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ABSTRACT

The atmosphere is a heterogeneous system which is rich in plotéetnaistry.
The processes taking place within this system as wellthg atterface of its constituents
are of immense importance in understanding how the atmosphere matumpact the
well-being of all living on the surface of earth. Thus, the lgeneous chemistry of
atmospheric aerosols has since long been subjected to extensindisanvestigation,
in view of broadening our understanding of this imperative system.

In this study, the heterogeneous interactions of water vapor and gaéOu®n
goethite {-FeOOH), a prominent component of mineral dust aerosol is inae=digvith
quartz crystal microbalance (QCM) measurements and attenuztddrdflectance -
Fourier transform IR (ATR-FTIR) spectroscopy. Laboratory Isgsized goethite
samples of varying size (microrods of specific surface &&af/g and nanorods of
specific surface area 121°%m) were used in order to identify the size dependent
interaction of goethite with #0 and HNQ.

The study revealed that the exposure of goethite to gas ph@sard HNQ
results in the uptake of these gases via surface adsorption. Addjitidhs novel
combined approach of QCM and ATR-FTIR spectroscopy allowed for gigatibh of
the amount of uptake while the spectroscopic data provided informatitie epeciation
of adsorbed products. Thus, with the QCM and spectroscopic data in hamdjse pr
interpretation of the reactivity as well as its size dependence was sought

In a general sense, the reactivity of a substance is believatcrease with
decreasing particle size. The results of this investigation shatvin the case of 40,

both microrods and nanorods take up water while the total amount of adsaaterd w



when normalized to surface area, is similar for both parsizkes. However, for HN§)
the saturation coverage of total and irreversibly bound gHdiOmicrorods was observed
to be higher than that on nanorods. With supplementary analysis, thialansrsize
effect was attributed to structural features such as theviewant of surface hydroxyl
groups in determining the reactivity, which would be subjectetidaoge as a function of
particle size.

Furthermore, an investigation of the behavior of HN@®@acted goethite in
aqueous media and the uptake eDHand HNQ at their mutual presence was carried out
such as to better understand the effects of atmospheric procepsmglispersal within
the hydrosphere. Further analysis is warranted before arrivengeneral conclusion on
the size-dependent reactivity of goethite. However, we may athgat goethite
containing aerosols may indicate the same pattern of reacatithin the atmosphere as
that observed here. Thus, the inference of this investigation provessigngcant in
broadening our understanding of this atmosphere as well as the @osphere as a

whole.

Vi
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CHAPTER 1

INTRODUCTION

Reactivity taking place in the earth’s atmosphere has albegts perceived to be
of immense importance in determining the link between the diffeeamtironments
within the biosphere. Aerosols, suspended in the atmosphere delivesémtiashasis
for such processes to proceed by providing a solid-gas intefteicheterogeneous
reactivity. Origin of aerosols into the troposphere may takeediaen different sources
of which the largest contribution is believed to be given by mineralgtaduced mainly
from wind-blown soils:

As a result of such terrestrial origin, elements and compoundsntrien aerosols
reflects the crustal abundance of substances. In this serssegatsonable to look at the
atmospheric composition in terms of the abundance of material onrflaees of earth.
Iron is the major transition element in dfisand is present in the atmosphere in
significant quantities and in various forms. Iron oxihydroxides,ntlest common form
being goethited-FeOOH)**is astrong absorbers of visible light, thus playing a critical
role in determining the overall impact of mineral dust aerosols on climaiaddr

It is also a reactive component of dust and a potential sourcenoinithe open
oceans, while dissolved iron in ocean waters is believed totheiprimary productivity
of these ecosystems. Thus, it is important to understand thedertepus atmospheric
chemistry of goethite and its interactions with atmosphexgesg, as to better understand

the iron chemistry taking place within the biosphere, as illustrated in Figure 1.
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Figure 1 The cycling of aerosols within the biosphere. Mineral a@eisisols enter
the atmosphere by terrestrial origin and once in the atmospheyemay
undergo reactivity with various atmospheric constituents. The chigmnica
altered material may then reenter the biosphere through variolespesc
such as suspension in marine water.

Until recently, most atmospheric models have assumed the iron amdent in
dust to be in the form of hematite. However, during recent investigatin a number of
dust samples from Northern Africa and Eastern Asia, Latalhave found that goethite
was present in higher concentrations than hematite in all ssicmieerned. Presently,
there is evidence in literature for atmospheric models atgingoethite to be the most
ubiquitous iron oxide in natureThus, goethite present in the atmosphere may have
significant impact on atmospheric processes and it would be imptotanterstand the
atmospheric reactivity of goethite as a prominent aerosol compamemtder to be

successfully incorporated into atmospheric chemistry models.



1.1  Structureand atmospheric reactivity of goethite

Adsorption reactions at mineral surfaces play an important raletermining the
mobility, fate and consequences of the elements and compounds imtkhe ®aface as
well as the atmosphere which surrounds it. These reactions typicadllve different
forms of surface hydroxyl groups that can undergo various conseguench as,
protonation, hydrogen bonding or exchange reactions upon exposure to reactive
atmospheric constituenisThus, it can be said that the presence, absence as well as the
nature of surface hydroxyl groups would be a key factor in deterghatmospheric
reactivity of aerosol components.

Goethite is one of the most extensively studied environmentaldnésffand it is
considered to contain singly, doubly and triply coordinated hydroxyl grauitb its
structure, which will be discussed in more detail later. The peesef three distinct
types of reactive centers gives interesting behavior to goedaittivity, since the degree
as to which each different type of hydroxyl would participateeactivity will be distinct
from each other.

With its hydroxylated structure, goethite provides an interfade in potential
reactivity and thus, as an atmospheric aerosol component, goethitd prowvide a
substrate on which surface adsorption can occur. However, the exact tfaough
which adsorption and heterogeneous interactions with atmosphegs gasgoethite
proceed, thus driving its reactivity is still not clearly established.

The density of each type of hydroxyls on the goethite surface vamddnd on
the size of the patrticles. In a recent study on nano- and simed-goethite, Cwiertngt

al. have found that the density of singly coordinated surface hydroxyl group$, wéie



suspected to play a dominant role in adsorption reactions, is gateano-sized
goethite particles than on larger micro-sized goethite partichescating that a size
effect on reactivity could potentially exist.

Thus, with the knowledge that the three distinct types of hydrgsodips may
participate to different extents in adsorption processes, the upfakabstances on
goethite may exhibit particle size dependence. However to aatg, extensive
investigation on the presence and participation of all three dishigdroxyls in
adsorption reactivity exists to be a missing link in understandiuadp seactivity of

goethite and goethite containing aerosols.

1.2  Chemistry of atmospheric gases

Atmosphere, as far as this study concerns is the layer e$ gesich surrounds
planet earth. This complex mixture of gases constitutes of neayive species although
some may be present only in trace amounts depending on altstwekdlas other factors
which may limit their existence. Water is a substance comtainesignificant and
variable quantities within the atmosphere. Even though it is nbiyhigactive in nature,
the association of water with various atmospheric constituents lisvduk to be
responsible for notable atmospheric consequences such as tornados and fiphoons.

Intriguingly the adsorption and condensation of water on aerosolsilsraté
energy of high enough magnitude such as to result in thesenextveather conditions.
Further, in a recent analysis, Makarleead al have observed that water vapor
condensation can also influence the atmospheric pressure and dynHmrefy

controlling the atmospheric wind patterhs.



Water vapor in the atmosphere plays a key role in the cheroistryneral dust
aerosols: *® ' Under certain atmospheric conditions of temperature, pressure and
relative humidity, aerosol particles can serve as cloud or ice wsatien nuclei,
depending on the chemical composition of the aerosols and their solirbitigter™ *% **
There is also evidence that adsorbed water may enhance the aiptedee atmospheric
gases on aerosol surfacés:> Thus, assessment of the water uptake on aerosol surfaces
would be important in understanding the atmospheric processing of mitesal
particles.

Additionally, various acidic gases present within the atmospherelsamplay a
crucial role in a wide range of atmospherically relevant hg&reous processes. Nitric
acid, HNQ present in the atmosphere is of high significance in termsnofeber of
potential reactivities? It is believed to be the main nitrogen oxide reservoir speciéein
atmosphere, while the ozone concentration in the troposphere is higitdiedfby NQ
and HNQ concentrations?

Gaseous nitric acid can undergo reactivity at atmosphericanesf allowing the
heterogeneous removal of HY@om the atmosphere. Interestingly, it may also change
the physiochemical properties of the aerosol itself, thus gtimqmpits fate within the
atmosphere, as well as the distribution of nitrated species intchytispheré>
However, currently it is believed that the sources and sinks of ph@oe nitric acid are
not entirely recognized and the amount of nitric is often over-attonin atmospheric
models. Therefore, it is important to identify the potential rodteagh which nitric can
of enter or leave the atmosphere, such as to successfully inderploeainsight into

atmospheric chemistry models.



Many of the components present in aerosols can indicate wigadbwards
atmospheric water vapor and nitric acid as have been extendivdigdsunder various
conditions'®*®Goethite with its hydroxylated surface structure would alsoapable of
indicating reactivity towards such atmospherically relevant gadass, understanding
the interaction of goethite particles with water vapor andcrétcid would be of interest
to many atmospheric chemistry models.

Furthermore, aerosols may be present within the atmospheregangiize from
a couple of nanometers to a couple of micrometers, while mamcsupfoperties such
as the type and density of surface functional groups may subjgatiation depending
on patrticle size. Hence, the type and density of surface hydgooyps on the goethite
surface will effectively be a function of particle size vitg previously stated that not all
surface hydroxyls are alike in reactivity and the densitthefsingly, doubly and triply
coordinated surface hydroxyls of goethite depends on the surkscarad plane exposed,
goethite reactivity towards the above gases of concern is tikehdicate a particle size
dependence. Thus, understanding the interaction of goethite partithewater vapor

and nitric acid is of interest from a number of different perspectives.

1.3  Focusand scope of the study

This study focuses on understanding the atmospheric interactionstbftg with
water vapor and nitric acid, with the focus on the possible pasiioteeffects. Synthetic
goethite preparations of two distinct sizes within the nanonaetdr micrometer size
regimes have been selected for the investigation in view of obsehargize effects and

the size dependent reactivity of goethite have been observed under varying conditions.



Surface adsorption is often probed using infrared spectroscopic techmoques
determine the speciation of adsorbed products, owing to the facdbatption would
alter the native optical properties of the surface as welthasadsorbate. If such
distinction is not visible or is not significant, spectroscopic techsigueuld fail to
recognize and differentiate adsorbed species from those in thginabrstate and
guantitative information on uptake would become difficult to obtain.

However, gravimetric analysis would allow for quantitative measamngs of
adsorption, irrespective of the nature of the surface adsorption preoese adsorption
is certain to be followed by a change in mass. Speciatiintgues such as quartz crystal
microbalance (QCM) would allow changes in mass of up to a couplecobgrams
taking place on a surface to be measured accurately. Hovaesmetp this non-specific
response, gravimetric analysis would not provide information on speciation.

Thus a combined approach of simultaneous measurements of attenuaked tot
reflection Fourier transform infrared (ATR-FTIR) spectroscopy WM measurements
had been employed here to investigate the interactions of goeitmtatmospheric water
vapor and nitric acid. To the best of our knowledge, there are not ntamp#t to utilize
QCM in this manner and specially in distinguishing modes of adearpts had been
conducted within this study. However, the approach adopted is quite pbwarén
combined, so that quantitative measurements of reversible andrsrbdgeadsorption
along with the spectroscopic signatures that distinguish theserediff modes of

adsorption can be easily obtainéd®



CHAPTER 2

MATERIALS METHODS AND EXPERIMENTAL DESIGN

21 Materials

All chemicals were reagent grade or better and were useeécaived. Ferric
nitrate nonahydrate (Fe(NR.9H,O, Sigma Aldrich,> 98%), sodium bicarbonate
(NaHCGQ;, Sigma Aldrich,> 99.5%), and potassium hydroxide (KOH, Sigma Aldrich,
ACS reagent) were used for the synthesis of goethitde (infrg). Nitric uptake
experiments were carried out with concentrated nitric acid@§iINFisher Scientific,
69.3%). Water uptake experiments and solution preparation were doneops$img
water (Fisher Scientific). Sample preparation for FTIR @@M application was done

using a 1:1 mixture of optima water and methanol4{QH, Fisher Scientific, 99.9%).

2.2 Synthesisof goethite

Goethite samples were prepared according to the method outlinadscihutz
and Penft as previously described elsewh&eDropwise addition of NaHCOto a
solution of Fe(N@s.9H,O was used in the synthesis, resulting in the formation of
ferrinydrite nanoparticles. Subsequently, these nanoparticles agexd at pH 12 for 24
hours at a temperature of 90 °C to yield nano-scale goethitelggrivhich are referred
to as nano-goethite. Method outlined by Schwertmann and Cornell was used as to prepare

larger sized goethite particles, which are referred to as micro-geéthit



2.3  Characterization of goethite

The surface FTIR spectra of the nano and micro-goethite samptesobtained
using a Thermo Scientific 6700 FTIR spectrophotometer, equipped wililqual
nitrogen-cooled, narrow-band mercury cadmium telluride (MCT) datecdnd an
amorphous material transmitting IR radiation (AMTIR), internaflective element
(IRE).

Specific surface areas of the samples were determined freewesm point M-
Bruauer-Emmet-Teller (BET) isotherm using a Quantachrome N@@8 surface area
analyzer. Samples were outgassed overnight (~24 hours) at adgampef 70 °C prior
to the BET analysis. Higher temperatures were not used duringssutg, as to avoid
the possible transformation of goethite into hematite. XRD pattdrtiee samples were
obtained with a Rigaku Miniflex Il diffractometer equipped with a Co source.

The dimensions of the goethite samples were determined from tsasiam
electron microscopy (TEM) images obtained using a JEOL JEM-128Gmission
electron microscope operated at 100 keV accelerating voltagge Biuspensions of
goethite were prepared in methanol followed by sonication, and a dtbp sfispension
was applied on a 40 mesh Cu TEM grid, as to be used for imagin¢alDngages of the
samples were acquired using a Gatan UltraScan CCD canitbraher Gatan imaging
software and the size of the goethite particles was detatrbyanalyzing the images in
software package Image J. The size distributions of the anles were determined

after the analysis of approximately 250 particles of the sample of concern.
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24  Uptake of H,0 on goethite

Uptake studies were conducted in a custom built flow systenmdisated in
Figure 2, described in detail elsewh&teA Thermo Nicolette 6700 FTIR
spectrophotometer and a QCM200, 5 MHz quartz crystal microbalancentesyeated to
the flow system in order for sample analysis.

A commercial attenuated total reflection (ATR) horizontal liqoédl apparatus
(Pike Technology) was placed in the internal compartment ofpibetrometer, alongside
the optics attachment and the bottom portion of the liquid cell whick wgoplied by
Pike Technology and used as is. The top portion of the liquid cellregesigned to
contain inlet and outlet ports for humidified air, reactive gased,a Honeywell HIH-
3602-L relative humidity sensor for thesitu measurement of relative humidity.

Dry air coming into the system was allowed to flow througkea of water
bubblers at a controlled rate producing humidified air. This was theed and
equilibrated with dry air inside the mixing chamber before bemgpbduced to the
samples contained in the FTIR spectrophotometer and the QCM.

The flow rate was held constant using flow meters throughout theriment as
to assure a steady humidity level during each step of amalyse relative humidity was
controlled by varying the flow of dry air through the system atew bubblers, while

allowing the system to equilibrate for 30 minutes at each flow.
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Figure 2

Schematic representation of the flow system fer glease adsorption

studies. The powdered sample to be analyzed is places on the BRH cry
of the FTIR spectrophotometer and on the quartz crystal of the QCM.

The uptake of water at each humidity level was observed using &TdRQCM

measurements while the relative humidity was recorded usinigutinéity sensor and a

custom-built digital readout. The experiment was continued at inatsntd relative

humidity until saturation humidity was achieved, in order to observebéhavior of

water adsorption. Then, the same procedure was continued while degteéashumidity

in steps, thereby observing the water desorption behavior.
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25  Uptake of HNO3 on goethite

HNO; uptake was conducted in a similar fashion to water but at sategely
flow of 250 SCCM of dry air through the nitric acid solution. Ailmation was done
such as to convert the resulting nitric flow into units of pressuite, avTeflon coated
reaction chamber being fixed on the FTIR spectrophotometer in pfabe horizontal
liquid cell apparatus. Using transmission IR spectra for glOdifferent flow levels
collected here and the transmission IR spectra collected ahgagressures of HNO
obtained using another apparatus described elsefhere relationship between HNO
flow and pressure was established.

While monitoring the uptake using FTIR and QCM measurements, \thesiiay
and irreversibly adsorbed HN@omponents were analyzed using the QCM behavior and
the corresponding ATR-FTIR spectra to quantify and characteriesersibly vs.

reversibly bound HN@on the goethite surface.

2.6  Aqueous phase behavior of HNOj3 reacted goethite

To better understand the behavior of nitric acid reacted goethitelgmmipon
deposition into water systems, goethite samples following exposutéNO; were
collected from the ATR element. After letting to sit overnightler a stream of dry air as
to insure the removal of reversibly bound Hij\l@e reacted samples were deposited into
optima water and diluted to produce a solution. The pH of the final @D goethite-
containing suspension was recorded and the amount of dissolved iron tesmusirkd

using a Varian inductively coupled plasma - optical emission spectromeier QES).
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Additionally, the stability of these suspensions was measured uateg of
sedimentation by measuring extinction measurements with anPEhkier Lambda 20
UV-visible spectrometer at a wavelength of 510 nm. The siz&ibdison of the
aggregates present in aqueous media was determined using a BeCkoiter Delsa
Nano C particle analyzer in dynamic light scattering (DLS) mode, widleeta potential
of the samples was recorded using a Malvern Zetasizer Nanasfrument, equipped

with a green laser at 532 nm.

2.7  Coadsorption of water on nitric adsorbed goethite

Nitric acid was allowed to react with goethite samplesquaocn the AMTIR
crystal at a steady flow of 250 SCCM for a period of one hour andamples were
allowed to sit overnight. The uptake of water on these samples,nahgiaelative
humidity was monitored using FTIR measurements on the followingugayg a similar

protocol as that adopted during the investigation of water uptake.
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CHAPTER 3

RESULTSAND DISCUSSION

3.1  Thestructureand characterization of goethite

Goethite is believed to exhibit a hydroxylated structure contaimoge than one
type of hydroxyl groups within its structure. According to Riefi al, goethite structure
is built up from strips of condensed Fe(O, OH) octahedra, involving ®Hpg shared
between three B&ions along its crystallographic [001] directibhThese give rise to the
triply coordinated hydroxyl groupsif-OH) within the structure of goethite, thus being
referred to as ‘bulk hydroxyls’. However, on the surface, two addltioydroxyl groups
which are singly (-OH) and doublyi{OH) coordinated to Fe are preséhifhe three
types of hydroxyl groups are illustrated in Figure 3 and teeuctural positioning is

indicated in Figure 4 which follows.

| H
|
© O
--Fe-- --Fe--Fe-- --e--Fe--Fe--
- OH - OH u, - OH
Figure 3 The three types of hydroxyl groups present on thibigpsurface. Note

that the dashed lines indicates the surface plane.



15

Figure 4 Structure of goethite. Hypothetical termination of ahgesurface, with
a geometry giving rise to three distinct types of hydroxyl grosiogly,
doubly and triply coordinated to the central Fe atoms. Adapted from
Rustadet al?®

These collectively give rise to a series of distinct peaksherFTIR spectra as
seen in Figure 5. Parfiét al. has assigned the peak at 3660*¢mthe singly coordinated
surface hydroxyls while the peak at 3486 coorresponds to the doubly coordinated
surface hydroxyl§> The prominent peak at 3145 ¢mhad been assigned to bulk
hydroxyls, which are the triply coordinated hydroxyls presenhénltulk as well as on
the surface structure of goethite.

In a more recent investigation by Boily and Felmy, it had been fthatdyoethite
can exhibit four distinct bands arising from; (1) -OH groups on(1t8) plane, (2) -OH
groups on the (021) plane, (3OH groups on the (110) plane, and 4PH groups on

the (021) plané.
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Here a pair of bands at 3660 and 3490'chave been assigned to singly
coordinated surface hydroxyl groups, whereasut@H groups is said to be manifested
through 3648 to 3578 chat greater levels of surface proton loading. Stretches arising

from triply coordinated hydroxylpug-OH) groups on the surface are proposed to be

embedded within the dominant O-H band of bulk goefhite.

4
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Figure 5 Surface FTIR spectra of nano and micro-goetaitgkes. Inset shows the

enlarged spectra between 3800 — 3408.cm
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Thus, for the goethite surface spectra indicated in Figutee3dnds at 3661 and
3490 cni can be attributed to -OH groups, whereas the weak absorption at 363@cm
be attributed tai-OH groups. The peak at 3125 ¢rwould be a result of the bulk
hydroxyl groups of goethite, while any absorption dugst®H groups on the surface of
goethite would be embedded within this prominent band.

X-ray diffraction (XRD) patterns and the TEM images of the namb micro-
goethite samples are shown in Figure 6. As seen, on Figure thgaXRD patterns of
goethite samples indicated good agreement with the reference. elpwies relative
peak intensities indicate minor variations with size, suggedtiagthe crystallographic
structure of goethite particles would subject to change accordipgrticle dimensions.
Further, it is apparent that the XRD pattern for nano-goethiteateti peak broadening,
as is expected with decreasing size.

TEM images of nano and micro-goethite as shown in Figure 6 (b) and (c)
respectively indicate the elongated rod-like structure for goetmtelescribed in detalil
by Cwiertny et al’ The particle length and width for the two goethite samples as
determined by these images are set out in Table 1, alongsideetiseired BET specific
surface areas of each sample.

It should be noted that goethite microrods were unstable upon sonicat&on of
suspended solution. This eventually would lead to the damaging of theusgrwas is
evidenced by the large deviation in size observed from the miathite TEM images,

as visible on Figure 6 (c).
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Figure 6 Characterization of goethite samples. (a) XRD rpattef the nano and

micro goethite samples, and the TEM images of (b) nano andi¢m)-m
goethite.
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Tablel SSA measured from BET analysis and the length and willtksva
determined from the TEM images for the two goethite samples.

Nano-goethite Micro-goethite

BET specific surface area {fg) 121 +7 34+1
Particle length (nm) 108 £ 23 2151 + 590
Particle width (nm) 11+£3 131+ 45

3.2  Uptake of H,0 on goethite

The FTIR and QCM behavior upon water uptake for goethite atngarglative
humidity are indicated in Figures 7 and 8, respectively. Goetidieates an increase in
water uptake with increasing humidity as evidenced from the isiag& TIR spectral
intensity. There is no direct evidence for the gas phase wptake on goethite in
literature. However, the vibrational assignments for adsorbed water dntgdetve been
given in Table 2, using similar studies conducted on metal oxide particles as.a basi

An additional weak adsorption band is apparent upon water uptake around 2100
cm™. This peak has been previously observed in literature and attriougedassociation
band ¢ which is a combination of the bending),( liberation ¢) and hindered

translation ¢r) modes of adsorbed water molecuies.
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Figure 7 FTIR spectra for the uptake of water on (a) nano amdi¢b)-goethite at
varying relative humidity as indicated by the arrow in increasing drect
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varying relative humidity.
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Table 2 Vibrational frequencies for adsorbed water on goethite

Wavenumber observed (cm™)

O-H stretching 3395
3208

H-O-H bending 1639

Association 2100

As in the case of many other metal oxides, water is adsodersibly on
goethite and can be desorbed from the surface upon evacuation of humidified air from the
sample chamber. This fact was apparent from the decrease in specisdli@sevhen the
relative humidity of the gas mixture was decreased. The broadipeal stretching
region {1, vs) for adsorbed water which falls within 2800 - 3700 'cindicates a
decrease in the structural features with increasing reldmmaidity. This has been
previously explained by Al-Abadleh and Grassian as being a péghk condensation of
water on the oxide surface upon uptake.

The first traces of water adsorbed on goethite will behavelagea of ice, and
when more water is adsorbed at higher humidity, which in turn wilbrbeop of this
initial layer, the adsorbed water will be in the form of ldjuthus tending to form
hydrogen bonds. In general, it can be stated that more disorderechallkeular
environment, the broader the absorption band as stated by Al-Abadlelrassia®, as

well as the references theréiiThus, due to the formation of hydrogen bonds and the
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broadening of spectral features, the distinction betwe@mdv; becomes less apparent,
eventually collapsing to a diffuse absorption band that is sligketlyshifted from its
initial value at higher humidity.

More interestingly, there appears to be two distinct negativelsbahat are
centered at 3486 and 3660 tmpon water uptake on both nano and micro-goethite.
These features can be attributed to the singly coordinated hydpaags on the goethite
surface as seen on the goethite surface spectra in Figure Bvétowo loss of surface
hydroxyls would be actually viable upon the reversible, molecular rfgnaf water on
the goethite surface. Thus, it can be stated that the appearatheseinegative bands
signifies the presence of isolated hydroxyl groups prior temaptake, which may
become hydrogen-bonded to molecular water, as have been previouskedhsethe
case of other hydroxylated oxide surfates.

However, thepu-OH or ps-OH coordinated hydroxyl groups on the goethite
surface do not show any significant contribution towards the uptakatef.w-or theu-
OH groups the initial spectral intensity was relatively lawlsthat the appearance of a
negative band might not be clearly evidenced. Therefore, in geheeal be stated that
water uptake on both nano and micro-goethite takes place with theatissoof gas
phase water molecules with the singly coordinated hydroxyl groapth® goethite
surface.

In order to understand the particle size effects on water uptake; TIR and
QCM data were analyzed. Figure 9 (a) shows the integratedbalnee of the bending
mode of adsorbed water at 1639 %mplot as a function of relative humidity. The graph

indicates a BET type multi-layer adsorption of water on goethite.
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25

Since a mass of ~15 mg of sample was used on the AMTIR ciystakh case,
the graph indicates the behavior on a per mass basis. Thus, it sardlbat on a per
mass basis, nano-goethite adsorbs more water than micro-go@&thg is in agreement
with our conventional perception that surface area exposed would incradse
decreasing size, thus allowing greater reactivity to be lplesstlowever, although most
models account for size dependence on a per mass basis, it mighpdant to
visualize the phenomena on a per surface area basis, accountingdossii#e surface
driven reactivity.

On a per surface area basis, the water uptake on the two samples as observed from
the FTIR data would follow the behavior indicated in Figure 9 (Is)cé&n be seen, upon
normalization to surface area, the enhancement of water uptal@naigoethite over
micro is still visible, but at a diminished ratio. This indicatiest the enhancement in
water uptake of nano-goethite cannot be entirely attributed tgréeger surface area
available for adsorption on nano-goethite as compared to its micro qmamtd&hus, the
results suggest that there would be an effect beyond surfaceratka water uptake on
goethite of varying particle size and the uptake would genenaligate an increase with
decreasing patrticle size.

Nevertheless, it is a known fact that the amount of edge sites exposed ona particl
increases as patrticle size decrease. These edgersitasoavn to play an important role
in determining the reactivity of the particles as seen &ardiure’® * Therefore, the
enhanced water uptake beyond surface area for nano-goethite agembmopés micro

counterpart can be attributed to this reasoning.
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Further, in a similar fashion QCM data can be employed in dodebserve the
adsorption of water on goethite. The QCM allows one to directlysareahe mass of
substrate adsorbed on a sample sprayed in a thin layer on a Q&i&l,dvy relating the
mass on the crystal to the frequency of the resonator as lgyywire Sauerbrey equation

indicated as equation 1.
Af =-CtAm (1)

Here, Af is the change in frequency of the resonatan,is the change in mass
related to the change in frequen%g/(cmz), andC; is the sensitivity factor which is a
constant of 56.6 Hz cffug for a 5 MHz AT-cut quartz crystal: * Adsorption or
desorption of a substance onto or from a substrate would cause a @hangss.
According to the Sauerbrey equation, this change would be coupled to a ¢hange
frequency of resonance of the quartz crystal resonator. Therdfierandss of water
adsorbed, or any other adsorbate for that matter can be probed oy QGiN
measurements.

As seen on the QCM curves in Figure 8 (a) and (b), a correspoteltngase in
resonance frequency is observed at each step of increasatigerdlumidity andvice
versafor decreasing humidity. These changes can be used todetdhe mass of water
adsorbed on the substrate at each corresponding relative humidisynigythe Sauerbrey
equation, which can eventually be converted into mass of water peareaiof sample
(ug/crt), or in other words the surface molecular density of adsorbed waiecules.
Therefore, this would once again result in surface area normhalat@ allowing us to
conduct a direct comparison on particle size effects on the wptake on goethite as

indicated in Figure 10.
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Figure 10 Variation of surface molecular density of waterodsi on nano and
micro-goethite surfaces, calculated from the QCM behavior ancaplat
function of RH.

There is no distinct correlation between data points in this gcasenirast to the
FTIR comparison which indicated a clear multi-layer formatiehavior for both nano
and micro-goethite. One of the inherent drawbacks of the QCNeigstrumental drift
that indicates a decreasing relative frequency with time, hwimcturn is difficult to
guantify. Especially, within a large time period as that considéye water adsorption
and desorption, the drift would tend to become more significant and teusnbmaly
observed above can be attributed to instrumental drift. Howevernitbeagenerally
stated that there is no significant deviation for the water uptak@ano and micro-
goethite as evidenced from this QCM comparison, in contrast to thevatise

previously discussed using the FTIR data.
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As previously described it was found that only -OH groups are involveaier
uptake. These hydroxyls being limited to the surface of the geettiucture, would be
present to an extent limited by surface area of the particless, the reactivity of
goethite towards water would be limited by particle surfaca axposed and one would
thus expect to see no effect between preparations of diffsiamntonce surface area
normalization is done. This justifies the QCM comparison making it more acaeptabl

Nevertheless, water can easily be trapped between padiclasample. Sample
on the QCM crystal is generally well dispersed leaving a minimal roonuébr tsapping,
while that on the ATR is greater in density, thus allowing pdoebe present. The
contradicting conclusions obtained on water uptake, using FTIR and iQ€ddurements
can thus also be attributed to this difference between sample preparationsaaseach

Overall, it can be stated that FTIR and QCM measurements negplantitative
data that can be successfully utilized in conjunction such as ter hetderstand the
adsorption of water on different interfaces. It should be noted thantdgsis conducted
with FTIR data alone was competent to an extent to which a comprehensiviéesizere
water uptake can be evaluated.

However, such conduct would not be viable if the adsorbate in a given $roces
would be infrared inactive, making it unable to be observed through $géBtroscopy.
The viability of QCM in producing an alternative basis wasrbfeavidenced from the
analysis conducted above. Thus, in such circumstances one mayQ@@iMes a tool in
order to probe the adsorption and desorption behavior on the substrate, siQ¢avihe
produces a universal signal which is independent of the nature aldbsbate as well as

the strength of the adsorbate-surface interaction.
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3.3  Uptake of HNO3 on goethite

The FTIR and QCM spectra for adsorbed HN&h goethite at a flow of 250
SCCM (255 = 1 mTorr in pressure terms as found from the cabbjatire shown in
Figures 11 and 12, respectively. It is found in literature thabmirast to water, which
mostly adsorbs in a molecular fashion, HN©Optake on most oxide surfaces is
dissociative and irreversible, thereby forming surface nitfat&sis behavior was well
evidenced by the QCM measurements, where a corresponding indneasktive
frequency was observed after halting of the HMIGw at the end of one hour, indicating
a partly irreversible uptake.

In most occasions where both reversible and irreversible uptakecoay, it is
not very straightforward to at once distinguish between the nsioke and reversible
uptake components using spectroscopic data alone. However, it wagedbisere that
the QCM behavior during the uptake process provides a relativelyctlisicture of the
irreversible vs. reversible binding situ. To our knowledge, there had been no previous
attempts to identify or quantify irreversible vs. reversible gdising QCM behavior as
a basis. Here, with the complementary FTIR and QCM data in hhedadsorption
modes of HNQ@ on goethite were able to be analyzed relatively easily.

Here, the nature and extent of HNOptake on goethite was monitored using
QCM, while simultaneous FTIR measurements were made to probesbebed species.
Eventually, FTIR spectra for the reversibly and irreversibly boun®#iNere obtained
by appropriate processing of spectra acquired at suitable poitited, as indicated in
Figure 13, allowing to easily distinguishing vibrational modesewérsibly bound HN@

on goethite, from those bound in an irreversible fashion.



30

I (@)
0.1
A
b
S Irreversible uptake
0 .
r | !
b ;o !
a o |
n Lo
C L ;
e !

\' 3490

3660 3083
400( 35|00 | 25|00 20|00 15|00 1000
Wavenumber (cif)
A
b
S
0}
r
b
a
n
C
e
L B B ) L A A S L L I

400( 3500 2500 2000 1500 1000

Wavenumber (cif)

Figure 11 FTIR spectra of adsorbed HN@h (a) nano and (b) micro-goethite at a
flow of 250 SCCM of dry air through the acid chamber.



31

0.20
Am = 15.102ug/cnf @ 0.184ug/cnt
_ 0.151
E
Lo
O
= |
£ o10] [
S f Total uptake 0.103ug/cnt
% A
] |
e !
0 |
@®© Ii
= 0.05 | Irreversible
."llllll
o_[ffji__________________l' _____________ vy o____
0 1000 2000 3000 4000 5000 6000
Time ()
0.16
Am = 31.75Lug/cr? (b) 0.142ug/cn?
Reversibl
0.121
o r
> / 0.106ug/cnt
'a' ! A
g 0.081 Total uptake
o /
2
S /
" Irreversible
% 0.04
2 IIII
/
N e Yo \ S

LN L B L B B LB L O L L I L L LS B LN B B
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 12 QCM curves for the HN@ptake on (a) nano and (b) micro-goethite at a
flow of 250 SCCM of dry air through the acid chamber.



32

1674 130z
; 1266 Jo.04
\M
A . - 1297
b Reversible nitric uptat 1286
< 1519 1319
0 72 1aa P |1237 99z
; 1614 | M / 1017]
b __/J 1297 \//\
a | |rreversible nitric uptak
n 1572
c | 1519 99z
1674 D2 1237 .
e 614, o A4 . 1017,

Total nitric uptake

L L B L B L B L
1700 1500 1300 1100
Wavenumber (cf)

Figure 13 FTIR spectra of reversibly, irreversibly and tdtalnd HNQ on the
nano-goethite surface obtained by appropriate processing, asiedeny
the QCM behavior. There were no significant differences in wdnal
assignments based on particle size.

From this, the peaks were assigned for molecularly adsorbed, oxidkrated,
and adsorbed water-solvated nitrate on goethite upon gas phaseekidBure as set out
in Table 3. However, no evidence was present in literature forassgnment of
vibrational modes of HN®adsorbed on goethite. Therefore, vibrational assignments for
the HNQ uptake ony-FeOs were used as referentewhich in turn indicated good
agreement with the values assigned hierghould be noted that only the FTIR spectra of
nano-goethite have been indicated on Figure 13 since there weregmbcant

differences between vibrational frequencies based on patrticle size.
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Table 3 Vibrational frequencies for adsorbed HNO goethite
_ : Wavenumber Wavenumber for
Description Assignment 1 1
observed (cm™) y-Fe03 (cm™)
v (OH)
Molecularly adsorbed v (NO) 1674 1679
HNO; d (OH) 1303 1337
vs (NO) 1266 1297
Monodentate
vz (High) 1519 1555
vz (Low) 1286 1281
1297
Oxide-coordinated Bidentate
nitrate vz (High) 1572 1588
vz (Low) 1237 1229
Bridging
vz (High) 1614 1622
vz (Low) 1203
V1 1017 993
vz (High) 1414 1399
Adsorbed water-solvated
_ vz (Low) 1319 1346
nitrate
\Z1 992 814

Vibrational frequencies for-Fe0s have been included here as reference from litefdture
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In addition to the peaks corresponding to adsorbed nitrate specieBT iRe
spectra indicated the appearance of negative bands uposg lfitiilke. Water uptake on
goethite as previously discussed, indicated the appearance of enhetative bands.
However, HNQ uptake on goethite was coupled to the appearance of three distinct
negative bands, at wavenumbers 3660, 3490 and 3083 Tine former two negative
bands are identical in value to that seen upon water uptake, and camagamtebe
attributed to the involvement of -OH groups during the process ofzHid€brption.

The third negative band appears at 3083 .chhis is close in wavenumber to the
bulk hydroxyls as visible at 3125 ¢hon Figure 5 and indicates a similarly broad nature.
However, addition of the adsorbed nitrate spectra to the goethiéeesspectra showed
the complete diminishing of the peaks at 3660 and 3498 @micating that the -OH
groups take part almost entirely in the HN@take. In contrast, the surface peak at 3125
cm* indicated no significant attenuation. Thus, the third negative peak obs#r2683
cm™ as on Figure 11 can be attributed to a surface feature whick Wwauvé earlier been
buried under the broad bulk hydroxyl peak.

During the recent assignment of vibrational frequencies for geeltyitiroxyl
groups Boily and Felmy have proposed the order of frequenciesvieid) ~ v(u-OH)
> v(ug-OH) > v(OHguk) > v(us-OyH).° Here, ns-OH and ps-OyH denote hydrogen-
bonded and non-hydrogen-bonded triply coordinated hydroxyl groups on the goethite
surface respectively.

Thus, judging by the value, the negative peak at 3083aan be attributed tos-

Oy H groups, whose absorption would have been buried earlier under the broadrpeak f

the bulk hydroxyl groups. This however was an interesting observatica these non-
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hydrogen-bonded triply coordinated hydroxyl groups which seemed not tamjasole
during water uptake on goethite, indicated significant contribution durt@sHiptake,
as evidenced from the results here.

Surfaces may contain differently coordinated hydroxyl groups, wieah
different type would indicate a varying degree of reactivitythe case of goethite, the
three distinct hydroxyl groups on goethite singly, doubly and trgplgrdinated to Fe
atoms are likely to exhibit differences in reactivity. Radt al. has observed that singly
and doubly coordinated hydroxyls on goethite can be readily converteD,tbyCorief
(one minute) treatment with.D.*

Rochester and Topham have done the same observation where surfacglhyd
groups underwent rapid isotopic exchange uposO Dexposure to produce the
corresponding surface deuteroxyl groups, whereas the bulk hydragytsotlindicate
such reactivity’* Parfitt et al. have also observed that goethite treated with206l/g
HsPO, or NaHPQ, shows no infrared adsorption around 3486'cindicating that these
hydroxyl groups are replaced by phosphate groups, forming britkjeseen adjacent
Fe*ions?

Thus, there is evidence in literature for the observation of markésratites
between hydroxyl group reactivity at different coordination. At traestime there have
been many attempts to model reactivity variations such as tocptedi behavior of
goethite preparations containing different hydroxyl group den$it®és**However, at
present there is no precise quantitative understanding as to how resactivity
differences can be directly correlated to the availabilityddferently coordinated

hydroxyls, and thus the particle surface area exposed for reaction.
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In order to attain a better insight of the process herein, theob&aaed during
the uptake process was analyzed further. Two distinct peaksponaing to adsorbed
nitrates, namely the(NO,) mode of molecularly bound HN@t 1674 crit andvs(high)
mode of oxide-coordinated HN@t 1572 crit were selected for probing reversibly and
irreversibly adsorbed nitrates respectively. Figure 14 indidhtesemporal variation of
reversible and irreversible HNGbinding on nano and micro-goethite by plotting the
integrated absorbance of the above peaks as a function of time.

From these, it can be clearly seen that HNptake, both reversible and
irreversible, achieves saturation approximately within the lia#ft hour of exposure, thus
making it reasonable to assume complete surface saturationeaictioé one hour HNO
exposure. It was also seen during analysis that upon the haltidil©s; flow at 60
minutes, the absorbance indicated by the peak due to moleculadsbedisspecies
gradually diminishes to near zero, while that in the case for oxide coordinatesl Igtiew
or no considerable attenuation. This again justifies the assignmetisebection of peaks
for probing reversible and irreversible uptake.

Similar insight on surface saturation can be observed from QCM loehetiere
the relative frequency should indicate a steady value upon achieatagatson. This
behavior was observed during the water uptake as visible in Figuiee8e the relative
frequency indicated a constant value under the equilibration at eaclO/Hwould
expect the same trend to be observed with change in massh&rteestquantities would

be directly proportional as given by the Sauerbrey equation.
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Figure 14 Temporal variation of HNQuptake on (a) nano and (b) micro-goethite.
v(NO,) mode at 1674 cthandvs(high) mode at 1572 cimwas selected
for probing reversibly and irreversibly adsorbed nitrates respectively.
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However, such behavior was not indicated during the QCM measureorents
HNO; uptake, where the change in mass at each level of relative humidity did not achieve
any constant value even after prolonged exposure as seenune E® QCM being a
highly sensitive instrument, the frequency of vibration of the quaystal resonator is
highly susceptible to changes in temperature. With such insighhdhdeveling of
relative frequency upon HNQuptake can said to be associated with the thermal energy
liberated at the crystal surface by the adsorption and desorptidN@©@f molecules, thus
causing the local temperature to fluctuate.

As seen from Figure 14 (a) and (b), the irreversible uptakeN@dsHbn goethite is
more pronounced than reversible uptake for both nano and micro-goethite. However
order to observe the particle size effects upon kiNfake, the temporal variation of
reversible and irreversible binding was plotted separately, imtctite behavior of nano
and micro-goethite together on each graph as shown in Figure 15d(&b)arSince a
constant mass of sample was used in each case the compgansoicted here was on a
per mass basis. As seen, the reactivity of nano-goethite wasergewards both
reversible and irreversible binding of HAhthan the lager micro-goethite.

The increase in surface area of nano-goethite, over micro-gpoati~3.8
(121/34) folds. The enhancement of reversible HNPtake on nano-goethite as in
Figure 15 (a), clearly indicates an enhancement inverstdied to size, that is beyond
the above surface area factor. But, for the same comparison uegtersible uptake, the
enhancement in nano-goethite was apparently less than the fact8r8oflt was also
seen from the IR spectra that the surface hydroxyl groups ornitgoetre mostly

associated with the irreversible uptake component, than with reversible uptake.
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Thus, it can be stated that particle size has a greaest eff irreversible uptake
of HNQOs;, than on reversible uptake. At the same time QCM behavior also tedliaa
clear picture of the reversible and irreversible uptake componetgsms of respective
changes in relative frequency of oscillation. Thus, to obtain a datarei view of size
effects, the average saturation surface coverage of adsorbeg WiNE® determined as
given in Table 4. At this point it was apparent that contrary tohigher reactivity
indicated by nano-goethite towards HNGn a per mass basis, micro-goethite indicated
higher saturation coverage of irreversibly bound HN@®an the smaller nano-goethite.

As supplementary analysis to further defend the above observation upiizice
on nano and micro-goethite was conducted using a transmission pddRophotometer
setup as described elsewh&teAn initial pressure of 1 Torr was used as to assure
saturation uptake within the period of analysis. The saturation covefragial adsorbed
HNO;3; on the goethite samples were then determined using the predtenendes taken

place during the uptake process.

Table 4 Average saturation surface coverage for adsorbed; ldNGano and
micro-goethite

Sample Surface cover age of Surface coverage of total bound

irreversibly bound HNO; HNOzata 1l Torr initial pressure

Nano-goethite (2.620.6) x 16° molecules/cth ~ (3+1) x 13“ molecules/crh

Micro-goethite  (7+4) x 1 molecules/crh (9.3+0.6) x 16" molecules/crh
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The rightmost column in Table 4 indicates the saturation coverageta
adsorbed HN@ determined using transmission FTIR measurements. Both the sets of
results infer that micro-goethite would contain a higher densigdsebrbed HN@than
nano-goethite, thus indicating an increased reactivity. Although onddvexpect the
values in these two columns to coincide for each particle sizegbberved variability
observed can be attributed mainly to the differences betweawdhechniques adopted
and the assumptions taken into consideration in carrying out theatadnslin each of
the separate techniques concerned.

Additionally, the average reversibly and irreversibly bound HN@rcentages
were determined using QCM data and are set out in Table 5. tRhes®a calculations, it
was visible that HN@was predominantly bound in a reversible fashion on nano-goethite,
whereas that on micro was mostly irreversible. So it becoteastbat both the extent as

well as nature of adsorption of HNGn goethites particle size dependent.

Table 5 Average reversibly and irreversibly bound HN@rcentages determined
using QCM data

Sample Average per centage of Aver age per centage of
reversible binding irreversible binding
Nano-goethite (65 £5) % (35+5) %
Micro-goethite (14 £9) % (86 £9) %

The rightmost column indicates the values obtained during the cativeatransmission
FTIR experiments
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Although such relation between reactivity and particle size adtigte as
inversely related to its specific surface area had prelyidusen observed, very little
convincing quantitative descriptions coupled to experimental observatierfsumnd in
literature. Despite the general intuition that increasing seidaea would allow reactivity
to be enhanced, it has been previously recognized that goethite poggaoétrelatively
large particle size (i.e. particles with SSA below ca. 68gmindicate considerable
increase in reactivity towards protoh3?>®as well as carbonatds’>when normalized to
surface area.

Additionally, there are examples for higher adsorption capacities of thessgs
towards anions such as phosphate and fludfid&in some previous attempts to explain
this observation, such anomaly had been attributed to morphological seafwserface
roughness that results from multi domain crystal formation, whictuin does not
translate into an increase in the BET measured SSA.

In a recent attempt to model this anomalous behavior in averageptamisor
capacities, Villalobost al. have shown that a face contribution-site-density model of
hydroxyl groups can adequately model the size dependent adsorption behavior of
goethite3? Considering the distribution of differently coordinated hydroxyls dfemint
crystallographic planes and assuming that only singly and triply cotedirgydroxyl
groups are reactive towards protons while only singly and doubly coomdlinhgtizoxyl
groups are reactive towards anions and cations, they have been able to stycoesséll
the absorption of a number of species such as protons, carbonates, esramatPb(11)

on goethite preparations of varying SSA.
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In terms of structural features, they have observed large tqpogrdifferences
among goethite particles of varying size. Acoustic altemgaturrent (AAC) mode
atomic force microscopy (AFM) had revealed that smaltetlyte particles with larger
SSA are small acicular crystals with apparent smooth faceghich the simplified face-
composition model with (101) and (001) faces with negligible contributmm frapping
faces are adequate. However, when particles become larger.comaplex planes, such
as (010) and (210) tend to become apparent as have been distinctly oliserugh
AFM. Thus, in modeling the reactivity of larger goethite parsiclthe reactive site
densities on these more complex surface planes would have to be taken into%ccount.

With the information in hand, there are two major questions that woisiel air
this point. First, why is the saturation surface coverage of laeldaddNQ greater on
micro than nano-goethite, whereas no such pattern of reactivity wasvethsduring
water uptake. Second, why is Hi@ostly bound in a reversible fashion on nano-
goethite, whereas that on micro-goethite is predominantlyerrséble. Understanding the
size dependent reactivity of goethite towards HN@uld therefore mean finding
answers to these questions.

The range of SSA taken in to consideration by Villalobbal. in this modeling
approach has been 50 to 94/gi? With the sizes of goethite particles of concern in this
investigation being 34 and 121%m, and with an acicular structure been observed by
TEM, the considerations on structural variation adopted by Villalebh@d. are deemed
to be applicable here. However, with the complementary data obtasieg RITIR and
QCM measurements being at our dispense, we sought to understandhrtatse

reactivity at a more precise level such as to visualize its moleculapieuaie.
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The existing models on goethite surface reactivity, do not axednslescribe the
involvement of surface hydroxyl groups during the molecular bindingspeEcies
including water. However, with the observations reported herenibegyostulated that
molecular or reversible binding of water on goethite takes plétete involvement of
the -OH groups as seen on Figure 7. The same behavior was oldseryedreversibly
bound HNQ. However, with the majority of hydroxyl groups on goethite pririgrpa
being involved in the dissociative, irreversible binding of HNi@e participation of -OH
groups upon the molecular binding was much less apparent.

From the experimental evidence that we have, the first distmbietween the
uptake of water and HNOon goethite is that during water uptake only -OH groups on
goethite contributed towards reactivity, whereas the kINf@ake was associated with -
OH, pu-OH as well auz-OyH groups at the goethite surface. The abundance of these
hydroxyl groups on goethite surface planes would depend on the type okylygioup
as well as the nature of the crystallographic plane.

This fact has been previously postulated in describing goethfeesueactivity’
and had also been taken into consideration during the modeling appr&athes, if the
distribution of crystallographic planes would depend on particle sizbags been
previously observed by Villalobost al, reactivity of goethite should be a function of
particle size, similar in trend to our experimental observatiore,hige may stipulate that
the structure of nano and micro-goethite varies in charactexpesimentally observed
by Villalobos et al®* Thus, smaller sized nano-goethite particles would consist of (101)
and (001) faces, while the larger micro particles would indiedtditional significant

contributions from more complex planes, such as (010) and (210).
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Villalobos et al. have determined the density of each type of hydroxyl groups on
the various crystal faces on goethite based on simplified polyhetdels of the
predominant faces on the acicular goethite crystals, whichl@® @nd (001) (space
groupPnm3g, with capping faces (010) or (210). Accordingly, it has been esieolithat
-OH and uz-OH have comparable site densities of 3.03 sitesS/om (101) and 3.34
sites/nn on (001) main faces, whileOH indicates no significant presence.

-OH andp-OH indicates the major composition on the capping faces witlidhat
-OH being 9.1 sites/nfion (010) and 7.5 sites/riron (210), while it being 4.55 sites/Am
on (010) and 3.75 sites/Aran (210) fonu-OH. However, there seems to be no significant
presence ofiz-OH on these capping faces according to Villalobbsl. It should be
noted that there is no clear breakdown betwee® H andus-O,H here.

We have observed the involvement of -QiHOH as well as a part of the-OH
groups in driving the HN@®uptake on goethite. Coupling this insight into the model
considerations, the total reactive hydroxyl group density towald®;Hon a goethite
particle would be the sum of -OH-OH and usz-OyH groups on its surface. So, in
summary we can say that in going from smaller to largethgegparticle size, the face
distribution ratio of main faces to capping faces decrease.

Note that there is a clear increase in terms of reacyigdeokyl group density in
the larger sized goethite particles as compared to the nano-sizecpaitials, assuming
that the reactivgis-OH group density given by Villalobost al only reflectsus-O,H
groups, we can say that that the reactive hydroxyl group densityl walitate a marked

increase in going from smaller to large goethite particles.
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This explains the anomalous variation in average saturation sudaeeage for
adsorbed HN@on nano and micro-goethite observed in our experimental work. Thus,
given the presence of three differently coordinated hydroxgdigg on the surface, the
reactivity of goethite towards a specific reactant shouldob&ed at in terms of its
affinity towards each type of surface reactive groups. Therobpling it to the variation
of surface reactive site density, the particle size dependaingeethite towards the
specific reactant could be effectively predicted.

This protocol had been outlined in detail for HN&nd has the potential to be
extrapolated into other reactants of interest. So, we may conttiati¢he reactivity of
goethite towards gas phase HN@dicates a direct size dependence where goethite
preparations of larger size (smaller SSA) would indicate ategresaturation surface
coverage of adsorbed species than preparations of smaller(lsizer SSA), as have
been experimentally observed.

Having answered the first concern in terms of goethite-gliN@raction, the next
guestion to be answered is the variation of reversible and irrelergitake between
goethite preparations of varying size. With appropriate spectmaégsing it was visible
that the involvement of surface hydroxyl groups on goethite was predominantgdlitoi
dissociative, irreversible binding of HNOon the goethite surface. Therefore, the
reversible binding would be dependent on the surface area avadableefaction, while
the irreversible uptake would depend on the presence and density oferdaairoxyl
groups exposed on the surface.

In going from nano to micro-goethite, the amount of surface areaexkposthe

sample would decrease as a result of decreasing SSA, ambthdsresult in a decrease
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in reversible binding of HN® At the same time, the amount of reactive hydroxyl group
density would increase in going in the same direction as explpme&tusly, resulting

in an increase in the irreversible binding. Thus, we would expectatie between
irreversible and reversible binding of HNONn micro-goethite to be significantly greater
than that on nano-goethite.

This trend was evidenced from our experimental observations onriécki on
HNO;3; uptake and is depicted on (a) and (b) of Figure 14. For the szamening, we
expected a greater ratio between the reversibly bound speciesmanthmicro-goethite
than those irreversibly bound. This pattern again was experimeatatlenced as seen
on (a) and (b) of Figure 15. Thus, the FTIR observations are in agme&nth the QCM
inference as shown in Table 5.

In order to further understand how each type of hydroxyl would individually
contribute towards reactivity, the loss of hydroxyl groups as olbsdreen the negative
FTIR bands upon HNOuptake were used in further analysis. Figure 16 indicates the
temporal variation of the integrated absorbance of the negativs lag@pearing at 3660,
3490 and 3083 cih Each value of integrated absorbance was obtained by peakditting
the corresponding wavenumber. These values were then normalized itdgetjrated
absorbance of the analogous peak on the surface spectrum for compaurposes,
expecting all values to be capped to a maximum of 1 or less, at maximum consumption.

However, interestingly some types of hydroxyl groups did not indisatd
behavior.u-OH peak at 3630 cthindicated a saturation ratio larger than unity for both
nano and micro-goethite, while -OH peak at 3490 éndlicated a ratio much larger than

1 for micro-goethite.
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Figure 16 Temporal variation of the integrated absorbance oftimegpeaks
observed at 3660, 3630 and 3490 capon nitric acid uptake on (a) nano
and (b) micro-goethite.
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The only rationale that could explain this observation is if we hawe surface
hydroxyls upon HN@ uptake than what was present on the surface initially. This would
only be possible if HN@uptake leads to the formation of these types of surface hydroxyl
groups on the goethite surface.

Nevertheless, the irreversible adsorption of HN®On goethite would
mechanistically produce # in the system which can be molecularly bound to the
surface, as was evidenced from the FTIR data acquired during; Hpi@ke. Thus we
may postulate that these adsorbed water molecules may themiatsssuch as to
produce surface hydroxyl groups by binding to surface sites winicidd have initially
been vacant. This would result in the formation of specific surfgdekyl groups, thus
justifying the observations done in Figure 16. The comparison howewald not be
done with the peak at 3083 @msince no corresponding peak was apparent on the
surface spectra at that region. But, in essence this observationecased in further
explaining the size-dependent reactivity patterns of goethite.

The reactivity of a substrate towards a specific reactahtoer predominantly
governed by the amount irreversible bound on the substrate surfacdadthcan be
specifically highlighted within an atmospheric context sinceethvesuld be the reactants
available for further reaction at prolonged exposure. Graphs on &igureand 15
indicate raw FTIR data and demonstrate the comparison on a pebass. We saw that
that the SSA ratio between nano and micro-goethite as measueeid k8.8. However,
the ratio of irreversible binding between nano and micro-geeli@te is clearly less than

this surface area enhancement factor, as evidenced from Figure 15 (b).
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Thus, the reactivity of micro-goethite would be greater upon surtaea
normalization than its nano counterpart; a result that is once egagruent with that
established via QCM observations. Therefore, we arrive at the camcthst increasing
particle size would increase the reactivity of goethite ¢oimg aerosols towards HNO
contained within the atmosphere; a size effect which is atthlauta surface structural
artifacts that becomes more pronounced with increasing paitiele At the same time,
we have demonstrated that FTIR and QCM data produces complemiaefanyation,
which are in good agreement with each other. Thus, QCM, simnlarase to that
indicated upon water uptake, has the potential to be adopted such as $sfsllgqaobe

the reactivity of substances at a substrate of interest.

34  Aqueous phase behavior of HNOj3 reacted goethite

The summary of measurements made on aqueous medium suspended sampl
nitric adsorbed goethite is listed in Table 6. Similar measursm@made on control
samples are listed on the same table for comparison. Surfac@tasaf HNG; on
goethite would result in surface bound protons which could be releasedugp@msion
in aqueous media, causing the medium pH to decrease. Such trends si@eewith
both nano and micro-goethite as evidenced by the measured pH values set outén Table

More interestingly, the liberation of bound protons into aqueous media would
produce an environment in which dissolution is likely to be favored. Tlas agas
confirmed with the dissolved Fe contents determined using ICP-OESumeeents.
Thus, surface adsorption of HN@ould result in an enhancement of goethite dissolution

upon the deposition into an aqueous environment.
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Table 6 pH, dissolved Fe content (ppb), zeta potential (mV) and thedyydimic
diameter of agueous medium suspended nitric adsorbed samples of nano
and micro-goethite

Nano-goethite Micro-goethite
Sample Control Sample Control
pH 3.9+0.1 6.9+0.3 45+0.1 7.8+0.3
Dissolved Fe (ppb) 1764 + 53 206 £ 17 504 -
Zeta potential (mV) 41.9+0.3 201 37.0+04 10.2+0.8

Hydrodynamic radii (hnm) 192 + 18 494 + 52 912 £196 4289 +423

The parameters for controls containing an equivalent weight of goétdnve been listed

for comparison

The presence of charged species, which are dissociatively bound BHNO
confirmed by the increase in zeta potential for HNQsorbed samples compared to the
controls. This surface charge development in turn explains theiearadthydrodynamic
diameter, where the particles would tend to aggregate lesstbaceharged surface
species are present, thereby resulting in smaller hydrodgrdiameter. Eventually, with
lesser aggregation in place, the nitric adsorbed goethite samplédd indicate a clear
stability upon suspension in agueous media, compared to the control santplesuld
thus indicate lower rates of sedimentation as opposed to their t@treamnterparts.

This trend is clearly visible from the sedimentation patterns indicateidune~17.
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Figure 17 Sedimentation pattern of nitric adsorbed micro-goetutpended in
aqueous media. Nano-goethite indicates the same trend but was less
apparent within a shorter time scale.

3.5  Coadsorption of water on nitric adsorbed goethite

The water uptake on HNGdsorbed goethite samples were observed using FTIR
spectroscopy in order of assessing the effects of coadsorptiane Fi§ indicates the
FTIR spectra obtained at varying relative humidity for both nano aaghgoethite. For
comparison, water was allowed to adsorb on each sample befordeandN®; uptake,
while the initially adsorbed water was allowed to completetyawe overnight under a
steady flow of dry air prior to HNObeing introduced. The FTIR spectra for adsorbed
water in the presence and absence of adsorbed; M@ compared as to recognize how

the mutual presence of the two reactants could affect the reactivity bftgoet
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Bending mode of adsorbed water on the samples was observed at T63anidm
indicated an increase with increasing humidity. The development of laarid€8/1405
cm™ and 1337 cm was also clearly visible as humidity increased. These peakbeca
attributed tovs(high) andvs(low) modes of adsorbed water-solvated nitrate species. At
the same time, peaks at 1517 and 1283/129% wrhich can be attributed ta(high) and
vs(low) modes of oxide-coordinated nitrate indicated a steadyatia intensity when
the humidity was increased, once again indicating the solvation wbpsty adsorbed

species.
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CHAPTER 4

CONCLUSIONS AND ENVIRONMENTAL IMPLICATIONS

Goethite is mainly used as an iron ore, while there are many tetttenological
applications of goethite ranging from electronics to drug deli¥efJAt the same time it
is also regarded as the most ubiquitous iron oxide in nafime. would imply that
goethite could potentially enter the environment, and hence be preseatatmosphere
via many anthropogenic sources and natural sources such as rdustralllowing it to
be naturally as well as anthropogenically abundant in the atmosplnesein3ight had
made goethite to be considered as an important component of aemsodsated
previously, atmospheric reactivity of aerosols is governed bytkeeactions taking place
at the gas-solid interface, making it important to comprehend bethige would behave
in an actual atmospheric context.

However, the vast range of possibilities for goethite to end umaiural
environments would mean that goethite would exist in a range &f siegpending on its
source of origin. Nevertheless, a particle classified as ses@emay range in a vast
range of sizes and the size distribution of aerosols, togethertheir composition,
sources and sinks is believed to be a key element in understandingaaaging aerosol
effects on health, visibility and climaté.A number of adverse effects of particulate
matter, such as respiratory irritation, pulmonary and pulmonary funbtwe already
been confirmed, while some laboratory studies have shown that forea giass

concentration, the reactivity would be larger for the smaller sized paffticle
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However, the structure reactivity relationship in reality woulctl&racteristic to
the compound of concern and thus it would be important to be looked at sigcifian
generally with regard to the substance of concern. The invdeg®mmship of structure
and reactivity is often arrived at by considering the frequentigecrassumption that
surface area would increase as particle size decreasestimeptbe structural variations
which may also occur as a function of particle size. Thus, trativiya of goethite as
well as its size-dependent nature would be important in understahduggoethite
containing aerosols may impact the processes that may occur within trephéare.

It is true that goethite is only a single component of aera@sudsin reality they
would consist of various substances depending on the origin of tteohdYevertheless,
iron is regarded to play a key role in determining many presesking place within the
biosphere and thus any process impacting its distribution and alilabithin
biological systems would be important to be looked at, making geethiiable
candidate to study atmospheric consequences.

Thus, the conducted study of the size-dependent reactivity of goethites
presence of water vapor and gas phase nitric acid would add to our knowbksige
broadening our understanding on how goethite containing aerosols may impact
atmospheric processes as well as how these processes mahealtbstribution and
bioavailability of iron from goethite containing aerosols. Within ttusrent study, the
experimental evidence explains the interaction of goethite watierwapor and gaseous
HNO;, in a laboratory simulated atmospheric environment. Thus, if goeshpgeesent
within the atmosphere as a component of aerosols, we may expetbllow the same

pattern of reactivity as that observed here.
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But more importantly, the study had indicated that the above interaatould
be particle size dependent, and thus the reactivity of goethite thitgoeontaining
aerosols in the atmosphere would not be identical across the bounofarasying
particle size, indicating a clear particle size deperelefberefore, these results hold
importance given the significance of goethite within the atmosplzare its role in

driving climate forcing as discussed previously.

4.1  Water uptake on goethite containing aer osols

In this study water was well evidenced to become adsorbed onto buihasa
well as micro-goethite surfaces reversibly, using FTIRwaed QCM observations.
However, comparison of the reactivity of the two specimens of deetmuired a clear
definition of the basis adopted. To be more precise, it was observedirtba the
reactivity of substances can be incorporated into atmospheric models on ager p&s
surface area basis, the size-reactivity relationship of geetluuld clearly depend on the
basis of comparison. Thus, given the range of sizes of parti¢tieh wnay enter the
atmosphere, it may be important to define a clear basis asdativity to be looked at
under further investigation.

However, with the information in hand it can be said that on a pes bess,
nano-goethite adsorbs more water than micro-goethite, whichagreement with our
conventional perception that surface area exposed would increase origlagileg size,
thus allowing greater reactivity to be possible. However, strdctutifacts which are

size dependent may again play an important role in driving reactivity.
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In order to visualize such variations, a surface area normahzatas adopted
and upon normalization to surface area, the enhancement of water uptakeo-
goethite over micro was still visible, but at a diminished rafins indicates that the
enhancement in water uptake of nano-goethite cannot be entirddytetd to the greater
surface area available for adsorption on nano-goethite as comparéd micro
counterpart. Thus, the data suggests that there would be an effect] lsairface area on
the water uptake on goethite and the uptake would generally in@dinatecrease with
decreasing patrticle size.

At this point, it might be important to consider why the water keptay aerosols
is important within the atmosphere. Water uptake or the affiriigy substance towards
water would dictate the hygroscopicity of the substance. Thusydber uptake of a
substance would be an indicator of the hygroscopicity of aerosolposeth of that
specific substance. With this, we may say that nano-goethitanm-goethite containing
aerosols would indicate a higher hygroscopicity than its micro cqantewithin the
atmosphere.

Hygroscopicity holds much importance in atmospheric processes since as
described by the Kdhler theory, the hygroscopicity of atmospherasal particles is a
key factor regulating their cloud condensation nuclei (CCN) agfi¢iFormation of
clods would eventually lead to many atmospheric consequences andoalsbplay a
pivotal role in driving the climatic and weather patterns withm atmosphere. Thus, we
may conclude from the study of that nano-goethite containirgsalsrwould be higher
in hygroscopicity and thus in CCN activity, eventually allowing thtenhave a higher

atmospheric reactivity than those bearing micro-goethite.
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4.2  HNO3 uptake on goethite containing aer osols

HNOs; is a substance that is highly corrosive as well as a tetxong acid,
regardless of the environment in which it is present. Thus, Hh®sent within the
atmosphere would tend to be highly reactive with aerosols mutuakgrmirevithin the
system. Typical sources of nitrogen oxides (NQvhich are the main precursors of
HNOs, include fossil fuel combustion, soils and biomass burfiidst the same time,
HNO; at present is a commonly used oxidizing agent in many induapjaications,
allowing it to enter the atmosphere in significant quantities.

Upon reaction at aerosol surfaces, H\Nfay produce nitrate aerosols, which are
aerosols containing nitrated substances. These in turn have beendodehonstrate
interesting behavior within the atmosphere. Recently, nitratesals have attracted more
attention with regard to its perceived importance in relationdbad as well as local air
quality”® This had led to the investigation of the reactivity of HN®the presence of
many different compounds which may be present within the atmosph&ehus in a
similar fashion, the specific focus in relation to HN@activity in this study was to
understand the production of nitrate aerosols by the =idOthite reactivity which
would take place within the atmosphere, and to observe how this iwouid alter the
native reactive properties of the aerosol species.

Based on our experimental observations, we arrived at the conclusbn t
increasing particle size would increase the reactivity adtlyte containing aerosols
towards HNQ contained within the atmosphere. This in fact was a sizet effeich is
attributable to surface structural artifacts that becomesg pranounced with increasing

particle size, as opposed to the trend observed upon water uptake.
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In relation to previous attempts to model the reactivity of HNDd the
production of nitrate aerosols, the observed formation of nitrate agre#bl goethite
containing aerosols may be expressed as given on equation 2. It saadted that the
water formed in this reaction might be liberated into the atmosphets vapor phase, or
may alternatively be adsorbed onto the goethite surface asbamesvidenced from the

experimental observations here.
FeOOH(s) + HNQg) — FeO(NQ)(s) + HO(l,9) (2)

Following the formation of these nitrate species, aerosols mayin att
significantly different physiochemical properties than the origiresulting in aerosols
that would differ in their climate impact, heterogeneous cheyrestd photoactivity, and
at the same time would demonstrate interesting atmospheric gracgstterns as have
been described in many previous studf&$.The important thing to note here is that the
reactivity of the formed nitrate aerosols would be limitedhgyamount of nitrate species
formed on the aerosol surface.

As stated previously, the experimental observations done in this by
indicated goethite to have reactivity towards HN@ich is directly correlated to its size.
Thus, the extent of nitrate aerosol formation with micro-goettitgtaining aerosols
would be greater than that with those containing nano-goethitew®dhisl mean that the
micro-goethite containing aerosols would indicate a higher atmosghgnificance than
its nano-sized counterpart, following the formation of nitratecigge Therefore, the
changes in climate impact, heterogeneous chemistry and phetgaof an aerosol,
which may be brought about by the reaction of aerosols with 3AMOuld be more

prominent for aerosols containing goethite of larger size.
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This however, is counter in argument to the general intuition thaht¢heasing
particle surface area would result in enhanced reactivityhilVihe present day, where
miniaturization have become a pivotal part of industrial applicatisnsh reactivity
patterns as opposed to what one would generally expect would certaialyhigh
significance. The result allows us to demonstrate that thetste-size-reactivity relation
of a substance cannot be looked at in a general sense, but woula Heevéobked at
specifically in relation to the nature of the species of concern.

The formation of nitrate aerosols may be followed by various consegsie
which in turn would alter the distribution pattern of goethite contaia@gsols within
the biosphere. Thus, iron being an important component of all living systems andegoethi
being the most abundant iron containing substance present in aerosalsiréfation
between particle size and reactivity identified here would kghlyi significant.
Therefore, these findings would add to our understanding of the s&wtdrreactivity
of goethite containing aerosols, while at the same time suggeke need to look into
the possibility of anomalous size-reactivity variations for othdastances which in turn

would be significant within an atmospheric context.

4.3  Subsequent chemistry of nitrated goethite aerosols

The atmosphere is in direct contact with the oceans and other s@irces,
which covers a large proportion of the earth surface, allowing atmusglheprocessed
aerosols to easily enter the hydrosphere. However, although atmog@aetivity has
always been a major experimental concern, there seems to bevimuprattempts to

model the direct entry of atmospherically processed species into the hydeospher
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Therefore, in this study the subsequent chemistry of nitratethigpoeas looked
at in terms of its HN@water coadsorption affinity as well as its possible distribution into
the hydrosphere. From the experimental evidence, it was seenthwr nitric acid
adsorbed goethite could indicate significant differences in behavior syspension in
aqueous media, which may eventually facilitate the entry of gineoally processed
particles into the hydrosphere. The measurements made on dissofutitrate reacted
goethite provides a quantitative picture of this enhancement in tiséblgodistribution
into the hydrosphere.

At the same time, the supplementary measurements of pH, zetdiglosad
hydrodynamic radii provide insight into how the native properties thteireacted
goethite containing aerosols may vary from those unreacted. Thuspthewould add
experimental evidence to what we currently know on the subsequenivitgacf
aerosols. Additionally, the experimental protocol adopted here, opens wp areee of
investigation for the distribution of atmospherically processedsaérwithin the
hydrosphere, allowing us to visualize the subsequent chemistigtnobspherically
reacted particles in an entirely novel perspective.

The other line of investigation on the subsequent chemistry washen t
coadsorption of water on nitric acid reacted goethite. As statedopsty, nitrate
aerosols would indicate a number of interesting reactivity vanaiut of which the
water adsorption would be one of the most important, owing to previaistyssed
reasoning. This study was pertinent in identifying the conseqseoicéiNOs-water
coadsorption on nano and micro-goethite and provided evidence of the tgactivi

variations of these nitrate aerosols which may take place as a function of RH
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In relation to most atmospheric chemistry models as well assgtheric
chemistry investigations, subsequent reactivity of atmospheripatlgessed particles
have only been looked at within the perspectives of variations whichtakayplace
within the atmosphere itself, such as the photochemistry of a sobstiet, the
investigation on subsequent reactivity conducted here was focused exathaation of
coadsorption and aqueous phase suspension behavior of nitrate readtitd pasicles.
This in turn, resulted in the knowledge of some interestingasf the subsequent
chemistry of atmospherically processed aerosols which wereonkéed at as being
important under previous investigations.

Therefore the current study would contribute towards our understamding
atmospheric processing in a novel dimension. With the importancadbrisvestigation
indicated here, the study indicates the need that extensivestdithe agqueous phase
behavior of atmospherically processed particles, as well as sugyubam co-adsorption
studies would be warranted under further investigation of the ptrads processing of

many other atmospherically relevant species.

44  QCM - atool in probing solid-gasinteractions

A major auxiliary goal of the conducted study was the developofahe QCM
as a tool in probing solid-gas interactions. This area once againaval to atmospheric
chemistry studies since there have been no previous attemptsze Q@M such as to
obtain a quantitative information on atmospherically relevant sal&d-gteractions.
However, in the studies conducted here on the water and; Hpt@ke on goethite, QCM

was used in conjunction with the FTIR measurements as have been previously discussed.
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Similar to any other emerging strategy, the QCM also itedtanherent
limitations in being used in analysis. However, it was evidencetthe study that the
QCM data correlated to an acceptable degree with the FTdRmation obtained in each
instance. Although there were some occasions where the two soderesd somewhat
contradicting results, the two methods in general were in agreement to asaldstzel.

Moreover, with careful data analysis the QCM data was ableetatilized to
obtain quantitative information on the atmospheric process of conceminTiarn was a
significant advantage over the conventional spectroscopic techniques avki adopted
to probe solid-gas interactions. Looking at the entirety of thé/sieaconducted in the
study, it can be stated that FTIR and QCM measurement$ resulantitative data that
can be successfully utilized in conjunction such as to better undetb@matimospheric
reactivity of different interfaces.

The significance of QCM measurements would become more sagmifin the
event of the adsorbate being vibrationally inactive, thereby maikinmobservable
through spectroscopic techniques. The viability of QCM in producing amative basis
was clearly evidenced from the analysis conducted here. Thus, icistghnstances one
may utilize QCM as a tool in order to probe the adsorption and desolghavior on
the substrate, since the QCM produces a universal signal waicldependent of the
nature of the adsorbate as well as the strength of the adsorbate-surfacéonte

Overall, the QCM indicates significant competence towardggldaveloped as a
tool to probe solid-gas interactions. However, with the appreciatidgheoinformation
obtained via the QCM measurements made here, it can be stat€Cikatvould hold

promising potential to be applied to many other areas of scientific research.
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45  Directionsand implicationsto thefuture

One of the most prominent aspects of atmospheric processing oblaexosiid
be the assessment of the variations of their native photochemicaldrehasulting from
atmospheric processing. For instance, nitrated goethite rialiteinteresting daytime
and nighttime chemistry, as have been previously observed with mbhey adrosol
components. Information on such chemistry would allow us to better understa
importance of atmospheric processing of goethite containing agrasolell as the
particle size effects therein.

Within this study, the subsequent reactivity of nitrate reactedhge particles
was looked at only with relation to the mutual presence of watmrvéowever, the
atmosphere in reality is a complex mixture of gases. Thus, in twdestter understand
the reactivity within an actual atmospheric context, it may teflieto investigate the
reactivity of goethite in the mutual presence of other readirespheric constituents.
This once again opens up a new set of investigations which can be eshdsi¢b better
understand the atmospheric chemistry of goethite-containing aerosols.

The behavior of nitrated goethite upon suspension in an aqueous medium was
conducted here as to identify the aqueous phase behavior of FHGted aerosol
particles. However, in this analysis optima water was uséteasuspension medium for
the reacted goethite samples. Noting that the majority ov#ter covering the surface of
the earth surface is open ocean waters, the actual conditionailipgewvithin an
atmospheric context may be significantly different as welhighly influential towards

the solid-liquid interaction which would lead to the suspension.
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Thus, in order of obtaining a better representation of the aqueous phase
suspension behavior, artificial samples of seawater may be sise@ension media for
the reacted samples under future investigation. With the chasticeinherent to the
saline ocean waters such as the presence of a high degree ofedisspic species, this
might produce interesting deviation from those previously observed witmaptater.
Nevertheless, such a novel approach might even allow us to obstenesting reactivity
patterns which may have not been previously observed, allowing ongdessfully
extrapolate the importance of atmospheric processing into thedpjtire as well as the
entire biosphere.

The QCM data obtained during the HpN@ptake were used in obtaining
guantitative information of the reversible and irreversible adsorptioHND; on the
goethite surface. However, another use of the QCM data obtainedvbald be in the
theoretical determination of the amount of acidic species adbash&o the solid
substrate and thus the pH that would result by suspending the reaited an aqueous
media. Several of these calculations were made with the QCMob&ined here and it
was visible that a clear correlation exists between thedtieal pH determined from the
QCM data and the actual experimentally measured pH.

Thus, under future investigation the QCM data can be utilized sucto as
determine the theoretical pH in solution, and eventually by comparistimsowith the
experimentally determined pH, one would be able to identify thet exaelation of the
two measurements, and perhaps even the reasoning for any possiltierdeietween
the two modes of measurement, which would eventually allow the successfidbtiot

of the QCM, while at the same time identifying and overcoming its prattragations.
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Atmosphere in reality is a highly complex system where thgnha of the
chemistry taking place within is still unaware to the preskayt science. Atmospheric
chemistry covers a broad spectrum of species, processes asagéthn conditions that
prevails within the atmosphere, which in turn may prove to be irtipelia assessing the
lifetime, fate as well as consequences of aerosols and ahetive species of the
atmosphere. Thus, understanding the exact atmospheric consequenspsaéawould
require extensive knowledge of the many possible behavioral pattethsito$pecies
within the atmosphere.

However, the focus here was limited to the atmospheric regcb¥igoethite
containing aerosols, subsequent reactivity of reacted particlegthandssociation of
gualitative and quantitative QCM measurements into the atmosphkamistry
investigation. Thus, with the results obtained in this detailedysisaconcerning
atmospheric goethite, a clear appreciation of the size-dependetivitg of goethite was
attained. Although, further investigation would be warranted such asite at a more
precise understanding, it can be stated that the reactivityethite revealed here would
certainly add to our understanding of the atmosphere, thereby allowittgbroaden the

understanding of the atmosphere, biosphere as well as the entire eco system.
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