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Abstract

Atmospheric corrosion is a costly problem. Accelerated laboratory testh as
the salt fog chambehave been created to predict corrosion of materials without the need
to expose them over long periods of time outdoors. Howevee Hueelerated tests often
do not accurately reproduce the types and rates of corrosion found in field exposures.
Silver exhibits this discrepancy and has been used in recent years in an attempt to correct
the shortcomings of these accelerated tests.

This study identifis Ag>SO; and AgSO, on field-exposedsilver coupons. The
presence of these species feld-exposedsilver has beercontestedin the literature.
Evidence suggests that A&0; is an intermediate step in the formation of ;8.
Furthermorethe presence ddlkali cations, such as Nadetermines the final oxidation
state of the sulfur species on silver. If'Ng present, AgSQ, is the final state, whereas
Ag,SG; is not found in the presence akali cations.The identification of sulfite aridr
sulfate on fieldexposed samples suggests the need for further improvement of salt fog
tests which do not currently include a sulfur source.

In addition to proposing a mechanism for sulfate formation, this study also
proposes a link between AgClrfpation on inland sampleand continental chloride
sources AgCl has been previously reported flrm on silver expose@t nearly every
location regardless of the proximity to marine sources. Studies have shown that CINO

which is a reservoir species fahnlorine, releases Cl radical when photolyzed. High levels



of CINO, have been reported at locations which are not near salt water solnces.
study provides further evidence that AgCl is formed in every exposure location, with only
one exception. The l&oof correlation of cations, such as Nwhich are present isea
spray aerosolsto CI' on silver samples,is consistent with a nesalt water source of
inland chloride.The abundance of CINCand therefore CI radical aton-marineareas

may be the caus® inland AgClI formation.
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1. Introduction

1.10verview

Accelerated laboratory tests (such as the salt fog chamber test) atereatly
able to reproduce corrosion rates obsenaing outdoor exposures? In order to better
understand #discrepancybetween field and accelerated laborgtetudies,this thesis
examines the corrosion of silver coupons exposed to a range of field conditions. Silver is
used because it exhibits this discrepanagpd the corrosion products can be readily
identified. Analysis of the field samples via-pay phot@lectron spectroscopy (XPS)
support the following hypotheses that provide a link betvegerospheric chemistry and
corrosion.(1) Corrosion products formed on silver samples are representative of local
atmospheric conditions taking into accousairface reetivity and meteorological
transport. (2)Atmospheric sulfur species aresponsible for a significant amount of
corrosion onfield-exposedsilver. (3) The formation of AgSO, proceeds viathe
intermediate AgSQOs. Together these hypotheses suggest thaitmjorove laboratory
studies a gaseous atmosphetigat more accurately reflestatmospheric conditions
necessaryin particular, S@should be included in the accelerated tests.

In addition to theresearch presented here regardsodfur, the XPS data sb
show thatAgCl is formed on every silver coupon exposed outdoAlthough this is
consistent with previous studies, there remain questions as to the source of AgCI

corrosion products at locations not near saltwater sofifdetand chloride species, such



as CINQ, which produce the highly reactive Cl reali have been reported.Based on
the CINQ studies this thesis proposes fourth hypothesisinland chloride sources are
responsible for silver d¢bride formationat non-marinelocations

This dissertation is organized as follows. Chapter one provides background
knowledge of corrosion and atmospheric chemistry with a focus on silver corrosion. The
second chapter details the experiments performeldiding experimental parameters.
The role of sulfate and sulfite in the atmospheric corrosion of silver is discussed in
Chapter 3. The prevalence of atmospheric chloride sources in various envirgraeents
detected by silver corrosion analysis presenté in Chapter 4. Finally, Chapter 5

summaizes the resultandsuggestsuture directiondor this study

1.2 Corrosion

Corrosionisdescri bed as fAthe envirofdfent al C
corrosion of metals has been studiednearly a centurglue to a desire to improve the
conservation ofresources, safety and financial costs which are associated with the
degradation of materiafsA study publishedin 2001 found the direct cost ofietallic
corrosion torepresen@pproximately 3.1% of th&)S GrossNational Product (NP).°
The direct costs includefor example,the use of alternative anthore expensive
materials, labor, equipment, and lost revenneddition to these costsdirect factors,
such as loss of productivity, nearly double tteest This would bring the totato an

estimateds.2% GNPwhichwould have beerpughlyone trillion dollarsfor 2011°



From an electrochemical point of viewetallic corrosion is due to an irreversible

redox reactiomf the form*°

metal + oxidizing agent oxidized metal + reducing agent. (1.1)

In order for corrosion of a metal to occur, there must be both oxidation (electron
production) and reduction (electron consumption) reactions in which metal is oxidized
and the oxidizing agent is reducebhis corrosion reaction involves an exchanof
electrons, i.e., the generation of an electric current across the elesleotielyte

interface. The rate of thi¥® reaction is go

0 & 0— (1.2)

wherel is the electrical current (A) is the number of etdrons in the reaction (eqbt),

Fis Faradayds c on s phds the(rdaetothelr€abtionQrhds)g ) , and
The type of oxidiing agent is determined by environmental conditions (e.qg.

relative humidity, acidity, temperaturelinder wet conditions, the oxidizinggentin

basic or neutral conditioris typically dissolved oxygen () whereassolvated protons

(H") play this rolein acidic conditions. At high temperatures and dry conditions, the

oxidizing agentincludesgaseous compounds such (asolecular) oxygen ), water

vapor (HO), carbon dioxide (C§), sulfur dioxide 8O,) or sulfate (SO,%) containing

species



Typically, there are three types of corrosion products: dissolved ions, porous
films, and compact film&? When corrosion occurs in an acidic environment, the
predominant corrosion products are dissolved ions. In neutral or bagigften humid,
conditions corrosion will yield thick (& 1-300 mm),** porous films which are not
generally protective of the substrates h the caseof iron.'® Some substratesuch as
aluminum, will preferentially form compact films, such as an oxide layer, which often
protects the substrate from further corrosion. Thmmact films will, however, be more
easily penetrated under high temperatures and may become thicker and more porous.
Thin films (1-3 nm), typically an oxide layer, are called passive films and they act as a

small barrier to the environment.

1.3 Atmospheric Corrosion

Atmospheric corrosion is eomplex form of corrosion thadtas beerdefined as
At he reaction of a met al with atmospheric
an el e &fhe adrrgsivity of égivenatmospherdas beenmlescribed as depending
primarily on relative humidity and the concentrationsatthospheric spées like sulfur
dioxide (SQ) and chloride (C).2*° SO, is amajor pollutant in many environments since
it is primarily produced thragh combustion of fossil fueland volcanic emissiorig' *°
Chlorides are typically found in marine aero$6i8 but have also been detected over
continental region3 although the sources of continental chloride are still being

investigated Relative humidity RH) is defined as the ratio between the partial pressure



of water vapor § ) and the saturated vapor pressure of wafgn @t a specific

temperature as shown in the following equafidn:

2( — pmnmb (2.3)

RH is highly dependent on temperatuf@e temperature dependence of RHlustrated
in Figure 1.1

Atmospheric corrosion often incorporates many chemical, electrocHearda
physical processes on a surface which may have several different regimes (gas, interface,
liquid, deposition, electrodic, and solffi* Models which incorprate these six regimes
are termed GILDES models. Typically, corrosion of metals begins the instant bare metal
is exposed to the environment and forms either an oxide or hydroxide film which is
usually a few nanometers in thickness. Almost immediatiglyowing surface
hydroxylation water adsorptiamccurswhich, depending on the relative humidity, can be
anywhere from a few monolaye(ML) thick up to bulk watermore than five ML,
during periods of direct surface wettiffgThe variability in water adsorption can be due
to many factors including, but not limited to, defects or porosity of the surface, the
inherentdegree otthe hydrophilic natureof the substrate antthe amount of aerosols in
the surrounding atmosphefdt has been shown that withinfeaction of a second there
can be enough monolayers of water present on a metal surface to behave as a bulk system
and support ion transport, especially if aerosols are pré&emierosols act as

condensation nuclei for water and csignificantly increase the amount of water on a

5



surface’*#* Water can deposit on the surface through different processes which impacts
the thickness of water on the substraiee estimated amount of water on a metal surface
covered with dew is on the order 4D g/nf, whereas the amount from rain is
approximately 100 g/Af

The anodic and cathodic reactions involved in atmospheric corrosion are

primarily:

MY M™ + ne (anodet metal dissolution) (2.4)

Yo O+ H + 26 Y OH (cathode oxygen reduction) (15)

The sitesfor these reactiontend to bespatiallyseparated on the surface anding to
the abundance of oxygen in the atmosphere, the anodic dissolution of the metal tends to
be the ratdimiting step® The aqueous phase acts as a medium for the dissolved metal
ions as well as an @ttrolyte. It alsoallows gaseous species to dissqliffuse, and
come into contact with the surface. Atmospheric species which are typically considered
significant to the corrosion process are: carbon, nitrogen and sulfur dioxidgsNO§)
and SQ), hydrogen chloride and sulfide (HCI and;$j, ammonia (Nk), molecular
oxygen (Q), ozone (@), and hydrogen peroxide £§8,) as well as the many salt forms of
these gaseous species and organic moletlles.

Metal dissolution is often a key step in atmospheric corrodimtal dissolution
primarily occurs through the complexing dissolhed ions to the metal surface, thereby
weakening the surface bonding network, and allowing the metal to dissolve into the

bulk.X® This isespecially the casghen there are surface terminated oxides or hydroxides

6



which are readily replaced by dissolved ions such as bisulfate (H$3° which
complexes with metal cabns. Oncea metal cation is releasednio the bulk, there is a
newly exposed surface metal atom which may then partake in further dissolution. The
dissolved metalons canform ion pairs andat sufficiently high concentrationbegin to
form precipitates on the surfat&® Eventually this will lead to total surface coverage of
the metal substrate and formation ofisible corrosion produclayer. Further corrosion
requires transport of reactive species to the substrate and/or transport of metal ions away
from the substrate.

Since atmospheric corrosion is complatempts have been madechssifying
exposurdocationsin order to simplify the paramets studiedsee Table 1.3%?In order
to refine this classification sie@m, severalprograms were launched which analyzed
Acouponso (sampl es) .Axgnadaress thdgobehandwititbbth n t h
longterm (months to yearsyand shortterm (days to weeks)monitoring®*=* This
collection of data highlighted the need for simultaneous monitoring of key parameters
such as S@ CI, RH, and temperature alongside corrosion data. More recently, the
International Organation for Standardization (ISO) created a protocol for outdoor
exposures worldwide called 1ISO CORRAG, which is a collaborative atmospheric
exposure progrant:*® This program initially included cqer, steel, zinc, and aluminum
exposed at sites in 12 countries in Europe and North America. This study based corrosion
rates on weight loss, time of wetness, and deposition rates ah€C5Q. The goal was

to create better classifications for outdoop@sure conditions and to predict letegm



corrosion rated’ Unfortunately, variability in sample exposurerotocols still make
comparison$rom different outdoor exposureficult.

An importantgoal in the study of corrosion is to reproduce and accelerate the
outdoor corrosion environmenn a laboratory. One technique ubiquitous amongst
corrosion labs is the salt spray chamtest (ASTM B117)*® where a sample is exposed
to a salt fog in a closed chamber for @agped time. The fog is formed by atomiziag
agueousNaCl solution by means of a nozzle. Thestis designed to model a marine
environment. Tls accelerated laboratory temiong with other ASTM standard tesise
not always able to reproduce corrasimtesobservedin the field' % Sometimes lab
tests will predict slower or faster corrosion than what is observed in the fieldTiests.
discrepancy may bdue to an oversimplification of the environment into a one or two
component systentence, there is a great need for new statided testing methods or

modifications to existing testing equipment.
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Figure 1.1 Partial pressure of water vapor in air at various temperatures and at 100%
(solid black curve) and 50% (dashed red cureitive humidity’®*

Table 1.1 Classificationof environments used in previous corrosion stutfiés

Daily SG, deposition Other speds of interest

(mg/mtAlay)
Rural <20 organic and inorganic pollutants
Urban 20-110 NO, = NO + NO
Industrial >110 chlorides, phosphates, and nitrat
Marine chlorides




1.4 Atmospheric Chemistry

In order to understand and accurately predict atmospheric corrosimetafs,
atmospheric chemistry in the exposure location must be understood. Atmospheric
chemistry is a subject involving numeroasnospheric constituents. Radicals and ions
play asignificantrole in gas phase chemistBarticulate matte(PM) is anothekey part
in atmospheric chemistry sindecan be both detrimental to health and air quality and can
also act as reactive site for gaphase reactions. Plvefers to solid particles with a
diameter of less than Ifin suspended in air. Particulates are produced both biogenically
and anthropogenddly. Aerosols refer to particles and liquids suspended in aTdeese
constituents evolve in time as they react with each other and themselves through
competing processedMeteorology must also be considersthce it can transport
atmospheric species away from the souldeerefore pollution sources may impact the
atmospheric chemistrypf areasfurther away than would be possible withothtis
transport

E a r ttrépdsgheres a highly oxidizing environment for both chemical species
and surfaces which are exposed to it. The most important oxidant in the troposphere is
hydroxyl radical (OH), followed closely byozone(Os).** Nitrate radical (N@) is the
main oxidant for nighttime oxidatiof:** Chlorine radical(Cl) plays a key role in
oxidation in marine areds.*® Hydroxyl radical, ozone, sulfurand chlorine, are
discussed in the following sections with respect to a geranabspheric chemistry

understanding and the possible impacts they pose to metallic surfacedy silver
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1.4.1 OH Radical
The OH radical is a highly reactive species (lifetime less than one setott)
a steadystate concentration of 3a0° cm®.*4°2 These two factorsesignate OHadical
as the most importamxidant in both urban and rural environments. In rural areas, the

major source of OH is the photolysis of &

Os+hn wuww O, + O(D), (1.6)

O(D) + Oy Y 2 OH (1.7)

In polluted regions, in additioto O; as anOH sourcethe presence of other specaso

contributes to OH productiorf?

HONO +hn wuu OH + NO, (1.8)
H,0,+hn Wi 20H, (1.9
HO,+NOY OH + NGO, (if [NO] > 10 ppt). (110

The OH radical thergoes on tooxidize other species in the atmosphere &l as
surfaces it may come in contact with. In regions wdtv biogenic volatile organic

compounds (VOC) emissions, OH is removed by reactior@ving CH,, CO, andOs:*

OH+CH,+ O, Y CH30, + Hy0, (.11
OH+CO+QY HO,+ CO, (112
OH+ QY HO,+ Oy, (1.13)

11



HO,+ O3 Y OH + 20, (1.14)

2HO, Y H,O, + Os. (115)

This process leads to a photochemical destruction of tropospheric ozonelirand
remote areas.

The reaction of atornioxygen with silver is expected to form Ayeasily*

2Ag + OY Ag.0, (1.16)

However,the abundance of watar the outdoor environment and the reaction§lif) &
(1.7) predics more OHthan O ispresent in field exposurés’ The OH radical maglso

lead to formation of AgD.

2Ag + 20HY Ag,0 + H,0 (1.17)

OH radical is less abundant in the troposphere due to its ability to react quickly with

various spe@is in the atmosphere and with surface adsorbed species.

142 Ozone
The adverse health effects that ozone poses in the troposphere make it an
importantarea of researct.®’ In urban area®zoneconcentrationsypically range from
50-100 ppb and can exceed that sigrafily during highozone eventsior comparison,

rural areas argypically less than 30 ppb°® The primary formation mechanism of, @
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the troposphere ithrough thephotolysis ® NO, which forms O{P). Molecular oxygen

then reacts with GP) to form ozoné?

NO,+ hv wuuu NO + OFP) (118
NO, + VOC + hvY Os;+ PAN + particles (1.20)

PAN = Peroxyacetyl nitrateand VOC = volatile organic compoundsong with O(1D)

and OH, @onecanreact with a metal to form an oxide such’ds:

2Ag+ ;Y Ag0 + O (1.21)

Ozonecan also contribute to oxidation of metals throughpi®tolysiswhich forms
O(*D) which can lead to OH formatioiEq. (1.6). Ozone also reaswith water to form
hydrogen peroxide which further genergtee highly reactive OH radicaf ®

1.4.3 Sulfur

Sulfur speciesmpactthe corrosion of metals exposed in outdoor environments.

Atmospheric sourcesnd sinks of sulfur are given in Table 2ZL.Total reduced sulfur
(TRS) refers to hydrogen sulfide {&), methyl mercaptan (G8H), dimethyl sulfide
((CHs)-S) and dimethyl disulfide ((CHS,).°*®® Reduced sulfur is emitted from
industrial processes such as paper milling, sewage treatment facilities, animal feeding
opeaations, oil refineries, landfills, as well as from biétaCorrosion involving reduced
sulfur species tais to occur near the source since sulfur species are easily oxidized in the

13



atmosphereMost corrosion involving HS would occur through dissolution into a surface

water layef®*°

Since the atmosphere is oxidizing, sulfur species are oxidized on withiff?d&ys.
Oxidized sulfur in the troposphere includes: ,SOCS, DMSO, HSG;, H,SO; and
many other specie€xidized sulfuris emitted through biogenic and anthropogenic
sources.Carbonyl sulfide (OCS) is the most abundant sulfur containing species in the
atmospheré! OCS is emitted leskeavily to the atmosphertaan SQ but is a stable
intermediate in the life of sulfur compounds in the troposphere. The estimatdifehalf
for OCS is two years with the main destructive pathways being from reaction Wit O(

and OH radicaf?

Virtually all sulfur from the combustion of fossil fuels is emittecsaBur dioxide
(SO,). Once emitted, SQOis oxidizedin the gas phase or in aerosofdH radical is the
only substantial oxidant for SGn the gas phase whose prodisdurther oxidized by @

and finally reacts with water to form sulfuric asidhich is highly soluble’>*2

SOy + OHO HOSO, (1.23
HOSQ, + 0,0 HO, + SO, (1.24)
SO+ H,0VY 80, (1.25)
H.SO Y SO+ 2H. (1.26)
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Sulfur dioxice will easily dissolve in water leading to aqueous phase oxidafitn:

SOxg+ HO 2 2K g
SOA,0pyz HSOH,

HSOy 2z SO+ H'.

Ozone may further enhance the oxidation of sulfur in the aqueousYhase:

20;+OHY OH ,+# 2@,

OH+HSQ'Y H S ®OH.

(1.27)
(1.29)

(1.29)

(1.30)

(1.31)

Surface adsorption of S@nay be a dominant pathway for oxidatidmetal ion catalyzed

oxidation of SQ has been well studied in theeliature.**’*’” The corrosion déct of

SO is discussed further in ChapterBny amount of S@may undergo either wet or dry

deposition onto wfaces, as was given in Equatiofis23)-(1.29), forming a solvated

sulfite, bisulfite, suffate or bisulfiteion which can then corrode the metallic surface.

Slightly higher amounts of sulfate are present in-adran areas when compared to

urban locationg®
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Table 1.2 Sourcesand sinks of atmospheric sulfur (adapted from Leygraf and Graedel,
2000)%1>1°

Sources & Sinks Flux
(Tglyr)

Sources (atural)

Volcanoes 9 (variable)
Sources (athropogeni¢

Fossil fuel combustion 60

Industry (smelting) 5

Biomass burning 2
Total sources 76
Sinks

Dry deposition 35

SO conversion on aerosols 30

Reaction with OH 11

Wet deposition <1
Total sinks 76

144 Chlorine

Atmospheric chemistry and the corrosion of metals are influermedhe
existence of seawater nearby, especiallysby sprayaerosols’*® A list of selected
species that are observed in sea water alongavéghageconcentrations is given ifiable
1.3** Aerosol particles formedthrough wave action can béransported Ing
distance$®’® The emission flux for various natural and anthropogenic sources of
aerosols are given ifiable 14.2%? Overall aerosol flux is governed by natural sources but
anthropogenic emissions likely dominate at locations near industrial or urban ageas
seen inTables 1.3 and 1.4lobal latitudinal mixing occurs on the time scale of one year

in the tropospherand meteorology transports atmospheric components long dist#nces.
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Therefore, i is important to not only understand local sources but alsawes upwind of
the studied areas.

Chloride has been shown to impact metallic corrosion at marine and inland
locations. Doplets of seawater produced througaveaction cortain NaCl, which can

react with NQ speciego produce reactive chlorine radicéfs.

NaCl + HNQ Y NaNQ; + HCl (1.32)
NaCl + NOs Y NaNQ; + CINO, (1.33

CINO,+hn wu Cl+NO, (1.39)
NaCl +CIONO, Y NaNO; + Cl (1.35)

(1.36)

Chloride deposition may be up to 1500 mghay in marine environment8.Chloride
concentrations have been recorded at up to 150 ppt in the marine boundaf3Ménjeh,
is consistent with chlorine chemistry dominating in locations near saltwater sources.
Studies have detected salt particéssfar inand as900 km in Alaskaindicating long
range transpoff With atomic chloine measurements between®0° radicals/cmi in
the marine boundary layéf® and aglobal annual average adpproximately10’
atoms/cmiit is clear that chlorine chemistry is not only significant near coastal areas, but
also inland®*2

There have been many studies on chlorine chemistry in the atmosphere. These
studies include ammonium chloride (ME),®® hydrochloric acid (HCI}* the oxyanion

(OCIN,®® and many othemeasurementsSourcesof HCI are given inTable 1.5 Since
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high levels of atomic chlorine haween recorded fdrom any saltwater sourcethere is
currently discussion onoatinental chloridgrocessed®®*798%1 This curent work has
focused on the intermediate CIN®hich forms at night and photolyzes during the day to

produce chlorine radical.

N2Os(q)+ H2O@q)Y 2 H N (1.37)
Nzos(g) + C|_(aq)Y Cl 2&‘5 @NOg-(aq), (1.38)
CINOs+ hvY CI+NO; (1.39)

This sairce for CINQ and ultimately ClI ismportantin polluted regions, especialip
those near saltwater since both Nfdd Cl are necessaryHowever, since the formation
of CINO, occurs at night, there exists the possibility tltis reservoir species to transport
chlorine a significant distance from the souegore it is photolyzef

Chlorinecorrosion is of significant interest, as was discussed earlier, and progress
has been made in understanding and replicatiegcorrosionin the lab®® There are
many possible mechanisms through which a metal chloride corrosion product can be
formed. For instance, it has been shown thag@Hill readily dissociate on aetal
surface’® Also, when Q is added to chloridéon containing water, Glis generated

which could then react with a metal surface nedtt.

Cly+ 2AgY 2AgCI (1.40)
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Other forms of oxidized chlorine (CIOHO;CI, HOCI, and CIQ) could possiblyreact
with metals®*®® Atomic chlorine or solvated chloride ionan also fornAgCl:?
Thesechlorinespecies are reactive on their own or may replace oxygenJ@ Agform

AgCl as the final corrosion produtt.

Table 1.3 Typical sea water concentrations of selected ionic species (adapted from
Handbook of Chemistry and Physié$).

Species Concentration

(mg L
Br 65
C 28
Ca 4% 10°
Cl 1.9x 10
F 1.3
| 6 x 10°
K 3.8x 10°
Mg 1.35% 10°
Na 1.05x 10*
Si 3
S 8.85x 10°
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Table 1.4 Emissionfluxes of atmospheric aerosol pales (adapted from Leygraf and
Graedel, 20003

Sources Flux (Tglyr)
Natural
Direct
Soil dust 1500
Sea salt 1300
Biological debris 50
Volcanic dust 33
Indirect
Sulfates from natural precursors 102
Organic matter frm biogenic VOC 55
Nitrates from NQ 22
Anthropogenic
Direct
Industrial dust 100
Soot from fossil fuels 8
Soot from biomass combustion 5
Indirect
Sulfates from S©@ 140
Biomass burning 80
Nitrates from NQ 36

Table 1.5 Sourcesand sinks of atmospheric hydrogen chloride (adapted from Leygraf
and Graedel, 2005

Sources & Sinks Flux (Tglyr)

Sourcegnatural)

Volcanoes 2.0
Souces(anthropogeniy

Sea salt dechlorination 50.0

Fossil fuel combustion 4.6

Biomass burning 2.5

Incineration 2.0

Transport from stratosphere 2.0
Total sources 63.1
Sinks

Surface deposition 63.1
Total sinks 63.1
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1.5Silver Corrosion asa Smplified Model of M etallic Corrosion

In order to be able to accurately predict the corroslmserved in field tesisnd to

reproduce it in the lab, it is essential to understand the mechanisms governing outdoor

corrosion processe&or this reasorthereis aninterest in the atmospheric corrosion of
metals in different environmentsAmong the nretals that have beenstudied, a
considerabldody of workhas been devoted ®lver in various environmentbecause
silver can be used asproxy for other materiaf$' % Silver is a metakhich exhibitsthe
aforementioneddiscrepancybetween lab and field testd silver is left in a salt fog
chamber it will not form any significant corrosion products even afyearor more yet

if exposed outdoors silver will form visibleowosion products withirdays toweeks
depending on thexposureenvironment®® Also, silver corrosion products agenerally
more easily identifiable than other metptsssessingnore complex chemistrieds well

as beingsimpler by degrees than studying alloys/angolymer coated saples.

Another reasorfor the use of silveis thatit also typically exhibits uniform
corrosion where the Al oss of materi al [ i s]
exposed to the c'®whictolendsvitself to analisis bynstaedard &b
techniquesAlthough the use of silver outdm®is not common, it has mg specialized
usesin electronics, soldersilverware, photography, andecorative itemsor jewelry,
etc®® %! Silver mirror coatings are currently of interest for usesény largetelescopes
and other opticalcomponentswhere degradation of theeflecting surfaceis not

desirale 1
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The physical behavior of silver has been studerddecadesyet a fundamental
understanding of the corrosion processes involved in its degradation is still IZtRing.

% In order to have a more complete picture of how corrosion occurs on a silver sarface,
knowledgeof the atmospheric chemistry governing the degradation is necessary. Before a
link can be made between the atmospheric chemistry of a region andrtbhsiaco
observed on a silver coupon, accurate identification of corrosion products and their
formation mechanisms are necessary.

The atmospheric corrosion of silveas beemliscussean the literatureanda brief
summaryis given heré® As statedn section 1.3corrosion is fien initiatedonly after
adsorption of water has occurresurface layers of watdacilitate ion transport and
silver dissolution, thus promoting the corrosion proc&s® adsorption of waten air

onto a silver surface has been demonstrated to faHevequatiort”

1100 o= ™ @0 (1.41)

whereML is the number of monolayers of water adsorbed on the surfagg Afidis the

partial pressure of water at Z5 With a temperature about B°C, there are at least

few monolayers of water on the surfaeeen at low RH® As is the case with most
metals, water plays a key role in the corrosion process of silver as it allows absorption of

gases and promotes dissolution. The anodic oxidafisiveris writtenas:

AgY Ag'+e€. (1.42
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In acidic solution, this reactias balanced by oxygemduction and hydrogen evolution.

O, + 4H0" + 46 Y 6H,0 (1.43)

2H30" + 26 Y 2H,0 + H; (1.44)

Whereasn neutral solutiorthose reactions aipstead

O, + 2H,0 + 46 Y 40H, (1.45)

2H,0 + 26Y 20H + Ho. (146)

In order to understand the dynamics of species adsanbedter b ot h  Henr y 0 ¢
law and solubility product constantust beknown The solubility of a gas is governed

byHenr y8% | aw

0 & jo, (1.47)

whereOi s the Henryds | aw dsothesdnamrationoof spesigse ci e s
X in the aqueougphase, and is the equilibrium gaghase pessure of species Xhe

Henry constants of some selected atmospheric spacgegiven in Appendix A. The

solubility product constarn(Ks) describes the solubility of a solid chemical in water and

is equal to the concentration of products over reacteimése each concentration is raised

to its stoichiometric coefficie(P or R, respectively)
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VR — (1.49)

The solubilitytrendof severakcommonsilver corrosion products &s follows.

AQ>S < AgCl < AgSO; < AgCr04 < AgO < ASO, < AgCOCH;3

The0 valuesof these compoundsrealsogiven in Appendix A

Atmospheric corrosion involvdsoth atmospheric particles and gases which are
deposited ontowsfaces antbr dissolved in surfacadsorbedvater. Thesgarticles and
gases are removed from the air through both wet and dry deposition. Theseeferios
the state of the pollutant, not to that of the surface on which they deposit. Wet deposition

O , can be described BY:

o _9 (1.49)

where_ is the washout coefficier(fraction removed in unit time by rain below cloud
base)and 6 is the concentration of pollutafit®*°® Besidesmeteorology other factors
may affect wet deposition, such as solubility, type of solvent, pH, temperature, etc. Dry

deposition, is typically definedsdeposition velocitye, by thefollowing equation®?

® QY (1.50)

whereQis the flux of a species to the surfdeenount of species deposited per unit area

per secand Y is the concentration of pollutant at a height
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Wet ceposition rates for some atmospiteconstituentdhave been reportad the

literature and arelisted in Table 1.6'*!

The values are a product of the indoor
concentrations of these species and the empirical deposition velocities ovee aftang
humidity. lonicspeciesmay also be deposited onto the surfahese include Gl SQ?,
NO; and to a lesser exteny SCOs%, and organics. The presence of adsorbed salts will
increase the surface wetting due to their hygroscopic nature and ftengifibre increase
the ability of atmospheric species to adsorb onto the siifateThe wet deposition

rates of chloride, sulfate and nitrate are also giveFainle 1.6'"

The deposition rate of
these ions is calculated by adding the products of the concentrations and deposition

velocities for both fine andoarseparticulates.

Silver, a noble metalis different from many metals indhit is only predicted to
form a surface oxide layemderwet condi t i,@am the prasengeldf sttbngl 2
oxidizers®°In theseconditions, AgO is only stable in a limited high pH ranged can

be formedon silverfollowing several reactions (s¢lee Pourbaix diagragin Appendix

B).
2Ag + OY Ag0 (151

2Ag+ QY Ag0 + O (1.52

OAg + 20HY  A@+ H,0 (1.53)

Even when there is a native oxildger present, it malgereadily replaced by other ionic

species which have a higher binding preference, such as chloride or stfffide.
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A typical corrosion product on silver surfaces exposed to the environmeniSs Ag

which may be formed through the reaction of silver wittSHOCSor other reduced

forms of sulfurt®®317

2Ag + H:SY Ag+ H (dry) (1.54)

2Ag + H,S + %2Q Y Ag,S + HO (humid) (1.55)
OCS + HOY H.S +CO (1.56)

2Ag +OCSY Ag,S + CO (1.57)

Ag,0 + H,SY Ag.S + HO (1.58

Ag,0 + OCSY Ag,S + CO (1.59)

The presence afxidizing species such ass@nd NQ hasbeen shown to increase the
formation rate of AgS!" It has been demonstrated thetér e i s no fdready
oxidize AgS into AgSOs due toan unfavorablenergy barriet®>*' Silver sulfatehas
been formed from the reaction of silver with either SO, or sulfate/sulfite ions in
laboratory studie§®***However, it i s s thecormslonofsiveltot er at
form silver sulfate has had little evidence as a process or peddtct

Although historically, Ag,S was thought to be the dominantrosion product for
silver, many studies hawsoshownhigh levels of AgCl, often exceeding the amounts of
Ag>S1 In the past, AgCl was thought to form on silver surfaces predominantly through
the adsorptioméaction of either HCI or molecular chlorin@l,. It has beemlemonstrated

more recentlyn lab studieghat AgCl formationmay occur in the presence I, Cl,
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or NaCl, not directly asa combination with Ag, but rather through an &gy

intermediate

Ag:O+ChY 2AgCl, + 1O (1.60)
or in solution by the following reaction
Ag:0+2CI+H,0 Y 2AgCl + 2OH (1.61)

Since accelerated lab tests were previously unable to create AgCI, modifications have
been proposeliThese include introduction ofs@nd UV lightto the salt fog tests. This
modification of the B117 chamber can be used to reliably generate AgCIl and resulted in

calculated acceleration factors of up to 20 times that of marine environinents.

Tablel%b6 Wet deposition rates of selected atmospheric species (adapted from Graedel,
1992).

Species Deposition Rate | Species Deposition Rate

(ng/cnt®) (ng/cnt®)

O3 1.3x10° Cr 1.0x 10°

H,0, 5.0x 10* SO~ 8.6x 10°

H,S 1.3x10° NOs 3.8x 10°

OCS 1.5x 10°

SO, 4.0x 10°

HCI 2.4% 10°

NH; 3.5x 10*

NO, 4.6x 10°

HNO; 5.5x 10*

HCHO 6.3x 10°

HCOOH 2.3x 10*

CH;COOH 2.5% 10%
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1.6 Problems andGoals
There has been much work on the atmospheric corrosion of silver over the years
and one major impvement has been suggested for improving the accuracy of lal tests
* However, here remains a missing connection between outdoor corrosion and
accelerated lab tests. The accelerated lab tests are still not able to accurately reproduce
the corrosion seen in the field. If one desires a true accelerated tesedhanmm for
corrosion needs to be the same in the lab as it is for the field.
Therefore, the focus of thtkesis is to understaride surface of the silver and the
corrosion productsormed on itin order to determine which atmosphecomponents
play a major role in the corrosion process of silver. The hypotheses which will be
discussed in this thesis are:
1) Corrosion products formed on silver samples are representative of local
atmospheric conditions taking into account meteorological transport.
2) Atmospheric sulfur species areesponsible for a significant amount of
corrosion orfield-exposedkilver.
3) The formation of AgSQO, proceeds via the intermediate &§s, and is
dependent on the presence of cations.
4) AgCl formation at normarine locations supportecent measurement®f
inland CINO; and Cl radical discussed in the literature.
This dissertation is organized as followBackground of corrosion and
atmospheric chemistrys given in Chapter .1The experiments performed including

experimental parameteare given in Chapter. Zhapter 3 discusseké role of sulfate
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and sulfite in the atmospheric corrosion of silv@hapter 4 discusses a possible link
between recent inland chloride measurements and the ubiquittasion of silver
chloride in outdoorcorrosionmeasurementsinally, Chapter 5 summarizes the results

and suggests future directions &alver corrosion studies
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2. Experimental

2.1Sample Handling, Exposure, and Setip
2.1.1 Field-Exposed SamplésNew Hampshire

Sampleswhich were 99.99% pure siér (LucasMilhaupt) measuring®0 (| ong)
x 0.500 @wi de)ix k®1200gribdnimstddl@gdphic paper (Buehler)
and cleaned in wen isopropanol (Fisher, 99.9%) were exposed at two locatiogare
2.1, Appledoe Island, ME and Thompson Farm, NHalf of the samples were exposed
vertically with a cover Eigure 2.2 and Figure 2.3) in order to minimize contamination
from the surroundings, such as animals, humanglirect rain wasloff and half were
left unsheltered(Also pictured are polymer coated steel samples which were analyzed by
another researcher.) The samples were all exposed at the same time beginning in October
2010 and were returned in 1, 2, 3, 4, &ndonth intervalsSamples were sent via airmalil
in sealed and clean glass vials. At all times, sample handling was done by wearing by
nitrile gloves. Standards were also sent together with the samples for exposure. The
standards remained in sealed glagds during the length of exposure but were sent
together with the samgé which were exposed outdooihese two locations were
chosen since there is a long history of atmospheric chemistry data collected at these sites
from the University of New Hampgi@. The atmospheric chemistry is significantly
different between the Farm and Island. Thompson Farm is a mixed forest area (not an

active farm site) at an elevation of approximat&y0 ft, (43.1078N, 70.98.7W).

30



Appledore Island is a 95 acre island locades miles off the coast of New Hampshine
the Isles of ShoalsThe island is asea leveland the balcony on which the samples were

mounted was around 200 from the shoreling42.97N, 70.62W)

Thompsony

Farm X Appledore

Island

Figure 2.1 Map of the New England region of the United States showing the location of
the two exposure sites from the work done with the University of New Hampshire:
Thompson Farm (NH) and Appledore Island (ME).
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Figure 2.2 Pictures showing the sample exposures at Appledore Island, ME. Top is
unsheltered and bottom has a slight overhang to minimize contamination andfivash
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Figure 2.3 Pictures showing the sampixposures at Thompson Farm, NH. Top is
unsheltered and bottom has a slight overhang to minimize contamination andfivash

2.1.2 Field-Exposed SamplésHawaii
Sampleswhich were 99.99% pure silvetL¢casMilhaupt) measuring38 (| ong)
X 0.500 (@Wi dqe)hix kO©§1200 griv dnimethllegdaphic paper (Buehler)
and cleaned in wen isopropanol (Fisher, 99.9%) were exposed at three locations:

Kaneohe marine air base on Oahu (marine), Kilauea volcano on the big island (volcanic),
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and Mauna Loa obseatory on the big island (alpine, no vegetatioh)map of these
locations is given irFigure 2.4. Kaneohe MAB is located within 100 ft of breaking
waves and the sample test racks faced the shoreline. Kilauea volcano eruptafiedays
the samples were deployed on the test r&k$ Mauna Loa observatory is located at an
elevation of approximately 3.4 km. This elevation keeps the samples above the
temperature inversion layer (trade inversion) at 2 km about 75% of the*§&dr.
Therefore, most of the atmospheric species at this elevation are isolated from the ground
level 124

The samples were exposed verticalhalf without a cover and halfith a cover
(Figure2.5) in order to minimize contamination from the surroundings, such as animals,
humans, or direct rain wasiif. The samples were all exposed beginning in March 2011
and were reirned at 1, 3, and 6 month intervals. Samples were sent via airmail in sealed
and clean glass vials. At all times, sample handling was done by wearing by nitrile
gloves. Standards were also sent together with the samples for exposure. The standards
remaired in sealed glass vials during the length of exposure but were sent together with
the samples which were exposed outdoors. These three sites were chosen since the
climate and terrains are diverse. Differences in these environments were proposed to
yield dffering types of corrosion. Also, an existing collaboration with the University of

Hawaii allowed deployment of samples to existing test racks.
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L O o

Mauna Loa

Kilauea

X

Figure 2.4 Map of exposures in Hawaii. Kaneohe marinetsise was on the eastern
coast of Oahu. Mauna Loa observatory and Kilauea volcano are both on the big island.
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Figure 2.5 Pictures showing the sample exposures at Mauna Loa observatory (top),
Kilauea votano (middle), Kaneohe marine air base (bottom) in Hawaii. Half the samples
were covered by a slight overhang to minimize wafland contamination and the other

half were unsheltered. Identical racks were used at all 3 locations and were mounted onto

existing exposure racks which were at 45°.
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2.1.3 Field-Exposed SamplésUSA & AntarcticaSingle Measurements
Field-exposed samples were received from W. Abbott at Battelle Memorial

Institute (Columbus, Ohio). The samples were 99.99% pure silver (Handy & Harmon)
mesuring 3.50 (I ong) X 0.500 (wi de) X
metallographic paper (Buehler) and cleaned in warm isopropanol (Fisher, 99.9%).
Samples were exposed outdoors for three months at multiple locafiabée 2.1
Exposure sitegndicated inFigure 2.6include: Whidbey Island Naval Air Station, WA,
Oahu (Lyon Arboretum and Coconut Island), HI; Randolph Air Force Base, TX;
Montgomery Army Airfield, Conroe, TXBattelle Memorial Institute\West Jefferson,
OH; Daytona Beach, FL; Gatski Airfield, Long Island, NY; and Woodstock, ME. The
samples were exposed vertically with a covErggre 2.7) in order to minimize
contamination from the surroundings, or direct rain waf$h

The samples were polished no mdhan one month before being shipped to the
exposure location. The samples were mounted onto plastic cards immediately after
polishing and were stored in poly, zip lock bags. Samples were typically shipped no more
than a few days before deployment dateeyltvere shipped viair mail, premounted on
the plastic cards, in the poly bags and placed inside plastic VHS cases. The samples were
returned to Battelle within-2 days after being removed from exposure in the same
manner as originally shipped. The sdespwere then removed from the plastic cards and
stored in glass vials until they were given to me. They were analyzed via XPS within one
week of receiving them. The samples were always handled with gloves, and if they were

cut it was with cleaned tin srepr scissors.
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Coconutlisland s a 28 acre island in KamWaha,ohe Ba
Hl,andisacoralreef.t i s a marine research facil it
Conroe, TX is about 40 miles north of Houstdfontgomery Army Airfieldis the

exact location that the sample was exposed.

Daytona Beach, FL is located on the Atlantic Ocean and has a humtdpidal
climate; aveage rainfall for the year is about 50 inches.

Long Island, NY is an island extending into the Atlantic Ocean just east of New York
City and is loosely described as a humid-gwipical climate. Gabreski Airport is on
Long Island and is approximately 80les east of New York City.

Lyon Arboretum on Oahu, HI is a 200 acre arboretum and botanical garden, most of
which is an artificial lowland tropical rainforest.

Randolph air force basme Texasis located about 15 miles easirtheast of San
Antonio.

West Jefferson, OH is approximately 20 miles west of Columtihes sample used

here was exposed at a branch of Battelle Memorial Institute which is surrounded by
farmland and bordered by the Big Darby Creek.

Whidbey Island, WA is about 30 miles north of &kea The northern end of the
island is the location of N.A.S. Whidbey, here the average rainfall is 26 inches and
the soil is composed mostly of rock, this is home to a lightly used airfield. Central
Whidbey Island is a rural agricultural area.

Woodstock ME is located approximately 25 miles east of the New Hampshire

border.
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These locations were chosen as an ongoing campaign of silver corrosion data by William
Abbott at Battelle Memorial Institute and were requested to give a wide range of single
point measurement®r comparison.

Most samples weranalyzed by XP&t two locations on the surface. Spot A was
a darker area whereas Spot B was slightly lighter, to the eye. In addition, the samples
were rinsed with deionized water and dried with nitrogen §his rinsing process was
repeated three times. The sample was then rescanned on approximately the same spot as
Spot A, a dark section of the sample. Only Randolph and West Jefferson were not
scanned in a second location before rinsing.

A sample vas alsoreceived from W. Abbott at Battelle Memorial Institute
(Columbus, Ohiowhich was exposed outdoorear an airfieldat McMurdo Station,
Antarctica Figure 2.8) for two years and was received for analysis in March of 2009
The samplevasprepared in the same way as those mentioned abavas#9.99% pure
silver (Handy & Harmon) measuring 3.50 (lo
to 600 grit on metallographic paper (Buehler) and cleaned in warm isopropanol (Fisher,
99.9%) The sample asexposed vertically with a covesinilar to that inFigure2.7) in
order to minimize contamination from the surroundings, such as animals, humans, or
direct rain wastoff.

Time A and B refer to the amount of tireeapsed between receipt of the sample
and when it was run on the XPS. Time A was run within one week of receiving the
sample, while Time B was run nearly two years later. The rinsing technique is the same

asfor the single measurements across the U8Addition, the samples were rinsed with
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deionized water and dried with nitrogen gas. This rinsing process was repeated three
times.

McMurdo Station is a United States operated station on the Ross Ice Shelf on
West Antarctica. There are around 1000 residdotshg the summer and about 200 in
the winter month$?® Temperatures range froms0 to 12C with an average ofl8°C.
There is little precipitation and the average wind speéd imph gusting up to 11@ph.
There has been much research on climate change at this station and some work on

corrosion has been done here as Weif:'*6 1%

Table 2.1 Exposure dtes for Battie silver coupons

Film Thickness by

Location Dates of Exposure Reduction, A
AgC| Agzs
Whidbey, WA 8/13/0811/17/08 3766 163
Woodstock, ME 6/29/049/30/04 211
Long Island, NY 5/22/088/26/08 1650 54
Daytona Beach, FL 10/6/1061/6/10 4825 54
Wed Jefferson, OH 12/6/083/6/09 550
Lyon Arboretum, Hl 11/22/082/25/09 634
Coconut Island, HI 11/24/082/25/09 6052
Randolph, TX 10/12/081/12/09 2073 136
Conroe, TX 10/5/08 1/5/09 1735 240
West Jefferson, OH 5/27/166/27/10 555 30
DaytonaBeach, FL 6/7/107/7/10 730 102
McMurdo, ANT 1/07-1/09 899
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Figure 2.6 (a) A map of the continental United States showing the locations of the
exposure sites: Whidbey Island Naval Air Station, WA; Réptdd\ir Force Base, TX;
Montgomery Army Airfield, Conroe, TX; West Jefferson, OH; Daytona Beach, FL;
Gabreski Airfield, LLong Island, NY; and Woodstock, ME. The prevailing winds are to
the east in direction on average across the contiguous 48. (b) Afritvaii with an

inset showing the two locations on Oahu: Lyon Arboretum and Coconut Island. The
prevailing winds are on average to the west across Hawaii.
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Figure 2.7 Photographs showing a sample exposak typical of those used for the
nationwide singlgoint measurements. The 4gt has a slight overhang to minimize
contamination and wasbif.
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Figure 2.8 Map of Antarctica showing the location of the sdenexposed at McMurdo
Station for two years.

2.1.4 Accelerated Laboratory Samples
The silver samples used in accelerated laboratory tests were prepared by Huang
Lin at Ohio State University’* The samples were 99.99% purersil (LucasMilhaupt)
approximately 17 mm x 17 mm xr@m andwere wet polished to 1200 grit on silicon
carbide (SiC) paper (Buehldf)enultrasonically cleaned in ethanol (Fisher, 99.9%) for 5

min. The samples were then dried in a desiccator for 24 hrebekposure.
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The experimental apparatus (glass chamber) used in the laboratory exposures has
been shown previousR}. Briefly, oxygen gas is passed through an ozone generator
creating between 50 ppb to 50 p@s This is then combined with a mixture of dry and
watersaturated Blgas in order to produce the desiredR¥. A 254 nm UV lamp with an
intensity of approximately 4 mW/cmvas used as the exciting light source.

In order to reproducibly crystalize NaCl on the silver surféast, evaporation of
a NaCl/ethanol solution was used on polished silver samphessoluton was prepared
in two steps. First, NaCl walissolved in deiozed (DI) water to make .67 wéo NaCl
solution and then it was dilutegith pure ethanolto each a concentrati ol
NaCl. Before exposure, 1486 | NaCl / et hanol rresl @rtothe sample wa s t
surface withapi pett e, whi c h ?lgadimgef NaCl erthe santpless and ¢ m
then coupons weranmediatelyplaced ina vacuum pumgd desiccator.The solution
completely driedvithin 6 min but the samples were kept in the exated desiccator for
30 min to make sure no ethanol remained on surface.

Following the lab preparation, all samples were analyzed with XPS and
galvanostatic reddion. For the XPS analysis, a survey scan was taken of each sample
with pass energy of 80 eahd region scans with pass energy of 20 eV were obtained for
any region with appreciable signal. Galvanostatic reduction was used to quantify the
types and amounts of corrosion products after analysis with "™XP33 A Gamry
Reference 600 potentiostat with a mercury/mercustaisdarcelectrode (MSE) was used
for all reductions in this study. With this technique, a constant current is applied to the

sample surface to reduce the corrosion products electrocismin area of lcn¥ in
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the center of the sample was reduegda cathodic current density 6f1 mA/cnf in
deaerated.1 M NaSQ, solutionat pH 10 The solution was deaerated using angsls
purge for more than one hour prior to reduction.

Reduction ptentials of various compounds observed in this thesis are given
Table 2.2 Since the thickness of the corrosion layer scales linearly with the charge
generated, the reduction charge is usedalculatecorrosion film thickness. A reduction
charge of 1C/cnt is approximately equal to a 2.88n-thick film (if the film is assumed
to be madeentirely of AgCl). The necessary calculations leading to this value are given
in Appendix E.Reduction potential typically scales with free energy, a stable corrosion
product will have a more negative freeeegy and a more negative reduction potential.

The exception is AG O, which does not follow this trend.

Table 2.2 Relevantphysicachemical parameters of silver corrosion compounds observed
in lab- and feld-exposed samples:No reduction potential is available for #80;,
Ag,CO; or AgNQ; in the literature"4+131133

Compound Density  MolecularWeight DG (kJ/mol) Reduction Potentia

(g/cnt) (g/mol) (Vwvse)
Agz0 7.14 231.7 -11.22 -0.12 t0-0.18
AgNO; 4.35 169.9 -33.49 *
AgzS 7.23 247.8 -40.70 1.2
AgCl 5.56 143.3 -109.88 -0.25 t0-0.4
Ag2SOs 5.52 295.8 -411.56 *
Ag2COs 6.08 275.8 -436.81 *
AgzSOy 5.45 311.8 -618.89 -0.08 t0-0.1
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2.1.5 Sample Storage

A picture of the box for storage of the silver samples after XPS analysis is shown
in Figure2.9. It is a twolevel clear acrylic box with %2 inch holes drilled in the agping
shelves, which was built by American Plastic Distributing (Columbus, OkRBre is a
two inch space at the bottowhich can be used for desiccant. The relative humidity was
controlled by flowing dry air into the sealed box via the top swagde pats. The
samples were placed in glass vials upon receipt by airmail and then stored in
departmentalized plastic containers which are also showigime 2.9. The blue labels

were used as sample identifiers.

Figure 2.9 Photograph of the containment box for storing silver samples before/after
XPS analysis.
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2.2 X-ray Photoelectron Spectroscopy
2.2.1 TheoreticalBackground

The basic XPS experiment involves a sangdéeedunderultrahighvacuum that
is irradiated with Xrays,inducingemission of electrons (photoelectroh$)A simplified
diagramof the physical principle of XP$ shown inFigure 2.10. The emissionof
photoelectronss due to a transfer ohergy from the incoming photon to the cdegel
electrons. The emitted electrons @hen separated based dheir kinetic energy and
counted. The energy of the ejected electrons is based on the local environment of the
electrons and the number emittedoi®portional to the abundance of the element in the
sample'® The emission of electrons upon irradiatisndescribed by the photoelectric

effect™

0 D %o (2.2
where 0 is the maximum kineti energy of the ejected electroi®i s Pl ancko0 s
constant,0 is the frequency of the incoming light, afidis the work function of the

material which ighe minimum energy needed to remove an electron from the surface.

The work function islefined by

% D , (2.2

whereU is the threshold frequency for the matetl.
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The consequences of the photoelectric effectf@uefold in that electrons will
only be ejected whem O 0 . Thenonce sufficiet energy to stimulate emission is
exceeded the emission of electramproportional to the amount of incident photofike
kinetic energy of the ejected electrons is proportional to the frequency of incident
photons Lastly, the entire process from exaiton to emission is on the order of .

Binding energyrefers tothe strength of the bondetween an electron and an
atom The bnding energy will increase with oxidation state and with the addition of
electron withdrawing group®8inding energy ineases with a decrease in the distance
between theslectronandnucleusas well as a decrease in the number of electrons around
the nucleus:*® The binding energy of the electrons to their respective atom is given by

the Einstein equation:

o ®» O, (2.3)

where"® is the energy of the incident-day, andO is the kinetic energy of the ejected
photoelectrons which is measured in the experitinBinding energy is typically
repored in electrorvolts (eV), which is equivalent to 1% 10™° J. In a typical XPS
experiment, the energy of therdy beams about 8.3 keV, which is more than adequate

to remove cordevel electrong< 1400 eV)"°

Table 2.3 @ves the literature values of
binding energies for silver ambmmonsilver corrosiorcompounds
Atoms bound to the host atom and the strength of their bonds will also impact the

binding energy of electren Typically only ionic and covalent bonds contribute to
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observable shifts in the biimd) energy:*>> When considering the added amount of energy

needed to overcome the bonds to the surtagg2.3) becomes:

O ® O %o, (2.9)
where the binding energy is now referenced to the Fermi {&lere, %o is the work
function of the spectrometer which is equal to the work function of the sg?apehen

the two are in electrical contact, and is related to the Fermi IEvelafd the vacuum

level Eva0 by:**°

% O O . (2.5)

The Fermi level ighe energy level separating thalence and conducting bands of a
material at OK and the vacuum level is the energy level at which the electrons are no
longer affected by any material.

The two most common sources for the production @fys in XPS are Mg &
and Al Ka, information abouthese sources is presentediable 2.4 Since Xrays have
a very long penetration deptthe emitted electrons can undergo onetbfeepossible
fates®® (i) if the escaping electrons are near the surfinesy will not be subjected to
collisional loses andre directly emitted and contribute to the photoemission p@gakf
the escaping electrons are only slightly buried in the bulk and have collisions before
being emittedthey will contribute to the background of the spectrdim) fi nally, any
electronswhich are too far into the bulk and incur enough collisions to lose their kinetic

energy will not be emitted at allypically, 1 keVelectrons will only be able to penetrate
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approximately 10m** The depth of penetration can be estimated using an attenuation
length plot which has been both experimentally and theoreticktgrmined (see
135

Appendix Q.

An explanation of penetration depthfor XB$ ound usi ng Beer 6s

0 o , (2.6)

wher | is intensity,ais the inelastic mean free paththe thickness through which 63%

of the electrons will los¢heir energy,d is the penetration depth, adds the angle of
incidence™*® The bulk sample may be msidered to be the sourck)(heresince the
range of the substrate which emits electrons is significantly larger than the depth from
which they may escapé&or a surface layer which has different compositthan the

bulk, the intensitisgi ven by a modi fied Beerds | aw:

"0 0p Q 7 . (2.7

The sampling depth is defined a&*3° based on the maximum depth from which 95% of
electronsaredetected. For most XPS experimeritss likely betweeril-4 nm, such hat

the sampling depth would be the range @2 nm*° Therefore any surfadédms which

are thicker tham12 nm will not allow probing of the substrate. As to the detection limits

of XPS, the technique is able to detect all elements, except H and He, which are present
at concentrations greater than 0.dnaic percent (as).**

Some materialsgncluding thosein this study with thick corrosion layers, do not

have sufficient electrical conductivity to compensate for the upldf a positive charge

created by constant ejection of electrdnsthis case, the sample is completely isolated
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and a charge neutralizer ised which floods the surface with low energy electrons to
stabilize the surface. The electrons are transported to the surface via a magnetic

immersion lens. In thease of charge neutralizatideqg. (2.4) then becomes:
0O O % ®» O %o, (2.8)

where%. is the energy of the flooding electrofid Since the binding energy of insulating
materials is now dependent on both the vacuum energy arehéngy of the flooding
electrons, it is more difficult tdetermine itsabsolute valueTo circumvent this problem,
an internal standard is used. The carf@ls or silver(Ag) 3d bands are both suitable
standards athe positions of these peae wellknownliteraturevalues Since the silver
samples used in this study are typically conducting, it is only necessary to use the charge
neutralization when a thiatorrosion product layds presenfO10 nn).

The background of XPS spectra decreases ghigdwdth increasing binding
energy (decreasing kinetic energy) due to inelastic scattering éfféTtsereis a drop in
the backgroundsignal after an electron emission event due to a loss of scattering
electrons at that binding energy. If the region beingistuohvolves electron pair®, d,
or f orbitals)two energetically equivalent final states are possiésed on whether the
electronhas spin up or down, therns a coupling between the spin and the orbital angular
momentum of the electron that may le@adsplitting of the degenerate state into two
componentgor formation of adoublet)** The total angular momentu() of an electron
is found by summing the individual electron angularagd spin § momentaj =1 + s.

For example, His spirorbit couplingcan beobserved in theXPS spectra othlorine,
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silver, and sulfurFor the Ag 3d orbital, the principal quantum numbgrgquals 3. The
electron spin momentum quantum number cas$el/2 or +1/2, depending on whether
the spins of the two electrons goarallel or antiparallel. Henck=n- 1 = 2such thaj ~
=2-1/2=3/2and =2+ 1/2 = 5/2. In this way, the Agd orbital splitsinto two

different energy states, ¥tland 33, respectively

ejected photoelectron
X-r nergynn ineti
ay energyh . kinetic energyE,;,
Free Electék f
Level Conduction Band work function,F
_ v
Fermi Level
Valence Banc
binding energyk,
2s
1s ! E,=hni B, -F

Figure 2.10 Diagram illustrating the physical principle of -Pdy photoelectron
spectroscopy.
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Table 2.3 Literaturevalues of binding energies of silver and some common corrosion
products of silvef3® 138

Compound Binding energy (eV)
Ag 3d Cl 2p Cls N 1s O 1s S2p
Ag 368.3
AgCl 368.3 198.6
Ag.COs 368.0 288.7 531.0
AgNO;3 368.4 406.8 532.5
Ag.0O 367.9 529.5
Ag.S 368.2 161.0
AgSOy 368.0 531.7 168.6
Ag>S0; 368.1 531.7 167.5

Table 2.4 Energiesand linewidths for the two most common XPS anode matéffals.

Anode Material Emission Line Energy (eV) Width (eV)

Mg Ka 1253.6 0.7
Al Ka 1486.6 0.85
2.2.2 Instrumentation

The surface chemical composition eflver samples exposeat variousoutdoor
locationswas determined usingh&-ray photoelectron spectromeigtratos Axis Ultra
Kratos Analytical) equipped with a seimémispherical analyzer and channeltron
detectors A simple schematiof the XPS instrumenis shown inFigure 2.11. The

spectrometer is calibrated againktee standards (copper, silver, and gold) and the
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linearity of theBE scale is calibrated by adjusting the energy difference between the
peaks of these known sample positions:rays from the monochromatil-Ka line
(1486.6 eV)were used for all XPS measurements in conjunction with the hybrid lens
mode and a 308 700 mm spot size aperture. The power on the anode was 120 W (10
mA, 12 kV) and the vacuum in the analysis chamber was maintained at approximately
10° Torr.

The adventitiousC 1s peak(binding energy (BE) = 284.9 gM\vas used as a
standard to correct for charging effeatsd was compared to the shift experienced by the
Ag 3dband(BE = 368.3 eV. Survey scans were taken using a pass energy of 80cV an
the highresolution region scans were taken using a pass energy of 20heVpass
energy is determined from the electrostatic fields in the hemispherical analyzer which
only allow electrons of a specific energy range to pass to the det&cttie smaller the
pass energy the higher the resolution wil] fiace the hemispherical analyzer is more
selective tcelectron energies pasg through to the detectothis effectively narrows the
peaks in the spectrunkor survey scans only one scan was recorded, but for the high
resolution region scarneur different runs were averaged to determine the binding and
kinetic energies with an accuracly#©0.2 eV.If chargingeffects wereobserved to cause
a shift in the position of the adventitiod 1s peak a charge neutralizeftungsten
filament) was used.The charge neutralizevas run with a filament current of 2.1 A, a

charge balance of 2.4 V, aadilament bias of 1.3 V.
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Figure 2.11 Diagram of the major components in an XPS instrument (adapted from
Vickerman and Gilmore, 20095

2.2.3 Data Analysis
Prior to fitting the experimentaXPS spectrumthe kackground was subtracted
using a Shirley functioi®®*** Eachpeak was fiusing the instrument softwa(€asaxPS

2.3.14 by a Voigt functionwhich can be definedsg*?
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oaphoht APt tEp a

Ip ta : (2.9

whereG stands for Gawsan,L for Lorentzianx, is the peak centew is thehalf-width at
half maximum HWHM), and m is the Gaussiarto-Lorentzianmixing ratio which is

determined by

G Ojpmm (2.10)

where P is the percentage ofLorentzian component such thatGL(0) and GL(100)
representpure Gaussian and.orentzianfunctions, respectivelyln the present stugy
GL(60) was used for nearly all fitted peaks, with the exception of Ag fitted peaks which
were usually fit usig GL(90).

The work functionin Eq. (2.4) is that of the spectrometer sinttee sample was
placed in electrical contact with the spectromé&®es is calibrated using gojdand
silver standard and adjused until the known BEvalues are obtaineddnce the peaks
have been fitthe relative compositionsf the standardaere estimated by calculating the
peak area under eachomponentpeak using the instrument software packageine

intensity of the XPS signas found using=>®

O O0™YOoh ., . & aQ” Qa (2.12)

whereO is the area of the pegkrom element, K is an instrumental constaii(KE) is

the tranmission function of the analyzeb, [ is the angular asymmetry factor for
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orbital j of elementi, , is the photoionization crossection of peal from element,
€ & is the concentration of elemeinat a distance below the sufiace,_ 0 O is the
inelastic mean free path lengthpeak j from element and—is the takeoff angle of the
photoelectrons measured with respect to the surface nommath is zero in this
study*®

If it can be assumed that the elemental cotrations are homogeneous within the

sampling depth (from O td) (the concentration is independent of the distan¢ce¢hen

Eq.(2.11) can be integrated to give

O 0°YOD [, E_0O0AT-Op Qo —— . (2.12)

Further assuming a sampling depth much greater than the electron mean free path
(typically, d2 3I), then the exponential factor in H@.12) can be neglected he area of

a peakhen becomes

O 0YWOd [, ¢E_0OAT-© (2.13

Areasare divided by the relative sensitivity fact@®SH of the atom which is
found during calibration of the instrumeiithis method ensures that the counts detected
from one part of the spectral range may be compared against other areas of the spectral
range and further may be compdracross different instrument8inding energies and

RSFvaluesfor the regions scanned in this study are foundlahle 2.5 The scaled area
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under the curve for each section of thi®rk is found in the respective sections.
Typically, elemental ratios&(7¢ ) or atomic percentage® € ) are given due to the

inexactness of the peak analydibis ratio haghe advantage thanhany of the constants

and instrumental factors found Eq. (2.5) can becancelledout The atomic percent of

element (b £ ) is found by:

b¢ pmujBg . (2.14)

The units for they-axis in XPS spectra are generally given as counts per s¢Ce&)
which is a measure of intensity>. CPS has not been normalized or adjusted by RSFs and
is the intensity measured by a counting detector.

A clean, polished silver sample was used to calculate an error associated with the
XPS technique. The sample washetd with argon ions while in the vacuum chamber
until the carbon (C 1s) peak was sufficiently reduced to be indistinguishable from the
noise. This sample was scanned multiple times each day for several days in one month.
The area under the curve was cldted as described above. The error within one day
was around 1% and the error of all measurements for the month was around 4%. This
shows that although it is better to take measurements in one day, the error associated with
scanning the samples over diffat days is relatively insignificant.he calculation and
values used are given in Appendix This means that even though exact intensity on
samples cannot be directly compared, approximate intensitieSQR&yis not considered

an arbitrary unit in thishesis due to a lack of an internal standard.
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Table 2.5 Relative sensitivity factors(RSF) and binding energies for the regions of
interest investigated in the present woflhese values were found duringsirument
calibration.

Element RSF Scanned egion
(eV)

Ag 3d 5.721 3801 360
Cls 0.278 2901 275
N 1s 0.477 41571 385
O1s 0.780 5401 525
Na 1s 1.685 10801 1060
Mg 1s 0.157 131371 1293

S2p 0.668  180i 150
Cl2p  0.851 2107 190
K 2p 1.409 3107 290

Ca2p 1.767 3561 340
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3. Existence of AgSO; and Ag,SO, on Field-Exposed Silver

This chapter focuses on tketection ofsilver sulfate (AgSQy) and silver sulfite
(Ag2S0;) on field-exposedsilver sampleswith X-ray photoelectra spectroscopy (XPS)
In contrast existing literaturedoes not consider A§0O, and AgSO; to be major
corrosion produst'® The mechanism for the formation Af),SQ, in the field isnot yet
known, but this study presents evidemgech suggest Ag.SG; is theintermediatehat is

thenfurther oxidized to form AgSO..

3.1lIntroduction

Chapter 1 described the various species and parameters which have an impact on
the corrosion of metals, specifically in regards to silver corrosion. Since outdoor
corrosion is such a complex system, inecessary togform lab tests which employ
only parameters that can be controlled. The ensuing corrosion rates may then be
compared against the corrosion rates of other materials or environments. However, as
was mentioned earlier, many of these lab tastsoversimplified in the parameters which
are chosen to represent the outdoor environment. This oversimplification leads to results
which do not wholly represent the real environment but areustitias a means to screen
materials before they undergoonre realistic, lengthy, and costly analysis. Lab tests also
allow mechanistic studies of individual or coupled parameters which are important to

outdoor exposuresSilver exhibits a discrepancy when comparing lab field-exposed
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samples Therefore, silveris a good material to test which parameters are different
between the lab and field.

All experimental parameters are detailed in Chapter 2.

3.2Results
3.21 New Hampshire

Silver samples exposed in New Hampshire were analyzed by XPSreqipt;
pictures of thesamples are shown in Figure 3The sulfur 2p region scans are shown in
Figure 32. The colors of all spectra shown are: black, red, green, blue, and purple which
correspond to 1, 2, 3, 4, and 6 months respecti@gdgctra taken on the unsheltered and
sheltered samples exposed at Thompson Farm are on the top left and right, respectively.
Spectra from the unsheltered and sheltered samples exposed at Appledore Island are on
the bottom left and right, respectively.

There ardour peakst{vo doublet} presatin all of the graphs. Thenergy of the
doublet at lower binding energythe samesnergyfor all spectralLiterature XPS values
for common silver corrosion products are givenTiable 2.3.The primary peak is
observedat 161.0 eV with a doublet at 1@2eV, this is consistent with literature values
of Ag,S. Theenergy of thedoublet at higher binding energydifferent for the farm and
island exposed samples. Tdeubletfor the samples exposed at the farnoliservedat
167.3and168.5 eV. For the iand-exposed samples thdoublet is shifted to 168a&nd
169.8 eV.These peaks at 167.3 and 168.6 eV are consistent with expected binding

energies of AgSO; and AgSOs, respectively.The sulfur region scan reveals the
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existence of AgS, AgSO, and AgSGOs. However,the silver and oxygen region scans
shown in Appendi¥ are below spectral resolution and thus cannot be used to confirm
the presence of these species.

Although it is not valid to compare peak intensities from different samples, it is
possibleto compare the intensity of the doublet associated wits5Ag that of AgSO,
or AgSO; within the samespectrumthese are shown as insets on Figug IB.is clear
that the ratis of sulfateé sulfide andsulfite/sulfide vay over time. The change in thatio
of these species is consistent with a changing corrosion@itmtrary to intuition which
might assume a linear growth in the abundancenofe oxidizedspecies on the surface
over time, this is not observed hetastead, on the Farm exposed sarmmplheratio
betweenSO;* and S decreases initially, then dramatically increases during the third
month and then decreases ag@in.the Island exposed samples, the second month shows
a dramatic increase in the ratio between?Sénd $ again deceasinovertime. XPS
analysis reveals the composition at the surface and comparing ratios gives information
about the relative amounts of species in the top 10 nm of the surface film.

Recall from Chapter 2 that intensities for spectra collected on the sanseday
comparable within 1%Therefore, all of the spectra from the same month are comparable
since they were analyzed on the same &gycomparing the spectra from the 3 month
exposed samples (green trace), differences between the farm and island as well a
between sheltered and unsheltered samples are obsBasatl on intensitieand ratios
in Figure 32, the shderedfarm samples have morsulfite than the unshelterddrm

samples The amount of sulfate from the island is greater on the unshelterad tha
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sheltered sample#\lso the amount of sulfate on the island samples is greater than the
amount of sulfite on the farm samples.

A typical method for analyzing corrosion products is galvanic reduction. This
technique was described in ChapterFigure 3.3 and Figure 3.4 show the reduction
curves for the samples exposed in New Hampshisecollected by Huang Lii* The
potential at which a plateau occurs indicates the ityeafithe species. A list of these
potentials is given iTable 2.2 The samples all have a plateau which can be attributed to
AgCl (between0.25 and-0.4 Viuse) and most samples also have the plateau fo64g
1.2 Vuse). Only the sheltered samgléom Thompson Farm he plateaws at a higher
potential than AgCIThis is at-0.04for the 4 month sample and-&09for the 6 month
sample. The identity of this species is not known in the literature, so this technique
cannot confirm whether or not A§0; or Ag,SO;, are present on these samples.

X-ray diffraction (XRD) was performed on a clean piece of silver. This sample
was polished and handled in the same manner as those which were exposed in New
Hampshire. The spectrum is showrFigure3.5, the black trace is the spectrum from the
silver sample and the red lines are reference vaf@he numbers on top of the peaks
indicate thecrystal orientationand those below are the peak positiddsing TOPAS
Academic V4.1 for fitting, a slight preferred orientation for the (2@@gntationis
calculated. Literature values for (200) and (220) gives a ratio for (220)/(208) of
0.617***Whereas the fitting program yields a ratio for (220)/(2004 6f878. However,

these values are close, so if thera igreferred surface orientation, it is only slighe
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(100) and (110jaces are not observed since they are forbidomiffraction rules;for

n,k,l, all must be even or odd&f

Figure 3.1 Pictures of New Hampshire silver samples after six months of exposure
beginning in October 2010(A) Thompson Farm sheltered, (B) Thompson Farm
unsheltered, (C) Appledore Island sheltered, (D) Appledore Island unsheltered.
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Figure 3.2 Sulfur 2p region scan of all samples exposed at Thompson Farm, NH (A & B)
and Appledore Island, ME (C & D). Samplssre exposed to both sheltered (A & C) and
unsheltered (B & D) conditions. Black, red, green, blue, and purple spectra correspond to
1, 2, 3, 4, and 6 month exposures, respectively. Insets compare the ratiog o SO

on each sample.
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Figure 3.3 Reduction curves for samples exposed at Thompson Farm, sheltered (left) and
unsheltered (right). Data courtesy of Huang .
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Figure 3.4 Reduction curves for samples exposed at Appledore Island, sheltered (left)
and unsheltered (right). Data courtesy of Huang'Ein.
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Figure 3.5 X-ray Diffraction XRD) spectrum of polished, clean silver sample identical
to those used in New Hampshire exposures. Black trace is the collected spectrum, red

lines are database valyé3 numbers on the top indicate the crystate numbers on
bottom are the peak positions.

3.2.2 Hawaii

Samples which were received from Hawaii are shown in Figure 3.3. The samples
were analyzed by XPS upon receipt, the sulfur 2p spectra g g Figure 3.4. The
black, red, and green traces are the 1 month, 3 month, and 6 month sarhples.
sheltered and unsheltered samples exposed at Kaneohe marine air base (MAB) are on the
top left and right, respectively. Sheltered and unsheltered safmmiesilauea Volcano

sheltered and unsheltered are in the middle on the left and right, respectively. Lastly, the
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sheltered and unsheltered samples from Mauna Loa are on the bottom on the left and
right, respectively.

The peaksfrom these Hawaiian samples Figure 3.4are similar to those in
Figure 3.2from New HampshireThe doublets are at 168.6 and 169.8 eV and at 161.0
and 162.2 eV. These doublets are assigned t&@gand AgS, respectively. The one
month volcanic unsheltered sample appears to shadence of AgSO; with a peak
around 167.5 eV, but is hard to resolve due to the poor signal to noise resolution. In order
to look at the trends on different samples, the ratios gb8gto AgS are plotted as
insets on Figure 3.4. The onbpviousamour of Ag,S was observed on the volcanic
unshelteregdample.

The 3 and 6 mo volcanic samples had a vertical striping pattern with very dark in
the center, white on both sides of that and dark again near the edges, as seen in Figure
3.3. Thus, scans were ron these sections in order to identify the species in each stripe,
Figure 3.5 shows the spectra which were taken in these different regions. The one month
sample was homogeneous to the eye, so only one scan was taken. On the three month
sample, a scan wdaken on the dark center (black trace) and on the white stripe (red
trace). The six month sample, scans were taken on the dark center, white stripe, and dark
edge; black, red, and green traces, respectively.

The cause of this striping phenomenon is stiknown. It should be noted that
there was volcanic activity at this site three days after the samples were placed on the test
rack. The Kamoamoa Fissure Eruption began on March 6, 28%t The sputter from

the eruption reached 100 feet into the air andrime vegetation including trees were
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ignited resulting in biomass burning. This eruption and emission of atmospheric gases
and particulates may have caused the striping on the samples. By allowing more water
adsorption on the surface this may have led rmdyct transport vertically down the
surface, but this is purely a genture

Galvanostatic reduction was performed on the samples exposed at these locations

by Huang Lin'**

The results are given ikigure 3.10, Figure 3.11, and Figure 3.12
Kaneohe and Kilauea have plateaus which are consistent with AgZ3 to-0.4 Vse.
Kaneohe has A& on the 6 month samplest-1.2 VWse. The sample from Maa Loa
does not have a plateau associated with AgCl, instead the plateau is consistent with the

Ag.0 potential in the literature0.12 t0-0.18 Viyse." This is the first report of A® on

field-exposedsilver by reductioranalysis

Figure 3.6 Pictures of silver samples exposed in Haweaiginning in March 201after
exposure, 1 month (#) and 6 months (&) are shown. Kilauea Volcano sheltered (A &
G), unsheltered (B & H), Kaneohe MAB sheltered (C &uhsheltered (D & J), Mauna
Loa sheltered (E & K), unsheltered (F & L).
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Figure 3.7 Sulfur 2p region scan of all samples exposed at Kaneohe MAB (A & B),
Kilauea Volcano (C & D), and Mauna Loa Observatorg(E) in Hawaii. Samples were
exposed under both sheltered (A, C, & E) and unsheltered (B, D, and F) conditions.
Black, red, and green spectra correspond to 1, 3, and 6 month exposures, respectively.
Insets compare the ratios of $§Qo $ on each sample
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Figure 3.8 Sulfur 2p region of samples from Kilauea Volcano, 1 month (A & B), 3

months (C & D), and 6 months (E & F). A, C, & E are sheltered while B, D, & F are
unsheltered.
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Figure 3.9 Ratios of SG* to & on each sample exposed at Kilauea Volcano. Samples
were exposed to both sheltered (A) and unsheltered (B) conditions.
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Figure 3.10 Galvanic reductiorscans of samples exposed at Kaneohe MAB, sheltered
and unsheltered. Data courtesy of Huang'n.
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Figure 3.11 Galvanic reduction scans of samples exposed at Kilauea Volsaekered
and unsheltered. Data courtesy of Huang'tin.
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Figure 3.12 Galvanic reduction scans of samples exposed at Mauna Loa, sheltered and
unsheltered. Data courtesy ofi&hg Lin***
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3.2.3 U.S.A. and Antarctica Single Measurements

Samples were exposed for 3 months at nine locations across the United States,
and one in Antarctica for 2 years, Figurel3shows pictures of the samples after
exposureThese samples were not duplicated and
me a s ur eS3okun($ 2p) spectra are shown in Figurelt®.17. Most samples were
scanned at two locations on the surface. Spot A was a darker area whereas Spot B was
slightly lighter, to the eye. In addition, the samples were rinsed with deionized water and
dried with nitrogen gas. This rinsing process was repeated three times. The sample was
then rescanned on approximately the same spot as Spot A, a dark section of the sample
Only Randolph and West Jefferson were not scanned in a second location before rinsing.
The black spectrum in these figures is spot A, unrinsed. The red spectrum is spot A,
rinsed. The green spectrum is spot B, unrinsed.

The sample from Antarctica wasasmed unpon initial receipt and again 2 years
later. Time A unrinsed and Time B unrinsed were taken on approximately the same spot.
Time A was upon receiving the sample and Time B was taken two years later. The
sample was kept in a sealed glass vial inabwtainment box shown in Chapter 2. The
rinsed and unrinsedamplescans were on a different piece of the sample, but which
looked similar to the eyel'he sulfate decreases with rinsing and increases slightly with
time in the vial. The sulfide appearsrtanain consistently low across all three spectra.

The peaks from these exposures correlate well with the other samples discussed
earlier.Coconut Island and Lyon Arboretum have a doublet at 161.0 and 162.2 eV which

corresponds to A&. Coconut Island, Cooe, DaytonaWest Jefferson, Whidbey, and
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McMurdo have a doublet at 168.6 and 169.8 eV which is consistent wigBOAg
Randolph & Woodstockave a doublet at 167.3 and 168.5 eV which is assigned to
Ag>S0O;. The sample from Lyon Arboretum had no evidenceAgsS, AgSGQs, or
Ag.SO,.

The ratios of either AgpO, or AgSO; are shown in Figure 331 except for
Coconut Island and Lyon Arboretum which had no appreciable amount &. Ag
opposed to the New Hampshire samples which had more sulfate than sutfge, th
samples show that sulfite can be greater than sulfateothing else, this finding
demonstrates that the ratios of (% and SQ*/S* are highly dependent on the
location of exposure.

These single point measurements were not reduced by Huangsliime samples
from New Hampshire and Hawaii werélowever, these samplesere reduced by
William Abbott at Battelle and these values are givemable 2.1 Only AgCIl and AgS
were reported for these samples. The absence of sulfite or sulfate isesunsigt the

measurements of the samples from New Hampshire and Hawaii.
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Figure 3.13 Pictures of silver samples exposed across the USA and Antarctica. All
samples were exposed for 3 months, except Amtarethich was exposed for 2 years.
(A) Coconut Island, HI, (B) Conroe, TX, (C) Daytona Beach, FL, (D) Long Island, NY,
(E) Lyon Arboretum, HI, (F) McMurdo Station, ANT, (G) Randolph AFB, TX, (H) West
Jefferson, OH, (I) Whidbey Island, WA, (J) Woodstock, ME
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Figure 3.14 XPS spectra of the S 2p region for the sample exposed at Coconut Island, HI
(top), Conroe, TX (middle), and Daytona Beach, FL (bottorppt3, unrinsed (black)

and otA, rinsed (red) wereaken on a portion of the sample which was slightly darker
than $ot B, unrinsed (green).
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Figure 3.15 XPS spectra of the S 2p region for the sampigposedat Long Island, NY
(top), Lyon Arboretum, HI(middle), andRandolph, TX(bottom). $ot A, unrinsed

(black) and Pot A, rinsed (red) were taken on a portion of the sample which was slightly

darker than gotB, unrinsed (green).
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Figure 3.16 XPS spectra othe S 2p region for the sample exposedVaist Jefferson,
OH (top), Whidbey Island, WA (middle), andWoodstock, ME (bottom). $ot A,
unrinsed (black) and@t A, rinsed (red) were taken on a portion of the sample which
was slightly darker thang®t B, unrinsed (green).
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Figure 3.17 XPS spectra of the S 2p region for the sample exposed at McMurdo Station,
Antarctica. Time A, unrinsed (black), time A, rinsed (red), and time B, unrinsed (green)
are shownTime Bwas almost 2 years after Time A.
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Figure 3.18 Ratio of SQ?/S* (black circles)or SQ?/S* (red triangles)on single
samples exposed across the U.S.A. and Antardiluese values were taken fré@8potA,
unrinsed spectra shown in Figuresl433.17. Note: Coconut Island, HI and Lyon
Arboretum, HI are not shown because there was no sulfide deiet¢tese scans
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3.24 Lab-Created Samples

This chapter focuses on the detection 0$2@, on field-exposed sampleshich
were analyzed with XPS. In order to better understand hoy®@gmay be formed, an
attempt was made to generate,8@, by exposure of Ag to 60O, in the lab. One
sample was polarized at +0. %3 for 15 s in0.1 M H,SO, and the formation charge was
280 mC/cni. Formation charge refers here to the total charge on thsafpleduring
formation of AgSO;. Another sample was galvanostatically oxidized at +0.025 mA/cm
for 600 s in 0.1 M RSO, with a formation charge of 15 mC/ém

The galvanic reductioperformedby Huang Lif*%) and XPS spectra are shown
in Figure 3.19 and Figure 3.20, respectively.The black trace is a sample which was
polarized at +0.7 Msg for 15 seconsl in 0.05M H,SOu. The red trace is a sample which
was galvanostatically oxidized at +0.02BA/cn for 600 sec in 0.1M H,SO,.
According to the XPS resultsptih methods were able to form /&8, butreduction was
not able to detect A&O, on either sampl

AgQ,S is another compound typically found dreld-exposedsilver samples.
Seemingly the simplest way to form &0, or AgSO; would be to simply oxidize
Ag,S.To this end, a clean, polished silver sample was polarized in 0.1,§1fNiEl s at-
0.13 Wuse. The sample was then exposed in dry conditions with 254 nm UV light (3.68
mW/cnt), and 0.63 ppm &¥or 38 hrs. Another sample was prepared in the same manner
but was exposed for 22 hrs in 90% RH. Since it is likely thaOAgill also form under
these caditions, two other samples were prepared to test the effect £8 Ag the

formation of AgO. One of these samples was polarized in 0.1 YSNar 15 s at0.13
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Vuse, While the other was not exposed to,8lat all. Both samples were then exposed to
5.5 ppn Oz and 254 nm UV light (3.68 mW/cthat 90% RH for 68 hrs.

The galvanic reductioby Huang Lirt*%) and XPS spectra are given figure
3.21andFigure3.22, respectivelyThe black trace is a silver sample which was polarized
in 0.1M NapS for 1 s at0.13 Wsg, then exposed to 0RH, 0.63 ppm @and UV light
for 38 hours. The red trace is a silver sample which was polarized M &S for 1 s
at-0.13 Wusg, then exposd to 90%RH, 0.63 ppm @and UV light for 22 hours. The
blue trace is a silver sample which was polarized inM.Ma,S for 15 s at0.13 sk,
then exposed to 90%®H, 5.5 ppm @ and UV light for 68 hours. The green trace is a
silver sample which was ngblarized inN&:S; it was exposed to 90%H, 5.5 ppm @
and UV light for 68 hours. All samples were exposed to UV light at 254 nm with an
intensity of 4 mW/crh XPS reveals Ag50O; formation on the black and blue samples
and possibly AgSO, on the red same. There was no Agp, AgSO; or Ag, SO, on the
green sampleReduction detected only A§ on the red and black samples. The plateau
for the green samplat a higher potentiak associated with A®@. The blue sample
shares this plateau as well as anothdnigher potential which may be associated with
sulfite orsulfate. However, the potential #&g,SO; and Ag,SO, arenot widely reported

in the literature
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Figure 3.19 Reduction of two lalzreated samplesThe black trace was polarized in
H,SO, at 0.7 Mysg, the red trace was galvanostatically oxidized is5@; at 0.025
mA/cn?. Data courtesy of Huang Litt*

o

25
Polarized
Galvanostatically oxidized
201
‘©
i
X
v 151
0
@)
10 s ;;-;:if-';'.l‘f ;

174 172 170 168 166 164 162 160 158
Binding Energy (eV)

Figure 3.20 XPS sufur 2p region scan of the two lalveated samples shown kilgure
3.19.
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Figure 3.21 Reduction of four latcreated samples. Data courtesy of Huang'tin.
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Figure 3.22 XPS sulfur 2p region scan of four lab created samples shokigune3.21.
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3.3Discussion
3.3.1 Comparison to Literature, Confirming edtity of Species

The XPS results presented in the previous section show that eith8OAgQr
Ag>SO, wereroutinely detected orfield-exposedsilver samplesAlthough the literature
is scarce on AgpO, formation with exposure of silver, there is less @gards to
Ag>S0;.1° Since these species are not widely reported in the literatunejdéetity and
formation mechanisnare of significance.The first step in understanding the role of
sulfur in the corrosion of silver i® confirm the identity of the species detected on the
field-exposedsilver coupons.

Although AgSO, has not been widely accepted as a corrosion product in outdoor
exposure of silver, there is some mention of it in the literature in regards to XPS
assigments™®**’ Theseliterature values are consistent with the peak position seen on
many samples in this study, 168.6 dhe other doublet pair seen in the sulfur region is
observed around 167.3 eV and is tentatively assigned #8@gThe shift that would be
expectedfor the binding energy separation of sulfate and suliitased on the shift of
NaxSO; A NaSO;, is approximately 1.5 eV’ If Ag and Na are similar, this binding
energy shiftwould yield an expected A§0O; value of approximately 167.1 eV. The few
literature values fountbr Ag,SO; give a value ofl67.5 eV:*” These values are close to
the binding energy observed in this study, so the doublet at 167.3 eV is assigned to

85



3.3.2 Mechanism of AGGQG; and AgSQ, Formationi Unde Vacuum

Sinceit is unlikely that pure silver would react directly with sulfate to form
Ag,SOs, due to the unfavorable thermodynamigkich were described earljgf®
other mechanisms ust exist. One possibility is that A§O, could be formed through a
conversion of éver oxide into silver sulfatesimilar to the formatiorof AgCl.%* This
process could be A® reacting with S@or a more oxidized form of sulfur and forming
Ag,SO, immediately or it could proceada anintermediatgphase of AgSQ;. 11811

Since AgSO, and AgSO; have not been identified as corrosion products on
field-exposedsilver, there has been very little reported in the literature as to how it may
be formed. However, there has beeork done on monocrystalline silven order to
understand its catalytic propert#81°! These studiesdve shown that SOwill not

adsorb onto Ag unless there is a surface oxide layeiQA@\g.O can be formed under

dry conditions according tb*

Os;+hn wuw O, + O(D) (3.1)

o'D)+ 2Ag & Ag (3.2)

Once there is oxide at the surface,,8@; will form on Ag(110) and Ag(100)*¥*!
Ag>SO, will also form on Ag(110) when an oxide layer is preséht> The fact that the
silver must have a surface oxide layer present in order to foar8@@r AgSO, is not
unlike the formation mechanism for Ag@iven in the literaturé?

Of interest is the finding thain the Ag(100) grfaceAg,SO, will only form in the
presence oéin alkali*>! This is consistehwith a cationremoving electron density from
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an oxygen of the A% O; making the sulfur electropositive and promoting binding of the
sulfur to a neighboring surface oxide, thereby formingSXa. This phenomenon and

how it may impact corrosion in the feels discussed lateAlthough these studies give
insight into the mechanism of sulfate and sulfite formation, they are not identical to the
corrosion tests performed in this study. They were done on monocrystalline samples
under ultrahigh vacuum, whereahe samples in this study are polycrystalline and are

under atmospheric pressure.

3.3.3 Mechanism of A Qs and AgSQ, Formationi Aqueous Phase

SO, is very reactive with water and surfaces in the real world have water
adsorbed. If there is a source of St@ar the corrosion test site and S€n make it to
the sample before hydrolyzing, the S@ill find water on the surface. Therefore it is
unlikely that SQ is able to react witla dry surface oxide layer. However, there are
several other possibilitidsr the formation of AgSO, and AgSO:s.

First consider the fate of $SOn the atmosphere which undergoes gas phase
oxidation. The major source of oxidation of S0 the gas phase is by OH radical; at an
OH radical concentration of 1 x 4 adicals/cm the lifetime of SQ is approximately 13
daysfor Eqn (33).*? The lifetimes of Eqn (3)}and (35) are extremely fast (€3) in

comparisort>»*°3

SO, + OH © HOSO, (33
HOSQ + O, © HO, + SO (3.4)
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SO; + H,00 0 H,SO, (3.5)
SO, can also undergo oxidation in aqueous solution, whether in aerosol form or

with co-adsorbed water once adsorbed onto a silver sutfate.

SOxg) + H20() © SOAH20(a) (3.6)
SOAH,0g) 0 H + HSOy (3.7)
HSO; = HOSQ © H* + SQ¥ (3.8)

The combination of these species, ;800 (hydrated Sg), HSQ; (bisulfite), SQ
(sulfite), is abbreviated as S(IV). lalwise, S(VI) is the combination of both $O
(sulfate) and BSQO, (sulfuric acid).In order for SQ to be oxidized intdS(VI) several
steps are neededansport of S@to theinterface (~ 18°- 10* s), acrossheinterface (<

10® - 10 s), S(IV) equiibration (O 1 ms), transport to bulk (~Pal s), oxidation of
S(1V) into S(VI) (rate limiting step)these are depicted Figure3.23*47°1**These times
were calculated assuming an aerosol radius 0f10 and a pHrangeof 2-6; gaseous

and aqueous diffusion constants are 0.128<and 1.8x18cn/s, respectively? >4

Oxidation of S(IV) can be accomplished by many species dissolved in aqueous

solution, these include OHH,O,, CH:COOH, Oradical NOy, and OHradical (amog

other speciesBy ozone>>'*°

S(IV) + ;0 S(VI) + O, (3.9
By hydrogen peroxid&’

HSGO; + H0,© SO,00H + H,O (3.10
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SO,00H + H' © H,SO,
SOA1,0 + H0,° SO,00H + H*

SQ00H © HSO,

By acetic acid™®

HSOy + CHiCOOH + H © SQ;* + 2H" + CH:OH

By oxygen in the presenaé a catalysf**>>*°8

Fe(OHYO F&'+20H
OH + HSQ © SO + H0
SOy + 0,0 SOy
SO + SO 0 SO + SOy
SOy + F€' 0 Fe" + SQ”

By Noy:42,70
S(IV) + NO, or NO;© S(VI) + NO or NG

2,70

By hydroxyl radical*

OH + HSQ* © H,0 +SQ’
OH +SQ*© OH + SOy

SO+ 0,0 SO
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(3.12)

(3.13)

(3.14)

(3.15)
(3.16)
(3.17)
(3.19)
(3.19)

(3.20)

(3.21)

(3.22)
(3.29)
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SOs + HSQy © HSOs + SOy (3.25)

SQy + HSQy © HSOy + SQy (3.26)
SOy + HSQy © HSOy + SOy (3.27)
SOy + SQ% 0 SO; + SO (3.28)
2SQ°0 2SQ + O, (3.29)

SOy + H;00 OH + HSQO (3.30)
SOy + SO + H' 0 HSQy + SOy (3.31)
SQy +SQ% + H' O SOy + SQ* (332

The formation of AgSO; or AgSO, from pure Ag would require a change in
oxidation state of silver from O to +1. However, if the reaction started witlo Athe
silver is already oxidized to a +1 stagnce AgO can be forma under wet conditions

according td-?

Os;+hn wu O, + OFD) (333
O('D) + H,0x Y 2 OH (3.34)
2Ag + 2QOGI+FO Ag (3.35)

It follows that the various forms of oxidized sulfur could react withh@Q\go yield
Ag.SO; or AgSOr. (It should also be mentioned that literature reports no evidence of
silver hydroxide formation when silver oxide is subjected to watéiThe possible
species involved could be: $MH,S0;, HSQy, SO, H,SOy, HSQy, or SQ?. However,

as stated previously, it is unlikely that S@ould be involvedsince t is readily oxidized
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in the aqueous phasalso, according to the speciation curves for the pH dependence of
sulfates and sulfiteg={gure3.24), and since it is unlikely that the pH on the surface or in
aerosols would be lessaih 2, we can also rule out,$0;, H,SO;, and HSQ. This
leavesHSOy, SO and SQ” to interact with the AgD; Figure3.25.

The reactions of Ag or A® with SO and SQ* have not been discussed in
detail in the literatureHowever, reaction of silver oxide with bisulfite could lead to

formation of silver sulfité*®

This reaction produce&g,SO; which was detected on samples that were free of alkali
cations.A diagram of the reaction of HSOwith Ag,O to form AgSG; is presented in
Figure3.26. In the presence ofations, such as Ngor Cd, Ag,SO; was not @étected, but

151 andis

Ag.SO, wasdetectedThis phenomenon was tadl in the literature for Ag(13)
discussed in greater detalil in the next subsecBaefly, a cationcanwithdraw electron
density from an oxygen atothusleaving the sulfur electropositive. The positive charge

on the sulfur can then attract another oxygen atom. This oxygen could come from a

number ofplaces a neighboringsilver oxide, dissolved £ or possibly OfP) or another

oxygen donating specieghich is dissoled in solutior*®16%:162
Ag,SO; + Ag,0 O Ag,SO, + 2AgH (3.37)
AQ>SG; + O30 AgaSOy + O, (3.39)
Ag2SOs + OCP)© Ag,SQy, (3.39
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Consideration waslso given to the reaction of silver oxide witlBO;> and SQ@7,
however, thesesactionsyield O*, which is an unlikely product.

Ag20 + SQ(ag)® AG2SOs + O ag) (3.40)

Ag.0 + SQZ-(aq)o AQ.SO;, + OZ_(aq) (341

In summary, the mctions to form AgSO; and AgSO, on the field-exposed

silver proposed here are:

DG (kJ/mol)
2Ag + Oy, O('D), O3, OH, etc® Ag,0 2 <-150
AQ20 + HSQ (aq)© Ag2S0Os + OH () **° -29.57
Ag>SO; + O3, A0, etc. 4 AgSO, ™™ -370.36
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Figure 3.23 Diagram of the steps needed for oxidation of, 8S(VI) in the aqueous
phase42'7°
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Figure 3.24 pH speciation curves for sulfite (top) and sulfate (bottdm).

Figure 3.25 Possble pathways for the fate of 3(5(1V), and S(VI) near a silver surface.
Some species are ignored since they are only present at a very low pH.
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Figure 3.26 Diagram of the possible mechanism for formatiéAg,SO; from AgO +
HSGs'. First, the HS@ approaches the surface, then the sulfur attaches to the oxygen
from the AgO, then AgSG; is formed as OHeaves the surface.

3.34 Is AgpSQ; Actually An Intermediate for AGO,?

If Ag.SG;is an intermediate step the formation of AgSOy, then why do some
samples stop at this intermedigitkasewhile others go on to form the fully oxidized
product? The answer may lie in the presence (or lack thereof) of alkalis on the sample.
was briefly discussed earlier thatliterature, Ag(100) did not form AgSO, unless in the
presence of alkali§* This is due tan alkalication, such as Napulling electron density
from the oxygenof sulfite which leaves the sulfur electropositive and promotedirign
of the sulfur to another neighboring oxidedeed, the samples which had evidence of
Ag.SG; did not have alkalis present, but those that hagS®g did. The correlation

betweenalkali cations and the presence of eithen®@; or Ag,SO;, is shown inTable
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3.1 Na is used in the correlation table since sodium was present if any aikadir
cations were as welllhe XPS results for elements detected (other than sulfur) are given
in AppendixF. The consistency between the results of #isly and thosesported for
Ag(100)indicate that the presence of alkalis dictates whether sulfate or sulfite is formed
onfield-exposedsamples

The dependence of the formation of 8@, on an alkali cation is only found in

the literature for the Ag(100drientation*>*

Silver has a face centered cubic crystal
structure (fni3m). Diagrams of thg100), (110), and (111faces arepresentedn Figure
3.27 7 Figure 3.29. Literature has shown that the ymen atoms of silver oxide on a
Ag(110)faceare located at the positions indicated by red circléggnre3.29.1*%*%?The
literature reports that for other crysfakes, such as (11®)oth sulfite and sulfate will
form.*¥1°° The observation that A§O, formation is only dependent on the presence of
alkali cations for the (100kaceand not for the (110f|aceshown in the literature may be
an effect of the spacing of oxygen atoms on the silver sudiadehe angles formed as a
result of this spacing-igure3.30. However, this has not been discussed in the literature.
There is also the difference in reactivity between the diffef@res. For a fcc crystal

structure: 110 > 100 > 1143 This predicts that the Ag(11@laneis more reactive

than the (100).
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Table 3.1 Correlationbetween the presence akali cations and either sulfite or sulfate.
Na' is used as an indicator of the presencalkdili cations since Nawas always present

if other cations were also observed with XPS. Other cations found with XPS include:

cd’, K, and Md@". The numbers shown in thebta correlate with the locations
an Aso0 indicates
means unsheltered, and the number at the end specifies the number of months the sample
was exposedThere are more of numbers6lbe@use there were multiple samples at
these sites. The single measurements are numidérs 7

indicated on the right. For locations51,

1sl
14 1ul 13 1
SO,> 1s2
16 12 Iud 15
1s3
251 202 36 46 8
22 203 3ul A4l 9
SO~ 253  2u4  3u6 46 12 5s1
2s6 3s1 4s1 [ 13
ul 33 43 7 14
Neither SO;* . e 5B sul
254 2u6 43 su6 10
2- 556 53
nor SO,
Nat No Na*
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1 Thompson Farm, NH
2 Appledore Island, E

3 Kaneohe MAB, HI

4 Kilauea volcano, HI
5 Mauna Loa, HI

6 Coconut Island, HI

7 Conroe, TX

8 Daytona Beach, FL

9 Long Island, NY

10 Lyon Arboretum, HI
11 Randolph, TX

12 McMurdo, ANT

13 W. Jefferson, OH

14 Whidbey Island, WA
15 Woodstock, ME

t he
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{100) (110) (111)
d a
a b

Ag=4.09 b Ag=5.78
Ag,0=4.72 Ag,0 = 6.68

Figure 3.27 Drawing of thefacesof silver. a and b values are given for both silver and
silver oxide:®*'**b values were calculated using the law of cosines: ¢ @
CwBAIlW

(110)

(100)

(111)

Figure 3.28 Figure of stacking of different crystatientatiors for silver, topdown view.
Light gray circles with a red outline are the top layer, regular gray circles are the second
layer and black circles represent the third/bottayer.
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CN=7
2" Jayer=11 a=6.68

a=6.68 b=5.78 a’'=5.78
a’=4.72 b'=4.09

Figure 3.29 Geometries of the (100), (110), and (1f4gesof silver and silver oxide.
Coordination numbers (CN) are given for edahe as well as the distances between
silver atoms, numbers agéven in Angstroms. Values were calculated ustigure3.27.

(100) (110)

(@)
/ \ 0
Ag Ag Ag Ag

Figure 3.30 Diagram for the possible bond angle difference on Ag(100) and Ag(110) that
may result inhie need foalkali cations to produce A§0O, on the (100face
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Figure 3.31 Diagram of the possible transformation of ,8@; to AgSO, on the
Ag(100) surfaceghrough interaction with a cation such aa NThe sodium pulls electron
density from the oxygen, which in turn leaves the sulfur atom electropositive. The sulfur
will then bind to an oxygemtom (O), whereO could befrom: a neighboring AgO,
dissolved @, or other oxygen donating species.

Figure 3.32 Diagram of the possible transformation of ,A@; to AgSO, on the
Ag(110) surface. The sulfur will bind to an oxygen atdd), (whereO could be from: a
neighboring AgO, dissolved @ or other oxygena@hating species.

100



3.3.5 Correlation with Atmospheric Measurements

The results already discussed show evidence that atmospheric chemistry plays a
significant role in the corrosion products formed on silver samplegxtensive amount
of atmaspheric chemistry dat has been publishetom the University of New
Hampshiredéds Atmospheric I nvestigati on, Reg
(AIRMAP) program™©”*”® This work has focused on Appledore Island and Thompson
Farm among other sités New EnglandThe monitoring in this areaas the motivation
for the placement of samples at these sites. Among the research published, they have
noted anthropogenic and phoktemically aged aerosols dominated by,5@nd NH*
with [SQ,?] reaching a maximum of 23.7 nnof® in the summet’® The impact of local
sources was found to be much more substantial as compared to sources which were
further away-®®

Unfortunately by the time the silver samples were exposed, much of the
monitoring in New Hampshire at these sitead come to an endowever, there is a long
history of monitoring in this area and if it is assumed that overall trends have not changed
too drastically, the data may be useful in validating the XPS results. Althooigitonmng
of SO, or SQ* will not shed light on why Thompson Farm had sulfite and Appied
Island had sulfate present, information about the abundance of cation$magmounts
of commoncationsin aerosolsvere detected at Thompson Farm and at Fort Constitution

Since no cation infornteon was available from Appledore Island, Fort Constitution is

used here. Fort Constitution & site which is inland from Appledore Island buhe
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proximity to the ocearallows Fort Constitution to be used agpmxy for Appledore
Island

Bulk aerosol ampling was used at Thompson Faffifr) and Fort Constitution
(FC) to monitor common inorganic ions. Samples were collected on 90 mm Teflon filters
for 24 hour time interval®!’* After collection, the filters were extrad into a
water/methanol solution, preserved in chloroform, and analyzed by ion chromatography
(IC).}"® The amount of sulfate atF andFC is shown inFigure 3.34 Figure 3.35shows
the amount ofsodium ionscollected on filters from Jaary 2001i December 2003.
Other cations are shown in Appendix Sthough there is variation over short time
periods, overall, the amount of sulfate at TF and FC is similar during the 4 year sampling
period. However, the amounts of the cations sampldéCatvere much greater than at
TF. Therefore, the observation fe#wer cations on the TF silver samples is consistent
with aerosol sampling measuremernitke similarity in oxidized sulfur and the difference
in cation concentrations support the theory thiedlaspecies are responsible for the type

of oxidized sulfur on the silver coupons.
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Figure 3.33 AIRMAP SO;* data from Fort Constitution & Thompson Fatfy'™*The
solid black circles are data from Fort Constitution and the open red circles are the data
from Thompson Farm. Samples were taken every 24 hours.
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Figure 3.34 AIRMAP Na' data from Fort Constitution & Thompson Fatffi’’* The
solid black circles are data from Fort Condtdn and the open red circles are the data
from Thompson Farm. Samples were taken every 24 hours.
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3.3.6 Cause of Change in Ratios of SgW/A®S and AgSO/ARLS

The variabilityin the ratios of the sulfur 2p peaks over time for both the New
Hampshire and Hawaisamples may be attributed to several factors. These include:
continuation of new deposition leading to a change in film thickness and composition;
surface rinsing especially in the case of the unsheltered samples which leads to solvation
of highly solublespecies such as Ag0s; evolution of products once adsorbed onto the
surface either in solid phase or aqueous phase.

Continuous deposition of new species would change the composition of the
product layerTake the Appledore Island, New Hampshire sampdegnaexample. Since
XPS can only measure a small depth (~10 nm) if the sulfate was only deposited at the
beginning of exposure, assume only during the first 2 months, then as new species were
deposited which did not include $Othe amount of S§ would decrease as the film
thickness increased. Although there is some variability in aerosol composition over time
(Figure 3.34), this may not be the complete explanation.

Surface rinsing could also explain why the ameuwfitsulfate and sulfite change
over time. In regards to marine samples (Appledore Island, NH and Kaneohe MAB, HI),
the amount of sulfate is much greater on the sheltered samples when compared to the
unsheltered samples. This is consistent with the higher solubility of sulfate and sulfite
relaive to sulfide as described earlier. Higher humidity and surface wetting at locations
very close to waterlines with wazxaetion may result in more surface rinsing. This impact
of surface rinsing is consistent with the rinsing of the single measurememia &ho

Figures 3.83.11. The impact of surface wetting supports the idea that sheltering may
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inhibit sample wasloff to some degree. The solubility of sulfate is not conducive to
remaining on a sample which is experiencing wash off. This could be verficsighi
since many outdoor exposures are done atwith no sheltering. If the solubility of
Ag,SOy, leads to transport of silver off of the surface, there could be significant corrosion
which is being neglected.

Finally, it is also possible that the spexien the surface could be evolving over
time and resulting in more A§. This would mean that the oxidized sulfur species are
being reduced from sulfite or sulfate into sulfide. However, since it is unlikely that a
silver surface would be a reducing enwineent for oxidized sulfur species, the results

from this study do not support this argument.

3.3.7 Why are AgSQ; and AgSO, Not Routinely Identified in Literature?

Ag,SO; and AgSQO, are not detected on any of the samples which were analyzed
with reduction. Tis is consistent with literature that does not reporiS&Yy or Ag,SGOs
on corroded silver coupofis® A possibleexplanation for the lack of sulfate or sulfite
detection in the literature is that these species are sol@hlganic redudbn involves
submerging the corroded sample in solution, often either NaCl g8Q4yaBoth of these
solutions increase the solubility of the sulfate or sulfite adsorbed on the siirfacdso
possible that while in solution, a more soluble productabel replaced by a less soluble
product. NaSQy is currently used by the Frankel and Kelly labs since it was shown that
any AgO present from corrosion would be converted to AgCl in the presence of' NaCl.

Perhaps the A®O; or Ag,SO, is being replaced witllissolvedCl once it has been
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placed in the reduction solutidn form AgCl Overall, itis likely that the solubilityof
silver sulfite and sulfateplays a key role in # discrepancy betweerXPS and

galvarostatc reduction

3.3.8 AgSQ, Generation on Laboratory Accelerated Tests

A few attempts to create A§0, in the labwere madeTheseareshown inFigure
319 i Figure 3.22. The small plateau irFigure 3.19 for the sample which was
galvanostatically oxidized in 130, is at the potential for AgCI, not A§Os. There was a
small anount of both Ndand Cl observed in the XPS results (shown in Appendix F).
Even though reduction found no evidence ot3@;, it was detected with XP8-igure
3.20) Ag2SG; is not ruled out since there was a shoulder on the lower binding energy
side whith may have been caused by sulfite. This highlights the need to use XPS when
detecting sulfite and sulfate since reduction cannot detect them.

The second set of lab tests examined the impact of oxidation on a silver sulfide
surface Figure 3.21 and Figure 3.22. The sample which had no 48 also had no
Ag,SO; or AgSO, formed (Figure 3.22) However, the other three samples had a small
amount ofsulfite or sulfateXPS detects oxidized sulfur on these sampédthough it is
much less than AgSOne of the samples (blue spert) even has a smatkduction
plateau(Figure 3.21)at-0.072Vuse Which is associated with A§O,. This suggests that
although AgSO; and AgSO, are not easily formed from the oxidatioh AgS, it may

bepossible.
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Further accelerated tests need to be done to reproduce the corrosion products
found onfield-exposedsamples. Bare silveand oxidized silveshould be exposed in the
presence 080, (with and without RH, @ UV light, and NaQ@). In the presence of water
vapor, SQ should readily become H3Owhich should form AgSGs. If NaCl is also
present, then AGO, should be formed instead of or in conjunction with-3@s. If these
parameters do not yield sulfite and sulfate, then afiissidalt solution could be used

instead.

3.3.9 Suggested Improvements for Accelerated Laboratory Tests

If the suggested laboratory tests in the previous section provide further evidence
for the formation of AgSO; and AgSO,, then the modifications that curtgnexist for
the salt spray chambeshould be further improved. By adding a source of either @O
HSO; " solution, AgSO; and AgSO, should be able to form in the currently modified test
chamber. Since other materials are also susceptible to cortmsi®6), it would make
sense that it should be included in the test chamber. With this final modification, oxides,
chlorides, sulfides and sulfates can be generated in laboratory tests. In order to have an
accurate accelerated test, the key parameters mushcheded. Having multiple
adjustable parameters would allow refinement of the exposure conditions to reproduce
different environments. Even though this may not lead to a large acceleration factor, it

would allow one test chamber to be used to model viffigrent atmospheric conditions.
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4. The Prevalence of Atmospheric Chloride Sources in Various

Environments as Detected by Silver Corrosion Analysis

This chapter provides data which shows that AgCl is formediebd-exposed
silver with little dependenceroproximityto a saltwater source. The cause of widespread
AgCl formation regardless of environment has been called to attention in recent
literature? * This chapter suggests a link between sib@rosionand recenatmospheric

studies which show high levels of CIN@nd Cl radical across the United States.

4.1 Introduction

Reactive halogen species, especially the chlorine radical, may contribute to the
local oxidative capacity of an environmént.*>%*1™®7® Considering that the rate
constant of the chlorine radical reaction with atmospheric trace species has been shown to
be up to 100 timethat of OH radical’®'***®chlorine radicals and their precursors may
exert a considerable impact on the local environffefi®8 Active chlorine
compounds which serve as precursors for the chlorine radical (Cl) include: chlorine
molecules (G)), nitryl chloride (CINQ), chlorine nitrate (CIONg), dichlorine peroxide
(Cl,0,) and nitrosyl chloride (CINO) along with many other spe@j&g?0.127.183
Although chlorine radicals have been observed in relatively high concentrations in both
the marine boundary layer as well as in coastal urban locations, it has long been

suggested that there is an umguized source of Gf*
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Recently, it was shown that significant concentrations of the chlorine radical
precursor CIN@ were observedar from any coastlind. The stug proposed that a
sizeable amount of chlorine radicals found in the troposphere arises from anthropogenic
sources. This finding indicates that there are sources generating reactive chlorine far from

saltwater sourcesMechanisméor the formation of CIN@and Cl are®%386%

N205(g) + Hzo(aq) Y 2 H %@ (4.1)
N205(g) + CI'(aq)\"( Cl 2[8) @NOg-(aq) (4.2)
CINO, + hn Y CI >+ NO (43)

Previous Iteratureon silver corrosion stasghat AgS is the dominant corrosion
species in most environmertf8 However, recent silver exposures hatewn that AgCl
is oftenthe dominant corrosion product Additionally, AgCl has been detected ialand
sites? It is not surprising that high levels ahloride are observed on samples from
marine environments where there is an abundance of saltwater aerosols, but it is
interestingthat inland samples also exhibit high levels of chloride deposifitre
mechanism for AgCl formation has been shown taged through an AQ intermediate

in dry or wet conditiong:®

2Ag + 2QOGI+HM0O Ag (4.9
Ag:O+ChbY 2AgCl,(dry) | O (4.5)
AgO+2CI+H,O Y 2AgCl(wet) 2 OH (4.6)
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Since AgCIl has been reported at areas which are not near saltwater sources, silver

corrosion may refledhesenonmarine sources of chloride.

4.2 Results

Samples which were exposed at various locations across the United States and
Antarctica were d&cribed in detail in Chapter 2. Nearly every sample which was exposed
had AgCl as a corrosion product. A sample of the XPS chlorine 2p region scan data is
shown inError! Reference source not found, complete spectra from every salmis
given in Appendix FThere is a doublet at 198.6 and 200.2 eV in these spectra which
agrees well with literature values of AgEf. Although some samples appearhave
more or less AgCI on the surface, nearly every site has some measureable amount. The
one exception is Mauna Loa, HI. Only the one month samples had a detectable amount of
AgCl, the three and six month samples did r@&lvanostatic reduction confirntbe
presence of AgCl on these samples, the results are shown in Chapter 3, Figures 3.3, 3.4,

3.10, 3.11, 3.12, anfiable 2.1
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Figure F.48 XPS CI 2pregion scasof all samples exposed at Thompson Farm, (NH

sheltered (B), unsheltereahd Appledore land, ME (C) sheltered, (D) unsheltered
Black, red, green,blue and purplespectra correspond to 2, 3, 4, and 6 month
exposures, respectively.

111



4.3Discussion

Wave action is a significant source for particles in coastal areé¥sChloride
ions may make i a significant portion of aerosols in coastal afé4&This is consistent
with literature and the sample exposures in this study whicmags@&gCl on samples
near saltwater sourcé$”* A sanple was exposed at Kilauea volcano aitdcaigh not
typically thought of as a chloride source, volcanoes can emit hydrochloric acid$HCI)
and are known to be very corrosRfeowever, there argeveralsampes which were
neither near saltwater nor a volcano and still had AgCl formation. Mauna Loa, HI was the
only location which did not reproducibly form AgCl on the surface, and this may be
attributed to the heighand insularityof the location (above thenaine temperature
inversion layer) whichinhibits transport oflocal groundlevel speciedo the sampling
sight'?'Ma u n a Lnumit & 4.17%m above sea level, with the observatory at 3.4
km. The samples were exposed near the observatory which is above the trade wind
inversion located approximately 2 km above sea level. These values are shown in Figure
4.3.

As was discussed in Cpier 3, the University of New Hampshire reakong(10+
years)history of atmospheric chemistry data. Some ion collection data were shown in
Chapter 2, which included NaFigure 4.2shows that chloride (Glis detected both at
marine and inland monitorgnlocations. This is consistent with the AgCl that was formed
at two monitoring locations in New England, Thompson Farm (inland) and Appledore

Island (marine). Furthermordable 4.lis a correlatiortable for CI" and Nd. CI" was
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detected on every sampggposedn this study, with the exception of Mauna Lddis
tableshows that there is little correlation between the detection of AgCl ahd Na

Only sodium is presented ifable 4.1since if other cations were present’ (K
c&”*, or M¢?"), sodium was alspresentThe lack of a correlation betweatkali cations
and CI supports the hypothesis that inland AgCl formation is not caused bydogg
transport of sea salt particles, but is instead causednbinlandsourcethat is not
associatedwith sodium or other salts This is consistent with continental chloride

measurementsf CINO, and CI radical
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Figure 4.1 AIRMAP CI" data from Fort Constitution & Thompson Fatft!’*The solid

black circles are data from Fort Constitution and the open red circles are the data from
Thompson Farm. Samples were taken every 24 h@Qurs.data point from F@t 8.8 ppb

is not shown.
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Figure 4.2 Picture showing the heights of Mauna Loa summit, Mauna Loa observatory
(MLO) and the trade wind inversioithe graph on the left is adapted from Mendonca
and Iwaoka?*

Table 4.1 Correlationbetween the presence of @hdalkali cations. Na is used as an

indicator of the presence of cations sitd& was always present if other cations were

also observed with XPS. Other cations found with XPS includ&’, €4, and Md*. The

numbers shown in the table correlate with the locations indicated on the right. For
locations 15 , an AsO0 i nediwaast essh elhteerseadmpliud mean:
number at the end specifies the number of months the sample was exposed.
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5. Conclusions and Future Work

This dissertation shows evidence that sulfite and sulfate are critical in the
corrosion process onhger. This is the first report of detection of these speciefiaid-
exposedsilver. This studyshowsevidence of AgSO; or Ag,SO, detected o137 out 0f48
samples exposedn different atmospheric environments in locations frokew
Hampshire to Hawaii anith Antarctica

The proposed reaction mechanism for the formation gS58gand AgSO, on

field-exposedsilver is:

2Ag + Oy, O('D), O3, OH, etc® Ag,O

Ag:0 + HSQ © AQ,SO; + OH

AgoSO; + Oz, Ag0, etc. + AgoSOy

The bisulfite ion is proposed to be the primary source of the sulfite and sulfate present on
the silver coupondn the presence daflkali cations, such as NaAg,SQ, is formed from
the intermediate A% Os; whereas, in the absence of these cafid@sSG; is the final
product. The difference ialkali cation concentration on inland vs. marine samples is
consistent with previous aerosol measurem&ffs?

The ratio of oxidized to reduced sulfur species varies over tinfeelokrexposed
samples. The variability in this ratio is consistent with the higher sijubf Ag,SO;
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and AgSO, when compared with A§** Evidence of this solubility was also observed
upon systematic rinsing of the single measurement samples after expoasre w
completed. The higher solubility of A§0; and AgSO, explains why these species are
not readily identified with galvanostatic reduction which immerses the sample in
solution.

Attempts were made to form A®QO; on silver coupons in the IdB! The
formation employed either polarization in$0,, galvanostatic oxidation in 430, or
oxidation of AgS. Analysis of XPS results found £80; or AgSO, on all of the
samples as opposed to reduction which only foungs®gon oneof the samples which
oxidized AgS. These studies prove that although reduction may not detect sulfate or
sulfite, XPS often does. Also, the evidence op@@xidation to AgSO; or AgSOy is in
contrast with literature which states that this pathway @&vaitable due to the change in
sul furos oxi-@otd ar 16 °The alateetiorf of AH; and AgSO, on
field-exposedsilver warrants some further investigations, but has shownstirédce
sensitive techniques e.g. XPS or TofSIMS (time of flight secondary ion mass
spectroscopyare needed in order to accurately understand corrosion.

The detection of AgCI on silver coupons at every location of outdoor exposure in
recent studies has raised questias to the source of the chloriié The two
possibilities are either loAgainge transport of marine aerosols to inland sibesan
unknown local chloride source. Evidence of AgCl formation was presented in this study
which is consistent with past measurements, showing AgCl formation at nearly every site

regardless of the proximity to saltwater sourtéerosol measurements show higher
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levels of both Naand Cl near marine areas when compared to inland ¥ité§! The
saurce of continental chloride has been attribute@It¢O, which yields Cl radical when
photolyzed?®*#%° The data from this study supports CIN&s the source of AgCl on
inland samples since there is no correlation betwe€naNd Cl on thefield-exposed
samples.

As was mentioad previously, extensive researbhs been carried own the
corrosion mechanisms needed to form A§€including modifications to the ASTM
B117 salt spray testWith the addition of @and UV light in the chamber, A@ and
AgCl are able to be formed and give a significant acceleration to field studies. However,
as AgSOy and AgSO; have been found at nunoais sites in this study, it is further
recommended that a source for these species be added as well. If the mechanism
proposed in this study for A§O, formation is correct, addition of S@ the parameters
already used in the modified salt fog test mesd to even better replication of field
conditions.Since in the presence of high relative humidity,, $@l produce HSQ.
Therefore, using the typic8l117 chambe(NaCl and RH) with the modiication of UV
light and Q, and further adding SOnay repraducibly form AgSO; and AgSQOy in the
lab. This certainly warrants testing based on the results found in this study.

Further work should also be done to test the variability of the composition of
corrosion products on fieldxposed samples. In order tottesproducibility, more than
one sample should be exposed for testing, preferably three samples for each exposure.
Also the effects of surface rinsing should be tedted.instance, studying the severity of

corrosion with freshwater, freshwater with idéatd contaminants, and saltwatsnould
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be tested and compared to samples which are not rinsed. In addition, different fiexjuenc
of rinsingshouldbe compared.

Often, there is a desire to understand the atmospheric conditions in locations with
harsh coditions but this is not always easy (Antarctica and Kilauea volcano for
instance). Since silver corrosion provides information about the species in an
environment, it could be very usefulptaceswhereconditions are too harsh for sensitive
equipment orhumans. Althoughanalysis of silver corrosiomay not offer such great
details as ossite monitoring techniquesuch as ion chromatography or aerosol mass
spectroscopyit may still ensure a preliminary evaluation about the oxidative capacity of
the localenvironment. Corrosion product monitoring can establish-teng changes in
corrosivity and can be used as a proxy for the changes in atmospheric chemistry at a
location of interest.

Silver coupons are a reactive substrate for atmospheric depositioleniissAg
to being a good monitor for chloride, sulfide, oxidized sulfur, and even oxidized organics.
However, there are a few weaknesses in using silver. First, silver is not inexpensive, nor
is surfacesensitiveanalysisusing XPS or ToFSIMS if one is rot readily available for
use. Second, some silver corrosion products are soluble. This study showed evidence that
sheltering can often reduce the impact of surface rinsing, but it cannot be completely
mitigated. Therefore, certain very soluble species aghitrates are not able to be
monitored with this technique. However, even with these drawbacks, silver remains a

relatively easy and efficient way to get a general sense of an envir@aroemosivity.
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Appendix A: Tables

Table A.1 Thermodynamic parametetssp, DH, DS, andDG) used in this stud$*

Formula Ksp Enthalpy, DH  Entropy, DS Free Energy,DG
(kJ/mol) (J /7 mol s (kd/mol)
Ag 0 0 42.55 0
Ag® +105.58
Ag,0 3.6x10"  -31.05 121.34 -11.22
Ag,S 8 x10°! -29.41 150.62 -40.70
Ag,SOy 1.2x10° -715.88 200.41 -61889
AgCl 1.77x10"° -127.07 96.23 -109.88
AgNO;3 51.6 -124.39 140.92 -33.47
Ag>COs 8.46x 10 -505.85 167.36 -436.81
Ag,SOs 1.5x10*  -490.78 158.16 -41156
AgNO; 6 x10* -45.06 128.20 19.08
AgCIlO; 2.0x10*  8.79 134.56 75.73
Cl radical 121.29 165.06 105.31
o) -167.15 56.48 -131.25
Cl, 0 222.97 0
CO, -393.51 213.68 -394.38
Ha 0 130.58 0
H,0(9) -241.82 188.72 -228.59
H20(1) -285.83 69.91 -237.18
H.04(g) -136.11 232.88 -105.48
H20x(1) -187.78 109.62 -120.42
H.S -20.17 205.77 -33.05
HSOs -626.22 139.75 -527.8
H.SOy -813.9 156.9 -690.07
O radical 249.17 160.95 231.75
02 0 205.03 0
O3 142.67 238.82 163.18
OH radical 38.95 183.64 34.23
OH -229.99 -10.75 -157.27
SO -296.83 248.11 -300.19
SO~ -635.55 -29.29 -486.60
SO” -909.3
SH +33.05
S,05” -648.5
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TableA2So me He nr y B)saluesovmishtwara used (n this stufdy.

Formula H (M/atm)

O, 1.3x10°
H, 7.8x10*
CO, 3.4x 102
N, 6.1x10*
CO 9.5x10*
NO, 1x 107
O3 ~1x10?
SO, 1.2

H,S 0.087
OCS 0.022
CS 0.055
NH;3 62

OH 30

HCI 1.1
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Appendix B: Pourbaix Diagrams
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Figure B.1 PotentialpH diagram for AgH,O at 25°C, fofdissolvedAg] = 1 nM. The
regionof waterstability is bounded by theashed linegadapted from Pourbajx1974.8®
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Figure B.2 PotentialpH diagram for AgS-CI-CO,-H,0 system at 25°C, for an activity
of sulfur of 0.1M, activity of chlorine of 0.09M, total carbon concentration of 0.04,
and for [dissolved Ag] = M. Similar to silver in a freshwater environmemhe region
of water stabiliy is bounded by theashed linegadapted from Pourbajx1974)"8®
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Appendix C: Attenuation Length
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Figure C.1 Attenuationlength plot indicating the kinetic energy of exiting electrons for a
given number of monolayers. The dots are different elements and the line is a fit to the
data(adapted fromVickerman andsilmore, 2009)*3°
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Appendix D: Error in XPS

Date Area under Average Stdev
the cuve

6/2/2012 140562.6 141820.7 1233.449
141204.7
142107.2
143408.1

6/15/2012 138638.8 139620.5 920.0871
139256.5
139774.7
140812

7/2/2012 136731.7 137299.1 543.6178
137134.1
137189.4
137237.1
138203

7/3/2012 134680.3 135911.5 919.0821
135960.1
136104.9
136900.7

7/4/2012 139024.3 142909.4 4465.731
139265
141053.6
146203.5
149000.4

7/5/2012 135440.5 139338.8 4778.431
135866
137083.2
138362.6
141129.2
148151.5

7/6/2012 128032.5 128517 693.9948
128032.5
128119.9
128772
129628

7/18/2012 126766.4 128986.7 2173.564
129083.4
131110.3

Average 137112 136800.4 45883.84
Stdev 5609.079 1965.995 1714.196
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The same clean silver sample waslsized via XPS over multiple days. Before
each scan, the sample was etched with the argon ion beam until the carbon 1s signal was
not detectable above the noi3®. see the error within a day, take the standard deviation
(stdev) divided by the average. ihvalue (error) ranges from 334% across the
different days. The average error for one day is about 1.4% (1965.995/136800.4). By
taking the average and stdev of all days, the error can be found for the total to be about

4.1% (5609.079/137112).
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Appendix E: Calculation of Film T hicknessfrom a Reduction Curve

Assuming that all oxidized silver is in the form of Aghe most abundant oxidation

state of silver, the reduction reactior(see Eq(1.42):

AgY Ag' +¢€. (E.1)

Now, accordi ngseeEq.(1P)par adayos | aw (
1 mole of electrons 96454.56 G= charge of Imole of Ag.

Since theordinate axisin the reduction curves iBme (for examplea reduction
plateau spanning =1000 s)and since aonstantsurfacecurrentof Is = 0.1 mA/cnf is
applied thenby multiplying both thesequantities the surface charge over the reduction

plateaumay be calculateds

0 ® pmrOn My prit# K. (E.2)

If one furtherassumed that the corrosion filiscompletely comprised of AgCl, the

number of moles of Agper unit area can be calculated by

(R | #AF_ - merme K G om T AR (E.3)

8 #7111 i #

In the case of A, the number ofmoles would be equal to the total charge divided by

2F.
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Finally, by multiplying Eg. (E.3) by the atomic weilgt and dividing by the density of

AgCl, the thickness of theocrosion film is calculated:

Q e & VIRE e exiii_ii g (E.4)

If there is more than one plateau, then the total charge is read at the end of the last plateau

(excluding tydrogen evolution).
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Appendix F: Complete XPS Spectra
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Figure F.1 XPS survey spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsedddrk area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.2 XPS survey spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra

are on spt A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.3 XPS survey spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, amd gre
spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.4 XPS Ag 3d spectra for the samples exposed at Coconut Island, HI (top),

Conroe, TX (middle), and Daytona Beach, FL (bottom). Thekblaxl, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),

respectively.
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Figure F.5 XPS Ag 3d spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX @mm). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),

respectively.
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Figure F.6 XPS Ag 3d spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), ahWoodstock, ME (bottom). The black, red, and green
spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.7 XPS C 1s spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (nddle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),

respectively.

141



spot A, unrinsed
spot A, rinsed
Long Island spot B, unrinsed

16 1

CPS x 10°
H
(0e] N

4-
292 290 288 286 284 282 280
Binding Energy (eV)

Lyon Arboretum
20

16 -

12 -

CPS x 10°

84

4 T T T T T T T T T T
292 290 288 286 284 282 280
Binding Energy (eV)

Randolph
20

16 1

12 -

CPS x 10°

84

4 T T T T T T T T T T T
292 290 288 286 284 282 280
Binding Energy (eV)

Figure F.8 XPS C 1s spectra for the samples exposed at Long Island, NY (tam), Ly
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.9 XPS C 1s spectra for the samples exposed at West sieffeDH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green
spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.10 XPS N 1s spectra for the samples @gd at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.11 XPS N 1s spectra fahe samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.12 XPS N 1s spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green
spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.13 XPS O 1s spectra for the samples exposed at Coconut Island, HI (top),

Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.14 XPS O 1s spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra

are on spot A unrinsed (dark area), spot A rinsed, and spot B un(iigig@darea),
respectively.
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Figure F.15 XPS O 1s spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA(middle), andWoodstock, ME(bottom). The black, red, and green

spectra are on spot A unrinsed (dark area), spot A rineddspot B unrinsed (light area),
respectively.
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Figure F.16 XPS Na 1s spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsed (dark areajpot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.17 XPS Na 1s spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra
are on spot A unriresl (dark area), spot A rinsed, and spot B unrinsed (light area),

respectively.
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Figure F.18 XPS Na 1s spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green
spectraare on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.19 XPS Mg 2p spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, redjr@en spectra

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.20XPS Mg 2p spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom).eThlack, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.21 XPS Mg 2p spectra for the samples exposeWast Jefferson, OHitop),
Whidbey Island, WA(middle), andWoodsbck, ME (bottom). The black, red, and green
spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.22 XPS S 2p spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle)and Daytona Beach, FL (bottom). The black, red, and green spectra

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.23 XPS S 2p spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.24 XPS S 2p spectra for the samples exposed at West Jeff@sbiftop),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.25 XPS CIl 2p spectra for the samples expoaedoconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra

are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.26 XPS CI 2p spectra for threamples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.27 XPS CIl 2pspectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green

spectra are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.28 XPS K 2p spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
regpectively.
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Figure F.29 XPS K 2p spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra
are on spot A unrinsed (dark area), spot A rinsed, and spot B unringet aflea),
respectively.
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Figure F.30 XPS K 2p spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green
spectra are on spot A unrinsed (dark area), spot A rinsegpand@® unrinsed (light area),
respectively.
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Figure F.31 XPS Ca 2p spectra for the samples exposed at Coconut Island, HI (top),
Conroe, TX (middle), and Daytona Beach, FL (bottom). The black, red, and green spectra

are on spot A unrinsed (dark area)ptsp\ rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.32 XPS Ca 2p spectra for the samples exposed at Long Island, NY (top), Lyon
Arboretum, HI (middle), and Randolph, TX (bottom). The black, red, and green spectra

are on spot A unrinsef(dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.33 XPS Ca 2p spectra for the samples exposed at West Jefferson, OH (top),
Whidbey Island, WA (middle), and Woodstock, ME (bottom). The black, red, and green
spectra a on spot A unrinsed (dark area), spot A rinsed, and spot B unrinsed (light area),
respectively.
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Figure F.34 XPS spectra for the sample exposed at McMurdo, Antarctica; survey (top),
Ag 3d (middle), C 1s (bottom). The black, red, and green spectran dima® A unrinsed

(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt),
respectively.

168



time A, unrinsed
time A, rinsed
time B, unrinsed

CPS x 10°

410 408 406 404 402 400 398 396
Binding Energy (eV)

CPS x 10°

538 536 534 532 530 528 526
Binding Energy (eV)

CPS x 10°

1078 1076 1074 1072 1070 1068 1066
Binding Energy (eV)

Figure F.35XPS spectra for the sample exposed at McMurdo, Antarctica; N 1s (top), O

1s (middle), Na 1s (bottom). The black, red, and myrgeectra are on time A unrinsed
(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt),

respectively.
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Figure F.36 XPS spectra for the sample exposed at McMurdo, Antarctica; Mg 2p (top), S
2p (middle), Cl 2p (bottom). The bliacred, and green spectra are on time A unrinsed
(upon initial receipt), time A rinsed, and time B unrinsed (2 years after receipt),

respectively.
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Figure F.37 XPS spectra for the sample exposed at McMurdo, Antarctica; K 2p (top) and
Ca 2p (bottom). Thelack, red, and green spectra are on time A unrinsed (upon initial
receipt), time A rinsed, and time B unrinsed (2 years after receipt), respectively.
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Figure F.38 XPS survey scans of the silver samples exposed at Thompson Farm, NH
sheltered (top) and uhneltered (bottom)Black, red, green, blue, and purple spectra
correspond to 1, 2, 3, 4, and 6 month exposures, respectively.
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Figure F.39 XPS survey scans of the silver samples exposégppledore Island, ME
sheltered (top) and unsheltered (bottom)adRl red, green, blue, and purple spectra
correspond to 1, 2, 3, 4, and 6 month exposures, respectively.
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Figure F.40 XPS Ag3d region scasof all samples exposed at Thompson Farm,(NH
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered,(D) unsheltered

Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.41 XPS C lgegion scasof all samples exposed at Thompson Farm, (WH
sheltered (B), unsheltereahd Appledore Islaty ME (C) sheltered, (D) unsheltered
Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.42 XPS N 1sregion scas of all samples exposed at Thompson Farm, (WH
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.43 XPS O 1sregion scas of all samples exposed at Thompson Farm, (8H
sheltere (B), unshelterecand Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month
exposures, respectively.

177



(A) (B)

1mo 1

2 mo

13 mo ™

4 mo =
X

6 mo %)
ot
@)

CPS x10°

1076 1072 1068 1064 1076 1072 1068 1064

Binding Energy (eV) Binding Energy (eV)
6
51©) (D)
N _
a
]
6 / \ 4 -
mo / /\\ | mo
\—1 N —
X 44 / <
n I N
o [ o 24
O ) ]
2
1076 1072 1068 1064 1076 1072 1068 1064

Binding Energy (eV) Binding Energy (eV)

Figure F.44 XPS Na 1gegion scasof all samples exposed at Thompsairk, NH(A)
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green, blue, and purple spectra correspond to 1, 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.45 XPS Mg lsregion scasof all samplesxposed at Thompson Farm, NKH)
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, blue, and purple spectra correspond to 1, 4, and 6 month exposures, respectively.
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Figure F.46 XPS Sl 2pregion scasof all samplesexposed at Thompson Farm, NA)
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green, andlue spectra correspond to 2, 3, and4 month exposures,
respectively.
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Figure F.47 XPS S 2pregion scasof all samples exposed at Thompson Farm, (KR
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green,blue and purplespectra correspond to 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.48 XPS CI 2pregion scasof all samples exposed at Thompson Farm, (NH
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green,blue and purplespectra correspond to 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.49 XPS K 2pregion scasof all samples exposed at Thompson Farm, (NH
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green,blue and purplespectra correspond to 2, 3, 4, and 6 month
exposuresrespectively.
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Figure F.50XPS Ca 2pregion scasof all samples exposed at Thompson Farm, (NH
sheltered (B), unsheltereahd Appledore Island, MEC) sheltered, (D) unsheltered
Black, red, green,blue and purplespectra correspond to 2, 3, 4, and 6 month
exposures, respectively.
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Figure F.51 XPS surveyscars of all samples exposed in Hawaii; Kaneohe MM
sheltered (B), unsheltereHilauea volcano(C) sheltered, (D) unshelterednd Mauna
Loa observatory (E) sheltered, (F) unshelte®dd, red, andgreenspectra correspond
to 1,3, and Gnonthexposures, respectively.
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Figure F.52 XPS survey scanof all samples exposeat Kilauea volcanan Hawaii. 1

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelterBtick, red, and greespectra correspond tiark

center, white stripe, and dark egdgespectively.
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Figure F.53 XPS survey scaof 6 monthunshelteredamples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondto the dark film and light substrate
respectively.
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Figure F.54 XPS Ag 3d scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) shelent, (F) unshelteredBlack,red, and greespectra correspond

to 1,3, and émonthexposures, respectively.
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Figure F.55 XPS Ag 3d scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) shelwrddD) unsheltered, 6
month (E) sheltered and (F) unshelter®idck, red, and greespectra correspond tiark
center, white stripe, and dark egdgespectively.
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Figure F.56 XPS Ag 3d scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawai. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.57 XPS C 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unsheltemthck, red, and greespectra correspond

to 1,3, and Gnonthexposures, respectively.
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Figure F.58 XPS C 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unshelter@&month (C) sheltered and (D) unsheltered, 6

month (E) sheltered and (F) unshelterf®idck, red, and greespectra correspond tiark
center, white stripe, and dark edgespectively.
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Figure F.59 XPS C 1s scans of 6 month unsheltered samples expbdédduna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate

respectively.
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Figure F.60 XPS N 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (jeliesed, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

to 1,3, and émonthexposures, respectively.
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Figure F.61 XPS N 1s scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) shelteed and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelterf®idck, red, and greespectra correspond tiark
center, white stripe, and dark edgespectively.
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Figure F.62 XPS N 1s scans of 6 month uediered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.63 XPS O 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volca@) sheltered, (D) unsheltered, and Mauna
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Figure F.64 XPS O 1s scans of all samples exposed at Kilauea volcano in iHdawa
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelteridck, red, and greeapectra correspond tiark

center, white stripe, and dark edgespectively.
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Figure F.65XPS O 1sscans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.66 XPS Na 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unshelted, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

Binding Energy (eV)

to 1,3, and Bmonthexposures, respectively.

200

324 (B)

1076

1072
Binding Energy (eV)

1068

1080 1076 1072
Binding Energy (eV)
10
(F)
84
6

1080

1072 1068

1076
Binding Energy (eV)



12
B
81 84
S 64 5 64
- -
X X
» 4 »n 4
o o
O 2 O 5
0 04
-2 T T T -2 T T T
1080 1076 1072 1068 1080 1076 1072 1068
Binding Energy (eV) Binding Energy (eV)
10 10
©) (D)
8 dark center 81
6. white stripe
N9| N
< M o
o 4 Nl 3
n
(@] 2] %
MY | M |
04l Y \H‘N‘/“H (Al i
| [ \\’r
-2 T T T -2 T T T
1080 1076 1072 1068 1080 1076 1072 1068
Binding Energy (eV) Binding Energy (eV)
14
12{(E) |
104 dark center i
8 white stripe I \\
5 dark edge ANl 5
- 6 i -l
X X
2 4 4
O O
2
0
2 . . ; : 2 . . .
1080 1076 1072 1068 1080 1076 1072 1068

Binding Energy (eV) Binding Energy (eV)

Figure F.67 XPS Na 1s scans of all samples exposedi@uia volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelteridck, red, and greeapectra correspond tiark

center, white stripe, and dark edgespectively.
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Figure F.68 XPS Na 1s scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.69 XPS Mg 1s scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

to 1,3, and Bmonthexposures, respectively.
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Figure F.70 XPS Mg 1s scans ofllassamples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelteridck, red, and greeapectra correspond tiark

center, white stripe, and daedge respectively.
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Figure F.71 XPS Mg 1s scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.72 XPS Si 2p scans of all samples exposedHawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

to 1,3, and Bmonthexposures, respectively.
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Figure F.73 XPS Si 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelteridck, red, and greeapectra correspond tiark

center white stripe, and dark edgespectively.
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Figure F.74 XPS Si 2p scans of 6 month unsheltered samples exposed at Mauna Loa in

Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.75 XPS S 2p scans ofllasamples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

to 1,3, and 6Bmonthexposures, rgectively.
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Figure F.76 XPS S 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelter®idck, red, and greespectra coespond talark

center, white stripe, and dark edgespectively.
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Figure F.77 XPS S 2p scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate

respectively.
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Figure F.78 XPS CI 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unshelte®dck, red, and greespectra correspond

to 1,3, and Bmonthexposures, respectively.
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Figure F.79 XPS CI 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1

month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) unshelter®idck, red,and greerspectra correspond tiark
center, white stripe, and dark edgespectively.
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Figure F.80 XPS CI 2p scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F.81 XPS K 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna
Loa observatory (E) sheltered, (F) unsheltedck, red, and greespectra caespond

to 1,3, and Bmonthexposures, respectively.
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Figure F.82 XPS K 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6
month (E) sheltered and (F) ued#iered.Black, red, and greespectra correspond ttark

center, white stripe, and dark edgespectively.
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Figure F.83 XPS K 2p scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and ight substrate
respectively.
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Figure F.84 XPS Ca 2p scans of all samples exposed in Hawaii; Kaneohe MAB (A)
sheltered (B), unsheltered, Kilauea volcano (C) sheltered, (D) unsheltered, and Mauna

Loa observatory (E) sheltered, (F) unshelte®dck, red,and greerspectra correspond
to 1,3, and 6monthexposures, respectively.
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Figure F.85XPS Ca 2p scans of all samples exposed at Kilauea volcano in Hawaii. 1
month (A) sheltered and (B) unsheltered, 3 month (C) sheltered and (D) unsheltered, 6

month (E)sheltered and (F) unshelter&lack, red, and greespectra correspond ttark
center, white stripe, and dark edgespectively.
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Figure F.86 XPS Ca 2p scans of 6 month unsheltered samples exposed at Mauna Loa in
Hawaii. Black and red spectra correspondo the dark film and light substrate
respectively.
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Figure F. 87 XPS survey scans of lab generated samfles.black trace was polarized

in HernzO4 at 0.7 Musg, the red trace was galvanostatically oxidized uys®, at 0.025
mA/cnt.
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Figure F.88 XPS sans of lab generated samplés) Ag 3d, (B) C 1s, (C) ClI 2p, (D) O
1s, (E) Na 1s, (F) S 2phe black trace was polarized in$0, at 0.7 usg, the red trace
was galvanostatically oxidized in,80; at 0.025 mA/crh
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Figure F.89 XPS survey scans of labreated samples. The black trace had,SAg
deposited for 1 sec, exposed in 0% RH, with 0.63 ppmfd 38 hr; the red trace had
AQ,S deposited for 1 sec, exposed in 90% RH, with 0.63 ppnio®22 hr;the green
trace had AgS deposited for 15 sec, expose®0% RH, with 5.5 ppm ¢ for 68 hr; the
blue trace had no A§, exposed in 90% RH, with 5.5 pprg, @r 68 hr.
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Figure F.90 XPS scans of lab generated samples. (A) Ag 3d, (B) C 1s, (C) Cl 2p, (D) O
1s, (E) S 2pThe black trace had A§ deposited for $ec, exposed in 0% RH, with 0.63
ppm Q, for 38 hr; the red trace had /Aydeposited for 1 sec, exposed in 90% RH, with
0.63 ppm @, for 22 hr; the green trace had /Sgdeposited for 15 sec, exposed in 90%
RH, with 5.5 ppm @ for 68 hr; the blue trace dano AgS, exposed in 90% RH, with

5.5 ppm Q, for 68 hr.
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Appendix G: AIRMAP Data

» Fort Constitution, marine
gl-° Thompson Farm, inland

12/30/1999 9/30/2000  6/30/2001  3/30/2002 12/30/2002 9/30/2003
Figure G.1 AIRMAP Na' data from Fort Constitution & Thompson Fatfft!’* The
solid black circles are data from Fort Constitution and the open red circles are the data

from Thompson Farm. Samples were taken every 24 hours.
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Figure G.2 AIRMAP Mg?* data from Fort Constitution & Thompson Fatfft}’* The
solid black circles are data from Fort Constitution and the open red circles are the data
from Thompson Farm. Samples were taken every 24 hours.
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