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Atmospheric aerosols significantly affect the chemical balance of the atmosphere,
the Earth’s climate, biogeochemical cycles and human health. Although these effects have
been extensively investigated in previous studies, there is still substantial uncertainty
associated with the heterogeneous chemical processes involved. In industrialized nations,

people spend most of their time indoors. Given the fact that there is a myriad of available
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indoor surfaces having large surface to volume ratios (S/V), investigation of the
heterogeneous reactions between gas and surfaces of indoor relevance is crucial. However,
the detailed chemistry of molecular processes involving indoor surfaces remain poorly
understood.

In this dissertation study, laboratory studies have been carried out using
transmission Fourier transform infrared spectroscopy (FTIR) to help better understand the
heterogeneous reactions between atmospheric acidic gases and mineral dust surfaces.
Adsorption and desorption processes of nitric acid, formic acid, acetic acid and pyruvic
acid, respectively, on silica (SiO2) were found to be reversible, physisorbed processes via
hydrogen bonding. However, adsorption of pyruvic acid on alumina (Al20O3) and titanium
dioxide (TiOy), respectively, formed adsorbed pyruvate, zymonic acid and other pyruvic
acid oligomers. Additionally, the role of adsorbed water was studied systematically. Water
can compete for surface adsorption sites as well as assist the dissociation of adsorbed strong
acid. Photochemical reactions of adsorbed aqueous- and gas-phase pyruvic acid,
respectively, on oxide surfaces formed different compounds, suggesting the complex
nature of surface-adsorbed systems needs to be addressed.

An additional focus of this dissertation was to investigate the indoor surface
chemistry between gases and model surfaces of indoor relevance. We developed a method
to study the adsorption/desorption kinetics of gases of indoor relevance on model surfaces
of indoor relevance by combining experimental measurements, kinetics modeling, as well
as molecular dynamic (MD) simulations. The detailed chemistry between limonene with

indoor model surfaces was studied. The interaction mode between a hydrophilic surface
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with hydrophobic compounds (i.e., limonene) was studied using a combination of
transmission FTIR spectroscopy and molecular dynamic simulations.
Overall, the research described in this dissertation study provides valuable insights

into heterogeneous reactions between atmospheric gases and mineral dust as well as indoor

surface chemistry.
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CHAPTER 1 INTRODUCTION

1.1  Atmospheric Aerosols

Atmospheric aerosol particles are solid or liquid particles suspended in the
atmosphere, with diameters between 10° and 10 m.12 They originate from a large variety
of natural and anthropogenic sources, including: combustion; biomass burning; fossil fuel
combustion; volcanic eruption; wave action to form sea spray; and soil blown to form
mineral dust.!® The particles directly emitted into the atmosphere are defined as primary
particles, while secondary particles are formed via gas-to-particle conversion.* Gas can
also be shifted to the particle phase by changing temperature, as well as during
heterogeneous uptake and multiphase processes.> The major processes contributing to
atmospheric aerosols are displayed in Figure 1.1.2

The average lifetime of atmospheric aerosol particles can vary from less than 1 day
to ~2 - 4 weeks depending on the particle size.> Therefore, aerosol particles can undergo
long range transportation during their lifetime in the atmosphere. Irradiation by sunlight,
chemical and photochemical reactions with reactive atmospheric trace gases, as well as
uptake of water in clouds (also during nucleation) can occur during the transport of aerosol
particles. Wet deposition associated with precipitation and dry deposition processes
including turbulent collisions and gravitational settling of aerosols are the two major
processes for the removal of atmospheric aerosols.®

Atmospheric aerosols can directly and indirectly effect the atmospheric radiative
balance and climate by three main processes: (1) scattering and adsorption by solar; (2)

scattering, adsorption and emission by thermal radiation; and (3) cloud condensation.>"®



The first two processes are direct climate effects, which are related to the physical and
chemical properties of aerosol particles such as size, shape and chemical nature.

Aerosols can also have effects on human health including: mortality,
cardiovascular, respiratory and allergic disease.»®° The toxicity of aerosols is determined
by particle size, morphology and reactions occurring on the surface.® In 1997, the U.S.
Environmental Protection Agency used the PM (particulate matter) 2.5 standard which
emphasizes the importance of aerosols having diameters < 2.5 pm in causing severe health

problems.®

Long-range transport, aerosol mixing, aging, chemistry

* Secondary
organic aerosols |

Soot and 1
carbonaceous
species OH + 031"' Nc)2 + Sc)2 + HOOH + HNOG + NHS'"
Biogenic and
organic volatile
species
M & E Lonl B
Pollution Fire Vegetation Sea salt Mineral dust

Figure 1.1. Schematic of the major processes contributing to atmospheric aerosols.
Examples of the natural and anthropogenic processes producing gas and particles in the
atmosphere are shown. Subsequent processes can transform and age these particles during
their transportation through the atmosphere. From: Prather et al. (2008).



1.2 Mineral Dust Aerosols

Mineral dust aerosol is the largest mass fraction of total aerosol emissions, with,
1000 ~ 3000 Tg/yr of mineral dust is emitted into the atmosphere.2 The major source of
mineral dust is wind-blown soil from arid and semiarid desert regions, which cover
approximately 36 % of the Earth’s continental surface.!® The so-called “dust belt” region
from North Africa, through Middle East and Central and South Asia to China'® contributes
to most of the global mineral dust emissions. Human activities such as surface land
modification also contribute up to ~ 30 to 50 % of the total atmospheric dust loading.*
The inappropriate land use driven by economic, social and political circumstances could
cause the expansion of arid and semiarid regions, continuously increasing the mineral dust
loading in the atmosphere.2 Mineral dust aerosol particles are similar in composition to
continental crustal rocks as they are wind-blown eroded soils. The major components of
mineral dust include: quartz, mica, oxides, carbonates and clay minerals®, with the exact
composition of mineral dust depending on the source region. Table 1.1 displays the typical
abundance of the major oxides found in global continental crust. Among the different
oxides, silica (SiO2, > 60%) and aluminium oxide (Al2O3, > 15%) are the two major
components of the oxide fraction. Silica is a neutral oxide with abundant surface hydroxyl
groups.'?*® Titanium dioxide (TiO2), a photoactive semiconductor oxide, also exists in

mineral dust.



Table 1.1. Abundance of Major Oxides found in the Continental Crust. From: Usher et
al. (2003).

Oxide Percentage (%)
Silica (SiO2) 61.5
Aluminium oxide (Al.Os) 15.1
Iron (111) oxide (Fe203) 6.28
Calcium oxide (CaO) 55
Sodium oxide (Na20) 3.2
Magnesium oxide (MgO) 3.7
Potassium oxide (K20) 2.4
Titanium dioxide (TiO>) 0.68

Barium oxide (BaO) 0.0584

Manganese (11) oxide (MnO) 0.1

In addition to the effect on climate, atmospheric aerosols can significantly alter the

biogeochemical cycles by varying the loss/gain of nutrients through the atmosphere.®

Approximately 300-500 Tg/yr of mineral dust is deposited into the oceans, with 50% of

the total deposition occurring in the north Atlantic Ocean.® Mineral dust can also affect

ocean phytoplankton by offering soluble iron as a micronutrient supply.®* Figure 1.2 gives

a summary of the different impacts of mineral dust on climate and ocean biogeochemical

cycles.®
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Figure 1.2. Mineral dust and its impact on local process including climate and ocean
biogeochemical cycles. Reprinted with permission from Usher et al. (2003). Copyright
(2003) American Chemical Society.

Heterogeneous and photochemical reactions occurring on aerosol particle surfaces
can change the properties of atmospheric particles, as well as gas-phase chemistry in the
atmosphere. Heterogeneous reactions on mineral dust surfaces can impart the concentration
of important trace gases and radicals*>, partially modifying the aerosol composition”8,
hence changing their ability to serve as cloud condensation nuclei (CCN)!*2 and ice
nuclei (IN)?3-26, This study focused on: (1) understanding the heterogeneous reactions
between mineral dust aerosols and atmospheric acidic gases; (2) the role that adsorbed

water plays in the heterogeneous reactions. These topics are discussed in detail below.

1.3 Gases in the Atmosphere
1.3.1 Trace Gases of Interest
The Earth’s atmosphere is composed of 78% nitrogen (N2) and 21 % oxygen (O2)

— water vapor (H20), argon (Ar) and other noble gases constitute the remaining
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components. The atmosphere also contains less than 1% trace gases.” Trace gases in the
atmosphere include: carbon dioxide (COz2), nitrogen oxides (NOy), nitric acid (HNO3),
sulfur dioxide (SO2), ozone (Ogz), hydrogen peroxide (H20.) and volatile organic
compounds (VOCs). As a result of the growth of both the world population and industrial
activities since the industrial revolution, the composition of trace gases is changing rapidly.

Gaseous nitric acid (HNO3), a stable product thought to be removed via wet or dry
deposition, can be formed by atmospheric oxidation of nitrogen oxides (NOx). Reactions
between HNOs and oxide surfaces result in adsorbed nitrate via different coordination
modes.'? However, recent studies of adsorbed nitrate photochemistry on Al2Os, TiO,, and
Fe>0O3 have shown the potential renoxification (leading to NOx formation) under different
environmental conditions.?’-?°

There are also numerous volatile organic compounds (VOCs) present in the
atmosphere.” Major sources of VOCs include natural biogenic processes and human
activities.” Biogenic processes (including the emissions from plants, wild animals, forest
burning, and anaerobic processes occurring in bogs and marshes) increase the ambient
levels of organic compounds substantially. Human activities (automobile emissions, lead
abrasion, wood smoke, gas combustion and petrol evaporation) increase VOCs levels by
directly releasing organic matter (OM) into the atmosphere.” VOCs affect the production
of tropospheric ozone and secondary organic aerosols, thus raising great environmental
concern. Once emitted into the atmosphere, VOCs undergo a variety of physical and
chemical processes leading to deposition or transformation.*° Following reactions of VOCs
on aerosol surfaces, a potential removal pathway is adsorption. Volatile organic acids

(VOAYS), including formic acid, acetic acid and pyruvic acid, are the most abundant species



among VOCs.” Precipitation chemistry studies have found that organic acids may account
for up to 64% of the total acidity in non-urban environments.3* Sources of atmospheric
organic acids include anthropogenic and biogenic emissions, as well as photochemical
oxidation of organic compounds in the atmosphere.” Sinks of atmospheric organic acids
mainly include wet/dry deposition, as well as reaction with OH radicals.

Formic acid (HCOOH) and acetic acid (CH3COOH), the two most abundant
organic acids in the atmosphere, have been found in concentration ranges from 0.1 ~ 40
ppbv and 0.5 ~ 16 ppbv, respectively.3? Formic and acetic acid can be found in all types of
precipitation including rain, cloud, fog, snow and ice water, contributing from ~16 up to
35% of the free acidity in U.S. precipitation.>? The major sources of carboxylic acids
include anthropogenic and biogenic processes, which involve direct emission from plastics
combustion, chemical plant emissions, biomass burning, as well as emissions from soil and
vegetation.®>*3 Motor exhaust, another important source of carboxylic acid, has an acetic
acid concentration approximately 17 times higher than found in air.3® Carboxylic acids
have also been found in aerosol particles and cloud droplets.3* The acidity of aerosol
particles and cloud droplets are also significantly affected by the partitioning of carboxylic
acids in the gas and condensed phases.®*

Pyruvic acid (CH3COCOOH) an important atmospheric a-keto acid, is mainly
formed from the particle-phase aqueous reaction between the hydroxyl radical (*OH) and
hydrated methylglyoxal (CH;:CCHO).® Pyruvic acid has been found in the gas phase (10
— 100 ppt), in aerosols (up to 140 ng m3), in snow and rainwater.>® The primary sink of
atmospheric pyruvic acid is through direct photolysis. Pyruvic acid can also be removed

via reaction with ‘OH and wet deposition.>”® Under most atmospheric conditions,



photolysis of pyruvic acid in the gas phase dominates over aqueous photolysis, with
products including CO, and acetaldehyde*“°, or acetic acid and CO.3*4! Photolysis of
pyruvic acid in the aqueous phase undergoes a completely different mechanism since 60%
of pyruvic acid hydrates to 2,2-dihydroxypropanoic acid (DHPA), the germinal-diol of
pyruvic acid, when dissolved in water.*? Acetic acid, CO2, dimethyl tartaric acid (DMHA)
and zymonic acid have been detected as major products when the multiphase
photochemistry of pyruvic acid was studied.®® Pyruvic acid photolysis products could
contribute to the secondary organic aerosol (SOA) loading into atmosphere. Understanding
SOA formation and aging is important to climate studies owing to the current lack of
knowledge concerning SOAs in global models®#, as well as, the importance of surface
composition and heterogenous reactions of SOA.*+*® Figure 1.3 displays the details of the
photolysis mechanism for aqueous pyruvic acid.®® The structure of pyruvic acid is also
interesting as it possesses several conformers due to the intramolecular rotation along the
C-C and C-O bonds.*® The lowest energy conformer is labelled as trans-cis (Tc) conformer
while the one 2.08 kcal mol™ higher in energy is the trans-trans (Tt) conformer. There is a
significant thermal population of both conformers at ambient temperatures as the energy
between the two conformers is sufficiently close.***" To date, there remains a lack of
knowledge concerning how adsorption on surfaces would impact the molecular

configurations of pyruvic acid.
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Figure 1.3. Details of the photolysis mechanism for aqueous pyruvic acid. From: Griffith
et al. (2013).

Trace atmospheric acidic gases, such as nitric acid, formic acid, acetic acid, and
pyruvic acid, can interact with mineral oxide surfaces in the atmosphere forming surface
adsorbed species, which may undergo photochemical reactions in the presence of
irradiation. Even though most aerosols originate from remote regions, they can be

transported and encounter atmospheric trace gases during their lifetime.

1.3.2 Water

Water vapor plays a critical role in the heterogeneous reaction chemistry of oxide

surfaces with atmospheric gases.*® Relative humidity (RH) is usually used to describe the



amount of water vapor in air, typically in percentage (%), as the ratio of its partial pressure

to saturated water vapor pressure at the same temperature (T),

P(water)
Ps(water)

RH =100 x (E1)

where: P(water) is the partial pressure of water vapor, and Ps(water) is the saturated vapor
pressure of water.”> Water vapor can partition into/onto mineral dust particles under
subsaturated conditions (RH < 100%), defined as water adsorption. Water also affects the
cloud condensation nucleation process of mineral dust aerosols being activated to cloud
droplets under supersaturated conditions (RH > 100%).

Heterogenous reactions between water and mineral dust aerosols can impact the
reactivity of mineral dust toward atmospheric trace gases.? In addition, change in the
composition and hygroscopicity of mineral dust aerosol may affect the refractive index*°,
optical diameters, and the probability of wet deposition®®!, thus impacting their
atmospheric lifetime.23°! Furthermore, heterogeneous chemistry also has an influence on
the solubility and/or bioavailability of elements within individual mineral dust particles.
Figure 1.4 shows a schematic of interactions of mineral dust particles with trace gases and
water, as well as their impacts on cloud formation.?®> However, there remains a lack of
knowledge concerning how adsorbed water will affect the heterogeneous reactions
between strong and weak atmospheric acidic gases and mineral dust aerosols, as well as
the role of water on the molecular configurations of adsorbed species. Therefore, studying
the role of water vapor on heterogeneous reactions between trace atmospheric gases on

mineral dust oxide surfaces is an important objective of this dissertation research.
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Figure 1.4. Schematic of complex interactions of mineral dust particles with atmospheric
trace gases and water, as well as impacts on cloud formation. Reactions involved are
defined as follows: Chemical aging of mineral dust aerosol particles due to reactions with
trace gases (R1); aged mineral dust aerosol particles increase hydroscopic growth (R2);
and activation of mineral dust particles to cloud droplets and ice particles (R3). Reprinted
with permission from Tang et al. (2016) Copyright (2016) American Chemical Society.
1.4 Surface Chemistry of Indoor Air

1.4.1 Indoor Air

People have focused on atmospheric heterogeneous reactions for decades.
However, over the course of a human’s entire life, most of the encountered air is “indoor
air”.52 In industrialized nations, people spend approximately 90% of their total time
indoors, especially in one’s own residence. Humans have a large direct contribution to
indoor air chemistry via body metabolism, skin, hair, clothing, and human activities such
as cooking and printing as well as use of personal care products.>® Local outdoor air

pollution can be introduced indoors as buildings are exchanging air with surroundings via

11



ventilation and leaking.>> In addition, indoor air contaminants are removed from
ventilation, a crucial removal process for pollutants emitted from indoor sources. The rate
of indoor reactions can be affected by the concentrations of the reactants, the nature of the
reactants, temperature and relative humidity. The relative humidity influences the gas-
phase concentration of water as well as the absence/presence/thickness of surface aqueous
films which affect the removal rate of hydrophilic gas-phase chemicals.>? Photolysis is
important outdoors and given the fact that buildings are equipped with windows, photolysis
is another indoor reaction pathway. In addition, indoor illumination (especially fluorescent
lights) could photolyze the nitrate radical (NOze, A < 580 nm) and nitrogen dioxide (NOz,
A < 398 nm).>® The major indoor reactants, products and reaction pathways are shown in

Figure 1.5.%
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Figure 1.5. Major reactants, products and reaction pathways of indoor chemistry. From:
Morrison et al. (2015).

1.4.2 Indoor Surface Chemistry

Indoor environments consist of a myriad of surfaces such as walls, windows and
floors, and have large surface-to-volume (S/V) ratios.>>> Singer et al.>® studied a sample
of ten residential rooms, observing nominal S/V values in the range of 2.9 — 4.6 m? per
mq. Surface reactions could serve as both indoor pollutants sinks and sources.>® Indoor
surfaces are also coated with adsorbed molecules such as high-molecular-weight organics,
salts, water and other contaminants.>*

Indoor pollutants in the form of particles can originate from indoor and outdoor

pollution sources. The composition and concentration of indoor particles varies with
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different pollution sources. For example, fine particles are released from cooking or
smoking, with coarse particles arising from sweeping and vacuuming.®’ Harmful gases and
liquids can also adsorb on these pollutant particles, affecting human health.5"*8 Pollutants
introduced from outdoor air and contaminants emitted from indoor environments constitute
the major indoor air impurities. Numerous factors affect indoor air quality including
temperature, relative humidity (RH), ventilation, air exchange rate, particles, biological
and gaseous pollutants.®” Indoor gaseous pollutants including: primary gaseous pollutants
such as CO, CO, SOz, NOx, O3 and VOCs; and secondary gaseous pollutants generated
from reactions between ozone and unsaturated hydrocarbons (free radicals, aldehydes,
ketones, alcohols, carboxylic acids and fine particulate matter).>”*® Indoor VOCs mainly
come from building and décor materials including carpet, boards, composite floor, cork,
paint and heat pipeline.>”®° Models have been developed to study the surface emission as
well as adsorption of VOCs from building and decor materials.®>62 However, the molecular
details of the chemical processes occurring indoors are still poorly understood.

Secondary indoor gaseous pollutants could be more irritating than the primary
reactants.®® Outdoor reactive chemistry is mostly driven by the hydroxyl radical, as well as
higher photochemistry levels during daytime. Photon flux densities indoors are much
smaller. Therefore, indoor reactive chemistry is possibly driven by ozone and nitrate
radicals.>> Ozone chemistry has been widely studied on indoor surfaces.>® Ozone uptakes
on surfaces as well as oxidized organic matter (OM) on surfaces®*, generating VOCs from

carpet, paint, ventilation duct material®®, and surfaces in a simulated aircraft cabin.566:67

Investigations carried out on ozone reacting with limonene (CioH16)%%, terpene’, a-

terpene’, VOCs’? and airborne particulate’, the major contributors to secondary indoor
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pollution, raises the significant research needed to improve our understanding of the

chemical reactions occurring on indoor surfaces (large S/V indoors).%’

1.4.3 Relevant Gas-Phase Molecules Present in Indoor Air

Terpenes, from vegetation and trees, are naturally occurring, unsaturated VOCs
widely found indoors, with the following sources: emission of wood products; solvents
(based on pine oil) usage; cleaning products; and air fresheners usage.®® Limonene, a
terpene with a citrus/lemon fragrance, is commonly found in the indoor environment, and
widely used in consumer products (such as detergents, soaps, perfumes and beverages as a
flavor and fragrance additive) and is also used in household cleaning products.®®’*" The
average reported indoor concentration of limonene is 5-15 ppb®’®, however, after product
use, the concentration can increase up to 175 ppb.®® Limonene, an unsaturated
hydrocarbon, has the potential to form secondary organic aerosols as well as hydrogen
peroxide (H20.) via reactions with oxidants such as ozone, producing both stable species
and free radicals including many aldehydes (saturated and unsaturated) and organic acids
with low odor thresholds.53%%778 Some of the products may be more irritating than their
precursors, with low vapor pressure products contributing to the growth of secondary
organic aerosols (SOA) indoors.%®

In addition, the toxicity of limonene has been investigated.” As one of the most
often used fragrant terpenes, limonene is known to be easily oxidized.” Several studies
have found that limonene and limonene oxidation products have allergenic and toxicity
properties on mammals.’4798° Therefore, oxidized limonene has been added to the test

series for potential fragrance allergy patients by the current European regulation on
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fragrances.” With a high vapor pressure, limonene can be readily adsorbed on indoor
surfaces and is directly applied to interior surfaces when used in consumer products.5!
Using a model framework developed to predict the mass formation of SOA from
ozone/adsorbed limonene surface reactions, it has been found that on nonreactive surfaces,
such as glass, sealed materials or smooth metals, adsorbed limonene and ozone can also
form SOA due to surface reactions.®! The molecular details for the interactions between
limonene and indoor surfaces remains poorly understood.

Carboxylic acids can be harmful to tissues and organs during occupational exposure
by irritating eyes, skin, and mucous membrane.®? In addition, carboxylic acids were found
to be responsible for the corrosion of some indoor facilities.® Lactic acid, a water-soluble
gas, is an o-hydroxy acid which consists of a carboxylic acid substituted with a hydroxyl
group on the adjacent carbon. Lactic acid is one of the major constituents of human
perspiration and is also found in various personal health products.®48 Most importantly, it
has been recently detected as one of the dominant gas-phase carboxylic acids in occupied
classrooms with a concentration of 4.7 ppm.® Indoor concentration of lactic acid was
reported to be 10 times as its outdoor concentrations on average, most likely because of
human perspiration.®?

Relative humidity is known to be the one factor that can alter indoor reaction
pathways by affecting the aqueous surface films and the surface removal ability of
hydrophilic gas phase species.>® It has been found that relative humidity can strongly
impact the perception of indoor air quality by decreasing the perceived air quality with
increasing humidity.®® However, there remains a large lack of knowledge concerning the

mechanisms of water vapor with indoor relevant gases on indoor surfaces.
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In this dissertation study, model surfaces were chosen to represent the chemistry
on: glass surfaces (SiO2); components of paint and self-cleaning wall surfaces (TiOz); and
components of drywall surfaces (CaSO4-2H.0). These model surfaces are in the form of
powders with high surface areas to obtain a better understanding of surface adsorption

mechanisms.

1.5 Thesis Objectives

The research presented herein focuses on understanding the heterogeneous
chemistry and photochemistry that occurs between the surface of mineral dust aerosols and
atmospheric trace gases, as well as between gases present in indoor environments with
relevant indoor surfaces. Furthermore, the role of adsorbed water is also investigated.
Several different types of interactions have been explored in the research, including:
heterogenous reactions of nitric acid and formic acid on silica surfaces; acetic acid dimer
formation on silica surfaces; pyruvic acid interaction with SiO2, Al.Oz and TiO- surfaces,
as well as photochemical surface reactions; limonene adsorption on different relevant
indoor surfaces; and the interaction of limonene with silica surfaces, incorporating a
limonene adsorption Kinetics study.

Multiple experimental methods were used in this study to investigate the
heterogeneous reactions between atmospheric and indoor gases with surfaces. These
experimental techniques include transmission Fourier transform infrared (FTIR)
spectroscopy and attenuated total reflectance (ATR) — FTIR spectroscopy to understand

gas phase and surface changes caused by heterogeneous interactions. Oxide samples were
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characterized by BET surface area measurements. In addition, analysis using Mass
Spectroscopy (MS) was applied to identify the reaction products for photochemical
reactions between gases and mineral dust surfaces. All the experimental methods used are
described in detail in Chapter 2.

In Chapter 3, the focus is to understand the role of adsorbed water between strong
and weak atmospheric acidic gases on the silica surface using FTIR spectroscopy. As will
be discussed, nitric acid, a strong acid, and formic acid, a weak acid, both molecularly and
reversibly adsorb on the silica surface by hydrogen bonding. Adsorbed water competes
with adsorbed acids for surface adsorption sites and can also assist their dissociation on the
surface. However, the extent of dissociation is significantly smaller for HCOOH than for
HNOs because of the much weaker acidity of HCOOH.

In Chapter 4, the heterogenous reactions between an organic atmospheric trace gas,
acetic acid (a carboxylic acid) with the silica surface is discussed. The formation of dimer
in both gas phase and surface phase is observed. The monomer is observed to be more
favorable in the gas phase (under low gas phase concentrations), while the dimer dominates
when adsorbed on surfaces. Adsorbed water is found to compete for surface adsorption
sites with adsorbed acetic acid.

In Chapter 5, heterogeneous interactions between gas phase pyruvic acid and
hydroxylated silica surfaces is discussed. Pyruvic acid adsorption on silica is a molecular,
reversible process. Configurations of adsorbed pyruvic acid have been well investigated
from both experimental and theoretical modeling perspectives. It is shown here that both
Tt and Tc conformers still exist on the surface after adsorption. As will be discussed, the

Tt and Tc conformers hydrogen bond with surface hydroxyl groups via different functional
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groups. In the presence of adsorbed water, both Tt and Tc conformer binds with silica
surface via a ‘water bridge’.

Heterogeneous reactions of pyruvic acid heterogenous reactions with Al.O3z and
TiO2, as well as photochemical reactions are discussed in Chapter 6. Pyruvic acid
irreversibly adsorbs on Al>Os and TiO> forming adsorbed pyruvate, zymonic acid and other
species. Upon irradiation, parapyruvic and zymonic acid, pyruvic acid dimers, as well as
trimers are observed using MS analysis. Observed differences in the photochemical
mechanisms of adsorbed pyruvic acid on surfaces for the gas phase in comparison to the
aqueous phase is discussed in detail in Chapter 6.

In Chapter 7, surface adsorption measurements obtained from vibrational
spectroscopy are integrated with Kkinetic modeling and theoretical calculations. The
interaction type and strength of limonene adsorption on SiO; is investigated, along with
the kinetics of the adsorption/desorption process. Limonene is found to reversibly adsorb
on silica via hydrogen bonding. A kinetics model is built for limonene
adsorption/desorption at different coverages and can be expanded to study other indoor
organic vapors and surfaces.

The driving force behind adsorption of hydrophobic molecules, such as limonene,
on hydrophilic surfaces (SiOy) is studied using a combination of vibrational spectroscopy
measurements and molecular dynamic (MD) simulation modeling in Chapter 8. As will be
discussed, limonene adsorbs on silica via one or two hydrogen bonds. Other cyclic
molecules such as cyclohexane, benzene and cyclohexene were studied to further
understand the interactions between hydrophobic molecules and hydrophilic surfaces.

Heterogeneous reactions between the adsorption of relevant indoor gases (limonene) on
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relevant indoor surfaces (SiO2, CaSO4°2H20 and TiO2 which are representative of glass,

gypsum, wall and paintings) are investigated using ATR-FTIR. The adsorption on TiOz is

observed to be mostly irreversible for both relevant indoor gases, while on SiO2 and

CaS04:2H>0 surfaces, the process is found to be reversible.
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CHAPTER 2 EXPERIMENTAL METHODS

The research presented in this dissertation used several different experimental
methods and techniques to investigate the heterogenous reactions between atmospheric
trace gases with mineral dust aerosol surfaces, and indoor gases with indoor surfaces. In
this chapter, multiple experimental methods are discussed in detail, including transmission
and attenuated total reflection (ATR) — Fourier Transform Infrared (FTIR) spectroscopy,

as well as Quartz Crystal Microbalance (QCM) measurements.

2.1  Methods for Infrared Studies

Infrared (IR) spectroscopy is useful for both gas phase and surface analysis. IR
spectroscopy provides invaluable information including: the structure of surface
compounds; the characteristic features such as chemical and physical properties of bonds
formed between the surface and adsorbed molecules; as well as the existence of gas phase
molecules and adsorbed species on the surface. Experiments involving the tested
atmospheric acidic gases, and limonene were conducted using a Teflon coated customized
infrared cell connected to a glass mixing chamber. Temperature-dependent experiments

were conducted using a stainless steel heated sample holder coupled to a heater.

2.1.1 Teflon Coated Fourier Transform Infrared (FTIR) Spectroscopy

Transmission FTIR spectroscopy was used in various experiments including
outdoor air with mineral dust surface studies, as well as indoor surface studies. Infrared

spectra were collected using a single beam FTIR spectrometer (Thermo Fisher, iS50),
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equipped with a liquid nitrogen-cooled narrowband mercury cadmium telluride (MCT)
detector having a spectral region from 800 to 4000 cm™. A commercially available purge
air generator (Nano Purification Solutions, CO2 Adsorption Dryer NDC-600) was used to
purge the spectrometer as well as the sample compartment to reduce the H.O and CO:
concentrations. The customized FTIR cell used in this setup is made from a Teflon coated
stainless steel cube (total inner volume of 177 + 2 mL) to avoid decomposition of corrosive
acidic gases on the walls. A schematic of the FTIR cell and sample holder is shown in
Figure 2.1(a). The Teflon coated stainless steel FTIR cell is equipped with two BaF>
windows (ISP Optics), which were sealed by two stainless steel holders with rubber O-
rings. The FTIR cell also consists a Teflon coated sample holder. The sample holder can
hold a tungsten grid (3 cm x 2 cm, 100 mesh/in., 0.002” wire dia., Alfa Aesar) via two
removable Teflon coated nickel jaws. In typical experiments, only one half of the tungsten
grid is coated with the solid sample of interest, with the other half left blank. Mounted on
a linear translator, the surface coated or blank half of the tungsten grid could be probed by
the infrared beam after moving the cell to the appropriate position through the IR beam
path. The FTIR cell is connected with a glass mixing chamber (volume of 1329 + 2 mL)
via Teflon tubing (75 cm long, 3.3 mm diameter). The mixing chamber contains valves and
gas supply bulbs, two absolute pressure transducers (MKS instruments) having ranges from
0.001 to 10.00 Torr and from 0.1 to 1000 Torr, as shown in the schematic in Figure 2.1(b).
The mixing chamber is also connected to a two-stage pumping system which consists of a
mechanical rough pump for use until 10 Torr (Alcatel), and a turbo molecular pump for

further pumping down to 10 Torr (Alcatel, 5150 CP). The vacuum system was used before
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experiments to clean the entire system and the surfaces by removing the weakly-bonded

species. The experimental apparatus has been described previously in detail. 2
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Figure 2.1. Schematic of the Teflon coated transmission FTIR experimental setup. (a)
Tungsten grid held by the Teflon coated sample holder with half of the grid covered by the
surface sample. (b) Transmission FTIR spectrometer with FTIR cell mounted inside, glass
mixing chamber and evacuation system.

For a typical FTIR experiment, about 5 mg of solid surface sample powder: mineral
dust samples (SiO2, Al.O3 and TiO2); and indoor modeling surfaces (SiO2, CaSO4 * 2H20,

TiO»), were pressed directly onto one half of a tungsten grid. The tungsten grid, held by
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the Teflon coated sample holder, is then placed in the FTIR cell. Usually 300 scans were
collected and averaged using OMNIC software using a resolution of 4 cm™. Absorbance
spectra for gas phase and surface species were acquired by reprocessing single beam
spectra of the blank half grid and the sample coated half grid after exposure of the reactant
gas to the single beam collected prior to gas introduction. To obtain the absorbance spectra
of adsorbed surface species after gas phase reactant adsorption, the gas was introduced into
the mixing chamber at desired pressures. Equilibrium between the gas phase and adsorbed
surface species was achieved when a constant pressure was reached. Spectra of adsorbed
surface species were obtained by subtracting gas phase spectra acquired under the same

conditions. All FTIR experiments were carried out at 296 K unless otherwise indicated.

2.1.2 Heated Infrared System

The basic design of the heated stainless steel FTIR setup is similar to the FTIR cell
with the glass mixing chamber system discussed previously in Section 2.1.1. As shown in
Figure 2.2, the heated infrared system has a different sample holder which is specifically
designed to carry out temperature dependence experiments. The sample holder can hold a
tungsten grid (3 cm x 2 cm, 100 mesh/in., 0.002” wire diameter, Alfa Aesar) by two
removable nickel jaws. The sample temperature is measured by thermocouple wires are
spot- welded to the tungsten grid and an external heater. The external heater (connected
with nickel jaws) can resistively heat the tungsten grid as well as the sample coated on the
grid. The total volume of the FTIR cell is 327 + 3 mL. The remainder of the FTIR cell
(Teflon coated cube), glass mixing chamber, as well as the vacuum system are identical to

those used in the reaction system described earlier (in Section 2.1.1).
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Figure 2.2. Schematic of the stainless-steel transmission FTIR heated sample holder
connected to the temperature controller and heater power supply.

2.1.3 Transmission FTIR Spectroscopy: Photochemical Studies

The transmission FTIR setup described in Section 2.1.1 was slightly modified to
perform photochemical experiments as shown in Figure 2.3. A 500-Watt mercury arc lamp
(Oriel, model no. 66033), containing ultra-violet, visible, and infrared light, was used as a
broadband light source. A water filter is applied to remove the unwanted infrared radiation
from the Hg arc lamp. The valve connecting the FTIR cell and the mixing chamber was
closed after sample preparation and introduction of the reactant gas. Samples were
irradiated with full broadband irradiation. During the irradiation, infrared spectra of both
surface and gas phase were collected using the same single - beam spectrometer as
mentioned in Section 2.1.1. The broadband light source was blocked using a plastic shutter

to record the FTIR spectra of surface and gas phase.
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Figure 2.3. Schematic of the optical light path from the Hg arc lamp to the FTIR cell
mounted inside the FTIR spectrometer. The sample was irradiated for the desired time,
followed by collection of surface and gas phase spectra.

2.1.4 Flowing Board and ATR-FTIR coupled System

Limonene adsorption and the role of adsorbed water were studied using a custom-
built flow system. The details of the flow system can be found elsewhere.> A commercial
attenuated total reflection (ATR) horizontal liquid cell apparatus (AMTIR, Pike
Technology) was placed in the internal compartment of the FTIR spectrometer. The optics
attachment and bottom portion of the liquid cell were used as received, while the top
portion of the liquid cell was customized by adding a Teflon cover which contains inlet
and outlet ports for gas introduction and a relative humidity sensor. As shown in Figure
2.4, the customized horizontal ATR cell was connected to a flow system. A commercial
purge air generator (Nano Purification Solutions, CO2 Adsorption Dryer NDC-600) was
used as the dry air source for the flow system. Dry air was initially passed through Hydro-

purge filters (Altech Associates, Inc) to remove any remaining moisture, oil and organics.
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The relative humidity (RH) was measured using a relative humidity sensor (EK-H4,
Sensirion) The flow system was continuously purged with dry air (RH < 3 %) for
heterogenous experiments performed under dry conditions. The reactant gas was generated
by flowing dry air through the reactant bubbler. For relative humidity experiments, wet air
was generated by water bubblers and mixed with dry air and equilibrated in a mixing
chamber. The flow rate was controlled and measured using mass flow controller/meter(s)
(MKS instruments). The desired relative humidity was achieved by reducing the amount
of dry air and increasing the amount of wet air flowing through the system. An RH sensor
was used to monitor the real time relative humidity inside the Teflon cover during the
experiments. Once the desired relative humidity was reached, it was allowed to stabilize

for at least 20 minutes.
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Figure 2.4. Schematic of the flow system which allows for measurements using the Quartz
Crystal Microbalance (QCM) and the ATR — FTIR spectrometer simultaneously. Note that
only the ATR — FTIR portion was used in the dissertation research. (Adapt from
Schuttlefield et al. (2007))

ATR-FTIR infrared spectra were collected using a single beam Thermo Nicolet
6700 FTIR Spectrometer, equipped with a liquid-nitrogen-cooled narrow-band mercury
cadmium telluride (MCT) detector. The purge air generator mentioned previously was used
to purge the FTIR spectrometer and the sample compartment. Typically, 300 scans were
acquired with a resolution of 4 cm* over the spectral region from 750 to 4000 cm* using
the AMTIR ATR crystal. A thin film (15 mg) of the sample (SiO2, TiO2 and CaSO4 - 2H>0)
was prepared by suspending the particles in ImL milli-Q water (Milli-Q Advantage A10
System, Millipore SAS, resistivity = 18.2 MQ.cm, 298 K). The suspension was sonicated
for at least 10 minutes and then applied to the horizontal cell. The water was allowed to

evaporate under dry air purge overnight in the sample compartment, allowing a uniform
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dispersion of particles on the cell. Spectra were referenced to the AMTIR ATR-FTIR

crystal without applying any sample under dry conditions (RH < 3%).

2.1.5 Gas Phase Diffusion Measurements and Correction

The integrated absorbance peak area from the adsorbed species only was acquired
via correction using spectral subtraction of the gas-phase spectra at adsorption equilibrium,
as expressed in (E2.1)

Aads,eq = Ac,eq — Ag, eq (E2.1),

where: Aads, eq represents the integrated peak area of surface adsorbate on the surface at
adsorption equilibrium; Ag eq represents the gaseous phase integrated peak area; and Ac, eq
is the integrated peak area collected with the infrared beam probing surface.

However, unlike equilibrium measurements, gas-phase spectra were not collected
during the Kinetics experiments. Therefore, real-time gas-phase contribution can only be
corrected by gas-phase diffusion measurements. Gas-phase diffusion studies were carried
out under the same conditions as the kinetics measurements which required correction via
spectral subtraction. The desired amount of limonene was introduced into the infrared cell
as described above for surface measurement, while infrared beam probes the gas phase
during the experiments.

The gas-phase spectra were collected using a Macro by averaging 10 scans. Ag, T
is obtained from averaged triplicate gas-phase diffusion measurements by integrating
absorbance peak areas of the same vibrational modes from the spectrum collected at time
T. The integrated peak area of the adsorbed species at time T (Aags, T) can then be corrected

using equation (E2.2):
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Aads, T=Ac, 71— Ag T (E2.2),
where: Aags, T represents the integrated peak area of the adsorbate on the surface at time T;
Ag, T is the integrated peak area of the gas-phase contribution at time T; and Ac, T denotes
the integrated peak area collected during the kinetics measurements at the same time.

In addition, temporal evolution of the gas-phase pressure inside the infrared cell
can also be obtained from gas-phase diffusion experiments. A conversion factor (Cs) can
be obtained by dividing the adsorption equilibrium pressure (Peq) (recorded from the

pressure gauge) by Ag, eq:

Cr=—2L (E2.3)

" Ageq
The gas-phase pressure at time T (Pr) can subsequently be calculated using (E2.4):

Pr=CixAgT (E2.4)

2.2  Complementary Physicochemical Characterization Methods
2.2.1 Mass Spectroscopy (MS)

Insight into the precise chemical composition of the oxidation products observed in
the study was obtained using direct-injection linear ion trap (ThermoFisher Orbitrap) mass
spectrometry (MS). Samples taken prior to and following absorption-desorption processes
for the selected solid nanoparticles were removed from the substrate using acetonitrile (LC-
MS Optima-grade) and methanol (Fisher Scientific). Sample vial, syringe, and all other
glassware used in the transfer process were cleaned prior to use with acetonitrile and Milli-
Q water [18.2 MQ.cm] and baked in an oven at 500 °C to further remove trace organics.

All samples were stored at -20 °C and analyzed within 24 hours of collection.
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Analysis in both positive and negative mode was used. Most detected ions were
observed in negative mode ([M-H]"). The heated electrospray ionization (HESI) source was
operated at 50°C. The ESI capillary was set to a voltage of 2.8 kV at 325°C. Internal
standards in negative mode included high-purity deuterated Hexanoic-di1 Acid and
Octanoic-dis Acid (CDN lIsotopes). Positive mode internal standards included Hexylamine
(99%) and Hexadecylamine (98%) (both purchased from Sigma-Aldrich). The HESI-
Orbitrap MS was calibrated prior to use. Spectra were acquired with a mass range of 80-
2000 Da. Peaks with a mass error > 2 ppm were rejected and were calculated for
composition with the following element ranges: 2C, 0-30; 'H, 0-50; %0, 0-10.

Contamination was minimized by employing method and instrumental blanks.

2.2.2 BET Surface Area Measurement

Surface areas of surface particle samples were measured using a BET surface area
analyzer (Quantachrome 4200e). In this study, N2 is introduced into a calibrated sample
cell (cooled by liquid nitrogen) that allows dedicated study of the adsorption of the No.
Relative pressures, (P/Po), of the N introduced and the adsorption of N2 (W) is measured.
Total surface areas were calculated using the cross-section of N2 molecules.

A surface area per unit mass is given by dividing the total surface area by the sample
mass. Seven-point No-BET adsorption isotherm measurements were used to determine the
specific surface area of particles using the following equation (E2.5) among the limited

linear range of the BET isotherm:

1 1, c-1,P
-1 Wine t e (p_o) (E2.5)

38



In (E2.5): Wh is the weight of adsorbate constituting one monolayer of coverage; and C is

a constant. Wm and C are determined by the slope and intercept obtained by plotting

1

T

P . . .
Versus —. Samples were degassed overnight prior to analysis.
0

2.3 Chemicals
2.3.1 Particle Samples

To study the heterogenous interactions between outdoor and indoor relevant gases
on surfaces, oxide particles were used as received. The surface oxide samples included:
SiO2 (Degussa, 0X50), y — Al,03 (Degussa, AlumOxid C), TiO2 (P25, Sigma Aldrich) and

CaSO0Og4 - 2H20 (MP Biomedicals).

2.3.2 Liquid and Gas Reagents

Milli-Q water was generated by Milli-Q Advantage A10 System (Millipore SAS).
Dry gaseous nitric acid vapor was produced from the vapor of a 1 : 3 ratio mixture of
concentrated nitric acid (HNOs, 70%, Sigma Aldrich) and sulfuric acid (H2SOa4, 95.9%
Mallinckrodt). Formic acid (HCOOH, 97%, Alfa Aesar), acetic acid (CHsCOOH, >99.7%
w/w, Fisher Scientific), pyruvic acid (CH3:COCOOH, 97%, Alfa Aesar), (+) — Limonene
(C10H16, > 99%, Fisher Scientific), cyclohexane (CsH12, 99.9%, Fisher Scientific), benzene
(CeHe, > 99.9, Sigma Aldrich) and cyclohexene (CsHio, 99%, Sigma Aldrich) were
degassed at least three times with consecutive freeze-pump-thaw cycles prior to use.

Varying concentrations of lactic acid (CH3C(OH).COOH, 85% w/w, Fisher

Chemical) (1, 5, 10, 25, 50 and 100 mM) were prepared via dissolution in Milli-Q water

prior to experiments.
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CHAPTER 3 COMPETITION BETWEEN SURFACE
DISPLACEMENT AND DISSOCIATIVE
ADSORPTION OF A STRONG ACID COMPARED
TO AWEAK ACID ON SILICA PARTICLE
SURFACES: THE ROLE OF ADSORBED WATER

3.1 Abstract

The adsorption of nitric (HNO3) and formic (HCOOH) acid on silica particle
surfaces and the effect of adsorbed water have been investigated at 296 K using
transmission FTIR spectroscopy. Under dry conditions, both nitric and formic acids adsorb
reversibly on silica. Additionally, the FTIR spectra show that both of these molecules
remain in the protonated form. At elevated relative humidities (RH), adsorbed water
competes both for surface adsorption sites with these acids as well as promotes their
dissociation to hydronium ions and corresponding anions. Compared to HNO3, the extent
of dissociation is much smaller for HCOOH, very likely due to its weaker acidity. This
study provides valuable insights into the interaction of HNOs and HCOOH with silica
surface on the molecular level, and further reveals the complex roles of surface-adsorbed
water in atmospheric heterogeneous chemistry of mineral dust particles — many of these

containing silica.
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3.2 Introduction

Mineral dust aerosol is ubiquitous in the atmosphere,* and reactions on the surface
of mineral dust particles play an important role in atmospheric chemistry.?3 Heterogeneous
reactions of mineral dust particles can impact the concentrations of important trace gases
and radicals (such as NOx, Os, and HOx)*® and modify aerosol particle composition,5’
which in turn leads to changes in the ability of dust particles to serve as cloud condensation
nuclei (CCN) 812 and ice nuclei (IN).*2® Nitric acid (HNOs) and formic acid (HCOOH)
are among the most abundant acidic gases in the troposphere,'®’ and their heterogeneous
reactions are of great interest. As such, a number of studies have investigated the
heterogeneous reactions of mineral dust particles with HNO3 822 and HCOOH.?4%°

Silica (SiOy) is a major component of mineral dust particles in the atmosphere. 2303
It is a neutral oxide with abundant surface hydroxyl groups'® and several studies have
investigated heterogeneous reaction of silica with acidic atmospheric gases. For example,
using a Knudsen cell reactor, the uptake coefficient of HNOs, y(HNO3z), was reported to be
(2.9+2)x107 for silica particles.?° Vlasenko et al.?® investigated the uptake of HNO3 onto
silica aerosol particles at room temperature using an aerosol flow tube, and y(HNOz) was
found to be smaller than 5x10* at 33% RH. Goodman et al.*® used transmission FTIR to
study the heterogeneous reaction of HNOs with silica, and found that HNOgz is molecularly
and reversibly adsorbed on silica surface although the effect of RH was not thoroughly
investigated. However, previous studies suggested that exposure to HNO3 could enhance
the water uptake by silica particles.3>%

The uptake of HCOOH by CaCOs,2* clay minerals,?>?® Ti02,% Al,03,2528 and

silica?® has been examined previously. Using diffuse reflectance infrared Fourier transform
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spectroscopy (DRIFTS), Tong et al.?® studied the uptake of HCOOH by a-Al,O3 at room
temperature, and found that the uptake coefficients increase with RH for RH below 20%,
and then decrease with RH. The effect of temperature on the uptake of HCOOH by a-Al203
was also explored.?” Attenuated Total Reflection-Fourier Transmission Infrared
Spectroscopy (ATR-FTIR) and Quartz Crystal Microbalance (QCM) were used to
investigate the heterogeneous uptake of HCOOH by silica and y-Al,03.28 It was found that
under dry conditions (RH <1%), HCOOH is reversibly and molecularly adsorbed on silica
surface. In contrast, the adsorption of HCOOH on y-Al>O3 is not entirely reversible under
dry conditions, and the irreversibly adsorbed HCOOH is dissociated, leading to the
formation of a thin layer of adsorbed formate.?® HCOOH was also found to be both
irreversibly and reversibly adsorbed on TiO2 surface under dry conditions, and increasing
RH could enhance the uptake of HCOOH.?®

Despite the fact that heterogeneous interactions of silica with HNOs and HCOOH
have been investigated in several previous studies, mechanisms for these reactions at the
molecular level are still not completely understood. Specifically, it is still largely unknown
how adsorbed water will affect their heterogeneous reactions with silica particle surfaces.
In this study, transmission FTIR spectroscopy has been used to study the adsorption of
HNOz and HCOOH at different RH. These two acids were chosen because HNOg is
considered as a strong acid with complete dissociation in bulk water while HCOOH is
considered a weaker acid with protonated and deprotonated forms existing in equilibrium
and the extent of deprotonation being pH dependent in bulk solution. This study of their
interactions with silica particle surfaces may shed light on mechanisms of interactions of

silica and other surfaces with acidic gases of varying strength of acidity.
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3.3 Experimental Section

Nitric acid (HNO3) and formic acid (HCOOH) adsorption on hydroxylated silica
surfaces at different relative humidity (RH) was studied using a modified Teflon coated
infrared cell coupled with transmission Fourier transform infrared (FTIR) spectroscopy, as
described in previous studies.!®3* All the experiments were carried out at 296+1 K. For
these experiments, around 10 mg silica (Degussa, with a BET surface area of 230 m? g%)
were pressed onto one half of a tungsten grid which was held by two Teflon-coated jaws
in the Teflon-coated reaction cell. The reaction cell was connected to a Pyrex glass mixing
chamber via two short Teflon tubes joint by a fluorinated ethylene propylene (FEP) valve.
The following steps were used to start and terminate the gas-particle interactions:

First, the reaction cell and the mixing chamber were evacuated for 6 hours using a
turbo-molecular pump to clean the cell and sample surface. Second, after evacuation, the
reaction cell and the mixing chamber were isolated by closing the FEP valve. HNO3z or
HCOOH vapor with a given pressure was introduced into the mixing chamber. For relative
humidity experiments, water vapor of a given pressure was subsequently introduced into
the mixing chamber. The pressure changes due to introduction of vapors into the mixing
chamber was monitored by two absolute pressure transducers. Third, the FEP valve was
opened in order to introduce the gas mixture into the reaction cell. This resulted in a small
pressure drop, which was taken into account when we reported initial pressures of HNO3,
HCOOH, and water vapor. Pressures of gaseous acids are reported as initial pressures, as
we did in our previous studies.'®282%34 Finally, after no significant changes were observed
for silica particles by FTIR (with a typical exposure time of 20 min), the reaction cell and

the mixing chamber were evacuated so that the heterogeneous interaction was terminated.
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The evacuation was carried out overnight using a turbo-molecular pump to remove the
weakly bonded surface species.

Three different types of experiments were conducted in our work: i) silica particles
were exposed to HNOs(g) or HCOOH(g) of different pressure under dry conditions; ii)
particles were exposed to HNOz(g) or HCOOH(Qg) of different pressures at a given elevated
RH; and iii) silica was exposed to HNOz(g) or HCOOH(g) of a given pressure at different
RH. It should be emphasized that using the experimental procedures described above, silica
particles were always simultaneously exposed to one of the gaseous acid and water vapor
when water vapor was used.

The single beam spectra of surface and gas phase (250 scans) were acquired at a
resolution of 4 cm™ at 298 K in the 800 to 4000 cm spectral range prior to and after the
exposure of acidic gases. Silica is opaque below ~1200 cm™ and therefore only spectra
above 1200 cm™* are shown. During the exposure, single beam spectra of surface (10 scans)
were acquired by using a Macro (FTIR software) with an interval of 10 seconds.
Absorbance spectra of HNOz or HCOOH on silica particles were reported as the difference
in spectra of silica before and after exposure to HNOs or HCOOH. Absorption bands due
to HNO3(g) or HCOOH(g), measured through the blank half of the tungsten grid, were
subtracted in order to get FTIR spectra of particles loaded on the tungsten grid.

Dry gaseous HNO3s, HCOOH, and water vapor were produced from the vapor of a
1:3 mixture of concentrated HNOs (70%, Sigma-Aldrich) and H2SOs (95.9%,
Mallinckrodt), HCOOH (97%, Alfa Aesar), and HPLC grade water (Fisher Chemicals),
respectively. Prior to use, all the liquid samples were degassed several times with

consecutive freeze-pump-thaw cycles.
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3.4 Results and Discussion

3.4.1 Adsorption of HNOs on silica
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Figure 3.1. (a) A typical FTIR spectrum (1200 to 4000 cm™) of silica particles after
exposure to 100 mTorr HNO3(g) under dry condition. (b) FTIR spectra (1200 to 1800 cm™)
of silica particles after exposure to 100 mTorr HNO3(g) at different RH.

Figure 3.1a shows a spectrum of silica particles after being exposed to HNO3(g) at
dry condition (RH <1%). The spectral features at 1680, 1395, and 1315 cm™ can be
assigned to va(NO2), 6(OH), and vs(NO2) of molecularly adsorbed HNOs on the
surface.'8353 The broad absorption band extending from 2600 to 3800 cm™, with peaks at
2740, 2988, 3128, and 3634 cm™, is attributed to the O-H vibration mode of HNOs(a) (i.e.
molecularly adsorbed nitric acid) and surface hydroxyl groups involved in hydrogen-
bonding interactions.'® As shown in Figure 3.1a, exposure of silica surface to HNOs(g)
under dry condition leads to a negative peak at 3742 cm™. This is due to isolated silanol
groups on the silica surface hydrogen bonding with HNO3(a) which causes a shift in the

vibrational frequency.?’
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All of these bands disappeared upon evacuation of the reaction chamber. In
particular, absorption peaks at 1680, 1395, and 1315 cm, due to HNO3(a), disappeared as
well as the bands at 2740, 2988 and 3128 cm™, while the 3742 cm™ peak due to isolated
O-H groups reappeared, suggesting that HNOs was reversibly adsorbed on silica surface.

These results are in agreement with the earlier work of Goodman et al.®

3.4.1.1 Effect of relative humidity

The adsorption of HNO3 on silica was then systematically studied at different RH
(<1%, 10%, 20%, 40%, 50%, and 75%) to investigate the effect of surface adsorbed water,
H20(a). In these experiments, the silica surface was exposed to 100 mTorr HNO3(g) and
RH was varied. The IR spectra of silica particles between 1200 and 1800 cm?, after
exposure to 100 mTorr HNOs(g) and different RH, are shown in Figure 3.1b. For
comparison, the spectrum of adsorbed nitric acid under dry condition is also included.

The amount of H»O(a) increases with RH, as suggested by the increase of
absorption band at 1627 cm™ in Figure 3.1b, which is attributed to the water bending
mode.3® In contrast, the intensities of peaks near 1680, 1395, and 1315 cm™ due to HNO3(a)
decrease with increasing RH. Above 40% RH these peaks disappear completely and cannot
be distinguished from the baseline. Furthermore, as shown in Figure 3.1b, the three IR
peaks for HNOs(a), were observed to shift from 1680, 1395, and 1315 cm™ under dry
condition to 1678, 1410, and 1310 cm™ at 10% RH, respectively. This suggests that nitric
acid molecules adsorbed on the silica surface are interacting with adsorbed water.

In this study, peaking fitting has been applied to peaks which have significant
overlaps (for example, the two peaks at 1627 and 1678 cm™ shown in Figure 3.1b), in order

to determine correct peak areas. Though the peak at 1627 cm™ is asymmetric, fitting it with
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a single Gaussian function generates fairly similar results for fitting it with two Gaussian
functions with a constant ratio. Thus, for simplicity, the results with the single Gaussian
function fitting are reported. Peak areas of the infrared bands for H.O(a) (1627 cm™) and
HNOgs(a) (1315 cm™), as a function of RH, are shown in Figure 3.2, suggesting that the
overall trend is that the amount of H.O(a) increases while the amount of HNOz(a) decreases
with increasing RH. Peak areas of H.O(a) on silica particles in the absence of HNO3(g) at
several different RH are also plotted in Figure 3.2. It is observed that at 10% and 20% RH,
the amounts of H.O(a) on silica particles in the presence of 100 mTorr HNO3(qg) are larger
than those in the absence of HNO3(g) at the same RH. As RH increases to 40%, the amounts

of H20(a) become equal within the experimental uncertainties.

H,0(a), 100 mTorr HNO,(g) -~

Peak area

(2)

)

;;-\ HNO,(a), 100 mTorr HNO
T T T i T ) ; ' ' :

20 30 40 50 60 70 80
RH (%)

Figure 3.2. Peak areas of infrared absorption bands for H.O(a) (1627 cm, open squares)
and HNOs(a) (1315 cm™ open circles) on silica as a function of RH, after exposure to 100
mTorr HNOz3(g). For comparison H20(a) (solid squares) in the absence of HNOz3(a) is
plotted as a function of RH.
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Peak fitting was applied to IR spectra in the ranges of 1280 to 1800 cm™ of silica
particles after exposure to HNO3(g) at 10% RH. In the region for H,0(a) (1550-1800 cm™),
three IR peaks can be identified, as shown in Figure 3.3a. In addition to the peak at 1627
cm for H,O(a) and 1678 cm™ for HNOs(a), a new peak at 1727 cm™ can be identified,
which is assigned to adsorbed hydronium ions, H3O*(a).3%*> The presence of this band
suggests that some of the HNOz3(a) are dissociated on the surface leading to the formation
of H30"(a) and NOs'(a), possibly as ion contact pairs on the surface. The dissociation of
HNOgs(a) to H3O*(a) and NOs(a) has been previously observed on y-Al,Os surface.®
Figure 3.3b reveals that the broad absorption band in the range of 1280-1550 cm™ can be
fitted with four IR peaks, among which the two at 1315 and 1405 cm™ are due to
vs(NO2) and 6(OH) of HNOs(a). The other two peaks at 1455 and 1355 cm™ can be
assigned to the splitting of the symmetric stretching mode of NOz(a), formed from the
solvation and dissociation of HNOs(a) by H20(a) on the surface,*® further suggesting that

some of HNOs(a) on silica surface are dissociated in the presence of H.0(a).*
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Figure 3.3. Peak fitting results of IR absorption in the range of (a) 1550 to 1800 cm™ and
(b) 1250 to 1550 cm* for silica particles after exposure to 100 mTorr HNO3(g) at 10% RH.
These bands correspond to multiple species present on the surface, including HNO3(a) at
1315, 1405 and 1678 cm™, H,O(a) at 1627 cm™, H30*(a) at 1727 cm™, and NOs (a) at
1355 and 1455 cm™,

3.4.1.2 Effect of HNO3 gas-phase concentration

To further understand the interaction of HNOgz(a) with the silica surface in the
presence of H>O(Q), a series of experiments were carried out by maintaining the RH at 10%
while varying the HNOs(g) pressure (50, 100, 200, 300, and 500 mTorr). A complete
monolayer of H,O(a) is formed on silica surface at around 20% RH,*® largely limiting the
amount of HNOz3(a) (and HCOOH(a) as well) formed on the surface; in order to increase
the signal of HNO3(a), 10% RH was used in our experiments under which only a sub-
monolayer of H.O(a) is formed on the surface. FTIR spectra between 1550 and 1750 cm
of silica particles exposed to HNOs(g) of different pressures at 10% RH are shown in
Figure 3.4. In addition to the peak at 1627 cm™ assigned to H.O(a) and that at 1678 cm™
assigned to HNOs(a), a third peak at 1727 cm™ which can be attributed to H3O*(a) becomes

evident. As discussed below, the H30"(a) peak intensity increases with HNOs(g) pressure.
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Figure 3.4. FTIR spectra (between 1550 and 1750 cm™) of silica particles after exposure
to HNO3(g) of different pressure at 10% RH.

As shown in Figure 3.4, peaks assigned to H30*(a) at 1727 cm®, HNO3(a) at 1678
cm, and H,O(a) at 1627 cm™* are significantly overlapped. Therefore, peak fitting has
been applied to IR spectra (of silica being exposure to HNO3(g) of different pressure at
10% RH) in the range of 1550 to 1800 cm™ to better determine peak areas, with a typical
peaking fitting shown in Figure 3.3a for 100 mTorr HNO3(Q).

These peak areas are plotted for H3O*(a) (1727 cm™, open circles), HNO3(a)
(1315 cm?, open triangles), and H.O(a) (1627 cm™, open squares) in Figure 3.5 as a
function of HNOz3(g) pressure. As HNO3(g) pressure increases, the amounts of HNOz(a)
and HzO"(a) on the silica surface both increase. Though the occurrence of the two peaks
attributed to NOs™(a) at 1455 and 1355 cm? is evident from Figure 3.3b, these two peaks

have large overlaps with two much more intensive peaks at 1315 and 1405 cm™ due to
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HNOs(a), precluding us from further quantitative analysis. In addition, peak areas of
HNOs(a) as a function of HNOs(g) pressure under dry conditions are also included in
Figure 3.5.

While all the experiments were all carried out at 10% RH, Figure 3.5 shows that
the amount of H>O(a) first decreases when HNOz3(g) pressure increases from 50 to 100
mTorr, potentially due to competition of sites. However, after that the amount of H.O(a)
increases with increasing HNOs(g) pressure, suggesting that partitioning of water to the
surface changes with nitric acid dissociation leading to more adsorbed water when ions are
present on the surface. This indicates that there is a minimum number of water molecules
needed for dissociation and solvation. Earlier studies 8343 suggest that ~20% RH
corresponds to one monolayer coverage of water on the surface of SiO2. However, the
question is how uniform this layer is. Molecular dynamic simulations “+*® have shown that
water layers in dynamic equilibrium with water vapor at room temperature can be quite
“patchy” with the co-existence between isolated water molecules, water clusters and even
bare sites on the surface — even at RH much greater than the expected fully covered,
complete monolayer of adsorbed water is not achieved. This is also supported by
experimental work in which sum frequency generation spectroscopy was used to study
water adsorption on Al,O3 * and SiO,,*" suggesting that the distribution of adsorbed water

is not uniform on mineral surfaces.
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Figure 3.5. Intensities (represented by peak area) of IR absorption peaks at 1627 cm™ for
H.0(a) (open squares), 1315 cm™ for HNOs(a) (open triangles), and 1727 cm for H;O*(a)
(open circles) as a function of HNOz(g) pressure at 10% RH. For comparison HNO3(a)
(solid triangles) at dry conditions is also plotted as a function of HNOz(g) pressure.

3.4.1.3 Mechanisms

It has been suggested 8 that HNOj3 can be irreversibly adsorbed on surfaces of metal
oxides (e.g., TiO2 and a-Al>03) and then dissociate to nitrate ions which can be solvated
by H>O(a) at elevated RH, as described by Reactions R1 and R2:

HNOs(g) + surface = HNOs(a) (R1)

HNOs(a) + H20(a) = NOs'(a) + H3O"(a) (R2)

Itis not clear yet if HNOs adsorbed on silica surface will be dissociated to NOs*(a) and then
be solvated by H,O(a). In a recent study, Tang et al.*® used single particle optical levitation-
Raman spectroscopy to explore the gas-particle partitioning of HNO3z which was formed

in the heterogeneous reaction of N2Os with silica particles, and reported that the amount of

53



nitrate associated with silica particles is not observed under dry condition and increases
largely at elevated RH. The enhancement of partitioning of HNOs onto silica particles
under humidified conditions is suggested to be due to dissociation of HNOz(a) to nitrate in
the presence of H,0(a),*®® as shown by Reactions R1 and R2. However in another study,
Du et al.*®° utilized Brewster angle cavity ring-down spectroscopy to investigate the co-
adsorption of HNOs; and H,O on silica surfaces at 294 K. They *° found that a
multicomponent Langmuir adsorption isotherm can be used to adequately describe the co-
adsorption of HNO3 and H20 on silica, suggesting that HNO3 and H2O are competing for
adsorption sites on silica surface. This competition mechanism can be described by
Reaction (R3):

HNO3(g) + H20(a) = HNOs(a) + H20(g) (R3)

In our current study, we found that HNOs(a) decreases while H.O(a) increases with
increasing RH after exposure of silica particles to 100 mTorr HNOz3(g), as revealed by
Figure 3.2. Similarly, Figure 3.5 suggests that for 50 and 100 mTorr HNOz3(g), the amounts
of HNOs(a) at dry conditions are also larger than those at 10%. These observations can be
explained by both mechanisms. The dissociation mechanism, assisted by H.O(a), suggests
that increase of RH leads to the increase of H.O(a), enhancing the dissociation of HNOz(a);
therefore, HNOs(a) may decrease with RH. The competition mechanism means that H.0O
and HNOs complete for surface adsorption sites; as a result, increase of RH will increase
H20(a) and subsequently decrease the amount of HNOz(a).

The dissociation mechanism is directly supported by our observation of H;O*(a) at
1727 cm™ and NOs(a) at 1455 and 1355 cm™, as evident from Figures 3.3 and 3.4. In

addition, Figure 3.2 shows that at 10% and 20% RH, the amounts of H>O(a) in the presence
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of 100 mTorr HNO3(g) are larger than those in the absence of HNO3(g) for the same RH.
The increase of H20(a) in the presence of HNO3(g) can be explained by the dissociation of
HNOs3(a) to NOs'(a), which will increase the surface hydrophility. This observation also
supports the occurrence of the dissociation mechanism. The effect of HNO3(g) exposure
may become much smaller at higher RH and thus the difference in H>O(a) is not significant
for conditions with and without the presence of 100 mTorr HNO3(g), as we notice in Figure
3.2.

Figure 3.5 shows that at 10% RH, the amounts of HNOgz(a), HsO"(a), and H20(a)
all increase with increasing HNO3z(g) pressure when HNO3(g) pressure is above 100 mTorr.
If in this region the competition mechanism dominated, the amount of H.O(a) would
decrease with increasing HNOz(g) pressure; therefore, at 10% RH, the dissociation
mechanism should play a major role for HNOgz pressure above 100 mTorr. Figure 3.5 also
suggests that at 10% RH, increase of HNO3(g) pressure from 50 mTorr to 100 mTorr leads
to a decrease of H>O(a), indicating that the competition mechanism may be more important
in this region. Therefore, for the first time, these experimental data confirm both the
dissociation mechanism 848 and competition mechanism *° proposed by previous studies
for the adsorption of HNOs and HO on silica surface, further revealing the complex roles

of RH and H20(a) in heterogeneous reactions of trace gases with mineral dust.*®>!

3.4.2 Adsorption of HCOOH on silica

A typical spectrum of silica particles after being exposed to HCOOH(g) at dry
condition (RH <1%) is displayed in Figure 3.6a. The IR peaks at 3066, 2933, 1724, and
1360 cm™ can be assigned to v(OH)(COH), v(CH), v(C=0), and 5(CH) of HCOOH(a) (i.e.

molecularly adsorbed HCOOH) on the surface.?82%5253 After exposure to HCOOH(g),
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isolated surface OH groups on silica surface are hydrogen bonded with HCOOH(a),
resulting in a negative peak at 3742 cm™ and the growth of a broad absorption band
extending approximately from 2700 to 3800 cm™. Similar phenomena were observed for
the adsorption of HCOOH on TiO; and Al,O3 in previous work 622 and for the
adsorption of HNOs on silica in our current work as discussed in Section 3.1. Upon

evacuation, the IR peak at 1724 cm™, due to HCOOH(a), decreases significantly.
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Figure 3.6. (a) FTIR spectrum of silica particles in the presence of 100 mTorr HCOOH(g)
under dry conditions. The spectral range between 1200 and 4000 cm™ is shown. (b) FTIR
spectra in the spectral range from 1500 to 1850 cm™ after exposure to 100 mTorr
HCOOH(g) at different RH. The peaks at 1724 and 1627 cm™ are assigned to v(C=0) of
HCOOH(a) and 6(H20) of H20(a) on the silica surface.

3.4.2.1 Effect of relative humidity

RH was varied in a series of experiments in which silica was exposed to 100 mTorr
HCOOH(g), and the spectra of silica (1500-1850 cm™) after exposure are shown in Figure
3.6b. The intensity of the IR peak at 1627 cm™, attributed to the OH bending mode of
H.0(a), increases with RH. In contrast, the intensity of the IR peak at 1724 cm™, due to

HCOOH(a), decreases rapidly with increasing RH and becomes undistinguishable from the
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baseline for RH above 40%. In addition, no HsO*(a) (at 1727 cm™)% or formate (at 1600

and 1378 cm™)242% jons were observed.
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Figure 3.7. IR peak intensities (represented as peak areas) for H.O(a) (1627 cm™, open
square) and HCOOH(a) (1724 cm?, open circle) on silica surface as a function of RH, after
exposure to 100 mTorr HCOOH(g). For comparison adsorbed water, H>O(a) (solid square),
in the absence of HCCOHY(Q) is also plotted as a function of RH.

Intensities of IR peaks for H,O(a) at 1627 cm™ and HCOOH(a) at 1724 cm™ are
plotted in Figure 3.7 as a function of RH, further suggesting that the amount of HCOOH(a)
decreases and H>O(a) increases when RH increases. The peak areas of H>O(a) in the
absence of HCOOHY(qg) are also displayed in Figure 3.7 as a function of RH, suggesting
that the amounts of H>O(a) in the absence of HCOOHY(g) are similar to (if not significantly

larger than) those in the presence of 100 mTorr HCOOHY(g) at the same RH.
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3.4.2.2 Effect of HCOOH(g) concentrations

Experiments were also performed in which RH was maintained at 10% while
HCOOH(g) pressure was varied. Figure 3.8a shows IR spectra (1500-1850 cm™) of silica
particles after exposure to HCOOH(g) of different pressure at 10% RH. Again, we did not
observe the formation of H3O"(a) or HCOO(a) ions. Intensities of IR peaks (represented
by peak area) for HCOOH(a) (1724 cm™) and H.O(a) (1627 cm™) are plotted as a function
of HCOOH(g) pressure in Figure 3.8b. As HCOOHY(g) pressure increases, the amounts of
both HCOOH(a) and H2O(a) increase. The peak area of HCOOH(a) under dry conditions
are also included in Figure 3.8b for different HCOOH(g) pressure. For 100 mTorr
HCOOH(g), the amount of HCOOHY(a) at dry conditions is significantly larger than that at
10% RH. The amounts of HCOOH(a) become very similar at dry conditions and 10% RH
for 500 mTorr HCOOHY(Qg), probably because at high HCOOH(g) pressures the effect of
H>0O(a) at 10% RH becomes relatively small. A close examination of Figure 3.8a suggests
that two carbonyl vibration modes (at 1710 and 1724 cm™) may exist at low HCOOH(g)
pressure. We also analyzed the peak areas at 1627, 1710 and 1724 cm™ using peak fitting,
and the results are not significantly different from those presented in Figure 3.8b. This is

because the peak intensity at 1710 cm™ is much smaller than that at 1724 cm™.

58



0.20

(a) 1724 —— 50 mTorr (b) N
1 | \ — 100 mTorr 7 4 _
] I' | ——200 mTorr —7
0.154 [/} ——300 mTorr 6 A
1 [ 500 mTorr ! -7
[ 54 e
8 N = | HCOOH(a), dry conditions
] 1 \ g o
£ 010+ | g 4 ey
=] 1 | \ =
b \ 5]
= | [3] A
< | \ A 3 s
I
™ - 0,
0.054 , ..-’f HCOOH(a), 10% RH
] - ’ )
/
14/ / H,0(a), 10% RH
| eI A 1 a
0.00 4 _ _ ,?4.
_ 0d4
R i B Bl R I R T T T T T T T T T T T
1850 1800 1750 1700 1650 1600 1550 1500 0 100 200 300 400 500

Wavenumber (cm™) HCOOH(g) (mTorr)

Figure 3.8. (a) FTIR spectra (1500-1850 cm™) of silica particles after exposure to
HCOOH(qg) of different pressure at 10% RH. (b) Intensities (represented by peak areas) of
IR absorption bands for H.O(a) (1627 cm™, open squares) and HCOOH(a) (1724 cm™,
open triangles) on silica particles at 10% RH, as a function of HCOOH(g) pressure. For
comparison HCOOH(a) at dry conditions (solid triangles) is also plotted as a function of
HCOOH(qg) pressure.

3.4.2.3 Mechanisms

For the most part, it is determined that HCOOH is reversibly adsorbed on silica
surface, as described by Reaction (R4). In the presence of water vapor in the gas phase
(and thus H20(a) on the surface), water could compete for surface adsorption sites with

HCOOH(a) (Reaction R5), or assist the dissociation of HCOOH(a) (Reaction R6).

HCOOH(qg) + surface = HCOOH(a) (R4)
HCOOH(a) + H20(g) = HCOOH(g) + H20(a) (R5)
HCOOH(a) + H20(a) = HCOO(a) + H30"(a) (R6)

As shown by Reactions R5 and R6, both mechanisms imply the decrease of HCOOH(a)
with increasing RH at a given HCOOH(g) pressure (100 mTorr in our study) as shown in

Figure 3.7. Within the noise level no H3O"(a) or HCOO"(a) were observed by FTIR in our
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study. This suggests that the dissociation mechanism (Reaction R6) does not play a
significant role while competition is the dominant mechanism for the interactions of
HCOOH and water vapor with silica surface.

If Reaction R6 did not occur at all, at a given RH the amount of H2O(a) should have
decreased with increasing HCOOH(g) pressure. Nevertheless, Figure 3.8b shows that at
10% RH, the amount of H>O(a) on silica surface slightly increases with HCOOH(g)
pressure. This observation indicates that H.O(a) assisted dissociation also occurs for
HCOOH(a) adsorbed on silica. Similar to HNO3(g), increasing HCOOH(g) pressure leads
to the increase of HCOOH(a) and thus HCOO(a) which is more hydrophilic and can adsorb
more water. Since no H3O"(a) or HCOO"(a) were observed, the extent of dissociation can

be much smaller for HCOOH(a), compared to that for HNOz(a).

3.4.3 Role of Adsorbed Water in Surface Displacement and Dissociation Reactions
of Acids on Silica Surfaces

Surface adsorbed water and thus RH play a myriad of roles in the kinetics and
mechanism of heterogeneous reactions of mineral dust particles with trace gases.*® We find
that H.O(a) can both displace acids (in this study, HNOs and HCOOH) molecularly
adsorbed on silica and assist their dissociation to H3O"(a) and corresponding anions. It is
also suggested that the extent of dissociation is much larger for HNO3(a) than HCOOH(a).
The observed difference in dissociation extents between HNOsz and HCOOH may be
mainly due to their different acidities in water. The pKa values are -1.3 for HNO3 ** and
3.75 for HCOOH,® respectively.

Though we have observed the dual roles H2O(a) plays in the adsorption of HNOs

and HCOOH by silica surface, the relative importance of these two pathways at various
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atmospherically relevant conditions is not clear. Previous studies 83843 suggest that one
monolayer of adsorbed water is formed on silica surface at ~20% RH. A close look at
Figures 3.2 and 3.7 reveals that HNOz(a) on silica shows a large decrease when RH
increases from 10% to 20% (Figure 3.2) when a monolayer of adsorbed water is formed,
while HCOOH(a) decreases significantly when RH is increased from 0% to 10% at which
a monolayer of adsorbed water is not formed yet. This suggests that at a given pressure
(100 mTorr in our study) of gaseous acids, a significant displacement of HNOz(a) by
H>0(a) occurs at higher RH compared to that for HCOOH(a), implying that compared to
HCOOH(a), HNOs(a) is more strongly bonded to the silica surface.

To gain further insights into these two reactions, it is highly desirable to quantify
the amounts of molecularly adsorbed acids (in our case, HNOs and HCOOH), H.0(a),
H3O", and corresponding anions (in our case, NOs and HCOO") as a function of RH.
However, experiments of this type are difficult yet these studies do however suggest there
is an optimal amount of water and nitric acid present on the surface simultaneously for
dissociation to occur in the case of HNOs this occurs at approximately 10% RH. Quartz
crystal microbalance (QCM) has been used in our laboratory previously to investigate the
change in water adsorption properties of several minerals (including y-Al.O3, a-FeOOH,
and kaolinite) after their irreversible interactions with HNOs(g) °® and HCOOH(g).?®
However, it is difficult to quantitatively determine amounts when the simultaneous
adsorption of two different gases is studied.

Theoretical simulation can provide insights into questions which are difficult to be
directly addressed by experimental work alone, and has proven to be a valuable tool in

investigating atmospheric heterogeneous and multiphase reactions.>”*® Previous
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theoretical studies have examined the interactions of HNO3*® and HCOOH?652%3 with
Al,O3 and of water with SiO°*® under environmental conditions. A recent study ©

simulated the heterogeneous reaction of HCI with hydroxylated (0001) a—quartz in the

presence of water. It is found that®! while no ionization of HCI occurs on the dry
hydroxylated silica surface, HCI ionizes rapidly on the surface covered by one monolayer
adsorbed water. Similar methodologies can be applied to study the adsorption of HNO3
and HCOOH on silica in the absence and presence of water, in order to further our
understanding in these two reactions (and in general, the interactions of acidic gases with

silica surface) on a more fundamental level.

3.5 Conclusion

Transmission FTIR spectroscopy was used in this study to investigate the
heterogeneous reactions of HNOs; and HCOOH with silica particles. To systematically
examine the roles of RH and thus adsorbed water in these two reactions, experiments were
carried out by varying RH at a given pressure of HNO3z (or HCOOH) and by changing the
pressure of HNO3z (or HCOOH) at a given RH. Under dry conditions, HNO3z and HCOOH
are physically adsorbed on silica surface. Adsorbed water is found to play dual roles in
these two reactions. It can compete with HNO3z and HCOOH for surface adsorption sites,
and can also assist their dissociation (to hydronium and corresponding anions) on the
surface. Due to its much weaker acidity, the extent of dissociation is significantly smaller
for HCOOH than that for HNOgz. Our study highlights the important and complex roles of
RH and surface adsorbed water play in atmospheric heterogeneous reactions of mineral

dust particles.
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CHAPTER 4 HETEROGENEOUS REACTIONS OF
ACETIC ACID WITH OXIDE SURFACES: EFFECTS
OF MINERALOGY AND RELATIVE HUMIDITY

4.1  Abstract

We have investigated the heterogeneous uptake of gaseous acetic acid on different
oxides including y-Al203, SiO2, and CaO under a range of relative humidity conditions.
Under dry conditions, the uptake of acetic acid leads to the formation of both acetate and
molecularly adsorbed acetic acid on y-Al.O3 and CaO, and only molecularly adsorbed
acetic acid on SiO.. More importantly, under the conditions of this study, dimers are the
major form for molecularly adsorbed acetic acid on all three particle surfaces investigated,
even at low acetic acid pressures under which monomers are the dominant species in the
gas phase. We have also determined saturation surface coverages for acetic acid adsorption
on these three oxides under dry conditions as well as Langmuir adsorption constants in
some cases. Kinetic analysis shows that the reaction rate of acetic acid increases by a factor
of 3 to 5 for y-Al203 when relative humidity increases from 0% to 15%, whereas for SiO:

particles, acetic acid and water are found to compete for surface adsorption sites.
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4.2  Introduction

Mineral dust aerosol, emitted from arid and semi-arid regions due to natural and
anthropogenic processes, is one of the major types of aerosol present in the troposphere 12
and plays an important role in atmospheric chemistry and climate. Dust aerosol particles
can scatter and absorb solar radiation,*® and also impact solar radiation by acting as cloud
condensation nuclei and ice nuclei.®® Deposition of dust particles is also a major input
pathway for several important nutrients in many remote regions.'%-1? After being entrained
into the troposphere, dust aerosol particles can be transported over thousands of kilometres
1314 and undergo heterogeneous reactions with reactive trace gases.'®>?° These reactions
can directly and indirectly change the abundance of trace gases in the troposphere,?:? as
well as alter the composition of dust particles,?*?® thereby impacting their cloud
condensation nucleation and ice nucleation activities.®29-33

Acetic acid is a major monocarboxylic acid in the troposphere, found to be present
in the gas phase as well as within aerosol particles and cloud droplets.* Acetic acid can be
produced in the troposphere by photooxidation of volatile organic compounds, and directly
emitted by motor vehicles, biomass burning, vegetation and soil.>* Gaseous acetic acid
levels show large spatial and temporal variations in the troposphere, ranging from <0.1
ppbv in remote marine regions to >10 ppbv in urban areas.®* The partitioning of acetic acid
in the gas and condensed phases significantly affects the acidity of aerosol particles, cloud
droplets, and precipitation.®* Therefore, one may expect that heterogeneous uptake of
acetic acid by mineral dust particles may play a role in the levels of gaseous acetic acid and

the compositions of mineral dust aerosol.
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A few previous studies have investigated the heterogeneous reaction of
CH3COOH(g) with mineral dust particles, as summarized by Shen at al.*® Carlos-Cuellar
et al.®® used a Knudsen cell reactor to study the uptake of CHsCOOH(g) by mineral dust,
and under dry conditions the initial uptake coefficients were reported to be (1.9+0.3)x10
for o-Fe20s, (2+1)x102 for a-Al,Os, and (2.4+0.4)x102 for SiOy, respectively. After
exposure of CaCOs aerosol particles to CHsCOOH(g), Prince et al.>” found that calcium
acetate and CO> were formed on the particles and in the gas phase, respectively. The uptake
of CH3COOH(g) onto Na-montmorillonite particles was studied at 212 K,*® and the uptake
coefficients were found to increase from 1.3x10° at 0% relative humidity (RH) to 6.0x10°
® at 45% RH. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was
used to investigate the heterogeneous interaction of CH3COOH(g) with a-Al.Os particles,
and the uptake coefficient was reported to be (6.0+0.8)x10” at 0% RH. Another DRIFTS
study suggested that the heterogeneous reaction of CH3COOH(g) with MgO, a-Al203, and
CaCOs particles leads to the production of acetate, the formation of which is enhanced at
higher RH for all the three different types of particles.*® The effect of temperature on the
uptake of CHsCOOH(g) by a-Al,O3 has also been examined.** Additionally, very recent
study also shows that pretreatment of y-Al>Os particles with CH3COOH(g) could affect
subsequent heterogeneous interactions with NO,.%?

In addition to the removal of acetic acid from the gas phase and modification of the
particle surface composition and reactivity, previous studies suggested that heterogeneous
reaction with acetic acid could also lead to changes in hygroscopicity and cloud
condensation nucleation (CCN) activity. For example, Ma et al.*® found that the water

adsorption abilities of MgO, a-Al203, and CaCOs particles were significantly increased

71



after reaction with CH3COOH(g). The single hygroscopicity parameter (x), used to
represent the CCN activity of aerosol particles, is reported to be ~0.50 for calcium acetate,*?
similar to that for (NH4)2SOs, compared to 0.001-0.003 for CaCQOzs. Processing with acetic
acid can also alter the optical properties of CaCOg3 particles ** and enhance the solubility
of Fe contained by dust through a ligand-assisted process.*

Despite these previous studies, mechanisms for the heterogeneous reactions of
CH3COOH(g) with mineral dust particles are still not well understood at the molecular
level, and the roles of dust mineralogy and relative humidity (and thus surface-adsorbed
water) require further elucidation. In this work, transmission FTIR spectroscopy was used
to investigate the heterogeneous reaction of CH;COOH(g) with y-Al>O3z, SiO, and CaO
particles over a wide range of pressures. We have examined the effects of particle
mineralogy and RH, and also provided insightful discussion on reaction mechanisms by
interpretation of IR spectra of particle surfaces after exposure to CH3COOH(g) under

different conditions.

4.3  Experimental section

Experimental details can be found elsewhere,*®4’ and only a brief description is
provided here. All the experiments were carried out at 296+1 K. Three types of particles
were investigated in this study, including y-Al20s (Degussa Chemical), SiO2 (Degussa
Chemical), and CaO (Alfa Aesar). The BET surface areas are 101, 230, and 4 m? g for y-
Al;Os, SiO,, and CaO, as previously reported.*®*® For infrared studies, a Teflon-coated
stainless steel reaction cell coupled to a FTIR spectrometer (Mattson GL-0621) with a

mercury-cadmium-telluride (MCT) detector was used to investigate the heterogeneous
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reaction of CH3COOH(g) with mineral dust particles. Samples were prepared by pressing
mineral particles (~10 mg) onto one half of a tungsten grid which was held by two Teflon-
coated jaws in the reaction cell. Prior to each experiment, the reaction cell was evacuated
for 6 hours to clean the mineral sample and the reaction cell. After that, CH:COOH(g) and
then water vapor (if used) with given pressures (measured by two absolute pressure
transducers) were introduced into an evacuated glass mixing chamber, and subsequently
the gas mixture was then introduced into the reaction cell to initiate its interaction with dust
particles. In our experiments particles were exposed to i) CH3COOH(g) alone or ii)
CH3COOH(g) and water vapor simultaneously.

CH3COOH(g) was taken from vapor in the overhead space of a long-neck glass
bulb containing several mL acetic acid (Fisher Scientific, with a purity of >99.7% w/w)
which was purified by several freeze-pump-thaw cycles. The reaction was stopped after no
significant changes were observed for the particle surface (typically with an exposure time
of 20 min) by evacuating the reaction cell. This evacuation was carried out overnight in
attempt to remove weakly adsorbed surface species.

The reaction cell was mounted on a linear translator inside the FTIR spectrometer,
allowing both halves of the tungsten grid (the blank half for gas phase measurements and
the particle-loaded half for surface measurements) to be probed by the IR beam. Single
beam FTIR spectra of the gas and surface were collected with a resolution of 4 cm™ in the
spectral range of 800-4000 cm™ at 296+1 K before and after exposure of mineral dust
samples to gaseous acetic acid. 250 scans were averaged to get a single spectrum. FTIR
spectra of gas and surface species were obtained by referencing single-beam spectra to

these collected before introducing gaseous acetic acid into the reaction cell. IR absorption
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due to gaseous species, measured through the blank half of the tungsten grid, were

subtracted in order to get the spectra of the particle surfaces.

4.4  Results and Discussion

FTIR spectra of CH3COOH(g) were collected in this study, and its vibrational
modes are well understood,**! with the following absorptions observed at 3580 cm™
assigned to o(OH), 3078 and 2955 cm™ assigned to »(CH), 1426 cm™ assigned to 6(CHs),
1295 cm! assigned to 6(OH), and 1176 cm™ assigned to o(C-O). Acetic acid undergoes
dimerization in the gas phase. The occurrence of monomers and dimers can be identified
by the vibrational frequency of v(C=0), at 1733 cm™* for the dimer and 1790 cm™ for the
monomer,%*-%4 as shown in Figure 4.1. The equilibrium between acetic acid monomers and

dimers in the gas phase can be described by:®

Keq = % — 10(~3347/T+10.931) (E4.1)

where Keq is the equilibrium constant (in Torr) at the temperature of T (in K), and Pm and
Pp are the pressure (in Torr) of monomers and dimers in the gas phase. Keq is equal to 0.42
Torr at 293 K, suggesting that the ratio of monomers to dimers is 0.9 for a total pressure of
1000 mTorr, 5.0 for a total pressure of 100 mTorr, and 43 for a total pressure of 10 mTorr.
As a result, in our experiments dimers also exist in the gas phase, though monomers are
typically the dominant form. In this paper the acetic acid pressure if all the dimers
decompose to monomers is always reported, given by

P=P,+2xP, (E4.2)
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Figure 4.1. FTIR spectra (shown above from 1600 to 1900 cm™) of CHsCOOH(g) as a
function of pressure (5, 55, and 117 mTorr) at 296 K.

4.4.1 Heterogeneous reaction with y-Al203

The infrared spectra for y-Al.O3 particles after exposure to CH;COOH(g) under
dry conditions as a function of pressures are displayed in Figure 4.2a from the 900 to 1900
cm™ region. Additional spectra in the full range, from 800 to 4000 cm™, are provided in
supporting information. The peak assignments for the vibrational modes of adsorbed acetic
acid are given in Table 4.1. Infrared absorbances are observed at 1017 and 1051 cm™ and
attributed to pop(CHs) and pip(CHs), at 1273 cm™ attributed to §(OH) or v(C-OH), at 1329,
1366 and 1424 cm™ attributed to 6(CHs), at 1479 and 1586 cm™ attributed to vs(COO) and
vas(COO0), and at 1716 and 1758 cm™ attributed to v(C=0)dgimer and v(C=0)monomer,
respectively. Further discussions on these IR peaks formed on the y-Al>Os3 surface due to

adsorption of acetic acid are provided below.
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Figure 4.2. FTIR spectra (900-1900 cm™) of y-Al.Oj3 after reaction with CH3COOH(g)

under dry conditions. (a) Spectra of y-Al.Os after reaction with 27, 79, 293, and 1190

mTorr CH:COOHY(g). (b) A typical spectrum of reacted y-Al>Oz after evacuation of the
reaction cell.

Tong et al.*® investigated the heterogeneous reaction of a-Al,03 with CH;COOH(g)
and did not observe any IR peaks between 1690 and 1790 cm™ for products formed on the
surface, suggesting that physisorption of acetic acid on a-Al20z is not significant. In
contrast, in our study two IR peaks at 1758 and 1716 cm™, characteristic of molecularly
adsorbed acetic acid, were observed. Upon evacuation, some IR peaks, at 1758, 1716 and
1273 cm* for example, disappeared, as shown in Figure 4.2b. This clearly confirms that
some acetic acid is physisorbed on y-Al,O3 surfaces and thus reversibly adsorbed at 295
K. Previous studies also found that acetic acid showed some amount of molecular and

reversibly adsorption on TiO % and y- and 3-Al,03.5!
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Table 4.1. Vibrational mode assignments for species formed on the surfaces of y-Al203,
Si0O., and CaO after heterogeneous interactions with CH3COOH(g).

surface species  mode assignment  y-Al,O;  SiO, CaO literature
weakly bound vs(OH) 3502 3331 3422 3465%
acetic acid Vasis(CHa) 2942 2936 2924 2935,% 29374
V(C=0)monomer 1758 1758 1756%, 1746
V(C=0)dimer 1716 1716 1711 1714%, 1701
0(CHs) 1366, 1385, 1420 and 1331-1327,>
1424 1410 1343 and 1424,%
1350 and 1424
hydroxyl v(OH) 37422, 3744,%
groups and 3255
acetate groups  §(OH) or v(C-OH) 1273 1249, 1279 and 1302,
1295 1265, 1255
strongly bound Vasis(CH3) 2942 2935,% 29374
acetate species vas(COO) 1586 1613 1590,*! 1583,%® 1608,*
1578%
vs(COO0) 1479 1470%, 1456%, 14683
0(CHs) 1329, 1335 1420 and 1331-1327,%
1424 1343 and 1424,*
1350 and 1424
Pop(CH3) 1051 1051 1051,% 1049, 1053
Pip(CHs) 1017 1023  1027,°° 1026°, 1025%

2 negative peaks due to hydrogen bonding interactions with isolated Si-OH groups.

Figure 4.1 reveals that monomers are the major form when CH3COOHY(g) is less
than 100 mTorr, as also confirmed by our calculations using the previously reported
equilibrium constants.®® However, Figure 4.2a shows that under the same conditions,
dimers are dominant for acetic acid molecularly adsorbed on y-Al,O3 surfaces. This
suggests that physisorption of acetic acid on y-Al,O3 surfaces favours the adsorption of
dimers. Hasan et al.®* also observed the occurrence of two IR peaks at 1756 and 1714 cm™

on the y- and 3-Al203 surfaces after exposure to gaseous acetic acid, but these two peaks
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were not unambiguously attributed. A close examination of the IR spectra presented by
Hasan et al.>! suggested that dimers are the dominant form for molecularly adsorbed acetic
acid; however, the usage of 3 Torr gaseous acetic acid in their experiments also favors the
formation of acetic acid dimers in the gas phase.®® In addition, the occurrence of a relatively
small peak at 1641 cm™, as shown in Figure 4.2a, indicates that some molecularly adsorbed
acetic acid may be present in the chain form on y-Al,Oj3 surface.>®

Adsorbed acetate can be coordinated to the surface in different modes:3*53%" 1) in
a monodentate mode, only one carboxylate O atom is coordinated to a surface Al atom, 2)
in a bridged bidentate mode, two carboxylate O atoms are coordinated to two different
surface Al atoms, and 3) in a chelating bidentate mode, two carboxylate O atoms are
coordinated to the same surface Al atom. The coordination modes can be differentiated by
the difference in wavenumbers between vs(COO) and vas(CO0),1%457 j.e. A(COO). In our
study, A(COO) is determined to be 107 cm™ for acetate adsorbed on y-Al,Os, significantly
smaller than that for sodium acetate (156 or 143 cm™).%85° This suggests that adsorbed
acetate is bound to the y-Al>Os surface via the chelating bidentate mode. Previous studies
found that A(COO) is equal to 81 cm™ for acetate adsorbed on TiO2 ** and 120 cm™ for y-
and 5-Al,03,%! thereby concluding that acetate is adsorbed on both TiO, and y- and §-Al,03
via the chelating bidentate configuration. In another study, Tong et al.*® calculated
wavenumbers of vs(COO), vas(COO) and 6(CH) for acetate adsorbed on a-Al20O3 via three
different configuration modes using density functional theory, and compared calculated
wavenumbers with their measured values. The bridged bidentate mode, which gives the
best agreement between measurement and calculation for all the three vibration modes, is

suggested to be the mode via which adsorbed acetate is coordinated to a-Al203.*°
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Nevertheless, A(COO), calculated from the wavenumbers measured by Tong et al.,*® is
equal to 110 cm* for acetate adsorbed on a-Al>Os; in this aspect it can be interpreted that
adsorbed acetate is coordinated to the a-Al2Os surface via the chelating bidentate mode.
Further theoretical work can help resolve this controversy and better understand the surface
coordination modes of adsorbed acetate on different oxides. Please note that in their

original paper, Tong et al.* used a different terminology for configuration modes.

4.4.1.1 Uptake kinetics and surface coverage

The IR absorbance of surface species, if calibrated, can be used to quantify the
amount of surface species and thus to calculate surface coverages and uptake kinetics. The
calibration procedure has been detailed in previous studies.®®>” Briefly, under dry
conditions the amount of CH3COOH(g) uptaken by the particles is determined by the
pressure difference of CHsCOOH(g) with and without loading particles with a given mass
on the tungsten grid. This pressure change is then converted to number of acetic acid
molecules uptaken by per cm? particle surface, which can be used to calibrate the IR
absorbance. In order to minimize the effects of dimers in the gas phase, these calibrations
were carried out with CH3COOH(g) pressures lower than 20 mTorr when the presence of
dimers in the gas phase is negligible.

The rate of a heterogeneous reaction is usually described by the uptake coefficient,
y, defined as the ratio of the number of gas molecules uptaken by the surface to the total
number of gas-surface collisions.®>#¢% We have determined the uptake coefficients of
CH3COOH(g), y(CH3COOH), onto y-Al>03 particles at a few different RH (0-15%) and at
three different CHsCOOH(g) pressures (79, 183, and 398 mTorr), and the results are

summarized in Table 4.2. No significant difference in the measured y(CH3COOH) was
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found at different CH3COOH(g) pressures for the same RH. The effect of RH is quite
substantial, with y(CH3COOH) increased by a factor of about 3-5 when RH is increased
from 0% to 15%. y(CH3sCOOH) for y-Al2Os particles measured by our work are similar to
those determined for o-Al,O3 particles by Tong et al.,*® who reported that y(CHsCOOH)
for a-Al,Os particles is (6.04+0.8)x10" at 0% RH and increases with RH for RH below
20%. Under dry conditions, the saturation coverage of acetic acid is determined to be
(4.840.1)x10* molecules cm™ for y-Al,Os. Experiments at higher RH will further help
elucidate the mechanism and kinetics of the heterogeneous reaction of CH;COOH(g) with

v-Al203 and the effects of surface adsorbed water.
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Table 4.2. Uptake coefficients of CH3COOH(g) on y-Al>O3 particles at different acetic
acid pressure and RH.

Pressure (mTorr)  RH (%) v (x107)
79 0 3.0+0.4
0 0.5+0.1

5 7.0+£1.0

7 10.0+4.0

10 10.0+4.0

10 9.0+2.0

15 10.0+4.0

15 8.0+3.0

183 0 2.0+0.4
0 3.0+0.5

5 10.0+4.0

5 8.0+2.0

10 7.0+3.0

11 9.0+4.0

15 10.0£6.0

15 8.0+3.0

398 0 2.0+2.0
0 3.0+1.0

5 10.0+£3.0

5 4.0£3.0

10 10.0+7.0

10 6.0+5.0

15 10.0+5.0

15 7.0+4.0

4.4.2 Heterogeneous reaction with CaO

Figure 4.3a shows the spectra (900-1900 cm™) of CaO particles after reaction with
25, 82, 298, and 1175 mTorr CH3COOH(g) under dry conditions, and full-range spectra
are provided as supporting information. Important IR absorptions at 1023 and 1051 cm™*
are assigned to pop(CH3) and pip(CHs), at 1249 and 1295 cm? assigned to §(OH) or v(C-
OH), at 1335 cm™ attributed to §(CHs), at 1613 cm™ assigned to vas(COOQ), and at 1711

cm* assigned to v(C=0)dimer. A complete peak assignment is given in Table 1, and here we
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only discuss important IR peaks. In addition, the absorbance feature between 1429 and
1492 cm™ is due to the asymmetric stretch of surface carbonates,*® formed by the reaction

of CaO with atmospheric CO> during sample storage and preparation.
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Figure 4.3. FTIR spectra (900-1900 cm™) of CaO after reaction with CH3COOH(g) under
dry conditions. (a) Spectra of CaO after reaction with 25, 82, 298, and 1175 mTorr
CH3COOH(g). (b) A typical spectrum of reacted CaO after evacuation of the reaction cell.

As shown in Figure 4.3b, after evacuation some peaks (e.g., at 1249, 1925and 1711
cm™) disappeared, suggesting that they are due to weakly (or molecularly) adsorbed acetic
acid on the surface. The heterogeneous uptake of CH3COOH(g) on MgO was investigated
by Ma et al.,*> who also observed desorption of some adsorbed acetic acid after flushing
MgO particles with dry air. Interestingly, the peak at around 1758 cm™, attributed to
v(C=0)monomer, Was not significant if existed at all, though monomers dominate in the gas
phase for acetic acid pressure less than 100 mTorr. This suggests that molecularly adsorbed
acetic acid on CaO surface is favored to exist in the form of dimers. Both monomers and

dimers of molecularly adsorbed acetic acid were observed on MgO(100) surfaces by Xu
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and Koel %3 using FTIR, though additional details or discussions were not provided. Under
dry conditions, the saturation surface coverage of acetic acid is determined to be

(2.0+0.1)x10% molecules cm™ for CaO.

4.4.3 Heterogeneous uptake on SiO2

Spectra (900-1900 cm™) of SiO. particles after exposure to CH3COOH(g) of
different pressures are shown in Figure 4.4. Several IR absorptions are observed at 1385
and 1410 cm™ assigned to 6(CHs), and at 1758 and 1716 cm™ assigned to v(C=0)monomer
and v(C=0O)dimer, respectively. No peaks attributable to surface-bound acetate or acetate
ions were observed. In addition, evacuation of the reactor cell led to the complete
disappearance of all the IR peaks formed on the SiO; surface due to interactions with
gaseous acetic acid. These data clearly suggest that acetic acid is molecularly and
reversibly adsorbed on SiO; surfaces, different from the chemistry of MgO,%0>3
Al;03,3%4051 Tj0, 515456 and CaCOs particle surfaces.®”*° Our very recent work *’ also
found that the adsorption of formic acid, another small monocarboxylic acid, on SiO;
surface is completely reversible; in contrast, a fraction of adsorbed nitric acid are
dissociated on SiO; surface,*” due to its significantly higher acidity compared to formic

and acetic acids.
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Figure 4.4. FTIR spectra (900-1900 cm™) of SiO; after interaction with CH;COOH(g) with
pressure of 5, 21, 55, and 117 mTorr in the gas phase under dry conditions. Please note that
SiO2 is opaque below 1250 cm™.

For CH3COOH(g) pressure less than 100 mTorr, monomers dominate in the gas
phase. However, Figure 4.4 shows that for acetic acid molecularly adsorbed on SiO;
surface, the IR absorbance of dimers (at 1716 cm™) is much larger than that of monomers
(at 1758 cm™). This suggests that similar to y-Al,O3 and CaO, SiO; favours the formation
of dimers on the surface, even under conditions when acetic acid monomers are the major
form in the gas phase. We also found that the adsorption of acetic acid on SiO> can be
described by the Langmuir isotherm, as detailed in the supporting information, and the
saturation coverage and Langmuir constant are determined to be (2.0+£0.1)x10

molecules cm and 213435 Torr?, respectively.
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Figure 4.5. FTIR spectra (1500-1800 cm™) of SiO; after exposure to CHsCOOH(g) of 5
mTorr in the gas phase at different RH.

A series of experiments were conducted in which CH3COOH(g) pressure was kept
at 5 mTorr while the RH in the reaction cell was varied, in order to further understand the
mechanisms of acetic acid adsorption on SiO- surface and the roles of RH and thus surface
adsorbed water. The results are displayed in Figure 4.5, showing that increasing RH leads
to the increase of surface adsorbed water (at 1636 cm™) and the decrease of molecularly
adsorbed acetic acid (for both monomers at 1758 cm™ and dimers at 1716 cm™). In
addition, no formation of surface-bound acetate or dissolved acetate ions was observed
within the detection limit. These evidences together suggest that acetic acid is molecularly
adsorbed on SiO> surface and competes with water molecules for surface adsorption sites.
Very similar adsorption behavior on SiO> surface has been found for formic acid in our

previous study.*’
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4.4.4 Discussion

Mineral surface, and surfaces of aerosol particles in general, provide unique media
which can facilitate reactions which may not occur in the gas phase,’®®! e.g., the
heterogeneous hydrolysis of NO26'%% and N20s.52% The formation of N2O4 (the NO2
dimers) on the surface due to adsorption of NO: is proposed to be an key intermediate for
the atmospheric heterogeneous reaction of NO», because N2O4 can undergo autoionization
to form NO*NO3,% further leading to the formation of HONO or CINO which are
important precursors of OH radicals and Cl atoms in the troposphere. Though N2O4 has
been observed on surfaces at very low temperature® and theoretical work also predicts its
formation at higher temperatures,®:®” to our knowledge the formation of N,O4 has not been
observed on the surface under conditions of direct atmospheric relevance (please note that
the presence of N2Oy4 is significant in the gas phase only at high NO pressure,®® similar to
acetic acid dimers).

Our study provides direct evidence that the adsorption of acetic acid, an important
reactive trace gas in the troposphere, on different mineral surfaces, leads to the formation
of dimers on the surface. In addition, the formation of dimers is strongly favoured
compared to monomers, even under conditions when monomers are the dominant species
in the gas phase. For the first time, the dimerization of an atmospheric reactive trace gas
on mineral surface is directly observed. This finding provides a new example showing the
uniqueness of surfaces in facilitating reactions which are not favoured in the gas phase
under the same conditions. The structure, chemical reactivity and thermodynamic

properties of surface-adsorbed acetic acid dimers (and monomers as well) are still
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unexplored yet, and a full understanding at the fundamental level requires the combination

of experimental studies and theoretical work.

4.5 Conclusion

Acetic acid is a ubiquitous reactive trace gas in the troposphere, and its interaction
with mineral dust particles has a myriad of impacts and is of great interest. In this study,
transmission FTIR spectroscopy was used to investigate the heterogeneous uptake of
CH3COOH(g) by y-Al203, SiO2, and CaO particles under atmospherically relevant
conditions. The importance of particle mineralogy has been found in this work. Uptake of
CH3COOH(g) leads to the formation of both surface-coordinated acetate and molecularly
adsorbed acetic acid on y-Al>03 and CaO surface under dry conditions, while for SiO only
molecularly adsorbed acetic acid is odserved on the surface. The surface saturation
coverages of acetic acid under dry conditions, are determined to be (4.840.1)x10%,
(2.040.1)x10%, and (2.0+0.1)x10* molecules cm? for y-Al0s;, CaO, and SiOy,
respectively. This suggests that under dry conditions, if normalized to particle surface area,
CaO has the largest capacity to uptake acetic acid while SiOz has the smallest capacity. In
addition, the Langmuir constant of acetic acid adsorption on SiO; is determined to be
213435 Torr. Some metal oxides have several different structure froms (e.g., a-, y-, and
3-Alx03), possibly showing different behaviors in terms of the heterogeneous reactions
with trace gases including CHsCOOH(g) investigated in this study, and this aspect deserves
further investigations in future.

Very importantly, we have found that acetic acid dimers are the major form for

molecularly adsorbed acetic acid on all the three particle surfaces we investigated, even at
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low acetic acid pressures (down to a few mTorr) under which monomers are dominant over
monomers in the gas phase. We have also explored the roles of RH and thus surface
adsorbed water in the heterogencous uptake of acetic acid by y-Al.O3 and SiO; particles.
The uptake coefficients of acetic acid are increased by a factor of 3-5 for y-AlOs when RH
increases from 0% to 15%, whereas acetic acid and water are found to compete for surface

sites for the adsorption on SiO; particles.
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4.7  Appendix

4.7.1 FTIR spectra (800-4000 cm™) of y-Al203, CaO, and SiO: after interaction
with acetic acid

Absorbance
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Figure 4.6. FTIR spectra (800-4000 cm™) of y-Al.Oj3 after reaction with CH3COOH(g)
under dry conditions. (a) Spectra of y-Al.Os3 after reaction with 27, 79, 293, and 1190
mTorr CH3COOHY(g). (b) A typical spectrum of reacted y-Al>Oz after evacuation of the
reaction cell.
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Figure 4.7. FTIR spectra (800-4000 cm™) of CaO after reaction with CH3COOH(g) under
dry conditions. (a) Spectra of CaO after reaction with 25, 82, 298, and 1175 mTorr
CH3COOH(g). (b) A typical spectrum of reacted CaO after evacuation of the reaction cell.
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Figure 4.8. FTIR spectra (800-4000 cm™) of SiO; after exposure to CH3COOH(g) with
pressure of 5, 21, 55, and 117 mTorr in the gas phase under dry conditions. Please note that
SiO2 is opaque below 1250 cm™.
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4.7.2 Langmuir isotherm for acetic acid adsorption on silica particles

Physisorption on a surface can usually be described by the Langmuir isotherm:

g="2-"1 (E4.3)
Ng 1+Kp

where @ is the surface coverage, K is the Langmuir constant, and P in the pressure (of
gaseous acetic acid in our study), N is the number of molecules adsorbed by per area surface
at the pressure of P, and Ns is the number of molecules adsorbed by per area surface at

saturation. Eq. (E4.3) can be rearranged to

P 1
N NK

P
i (E4.4)

Therefore, a plot of P/N against P should give a linear line with a slope equal to 1/Ns and

an intercept equal to 1/(Ns K).
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Figure 4.9. Plotting of P/N as a function of CHsCOOH(g) pressure (P) for SiO2 under dry
conditions.
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Figure 4.9 shows that the plot of P/N against P for SiO- particles generates a straight
line, suggesting that the Langmuir isotherm can adequately describe the adsorption of
acetic acid by SiO> surface. The saturation coverage and Langmuir constant for SiOa, are

determined to be (2.040.1)x10** molecules cm and 213435 Torr?, respectively.
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CHAPTER 5 HETEROGENEOUS INTERACTIONS
BETWEEN GAS-PHASE PYRUVIC ACID AND
HYDROXYLATED SILICA SURFACES: A
COMBINED EXPERIMENTAL AND
THEORETICAL STUDY

51 Abstract

The adsorption of gas-phase pyruvic acid (CHzCOCOOH) on hydroxylated silica
particles has been investigated at 296 K. Under dry conditions (< 1% RH), both the Tc and
Tt pyruvic acid conformers are observed on the surface as well as the (hydrogen-bonded)
pyruvic acid dimer. Under higher relative humidity conditions (above 10% RH), adsorbed
water competes for surface adsorption sites. Adsorbed water is observed to change the
relative composition of the different adsorbed pyruvic acid configurations. Overall, this
study provides valuable insights into the interaction of gas-phase pyruvic acid with the
silica surface on the molecular level from both experimental and theoretical view.
Furthermore, these results highlight the importance of the environment (relative humidity)

in the surface adsorption and surface chemistry of organic acids.

5.2 Introduction

Pyruvic acid (PA), CH;COCOOH, an important atmospheric o, — keto, is formed in
the atmosphere primarily via the particle-phase aqueous reaction between the hydroxyl
radical (OH") and hydrated methylglyoxal (an abundant oxidation product of precursors

such as isoprene and aromatic compounds). * Numerous field studies have detected pyruvic
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acid in the gas-phase (10-100 ppt), in aerosols (up to 140 ng m=), in snow and in rainwater?-
13 A variety of reactions have been investigated for pyruvic acid including gas- and
condensed- phase photolysis!*23,  hydroxyl radical oxidation?*2¢,  thermal
decomposition?”?8 and vibrational overtone induced decarboxylation?®-1, Computational
studies®*-3* on pyruvic acid’s electronic structure, conformation possibilities, and barriers

to decarboxylation provide insights into experimental findings.
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Figure 5.1. Conformers of pyruvic acid. (a) Tc and (b) Tt conformer.

The structure of pyruvic acid is interesting as it is an o-dicarbonyl acid that
possesses several conformers due to the intramolecular rotation around the C-C and C--O
bonds®. Reva et al.*® investigated the infrared spectroscopic features of the rotational
conformers of pyruvic acid. These conformers have also been studied using theoretical
approaches®’3-3 and for gaseous pyruvic acid, the two lowest energy conformers are
separated by only 2.08 kcal mol?, while other conformers lie at much higher
energy.?’33%4% The lowest energy conformer is labelled as the trans — cis (Tc) conformer,
while the higher energy conformer is the trans — trans (Tt) conformer as shown in Figure
5.1. The Tt conformer has the acidic hydrogen rotated away from the ketonic oxygen while

the most stable conformer form, the Tc conformer, forms an intramolecular hydrogen bond
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between the acidic hydrogen and the a — carbonyl. Since the Tt conformer is close enough
in energy to the most stable Tc conformer, there is a significant thermal population of both
at ambient temperatures.?”2°3441-44 plath et al.?° revealed the differences between the Tt
and Tc conformers by studying the OH vibrational overtone transitions and Reva et al.*
showed conformational switching between pyruvic acid Tt and Tc conformers by selective
pumping of the first OH stretching vibration overtone.

Since mineral aerosol surfaces are ubiquitous in the atmosphere and play an
important role in atmospheric chemistry*>—*, we are interested in how organic acids such
as pyruvic acid interacts with these surfaces. Silica (SiOz), an oxide with abundant surface
hydroxyl groups, is an important component of mineral dust particles in the atmosphere?®,
Silica can also represent indoor glass surface. In addition, pyruvic acid has been identified
in human emanation and has been recently detected as one of the dominant gas phase
carboxylic acids in occupied classrooms.*® Several studies have investigated the
heterogeneous reaction of atmospheric acidic gases with silica®®°%>* The uptake of
organic acids including HCOOH and CH3COOH on SiO: has been examined
previously*®545% as well as inorganic acids such as HNOs®!. Since there is an abundance
of water vapor in the atmosphere, the role of co-adsorbed water of in the interaction of
these acids with silica has been probed as well. These studies reveal that adsorbed water
both competes for surface adsorption sites with HNOs and HCOOH, as well as promotes
their dissociation to hydronium ions and the corresponding anoins®**® the case of pyruvic
acid, few studies have investigated the surface chemistry of this molecule, however,

Schnitzler et al.> studied the intermolecular interactions between pyruvic acid and water
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complex and suggested hydrogen-bonded water affects pyruvic acid conformation and
stability.

To date, heterogenous interactions of pyruvic acid with mineral aerosol particle
surfaces, such as SiO», are not well understood. Given the importance of heterogeneous
reactions of mineral dust aerosol particle surfaces with trace atmospheric gases, the
interaction of pyruvic acid requires further investigation. The current limited knowledge
necessitates this study of surface adsorption of pyruvic acid on SiO; surfaces to better
understand how adsorption impacts the molecular structure of pyruvic acid and if co-

adsorbed water changes that structure.

5.3 Methods
5.3.1 Experimental Setup

The adsorption of pyruvic acid on silica surfaces as a function of pyruvic acid

pressure at 296 + 1 K and different relative humidity (RH), was studied using a modified

Teflon coated infrared cell coupled with transmission Fourier transform infrared (FTIR)
spectroscopy, as described in detail previous studies.>®>® In these experiments,
approximately 5 mg of silica (Degussa), having a BET area of 230 m? g%, was pressed onto
one half of a tungsten grid held by two Teflon coated jaws in the sample cell compartment.
The sample cell was then evacuated for 6 hours using a turbo-molecular pump to clean the
cell and sample surface. After evacuation, the sample was exposed to the desired pressure
of dry, gaseous pyruvic acid for 20 minutes under dry conditions (RH < 1%). The gaseous
pyruvic acid was produced from CH3COCOOH (97%, Alfa Aesar) by degassing at least

three times with consecutive freeze-pump-thaw cycles.
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To investigate the effects of relative humidity, the oxide sample was first exposed
to the desired pressures of pyruvic acid for 20 minutes, followed by the introduction of the
desired pressure of water vapor (produced from degassed HPLC grade water, Fisher
Chemicals) for an additional 20 minutes. Fixing the relative humidity while varying the
pressure of pyruvic acid which the sample was exposed to allowed for the effects of pyruvic
acid pressure to be studied. After each experiment, the IR cell was evacuated overnight
using a turbo-molecular pump. Prior to and after the exposure of pyruvic acid, the single
beam spectra of surface- and gas- phase (250 scans) were acquired at 296 K using a
resolution of 4 cm™ and covering the spectral range of 800 to 4000 cm™. As silica is opaque
below ~1200 cm™, spectra are shown only above 1200 cm™. During and following
exposure to pyruvic acid, single beam spectra of the silica surface (10 scans) were acquired
using a Macro (OMNIC Macro Basics) for 60s intervals. Absorbance spectra of pyruvic
acid on silica particles are reported as the difference in the silica spectra before and after
exposure to pyruvic acid. Absorption bands due to gas-phase pyruvic acid, measured
through the blank half of the tungsten grid, were subtracted to obtain FTIR spectra of the

particles loaded on the tungsten grid.

5.3.2 Theoretical Methods

The geometry optimizations and the ab initio Born-Oppenheimer molecular
dynamics (BOMD) simulations were performed using the Quickstep module®® within the
CP2K package, with the nuclei treated as classical particles. The DFT?%! exchange-
correlation functional was used, supplemented by the dispersion correction Grimme

(BLYP-D).
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The silica model®?®® representing the (0001) face of hydroxylated o-quartz
consisted of a periodic tetragonal slab with dimension (xyz) of 19.64 x 17.008 x 80 A3,
with 6 O-Si-O layers, thus leaving a vacuum of about 69 A between periodic images in the
z —direction. Both bottom and top surfaces were fully hydroxylated. The top surface, which
contains 32 silanol groups, was used to examine reactivity.

The systems studied were pyruvic acid interacting with dry or wetted hydroxylated
silica: (1) dry silica (zero physisorbed water molecules, 0% coverage), (2) fully wetted
silica with one full monolayer of water (16 molecules, 100% coverage).

Tc and Tt conformers in gas phase, CSVR 1ps thermostat, 298 K, 15 ps trajectory.
Tc and Tt conformer on silica, CSVR 1ps, 298 K, parallel to the surface. For the one

monolayer case, molecular dynamics simulations (MD) were performed at 330 K.

5.4 Results and Discussion
5.4.1 Adsorption of Pyruvic Acid on SiO2 Surfaces

The FTIR spectrum of gas-phase pyruvic acid (CsH403(g)) seen in Figure 5.2 was

collected at 298 K for a pressure of 1 Torr (4 cm™ resolution). The spectrum and the

vibrational modes of gas-phase pyruvic acid are well understood?®. The modes are
assigned as follows: 3579 cm® for O-H stretching of the Tt conformer; 3463 cm for O-H
stretching of the Tc conformer; 1805 cm™ for C=0 acid stretching; 1737 cm™ for C=0
ketone stretching; 1360 cm™ for CHs symmetric bending; 1211 cm™ for COH bending;
1134 cm™ for C-O stretching, and 970 cm™ is assigned to CHs rocking. Adjacent to the

C=0 ketone stretching frequency (centred at 1737 cm™), a small shoulder (at 1760 cm™) is
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observed (inset in Figure 5.1), corresponding to the non-hydrogen bonded Tt conformer.
The main part of this peak, however, is due to the more stable intramolecular hydrogen

bonded Tc conformer?®.
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Figure 5.2. FTIR spectrum of gas-phase pyruvic acid in the spectral range of 800 to
4000 cm™* and inset from 1650 to 1900 cm™. The small shoulder observed in the inset (at
1760 cmt, shown in red) corresponds to the non-hydrogen bonded Tt conformer, while the
main part of this peak is due to the more stable intramolecular hydrogen bonded Tc
conformer3L.

5.4.1.1 Pyruvic Acid Adsorption Under Dry Conditions (RH < 1%)
Shown in Figure 5.3 is infrared spectra for hydroxylated silica particles after
exposure to gaseous pyruvic acid as a function of varying pyruvic acid pressure. For this
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set of experiments, dry conditions were employed (RH < 1%) at 296 K. The clean silica
surface serves as the background reference spectrum. Observed infrared absorption band
frequencies are assigned as follows: C=0 stretching at 1737 cml; CHs asymmetric
bending at 1428 cm™; C-C asymmetric stretching at 1389 cm™; and CHz symmetric
bending at 1280 cm™. Pyruvic acid adsorption was also carried out at lower pyruvic acid
pressures (5, 10, 15 and 25 mTorr) as shown in Figure 5.3b. A small shoulder (1776 cm™)
to the left of the peak centered at 1737 cm™ is clear at lower pyruvic acid coverages and
can be assigned to the Tc conformer acid stretch, shifted from the gas-phase position
(1805 cm™). The peak shift is due to weaker intramolecular hydrogen bonding following
adsorption. Note that at higher pressures, the peak at 1776 cm™ has been merged into the
highest intensity peak (centered at 1737 cm™) and become less clear. Except for this band,
all other observed band frequencies are in excellent agreement with the gas-phase pyruvic
acid spectrum. Only a few wavenumber differences are observed. The negative peak at
3742 cm is due to silica surface isolated silanol groups hydrogen bonded with pyruvic
acid, with the broad band below 3600 cm™ assigned to the hydrogen bonded Si — OH
groups. Absorption peaks due to adsorbed pyruvic acid (1737, 1428, 1389, and 1355 cm™)
disappear upon evacuation, while the negative peak attributed to isolated O-H groups
(3742 cm™) reappears, suggesting that pyruvic acid is molecularly adsorbed on the silica

surface via a reversible process.
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Figure 5.3. (a) Absorbance spectra (1280 to 4000 cm1) of pyruvic acid adsorbed on silica
under dry conditions (RH < 1%). Note that SiO; is opaque below 1280 cm™ due to lattice
vibrations. Spectral subtraction was performed using gas-phase absorption spectra. Shown
as a dashed line (---) is the surface spectrum following overnight evacuation. (b)
Absorbance spectra (1250 to 1850 cm™) for lower pressures (5, 10, 15 and 25 mTorr) of
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pyruvic acid adsorbed on silica under dry conditions.
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Table 5.1. Vibrational mode assignment for pyruvic acid (PA), CH3COCOOH(g) and
adsorbed species on SiO- particle surfaces.

mode assignment gas phase SiO; literature®
v(OH, surface) 3744 3742%
v(OH, Tt) 3579 3579
v(OH, Tc) 3463 3463

Vasis(CHz) 3025, 2941 3013, 2976, 3025, 2941

2927, 2857

V(C=0Oxcig, TC) 1805 1776 1804

V(C=0xcig, Tt) 1760 1756 1765, 1751*
W(C=Oketone) 1737 1737 1737

W(C=Oimer) 1710 1720, 1747%
S25(CHs) 1422 1428 1424
vas(C-C) 1390 1389 1391
55(CHs) 1360 1355 1360
5(COH) 1211 1211
vas(C-0) 1134 1133
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5.4.1.2 Pyruvic Acid Adsorption in the Presence of Water Vapor
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Figure 5.4. Absorbance spectra (1280 to 1900 cm-1) of silica particles after first exposure
to 100 mTorr pyruvic acid and then water vapor as a function of relative humidity (RH).
The dashed line (- - -) indicates the surface adsorbed species disappear after evacuation of
both water and pyruvic acid.

To investigate the effect of surface-adsorbed water (H2O(a)), the adsorption of
pyruvic acid (100 mTorr) on silica was systematically studied at the following RHs: < 1%
(dry), 5.1%, 10.1%, 19.9%, 35.8%, 49.5%, and 81%. The amount of water adsorbed on
the surface increases with RH (see Figure 5.4), as evident from the observed increase in
intensity of the band at 1627 cm™ (OH bending mode of water). The intensities of peaks
attributed to adsorbed pyruvic acid (1737, 1428, 1389 and 1355 cmt), however, decreased
above 19.9% RH, suggesting that water competes for surface adsorption sites with pyruvic
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acid/displaced adsorbed pyruvic acid. This displacement role dominates at higher RH
(>20%). An absence of pyruvate peaks around 1400 — 1600 cm™ (C=O stretching of
pyruvate) was observed, indicating that adsorbed pyruvic acid did not deprotonate on the
silica surface even in the presence of water. The disappearance of surface adsorbed species
following evacuation suggests that the adsorption of pyruvic acid in the presence of water

vapor is a reversible process as well.
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Figure 5.5. Normalized intensity (peak height at 1737 cm™) of 10, 50, 100 mTorr pyruvic
acid adsorbed on the silica surface as a function of RH (< 1%, 5%, 10%, 15% and 20%).

The role of water on the adsorption of pyruvic acid on silica was studied for 10, 50,

and 100 mTorr pyruvic acid and relative humidity up to 20%. Water can enhance surface
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adsorption by providing more hydroxyl groups as available adsorption sites. Water can
also prohibit adsorption by competing for surface hydroxyl groups with pyruvic acid. As
shown in Figure 5.5, when pyruvic acid gas-phase pressure is low (at 10 mTorr), adsorbed
pyruvic acid (1737 cm™) decreases with increasing RH even at the very beginning. At
higher pyruvic acid pressure (50 mTorr), when the RH is increased up to 5%, the amount
of adsorbed pyruvic acid increases. At 10% RH, the adsorbed pyruvic acid intensity is
very close to that of the original dry conditions. For 50 mTorr pyruvic acid, the enhanced
adsorption role dominates at low water vapor pressure (initial RH), while adsorbed water
displacement of pyruvic acid becomes dominant for RHs > 10%. At 100 mTorr, on the
other hand, the enhanced adsorption role dominates until 10% RH, while for RH > 15%,
adsorbed pyruvic acid decreased with RH. Therefore, the pressure of gas-phase pyruvic
acid affects the extent of water competition. For a small gas-phase pressure, water
competes for adsorbed surface sites and displaces pyruvic acid at the very beginning. As
the gas-phase pressure increases, and more pyruvic acid is in the gas-phase, water will
provide surface sites sooner (at lower RH). Our results agree with previous studies which
have revealed that water can enhance surface adsorption by providing more hydroxyl
groups as available adsorption sites, assist dissociation, as well as prohibit adsorption by

competing for surface hydroxyl groups with other adsorbed acidic gases.>>®

5.4.2 Theoretical Modeling

Theoretical modeling of pyruvic acid interacting with dry or wetted hydroxylated
silica has been investigated using geometry optimizations and the ab initio Born-

Oppenheimer molecular dynamics (BOMD) simulations. Binding energies between
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pyruvic acid with a dry silica surface were calculated as shown in Table 5.2. The Tt
conformer interacting with a silica surface shows similar binding energy (16 kcal/mol) to
that of the Tc conformer (17 kcal/mol). With the small gas phase energy difference (2.58
kcal/mol) calculated in this study, the Tt conformer is found to have the ability to form
intramolecular hydrogen bonds and transform to the Tc conformer. However, when
adsorbed on the surface, the Tt conformer does not change its configuration to Tc,
suggestive that no obvious preference (between Tc and Tt conformer) exists on the surface.
Vibrational frequencies of adsorbed pyruvic acid species were also calculated as shown in
Table 5.3. The Tc conformer C=0 ketone shifts slightly by only 1 cm™* following adsorption,
while the C=0 acid shifts by 44 cm™, suggesting that the Tc conformer hydrogen bonds
strongly between C=0 acid and surface hydroxyl groups. This can be supported by the
large shift of C=0 acid from 1805 cm™ to the shoulder at 1776 cm™ as seen from
vibrational measurements (Figure 5.3). When adsorbed on the silica surface from the gas
phase, pyruvic acid Tt conformer C=0 acid shifts by 6 cm™ with a much larger redshift of
C=0 ketone by 27 cm™, suggesting that the Tt conformer adsorbed on SiO2 with -COOH
and C=0 keto group partially hydrogen bonded with the silica surface. Simulation of the
interactions of Tc and Tt conformers with the silica surface show that the Tc conformer has
three main minima, (Figure 5.6 (a) — (c)) forming two hydrogen bonds between C=0 acid
and OH group from -COOH group. Figure 5.6 (d) and (e) show the two lowest energy
minima of the pyruvic acid Tt conformer interacting with the silica surface. There are two
different binding modes between the Tt conformer and the silica surface: (1) Tt C=0 ketone
and OH from -COOH (Figure 5.6(d)) (2) Tt C=0 acid OH from -COOH (Figure 5.6(¢))

interacting with surface hydroxyl groups.
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In addition, Tt — Ct conformer is calculated to be the only stable pyruvic acid dimer
found on the silica surface with a binding energy (27 kcal/mol). Therefore, adsorbed
pyruvic dimer is also energetically possible on silica surfaces. A snapshot of the simulated

pyruvic acid dimer Tt — Ct on silica surface in shown in Figure 5.7.

Table 5.2. Calculated binding energies of different pyruvic acid species on hydroxylated
silica. (From Dr. Dominika Lesnicki)

Pyruvic Acid Species Binding Energy (kcal/mol)
Tc 17
Tt 16
Tt-Ct 27

Table 5.3. Calculated vibrational frequencies of different adsorbed pyruvic acid species.
(Adapted from Dr. Dominika Lesnicki)

Species Mode exp gas on dry surface  on wet surface
Tc v(C=0)acid 1805 1740 1696 1651
v(C=0) ketone 1737 1677 1694 1657
Tt v(C=0)acid 1760 1700 1676 1629
v(C=0) ketone 1700 1673 1668
Tt-Ct v(C=0) acid 1649
v(C=0) ketone 1694
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Figure 5.7. Interaction between Tt-Ct pyruvic acid dimer on silica surface from (a) top
and (b) side view. (From Dr. Dominika Lesnicki)

Pyruvic acid interacting with a wet silica surface has also been investigated using
the same method. As shown in Figure 5.8, the binding between pyruvic acid and the surface
silanol groups is not direct but mediated by a water bridge. Vibrational frequencies of Tt
and Tc conformers in the presence of water are shown in Table 5.3. It has been found that
further redshift has been observed for both C=0 acid and C=0 ketone stretching modes of
the Tc conformer by 45 and 37 cm respectively in the presence of water. However, in the
case of the Tt conformer, C=0 acid mode is redshifted by 47 cm™ while C=0 keto is only
shifted by 5 cm™. In addition, the adsorbed pyruvic acid dimer is minimized in the presence

of water.
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Figure 5.8. Pyruvic acid (a) Tc and (b) Tt conformer interacting with wet silica surface
through a water bridge (dark blue). (From Dr. Dominika Lesnicki)

5.4.3 Curve fitting based on theoretical simulation
5.4.3.1 Dry conditions

To further determine correct peak compositions and areas from experimental results,
peak fitting was applied based on the vibrational frequencies calculated in Section 5.4.2.
In the gas-phase, an overlap was observed for C=0 stretching of the pyruvic acid ketone
stretching at 1737 cm™ and the Tt conformer (1760 cm™), respectively as shown in
Figure 5.2. When adsorbed on the surface, gas-phase Tc conformer acid stretching is also
red shifted from 1805 cm™ to the shoulder at 1776 cm™, further overlapping with other
C=0 stretching species. Applying peak fitting to spectra (1550 — 1900 cm™) observed for
silica particles after exposure to pyruvic acid (RH < 1%), based on blueshift of the
theoretical modeling calculated vibrational frequencies corrected by 60 cm™ at 1756, 1754,
1736, 1733 and 1709 cm™, respectively. Note that the experimental measured gas phase
pyruvic acid vibrational frequencies are 60 ~ 65 cm™ higher than calculated value. The
adsorption band at 1756 cm™ is assigned to C=0 acid stretching of the adsorbed pyruvic

acid Tc conformer, while 1754 cm™ is due to C=0 ketone stretching of adsorbed Tc
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conformer and pyruvic acid dimers (Tt — Ct). C=0 acid stretching of the pyruvic acid Tc
conformer has been shifted by 49 cm™ from the gas-phase as the acid -COOH group is now
involved in hydrogen bonding with hydroxyl groups on the silica surface. In contrast, Tt
conformer C=0 acid and ketone stretching shifted by 24 and 27 cm™, respectively,
suggestive that both Tt acid -COOH and ketone groups are involved in weak binding with
surface hydroxyl groups. The broader peak at 1709 cm™ is due to C=0 acid stretching of
hydrogen-bonded pyruvic acid dimers (Tt — Ct). A previous laboratory study®® has shown
that other carboxylic acids, such as acetic acid can form dimers on the silica surface.
Pyruvic acid can form dimers***%€ supporting our observation of the formation of a
pyruvic acid dimer with a vibrational frequency at 1709 cm™. This observation can also be

supported by theoretical modeling as discussed in Section 5.4.2.
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Figure 5.9. (a) Absorbance spectra (1550 — 1900 cmY) after peak fitting, for SiO. particles
following exposure to 100 mTorr pyruvic acid (RH < 1%). Absorbance bands correspond
to C=0 stretching of multiple species present on the surface, including: adsorbed pyruvic
acid Tc conformer C=0 acid stretch (1756 cm™); dimer and Tc conformer C=0 ketone
stretch (1754 cm®); Tt conformer C=0 acid stretch (1736 cm™); Tt conformer C=0 ketone
stretch (1733 cm™); and dimer acid C=0 stretch (1709 cm™). Red line (—) represents the
original spectrum and the dashed line with open square marker ( -&-) represents the
overall fit. (b) Ratio of peak area of C=0 acid stretch from hydrogen-bonded pyruvic acid
dimers (1709 cm™) to total peak area of monomers (the sum of peak areas of the Tc acid
(1756 cm™) + Tt acid (1736 cm™)) as a function of gas-phase pyruvic acid pressure.

The relative composition (%) (after peak fitting) of adsorbed pyruvic acid (Tt, Tc
and dimer) on the silica surface as a function of gas-phase pyruvic acid pressure is
represented as the ratio of peak areas of dimer to monomers (sum of Tt and Tc conformers)
in Figure 5.9b. The C=0 acid stretch is used to calculate the dimer/monomer ratio owing
to the fact that the C=0 ketone stretch of Tc and dimer overlap at 1754 cm™. The relative
amount of pyruvic acid dimer formed on the silica surface increases with pressure (see
Figure 5.9(b)), while the total amount of pyruvic acid monomers decreases. Even at 1 Torr
of pyruvic acid, no dimer is observed in the gas phase. Pyruvic acid is unlikely to form the

dimer in the gas-phase due to the intramolecular hydrogen bonding in the most stable Tc
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conformer. Figure 5.9(b) shows that for molecularly-adsorbed pyruvic acid on SiOg, the
intensity of the infrared absorbance (represented by the peak area after peak fitting) due to
dimers (at 1709 cm™) is comparable with the sum of monomers even for very low pyruvic
acid pressure (5 mTorr). This suggests that SiO» favors the formation of dimers on the
surface. Tang et al® investigated heterogeneous reactions of acetic acid on SiO; surfaces
and suggested that the acetic acid dimer is favorable in the presence of silica surfaces even
under conditions when monomers are the major species in the gas-phase. This supports
our observations for pyruvic acid (another carboxylic acid) adsorption on silica surfaces.
As predicted by theoretical modeling (refer to Figure 5.7) hydroxyl groups from the silica

surface form more than one hydrogen bond with the pyruvic acid Tc conformer.

5.4.3.2 Role of adsorbed water

To further determine the experimental vibrational frequencies of the conformers of
pyruvic acid in the presence of water, curve fitting has been applied based on calculated
vibrational frequencies in Section 5.4.2. As shown in Figure 5.10, Tc conformer water
bridged with the silica surface has been observed at 1711 and 1717 cm™ for acid and ketone
stretches respectively, while Tt conformer water bridged with the silica surface results in
two C=0 stretches at 1728 (ketone) and 1689 (acid) cm™. The peak at 1627 cm™ can be
assigned to the OH bending mode of water. Note that water vapor is introduced following
pyruvic acid adsorption and reaches equilibrium on the silica surface. Therefore, the
adsorbed Tt conformer (1736 cm™) and Tc conformer (1756 cm™) still exist on the surface.
Note that acid and ketone stretches are not distinguished here as they are close when Tt and
Tc conformers are directly interacting with the silica surface. Water-bridged pyruvic acid

Tc conformer redshifted by 45 (acid) and 37 (ketone) cm™, suggests that the Tc conformer
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acid and ketone C=0 are both involved in hydrogen bonding with adsorbed water. On the
other hand, the Tt pyruvic acid conformer interacts with water by its acid C=0 group,
suggested by the 47 cm™ redshift of acid group and the 5 cm™ shift of ketone stretch. The
redshift of Tc and Tt conformers suggests that pyruvic acid forms a significantly stronger

hydrogen bond with adsorbed water.
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Figure 5.10. Absorbance spectra (1500 — 1900 cm?) after peak fitting, for SiO particles
following exposure to 100 mTorr pyruvic acid (RH =50%). Absorbance bands correspond
to C=0 stretching of multiple species present on the surface, including: the adsorbed
pyruvic acid Tc conformer (1756 cm™); Tt conformer (1736 cm™); water bridged Tt
conformer ketone stretch (1728 cm™); water bridged Tc conformer ketone stretch (1717
cm™); water bridged Tc conformer acid stretch (1711 cm™); and water bridged Tt
conformer acid stretch (1689 cm™). The absorbance band centered at 1627 cm™ is assigned
to the OH bending mode of water. Red line (—) represents the original spectrum and the
dashed line with open square marker ( - El-) represents the overall fit.

5.5 Conclusion

Transmission FTIR spectroscopy and theoretical simulations were used to
investigate the heterogeneous interactions of pyruvic acid with SiO2 particles. To
investigate the effect of SiO2 on the configuration of pyruvic acid, experiments were

carried out by exposing the silica surface to pyruvic acid as a function of pressure. Pyruvic
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acid adsorption on the silica surface is a molecularly reversible process. Pyruvic acid has
two stable configurations in the gas phase: Tc and Tt conformers. Following adsorption,
both conformers (Tc and Tt) exist on the surface forming two hydrogen bonds. The Tc
conformer binds through C=0 and OH (from -COOH) with silica surface hydroxyl groups,
while the Tt conformer binds through both C=0 acid and C=0 ketone groups. Even at
very low pyruvic acid pressure where no pyruvic acid dimer has been observed in the gas
phase, pyruvic acid dimer is observed on the surface following adsorption. Tt — Ct is
calculated to be the only stable adsorbed pyruvic acid dimer on the silica surface. The role
of water was studied as a function of relative humidity. Water is found to compete for
surface adsorption sites with pyruvic acid at all RHs studied. In addition, calculations
reveal that adsorbed pyruvic acid Tt and Tc conformers bind with silica surface hydroxyl

groups through a “water bridge” in the presence of adsorbed water.
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CHAPTER 6 SURFACE ADSORPTION AND
HETEROGENEOUS PHOTOCHEMISTRY OF
PYRUVIC ACID ON OXIDE SURFACES: AL,03
AND TIO;

6.1 Abstract

The adsorption of gas-phase pyruvic acid (CH3COCOOQOH) on oxides, Al.Oz and
TiO2, and the effect of adsorbed water have been investigated using transmission Fourier
Transform Infrared Spectroscopy (FTIR). Pyruvic acid uptake on Al,0z and TiO> are found
to be mostly irreversible processes. The FTIR spectra show that pyruvic acid adsorbs onto
Al>,Oz3 and TiO; from the gas phase and forms predominately pyruvate as well as other
more chemically complex molecular species. Broadband photolysis of adsorbed pyruvate
on AlO3 and TiO; surfaces, respectively, was also investigated. Mass spectrometry
analysis has been applied to identify unique products formed following irradiation.

This study provides valuable insights into the interaction of pyruvic acid with
different oxides (Al2Os, and TiO2) on the molecular level. High resolution mass
spectrometry was used in this study to identify photochemical and non-photochemical
products of pyruvic acid on oxide surfaces. Oxygen to carbon ratios (O:C) of adsorbed
pyruvic acid photochemical reactions show that TiO, samples formed more oxidized
products compared to that for Al.O3. Zymonic acid was found in dark and light conditions
and was identified as a major product. Other products form following irradiation and

include parapyruvic acid and 2, 4- dihydroxy-2-methyl-5-oxohexanoic acid (DMOHA).
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6.2 Introduction

Sunlight, the major source of energy in the atmosphere, drives the complex physical
and chemical cycles which determine the atmospheric compositions through directly
photolysis as well as the formation of reactive species.™" It is crucial to understand the
photochemical processes as they affect the lifetime of atmospherically relevant molecules.

Pyruvic acid (PA), CH3COCOOH, an important atmospheric a — Keto acid, is
formed primarily between the hydroxyl radical (OHe) and hydrated methylglyoxal via the
particle-phase aqueous reaction in the atmosphere.® Protonated form of pyruvic acid
(pyruvate), serving as an intermediate for both aerobic and anaerobic metabolism, has been
proposed to be a promising prebiotic molecule initializing primirive metabolism.®-*
Photolysis is the major tropospheric sink of pyruvic acid, with wet deposition and its
reaction with OHe acting as secondary sinks.® Pyruvic acid has been detected in numerous
field studies in the gas-phase (10-100 ppt), in aerosols (up to 140 ng m™), in snow, and in
rainwater.>2-22 Pyruvic acid gas- and condensed- phase photolysis?®-?, hydroxyl radical
oxidation®*-%°,  thermal decomposition®®3” and vibrational overtone induced
decarboxylation®-* have been investigated over the past 30 years while little heterogenous
study of pyruvic acid on surfaces has been investigated. Computational studies*~*3 on
pyruvic acid’s configurations, reaction barriers, and electronic structure have also been
used to provide insights into these experimental findings.

Early studies on the photochemistry of pyruvic acid vapor, using higher energy
photons, were carried out at approximately 1 Torr of pyruvic acid at room temperature
using low buffer gas pressures.3#44 The most energetically favorable mechanism for the

photolysis of gas-phase pyruvic acid involves a hydrogen atom transfer and C-C bond
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cleavage, processing through a five-membered cyclic transition state.***> Acetic acid and
CO were detected as photolysis products via a lactone intermediate by Harris et al.> for
lower concentrations of pyruvic acid.

Aqueous-phase pyruvic acid has a dramatically different photochemistry from that
in the gas phase due to energetic and conformational changes. When dissolved in water,
approximately 60% of pyruvic acid hydrates to 2, 2-dihydroxypropanoic acid (DHPA), a
germinal-diol form of pyruvic acid which is not photoactive at wavelengths present near
the Earth’s surface.*®#” In addition, pyruvic acid undergoes intersystem crossing after its
keto form adsorbs a photon in water, from the Si (n, n") state, followed by internal
conversion to a T1 3(n, ©") state because interactions with water changed pyruvic acid
electronic structure and pyruvic acid photochemical mechanisms.*® Multiple
photochemical pathways for aqueous-phase pyruvic acid have been proposed, all of which
involve excitation and intersystem crossing to the T; state of pyruvic acid. Griffith et al.?’
proposed a mechanism, in which the T1(n, ) state of pyruvic acid acts as a radical initiator
by abstracting the acidic hydrogen atom from DHPA. The presence of oxygen has also
been studied by Harris et al.>, who demonstrated that Oz quickly quenches the radicals,
favoring the formation of acetic acid and inhibiting the radical recombination reactions
which generate dimethyl tartaric acid (DMTA). More complex oligomeric species,
including covalently-bonded dimers and trimers of pyruvic acid are found to be the main
products via major aqueous photochemical pathways, results in a significant contribution
to SOA formation due to the decrease in volatility.*8

Since pyruvic acid undergoes photochemistry in the troposphere in both aqueous

and gas phases, the multiphase photochemistry of pyruvic acid has been studied using an
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environmental simulation chamber.® Upon irradiation of nebulized pyruvic acid, acetic
acid and CO were generated as the two major products, consistent with studies on bulk
photolysis reactions.>***2 However, more interestingly, a new higher carbon number
product, a Cs product, zymonic acid was also observed.®

There is great interest in the mechanistic details of the interaction of organic acids
(including pyruvic acid) with surfaces as they are ubiquitous in the atmosphere and play
an important role in atmospheric chemistry.**-! Al,O3 is a major component of mineral
dust particles, occupying 10 — 15 % of the oxide fraction.>®> Heterogeneous reactions
between atmospheric trace gases and Al2Os, as well as the photochemistry of Al.Oz have
been widely studied.>?-°8

Mineral dust has been reported to contain TiO», a photoactive semiconductor oxide,
in the range of 1 — 10% by mass.>>® Previous studies have focused on heterogeneous
reactions of atmospheric trace gases on TiO surfaces, including: nitrogen oxides (NOx),
nitric acid (HNOs), sulfur dioxide (SO2), ozone (Os), hydrogen peroxide (H20), and
volatile organic compounds (VOCs). Studies have also shown that organic acids can be
readily adsorbed by mineral dust particles.>*®* The adsorption of formic acid (HCOOH, a
carbonyl acid) on SiO has been observed to be a reversible, molecular process, while
adsorbed bridged bidentate formate (HCOOQ) is irreversibly formed on a TiO2 surface.®:62
Photochemical reactions of atmospheric trace gases on TiO2 were also investigated as TiO>
can interact with radiation, with the potential to initiate numerous photochemical processes.
In addition, surfaces composed of oxides in indoor environments can also play a major role

in air quality indoors.%3-% TiO, is a component of self-cleaning surfaces and paints.®”-"°
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TiO2 has three major stable forms: anatase, rutile and brookite. Degussa P25 TiO»,
which is composed of 75% anatase and 25% rutile, exhibits better photocatalytic efficiency
compared with other forms because anatase has shown the highest photocatalytic activity
among the three polymorphs.>*"t Additionally, it has been suggested that the presence of
rutile in an anatase sample can increase catalytic activity.>>’2 An electron-hole pair can be
generated when excited with light of wavelength no less than the band gap energy of TiO-
(~ 3.2 eV; A ~390 nm).5%® The three major pathways following the photogeneration of
electron-hole pairs include: recombination of electrons and holes on the surface; reduction
of electron acceptors; and oxidation of electron donors by photogenerated holes.%® 2"
Electrons and holes transported to the particle surface can also initiate redox chemistry.

Heterogenous interactions of pyruvic acid with oxide surfaces, such as Al.O3 and
TiO2, and their photochemical reactions, are not currently well understood. Given the
importance of heterogeneous interactions and photochemical reactions of atmospheric
trace gases with mineral dust surfaces and the role of surface chemistry in indoor
environments, the interaction of pyruvic acid with Al.O3 and TiO2 requires further
investigation. In this study, the adsorption of pyruvic acid on Al>Oz and TiO surfaces is
investigated via both FTIR and high resolution mass spectrometry (HRMS) to better
understand how mineral dust surfaces affects the composition of pyruvic acid and derived

molecules.

6.3 Experimental Methods

Transmission Fourier transform infrared (FTIR) spectroscopy, coupled with a

modified Teflon-coated infrared cell, was used to study the adsorption of pyruvic acid on
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mineral dust oxides surfaces at 296 + 1 K. Additional details of this procedure has been
described in previous studies.>74"> Approximately 5 mg of metal oxide, Al.Os, (Degussa,
AlumOxid C, 101 m? g!) and TiO2 (Sigma Aldrich, 50 m? g'1), was pressed separately onto
one half of a tungsten grid in the sample cell compartment, held by two Teflon coated jaws.
To clean the IR cell and sample surface, the system is evacuated for 6 hours using a
turbo-molecular pump. After evacuation, the sample was exposed to the desired pressure
of dry, gaseous pyruvic acid (97%, Alfa Aesar) degassed at least three times with
consecutive freeze-pump-thaw cycles) for 20 minutes under dry conditions (RH < 1%).

Photochemistry experiments were carried out using a broadband 500 W Hg arc
lamp (Oriel, Model 66033) simulating the solar spectrum. Infrared radiation was removed
via a water filter placed directly after the lamp output. After 6 h of evacuation, Al>Oz and
TiO> surfaces were exposed to 100 mTorr pyruvic acid vapor for 25 minutes, followed by
overnight evacuation to remove all weakly-bonded species. Isolation of the reaction mixing
chamber from the evacuation system is achieved by closing the valve between the
customized infrared cell and the glass mixing chamber.

Prior to and following the exposure of pyruvic acid, the single beam spectra (250
scans) of surface- and gas- phase were acquired using a resolution of 4 cm™ and covering
the spectral range of 800 to 4000 cm™. During the exposure, single beam spectra of the
silica surface (10 scans) were acquired using a Macro (OMNIC Macro Basics) for 60 s
intervals. Absorbance spectra of pyruvic acid on oxide particles are reported as the
difference in the oxide spectra before and after exposure to pyruvic acid. Absorption bands
due to gas-phase pyruvic acid, measured through the blank half of the tungsten grid, were

subtracted to obtain FTIR spectra of the particles loaded on the tungsten grid.
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Insights into oxidation products formed on these surfaces were obtained using
direct-injection linear ion trap (ThermoFisher Orbitrap) high resolution mass spectrometry
(HRMS). Samples taken prior to and following absorption-desorption processes for the
selected solid nanoparticles were removed from the substrate using acetonitrile (LC-MS
Optima-grade) and methanol (Fisher Scientific). Sample vial, syringe, and all other
glassware used in the transfer process were cleaned prior to use with acetonitrile and Milli-
Q water [18.2 MQ.cm] and baked in an oven at 500 °C to further remove trace organics.
All samples were stored at -20 °C and analyzed within 24 hours of collection.

Analysis in both positive and negative mode was used, although the majority of
detected ions were observed in negative mode ([M-H]"). The heated electrospray ionization
(HESI) source was operated at 50°C. The ESI capillary was set to a voltage of 2.8 kV at
325°C. Internal standards in negative mode included high-purity deuterated Hexanoic-d11
Acid and Octanoic-dis Acid (CDN Isotopes). Positive mode internal standards included
Hexylamine (99%) and Hexadecylamine (98%) (both purchased from Sigma-Aldrich). The
HESI-Orbitrap MS was calibrated prior to use. Spectra were acquired with a mass range of
80-2000 Da. Peaks with a mass error > 2 ppm were rejected and were calculated for
composition with the following element ranges: *2C, 0-30; *H, 0—50; %0, 0—10. The list
of mass signatures having no labelled composition are found in Supporting Information
(SI). Contamination was minimized by employing consistent method and instrumental

blanks.
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6.4 Results and Discussion
6.4.1 Pyruvic acide adsorption on Al203

Table 6.1. Vibrational mode assignments for species formed on the surface of Al>O3 and
TiOg, respectively, following heterogeneous interaction with pyruvic acid.

Species Mode Al,O3 TiO, literature (sodium pyruvate)

Molecularly  v(C=0) acid 1822

adsorbed v(C=0) keto 1737

das(CH3) 1427

vas(C-CHzs) 1389

3s(CHa) 1357

d(COH) 1210

v(C-0) 1147

o(CHs) 1021, 973

Adsorbed vas(CH3) 3013,2987 3012,2989 3026 and 29917,
pyruvate 3021.277, 302178

vs(CHs3) 2928 2929 2932, 29227

v(C=0) 1737 1732 17097678

vas(COy) 1607, 1566 1610, 1585, 16577, 16348, 16337

1570, 1564

Sas(CH3) 1406 1428, 1411 1460 and 142278,
1425.8"7, 138176, 1454

8s(CHs) 1360 1359 1430 and 13547,
1406 and 1353.977, 135578, 13617°

vs(COy) 1473, 1454 1460, 1450 1420.8%, 14077,
140678, 1405.97

v(C-CHs) 1176 1180 1188.477, 118878

p(CHs) 1022, 978 1023, 980 1017.577,

10177, 1016, 98378
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Figure 6.1. FTIR spectra of (a) Al2O3 following exposure to pyruvic acid for 20 minutes
under dry conditions as a function of pyruvic acid pressure (5, 10, 20, 50, 100, 634, 856
and 1124 mTorr) in the spectral range of 850 to 4000 cm™ and (b) 20 mTorr Al,O3
adsorption as a function of time in the spectral range of 900 to 1950 cm™. Evacuation of
the sample cell and surface yields loss of weakly-bound species leaving a strongly-bound
chemisorbed pyruvic acid species adsorbed on Al,Oz surface (shown by dashed line (---)).
Reversible adsorbed spectrum (—, labeled as “reversible”) was obtained by subtracting
evacuation spectra (---) from adsorption spectra collected at 1124 mTorr. The peaks can be
assigned to molecularly-adsorbed pyruvic acid and adsorbed pyruvate (refer to Table 6.1).

A typical spectrum observed for Al>O3 particles following exposure to pyruvic acid
under dry conditions (RH < 1%) is displayed in Figure 6.1. Infrared absorbances are given
the following assignments: p(CHs) at 1022 and 978 cm™®; v(C-CHg) at 1178 cm™; vs(CO2"
) and vas(CO2") at 1481 and 1606 cm™, respectively; 8s(CHs) at 1357 cm™; 8,5(CH3) at 1427
cm®; vs(CHas) at 2928 cm™ and vas(CH3) at 2987 and 3013 cm™.

Figure 6.1 suggests that upon evacuation, most of the adsorbed pyruvic acid
remains on the Al>O3 surface. The intensity of some infrared peaks, for example at 1737
cm?, decreases, suggesting that a small amount of pyruvic acid is molecularly- and

reversibly-adsorbed on the Al>Os surface at 296 K (as shown by “reversible” spectrum in
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Figure 6.1). The detailed peak assignments for both adsorbed pyruvate and molecularly-
adsorbed pyruvic acid on Al2O3 are shown in Table 6.1.

Adsorbed pyruvate can be coordinated to the metal (M) oxides (MxOy) surface in
three different modes: (1) monodentate mode in which only one carboxylate O atom is
coordinated to a surface M atom; (2) bridged bidentate mode in which two carboxylate O
atoms are coordinated to two different surface M atoms; and (3) chelating bidentate mode
in which two carboxylate O atoms are coordinated to the same surface M atom.®-2 The
coordination modes can be differentiated by the difference in wavenumbers between
vs(CO2) and vas(CO?), i.e., A (CO2). In this study, A (CO) is determined to be 125 cm™
for pyruvate adsorbed on Al>Os, significantly smaller than that for sodium pyruvate (250
or 228 cm™)’678 suggesting that adsorbed pyruvate is bound to the Al.Os surface via the
bidentate mode. It has been reported that acetic acid coordinates to the Al,Os surface via
the chelating bidentate mode, suggesting that pyruvic acid (an a-carbonyl acid), has similar
adsorption behavior.

Other absorbance bands centered at 1680 cm™ and 1655 cm™ were also observed
here, which could be assigned to zymonic acid, a closed enol ring dimer of pyruvic acid
reported by Harris et al (2017), as well as other tautomers of zymonic acid®®, suggesting
that zymonic acid and other pyruvic acid dimers formed when pyruvic acid adsorbed on
Al,O3 surfaces. These peaks remaining on the surface after overnight evacuation,
suggesting these large molecules (pyruvic acid dimers) are mostly irreversible on the
surface. HRMS shows zymonic acid as one of the major products produced when pyruvic
acid adsorbs on Al>O3 (Table 6.2). Mass spectrometry has been applied to further identify

and analyze the products and will be discussed in Section 6.3.3.
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6.4.2 Surface adsorption of pyruvic acid on TiO2
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Figure 6.2. (a) FTIR spectra (800 to 4000 cm™) of TiO2 following exposure to pyruvic
acid under dry conditions as a function of pressure (10, 30, 75, 190, 310 and 625 mTorr).
Each spectrum was taken 20 minutes after introduction of each pressure. (b) FTIR spectra
(800 to 2000 cm™) of TiO, following exposure to 50 mTorr pyruvic acid under dry
conditions as a function of time. Evacuation spectra (---) collected after 30 minutes of
evacuation.

Figure 6.2 shows spectra observed for TiO> particles following exposure to pyruvic
acid under dry conditions (RH < 1%). The peak assignments for the vibrational modes of
adsorbed pyruvic acid on TiO> particles are given in Table 6.1. Pyruvic acid deprotonates
on TiO2 surface after adsorption, forming adsorbed pyruvate. Evacuation spectra in Figure
6.2(b) suggests that pyruvic acid adsorption on TiOz is a irreversible process. According to
Figure 6.2(a), the intensity of most absorbance bands, which can be assigned to adsorbed
pyruvate, remain stable above 75 mTorr, suggesting that the TiO. surface is almost
saturated following exposure to above 75 mTorr pyruvic acid. However, absorbance bands
at 1789 cm™ and 1260 cm™* which can be assigned to C=0 acid stretching and C-OH from

carboxylic acid respectively, still shows an increasing trend, suggesting that the extra
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pyruvic acid forms dimers or other large molecules on the TiO; surface (including zymonic
acid, C7HgOs, and C9H110s, as shown in MS result (Table 6.2b)).

The coordination modes of surface-adsorbed pyruvate can be differentiated by the
difference in wavenumbers between vs(CO2) and vas(CO2), i.e., A (CO2). In this study, A
(CO2) is determined to be 114 — 135 cm™ for pyruvate adsorbed on TiO; (after the TiO2
surface is saturated), significantly smaller than that for sodium pyruvate (250 or
228 cm™)’678 suggesting that adsorbed pyruvate is bound to TiO2 surface via a chelating
bidentate mode. However, prior to surface saturation (at lower coverages), A (CO2) is
determined to be 160 cm™, indicative that a bridged bidentate mode of adsorbed pyruvate
also existed on the TiO> surface. Following exposure of 75 mTorr pyruvic acid to the TiO:
surface, the observed peak position of CO2" shifts, suggesting that the binding mode of

adsorbed pyruvate might change during surface saturation.

6.4.3 Photochemistry of Adsorbed Pyruvic Acid on Al203 and TiO2

The photochemistry of adsorbed pyruvic acid on Al,Oz and TiO», respectively, was
investigated using FTIR following 150 minutes of irradiation. Sample collection was
performed following experiments, as well as after evacuation for further MS analysis. As
seen in both Figure 6.3(a) and 6.3(b), the intensity of infrared peaks attributed to C=0
ketone stretching of adsorbed pyruvate (1736 cm™ and 1741 cm™), C-CHg stretching (1175
cm™tand 1173 cm™), as well as the bending mode (1342 cm™ and 1356 cm™) on Al,O3 and
TiO3, respectively decrease with irradiation time suggesting that adsorbed pyruvic acid
photolyzed during the irradiation. However, several infrared bands (1637, 1595, 1516,

1477, 1448, 1385 cm™ in Figure 6.5(a); and 1568, 1535, 1464, 1381 in Figure 6.3(b))
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appeared during the irradiation, indicative of the formation of new photochemical products.
Peaks at 1516 and 1477 cm™ on Al,Os, and peaks at 1568 and 1464 cm™ on TiO2 can be
assigned to COO" stretching of a carboxylic acid such as adsorbed lactic acid. However,

detail product identification is needed because these infrared bands are broad and

complicated.
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Figure 6.3. FTIR difference spectra (950 — 1900 cm™) of 100 mTorr adsorbed pyruvic acid
on the (a) Al,Oz and (b) TiO> surface, respectively, as a function of irradiation time.
Difference spectra were obtained by subtracting the spectrum taken prior to irradiation.
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Table 6.2. Selected Compiled Photochemistry HRMS Data of Adsorbed Pyruvic Acid on
Al20s. (From Michael Alves)

Assigned  Assigned Average Mass Dark with Irradiated with
formula  structure experimenta error desorption desorption
[M-H]- I m/z (ppm)
C3H303  pyruvic acid 87.00903 3.04 Medium Strong
CsH:04  2-methyl-2,3- 119.03526 2.3 Below Below threshold
dihydroxy- threshold
propanoic acid
CsHs03  Unassigned 111.00904 2.46 Medium Below threshold
CsHsO3  Unassigned 113.02469 2.42 Medium Medium
CsH:04  acetolactic acid 131.03529 2.35 Below Medium
threshold
CsHgO4  Unassigned 133.05090 2.02 Strong Weak
CeHsOs  zymonic acid 157.01440 1.00 Medium Medium
CeH:Os  parapyruvic acid*  175.02495 0.8 Below Medium
threshold
CsHsO4  Unassigned 145.05082 1.3 Weak Strong
C/H:Os  Unassigned 171.02993 0.21 Weak Below threshold
C/HsOs  Unassigned 173.04572 1.03 Below Strong
threshold
C/H1:0s DMOHA 175.06134 0.81 Below Strong
threshold
C/HsOs  Unassigned 189.04046 -0.02 Medium Weak
CsH1106  Unassigned 203.05603 -0.38 Weak Below threshold
CoH1:0¢  Unassigned 215.05611 -0.02 Below Below threshold
threshold
C12H1304  Unassigned 221.08200 0.32 Below Strong
threshold
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Table 6.3. Selected Compiled Photochemistry HRMS Data of Adsorbed Pyruvic Acid

on TiOz. (From Michael Alves)

Assigned  Assigned Average Mass  Dark with Irradiated
formula structure experimental error  desorption with
[M-H]- m/z (ppm) desorption
C3H303 pyruvic acid 87.00902 291 Medium Strong
C4H704 2-methyl-2,3- 119.03526 2.3 Below Weak
dihydroxy- threshold
propanoic acid
CsHs03 Unassigned 113.02468 2.36 Strong Medium
CsH70, acetolactic acid 131.03526 2.11 Below Weak
threshold
CsHgO4 Unassigned 133.05089 1.96 Medium Weak
CesHs0s zymonic acid 157.01443 1.17 Strong Strong
CesH70s parapyruvic 175.02495 0.8 Below Medium
acid* threshold
CsHgO4 Unassigned 145.05082 1.27 Below Medium
threshold
C7H70s Unassigned 171.02996 0.38 Medium Below
threshold
C7H110s DMOHA 175.06134 0.84 Below Medium
threshold
C7Hq0Os Unassigned 189.04052 0.31 Strong Strong
CsH1106 Unassigned 203.05611 -0.01  Medium Below
threshold
CoH1106 Unassigned 215.05611 -0.02  Medium Medium
C12H1304  unassigned 221.08189 -0.18  Weak Weak
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To further determine the photochemical reaction products and possible pathways
of adsorbed pyruvic acid on Al2Oz and TiO2, extracts of adsorbed pyruvic acid on oxide
surfaces, before and after irradiation, were analysed via mass spectrometry. Either pure or
aqueous pyruvic acid has been proved to spontaneously dimerize, likely through an aldol
addition reaction, forming parapyruvic acid and zymonic acid, as well as their tautomers
and hydrates, in a known equilibrium dependent on pH and concentration as shown in

Scheme 1.4884

0 o CHs H
5 Aldol Condensation Hog
HO 0 HO OH
Pyruvic Acid
; ) _ OH
Parapyruvic Acid
+H,0 -H,0
o/ H transf; o, /¢
t
o) oH ransfer o OH
W
O
@]
HO H
0 by H

Zymonic Acid

Scheme 6.1. Pyruvic acid dimerized to form parapyruvic acid and zymonic acid. (Adapted
from Perkins et al (2016)).

Therefore, the study of adsorbed pyruvic acid on oxide surfaces in dark conditions
is crucial to understand as it is necessary to consider the contribution from the

oligomerization processes that will provide insight into more complex photochemical
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pathways. HRMS used in this study shows that adsorbed pyruvic acid on oxide surfaces,
in dark conditions, produced many such oligomers found in Table 6.2 and Table 6.3.

Rapf and coworkers*® studied pyruvic acid aqueous photochemical reactions and
observing pyruvic acid derived dimers and trimers as products. Such products can then
undergo further photochemical reactions to form larger oligomeric products such as
DMOHA. Zymonic acid has also been found in multiphase photochemical reactions of
pyruvic acid under atmospheric relevant conditions using an environmental simulation
chamber.® Among many other produced oligomers from this study, zymonic acid was
specifically observed in our mass spectra as one of the major products in all of the pyruvic
acid-oxide surface (Al.Oz and TiO2) experiments. This supports our FTIR observations
shown in Figure 6.1 and Figure 6.2. After evacuation to remove weakly bonded surface
species, zymonic species (zymonic acid and its tautomers) exhibit a much higher intensity
in TiO2 compared to Al2Os, suggesting that the zymonic species are more stable on TiO».
The most stable adsorption geometry, calculated by theoretical work on adsorption of
oxalic acid on TiO, is expected to be deprotonation of both carboxyl groups.2°#® In another
study, attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) was
used to investigate malonic acid adsorbed on particulate TiO2 (P25 Degussa), suggesting
adsorption of malonic acid on the TiO. surface occurred via one bridging bidentate and
one monodentate carboxylate group.858” We speculate that the pyruvic acid oligomers such
as zymonic species, those with two carboxyl groups or more, will be the more energetically
stable (irreversible adsorbed) as doubly deprotonated products on metal oxide surfaces.
Both zymonic acid and other Cs species were observed in aqueous pyruvic acid dark

conditions (see Table 6.2 and Table 6.3). Zymonic acid has also been detected in
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multiphase pyruvic acid photochemistry and can be formed by dehydration of parapyruvic
acid.®

Samples were extracted from oxide surfaces after pyruvic acid adsorption following
150 mins of irradiation for HRMS analysis. Parapyruvic acid (and its other forms) is below
threshold before irradiation from both surfaces. Selected oligomers of pyruvic acid,
previously observed by Rapf and coworkers*® were also detected in this study, oligomers
not detected such as CDMOHA/DMTA was most likely due to the nature of the
experiment. Parapyruvic acid, a dimer of pyruvic acid is detected at m/z 175.02495 (0.80
ppm mass error) by MS, in good agreement with previous photochemical studies by Rapf
et al.*® who calculated that it is energetically possible to photochemically generate
parapyruvic acid. Zymonic acid, a closed enol ring dimer of pyruvic acid, is also detected
here using MS at m/z 157.01440 (1.17 ppm mass error). However, in our studies, zymonic
acid has been detected in both light and dark conditions, while parapyruvic acid is only
seen as a photoproduct. This finding suggests that zymonic acid is the product of a
spontaneous oligomerization process on the surface, but parapyruvic acid is only being
produced in substantial amounts in the photochemical processes.

Pyruvic acid on oxide surfaces have specific and previously observed
photochemical pathways, further details can be found in photolysis studies of aqueous
pyruvic acid by Rapf et al and Guzman et al.?®*® Briefly, for deprotonated pyruvate
molecules, such as adsorbed pyruvate on Al.O3 and TiO2 surfaces, only the methyl group
is available for abstraction. Furthering photochemical processing, after generating and
combining the CH3C(OH). (GD) and CH2C(O)CO:H (OA) radicals, recombination

products, dimethyltartaric acid and 2, 5- dioxohexanedioic acid, are not detected within the
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threshold of our HRMS results suggesting that intersystem crossing back to the singlet state
was the dominant pathway for photochemistry of adsorbed pyruvate. It is important to note,
though, that oligomeric species can decompose into smaller product species. In the
aqueous-phase, products resulting from the GD radical were also not detected (above
threshold) in the HRMS analysis, suggesting that a GD radical pathway is not favorable
for adsorbed pyruvic acid surface photochemistry.

Analysis of the surface-adsorbed species following 150 mins of irradiation and
subsequent overnight evacuation was also performed. Zymonic acid and DMOHA are still
present as major photoproducts on both TiO, and Al.O3 surfaces. Parapyruvic acid is
reported to undergo further photolysis, forming pyruvic acid trimers and other larger
molecules. However, parapyruvic acid is still observed after irradiation (for all studies),
suggesting that Al>O3 and TiO- surfaces and absorbed irradiated pyruvic acid proceeds in
an alternate pathway not previously suggested.The observation that the formation of more
complex, oligomeric species, including: zymonic acid, DMOHA, parapyruvic acid, Cs
unassigned species, CoH1106, and Ci12H1304 are favored under anoxic conditions raises
intriguing possibilities for the relevance of this chemistry in the ancient, prebiotic
environment, which contained very little O, and ozone, allowing more UV light to reach
the troposphere and Earth’s surface. Heterogenous reactions between pyruvic acid and
oxide surfaces under prebiotically relevant conditions forms oligomers, suggesting that
sunlight can be trapped by pyruvic acid and converted into usable chemical energy stored

in larger molecules.
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6.5 Conclusion

Transmission FTIR spectroscopy was used to investigate the heterogenous
reactions between pyruvic acid and mineral dust aerosol particles. Pyruvate was observed
when pyruvic acid adsorbed on Al>O3 and TiO2. Upon irradiation, adsorbed pyruvic acid
reacted to form other compounds on both surfaces. HRMS was applied to study the
products and mechanisms for pyruvic acid in both light and dark conditions. Parapyruvic
acid has been found on both surfaces in light conditions while zymonic species were found
in both light and dark conditions, suggesting that the production of zymonic acid and its
tautomers is a oligomerization process in both conditions and parapyruvic acid is being
produced via photochemical processes. Other compounds such as DMOHA, C9H120s, and
C12H1404 were also detected using MS, suggesting that pyruvic acid photochemistry on
surfaces formed various larger products.

This study highlights the complex nature of surface-adsorbed systems by
identifying compounds which are not produced from single gas- or aqueous-phase
photochemical studies. The formation of the various oligomers discussed in this study,
produced from currently unidentified reaction pathways, emphasizes the need for further

studies on the detailed mechanisms and subsequent products.
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CHAPTER 7 UNDERSTANDING THE
INTERACTION BETWEEN INDOOR AIR
RELEVANT VOLATILE ORGANIC COMPOUNDS
WITH SILICA SURFACES

7.1 Abstract

Adsorption and desorption Kinetics of limonene, a terpene commonly found in
indoor environments, on silica, which is representative of glass surfaces, were investigated
here as a function of coverage (at 296 K), as well as a function of temperature at fixed
pressure for under dry conditions (< 1 % RH). Limonene adsorption on silica is found to
be a molecular, reversible process via hydrogen bonding with surface hydroxyl groups. By
combining experimental (Transmission Fourier transform infrared (FTIR) spectroscopy),
kinetics modeling and atomistic computer simulations, we developed a method to study
limonene adsorption/desorption kinetics on silica surfaces. The methods developed for
studying this molecule and the surface can be further applied to other relevant indoor
organic vapors and surfaces. The role adsorbed water plays in limonene adsorption on SiO;

surfaces was also investigated.

7.2 Introduction

In developed nations, people spend almost 90% of their total time indoors,
especially in their own residences, which consists of myriad of surfaces such as walls,
windows and floors.>? Given the large surface to volume ratios and long reactive lifetimes

in the indoor environment, interfacial chemistry can play a significant role indoors.*3#
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Indoor surfaces may provide substrates for reactions to occur which may lead to the
formation of new molecular species that can desorb into the gas phase, and/or these
surfaces could also remove gas phase species via adsorption.? However, little is known
about these reactions and there remains a lack of knowledge concerning the detailed
chemistry and molecular processes involving indoor surfaces.

Three main surface processes including oxidation, acid-base reactions and
adsorption/desorption can influence indoor air chemistry.! Given the presence of oxidants
such as ozone, hydroxyl radicals and nitrates, the indoor environment can be highly
oxidized to form secondary organic aerosols and nitrous acid (HONO).>® Since carbon
dioxide and ammonia are also present indoors (at parts per million levels), with their
concentrations varying as occupants change activities, acid-base reactions are potentially
important.”® Depending on factors such as the volatility of the molecular species, nature of
the surface and relative humidity (RH) indoors, adsorption/desorption processes can also
influence indoor air concentrations.® Among the various surface interactions occurring in
the indoor environment, we focus on understanding the Kkinetics of the
adsorption/desorption process of a common indoor gas, d-limonene, on silica, a model
indoor surface for glass. The role of RH on surface adsorbed species is also studied.

Limonene, a terpene commonly found in the indoor environment, is an active
ingredient in a variety of consumer products such as cleaning products and odorants.1%!
The average reported indoor concentration of limonene is 5-15 ppb!23, however, the
concentration can escalate up to 175 ppb immediately following product use.* Limonene
also has the potential to form secondary organic aerosols (SOA) via reactions with oxidants

such as ozone because it is an unsaturated hydrocarbon.**** Given the ability of limonene
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to interact with various components in indoor environments, we used limonene as one of
our indoor gases of interest. Carvone (p-mentha-6,8-diene-2-one), an ingredient in
turpentine balsam, can also be produced from limonene oxidation.*® Dihydromyrcenol
(2,6-dimethyl-7-octen-2-ol) has been widely used in fragrances for detergents, bath
preparations, soaps as well as other household products.'®'"*® Ham et al. (2009) and Shu
et al. (2012) investigated heterogeneous reactions between dihydromyrcenol and ozone on
various indoor surfaces including glass and vinyl flooring tiles.'8°

Furthermore, silica (SiO2) was chosen as the model indoor surface in this study
since it can represent the chemistry occurring on glass surfaces. The SiO, sample used in
our studies is in powder form, having a high surface area to obtain information on surface
adsorption mechanisms. The adsorption of organic molecules including DL-menthol,
limonene, citronellal and carvone has been studied using flow microcalorimetry and
infrared spectroscopy on preheated gel silicas to investigate the varying adsorptive
properties owing to different functional groups.?® In this work, we investigate the
interaction type and strength of limonene vapor adsorption on SiO», along with the kinetics
of the adsorption/desorption process by integrating surface adsorption measurements
obtained from vibrational spectroscopy with theoretical calculations and kinetic modeling.
The methods developed, and kinetics model built for studying this molecule and surface
can then be applied to other indoor organic vapors (such as dihydromyrcenol) and surfaces.

We also studied the role of water vapor of adsorbed limonene on silica surfaces.
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7.3 Experimental Section

The adsorption of limonene on silica surfaces as a function of limonene pressure at

296 + 1 K, as well as from 298 to 308 K for temperature dependence experiments were

studied using transmission Fourier transform infrared (FTIR) spectroscopy coupled with a
modified Teflon coated infrared cell.?%?? In these experiments, approximately 5 mg of
silica particles (Degussa, BET surface area of 230 m? g), was pressed onto one half of a
tungsten grid held by two Teflon coated jaws in the FTIR cell compartment (177 + 2 mL).
The customized Teflon coated infrared cell is connected to a glass mixing chamber (1329
+ 2 mL) via Teflon tubing (75 cm long, with a diameter of 3.3 mm). The sample cell and
mixing chamber were then evacuated for 6 hours using a turbo-molecular pump to clean
the cell and the sample surface. After evacuation, the sample was exposed to the desired
pressures of dry, gaseous limonene for 20 minutes under dry conditions (RH < 1%). The
gaseous limonene was produced from (+) - Limonene (>99%, Fisher Scientific) by
degassing at least three times with consecutive freeze-pump-thaw cycles. Limonene
adsorption/desorption at 296 K were studied at a series of 14 pressures (7, 8, 9, 10, 11, 14,
15, 16, 18, 20, 24, 25, 26, and 32 mTorr), with 3 replicas carried out at 8, 16, and 25 mTorr.
Limonene adsorption on silica as a function of RH was carried out by introducing the
desired amount of water vapor after 100 mTorr limonene adsorption reached equilibrium.
To investigate the effects of temperature, the silica sample was held by a custom heated
sample holder as described in a previous study.?®** Thermocouple wires are welded to the
tungsten grid to measure the temperature of the sample and the tungsten grid, with the
sample coated on the grid resistively heated by an external heater. With the heated sample

holder, the volume of the FTIR cell increased to 327 (+ 3) mL. The coated surface samples

161



were evacuated for at least 6 hours and pre-heated to the desired temperature before
introduction of limonene.

Prior to and after the exposure of limonene, the single-beam spectra of surface- and
gas- phases (300 scans) were acquired at 296 K, as well as from 298 K to 308 K for
temperature dependence experiments. The following temperatures were employed for
these experiments: 298, 300.5, 303, 305.5 and 308 K. A resolution of 4 cm™ was used
over the spectral range of 800 to 4000 cm™. As silica is opaque below ~1200 cm™, spectra
are shown only above 1200 cm™ During and following exposure to limonene, single-beam
spectra (10 scans) of the respective silica and gas phase surfaces were automatically
acquired using a Macro (OMNIC Macro Basics software) to study the kinetics of limonene
adsorption until equilibrium was reached. The IR cell and sample surface were evacuated
after adsorption had reached equilibrium. Desorption information was then obtained by
acquiring single-beam spectra (10 scans) for 30 minutes. Absorbance spectra of limonene
on the silica surface are reported as the difference in the silica spectra before and following
exposure to limonene. Absorption bands attributed to gas phase limonene (measured
through the blank half of the tungsten grid) were subtracted from the surface absorbance
spectra to obtain the FTIR spectra of the adsorbed particle species loaded on the tungsten
grid.

Other gaseous compounds used in this study were produced from (R) - (-) - Carvone
(98%, Aldrich) and dihydromyrcenol (> 99%, Sigma-Aldrich), respectively, by degassing

at least three times with consecutive freeze-pump-thaw cycles.
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7.4  Results and Discussion
7.4.1 Limonene Adsorption and Desorption Kinetics on Silica

The FTIR spectrum of high pressure gas-phase limonene (1.6 Torr) was collected
at 296 K with a resolution of 4 cm™ (see Figure 7.1). The spectrum and the vibrational
modes of gas-phase limonene are well understood.?® The modes are assigned as follows:
3084 cm for C-H sp? stretching motion; 3015 cm™ for C-H (from ring) sp? stretching
mode; 2847, 2861, 2928 and 2974 cm® for C-H sp® symmetric and asymmetric stretching
mode; 1782 cm™ is assigned to a vibrational overtone; 1645 cm™ for C=C (alkene)
stretching motion; 1380 and 1451 cm™ for CH, and CHs bending vibrations, respectively;
1151 cm™ for C-H in plane rocking motion; 1020 and 1050 cm™ for methyl rocking plus

C-C stretching motions; and 891 cm™ for CH; out of plane bending.?>-2°
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Figure 7.1. FTIR spectrum of gas phase limonene (1.6 Torr) from 800 to 4000 cm™.

7.4.1.1 Adsorption and Desorption Kinetics as a Function of Pressure

Infrared spectra for silica particles following exposure to gaseous limonene as a
function of varying limonene pressure at 296 K are shown in Figure 7.2. Observed infrared
absorption band frequencies are in good agreement with gas phase limonene vibrational
frequencies (with only a few wavenumbers difference) and assigned as follows: C-H sp?
stretching at 3074 cm™; C-H (ring) sp? stretching at 3010 cm™; C-H sp?® stretching at 2834,
2860, 2922 and 2967 cm™*; C=C (alkene) stretching at 1645 cm™; CH and CH3 bending at
1380, 1439 and 1451 cm™. The negative peak at 3742 cm™ is due to silica surface isolated

silanol groups hydrogen bonded with limonene, and the broad band near 3504 cm™ is
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assigned to the hydrogen bonded Si-OH groups. Molecular dynamic (MD) simulations
(discussed in Chapter 8) suggest that limonene can form 1 or 2 hydrogen bonds with silica
surface hydroxyl groups. Absorption peaks due to adsorbed limonene disappear upon
evacuation, while the negative peak attributed to isolated O-H groups (at 3742 cm™)
reappears, suggesting that limonene is molecularly adsorbed on the silica surface via a

reversible process.
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Figure 7.2. Absorbance spectra of limonene adsorbed on silica under dry conditions (RH
<1 %) as a function of limonene pressure (1, 5, 10, 25, 50, 100, 200, 500 and 1000 mTorr)
in the 1280 ~ 4000 cm! spectral regions. Note that SiO; is opaque below 1280 cm™ due to
lattice vibrations. Gas phase limonene has been subtracted from these spectra. The surface
spectrum following overnight evacuation is shown as a dashed line (- - -).
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Table 7.1. Vibrational mode assignment for limonene and adsorbed species on SiO:

particle surfaces.

Mode Gas phase SiO; Literature
assignment
vs(CH, sp?) 3084, 3074, 3010 3084, 3015%
3015(ring)
v(CH, sp®) 2847, 2861, 2834, 2836 — 296678
2928, 2974 2860,
2922, 2967
Overtone 1782 1780%
v(C=C, 1645 1645 1645252629
alkenene)
0(CHz, CHs) 1380, 1451 1380, 1377, 14532
1439, 1451
p(C-H) 1151 11622630
Methyl rocking 1020, 1050 1020, 1039%°
+ C-C stretching
0(CH2) 891 886262

Additionally, we have investigated the kinetics of limonene adsorption/desorption
on SiO; surfaces. Calibration of surface coverage was achieved by combining volumetric
measurements with absorption band peak intensities for the adsorbed species as previously
described.?>3! Kinetics measuements were carried out for 14 different pressures. Triplicate
measurements have been applied to 8, 16 and 25 mTorr only. The time-dependent surface
coverage (molecules/cm?) of 25 mTorr limonene adsorbed on silica particles is plotted in
Figure 7.3(a). The time-dependent surface coverage for all 14 pressures can be found in
Figure 7.3(b) — 7.3(0). Limonene was introduced to the system at t = 0 s, with increasing
coverage observed until the adsorption of limonene on the surface was in equilibrium with

the gas phase (t > 600 s). Desorption was then immediately initiated, and from that point
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onward, the surface coverage of limonene decreased  with

time.
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Figure 7.3. Temporal evolution of (a) 25 mTorr (3 replicates) limonene on silica. Gas-
phase contribution has been subtracted.
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Figure 7.3. (continued) Temporal evolution of (b) — (0) 14 different pressures (7, 8, 9, 10,
11, 14, 15, 16, 18, 20, 24, 25, 26 and 32 mTorr) of limonene on silica. Gas-phase

contribution has been subtracted.

The amount of limonene adsorbed on silica surface is determined by volumetric
measurements, as described in previous studies.?**! Equations (E8.1) to (E8.3) allow for
calculation of the pressure represents the pressure calculation corresponding to the amount
of adsorption which occurred on the silica surface. The amount of adsorption on the walls
of the sample cell and mixing chamber, represented by the change of pressure in blank

measurements (E8.1), has been subtracted from the amount adsorbed on the walls of the
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system as well as the sample loading(represented by the change in pressure during

experiments (E8.2):

Pblank, i = Pblank, eq = APblank (E8.1)
Pexp, i— Pexp, eq = APexp (E8.2)
AP = APexp - APblank (E8.3)

Polank, i and Poiank, eq represent the initial pressure and equilibrium pressure of blank
measurements, respectively. In the same manner, Pexp, i and Pexp, eq represent the pressures,
but for experimental measurements, and AP represents the change in pressure
corresponding to the amount adsorbed by the sample only. By applying the ideal gas
equation, this change in pressure can be converted to the number of molecules adsorbed on
the surface. Note that this calibration was only done for a 100 mTorr initial introduction
pressure. A conversion factor (in terms of molecules) is then applied by dividing the
number of molecules adsorbed on the surface by the integrated absorbance peak area of the
vibrational modes (from 2785 to 3115 cm™) using the spectrum collected at equilibrium
(with the gas-phase contribution subtracted). This is subsequently used to determine the
temporal evolution of the number of molecules adsorbed on the surface for other pressures,
according to the integrated peak area which has been corrected for gas-phase diffusion (as
described in Section 2.1.5) for the same vibrational modes. Surface coverages were
obtained by dividing the number of molecules adsorbed by the total surface area of the
sample (BET surface area x mass of sample). Table 7.2 summarizes the observed

coverages of limonene on silica for low initial pressures limonene.
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Table 7.2. Calculated coverages of limonene on silica for different pressures using
volumetric measurements.

Initial Pressure (mTorr) Coverage (x 10** molecules/cm?)

7 24101
8 24101
9 27+01
10 3.1+02
11 32+02
14 39+02
15 41+0.2
16 44102
18 43+0.2
20 48+0.2
24 5.7+03
25 5.7+03
26 5.8+03
32 6.5+ 0.3

The calculated surface coverage of limonene as a function of pressure is shown in
Table 7.2. Assuming monolayer adsorption for the pressure range studied, the three-

parameter BET equation (E7.4) can be reduced to the Langmuir equation (E7.5) when n =

1:
n n+1
Ve Vmcpio 1—(n+1)(;;0) +n(;;0) £7.4
- P P PGE ( . )
1_(13_0) 1+(C—1)(%)—C (%)
Vi€ (o)
1+C(P—0)
P4 (E7.6)
N N N

The Langmuir equation (E7.5) could then be further simplified to a linear form where: P
is pressure; N is surface coverage; Ns is the Langmuir saturation coverage; and K is the

Langmuir constant as shown in (E7.6). Plotting [P/N] versus pressure produces a linear
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relationship as shown in Figure 7.4. The fitted linear equation can be correlated to (E7.6),
the simplified linear relationship between P/N and P, where the slope can be defined as

1/Ns as shown in (E7.7).

1
Slope

Slope = Ni or Ns= (E7.7)

According to Figure 7.4 and (E7.6), the Langmuir saturation coverage and Langmuir
constant K of limonene adsorption on silica is determined to be (1.37 4+ 0.07) x 10*
molecules/cm? and (0.032 + 0.02) respectively. Diaz et al. (2005) studied the adsorption
of limonene and other organic molecules onto gel silicas and reported a theoretical
monolayer coverage of limonene on the silica surface as 3.23 umol m™ (equivalent to 1.95
x 10 molecules/cm?) obtained by molecular modeling.?® Our experimental data of
Langmuir saturated coverage is in good agreement with the calculated monolayer
coverage. Experimentally, the molecules were not expected to tessellate perfectly on the
silica surface since some active sites are inaccessible owing to the shape of molecules and
hindering interactions. Therefore, the experimental coverage is expected to be lower than

the theoretical value.?®
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7.4.1.2 Adsorption and Desorption Kinetics as a Function of Temperature
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Figure 7.5. Temporal evolution of limonene (16 mTorr) adsorption and desorption for the
following temperatures: 298, 300.5, 303, 305.5, 308 K (x 1K).

Kinetics of limonene adsorption/desorption on the silica surface were also studied

as a function of temperature (298, 300.5, 303, 305.5 and 308K). The time-dependent

surface coverage (molecules/cm?) of limonene on silica is shown in Figure 7.5. Prior to the

introduction of 16 mTorr limonene, the silica surface was heated to the desired temperature.

The desorption process started after 1080 s, the time at which limonene adsorption reaches

equilibrium. The limonene coverage at equilibrium decreases with temperature, suggesting

that at higher temperatures, less limonene can be adsorbed on the silica. Kinetics modeling

with energy parameters obtained from molecular dynamic simulations was applied to

further understand the adsorption/desorption kinetics of limonene on silica.
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7.4.1.3 Kinetics Modeling of Limonene Adsorption on Silica

The kinetic double-layer of aerosol surface chemistry and gas-particle interactions
(K2-SURF), previously described in detail®?, was used to reproduce experimental
measurements of adsorbed limonene concentrations on a silica surface as a function of
pressure and temperature (as shown in Section 7.3.1.1 and 7.3.1.2). Figure 7.6 shows the
adsorption mechanism employed in this model, which involves a multi-step mechanism,
not just a simple adsorption/desorption process. Adsorbed limonene could be either bound
to the surface by one or two hydrogen bonds and the interconversion between the singly
and doubly hydrogen bound limonene was explicitly treated in the model. The first-order
desorption rate coefficient was assumed to follow Arrhenius kinetics. The gas-phase
limonene pressure in the reaction cell as a function of time was constrained to experimental
measurements. It was also assumed that gas-phase diffusion into the silica matrix, which
was ~150 pm thick, was fast and therefore did not affect the measured adsorption and
desorption kinetics. In the mechanism below, gas molecules (limonene(LI1M)) are proposed
to undergo adsorption on the surface forming one or two hydrogen bonds (HB) (R7.1).
These molecules can then thermally desorb back to the gas phase (R7.2 and R7.3) or switch

between one or two hydrogen bonds (R7.4 and R7.5):

LIM (gas) — c1 x LIM (1 HB) + (1 — c1) x LIM (2 HB) ((Jacs) (R7.1)
LIM (1 HB) —  LIM (gas) (Jdes,1H-Lim) (R7.2)
LIM (2 HB) —  LIM (gas) (Jdes, 2H-Lim) (R7.3)
LIM (1 HB) —  LIM (2 HB) (k) (R7.4)
LIM (2 HB) —  LIM (1HB) (ko) (R7.5)
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Figure 7.6. Schematic of the K2-SURF model for adsorption and desorption of limonene
to a silica surface. The subscripts ‘ads’ and ‘gs’ represent adsorbed molecules and near
surface gas-phase molecules, respectively. Jags is the adsorption flux which is equal to
0s,0lim X W/4 x (1-0) x [Limgs)] while Jges is desorption flux which is equal to (1/zq,lim) X
[Limeds)]. W is the mean thermal velocity and 6 is the surface coverage. A description of
all other parameters can be found in Table 1. (From Dr. Pascale Lakey)

In the mechanism,

_ As0lim XW
]ads T ax(1-9) x[Limonene(gs)] (E7'6)’ and
Jaes = X [Limonene(ads)] (E7.7),

Td,lim
where: asp,im IS the initial surface mass accommodation; W is the mean thermal velocity
of limonene; zq,1im IS the desorption lifetime on the surface in the absence of surface reaction
and surface-bulk transport; 0 is the surface coverage, equivalent to ([limonene (1 HB)] +
[limonene (2 HB)]) X olimonene, Glimonene represents the average space that one adsorbed
limonene takes up on the surface; and k1 and ko are rate constants for the reversible process

(R7.4 and R7.5).
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Figure 7.7. (a) Example of experimental kinetics data (x) at 3 different pressures (8, 16
and 25 mTorr, triplicate measurements) fitted with K2-SURF model (—). (Fitted curve

from Dr. Pascale Lakey)
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Figure 7.7. (continued) (b) — (0) Experimental kinetics data () for 14 different pressures:
7,8,9, 10, 11, 14, 15, 16, 18, 20, 24, 25, 26 and 32 mTorr limonene on silica, respectively,
fitted with the K2-SURF model (—). (Fitted curve from Dr. Pascale Lakey)

The best-fit curves for some of the experimental kinetics data using the proposed
two-step mechanism are shown in Figure 7.6. As evident from Figure 7.7, the modeling
can accurately predict our experimental results. The best-fit parameters obtained from the

model are summarized in Table 7.3. The K2-SURF model and the proposed mechanism fit

our experimental kinetics data very well using the given kinetic parameters including the
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desorption lifetime (Tq) and effective adsorption enthalpy (AHagds) (obtained from the

fitting)
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Table 7.3. Parameters used in the K2-SURF model. (From Dr. Pascale Lakey)

Parameter Parameter description Parameter value
05,0 lim surface mass accommodation 1
coefficient on an adsorbate-free surface
Td,Jim lifetime of limonene on the surface 2.3 x 10%ns (Figure 7.7: 8, 16, 25 mTorr)
2.6 x 10*ns (Figure 7.7 other pressures)
*
Kiim 1H,2H first-order rate coefficient for the 1 x 10%?g?t**
conversion of singly hydrogen bound
limonene to doubly hydrogen bound
limonene
Kiim.2H.1H first-order rate coefficient for the 1 x 1010g?®***
conversion of doubly hydrogen bound
limonene to singly hydrogen bound
limonene
Olim effective adsorption cross-section of a 0.55nm? (Figure 7.7: 8, 16, 25 mTorr)
limonene molecule 0.79 nm? (Figure 7.7 other pressures and
Figure 7.8)
C1 fraction of limonene adsorbed as singly 0.5

hydrogen bonded, (1-c1) is the fraction

adsorbed as doubly hydrogen bonded.

* For simplicity, the same value is assumed for singly and doubly hydrogen bonded

limonene. Also note that these values are for room temperature (~296 K). At other

temperatures the following equation is used: (1/zq,im) = exp(-6423 x (1/T) + 32.24).
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** The activation energy associated with this rate coefficient is 5.7 kJ mol™* assuming a

pre-exponential factor of 1 x 10 s,

*** The activation energy associated with this rate coefficient is 17.0 kJ mol™* assuming a

pre-exponential factor of 1 x 10 s,
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Figure 7.8. Adsorbed limonene concentrations on silica as a function of time at an
equilibrium pressure of 16 mTorr and at five different temperatures (a) 298 K, (b) 300.5
K, (c) 303 K, (d) 305.5 K and (e) 308 K. A 20% error has been assumed for the adsorption
part of the graphs while for the desorption part of the graphs a range of values are shown,
representing experimental uncertainty. (From Dr. Pascale Lakey)

Figure 7.8 shows experimental data and model lines for limonene adsorption and
desorption onto a silica surface as a function of time for different temperatures. Similar to
the previous data, the model limonene gas-phase concentration as a function of time was
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constrained to experimental measurements. The decrease in the maximum adsorbed
limonene concentration as the temperature increases can be explained by the first-order
desorption rate coefficient following Arrhenius kinetics. The Arrhenius equation which
was used to fit the data (1/zq,im = exp(-6423 x (1/T) + 32.24)) had a pre-exponential factor
(A) which was fixed to 1 x 10* s?, allowing the adsorption enthalpy (AHads) to be
calculated as -53.4 kJ mol™. This is consistent with the pressure data, as when setting A to
equal 1 x 10 s the value of AHags can be calculated as -(53.0 — 53.4 kJ mol ™). The values
of AHags are larger than may be expected for purely physisorbed molecules, although this
may be due to hydrogen bonding, and the values are lower than would be expected for

strongly chemisorbed species.

7.4.2 Limonene Adsorption as a Function of RH
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Figure 7.9. FTIR spectra (a) 2400 to 4000 cm™ and (b) 1250 to 1800 cm™ for silica
particles following initial exposure to 100 mTorr limonene, then water vapor at varying
RH (5%, 10%, 20%, 35%, 50% and 75% RH). The peak at 1700 cm™ increases as a
function of RH (highlighted in light yellow), suggesting an increasing formation of
oxidized with RH.
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The role of adsorbed water on limonene adsorption on SiO2 was investigated
systematically at the following RH values: < 1% (dry), 5%, 10%, 20%, 35%, 50%, and
75%. The amount of water adsorbed on the surface increases with RH (as shown in Figure
7.9) as suggested by the increase in the adsorbed water OH bending peak at 1627 cm™.
Adsorbed limonene coverage decreases, indicative by the loss of peaks at 1440 and 1451
cm, which can be assigned to the CH, and CH3 bending mode of limonene. The CH
stretching region from 2800 to 3000 cm™ also decreases with RH. The infrared peak
centered at 1640 cm™ increases with RH indicating that other C=C species are formed on
the surface in the presence of adsorbed water. Furthermore, a new absorption band at 1700
cmis observed, which increases with RH, most likely due to the carbonyl group stretching
vibration from an oxidized adsorbed species such as carvone, carveol, limonene

oxide(LimOx) or limonene-1, 2-diol (LimDiol).?®
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Figure 7.10. FTIR spectra over the spectral range (a) 2600 to 4000 cm™ and (b) 1250 to
1850 cm for silica particles following exposure to 100 mTorr carvone, then evacuation.

Carvone, a terpenoid, has been found in many essential oils and is most abundant

in the oils from seeds of caraway, spearmint and dill.3* Carvone adsorption on silica under
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dry conditions has been investigated using FTIR to further confirm the oxidized products
from the water-assisted oxidization process of adsorbed limonene on silica. As shown in

Figure 7.10, carvone also molecularly adsorbs on silica surface via hydrogen bonding, as
suggested by the loss of surface hydroxyl groups at 3745 cm™. Carvone adsorption is also

a reversible process, with a decrease in adsorbed species observed after evacuation.
However, after overnight evacuation, there remains a small amount of carvone on the silica
surface, whereas limonene desorption is usually completed within 10 minutes of
evacuation. Carvone desorption is a much slower process, suggesting that the interactions
between carvone and surface hydroxyl groups are stronger in comparison to the hydrogen
bonding occurring between limonene and silica surface. Infrared bands at 1645 cm™ and
1660 cm™ can be assigned to C=C and C=0 stretching vibrations of the vinyl group and
carbonyl groups, respectively.®* However, since the carbonyl peak of adsorbed carvone is
observed at 40 wavenumbers lower, the intense C=0 band at 1700 cm™ (shown in Figure
7.10) might result from other limonene oxidation products. Here, we confirmed that
carvone is not the oxidation product of limonene on an inert surface (silica) in the presence

of adsorbed water.

7.4.3 Adsorption and Desorption of Other Indoor Relevant Molecules

Infrared spectra (using transmission FTIR) obtained for the adsorption/desorption
of dihydromyrcenol on silica particles as a function of varying dihydromyrcenol pressure
at 296 K are shown in Figure 7.11. Observed infrared absorption band frequencies are
assigned as follows: C-H sp? stretching at 3080 cm™; C-H sp? stretching at 2848, 2868,

2911, 2938 and 2970 cm™*; C=C (alkene) stretching at 1642 cm™; CH and CH3 bending at
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1375, 1420, 1454 and 1466 cm™. The negative peak at 3745 cm™ is due to adsorption of
dihydromyrcenol on the silica surface via hydrogen bonding with isolated silanol groups.
Absorption peaks due to adsorbed dihydromyrcenol decrease upon evacuation, while the
negative peak at 3745 cm™ attributed to isolated O-H groups, reappears, suggesting that

adsorption of dihydromyrcenol on silica is also a reversible process.
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Figure 7.11. Absorbance spectra of dihydromyrcenol adsorbed on silica under dry
conditions (RH < 1 %) as a function of dihydromyrcenol pressure (16, 34, 100 and 150
mTorr) in the 1280 ~ 4000 cm™ spectral regions. The surface spectrum following
evacuation is shown as a dashed line (---). Gas-phase dihydromyrcenol has been subtracted
from these spectra.
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Figure 7.12. Temporal evolution of (a) 34 mTorr and (b) 150 mTorr dihydromyrcenol on
silica. Gas-phase contribution has been subtracted.

The time-dependent integrated peak area (absorbance bands from 2800 to
3050 cm™) of 34 and 150 mTorr dihydromyrcenol adsorbed on silica particles is plotted in
Figure 7.12. Dihydromyrcenol was introduced into the system at t = 0s, with increasing
peak area observed. The desorption process started following equilibrium of
dihydromyrcenol adsorption on the surface with the gas phase. Limonene desorption was
usually completed within 10 minutes of the initiation of desorption, as discussed in Section
7.3.1. However, as shown in Figure 7.12, a fraction of the adsorbed dihydromyrcenol
remained on the surface even after hours, suggesting that desorption of dihydromyrcenol
is a much slower process in comparison to limonene. It has been reported that ozone reacts
with o-terpineol on surfaces more than in the gas phase.®® The low desorption rate of
adsorbed dihydromyrcenol on surfaces results in a long lifetime and therefore, can be

further oxidized by various oxidants present in the indoor environment.
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7.5 Conclusion and Implications for Indoor Air

Limonene is a common terpene found in the indoor environment, and its interaction
with indoor oxidants, such as ozone, can form secondary organic aerosols. However, the
detailed chemistry between limonene and indoor surfaces is lacking in knowledge. In this
study, transmission FTIR spectroscopy was used to investigate the heterogeneous
adsorption and desorption of limonene on SiOz under dry conditions. Uptake of limonene
on the silica surface is found to be a molecular, reversible process, via hydrogen bonding
between limonene and surface hydroxyl groups on the silica surface. The kinetics of the
limonene adsorption/desorption processes have been investigated using a combination of
surface experimental measurements obtained from vibrational spectroscopy, Kinetic
modeling, as well as theoretical calculations. The K2-SURF model and the proposed
mechanism are in good agreement with experimental coverage results obtained from
vibrational spectroscopy. The kinetic model built here and developed methods could be
applied to study other relevant indoor organic vapors and surfaces.

Even though limonene adsorbed onto SiO. can eventually desorb back to the gas
phase under dry conditions, we found that adsorbed limonene on SiOz, an inert surface, can
be oxidized in the presence of adsorbed water. The unsaturated products formed remain
reactive on the surfaces and can be further reacts by various oxidants present in the indoor
environment, leading to a much slower reversible/partially reversible adsorption having
stronger surface interactions. Future work includes: identification of the detailed limonene
oxidation products; elucidation of the reaction mechanisms using FTIR and Mass

Spectrometry analysis and ‘80-labeled water; and application of the methods developed
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here to study limonene to further understand the adsorption/desorption kinetics of

dihydromyrcenol as well as other indoor relevant gases on the silica surface.
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CHAPTER 8 THE DRIVING FORCE BEHIND
ADSORPTION OF HYDROPHOBIC MOLECULES
ON HYDROPHILIC SURFACES

8.1 Abstract

The driving force behind adsorption of hydrophobic molecules, such as limonene,
on hydrophilic surfaces (SiOy) is studied using a combination of vibrational spectroscopy
measurements and molecular dynamic (MD) simulation modeling. Limonene adsorption
on silica surfaces is found to form 1 or 2 hydrogen bonds of sp? unsaturated carbon with
silica surface hydroxyl groups. In addition, the hydrogen bond between limonene and silica
surfaces shifts to lower wavenumbers as limonene coverage increases. Other cyclic
molecules, such as cyclohexane, benzene and cyclohexene were studied to further
understand the interactions between hydrophobic molecules and hydrophilic surfaces. All
three molecules adsorb on silica under dry conditions while benzene is found to have the
most intense interaction with silica at lower pressures. The n-cloud from benzene is
involved in adsorption, while hydroxyl groups from silica are found to point to the center
of the n-cloud instead of a single unsaturated carbon. Owing to the unsaturated sp? carbons,
cyclohexene readily adsorbed on silica. For the adsorption of cyclohexane on silica, no
specific interaction has been found from MD simulations. Adsorption of limonene on other
indoor relevant surfaces including gypsum and TiO. were also investigated by vibrational

spectroscopy.
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8.2 Introduction

People spend approximately 90% of their total time indoors, which consists of a
myriad of surfaces such as walls, windows and floors with a large surface-to-volume (S/V)
ratios.>? Indoor interfacial chemistry can play a significant role due to the large S/V ratios
and long reactive lifetimes.>* Indoor air chemistry can be affected by three main surface
processes, including oxidation, acid-base reactions and adsorption/desorption.! Limonene,
a terpene commonly found in the indoor environment, is widely used in consumer products
such as cleaning products and odorants.>® Limonene concentrations can reach up to 175
ppb immediately following product use, with an average reported concentration of 5-15
ppb.® Because limonene is an unsaturated hydrocarbon, it has the potential to form
secondary organic aerosols (SOAs) when oxidized by oxidants such as ozone.%’ The
interaction type and strength of limonene adsorption/desorption kinetics on silica, a model
indoor surface (represent glass) has been investigated using a combination of surface
adsorption measurements from vibrational spectroscopy with theoretical calculations and
kinetic modeling (details in Chapter 7). Limonene is found to reversibly adsorb on the silica
surface by hydrogen bonding with surface hydroxyl groups. However, details of the
formation of the hydrogen bond between limonene and hydroxyl groups from silica
surface, is still unclear.

Adsorption of organic molecules on silica surfaces have been investigated by
numerous studies.1® Interactions between surfaces and the adsorbed species may due to:
(1) chemical bonding; (2) hydrogen bonding; (3) hydrophobic bonding; and (4) van der
Waals force. Bondosz et al.® and Magnacca et al.* studied the adsorption of butane and

butene on the silica as a function of temperature to investigate the chemical and physical
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changes in the system. A model system of conjugated n-electron aromatic substitution on
silica was proposed from the investigation of phenyl acetylene with Si(100)-2x1.1! Surface
molecular macroclusters (hydrogen bonds between the silanol groups and -OH groups)
were proposed by Mizukarni et al.'? in their study of 1-,2-propanol and ethanol adsorption
on silica surfaces. The adsorption of 4-picoline and piperidine onto amorphous SiO;
surface were studied using vibrational sum frequency generation (SFG) spectroscopy.®
Weak hydrogen bonds formed between nitrogen atoms of 4-picoline and the hydrogen from
surface hydroxyl groups, with protonation of piperidine molecules is observed for
piperidone chemisorbed on silica.'® Zhao et al.* investigated the adsorption isotherms for
aromatic molecules on silica and proposed the possible formation of three hydrogen bonds
between the silica surface and aromatic molecules: (i) n-electron of a benzene ring and the
hydrogen atom from hydroxyl groups; (ii) oxygen from aromatics and hydrogen atoms of
the silanol groups; (iii) hydrogen atom attached to the oxygen atom of aromatics and
oxygen atoms of the silanol groups. Adsorption of cyclohexane and benzoic acid on pre-
treated silica gel have been studied and cyclohexanone is proposed to vertically adsorb.®
In addition, flow microcalorimetry and infrared spectroscopy were used to study the effect
of functional groups on the adsorption of dl-menthol, (R)-(+)-limonene, (+)-citronellal and
carvone on calcined and uncalcined porous silica.'® Adsorption of limonene on silica was
reported to be rather insignificant, with Diaz et al.'® suggesting no interaction between
limonene and silanol groups as limonene contains no electronegative atoms. They also
proposed that limonene could likely interact with silica surface by the n-bonding of C=C

and p-d m-bonding system of the siloxane linkages. However, we observe hydrogen
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bonding between adsorbed limonene and hydroxylated silica surfaces (see Chapter 7). To
date, the formation of such hydrogen bonding is still lacking in knowledge.

In this work, we use a combination of spectroscopic experimental measurements
(Transmission FTIR) and atomistic simulations (Ab initio molecular dynamics) to better
understand the interactions between limonene on silica, as well as other molecular species,
including cyclohexane, benzene and cyclohexene, which are structurally similar to
limonene. Heterogeneous reactions between limonene and silica, as well as other indoor
surfaces, such as TiO2 (a component of self-cleaning surfaces and paintst’-2°) and gypsum
(represents walls) are also investigated in this study using attenuated total reflection
(ATR) - FTIR. A greater understanding of the interactions between these molecules with
surfaces can improve the current knowledge concerning the forces between other organic

compounds adsorbed on silica and other indoor surfaces.

8.3 Methods

The adsorption of limonene on silica surfaces at 296 + 1 K was studied using

transmission Fourier transform infrared (FTIR) spectroscopy coupled with a modified
Teflon coated infrared cell.?*?2 In these experiments, approximately 5 mg of silica particles
(Degussa, BET surface area of 230 m? g), was pressed onto one-half of a tungsten grid
held by two Teflon coated jaws in the FTIR cell compartment. The sample cell was then
evacuated for 6 hours using a turbo-molecular pump to clean the cell and the sample
surface. After evacuation, the sample was exposed to the desired pressures of dry, gaseous

limonene for 20 minutes under dry conditions (RH < 1%). The gaseous limonene was
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produced from (+) - Limonene (>99%, Fisher Scientific) by degassing at least three times
with consecutive freeze-pump-thaw cycles.

Prior to and following the exposure of limonene, the single-beam spectra of surface-
and gas- phases (300 scans) were acquired at 296 K. A resolution of 4 cm™ was used over
the spectral range of 800 to 4000 cm™. As silica is opaque below ~1200 cm™, spectra are
shown only above 1200 cm™ The IR cell and sample surface were evacuated after
adsorption had reached equilibrium. Absorbance spectra of limonene on the silica surface
are reported as the difference in the silica spectra before and following exposure to
limonene. Absorption bands attributed to gas-phase limonene (measured through the blank
half of the tungsten grid) were subtracted from the surface absorbance spectra to obtain the
FTIR spectra of the adsorbed particle species loaded on the tungsten grid. The adsorption
of other three cyclic molecules (cyclohexane, benzene and cyclohexene) was studied using
the same method above.

The adsorption of limonene on SiO, (Degussa), TiO2 (P25, Sigma Aldrich) and
gypsum (CaSO;4 - 2H20, from MP Biomedicals) were studied using a custom-build flow
system coupled with a single beam Thermo Nicolet 6700 FTIR Spectrometer, equipped
with a liquid-nitrogen-cooled narrow-band mercury cadmium telluride (MCT) detector.
The details of the flow system can be found elsewhere.?® A commercially available purge
air generator (Nano Purification Solutions, CO2 Adsorption Dryer NDC-600) was used to
purge the FTIR spectrometer and the sample compartment to reduce H>O and CO:
concentrations. Typically, an ATR-FTIR single beam spectrum was acquired by averaging
300 scans over the spectral region from 750 to 4000 cm™ with a resolution of 4 cm™. A

thin film (15 mg) of the sample (TiO2 and CaSOs - 2H>0, respectively) was prepared by
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suspending the particles in ImL of Milli-Q water (Milli-Q Advantage A10 System,
Millipore SAS, resistivity = 18.2 MQ.cm, 298 K). The suspension was sonicated for at
least 10 minutes and then applied to the ATR cell. The water was allowed to evaporate
under dry air purge overnight in the sample compartment, allowing a uniform dispersion
of particles on the cell. Spectra were referenced to the ATR-FTIR crystal without applying
any sample under dry conditions (RH < 3%).

The gaseous compounds were produced from (+) - Limonene (>99%, Fisher
Scientific), cyclohexane (99.9% Fisher Scientific), benzene (> 99.9%, Sigma Aldrich) and
cyclohexene (99%, Sigma Aldrich), respectively, by degassing at least three times with

consecutive freeze-pump-thaw cycles.

8.4 Results and Discussion

8.4.1 FTIR Studies and Ab Initio Molecular Dynamics Study for Limonene
Adsorption on SiO2

8.4.1.1 Experimental Results

Shown in Figure 8.1 are the comparison of gas phase limonene spectra and infrared
spectra for hydroxylated silica particles following exposure to gaseous limonene at 1000
mTorr. Single-beam FTIR spectra of the gas and surface, respectively, were collected using
a resolution of 4 cm™ over the spectral range of 800 — 4000 cm™ at 296 K, prior to and
following exposure of the silica surface to gaseous limonene. A single spectrum was
obtained by averaging 300 scans. By referencing single-beam spectra to the single beam
spectrum collected prior to the introduction of gas phase limonene into the reaction cell,

FTIR spectra of gas and surface species were obtained. The spectra of the silica particle

197



surfaces were obtained by subtracting out the IR absorption due to gas-phase species. For
this set of experiments, dry conditions were employed (RH < 1 %) at room temperature
(296 K). The negative peak at 3742 cm™ is due to silica surface isolated silanol groups
hydrogen-bonded with limonene, and the broad band near 3504 cm™ is assigned to the
hydrogen bonded Si-OH groups. Absorption peaks due to adsorbed limonene disappear
upon evacuation, while the negative peak attributed to isolated O-H groups (at 3745 cm™)
reappears, suggesting that limonene is molecularly adsorbed on the silica surface via a
reversible process. Other absorbance bands due to limonene adsorption on silica has been
discussed in detail in Chapter 7. As shown in Figure 8.1 and Table 8.1, not much
absorbance bands shift has been observed between gas phase limonene and adsorbed

limonene.
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Figure 8.1. Absorbance spectra of 1000 mTorr limonene in gas phase (—) and adsorbed
(—) on silica under dry conditions (RH < 1%) in the 1280 to 4000 cm™ spectral region.
Gas-phase limonene has been subtracted from adsorbed limonene spectra.
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The transmission FTIR spectra for limonene adsorption on silica at different
coverages are shown in Figure 8.2. These spectra were obtained by referencing single-
beam spectra of the surface to the gas phase single beam spectra collected prior to the
introduction of gas-phase limonene. Baseline correction was applied to all absorbance
spectra. Monolayer limonene coverage on silica was obtained using a Langmuir model as
discussed in Chapter 7. As shown in Figure 8.2, the intensity of the sharp peak centered at
3742 cm®, which is attributed to the surface hydroxyl groups, decreases with increasing
gaseous limonene coverage. This observation suggests that limonene interacted with the
silica surface via hydrogen bonding with the surface hydroxyl groups. The broad band
ranging from 3200 — 3700 cm™, which can be assigned to the OH stretching mode from
hydrogen bonding, also shifted with coverage, forming a peak centered at 3516 cm™ at
110% coverage. This result indicates that bonded Si — OH groups red shifted at higher
coverages. To better elucidate the interaction between limonene and the silica surface, we

performed ab initio molecular dynamic (MD) studies.
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Figure 8.2. Baseline-corrected FTIR spectra displaying the loss of surface hydroxyl groups
(at 3742 cm™) as a function of coverage. The broad band from 3200 to 3700 cm, which
is assigned to the OH stretching mode of hydrogen bonding, also shifts with increasing
coverage.

8.4.1.2 Molecular Dynamics (MD) Results

As shown in Figure 8.3, limonene interaction with silica surface is calculated to be
1 to 2 hydrogens from surface hydroxyl groups interacting with the sp? carbons from
limonene. The limonene molecule can flip on the surface, as suggested by the chiral carbon
(marked as green) points down (Figure 8.3(a)) or points up (Figure 8.3(b)). The limonene
sp? carbon from the cyclohexene structure is found to be involved in the interaction with
the silica surface every time. However, the sp? carbon in the tail does not interact with
surface hydroxyl groups when the chiral carbon points down, forming one hydrogen bond

between adsorbed limonene and the silica surface. When the chiral carbon points up,
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limonene forms the second hydrogen bond with the silica surface as the sp? carbon in the

tail is also involved in hydrogen bonding with silica surfaces.

Figure 8.3. Interaction between limonene and hydroxyl groups on the silica surface. (a)
Chiral carbon points down, forming 1 hydrogen bond. (b) Chiral carbon points up, forming
2 hydrogen bonds. Si (* ), O (@), H (O), non-chiral C (@) and chiral C (@®). Dash line (-
--) represents hydrogen bonding between limonene and the silica surface. (From Saleh
Riahi)

Simulated vibrational frequencies of limonene interacting with silica surface from
ab initio molecular dynamics study are shown in Figure 8.4, where (—) represents
vibrational frequencies of limonene forming 1 hydrogen bond (HB) with the silica surface,
and (---) represents limonene forming 2 hydrogen bonds with the silica surface. Limonene

forming 2 hydrogen bonds with the silica surface is expected to have a higher intensity than

I hydrogen-bonded limonene (as seen in Figure 8.4).
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Figure 8.4. Simulated vibrational frequency, ® (cm™) for the interaction of limonene with
surface hydroxyl groups via 1 (—) or 2 (---) hydrogen bonds. (From Saleh Riahi)

8.4.1.3 Peak fitting results

In this study, peak fitting has been applied to FTIR spectral absorption bands from
3000 to 4000 cm™ based on the results obtained from MD simulations (Section 8.3.1.2), to
further distinguish the binding mode of adsorbed limonene on the silica surface. As seen
in Figure 8.5, there is a good agreement between the fitted experimental and theoretical
results. The broad band between 3000 to 4000 cm™ consists of the following assignments:
3742 cm? (sharp) is due to free surface hydroxyl groups; 3679 cm™ is assigned to surface
OH groups; 3710 and 3600 cm™ are due to adsorbed limonene with a single hydrogen bond;

3631 cm is due to adsorbed limonene with 2 hydrogen bonds; 3521 and 3375 cm™ result
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from the OH groups near adsorbed limonene with a single hydrogen bond; and 3266 cm™

results from the OH groups near absorbed limonene with 2 hydrogen bonds.
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Figure 8.5. Peak fitting results for experimental FTIR spectra in the 3000 — 4000 cm™*
spectral region, with 13% of the silica surface covered with limonene (based on theoretical
calculated vibrational frequencies and assignments). (—) represents the original
experimental spectrum, while (-©-) represents the overall fit. The other dashed lines
represent the component bands following peak fitting.

205



Table 8.2. Vibrational mode assignment for limonene on SiO- particle surfaces. (From
Saleh Riahi)

Peak Position (cm™) Assignments
3742 Free OH on the surface
3710 with LIM 1HB
3679 Bonded OH on the surface
3631 with LIM 2HB
3600 with LIM 1HB
3521 OH near LIM, 1HB
3450 with LIM
3375 OH near LIM, 1HB
3266 OH near LIM, 2HB

8.4.2 Study of Other Cyclic Compounds on SiO2 using FTIR and MD

The cyclic compounds, cyclohexane (CeHi2), benzene (CeHs) and cyclohexene
(CeH10) were selected to further understand the interactions between limonene with SiO>
as cyclohexene shares the same key structure as limonene. Cyclohexane is selected as one
of the saturated molecules similar to cyclohexene, and benzene is a natural constituent of

crude oil which has a cyclic continuous « bond in its ring structure.

8.4.2.1 MD Results

Force field-based MD simulations were used to calculate desorption enthalpies and
free energies of limonene as well as cyclic organic compounds such as cyclohexane,
benzene and cyclohexene. As shown in Figure 8.6(a), the desorption enthalpy (excluding
the entropic contribution to the desorption process) is predicted to be about 14 kcal/mol for
limonene and 7 to 10 kcal/mol for benzene, cyclohexene, and cyclohexane. The free energy
of desorption of these molecules from the silica surface was predicted by MD simulations,

as shown in Figure 8.6(b). The free energy of desorption of limonene from the silica surface
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is predicted to be approximately 8 kcal/mol and decreases to ~ 4 - 6 kcal/mol in benzene,
cyclohexene and cyclohexane. Both calculated enthalpy and free energy follow the trend
of limonene (1 HB > 2HB) > benzene > cyclohexene > cyclohexane, which suggests that
limonene forms the strongest interaction with silica surfaces. The interaction between
cyclohexane and silica is observed to be the weakest among all organic molecules of

interest.

limonene lTHB  —

enthalpy (kcal mol™)

free energy(kcal mol")
-
T

limonene 2HB al —— limonene
benzene 1 — benzene
cyclohexene = cyclohexene
cyclohexane | — cyclohexane
' ' ' ol 1WA 1
0 25 5 75 10 125 15 0 2 4 6 8 10 12 14 16
distance from surface(A) distance from surface(A)

Figure 8.6. Force field MD simulations of (a) enthalpy and (b) free energy of desorption
of organic molecules from the silica surface. (From Saleh Riahi)
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Figure 8.7. Radical distribution functions (RDFs) of hydrogen atoms on the silica surface
and the carbon atoms on the organic molecules (benzene (—): center of the ring; limonene
(1HB (—) and 2HB (—)) and cyclohexene (—): C=C atoms; cyclohexane (—): all carbon
atoms) calculated by ab initio (DFT) MD simulations. (From Saleh Riahi)

Ab initio (DFT) MD simulations were also carried out to calculate the radial
distribution function (RDFs) for hydrogen atoms on the silica surface and carbon atoms:
C=C atoms from limonene and cyclohexene, all carbon atoms from cyclohexane and ring
center for benzene as shown in Figure 8.7. Limonene (1HB and 2HB) appear at the closest
distance among all the molecules, suggesting that hydrogen atoms interact the strongest
with limonene. Cyclohexene, structurally similar to limonene, appear close to limonene in
Figure 8.7 while benzene and cyclohexane peaks appear further, suggesting that the

interaction strength of hydrogen atoms follow this trend: limonene > cyclohexene >

208



benzene > cyclohexane. There is no specific interaction between cyclohexane and silica as
shown by the broadband of cyclohexane in Figure 8.7. In addition, limonene (2HB) is more
favourable than limonene (1HB) since the intensity of limonene (2HB) is higher than
limonene (1HB) at ~2 A. A graphical representation of cyclohexane, benzene and

cyclohexene on the silica surface is shown in Figure 8.8.
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8.4.2.2 Experimental Results
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Figure 8.9. FTIR spectra of: (a) cyclohexane (3000 to 4000 cm™); (b) benzene (3200 to
4000 cm™); and (c) cyclohexene (3080 to 4000 cm™). (From Saleh Riahi)

All three cyclic compounds form hydrogen bonds with the silica surface hydroxyl
groups. Such an interaction is suggested by the negative peak centered at 3745 cm™, which
is attributed to the loss of surface OH groups as shown in Figure 8.9. Detail peak
assignment of gas phase can be found in Table 8.1. Adsorbed surface species appear in
very low intensity for these three cyclic compounds. Figure 8.10 shows the normalized loss
of the integrated peak area of surface hydroxyl groups as a function of pressure for each
cyclic compound. Among the three compounds, the loss of surface hydroxyl groups is
smallest when cyclohexane is introduced, indicative that cyclohexane is weakly adsorbed
on the silica surface. When benzene is adsorbed on the silica surface, a much larger loss of
surface hydroxyl groups is observed, reaching a plateau at > 100 mTorr. This suggests that
the interaction between benzene and the surface hydroxyl groups is significantly more
favorable in comparison to cyclohexane, which is also in good agreement with MD
simulation results. At low pressures (< 100 mTorr), cyclohexene adsorption results in a
much smaller loss compared with benzene, suggesting that compared with benzene, less

cyclohexene has been adsorbed at low pressures. Thus, the interaction strength of the three
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cyclic compounds at lower pressures is assigned as follows: benzene > cyclohexene >
cyclohexane. These experimental results are in excellent agreement with theoretical
simulations as discussed in Section 8.4.2.1. However, cyclohexene adsorption on the silica
surface results in the largest loss of surface hydroxyl groups at very high pressures,
indicating that cyclohexene forms more hydrogen bonds with the surface hydroxyl groups
than the other two cyclic compounds. Even though this observation differs from theoretical
calculations, note that only one molecule was employed in the MD simulations which

might not apply to the very high coverage cases here.
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Figure 8.10. Normalized peak area of surface hydroxyl group (integrated using peak
centered at 3745 cm™) loss as a function of pressure for the adsorption of the cyclic
molecules of interest on the silica surface: (a) cyclohexane; (b) benzene; and (c)
cyclohexene.

8.4.3 Study of Limonene Adsorption Using Flowing System

In addition to performing adsorption studies of vapor phase limonene on SiO>
surfaces using transmission FTIR spectroscopy, we also conducted these experiments

employing ATR-FTIR spectroscopy on surfaces including SiO2, TiO2 and gypsum using

213



the flowing system. This system is more atmospherically relevant than the transmission
FTIR setup where the experiments are conducted in vacuum. As shown in Figure 8.11, the
adsorption and desorption of limonene vapor on SiO- surfaces are found to be comparable
using transmission FTIR and ATR-FTIR spectroscopy. Detailed peak assignments can be
found in Table 8.3. Thus, it can be concluded that limonene is molecularly adsorbed on
SiO> surfaces and can be removed upon desorption, which is done by flowing dry air
instead of limonene vapor through the IR sample cell under vacuum for ATR-FTIR

experiments.
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Figure 8.11. ATR-FTIR spectra for limonene adsorption (—) and desorption (---) on SiO-
in the spectral range of 1280 — 4000 cm™.
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Figure 8.12. ATR-FTIR spectra for limonene adsorption (—) and desorption (---) on (a)
TiOz and (b) CaSOs - 2H-0.

Similar adsorption experiments of limonene were also conducted for TiO and
gypsum surfaces. Limonene was flowed through the IR sample cell until the surface was
completely saturated. Figure 8.12 (a) shows that when limonene is adsorbed on TiO-
surfaces, a new peak appears at 1715 cm, attributed to the carbonyl stretching vibration
from the oxidized adsorbed species such as limononic acid. This assignment was
determined by initial mass spectrometry analyses. Desorption spectra show a small
decrease in the IR spectral intensity after dry air was flowed through the IR cell for
desorption, suggesting that limonene adsorption on TiO2 is an irreversible process.
Adsorption studies of limonene on gypsum also showed limonene to be molecularly
adsorbed on the surface (see Figure 8.12(b)). Analogous to SiO> surfaces, the adsorption
is completely reversible. Detailed peak assignments for limonene adsorption on TiO. and
CaS04-2H20 can be found in Table 8.3. A summary of our adsorption studies of limonene

on various surfaces using ATR- FTIR spectroscopy can be found in Table 8.4.
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Table 8.3. Vibrational mode assignments for limonene adsorption on SiO2, TiO. and
CaS04-2H20, respectively using the flowing system coupled with ATR-FTIR.

Species Mode SiO, TiO, CaS0.2H:0
Adsorbed | v(OH) from surface 3729 3630 3729
limonene | vs(CH, sp? 3072 3072 3078
v(CH, sp®) 2966, 2918, 2846 2875, 2963, 2916, 2846
2923,
2965
v(C=C alkene) 1644 1644 1644
0(CHz, CHs) 1377, 1446 1378, 1376, 1436
1433
Methyl rocking + v(C-C) 1147 1020
Oxidized | v(C=0) 1715
Products | v4(COO) 1544
v(C-O) 1049

Table 8.4. Summary of ATR-FTIR studies of limonene adsorption on various surfaces

conducted herein.

Surface TiO, SiO, Gypsum
Is the ProCess Irreversible Reversible Reversible
reversible?
Adsorbed Molecularly adS(_)r_bed Molecularly Molecularly
limonene and oxidized
surface . adsorbed adsorbed
. products (likely . .
species limonene limonene

limononic acid)

8.5 Conclusion

Limonene is a common terpene found indoors, and the kinetics of limonene

adsorption on silica are well understood (details in Chapter 7). However, the interaction

mode between limonene and the surface is poorly understood. In this study, transmission

FTIR spectroscopy measurements and molecular dynamic simulation (MD) modeling is
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combined to study: the driving force behind hydrophobic molecules (such as limonene);
the adsorption on hydrophilic surfaces (SiO2); and the effect of coverage. Limonene is
found to form 1 or 2 hydrogen bonds with surface hydroxyl groups on silica via sp? carbons,
with the vibrational absorbance bands shifting to lower wavenumbers at higher coverages.
Other cyclic molecules, such as cyclohexane, benzene and cyclohexene were studied to
further understand the interactions between hydrophobic molecules and hydrophilic
surfaces. Limonene, with a cyclohexene structure and an additional C=C bond is found to
form the strongest interaction among all these four molecules. Benzene is found to be the
strongest among the three remaining cyclic molecules due to the interaction between
surface hydroxyl groups and m-cloud from the ring structure. The interactions between
limonene, as well as the three selected cyclic molecules with silica studied here could help
improve our understanding of the interaction of other relevant hydrophobic indoor
molecules with hydrophilic surfaces. Adsorption of limonene on different surfaces in a
more atmospheric relevant environment suggests that limonene is molecularly adsorbed on
some indoor surfaces such as glass (SiO.) and wall (CaSO4-2H,0). However, on more

reactive surfaces, such as TiO», limonene irreversibly adsorbed, forming oxidized products.
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CHAPTER 9 CONCLUSION AND FUTURE WORK

This dissertation study focused on understanding the heterogeneous chemistry from
both outdoor (mineral dust aerosol particles and atmospheric trace gases) and indoor
(indoor relevant gases and indoor model surfaces). Mineral dust aerosol particles can affect
the chemical balance of the atmosphere via heterogenous reactions and the global climate.
Understanding heterogenous reactions between atmospheric trace gases and mineral dust
oxide particles is necessary for the development of models for climate predictions. In
addition, understanding indoor chemistry is vital because people spend most of their time
indoors. Given the fact that indoor environments consist of surfaces which have large
surface-to-volume ratios, investigations on heterogeneous interactions between indoor air
and indoor surfaces would help improve our understanding of the molecular details of the
chemistry occurring indoors, allowing scientists to build an overarching comprehensive
indoor chemistry model. The role of water was also studied in these heterogeneous
reactions since water vapor is ubiquitous in both outdoor and indoor air and plays a
significant role in the heterogenous reaction chemistry.

In Chapters 3 and 4, heterogeneous reactions of inorganic acids such as HNOz and
organic acids such as HCOOH, CH3COOH with silica particles were investigated using
transmission FTIR spectroscopy. All three acids are found to be reversibly, physically
adsorbed on the silica surface via hydrogen bonding under dry conditions. Even at low
acetic acid pressures (< 10 mTorr), where monomers dominate over dimers in the gas

phase, acetic acid dimers are found to be the major form for molecularly adsorbed acetic

222



acid on silica surfaces. The roles of adsorbed water were systematically examined by
varying RH at a given partial pressure of acidic gases (HNOs, HCOOH and CHzCOOH),
as well as by changing the partial pressure of the selected acidic gas at a fixed RH. Water
can assist with the dissociation of adsorbed acids on the surface (to hydronium and
corresponding anions) as well as compete for surface adsorption sites. Due to the much
weaker acidity, the extent of dissociation for a weak acid is observed to be significantly
smaller than a strong acid (such as HNOs). This dissertation study highlights the important
and complex roles that RH and surface adsorbed water play in atmospheric heterogeneous
reactions of mineral dust particles, as well as the role the surface plays to mediate the
configurations of carboxylic acids when adsorbed on the surface.

In Chapter 5, a combination of experimental measurements and theoretical
simulations were used to investigate the heterogeneous interactions of pyruvic acid with
SiO> particles. Pyruvic acid adsorption on the silica surface under dry conditions as well
as in the presence of varying RH was studied using transmission FTIR. Theoretical
simulations determined the lowest energy binding mode, binding energies and relative
vibrational frequencies. Curve fitting has been applied to the experimental vibrational
spectra based on calculated vibrational frequencies to further determine the observed
species vibrational frequencies. Both pyruvic acid Tc and Tt conformers exist on the
surface following adsorption. Even though Tc conformer is more stable because of the
intramolecular hydrogen bonding, adsorbed Tc and Tt conformer have a similar binding
energy on the surface. The pyruvic acid dimer is also observed on the surface. In the
presence of adsorbed water, Tt and Tc conformers bind through a water bridge rather than

directly adsorbing on the surface.
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In Chapter 6, the studied heterogeneous reactions between pyruvic acid and oxide
surfaces using transmission FTIR are discussed. Following adsorption, pyruvate, zymonic
acid and other pyruvic acid dimers are observed on both Al,O3 and TiO; surfaces. HRMS
was applied to study the products and mechanisms for pyruvic acid in both light and dark
conditions. The production of zymonic acid and its tautomers is found to be an
oligomerization process for both light and dark conditions. Parapyruvic acid is found to
be a product of photochemical processes. Pyruvic acid photochemistry on surfaces formed
various larger products suggested by other compounds such as DMOHA (C7H1303),
CoH1206, and C12H1404 as detected using MS. By identifying compounds which are not
produced from single gas- or aqueous-phase photochemical studies, the complex nature of
surface-adsorbed systems is highlighted by this study.

Indoor surface chemistry including indoor air interacting with indoor surfaces is
also investigated in this dissertation in Chapters 7 and 8. The detailed chemistry between
limonene, a terpene found in the indoor environment which can form secondary organic
aerosols by interacting with oxidants, and indoor surfaces such as silica, gypsum and TiO-
(representing glass, walls and self-cleaning materials respectively) is studied. Transmission
FTIR, Kkinetics modeling and dynamic simulations were used to study the kinetics of
limonene adsorption/desorption processes under dry conditions. Adsorption of limonene
on the silica surface is a reversible, physical process via 1 to 2 hydrogen bonds between
limonene sp? carbon and silica surface hydroxyl groups. The kinetic model built here and
the developed methods could be applied to study other relevant indoor organic vapors (i.e.,
dihydromyrcenol) and surfaces. Although limonene adsorption is found to be a reversible

process on silica, an oxidized product of limonene has been detected in this study in the

224



presence of water on the silica surface, leading to a much slower reversible/partially
reversible process. Interactions between limonene and indoor surfaces such as SiOz, TiO:
and gypsum were also studied under more atmospheric relevant conditions using a flowing
system coupled with ATR-FTIR. Adsorption of limonene on SiO2 and gypsum is found to
be a reversible process while on more reactive surfaces, such as TiOz, limonene irreversibly
adsorbs, forming oxidized products. The interaction mode between a hydrophilic surface,
such as silica with hydrophobic compounds of indoor relevance, such as limonene (as well
as other cyclic compounds including: cyclohexane, benzene and cyclohexene) is studied
using a combination of transmission FTIR spectroscopy and molecular dynamic
simulations. The driving force between these compounds with silica surfaces was
investigated. With a cyclohexene structure and an additional C=C bond, limonene is found
to form the strongest interaction among the four molecules. The interactions between
limonene, as well as the three selected cyclic molecules with silica studied here could help
improve our understanding of the interaction of other relevant hydrophobic indoor
molecules with hydrophilic surfaces.

In conclusion, this dissertation research provides an important contribution to the
understanding of the heterogeneous chemical and photochemical reactions between: (i)
atmospheric trace gases and mineral dust oxide surfaces; and (ii) indoor relevant gases with
indoor surfaces. Combining vibrational spectroscopy measurements and molecular
dynamic simulations provides a better understanding of the interactions between gaseous
molecules and surfaces. A kinetics model has been developed to study the adsorption of
limonene (an organic gas relevant indoors), on silica (an indoor modeling surface) using

the combination of spectroscopy measurements, kinetics modeling and molecular dynamic
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simulations and can be further applied to study the adsorption/desorption kinetics of other
indoor gases on indoor surfaces.

However, there remain several areas that require further investigation to fully
understand the heterogeneous and photochemical processes occurring in both outdoor and
indoor environments, as well as their impacts. Future work and directions include:

1. Conducting laboratory studies under atmospherically relevant partial gas phase
pressure and relative humidity conditions in the presence of O,/O3 and solar
irradiation;

2. Using the method developed in this study to build kinetics models for the
adsorption/desorption of other gases of indoor relevance on indoor (modelled)
surfaces under dry conditions;

3. Investigating the kinetics of adsorption/desorption of different gases of indoor
relevance from the surface in the presence of adsorbed water to understand the
role of water in kinetics modeling and build a kinetics model at wet surfaces;

4. Further investigation of the interaction of limonene with silica and other indoor
modeling surfaces at varying RHSs is crucial to determine the oxidation products
in the absence/presence of oxidants such as Oz and Osz; and

5. Combining experimental measurements, field measurements as well as
computer models of the principal chemical and physical processes to
quantitatively understand indoor chemistry.

Further investigation in these areas will elevate our understanding of both Earth’s

atmosphere and indoor air.
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