4) Experimental studies on solution phase photochemistry studies of oxide particles
reacted with atmospheric trace gases can be carried out in order to better understand the
photooxidation of atmospherically processed particles in hydrosphere.

(5) Combined use of model surrogate systems and authentic samples to best understand
mechanistic aspects and factors that are important as well as to validate that these occur
in multicomponent, complex mixtures.

(6) Development of instruments of particle characterization to provide information on the
size and phase of Ti-containing and Fe-containing particles in aerosols.

(7) Field measurements that validate the importance of these reactions in atmospheric
chemistry.

(8) Modeling analysis to obtain a better understanding of the relative impact of
semiconductor oxide photocatalysis compared to other heterogeneous reactions in

atmospheric chemistry.

With research in this area these questions and issues can be further resolved so our

understanding of the Earth’s atmosphere can be increased.
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