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Humic substances (HS) and chromophoric dissolved organic matter (CDOM)
are ubiquitouswidely impacing environmental processes, yet despite decades of
study the link between strugte and the unique optical properties evident in
HS/CDOM remains elusive Model compounds derived from a solely microbial
source, as well as terrestrial sources from both aquatic environments and soil systems,
exhibit many of the same optical propertiesspite their disparate methods of
generation and sources. All show a pH dependent absorbance, exhibit increasing
absorbance as wavelength decreases and a loss of absorbance upon borohydride
reduction.

The link between colored humic substances is thélityatp form electronic
interactions that extend long wavelength absorbaridee underlying processes by
which charge transfer bands electronic interactions in HS/CDOMe generated are
investigated by optical and potentiometic titrations of untreated borohydride
reduced material. Borohydride reduction targets carbonyl functional groups such as

aromatic ketones and quinones. The reduction of these groups affects the optical



properties by reducing long wavelength absorbance and causing a btuie s
fluorescence&mission spectra.

A direct comparison of divergent sources of fulvic and humic acids including
an aquatic fulvic acid, Suwannee River Fulvic Acid (SRFA) and a microbial source of
fulvic acid, Pony Lake Fulvic Acid (PLFA), the soiedved humic acids, Elliott
(EHA) and Leonardite Humic Acids (LHA), an aquatic humic acid Suwannee River
Humic Acid (SRHA) as well as Lignin Alkali Carboxylate (LAC) highlights
differences between sources of humic material as exemplified by borohydride
induced optical changes such as absorbance intensity in the UV and visible range,
difference DA), fractional difference, spectral slope (S), fluorescence excitation
emission matrix spectra (EEMS), and differential emission spdobkpgs well as
quantum yeld.

Traditional Raman spectroscopy, although capable of providing relevant
chemical functional group informatiprcannot be appliedo untreated CDOM
because of high fluorescence background. Surface enhanced Raman scattering
(SERS) provide the capabity of overcoming the florescence background, thus
providing useful Raman spectral data. SERS spectra of model compounds and
CDOM were collected using roughened silver electrodes. Functional groups were

identified fromselected borohydride reduced CDCB®#RS spectra.
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Dissertation Overview

Humic substances (HS) and chromophoric dissolved organic matter (CDOM) are related
and dynamic parts of theailal carbon cycle. The unique optical properties of CDOM/HS are
integral to their environmental behavior. CDOM/HS have been studied for decades but limited
understanding of how their optical properties are generated remains elusive. The complexity of
their environmental interactions in combination with limited understanding of the structural
underpinnings make the chemical and physical behavior of CDOM/HS relevant to a broad range
of scientific fields including microbial science, soil science, the stddlye fate and transport of
metals and anthropological chemicals, and the behavior of other nutrient cycles. In this study,
the optical properties were chemically probed using a reductant that specifically targeted
carbonyl groups. The optical and pdtemetic behavior of the selected model CDOM
compounds representing specific ecosystems (soil, fresh water aquatic and marine) were
compared before and after reduction in order to ascertain their similarities and differences.
Several spectroscopic techuas were used to measure the chemical reductant and pH induced
changes to the optical properties including-MMg, fluorescence and Raman spectroscopy with
the goal of identifying the chemical species involved in generating the unique optical properties
universally found in CDOM.

This dissertation is divided in®chapters and 3 appendixes. Chapter 1 details the
objectives of the study, the interrelations between dissolved organic matter (DOM),
chromophoric dissolved organic matter (CDOM), and humic substances (HS) and their optical
properties. Chapter 2 providesmple descriptions and locations. Chapter 3 presents two
established models that provide justification for the experiments conducted in the subsequent
chapters. The first model presented is the electronic interaction model which seeks to explain the
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unique optical properties associated with all CDOM/HS. The second model presented is a
combination of the noideal competitive absorption model (NICA) and the Donnan gel model.
Chapter 4 presents the mechanism and rational for using the chemical reslditamit
borohydride. Chapter5 presents experimental results of the optical properties of untreated
samples and changes that occur to the optical properties upon treatment with the chemical probe
sodium borohydride as well as interpretation of the regultse context of existing models.
Chapter6 details the experimental results of optical titrations and interpretation of the
experimental results in the context of relevant models. Chapgex limited study of surface
enhanced Raman spectra of mathpounds. Chapt&rprovides conclusions and insight into
future work. Appendix provides the mathematical background information for the NICA
Donnan model presented @napters 3 and 5Appendix 2 is a compilation of spectra that is
supplemental irdrmation to Chapter 6Appendix 3 details the background theory of Raman and

surface enhanced Raman spectroscopy in support of the experiments presénagdary.
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Chapter 1Background

Chapter 1 Overview

The importance aflissolved organic matter (DOM)umic substances &) and
chromophoric dissolved organic matter (CDOfd environmental processes make
understanding of DOM/HEDOM fate and function in the environment critical(19
understanding the global carbon cy¢®,the fate of many anthropological chemicgtheir
interaction andmpacton other nutrient cycles and (4) their ability to regulate metadis
anthropogenichemicalan the environmentThe objectives of this study are presented in Sec.
1.1. Humic substances (HS), dissolved organic matter (DOM) and chromophoric dissolved
organic matter (CDOM) are described in Se2. Finally, thepH dependence and uniu

optical properties associated with all HS/CDOM samples are presented in Sec. 1.3.

1.1 Objectives

Many studies have shown a positive correlation of lignin phenols and DOM/CDOM in
marine environments making the link between terrestrial inputs of plant material in the marine
environment but the processes that give rise to the optical properties retnaine. éstudies
seeking to elucidate and possibly decouple the complex relationship between CDOM generated
in-situ in the marine environment from contributions from terrestrial sources, including this
work, are needed in order apportion the global carbassnbalance. The study of humic
substances from different sources may elucidate the underlying structure that gives rise to the

common physical and chemical properties that exist between HS and CDOM and ultimately



enhance knowledge of globalissolved orgnic matter and dissolved organic carbon
(DOM/DOC) fate and transport. Further, the abiltty model differences in the optical and
potentiometic properties of HS from sources of different origins may provide insights about the
commonality or lack thereodbf processes (biological, chemical, physical) that generate the
opticalproperties universally associated with CDOM. The objectives of this study are to:

1. Investigate the optical differences between HS standards or reference material of
different origirs including the terrestrial and microbial sources and compare them to
well studed aquatic model compounds Suwannee River humic and fulvic acids.

2. Utilize the chemicalreductantsodium borohydride to selectively reduce carbonyl
groups within the selected3Hand follow the changes in optical properties, kinetics of
the changes, response to oxygen and change in pH.

3. Measure the concentration dependence of borohydride reduction of terrestrial humic
substance using the International Humic Substance Society XIH&®dard
Leonardite humic acid (LHS).

4. Optically titrate selected HS model compounds pred postreduction with sodium
borohydride.

5. Collect surface enhanced Raman (SERS) of untreated lignin phenols, quinones and
borohydride reduced Suwannee River uatids.

6. Interpret the experimental results in the context of the electronic interaction and

NICA-Donnan models.



1.2What areHumic Substances (HSPDissolved Organic Matter (DOMNd
Chromophoridissolved Organic Matter (CDON)

Humic SubstanceqHS) are ubiquitous in the environmeribund in soil, fresh water
aguatic and marine environmental systemdS are decomposition products of plants and
animals as well as microbial exudates combining to varying degrees depending on the source
material &ad how it is acted upon environmentallyrhey are darge andcritical part of the
global carbon cycle, impacting the fate and transport of other nutrient cycles, metals and
anthropogenic chemicals. h& ubiquitous nature and complexity of Hfais lead tothe
development obperationdly defined subfractionsthat allow for continuity of definition and
discussion in the scientific community. wd important sukfractions are Dissolved Organic
Matter (DOM) which is the filtrate of 0.2im solutionsof HS, andChromophoric Dissolved
Organic Matter (CDOM)which is the fraction of DOM that can absorb ligfthis distinction is
presented irfFig. 1.1. Both of the suHractions have been used to trace the fate and transport of

the global carbon cycl@gHernes and Benn€p003).



What ischromophoric dissolved organic matter (CDOM)?
The linkto dissolved organic matt@dOM)
and humic substances (HS)

Terrestrial sources In-situ marinesources

HS

DOM

(filtered 0.2mm)

sugars

Iignin CDOM amino acids

(absorbs light colloids
Fulvic acid Humic acid
(soluble) (not soluble < pH 2)

Figure 1.1The operational definition of humic and fulvic acids, and theirttmkumic substance
(HS) and colored dissolved organic matter (CDOM)

Two sources ofCDOM have beendentified based on theenvironmentalpersistence
and resultantingerprint. One source is microbially based and the other has a terrestrial origin.
The microbially based source is comprisedletomposition products gbmplex sugars, amino
acid groups andolloids possiblycombining to form condensation produotsdecomposing and
forming condensation product§ he second source of CDOM is terrestrial in origin, stemming
from lignin, which provides structural integrity to terrestrial plaffig. 1.1). These two sources
of CDOM have been used to model the fate sadsport of HSand are combined or isolated

from each other depending of sinks and sources in the enviroramelistrated irig. 1.2.
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Figure 1.2 Chromophoric dissolved organic matter (CD@Mhe environment.

DOMi s acknowledged as one of the | argest
surface, but little is known about its chemical constituentaechanism of formation
(Jargensen, Stedmon, Kragh, Stiig Markager, Middelboe and Sgndergaard. (20DOM is
described on the basis d@issolved organic carbo®QC), thenestimates of the CDOM pool
range from as little as 2 to as much as 7 of the total DOC/DOMLanne and Koole
(1982), ((Jorgensen, Stedmon, Kragh, Stiig Markager, Middelboe and Sgndergaard.(2011))
This wide range of reported vakief the fraction of CDOM in DOC/DOM reflects a real deficit

in understanding ahefate and transport of DOM and all of its sfubctions in the environment.



1.2.1 OperationdDefinitions

Organic matter, exported from terrestrial environmentsgamerated in aquatand
marineenvironments, has been studied for dec#@Geble (2007), (Hayes(1989). Historically
user defined fractions were employed to describe specific components of analytical interest. The
continuum of processes that occur as organic and inorganic matter is exporiédrfestrial
environments, coningled with aquati@and marinesources of organic and inorganic matterd
transformed is compleand ultimately leads to ambiguity in the form, fate and even time scale of
interactiongCoble (2007))(Hayes(1989), (Moran, Sheldon and Zepp (200Q))elson and
Guarda (1995))XHernes andenner (2003))(Del Vecchio and Blough (2004))This
complexity has lead taneed to simplify théocus of experiments in order to generate relevant
and manageable scientific datBrecise, artificial operational definitions have been developed in

order to avoid ambiguit{Fig. 1.1 and Sec. 1.1)

1.2.2 Thelmportance of CDOM iMquatic Environments.

CDOM isanot completely understood compmnt in the global carbon cycle, frequently
used to trace DOM andhpacting environmentally and or economically relevant fields at
fundamental level§lgrgensen, Stedmon, Kragh, Markager, Middelboe and Sgndergaard,(2011))
(Hansell, Carlson, Repeta and Schlitzer (200€fpOM absorbs ultraviolet (UM and UV-B)
and visible light(Blough and Zepy1995)) (Moran, Sheldon and Zepp (2000Blough and Del
Vecchio (2002))(Del Vecchio and Blough (200R (Vodacek, Blough, DeGrandpre, Peltzer and
Nelson (199)). It regulates the penetration depth of solar radiation in aquatic systems and as
such plays a central role in the protection of aquatic organisms from potentially harmful UV

radiation(Whitehead, de Mora, Demers, Gosselin, Monfort and Mosg4)o@), (Blough and
6



Del Vecchio (2002))(Blough and Zepp (1995))n coastal water with riverine inputs the

ability of CDOM to absorb solar radiation in the visible region at blue wavelengths causes direct
competition with phytoplanktagrthus limiting primary production directi/odacek, Hoge,

Swift, Yungel, Peltzer and Blough (1995)Yodacek, Blough, DeGrandpre, Peltzer and Nelson
(1997)) (Blough and Del Vecchio (2002))CDOM sunlight absorption causes formation of
photochemical intermediates and protuncluding reactive oxygen species (RQ®)elker

and Sedlak (1995)fVoelker, Morel and Sulzberger (1997Kieber and Blough (1990))

(Vaughan and Blough (1998)5outhworth and Voelkg2003)) (Blough and Del Vecchio

(2002)).

The photochemical reactions produced by solar radiation working on CDOM substrate
have extensive consequendesluding the destruction of CDOMvhich can alter the aquatic
light field causing increases in primary production near shore antblydsss of primary
production offshore dudo increased solar penetrati@manges in metal ion speciation due to
direct photochemistryBarbeauRue, Bruland and ButleR(01)), or reactions with reactive
oxygen species (RO$Jafiriou, Voelker and Sedlak (1998))Additionally, photc-oxidative
degradation of organic matter by production of ROS increases the biologically available low
molecular weight organic eagpoundsyeleasng nutrients such as nitrogesulfurand iron(Rose
and Waitg(2006), (Rose and Wait€2003), (Moore and Blough (2002))(Dahl, Saltzman and
Bruyn (2003), (Moran and Zepp (1997){Goldstone, Pullin, Beitsson and Voelker (2002))
Finally, the production of atmospherically important trace gases such a£20Cand COS (as
well as thefate of dimethyl sulfide)s tied to photochemical reactions operating on CDOM as a
substratéJohannessen and Mill€2001), (Xie, Liu, Fu, Wang, Liu and Wei (2004)YJones and

Amador(1993), (Toole, Slezak, Kiene, Kieber and Siegel (20@8)(Gali and Sim@2010).



Anincreasean theuse of satellite ocean color measurements to determine biomass production
and ®awater constituentsuch as chlorophylbhlsonecessitates a better understanding of the
CDOM contribution to the total absorption spe¢Béough and Del Vecchio (2002))

In marine environments, two main pools of CDOM have been postulated recently by
(Jorgensen, Stedmon, Kragh, Markager, Middelboe and Sgndergaard.(Z01 jiyst is
microbial in origin stemming from fluorescent amino acids tryptophan and tyrosine. This pool is
found in direct association with biota hetsea surface layer-gD0 m). The concentration of
amincacidlike CDOM decreases with ocean depth. It is thought to be labile to moderately
labile, available to varying degrees as a microbial substrate, parts of it immediately utilized by
biota and tk remainder utilized when other available substrates are depleted. The second pool is
described as humike, stemming from terrestrial DOM. Although the humic acid fraction of
CDOM attributed from terrestrial sources has been used to trace rivening imjo the ocean
and to trace ocean water mass patterns, an unknown contribution in quantity and structure
appears to be marine in origin. DOM generatesitin in marine environments is by far the
largest contributor to DOM in the ocean. Riverine isgo the Pacific Ocean are currently
estimated to bg 1% of total DOM andk 3% in the Atlantic OceafHernes and Benn€2003).
These numbers are likely to rise in response to global surface temperature increases and
subsequent export of Arctic terrestrial DOM as snow cover is reduced, introducing sunlight
absorbing biomas®mon, Rinehart, Duan, Louchouarn, Prokushkin, Guggenberger, Bauch,
Stedmon, Raymond, Holmes, McClelland, Peteysgalker and Zhulidov (2012)Letscher,
Hansell and Kadko (2011))Stedmon, Amon, Rinehart and Walker (2011))

The carbon export from river sources is enough to support the carbon load in the oceans,

butthe direct link from terrestrial sources has an estimated lifetime of up to 100witarthe



exception of black carbon which has a much &rigetime,on t he scal e of
main process that depletes terrestrial inputs of DOM/CDOMeamtarine environment is known
to be photo oxidative degradation in sunlit waters and microbial degradation in dark water
(Goldstone, Del Vecchio, Blough and Voelker (200@)ernes and Benng¢2002), (Hernes and
Benner (2003)) Given that the recalcitrant CDOM from terrestrial sources are such a small

percent of the overall carbon budget, it has a hugaaton the biogeochemistry of the ocean.

1.2.3 TheOptical Properties of CDOM irAquatic andMarineEcosystems

Optical studies of CDOM with the exclusion of CDOM linked to amino acidsave
shown no distinct absorption bands but instead show a contiofiabsorption and fluorescence

(Bricaud,Morel and Prieur (1981)fGreen and Blough (1994)YHayes(1989). The absorption

10006

spectra decrease with increasing wavelemgitican be described by an exponential curve as in

Eq.1.1andFig. 1.3,

a()=a(oexp™ 'y (1.1)
wherea (I ) anda (I o) are the absorption coefficients at wavelerigind the reference
wavelength, respectively. S is the spectral slope coefficient. The spectral slope coefficient
been observed to change in relation togbegraphicaposition of the sampling sitencreasing
as the sampling site moves from fregditers and coastal waters to the open ofdages
(1989), (Hernes and Benner (2003{Del Vecchio and Blough (2004 Moran, Sheldon and
Zepp (2000))(Vodacek, Blough, DeGrandpre, Peltzer and Nelson (190¥))itehead, de
Mora, Demers, Gosselin, Monfort and Mostaf®Q0). The increase denotes less visible light

absorbance as CDOM moves from the inland and coastal environments to the open ocean.

has

The



physica changes that occur during this transit have not been thoroughly investigated and are not
completely understood. Positive correlation has been found between reduction of molecular
weight of CDOM and increases in the value B8nner and Kaiser (2010)Obernosterer and
Benner(2004), (Chin, Ai ken and OO6Loughlin (1994))

The excitation emission (EEMS) fluorescence spectra of untreated CDOM samples
exhibit a red shift in peak ensi®n maxima as the excitation wavelength is increaddus is
shown inFig 1.3, Upon chemical or photochemical reduction amdctirrent with the increased
value of S and the decrease in molecular weight, a blue shift in the emission spectra is observed
for off-shore irradiated watefHayes(1989), (Obernosterer and Benn@004), (Chin, Aiken
and OOL o ug,lLbuand X({e 2008)XYagobi, Alberts, Takacs and McElvai(2003)
and borohydride reduced CDOfa, Del Vecchig Golanoski, Boyle and Bloug{2010).

The quantum yield is the ratio of @ions fluorescingn response to thghotons absorbed
andhas a pattern that combines the absorbance and fluorespsateas seen ifrig 1.3. The
guantum yield increases from low wavelengila maximunthat corresponds to the

fluorescence emission maxima and then decreases at lonipngtis.
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Optical Properties of PLFA Emission
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Figure 1.3 Universal optical properties of CDOM. Absorbance (panel a), fluorescence (panel b)
and quantum yield (panel c)
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Chapter 2 SamplBescriptions andlocations

Chapter Dverview

This chapteprovidesadescription of thenodel compoundssed in the studgnd the
sourceof those model compoundsdt is divided intathreesections The first section$ec. 2.}
describes the model humic substances @)is divided into three sséctions Sec. 2.1.1
details soil humic substances. Sec. 2.1.2 details freshwater aquatic humic subSenc1.3
details microbial humic substances. The second section (Sec. 2.2) is a survey of recalcitrant
material in dissolved organic matter@®). It is divided into two sections, the composition of
lignin (Sec 2.2.1and thdink between lignin ad humic acids (Sec 2.2.2). Thard section of

Chapter 2 covers the chemical components of Pony Lake fulvic acid (PLFA) (Sec. 2.2.3).

2.1 ModelHumic Substances

The I nternational Humi ¢ Substances Society
standards and reference materials so that scientists working on humic substances can standardize
their experiments to better compare results. In thleviong series of experiments several
standards and a reference material from IHSS as well as a commercial lignin standard will be
used The aim ismultifold. First, a comparison dhe optical properties from different source
materialswill be made. Theecond series of experiments will investigett@anges in the optical
properties due to chemical reductialone orin combinationwith potentiometric titration The
inclusion of HS generated from different origins serves to highligi@mical and optical

differences or similarities among HS and CDOM.
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The standards from IHSS and their catalog numbers:

1. Suwannee River Fulvic Acid (SRFA) (2S5101F)

2. Suwannee River Humic Acid (SRHA) (2S101H)

3. Leonardite Humic Acid (LHS) (1S104H)

4. Elliot Humic Acid (EHS) (1S102H)

5. Pony Lake Fulvic Acid (PLFA)* (1R109F)

6. Alkali Carboxylated Lignin (LACY
*Reference materialwhich means it has not been fully accepted as a starfiémin Fisher
Scientific.

The samples used in this study, a description of eaciple and their abbreviation are

presented in Table 2.1.
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Table 2.1Sample descriptions and abbreviatiofishe materials used in this study

Sample name Description Abbre

viation

Elliott Humic Central plains 10, USA EHA
Acid Soil type Mollisol suborder: Aquic
Arguidoll- poorly drained prairie

soll

Leonardite Humic Lignite LHA

Acid Coal precursor fossilized plant

material SD, USA
Suwannee River Suwannee River, GA USA SRHA

Humic Acid Drains the Okeefenokee swamp
cypress wetland
Suwannediver Suwannee River, GA SRFA
Fulvic Acid Drains the Okeefenokee swamp

cypress wetland
Pony Lake Fulvic Hypereutrophic pond, Antarctica PLFA

Acid
Delaware Bay Delaware Bay, DE DB-
colored dissolved  Drains Delaware River into the CDOM
organic matter Atlantic Ocean
Mid-Atlantic Atlantic Ocean, open water MAB -
Bight Shelf CDOM

colored dissolved
organic matter
Lignin Alkali Commercial Form of Lignin LAC
Carboxylate

2.1.1 Soil Humic Acids

Leonardite Humic material is derived from oxidized lignite.is obtained from the
central plains and is mined commercially. Lignite is derived from peat that has been buried. The
increased pressure associated with burial over time leads to increased compaction and decreased
levels of oxygen (IHSS). Elliott Hulmmaterial is obtained from the O and A horizons of amid
western prairie grassland soil. It contains more oxygen than does Leonardite humic acid. The

origins of these two samples repregentestrially generated materjasdepicted inFig. 2.1
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Elliott Humic Acid Leonardite Humic Acid
Produced form a Produced from oxidized
grassland soil Lignite

Mined commercially

Soil Horizons

Increased oxygen

Increased compaction

Figure2.1Origin of terrestrial humic acidssed in this study

2.1.2 Freshwater Aquatic Humic Substances

Standards from Suwannee River (SRFA) and (SRHA) are obtained from the Suwannee
River watershedshownin Fig. 2.2 These two standards represent fulvic and humic acid from a
fresh water aquatic source. The dissolved organic c4dBOR) in the watershed is between-25

75 mg L and the pH of the river is 4. It is derived from decomposing plants.
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Suwannee River
GA
Watershed

Figure 2.2 The Siwannee River Watershed, which is the site of the source material for the
standards SRFA and SRHA

2.1.3 Microbial Humic Substance

Pony Lake Fulvic Acid (PLFA) is obtained from a saline, hypereutrophic lake in Cape
Royds, Costal Ross Sea, Antarctica. This lake lacks plant or soil derived DOM. It is a reference
compound for microbially derived CDOM. Although fulvic acids have higfigpgen levels
than do humic acids, PLFA has higher than usual nitrogen levels among fulvic acids. The
conjecture supported by solid state NMR findings is that the lake may be receiving extra nitrogen
from penguin guan@immen, Cory, Chin, Trouts and McKnight (20Q7)) Despite the possible
addition of noamicrobial inputs PLFA meets the requirents of IHSS reference material and
will be used as such itheseexperimentgBrown, McKnight, Chin, Roberts and Uhle (2004))
(McKnight, Andrews, Spaulding and Aiken (1994(Chin, Ai ken and OO6Loughl i |
Recall that the IHSS anhdards and reference materials are operationally defined fractions of
DOM and may have been physically altered during the extraction process; as such they may not

provide a completely representative model compound for natural DOM or CDOM.
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2.2 RecalcitantMaterial in DOM

In addition to lignin other chemical classes of recalcitrant material of terrestrial origin
found in DOM are black carbon, long chain fatty acids, sughrspolysaccharidespostulated
to befrom microbial cell wallsas seen in Fig2.3 (Hwang and Druffel(2003), (Hernes and
Benner (2003)) (Hedges, Keil and Benner (1997YHedges, Mayorga, Tsamakis, McClain,
Aufdenkampe, Quay, Richey, Benner, Opsahl and Black (20@0uwihare, Repg¢a and Chen

(1997)) (Leenheer, Wershaw and Redt§95).
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Figure 2.3 Theoretical van Krevlin plot of the possible precursor components incorporated in
terrestrially derived humic acid and a projection of where selected CDOM samples might fall on
the plot of hydrogen/carbon atomicatio verses oxygen/carbon atomic ratiocluding
Leonardite humic acid (LHA), Elliott humic acid (EHA), Suwannee River humic (SRHA),
Suwannee River fulvic acid (SRFA), and Pony Lake fulvic acid (PLFA).

Although long chain fatty acids and neutral sugaase been identified, they do not
absorb or fluoresce independently and do not include chemical moieties that can participate in
charge transfepor electronicinteractions. However, this does not preclude further chemical
reactions, including a Millardeaction or other condensation pathways that would be able to
generate a colored producAd vances i n anal yt i ewdledl@mborghnict i es

nitrogen in soil and seawater is found as an amide, while ocean sediments and condensation

produds or melanoidins are aromatompounds, making condensation reactions unlikely as the
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primary pathway of DOM formation in the environméHedges, Mayorga, Tsamakis, McClain,
Aufdenkampe, Quay, Richey, Benner, Opsahl and Black (2000))

Black carbon is generated by charring of plant material and is commonly found in
terrestriaHS (Mao andSchmidtRohr (2004)) (Krull, Baldock andSkjemstad (2003))Baldock
and Skjemstad (200Q)Mahieu, Randall and Powlsoth999), (Haumaier and Zec{i1995). It
consists of extended aromatic systems with a high C:H ratio. Black carbon has also been found
in ocean sediments and is postulated to be transferred into the ocean via aeolian inputs before
descending to the sediment layer as particle organic ). It does not appear to interact
with the microbial food welDittmar (2008), (Hernes and Benner (2002))

Soil humic and fulvic acids are derived from the same material as aquatic humic and
fulvic acids but the differences in environmental processes that each type (soil or aquatic) is
subjected to may dictate their physical properties in several, wagls as lack carbon
concentration, nucleic acid distributions, levels of molecular oxyaewell as ability to accept
electrons (EAC).

Black carbon is defined as extended conjugated carbon ring systems. It is found
ubiquitously in the environment. Dissolvitick carbon ring systems as measured by-high
performance liquid chromatography and diode array detection indicate that the extent of the
conjugated system and the number rings in the conjugated system decreases in marine waters as
a function of distancFom the coast. Samples taken in the Gulf of Mexico 80 km offshore
identified 0.9 % of the DOC in a conjugated structure, correspondingste-ember rings in a
conjugated arrangement as determined by mass spectral analysis following nitric acidroxidat
(Dittmar (2008). Algae samples analyzed in the same study had negligible amounts of black

carbon less than 0.02% of the total DOC. Near shore samples in the Gulf of Mexico exhibited
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2.6 % conjugation of the total DOC and higher extent of conjugéiidtmar (2008). NMR

studies of conjugated carbon systems in Pony Lake fulvic acid identified an average maximum
amount of conjugation to be Zréember ringgMao, Cory, McKnight and SchmidRohr

(2007)) Higher black carbon concentrations are found in soil humic acids such as Elliott and
Leonardite humic acids than in aquatic, lignin derived humic/fulvic acids according to NMR
studies. Black carbon is found in marine sediments but the primary input of black carbon to
ocean sediments is thought to be aeolian with additional secondary input from exported fresh
water humic and fulvic acids reflecting the loss of black carbonascéidn of offshore
distancgHernes and Benner (2002)Aeolian inputs of black carbon are not incorporated into
exported humic/fulvic acids as they are observed to be depletedshay#f samples.

Amino acids are found in all sources of humic substances wigxtteption of
Leonardite humic acid. The lack of amino acids in Leonardite humic materials is likely linked to
fossilization and subsequent loss of biological processes.

Aeschbacheiin electrochemical reductions of model HS demonstrated a hierarchy of
electron accepting capacities (EAG)humic and fulvic acidéAeschbacher, Sander and
Schwarzenbach (2010))'he highest EAC's were found in terrestrial humic acids. Higher EAC
supports the presence of higher oxidation level moieties in soil derived HS. Soil derived HS may
be more closely related to plant source material then aquatic H8sasukchmay be more
heterogeneous in the functional groups represented in its struatur@rk done by{Thorn,

Younger and Cox2010) loss of functional groups in Nordic aquatic fulvic acid and Suwannee
River acids exposed to UV irradiation showed a preferential loss during all irradiation of
ketones, aromatic, and-&kyl carbons. Alkyl carbon was recalcitrant to UV irradiation. | Soi

derived humic substances are not subjected to UV radiation to the extent that aquatic HS are.
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Further, Leonardite humic acid is derived from naturally oxidized ligwitéch by definition is
fossilized plant materiglAllard (2006)) Leonardite humic acid has proportionally on a mass
basis less oxygen than Elliott humic acid. Elliott humic acid is derived from a Mollisol order soil
in the suborder Aquic Arguidoll. Aquic arguiddl is a poorly drained prairie soil found in lowa,
USA (Brady and Wei(2002).

Long chain fatty acids and polysaccharides are postulated to be from degraded bacterial
cell wall material. They are frequently described in retatio the microbial food web as
moderately labile, entering the microbial food web only after more accessible substrates have
been deplete@Aluwihare, Repeta and Chen (19R7)'he magnitude and mo@é incorporation
or interactionof long chain fatty acids and polysaccharide into the macrostructud©Nbf are
not as well known as that of lignin phenoFunctional groups thabave been identified by
nuclear magnetic resonance (NMR) and other technigues as electrgpray ionization mass
spectroscopy and pyrolystonfirm the presence of functional groups derived from long chain
fatty acids and polysaccharid@socentini, Certini, Knicker, Francioso and Rump2010),

(Fang, Chua, KlauschmidtRohr and Thompson (2010)jMao and SchmidRohr (2006))

(Haumaier and Zec{1995).

2.2.1 The Composition of Lignin

The current knowledge of the compositiorighin, the polymeric precursor of humic
substances and ultimatdBrrestrial and aquaticDOM, provides the justi€ation for the
selection of CDOM model compoun(iSbernosterer and Benn@004), (Chen, Bissett, Coble,
Conmy, Gardner, Mran, Wang, Wells, Whelan a@@&pp (2004)) (Yacobi, Alberts, Takacs

and McElvaing2003), (Lou and Xie (2006))(Del Vecchio and Blough (2002))Benner,
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Louchouarn and Amon (2005))Opsahl and Benner (1997))lhe polymeric structural
organizatiorof lignin and the identity of lignin monomers from many soft and hard woods are
known (Vermerris and Nicholso(2006). Lignin from sources used by the paper and wood
product manufacturing industries has been well studied for many decades. The polymeric
structural organization of lignin from many terrestrial plantsused commercially is less well
known but the basic monomer compositional units are undebated and identified as the lignols: p

courmaryl alcoholgconiferyl alcohol andginapyl alcoho) as presented in Fig.4 (Glasser

(2000).

Figure2.4 Structure of sinapyl, coniferyl and-poumaryl alcohols

The parameters that anedely accepted as important for lignin analysis inform the
analysis of CDOMnamely: (a) identity of the basic repeating units; (b) chemistry of the
repeating bonds; (c) molecular size/weight considerations; (d) inter/intra molecular bonds

(Glasser(2000). Enzymatic and chemical degradationtalignin macromolecule hdseen
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used to predict basic monomer units of CDOM. Presence of specific phenols and methoxy
phenols in chemical oxidation reactions of CDOM isterrestrial origin In experiments done
in the early 200006s Her nes hanmoldopBowoxidaive | i nked
degradation. They also found microbial decomposition occustgdo a much lower extent

and that microbial action did not affect the acid to aldehyde ratio of lignin phenols. The work
of Hernes and Benner lead directly bhe tuse of lignin phenols as tracers of riverine input of
terrestrial DOM input into the oceaas well as their use as a tracer of ocean water mass
movementgHernes and Benner (2002))

The compounds in Fi@.5areroutinely used to studgDOM. The ratio of ad to aldehyde

ratio indicates the state of digenesis and the source of the original plant niktegeiknabner
(2002)) (Hernes andBenner (2002)) It easily follows that further oxidative reactions can easily

produce quinones and hydroquinones within the structural framework of the CDOM polymer.
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Figure2.5 Compounds used to study the terrestrial origin of CDOM

2.2.2 The LinkbetweerLignin and Humic Acids

Terrestrial humic and fulvic acids extracted from soil or water environmental systems are
derived from lignin phenol@dgelKnabner (2002))(Hernes and Benner (2002)Jhe kinetics
of photobleaching of CDOM by solar radiation in natural waters provides instgtthe loss of

recalcitrant terrestrial organic matter in the ocaad in freshwater systemslhe
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photobleaching process for terrestrial derived CDOM is attributed to the continuing oxidative
destruction of the chromophores associated with DOM or CiM and Xie (2006))(Hernes

and Benner (2003)jGoldstone, Pullin, Bertilsson and Voelker (200R)Yetzel(2001)),

(Moran, Sheldon and Zepp (2000)Jhe loss of a chromophore can occur by direct or indirect
photochemical reactions. Direct photochemical reactions may lead to the cleavage of the CDOM
into smallerfragments, thus destroying the chromophore. A reasonable understanding of the
rates and mechanisms of photobleaching has yet to be obtamednd Xie (2006))(Hernes

and Benner (2003)fYacobi, Alberts, Takacs and McElvai(003), (Goldstone, Pullin,

Bertilsson and Voelker (2002 Moran, Sh&don and Zepp (2000))

2.2.3 Chemical Components &ony Lake Fulvic Acid

Pony Lake Fulvic Acid (PLFA) is a HS derived solely from microbial sourédisfulvic
acids exhibit increasing absorbance as wavelength dec{gédéeright, Andrews, Spaulding
and Aiken (B94)) Fulvic acids derived solely from microbial sources have a yellow color but
have been found to absorb less light than fulvic acids from terrestrial sQMicéeright
Andrews, Spaulding and Aiken (1994)pony Lake fulvic acid has a lower percentage dissolved
organic carbon (DOC) (232%) than doetulvic acids fromtemperate lakes with terrestrial
input (3060%) (Brown, McKnight, Chin, Roberts and Uhle (2004NIcKnight, Andrews,
Spaulding and Aiken (1994))Thurman, 1985) Elemental analysis of International Humic
Substance Society (IHSS) standards and reference materials, conducted by Huffman
Laboratories in Wheat Ridge, Colorado, clearly shithatPLFA is much richer in nitrogen,

sulfur and phosphorus than any of the other humic substéBicegn, McKnight, Chin, Roberts

25



and Uhle (2004)) Functional group analysis conducted(bao, Cory, McKnight and Schmidt

Rohr (2007)using a variety of nuclear magnetic spectroscopy techniques confirms that PLFA
does not contain chemical functional moieties such as aromatic methoxy goGps)(

associated with the presences of higher plants and terrestrial sources of humic acids. The
chemical constituents (C, H, and O) are the same as those found in terrestrial sources of humic
acids but the connectivity differs and nitrogen is incorporatednatich higher level than is

found in other fulvic acids.

In NMR analysis, comparing the precursor algae thought to be the major source of PLFA
to PLFA itself significant changes were found to exist between the algae and the resultant fulvic
acid. TheNMR findings identified a large fraction of quaternary carbon bonded to nitrogen, a
8% increase in aromatic ngumotonated carbqgiout no large domains of polysaccharides or
aromatic regions, as well as an increase in keto groups, ethyl groupgsaf@taboxylic
(COOH) groups. Branched alkyl structures appear to B802% of the carbon in PLFA.

Peptides were implicated by the presence and NMR shift of CH and CN dhapsCory,

McKnight and SchmidRohr (2007)) Components associated with sugar rings (OGIEH0

and OCH) were identified by spectral editirfiylao, Cory,McKnight and SchmidRohr

(2007)) As previously stated, PLFA is enriched in nitrogen when compared to other fulvic acids
and the increase has been in part attributed to penguin guano decomposition products
specifically a fvemember ring metabolitef purine(Fang, Mao, Cory, McKnight and Schmidt

Rohr (2011)) The structure consistent with the chemical shifts was found to be allagoin

presented in Fig 6.
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Figure 26 Allantoin

Although PLFA is structurally different than other humic acids, it nevertheless behaves
optically and electrochemically in a manner consistent with aquatic humic acids from terrestrial
sourcegFimmen, Cory, Chin, Trouts and McKnight (20Q{Brown, McKnight, Chin, Roberts
and Uhle (2004)XMcKnight, Boyer, Westerhoff, Doran, Kulbe and Andersen (2Q01))
(McKnight Andrews, Spaulding and Aiken (1994)\bsorbance extends past 350,nm
decreasing with increasing wavelength indicating the presence of charge transfer co(fjmexes
1.3). Clearly, charge transfemhds cannot be generated in the same manner as attributed to
terrestrial sources of humic acids via the partial oxidation of lignin phenols but moieties capable
of forming charge transfer structures are present and are potentially capable of producing
extended absorbance in the visible range (> 350 nm).

Pony Lake fulvic acid exhibits fluorescence emission that is a wide distribution centered
between 350 and 360 natepending on the excitation wavelength. The fluorescence emission
characteristics indicathat PLFA fluorescence is not directly or solely linked to the three amino
acids capable of producing fluorescermét instead is a product of decomposition products that
may have a chemically or photolytically degraded amino acid source.

In a recent pbal scale oceanic survey seven distinct fractions of fluorescence were

identified by Excitation Emission Matrix Spectroscopy (EEMS) and analyzed with multivariate
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data analysis technique Parallel Factor (PARAFAI@ygensen, Stedmon, Kragh, Stiig

Markager, Middelboe and Sgndergaard (201T))o of the fluorescence fractions weirgkkd
directly to terrestrial humic material. Four of the identified fluorescence fractions were
attributed to the amino acids tryptophan, tyrosine or possibly phenylalanine directly or linked to
protein(s). The finial fluorescence fraction could notddated directly to amino acids or
terrestrial humic materiglgrgensen, Stedmonyagh, Stiig Markager, Middelboe and
Sendergaard (2011)Fluorescence emission spectra of microbial and terrestrial fulvic acids
indicate microbially linked sources of fulvic acids have fluorescence fractions with shorter
wavelength maxima (< 400 nnf)dn terrestrial sources of fulvic acigath wavelength maxima
between 35360 nm that red shift as excitation wavelengths lengthergensen, Stedmon,

Kragh, Markager, Middelboe and Sgndergaard (201¥jkrohially linked fluorescence

fractions have emission spectra with a sharp emission profile when compared to fluorescence

fractions linked to terrestrial sources
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Chapter 3 Models

Chapter verview

This chapter is divided into two sectionSection 3.1 presents the electronic interaction
or charge transfer modethich is the basis for the chemical probe experiments competed in
Chapter 4, the optical titrations completeddimapter 5 and the Raman spectroscopy
investigations completed @hager 6 Section 3.2 presents the rAidieal competitive absorption
model in combination with the Donnan gel model (NKDAnnar), which is the model basis for

the optical titrations completed @hapter 6

3.1 Electronic Interaction or Charge Transfer Mode

Two possible models have been proposed to explain the optical properties of CDOM and
HS; the superposition model and the charge transfer model. The superposition model explains
the optical phenomena as the sum of independently acting chromotitadeee electronically
isolated. Thelectronic interaction modekepicted in Fig8.1proposes electronic interactions
from related chromophores in physical proximity to each other creating new, lower energy
optical transition®r charge transfer ban{®lough and Del Vecchio (2002))In Fig. 3.1, the
absorbance spectra afigonegred line)and phenolggreen line) generated by the partial
oxidation of lignin phenols as detailed in Sec. 2.2.2 interact electronically to form charge transfer
bands (blue line) that extend the absorption spéttnavelengths that are not present in the
absorption spectra of either quinones or phenolic groups individiMédlyDel Vecchio,

Golanoski, Boyle and Blough (2010))
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Figure3.1Quinones (red line) @hphenols (green line) potentially interact electronically to form
charge transfer bands (blue lineB)ough Group)
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3.11 Terrestrial CDOM and HS in Relation Edectronic InteractioModel

Recent stus provideevidence that the optical properties of CDOM cannot be described
by a simple superposition of absorptions and emisgMas Del Vecchio, Golanoski, Boyle and
Blough (2010)) (Boyle, Guerriero, ThialleDel Vecchioand Blough (2009))Lou and Xie
(2006)) (Del Vecchio and Blough (2004))nstead electronic couplings between ground state
donors (polyhydroxylated aromatics) and electron acceiossibly aromatic ketones,
aldehydes ogquinonessuch as those found in partially oxidized ligraan account for the long
wavelength absorption tail characteristic of CDOM and H35& nm) Figure 3.2 shows
possible interactions between donor groups (D) and acceptor dfouipsthe electraic
interaction modelising a model humic substanc€harge transfer interactisior excited state
electron transfer interactions are proposeoetoccurring between phenol, hydroxyl or methoxy
donors and carborygontaining acceptors.

Lignin polymer chains can support a greater number and variety of-doneptor
interactions leading to a broad cohort of transition enetgasengthen the absorption emission
tail of lignin derived materials such as HS and CDOM into the visible regionin ths case of
lignin, CDOM and HS are photolytically degraded; the concurrent loss of molecular weight
would physically disrupt optically active charge transfer bands leading to the loss of the long
wavelength absorption tail.  Other naturally occurringueounds also able to support charge
transfer interactions are polyphenols, tannins and meldhof which have terrestrial plant

based origins.
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Electronic Interaction Model
terrestrial humic acids

Electronic interaction between donors (hydrdmethoxy
aromatics) and acceptors (quinones, aromatic ketones) within
CDOM structure producing new optical transitions.
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_CHg

ﬁ—CH CH,OH

CH-CH—CH,OH

(:H2
HO- CHZ\CH o @ OH \
D = donors (phenols, hydroxy or O~chy pic- O©

methOXy) H3C-O @ o HO-CH,- CH —CH=0
O—CH
A = acceptors (carbonyl -containing ¢~ GH
[T . . CH—CH CH,-OH
moieties such as quinones, aromatic ;™ | Q L,

CH,OH

N - HZ N
ketones) ‘:O OO#H

O-CH,
OH

Figure3.2shows possible interactions within a model humic acid compbetween donor (D)
groups and acceptor (A) groups
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As previously stated i@haper 2.2.2, terrestrial derived CDOM has been positively
linked with lignin phenol conter{Del Vecchio and Blough (2002)YBenner, Louchouarn and
Amon (2005)) (Opsahl and Benner (1998§Dpsahl and Benner (1997))ignin iscomposed of
polyhydroxylated aromatics and phenols that individually do not absorb light in the visible
region(Vermerris and Nicholso(2006). Oxidized aromatics can be generated when lignin is
environmentally altered by oxidatipfostemg charge transfer from polyhydroxylated aromatics
and phenols to the oxidized aratits. Charge transfer bands have been generated in laboratory
scale experiments using CDOM, H¥droquinonequinone solution§ Del Vecchio and Blough
(2004))and lignin(Xing, McGill, Dudas, Maham and Hepl€ér994).

The electronic interaction model postulates that ligaistructurally rigid polymer
generated by terrestrial plantiegrades due to natural processes such as microbial
decomposition and photochemical reactions, becoming the structural precursor of HS/CDOM.
During degradation the basic conformational units of lignin, the ligaolapyl, coniferyl and p
courmaryl alctol are partially oxidized producing phenols, hydroxy and methoxy phenols (Fig.
24). The eight compoundganillin, vanillic acid, acetovillone, syringaldehyde, syringic acid,
acetosyrinone,goumeric acid and ferulic agithe structures of which areghlighted in Fig.

2.5, represent partially oxidized lignols and have been successfully used to track terrestrial
CDOM in the environmeniHernes and Benner (2002)Quinones and other aromatic ketones
are easily produced by further redox reactions and compridestaatial portion of partially
oxidized lignin.

Charge transfer banas electronic interactions can be generated by physical
association/proximity between donor and acceptor groipssell(2009). It follows that

partially oxidized lignin would be able to generate charge transfer loardisctronic
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interactionswithin its structure with donors proposed to be phenols with-p@ihoxylated or
hydroxylated groups and acceptors, a combination of aromatic ketones (aldehydes) and
qguinones. The charge transfer model as it pertains to HS and CDOM was prop(i3ed by
Vecchio and Blough (200439 explain the long tail absorbance universally observed in
operationally defined HS fractions humic and fulvic acids, and CDOM.

In electronic interaction model formerlyhe charge transfer modehitially absorbed
radiation fin penerating an excited statgturns to ground state or losses energy via sequentially
lower energy charge transfer bandsach transfer band has a sequalytiower energy excited
state doneacceptor complex. These transfer bands extend into visible wavel€rigti3s1)

The extended absorbance tail cannot be accounted for by the absorbance of individual functional
groups alonéMa, DelVecchio, Golanoski, Boyle and Blough (201,dPel Vecchio and Blough
(2004)) It is widely accepted as viable explanation for the long wavelength opticaberties

of CDOM and HS.

3.1.2 Extending the Electronic Interaction Model to Microbial Sources of CDOM

Model compounds representing the underlying structure of microbial sources of
CDOM/HS have not been identified as they have been in lignin ostieatly derived
CDOM/HS. Speculatively, it may be possible to infer model compounds based on known
precursor material of microbial sources of CDOM.

Quinones are present in microbial cellular structure ubiquitously, at concentrations that
have historicdy provided biomarkers for microbial populations in wastewater treatment plants

(Hiraishi, Ueda and Ishihara (1998)jiraishi, Masamune and Kitamura (1989))iu, Linning,
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Nakamura, Mino, Matsuo and Forney (2000)Because quinones are used as biomarkers they
may be more recalcitratitan other cell wall components and are potentially acting as acseptor
in the electronic interaction model. Ubiquinone 10, shown inF3y has been found at high
concentrations (molasg® dried cells)Hiraishi, Ueda and Ishihara (1998)fs half reaction is
reported to have aga of 10.7 for the reaction QH H"Z  Q.Hnd a [Ka of 12.5 for the @ +

H'Z QH hal f(Zhu aeGuinnead@g). Napthaquinones with multiple isoprene side

chains were also identified Wiraishi (Hiraishi, Ueda and Ishihara (1998

Figure3.3 Ubiquinones.1o

Ubiquinone, a quinone with two methoxy groups and an extended conjugatiokads g
substantially higher than esubstituated quinones and as HS are a heterogeneous combination of
moieties, species with higheKp values should be expectddbiquinoneand its nitrogen
containing analogue menaquinppeesented in Figs.4, have been shown experimentally to
produce charge transfer complexes (CT) with an ionic form of the amino acid thiolate in the

presence of a positive counter idnaba, Takahashi, Ito and Hayashi (2006))
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Figure3.4 Menaquinong.io

Theresultant CT absorbance bands were found at 500 nm for the ubiquinone complex
and at 550 nm for the menaquinone complex. In computational studies presented by Inaba,
Takahashi, Ito, Hayashi 2006, CT bands were generated theoretically, using multrediofig
guasidegenerate perturbation the@pkanog1993). Computational results showedd
nearly degenerate and ldwing CT excited statesharacterized by the excitati® from each of
two lone pairs othiolate to g * orbital of benzoquinone Excitation energies of the Cates
were calculated to be 510 and 487.nm Thi s i s consistent with Ina
Ubiquinone is unlikely to be explicitly presein PLFA at a high enough concentration to
produce CT bands defacto; methoxy groups were not identified at high concentrations in NMR
spectra of PLFA, but it is a likely model compound for the further study of microbial sources of
CDOM (Mao, Cory, McKnight and SchmidRohr (2007)) Menaquinone is structurally
identical to ubiquinone except for the replacement of an aromatic met@@&y4) group with
an aromati@amine (RNH,) group(Hiraishi, Ueda and Ishihara (1998))dentification of
napthaquinone with long side chain constituents (isoprene repeating units), and menaquinone in
activated sludge generated from bacterial sources clearly indicate quinone species are not
immediately labile andhay persist for some time in environmental samples. Further, the

presence of menaquincrend napthaquinondike moieties in PLFA is consistentith NMR
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spectra of PLFAFang, Mao, Cory, McKnight and SciattRohr (2011)) (Mao, Cory,
McKnight and SchmidRohr (2007)) (Hiraishi, Ueda and Ishihara (1998))

Charge transfer bands have been experimentally produced between heterocyclic
compounds and amino acidgh aromatic side chains such as tyrosine and tryptophan
(Yamauchi and Odani, 1985Both tyrosine and tryptophan are highly absorbent between 200
and 300 nm with molar extinction coefficients at wavelengtxima of1,440 M*cm™ (274 nm)
and5,050 M'cm™* (280 nm) respectively. In experiments investigating the regulation of
aromatic ring stacking, charge transfer bands were found to form betweepHeridhthroline
and protonated tryptophaas well as protonated tyrosine in aqueous solutions. The structure of
1, 10phenanthroline is presented in F3gh. Wavelength maxima for each associated pair were
found to be 360 and 370 nm with molar extinction coefficiegtef(640M *cm™ and 820M"

'em, respectivelyYamauchi and Odar{lL985).

Figure3.5 1, 10phenanthroline

Amino acids have been found to be moderately recalcigaisting environmetally on
a time scale of months to a couple of years. In contigisin decomposition products are
highly recalcitrantexisting environmentally on the scale of decadtsnes and Benn€¢2003).

As terrestrial material is exported from soil environments through aquatic systems and out to the
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open oceanamino acids are likely continually cycling leading to a steady state concentration of
sugars and amino acids linked to biological activity.

Decomposition products of amino acids, peptidogycans, and other biological molecules
may produce addiinal heterocyclic molecules suchswn inFig. 3.6. All three of these
examples of heterocyclic moietiearbazole, Nvinyl carbazole and phenothiaziaee known to
participate as donors in intra molecular charge transfer complexes as donors when
copolymerized with acceptosuch as quinolin@Jenekhe, Lu and Alaif2001)). The chemical
species presented in F§)6 exemplify model compounds that are potenti@gntifiable within
the macrostructure of PLFA in the same way that lignin phenols provide model compounds for

the investigation of terrestrially derived humic substances.
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Figure3.6 Heterocyclic moieties capable of generating charge trarmfgolexes as donors
include @) carbazole(b) N-vinyl carbazoleand (c)sulfur containing molecules such as
phenothiazine An example of heterocyclic acceptasgd) quinoline
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Charge transfer bands are potentially forntegween secondary amine heterocyclic
donors and tertiary amines, heterocyclic moieties, quinones or cyclic ketone acceptors. Amino
acid/decomposition products of amino acid/angeptidoglycan decomposition products can
potentially form secondary and tiary amines, as well as other heterocyclic moieties (sulfur

containing) supplying both donor and acceptor groups in a charge transfer complex.

3.2NICA-Donnanmodel

Some limited work has been done toward using optical titrations in an efforodel
proton binding in humic substances, but that work was limited in the scope of materials used.
The aim of that work was to use the pH dependent optical properties to address some of the
deficits in more well known modelsuch as the nemeal compeative adsorption model (NICA)
combined withthe Donnan model which extends the NICA model to include electrostatic
interactions. The NICAonnan model requires significant amounts of material and is time
consuming to complete.

The use of the NICAonnanmodelrequires a large amount of material to complete for
two reasons. The first is the high concentration of material need to generate sufficient data
points on the titration curve to engender confidence in the experimental result. The second
reason fo the large amount of material need is tmultiple trials at different electrolyte
concentrations are needito generate the master curve, which serves to separate the intrinsic
chemical affinity (affinity in this case meane varianceawith (1) pH, in the presence ) other
absorbing ions or (3) ionic strengjhbetween the HS and the absorbing species (cation or
proton) from the electrostatic affinity for proton or metal binding to HS. ddresation of the

NICA-Donnan Models presenteih Appendix1.
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Researchers interested in investigating natural materials such as CDOM from marine
systems utilizing potentiometric models have difficulty obtaining material in sufficient quantities
to complete titrations need for the NId2onnan model. If an opticatration could be used in
place of NICADonnan model the amount of sample needed would be greatly reduced. A
problem with this approach is that in many environmental systems the link between CDOM and
DOM are not clearly elucidated despite the fact thBO®™ is frequently used as a tracer of
DOM. Questions remain as to the quantity of the contribution to the CDOM pool frsituin
marine DOM sources, the kinetics of the mixing betweesitin marine DOM, the timing and
seasonal dynamics of any potentiakimg. Further, it is highly unlikely that the contribution
from in-situ marine processes is consistent seasonally or geographically. One can conclude that
using optical titrations, which would only reflect the CDOM pool, to model the potentiometic
titration of the DOM pool, would underestimate the acidic sites and is premature without a better
understanding of the dynamics of the systemotentiometic titrations can provide insight and
background for optical titrations.

A second and possibly more @nésting reason to study the optical titrations of humic
substances is the unique insights that can be provided about the redox state of the system and its
potential as a redox buffer in soil and wetlaawbsystemgMaurer, Christl and Kretzschmar

(2010), (Aeschbacher, Sander and Schwarzenb2@hd).
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Chapter 4 Th&€hemical Probe Sodium Borohydride

Chapter Overview

This chapter has one section that describes the basic mechanism of the reduction of
carbonyl groups by sodium borohydrideglore detailed procedures about how borohydride
reduction was applied to each set of experiments are provided in the materials and methods

sections (Se®.2, 6.2, and 7.2) of the chapters that detail the experiments executed in this study.

Sodium borohgiride (NaBH) selectively reduces carbonyl groups by a hydride transfer
mechanism presented in Figl (Cleyden, Greeves, Warren and Woth@®01). The carbon
atom of the carbonyl group acts as an electrophile and hydrogen with ttrordes transferred
to the carbonyl carbon reducing the carbonyl to an alkoxidé) @@henoxide intermediate. In
agueous solution hydrogen isthabstracted from water effectively raising the pH of an aqueous
solution and converting the alkoxidemirenoxide intermediate to an alcohol. Thelbes not
act as a nucleophile because its 1s orbital is too small, the sigtna Bie highest occupied
molecular orbital (HOMO) and transfers two electrons to the pi* of the carbonyl lowest

unoccupied molecal orbital (LUMO)(Cleyden, Greeves, Warrencawothers 2007)).
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Figure4.1Borohydridereduction of a cadnyl group to an alkoxide intermediate

Quinones are known to be generated from phenols by jgliegociation reactions of a
phenol to a phenoxy radical, hydrogen ion and a solvated electron as presented.? Figthe
presence of molecular oxygen the solvated electron can induce formgligadroxy (HO) and
hyroperoxy (HOQ radicals which act upon the phenoxy radical to produce quir{&hésob,

Depew and Wanl1092).
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Figure4.2 Generation of a phenoxy radical, hydrogen ion and a solvated electron by photo
dissociation

Sodiumborohydride (NaBH) can chemically reduce carbonyl groupslyphatic and
aromatic ketonegjuinonesand aldehydesThe reaction yields secondary alcotentsl
hydraxyquinonegphenols respectivelyThe reduction products of quinones aregtable at
standard temperatyrpressure (oxygen concentration) ainereforemust be protected from
aerobic conditions. This method of reduction when appli¢aitoic substance$iS) and
chromophoric dissolved organic matter (CDOs beersuccessfullyused to generate primary
and condary alcoholwith a concurrent loss of aromatic and aliphatic ket@sesgentified by
fouriertransforminfrared (FTIR) and proton nuclear magnetic resonaneNHR) spectroscopy
(Tinnacher and Honeymd@&007)).

The ability of borohydride to selectively reduced molecular oxygen containing moieties
within the HS/CDOM provides an effective probe that can be used to illumiratel#tionship
between oxidation state of a HS/CDOM, its structural underpinning and the resultant influence
on the optical properties. Further, having such a probe allows for differentiation of continuum of

HS/CDOM,; including material exported from testeal environments, through open waterways
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to the open ocean; those stored in terrestrial ecosystems, and finally HS/CDOM generated solely
from microbial sources.

By directly comparing the optical properties of borohydride reduced and unreduced
microbially generated HS to lignin derived HS/CDOM this study seeks to elucidate the
similarities and differences between microbial and terrestrial sources of HS/CDOM in an effort
to partition contributions from each source to overall optical absorption/emsgsatra. The
charge transfer model seeks to link the optical properties of HS/CDOM to underling structural
characteristics though examination of the redox state generated differences or similarities among
HS/CDOM from various sources (terrestrial, aquatiarine/microbial). Direct comparison of
humic substances from a variety of sources is a relevant test of the ruggedness of the charge
transfer or electronic interaction model. This is especially true of HS/CDOM generated from
solely microbial sourcethatmay lie outside of the preview of the charge transfer model in that
they do not derive from terrestrially sourced lignin. Model HS from solely microbial sources
have higher concentrations of molecular nitrogen and sulfur than found in HS/CDOM derived
from lignin (Brown, McKnight, Chin, Roberts and Uhle (2004NIcKnight, Andrews,

Spaulding and Aiken (1994ykt they have optical properties that are superficially consistent
with terrestrial HS/CDOM perhaps indicating (1) an alternative mode of generating charge
transferbands, or (2) a different mechanism altogether. Additionally the source
(aquatic/terrestrial) and degree of humification potentially affect the optical properties of humic
material. Comparison of terrestrial humic material from soil sources when conbparpdatic
sources may provide insight about the fate and transport of humic material in the environment.

That the optical properties of hunsabstances have a pH dependence is well known

(Ma, Del Vecchio, Golanoski, Boyle and Blough (B))lbut the underlying structural
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components that contribute to pH based changes are dependent upon are less well known but
speculated to be a bimodal distribution of carboxylic moieties at acidic pH and phenolic moieties
at basic pH participating in chargansfer reactions. This is an oversimplification in that neither
site is composed entirely of carboxylic groups or phenolic groups but instead encompasses a
distribution of acidic pKa groups centered at pK 3 and a distribution of basic pKa groups with a
range of pK 810 (Christensen, Tipping, Kinniburgh, and Christensen (19989))e bimodal
distribution of humic substances (HS) such as Suwannee River fulvic acid (SRFA), Suwannee
River humic acid (SRHA) ahLeonardite humic acid (LHA) and Elliott humic acid (EHA3

well as other model and natural compounds have been modeled using thé®hihGan model

as detailed in Chapter 3 and AppentlixOptical titrations of untreated and borohydride reduced
model @mpounds are presented in Chapter 6.

Borohydride reduction is carried out above pH 7.0, in order to minimize loss of
borohydride through competition with wai&ardiner and Collgtl965). At alkaline pH the
carboxylic distribution is deprotonated and does not contribute to the pH dependent optical
properties in a dynamic way. The phenolic group distribuscspeculated to include aromatic
ketones (aldehydes), quinones, and phenols. Khaepphenol in water is 9.9&ross and
Seybold(200])), pKa = 10.0(Lind, Shen, Eriksen and Merenyi, (1990 athchol is slightly
lower with a Ka of 9.5(Gross and Seybol@001). Addition of a methoxy, methyl or amino
substituent increases thK g of the phenolic group to between 10.0 and {Br8ss and
Seybold, 2001)Lind, Shen, Eriksen and Merenyi, (1980A quinone upon a one electron
reduction forms a senrgjuinone that is reveitde in aerobic systems. A two electron reduction
yields a reversible hydroquinof&eschbacher, Vergari, Schwarzenbach and Sagféd)),

(Guin, Das and MandaRQ11), (Aeschbacher, Sander and Schwarzenb2@h(). These
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three oxidation states have associated pH dependence because the loss of each electron
corresponds to the gain of a proton in a ¢edpeaction depicted iRig. 42.

Aeschbacher et al., 20lih studies of proton and electron transfer equilibria €]
unreduced HS) showed that HS exhibited a broad range oti@dpotentials (+0.15 ted.3 V
at pH 7.0 Aeschbacher, Vergari, Schwarzenbach and Sa@@éd)) . These reduction
potentials were consistent with the reduction potentials of modebmgsfrom the same study.
In separate experiments Electron Accepting Capacities (EAC) were measured by mediated
electrochemical reduction for eight humic acids and five fulvic acids. Aeschbacher found that
humic acids had higher EAC than fulvic acad=d terrestrial humic acsdhad higher EAC than
aguatic humic acgl(Aeschbacher, Sander and Schwarzenbach (2010))

Chemical borohydride reduction of the aquatic humic and fulvidsatals, Suwannee
River humic acid (SRHA) and Suwannee River fulvic acid (SRFA) resulted in as much as a 70
% reduction of differential absorbance and loss of the long wavelength absorbance tail (> 350
nm), a concurrent blue shift aneBZold increase intte intensity in emission specifda, Del
Vecchio, Golanoski, Boyle and Blough (2010))he loss of absorbance and rise in fluorescence
produces a substantial increase in quantum yield in SRFA/HA. Additionally, the parameterized
spectal slope coefficient (S) will be quantified for untreated and borohydride reduced sources of
humic and fulvic acids. Spectral slope has historically been used to describe the absorbance of
profile of HS/CDOM. As coastal CDOM is exported to marine enwvirents the spectral slope
parameter has been observed to incr@dages(1989), (Hernes and Benner (2003{pel
Vecchio and Blough (2004)jMoran, Sheldon and Zepp (200Q)Yodacek, Blough,
DeGrandpre, Peltzer and Nelson (199N hitehead, de Mora, Demers, Gosselin, Monfort and

Mostajir (2000). Based on this historical data it can be expected that spectral slope coefficients
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(S) of terrestrially sourced HA/EAhould have a lowes value than that of fresh water aquatic

HA/FA and further that marine sources of FA should have a higher spectral slope than aquatic

FA. If marine CDOM is closely related to microbial sources of fulvic acids, than the S

coefficient of PLFA should refleg¢his andits spectral slope (S) will be greater than the other

source of fulvic acid in this study SRFA as well as the other sources of humic acids. It should

also be expected that borohydride reduction of all humic and fulvic acid samples shouldegenerat

an increase in spectral slope when compared to untreated samples because of unquenched donors
and acceptors within the charge transfer system now able to contribute directly to the absorbance

spectra in the UV region.
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Chapter5 Sodium Borohydride Reduction of Terrestrial Humic Acids
and Microbial Fulvic Acid

Chapters Overview

The electronic interaction model or charge transfer model seeks to explain the unique
optical properties dierrestrial sources @DOM/HS by investigating the chemical moieties that
participate in generating the long wavelength absorption that is characteristic of CDOM/HS. In
Chapter5, the chemicalinderpinnings of CDOM/HS aravestigated using a chemical
reductant, sodium borohydrid&@he chemical probe sodium borohydride is used to eliminate
carbonyl groups within the structure of CDOM/HS with the idea that loss of the carbonyl groups
would affectthe optical and potentiometric properties of the examined samples and standards.
Further the electronic interaction model was extended to include sources of microbial
CDOM/HSthatdiffer in source material and thus have potentially different donors and acceptors
participating in generating the extended long wavelength absorption thatastehnatic of
CDOM/HS. Section5.2 describes materials and methods used in this chapter including materials
(Sec.5.2.1), apparatus (Ses.2.2), optical measuremer(Sec.5.2.3),preparation of the
CDOM/HS (Secb5.2.4)and borohydride reduction procedar Sectios.3 details the results
and discussion of the series of experimeiitsis work includes optimization of sodium
borohydride concentration (Sé£3.1), the changes that occur to the absorbance properties, pH
and absorbance recovery of CDOM/H&:d in the study due to borohydride reduction in an
aerobic atmosphere and reoxidation gastohydride reduction (Seb.3.2), untreated and

borohydride reduced fluorescence spectra (28c4), quantum yield of CDOM/HS prend
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post borohydride reduain (Sec5.3.5). Also included inSec 5.3 arethe results and discussion
of anunsuccessful cyanoborohydride reduction of selected sampleb(&6é¢.and inSec 5.3.7
are molar absorptivity coefficientd two phenone compounds benzophenone and 2
acetonapthone prand postborohydride reduction. Secti@¥ summarizes the conclusions

that can be generated from the experimental results from this chapter.

5.1 Introduction

The optical properties oharge transfer bands generated between amino acids or
heterocyclic aromatic species and quinones could be expected to differ from lignin generated
charge transfer bands in several ways:

1. Historically, marine sources of CDOM have higbpectral slop€S) coefficients than do

near shore CDOM samples. If marine sources of CDOM are closely related to or contain

a high proportion of bacterial source FA than untreated PLFA should have a high spectral

slope when compared to aquatic FA, namely SRFA.
2. Thespectral slope coefficient (S) of borohydride reduced material such as, 8RFA
source of terrestrial humic agmould potentially differ from the spectral slope of

borohydride reduced PLEA microbial source of humic agidue to the difference in the

donor moieties in charge transfer bands. If the short wavelength absorbance of PLFA

(210-:350 nm) can be attributed to largely amino acids/peptioglycan decompaosition

products producing heterocyclic amines with additional but proportionally less quinone

andaromatic ketone groupthen the spectral slope should be steeper than the spectral
slope of SRFAa terrestrial source of FA. Carboxylic acids from amino acids or other

sources are not reduced by borohydride. Amines (secondary or tertiary) are oiieedu
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by simple borohydride reduction. The only nitrogen containing compounds easily
reducible by borohydride are imideshich may be present as they are used in biological
systems to produce amino acids from keto acids in an enzymatically driven system
(Cleyden, Greeves, Warren and Woth@@01)). SRFA when compared to PLFA

would not be enriched with nitrogen but would contain a substantially different group of
reducible ketones potentially lacking in PLFA. Loss in absorbance due to borohydride
reduction in terrestrial sources representsérghlative percent carbonyl moieties than
that of PLFA and the spectral slope, between&20 nm should reflect that difference.

3. Borohydride reduction of PLFA may yield less ove(ab0-800 nm)absorbance loss
when compared to SRFA. Suwannee Riverpefentially has more typesd a higher
concentratiorof reducible moieties due to the presence of decomposition products from
lignin phenols making SRFA able to form more diverse and larger numbers of charge
transfer bands.

4. Absorbance of PLFA reducedtiv borohydride and reoxidized would be expected to
recover to a greater extent than SRFA upon reoxiddtouinones are enriched when
compared to aromatic ketones. Aromatic ketones are present in Bufwhen
compared to SRFA arttie diverse suitef aromatic ketone acceptors generated by lignin
phenols in terrestrial sources of HA/RAe proportion of aromatic ketones in PLE#&
expected to be lower. Quinones may be enriched when compared to aromatic ketones as
guinones are ubiquitous in microbgjstems.

Extending borohydride reduction methodology, specifically the reduotioxidation
impact on the absorbance and emission properties of standard HS material provides insight into

similarities or differences that may exist between various so(sogsaquatic and microbial) of
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HS. Elucidation of the structural underpinnings that give rise to the observed optical properties
found in all humic materials is critical to understanding the fate and transport of this important

component of the globahdbon cycle.

5.2 Materials and Method
5.2.1. Materials

Leonardite Humic Acid Standard (&) 1S104HS, Elliot Humic Acid Standard (EA)
1S102H, swannee River Humic Acid (SRHA) ,u8/annee River Fulvic Acid and Pony Lake
Fulvic Acid (PLFA) were obtainetiom the International Humic Substance Society
Chromophoric Dissolved Organic Matter (CDOM) samples were prepared according to the
procedure in previous publicatigBoyle, Guerriero, Thiallet, Vecchio and Blough (2009))
Twenty-L water samplewere filtered with 0.Znm Gellman filters, acidified to pH 2 and
pumped through a-@8 extraction column from United Chemical Technologies, Inc. at a flow
rate of 50 . min™’. The extracted material was eluted from thé8Cartridges wittigh purity
methanol and evaporated to dryness using a rotary evaporate8af@0 The dried material
was reconstituted in-2 mL of Milli -Q water. The pH was adjusted with sodium hydroxide to
pH 7 and refrigerated until analysis.

Aromatic ketonesincluding 2acdonapthone (99% purity) (2AN) aneébzophenone
(purum) (> 99%) (BR)wereobtained from Flucka A(X2, 5-dimethylp-benzoquinone and
duroquinone were acquired from Acrosethyl benzoquinone was obtained from Sigma
Aldrich. Methylbenzoquinone was further purified by sublimation. Benzophenone-and 2
Acetonapthone were purified by-ceystallization. Sodium cyanoborohydride (95%)

(NaBH;CN) and sodium borohydride (NaBHwvere obtained frm SigmaAldrich. Water was
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purified to 18Wusing an Academic Milli Q water system equipped with a carbon filfrinine

sulfatedihydrate and potassium hydrogen phthalegee reagent gradeom Fisher Scientific.

5.2.2 Apparatus

A Shimadzu UVPC 2401 spectrophotometer was used to acquingdible absorption
spectra.Fluorescence measurements were made with an ArBoeonan AB2 luminescence
spectrophotometer. A-dmaperturewvas used for excitation and emissiorhese instruments

are located in the Blough Laboratory at the University afywand.

5.2.3 Optical Measurements

All experiments were conducted usingrh quartz cuvetsewith Milli -Q water adjusted
to the appropriate pH with @Imole L* hydrochloric acid (HCI) or 0O@mole L* sodium
hydroxide (NaOH).Molar extinction coefficients were determined using a mixture of 50:50
methanol and waterAbsorption spectra were recorded from 190 to 820 nm against pH adjusted
Milli -Q water. Difference spectrBA) were calculated by subtracting an absorbance spaictra
timet (A(t)) from the original spectra (A(0)). Fractional difference spectra were generated by
dividing an absorbance spectra at tinf&(t)) by the original spectra A(0)Fluorescence
emission spectra were collected from Z8ID nm excitation rage. In order avoid inner filter
effects fluorescence measurements were kept between 0.05 aaogti@dl density QD).
Differential emission spectr®F) were calculated by subtracting the original spectra F(0) by
subsequently borohydride reduced speat time F(t) where t was 24 hours. Quinine sulfate

was used to standardize the fluorescence quantum yield measurements according to the method
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developed by the U.S. Department of Commerce, National Bureau of Standards publication 260
64 Standard Refemee Materials: A Fluorescence Standard Reference Material: Quinine Sulfate
Dihydrate (Velapodi and Mielena2980). Fluorescence measurements were made initially at
pH 7.6, reduced pH 10 and reduced reoxidized pH 7.6.
Specific absorbanca’) wascalculaed according to egtion5.1.
a* (350 nm) = 2.30&(l )/(b * c), (5.1)
wherea* (350 nm)is specific absorbance at 350 iinenceforth referred to @), a(l ) =
absorbance at a given wavelength, b = 0.01 isiserbance path length in metersc( cell), C
is the total organic carbon in mg carboh L Total organic carbon was determined by high
temperature oxidation using a Schimadzu 500A TOC analyzer calibrated using potassium
hydrogen phthalate (KHP) at 680. The spectral slope parameter (S) was obtained by non
linear least squares fitting of the spectra over the range eB200m to expression.Q)
a(l)=ar(lgexpt="-1°)) (5.2)
wherea*(l o) is the specific absorption coefficientthe reference wavelength of 350 nm.

Lignin Alkali Carboxylate (LAC)was normalized to the concentration of SRFA.

5.2.4 Preparation of Humic and Fulvic Acids

Humic Acids (HA) were dissolved in a minimum amount of sodium hydroxide, diluted to
the desired concentration and pH adjusted using-Rilfiater and 0.inole L* hydrochloric
acid (HCI) or 10 mole L%, pH 7.6 phosphateuffer. Reductions with borohydte and
cyanoborohydride were selectively conducted with both pH adjusted water or phosphate buffer.

Initial reaction concentrations were chosen in order to generate absorbance spectrum at or below
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1 absorbance uniy(U.) in spectral ranges between 19@ &®0 nm and 400 to 820 nm allowing
for investigation of the UV and visible ranges of the spectrophotometer. The pH of each HA
standard was adjusted from an average of 12 to the desired initial reduction pH of 10 or pH 7.6
and filtered with a 0.2 um Nalgenylon syringe filter (catalog number 12%20) prior to finial
dilution. Fulvic acids (FA) were dissolved in pH adjusted Millwater for the borohydridand
cyanoborohydride reduction3.he pH was adjusted to the desired pH prior to dilution if eéed

Fulvic acidswere not filtered.

5.2.5 Borohydride Reduction

LeonarditeHA (50 mgL™) was reduced at pH 10.3 with 2 mugum borohydride and
atpH 7.6with 2, 5 and 10 mg of sodium borohydride. AH100 mgL™) was reduced with 4
mg sodiumborohydride at pH 7.6. Each standard was purged with UHP nitroggfitfédd with
eithera Restek oxygen scrubber (catalog number 20601) or a SGE Analytical Sciences oxygen
trap (catalog number 10348@r 30 minutes prior to the addition of the reductamd purged
continually withultra high purityN, throughout the time course of the reduction. All reductions
of HA/FA were carred out for at least 24 hours and selected reductions were extended to 48 or
72 hours. The samples wesbxidized for 24 hoursSamples were protected from ambient light
during reduction and reoxidation. Selected spectra were titrated to the original A(0) pH because
addition of borohydride consistently increased the pH of the solution. The pH and absorbance
spectrum of each redtion was measured at reoxidation time points of 10 minutes, 30 mithutes

hour, and 24 hours.
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Molar extinction coefficients were calculated for the aromatic ketones benzophenone
(BP) and 2acetonapthone {&N) in 50/50 solution of methanol and wate2-Acetonapthone
99%, (GoH,COOCH;) with a molecular weight of 170.21ngole* and benzophenone >99%
(C13H100) with a molecular weight of 182.22ngole* were further purified by recrystallization.
Super saturated solutions of BP arAl? was prepared garately in 20 rh of Mallinckrodt
Chrom AR HPLC grade methanol. The solution was heated’t6.45A minimal amount of
water was added to the supersaturated solution and it was transferred to an ice bath. Crystals
were collected after the supernatanswlacanted. The recrystallized BP aréiN were dried
for 24 hours in a desiccator. Recrystallized and dried BP was used to prepare two series of
dilutions in order to illuminate the pi to pi* {5102mmole L) and n to pi * (50.4 3.43 mmole
L™ transitions. Rerystallized and dried-AN was used to prepare a series of dilutions from
528.7nmole L' to 12.5mmole L* in 50:50 methand:water (MeOHwater). The background
corrected absorbance spectra were plotted as a function of wavelength and the pi to pi* and n to
pi * transitions for unreduced material was determined.

A concentration that did not exceed 1 A.U. in the spectral range of inkeaesthosen
for the borohydride reductioof the aromatic ketones BP andhRl. 2-AN (400 M) was
reduced with 0.3 mg of sodium borohydride at an initial pH of 8.0 in a mixtures® 50
methanol and water against a blank a580methanol and water. Tkelution was purged for
30 minutes with UHRitrogen and purged throughout the reaction. BP if®te L*) was

reduced in the same manner a&N.
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5.3 Results and Discussion

5.3.1 Borohydride Reduction

The results presented in Table 5.1 &gl 5.1, show that theduction of 50 md,™
LHA with 2, 5, and 10 mg of sodium borohydride over a 24 hour period at a initial pH of 7.6
yields consistent absorbance loss if the ratio of material to borohydride was in 10 fold excess or
less (5 and 10 migorohydride). Fractional difference A(T)/A(0) at 560 nm and an initial pH of
7.6 was 0.61 and 0.58 for the reduction of 50Lid-HA with 5 and 10 mg of borohydrige
respectively. The 25 fold excess (2 mg borohydride) yields less magnitude of reduetidine
same time period. The fractional difference at 560 nm for a borohydride reduction ofl5b mg
material and 2 mborohydridewas 0.78 A second experiment using a 25 fold excess (100 mg
of LHA and 4 mg borohydride) exhibits a fractional difince loss at 560 nm of 0.4The 25
fold excess of material to borohydride magken doubled in concentratioshould yield a
proportional loss of absorbance. The 50 and 10Q igHA reduced with 2 and 4 mg of
borohydride are about 20 % different irttlegree of maximum (560 nm) fractional difference
absorbance loss indicating complete reduction cannot be achieved at this ratio. Additionally, a
reduction of LHA (50mg L) with 2 mg borohydride at an initial pH of 10.5 had fractional
absorbance losd 6.64. This value is consistent with lower ratios of LHA and borohydride
implicating the competition for borohydride between carbonyl target groups and the aqueous

solvent. All subsequent reductions were completed using a 10 fold excess of humiacsubstan
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Table5.1 Sodium borohydride reduction of Leonardite Humic acid (LHA) at pH 10.4 and pH 7.6
as measured byedrease absorbance (2820 nm)

Humic Acid (concentration Borohydride pH Fractional

mgL™) concentration (mg) Difference
loss

A(T)/A(0)

at 560 nm
Leonardite (50 md. ™) 2mg 10.4 0.64
Leonardite (50 md¢ ™) 2mg 7.6 0.78
Leonardite (50 md.™) 5 mg 7.6 0.61
Leonardite (50 md.™) 10 mg 7.6 0.58
Leonardite (100md.™) 4 mg 7.6 0.47
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—— A(LHA filtered 0.2 mm nylon, purged 30 minutes N7)
—— A(24 hours borohydride reduction, pH 10.5)
—— A(24 hours borohydride reduction, reoxidation 24 hours, pH 10.5)

. 1.0 , . 1 1.0 1.0 ; ] 1.0
a 50mg L' LHA |\\ 50 mg L' LHA| §} 50 mg L' LHA 100 mg L' LHA 50 mg L' LHA a
S 081\ omeBH 1\ smgnu | \2mgBn [ 0.8 0.8 4\ 4mgBH N\ 2meBH 08 o
8 0.6 - initial pH 7.6 initial pH 7.6 - initial pH 7.6 | 0.6 0.6 1 initial pH 7.6 | | initial pH 10.5 0.6 8
£ 04 1 04 %
2 0.2 1 ' 02 3
£ e
< 0.0 — 00 ©

. 0.20 A 1 025 _
= 1 020
= 0.15 =
z 0.10 ] 0.15 T
S 1 0.10 S
< 0.05 - ] 0.05 ©
0.00 0.00
~ 0.9 09 ~
< <
g 0.8 0.8 g
£ 07 0.7 &
< 06 _ . 0.6 <
0.5 0.5 04 0.5

400 600 400 600 400 600 800 400 600 800400 600 800

wavelength (nm) wavelength (nm)

Figure 5.1 Concentratiotiependence of borohydride (BH) reduction of Leonardite humic acid
(LHA)
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Additionally, longer periods of time up to 72 hours of anaerobic reduction were used on
selected HS samples to assess if the reduction was completed in 24 hours (not preBeated
mg borohydride treatment was used over a 24 hour time period to examine the optical behavior

of the other standards as no further reduction was observed for extended reduction times.

5.3.2 Optical Properties d@orohydrideReducedHumic Substances (SRFA,
SRHA), Lignin Alkali Carboxylate (LAC) antlaturalHumic Substances from the

Mid-Atlantic Shelf and Delaware Bay

Within theelectronic interactiomodel concept it can be expected that as acceptor
moieties are reduced, long wavelength £ Bm) will be lost due to lack of acceptor groups in
charge transferomplexesfluorescence emission will increase and emission maxima will blue
shift because donor moieties within #lectronic interactiomodel, likely methoxyand
hydroxyl phenols e no longer being quenched by borohydride reduced acceptor moieties.
Concurrent, with the loss of long wavelength absorbance tail and an increase in fluorescence
emission will be an increase in fluorescence quantum ghédg Del VecchioGolanoski, Boyle
and Blough (2010)) Ma, 2010 found consistency between theory and experimental results
supporting theslectronic interactiomodelbut questions remain about what proportion of donor
moieties can be attributed to quinones andfomatic ketones. Quinones reduced to
hydroquinones are expected tipon exposure to oxygereoxidize as they are not stable unless
protected from oxygen(Ma, Del Vecchio, Golanoski, Boyle and Blough (201diy) not
observe extenge levels of long wavelength absorbance recovery, red shift of fluorescence

maxima or reduction of fluorescence emission when borohydride reduced samples were exposed
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to air regardless of the length of air exposure. The lack of oxygen derived recaveripeo
attributed to several factors, (1) only a small percendagiee acceptor moieties are quinones
with the majority being aromatic ketones such as phenones or some other as yet unidentified
species, (2) secondary reactions could be preventing theghetween hydroquinone and
qguinone or (3) physical disruption of the fulvic or humic acid could prevent realignment of
molecular level connections needed to establish charge transfer interabtitms study, the

pH, absorption and fluorescence samn trendsis the system converts from an anaerobic
system to an aerobic systesrelucidated in greater detail and for a broader spectrum of model

humic substances.

Results presented in Fig. 5.2 as well as/us result$Ma, Del Vechio, Golanoski,
Boyle and Blough (2010))ave shown thaht aquatic humic substances SRHA and SRFA,
extracts from the midtlantic bight (Delaware Bay and Mid Atlantic Shelf) and lignin alkali
carboxylate (LACkshowan irreversible loss absorbancacross the visible and ultraviolet
wavelengths and 2to 3 fold blue shift emissioncrease Borohydride reduction causes an
increase in pH to an average of 10.5 due to abstraction of an aqueous proton by the reduced
carbonyl and the temperature and ggpendent decomposition of sodium borohydride in water
(Gardiner and Collaf1965). Additional absorbandess was observed when the borohydride
derived pH increase was titrated from an average high of pH 10.5 back to pH 7.6 corresponding
to the initial reduction conditions (Fi§.2). The natural sample from the Midlantic Shelf did
not exhibit the sameedjree of response to pastidation changes in pH as did the other aquatic
sample{SRFA, SRHA, Delaware Bay and LAC). This may stem from the lack of colored
material in the ofishore samples when compared to the aquatic samples and the sample from the

Delaware Bay. As the Mid\tlantic Shelf sample is extensively photo bleaghieshay not have
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theconcentration or variety of titratable moieties expected from HS generated from material
closer to source material. Specific absorbaatewas calculated foBRFA, SRHA and LAC as
7.49, 3.38 and 6.32 (L (mg org."©&n™) respectively using organic carbon data supplied by
Kelli Sikorski (formerly GolanoskijGolanoski,Fang, Del Vecchio and Blough (2012))
Specific absorbance) for borohydride reduced SRFA and SRHA are 1.88 and 4.55 (L (mg
org. C)* m™) respectively.Specific absorbance was not calculated for the MAB samples.

Specific absorbanca?) values ae presented in Table 5.2.
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—— A(SRHA 100 mg L™, SRFA 100 mg L™, MAB extract, LAC)
—— A(24 hours, pH 10.5)

——— A(reduced 24 hours, 24 hours reoxidized, pH 10.0)

— A(reoxidized 24 hours, pH 7.6)
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Figure 5.2 Absorbance, absorbance difference-A(0) and fractional difference A(T)/A(0) of
the reduction and reoxidation of 100 mg Suwannee River humic acid (SRHA), 100 mg L
Suwannee River fulei acid (SRFA), CDOM from the Delaware Bay, CDOM from the imid
Atlantic Bight and Lignin Alkali Carboxylate (LAC) with 5 mg sodium borohydride at an initial
pH of 7.6.a* is for untreated samples (L(mg org)tn™).
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Borohydride reduction of soderivedterrestrial material (Elliott and Leonardite Humic
Acids) over a period of 24 hours decreases in absorbance across all wavelengths, but a maximum
reduction is seen between 300 and 600asmpresented iRig. 5.3. The difference and fractional
difference maximum loss is 50 % for both Elliott and Leonardite HS. This is a similar
percentage loss as that found in SRHA but abou¥2i@ss than the maximum fractional and
differential fraction loss of SRFAFigs. 5.2 and5.3). Specific absorbance for weated EHA
and LHA were found to ba* = 8.87 anda* = 20.38(L (mg org. C)* m™) respectively (organic
carbon data supplied byeli Sikorsk). Specific absorbance for borohydride reduced EHA and
LHA were found to be* = 5.50 anda* = 12.68 (L (mg org C)* m™) respectively. Specific

absorbance values are presented in Table 5.2.

Table 5.2 specific absorbangalues for untreated and borohydride reduced humicfalnit
acids.a* values were alculated at 350 nm and pH 7.6.

Sample identification Specific absorptionaf)
(L (mg org. C)* m™)*
untreated borohydride
reduced
Elliott humic acid (EHA) 8.87 5.50
Leonardite humic acid (LHA) 20.38 12.68
Suwannee River humic acid (SRH/# 749 4.55
Suwannee River fulvic acibRFA) 3.39 1.88
Pony Lake fulvic acidPLFA) 1.37 1.17
Lignin Alkali Carboxylate (LAC) 6.32 —

% Organic carbon data provided by K. Sikorski.
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Figure 5.3 Absorbance, absorbance difference-A(0) and fractional difference A(T)/A(0)
spectra of the reduction and reoxidatar50 mg L* Elliott humic Acid (EHA) and 50 mgt
Leonardite humic acid (LHA) with 5 mg sodium borohydride at an initial pH ofaf.&re for
untreated samples.
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As seen in Fig. 5.4 and Table 52reatedand borohydride reducdebnyL ake fulvic
acid (PLFA) have lower specific absorbancai( = 1.34 andl.17 (L (mg org. C)* m™)
respectively organic carbon data supplied by &korski than all other untreated humic
materials analyzed. Absorbance, difference and fractional difference spect@fo{fRg. 5.4)
show that borohydride reduction of 500 g PLFA produces as much as @0loss in
absorbance with maxima between 4BID nm. Absorbance at wavelengtlenger than 500 nm
is very close to zero. Long wave length absorbance of PLFA is linearly related to concentration
(data inChapter6, Fig. 3.1). The absorbance of PA at long wavelengths is very low, making
the useof high caocentration $00mgL™) necessary in order to elucidate absorbance trends in
this region(Fig 5.4) The absorbance increases sharply at wavelengths shorter than 350 nm. In
order to capture absorbance trends across waveleng®023@m and remain in tHmear range
of the spectrophotometer, reductions were carried out independently at two concentrations 50 mg
L™ from wavelength (23350 nm) and at 500 mig" (350-800 nm)(Fig. 5.4) A comparison of
the time dependence measurements for PLFA and SRIB# abncentration is presented in
Fig. 5.5 in order to highlight the time dependence differences in absorbance of the two fulvic
acid samples. As seen in Fig. 5.6lcag wavelengths (35800) the time dependence of
borohydridereductionof all humic aul fulvic acidsbehaven a similar manner The majority of
the borohydride induced reduction occurs within the first 2 houos@hydridereduction
initiation and continues at a lower rate for the 24 hour reduction peRedxidation over a
period of24 hourscauses a smaller, continuing loss of absorbance at wavelengths 350 to 600 nm
(Fig. 5.6). The 24 houeoxidationperiod shows aabsorbance logbat is concurrent with a

reduction in pHas presented ihable5.3.
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Table5.3 Reoxidation induag pH changes for Suwannee River fulvic acid (SRFA), Suwannee
River humic acid (SRHA), Leonardite humic acid (LHA), Elliott humic acid (EHA), Pony Lake
fulvic acid (PLFA).

sample pH post 24 hour pH post 24 hour average
reduction reoxidation nmole H g~ haea
Samgt o7 102 029+ 002
SRALoomaE 100 a5 0.08:+ 0,003
TAsomel:  loa 101 01450120
Ssomgl 106 B 0075002
F;LLFFAA%%OnngLLll i(l)ig 19(55_52 0.026+0.017

Humic and fulvic acids exhibit absorbance that is pH dependent. High pH corresponds to
high absorbance. Reduction in pH results in lower absorbance, indicathgy borohydride
induced loss of absorbance due solely to reoxidation unlikely. Reduced quinones are vulnerable
to reoxidation, generating protons in an amount equivalent to the concentration of the quinone
moieties in the humic/fulvic acid sample. riéher there is strong eviden@s presented
previously that quinones are present in all humic and fulvic acids including RORapter 3)
Borohydride reduction generates an increase in pH from 7.6 to a pH range of 10.3 to 11.2 (Table
5.3). This rangef pH coincides with a distributioof pKas associated with phenaisd amines
as well as possibly other unidentified speci€se pKa of phenol in water is 9.98ross and
Seybold(200])), pKa = 10.0Lind, Shen, Eriksen and Merenyi, (19R0Catchol is slightly

lower with a pKa of 9.§Gross and Seybol@001). Addition of a methoxy, methyl or amino
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substituent increases the pKa of the phenolic group to between 10.0 af@rb8s8and
Seybold, 2001)Lind, Shen, Eriksen and Merenyi, (19800)

Terrestrialhumic/fulvic acids derivedrom lignin phenols may be reprotonated during
reoxidation resulting in the observed drop in absorbance. Pony Lake fulvic acid at long
wavelengths exhibits a loss in absorbance that is likely pH driven but cannot be attaobuted
phenolic moieties. Reprotonation of amine groups may lead to the change in absorbance seen in
PLFA spectrdrom Figs. 5.4 and5.5, making the mechanism of absorbance loss consistent but
the identity of the titratable group different.

The pH drop associated with reoxidation was converteasnoles H g ‘para and is
tabulated infable5.3. The concentration of protons per gram of HA/FA was found to be
significantly lower than the concentration of electrons per gram of HA/FA as measured by
mediated electrochemical reduction found/Agschbacher, Sander and Schwarzenbach (2010))
Aeschbacheifound that reoxidation was not efficient with only 50% of the direct
electrochemical reduction transferred to excessiQHS samples in 1 minuf@eschbacher,
Sander and Schwarzenbach (2013 additional 38% was transferred over the course of 24
hours and described as recalcitrant. No additional reoxidation was observed over the course of
five days.

Aesctbacher attributed the recalcitrant fraction of LHS to quinones and found the
concentration of electrons associated with quinones to bet®60e’ g™ 4a. The concentration
of protonsg ‘hara generated in 24 hours by reoxidatiorthis study is not othe magnitudef
the concentration of ebserved byAeschbacher, Sander and Schwarzenbach (2010
trends in HA/FA delineated in the Aeschbacher study are in part consistentuwigsolts.

Humic acids from soil terrestrial sources produced higher concentrations of protons per gram of
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HA than did aquatic sources of HA from high concentration to low LHA>EHA>>SRHA. The
fulvic acids SRFA and PLFA were not significantly differernh each other and they were not
significantly different from SRHA (TablB.3). This may be a function of relatively high error
associated with low concentration needed to remain within the linear range of s UV
spectrophotometerThe drop in pH asxiated with reoxidation is qualitatively consistent with
reoxidation of quinones in humic/fulvic acjdsit given the inefficiency of quinone reoxidation
shown by Aeschbacherannot be used to quantify their presence in humic substances
(Aeschbacher, Sander and Schwarzenbach (2010))

Examination of wavelength time dependent absorbance changes due to borohydride
reductionare seen ifrigs 5.5 and5.6. Offerenceand flactional difference spectra (230 a4@D
nm) of SRFA (35 md.™) and PLFA (50 md.™") each shoimg a pH dependent change in
absorbance idisplayed inFig. 5.7. Suwanne®iver fulvic acid (SRFA) (35 md. ™) exhibits
loss in absorbance over the entire-W\$ spectrum upon borohydride reduction. This is
consistent with previous published results concluding that no gain in absorbance is achieved via
the expected complete or partial reoxidation of quinofié® lack of any observable recoveny
may be dudo a low concentration of quinones and their relatively small impact on the optical
properties of terrestrially derived humic material. Clearly, evidence exists that quinones are
present in terrestrial HS (soil and aquatic).

Experiments conducted ljpeschbacher, Sander and Schwarzenbach (20hG9)ectron
accepting capacity (EAC) implicate quinones as an electron buffer. Quinones may play an
important part in redox chemistry of HA buiay be less important contributor to the optical
properties. Pony Lake fulvic acid (PLFA) (50 mg) (Fig. 5.7) does not exhibit a continuum of

absorbance loss across all wavelengths. Recovery can be seen at short wavel8a60tins )
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but not at long wavelengths (4800 nm). Difference A(GA(T) and fractional difference
spectra A(T)/A(0) of PLFA (50 mfg™) show a continuous loss in absorbawith increasing
wavelengthdue to reduction with borohydride in anaerobic conditiofise transition to an
aerobic environment produces short wave length recovery that is not seen at wavelengths longer
than 350 nn{Fig. 5.7).

Time dependent absorbance plots show recaviePt FA over the 24 hour reoxidation
period with a concurrent de@se in pH from 10.5 to 9(ig. 5.5). The pH of SRFA also
decreases in pH from pH 10.7 to pH 10.2 but the reduction in pH associated with SRFA has an
associated decrease in absorbance that is not evidence in PLFA. Changessiikpht
driven by thepartial reoxidation of quinones as they are reoxidized in a 1 to&sto proton
gainrelationship. Reduction of quinones may interfere with physical connectivity such as
disruption of stacking between blackrbon conjugated systems or heterocyaimpounds.
Quinones may be partially reoxidized but the physical connectivity that results in charge transfer
bands may not be reestablished. Reoxidized quinones no longer participating in charge transfer
complexes may be expectedexhibitincreasd absorbance at wavelengths between 230 and
300 nm as they are no longer being used as electron asceptor

PLFA at high concentration (500 nhg') was used to examine long wavelength
absorbance trends (400 nm to 800 nm), while PLFA at low concentrationg6d) was used
to examine short wavelength trends (< 350 (fig. 5.4). The absorbance recovery associated
solely with PLFA may indicate that quinones play a more important role in microbially derived
fulvic acids than they do in other fulvic and harsubstances. It is unclear whether the recovery
is a phenomenon of solely the availabitifymoieties able to form charge transfer bands in

PLFA. A lack of heterogeneity of sites or low concentration of sites able to from charge transfer
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bands or someombination of the two may support observable short wavelength recovery in
PLFA. Terrestrially, sourced humic and fulvic acids may be using quinones to form charge
transfer bands, but it is likely based on ldek of dynamic change to the absorbancspin
response to reoxidatippostborohydride reductiarthat any effect provided by regeneration of
guinone derived charge transfer bands may be masked by other types of moieties able to

regenerate at higher concentration and/or in a more robust manner.
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Figure 5.4 Absorbanceabsorbancelifference A(0)i A(T), fractional difference A(T)/A(0) of
Pony lake fulvic acid (PLFA) at concentrations of 50 and 500 thgeduced with 5 and 25 mg
sodium borohydride for 24 hours, reoxidized for 24 hours and titrated back to the initial pH
condition of 7.6a* is for the untreated sample.
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Figure 5.5 Time dependence of thabsorbance for thdorohydride reduction and
reoxidation of Suwannee River fulvic acid (SRFA) (35 mij &nd Pony Lake fulvic acid
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Figure 5.6 Timedependence of the absorbance for the borohydride reduction and reoxidation of
Elliott humic acid (EHA), Leonardite humic acid (LHA), Suwannee River humic acid (SRHA),
Suwannee River fulvic acid (SRFA) and Pony Lake fulvic acid at concentrations of 58 mg L
(EHA and LHA), 100 mg ! (SRHA and SRFA) and 500 mg'l(PLFA). All samples were

reduced with sodium borohydride for 24 hours, reoxidized for 24 hours and titrated to pH 7.6.
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Figure 5.7 Absorbance difference A(RJT) and fractionatifference A(T)/A(0) of Pony Lake
fulvic acid (PLFA) (50 mg [*) and Suwannee River fulvic acid (SRFA) (35 md) keduced

with 5 mg sodium borohydride (BH) for 24 hours, reoxidized for 24 hours and titrated to the
initial pH 7.6 highlights differences meduction and reoxidation behavior in fulvic acids from
different sources.
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5.3.3 Untreated and Borohydride Reduced Spectral Slope Values

Parameterized spectral slope dath) = a* (I o) expt™> ' = ' (EY) 5.2) with a wavelength
interval of 296820 nm show that in all cases borohydride reduced materials have higher
spectral slope values then do matched untreated matessiptesented iRigs 5.8, 5.9 and Table
5.4. The modeled* values,(a* (350 nm) = 2.30&(l )/(b * ¢)) (Eq. 5.1)are concentration
dependent increasing as the sample concentration increases. The*indiak were calculated
using pH 7.6 and 350 nm absorbance point and absorbance spectra carbon normalized prior to
parameterizatiofTable 5.2 and Eq. 5.1)Untreated spectral slope coefficients ranked from high
to low are:

LAC>PLFA>SRFA>SRHA>LHA >EHA

Borohydride reduction did not affect the order of S values with the exception of PLFA
which hadanS coefficient 0f0.0194+ 0.0006 This value was on the same sadd_AC, S =
0.0193+ 0.0008 Theborohydridereduced S coefficients of the aquatic materials SRHA and
SRFA were0.0149+ 0.0004and0.0184+ 0.0004respectively. The borohydride reduced S
coefficient of EHA wa®.0083+ 0.0001 Notably, the LHA S coétient was0.0108+ 0.0005
The percent change in spectral slope coefficient values provides insight into the underpinnings of
the charge transfer mechanighable 5.4) The universal increase in spectral slope points to
disruption of charge transfer bands and the loss of quenching of acceptor and /or donor moieties
in the structural framework of the materials tested. The fulvic acids exhibit the highest percent
changewith 27 and 30 % for SRFA and PLFA respectively. The humic acids have about a 10 %
difference between untreated and borohydride reduced spectral slope coefficient values.
Notably, LHA has a 22 % difference which may reflect higher levels of black carlmher

chemical classes unaffected by borohydride reductidn.studies by Allard, it was determined
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that lignite humic acids such as LHA are further in the humification process than other soil
derived humic acidAllard and Derenne, 200,/0Allard, 200§. LHA was found to have
derived from plants with very little microbial input as measured by bound lipid fra@titamd,
2006) The difference in untreated and borohydride reduced LAC S coetficadue changed

by 15%. This is unlike either humic or fulvic acids tested.

Table5.4 Percent change of spectral slope coefficients (S) for untreated and borohydride reduced
samples Suwannee River humic (SRHA), Suwannee River fulvic acid, (SRFA)t Bllimic

acid (EHA), Leonardite humic acid (LHA), Pony Lake fulvic acid (PLFA) angnln Alkali
Carboxylate (LAC) Samples were not cleaned with Sephade%0G All data presented have
correlation coefficients fy > 0.99.

borohydride reduced

sample identification untreated $g0820 nm) S 200870 nm) % change
SRHA 0.0126+ 0.0005 0.0149 + 0.0004 9
SRFA 0.0144+ 0.0004 0.0184+ 0.0004 27
EHA 0.0075+ 0.0003 0.0083+ 0.0001 10
LHA 0.0088+ 0.0002 0.0108+ 0.0005 22
PLFA 0.0149+ 0.0002 0.0194+ 0.0006 30
LAC 0.0168+ 0.0001 0.0193+ 0.0008 15
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Figure 5.8 Paramerterized HA absorbance of Elliot (EHA), Leonaridite (LHA)
and Suwannee River humic acid (SRHA). Spectral slope values (S) are based on

the exponential equatioa(l ) =a(l ) exp>t 19

wherea(l ) anda(l ) are the

absorption coefficients at wavelerttand reference wavelengdth. | ,is 350 nm.
Initial a(l ) = 2.303a(350 nm) * pathlength (n'il)* concentration of organic carbon (mq
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Figure 5.9Paramerterized absorbance of Suwannee River (SRFA) and Pony Lake (PLFA) acids
and Lignite Alkali Carboxylate (LAC). Spectral slope values (S) are based on expontial
equation: a(l ) = a(l o) exp™=!"? wherea(l ) anda(l () are the absortion coefficient\wavelenth

| and referencey. | gis 350 nm.

Initial a(l ) = 2.303a(350 nm) * pathlenth (M) * concentration of orgaic carbon (mg).
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5.3.4 Untreated and Borohydride Reduced Fluorescence Spectra

The fuorescence measuremeptssented ifrigs. 5.1Q 5.11 and 5.1#hclude Suwannee
River fulvic and humic acids, CDOM from Delaware Bay and the Atidntic shelf as well as
Lignin Alkali Carboxylate (LAC)Fig. 5.10) Figure 5.11 includes soil humic acids, Elliott
(EHA) and Leonardite (LHA) tlimic acid. Figure 5.12 presents the microbial fulvic acid, Pony
Lake fulvic acid (PLFA).The untreated fluorescence excitat@missionmatrix spectra
(EEMS) F(O)are in the top series of panels with excitation wavelengths progregdi@gm
intervalsfrom 280 to 600 nm and the fluorescence emission spectra collected at 10 nm longer
wavelengths than the correspondingition wavelength§290 to 610 nmjblack lines) The
middle series of fluorescence excitatiemission spectrg(T) (blue linesin Fig 5.10, black lines
in Figs 5.11 and 5.)are collected in an analogous manner as the initial F(0) (EEMS), but they
have been borohydride reduced for 24 hours, reoxidized for 24 hours and titrated back to the
initial pH condition of 7.6. The bottom seées of EEMS are the difference between F(T) and
F(0) (green lines Fig. 5.10 and black lines in Figs 5.11 and %.1& colored figure showing
the excitiion emission pattern of EEMS is presented in Chapter 1, Fig. 1.3.

The spectravere conducted usingptically thin dilutions as determined by absorbance
spectra between 0.05 and 0@gtical density ©D) regardless of the initial concentration used for
the reduction. Reduction caused irreversible changes in the emission spectra. All reduced
spectra werseen to blue shift and increase in intengibyen compared to the untreaaission
spectra The untreated (pH 7.6) and borohydride reduced (pH 7.6) emission spectra of SRFA,
SRHA, LAC and the CDOM samples from the afitlantic Bight self and Delaware Ba
increase smoothly from long wavelength excitation to short wavelength excitation with the

exception of very short wavelength (2800 nm) which are noisier and shifted to the (&db.

79



5.10). The gain in fluorescence is quantifiedfy= F(T)i F(0)with F(T) represemhg 24

hours of reduction, 24 hours of reoxidation and titration back to the pH of 7.6. SRHA exhibits
the smallest gain in fluoresocewith an increase of 7 corrected fluorescence units, SRFA has an
increase of 20, Delaware Bay inases by about 45, Atlantic shelf CDOM increases by

approximately 62 and LAC increases by 120 corrected fluorescence units.{B)g
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Excitationremission matrix spectra EMS) of untreated terrestrial humic substances
Elliott (EHA) and Leonardite (LHAhumic acids (Fig. 5.11, top spectra)ffer from other HS
instead of increasing intensity and blue shifted peak magmaously seen in untreated aquatic
HS and CDOMFig. 5.10, topspectry. The fluorescence emission maximum increases to 575
nm from excitation wavelength 68310 nm. Emission decreases to 550 nm between excitation
wavelengths 45@00 nm remaining atdorescence emission 550 nm from excitation
wavelengths 40280 nm. Leonardite HS fluorescence emission increases smoothly to 500 nm
from excitation wavelengths 620 nm. The fluorescence emission remains anb®@rom
excitation 426280 nm(Fig. 5.11).

Following borohydride reductiothe EEMS of(Fig. 5.11, middle spectreEHA and LHA
double in intensity anthe emission maxima shifts to shorter wavelengbhse(shif) by
approximately 100 nm. THEEMS ofuntreated terrestrial materi@HA andLHA) exhibit high
fluorescence emission intensity at long wavelengths (red edge) relative to aquatic gaigples
5.10) EEMS of guatic samples at the red edigng wavelengthjecede to the baseline while
the terrestrial samples show significant emission under the same optical conditions., Further
upon reduction the blue shift on the scale of hundreds on nanometers for soil saifiHss
and LHA) as opposed to tens of nandsrs found in aquatic sampléSRHA, SRFA and
CDOM). Finally, aquatic samples appear to have smooth almost monotonic emission spectra as
the excitation spectra increases in engwgih the exception of the previously ndtehort
wavelengths (28@00 nm). No subfeatures appear in the aquatic samples. This is not the case
in the terrestrial samples where a secondary feature can be seen at low excitation wave lengths

(Fig. 5.11).
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It has already been noted in the introductory material in Chapitet Leonardite humic
acid(LHA) is operationally generated from lignite material and as such should be high in black
carbon or black carbelike materials. Elliott humic aci(EHA) is derived from prairie soil and
is also expected to contain black carb@mshing from natural firedut it is intuitive to think
thatLHA would have a higher concentration of black carbon or condensed carbon than does
EHA, (Fang, Chua, SchmiRohr and Thompson (2010fMao, Fang, SchmieRohr, Carmo,
Hundal and Thompson (2007§Allard (2006), (Krull, Baldock and Skjemstad (2003))
Skjemstad, Reicosky, Wilts and McGowan (2082jimated that 280 % of recalcitrant material
in terrestrial humic substances is black carbon or extended aromatic sysissigly in a
stacked configurationMao, Fang, SchmieRohr, Carmo, Hundal and Thompson (2007)
determined by solid state nuclear magnetic resonance that 64 % of soil HA from two lowa soils
is nonprotonated aromatic carbon or part of a fussed ring system. The high fluorescence at long
wavelength emission is attributable to black carbon in asthc&nformation. Black carbon,
composed of carbon and hydrogen in a stacked arrangeshentd be unaffected by
borohydride reduction as it does not contange amounts anolecular oxygen. Comparing the
differenceDF plots of Elliot and Leonardittom Fig. 5.11 it is clear that LHA has higher levels
of long wavelength emission than does EM#Aich is consistent with what would be expected
based on the sources of the sample matgklrd and Derenn€2007), (Allard (2009).

The fluorescence ensi®n spectra adPony Lake fulvic acid (PLFA) doubles in intensity
at wavelengths below 500 nm and does not chappesciablyat wavelengths longer than 520
nm whenreduced with sodium borohydriddhe emission spectra of both the untreated and
borohydrice treated PLFA blue shifts uniformly with decreasing excitation wavelength with the

exception of the shortest excitation wavelengths from3BDnm. Reduction causes arif

83



blue shift in wavelength maxima of borohydride treated PLFA when comparedtentiel FA.
An examination of th®F of PLFA shows a gain in fluorescence emission at 300 nm that is not
observed in other HA/FA standar(®RHA, SRFA, EHA, LHA, LAC, CDOM from the

Delaware Bayput can be seen in timeid-Atlantic shelf CDOM samplé€Figs. 5.10 and5.12).
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corrected fluorescence emission

A F = F(T)- F(0)
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Figure 5.11 Excitatioremission matrix spectra (EEMS) of Elliott humic acid (EHA) (panel a)
and Leonardite humic at{LHA) (panel b) prior to (top panel) and following (middle panels)
the reduction with sodium borohydride at pH 708 (bottom panels) represents the difference
before and after reduction. Emission spectra were collected from 200 to 600 nm at 10 nm
intervals. Each corresponding excitation wavelength is 10 nerttes the emission
wavelength.
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Figure 5.1Zxcitationremission matrix spectra (EEM8) Pony Lake fulvic acid (PLFA).
Untreated PLFA at pH 7.6(upper panel), following sodium borohydridiecteon and titrated
back to the initial pH of 7.6 (middle panel) and the differei#® petween untreated and
borohydride reduced PLFA at pH 7.6 (bottom panElnission spectra were collected from 200

to 600 nm at 10 nm intervals. Each correspondkegation wavelength is 10 nm less than the
emission wavelength.
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Comparisons of borohydride redudeEMSat pH 10.5black lines)with borohydride
reduced, reoxidized and titrated to pH EBMS (white lines)are presented in F3g5.13 and
5.14 at intevals of 20 nmfrom 280 to 600 nmFig. 5.13 includes EHA, LHA, SRFALFA,
SRHA and PLFA. Fig. 5.14 includes CDOM samples from the/Atliantic shelf and the
Delaware Bay. Emission spectratarvals were increased from 10 nm to 20 nm in order to
simplify the figures. All previously presented spectra are based on 10 nm intervals. Leonardite
HA, CDOM from the Delaware Bay and CDOM from the Atlantic Shelf exhibit no substantial
change in either wavelength maxima or fluorescence emission intensity aaptiex of a small
loss of emission on the red edge of the emission prgfigs5.14). Elliot HA, SRFA, SRHA
and PLFA all show significant changes in intensity at the wavelength maxima and lost emission
intensity on the red edge of the emission prefilSuwannee River HA and SRFA |dg8 of the
fluorescence emission intensity between 310 and 40(Fign5.13). Elliott HA and PLFA lose
Y4 of their fluorescence emission intensity between 310 and 4@Bign®.13). Lignin alkali
carboxylate (LAChasuniformly decreasg emissiorwith a loss of 1/5 of its emission intensity

(Fig. 5.13).
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Figure 5.13 pH dependence of the excitagomission matrix spectra (EEMS) of borohydride
reduction at pH 10.5 (black lines) and reduced, reoxidarettitrated to pH 7.6 (white lines) of
Elliott humic acid (EHA), Leonardite humic acid (LHA), Suwannee River humic acid (SRHA),
Suwannee River fulvic acid (SRFA), Pony Lake fulvic acid (PLF&d Lignin Alkali

Carboxylate (LAC).Emission spectra were lgected from 200 to 600 nm at 20 nm intervals.
Each corresponding excitation wavelength is 10 nm less than the emission wavelength.
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Figure 5.14Excitationemission matrix spectra (EEM8) Delaware Bay CDOM and id-
Atlantic Bight shelf CDOM borohydride reduced at pH 10.5 (black lines) and borohydride
reduced, reoxidized and titrated to pH 7.6 (white linEés)ission spectra were collected from
200 to 600 nm at 20 nm intervals. Each corresponding excitation wavelength is 1@ tmarnes
the emission wavelength.
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5.3.5FluorescencQuantum YieldF)

Quantum yield It ) is the ratio of photons fluorescing to the number photons absorbed
(Chapter 1, Fig. 1.3). Theaugntumyields and wavelength maxineé SRHA, SRFA, CDOM
from Delaware Bay, CDOM from midAtlantic shelf, LAC, PLFA, LHA and EHA are presented
in Figure 5.5. The quantum yields and wavelengthximareflect differences between soil and
aquatic HS derived from lignin phenol. Two points are evident (1) soil humic sobstdriHA)
and (EHA) have contributions to their fluorescence emission spectra that are not represented in
aquatic materials (SRFA) and (SRH@&)gs. 5.10 and 5.11)Borohydride reduction eliminates
the long wavelength fluorescence contributor in EHA aalgids it in the LHA samples. This
loss in long wavelength fluorescence may be an indication of disruption of stacking of black
carbon Theinability to regenerate pesiorohydride reductiophysical proximity (stacking)
required for the extended conjugatwould concurrently lead to a reductifinorescence
emission at long wavelengths. (2ptieated soil humic substances exhibit a plateau in
fluorescence wavelength maxima that is not seether humic substances or observed post
borohydride reductioas seen iifrig. 5.15. Speculatively, the soil wavelength maxima trend
and the large fluorescence blue shift produced by borohydride reduction may be reflective of the
lack of photochemicaxposure and/or the relative physical stability afforded bgoil matrix
which may allow some moieties labile to photochemical alteration to be preserved in soil
environments. It has been suggested that soil humic material is capable of formitesrthet!
can provide protection to labile moietig&utton and Sposit(2005). Formation of micelles is
unlikely due to the Beer Lambdyehaviorseen in albf theHS in this studyand pesented in
Chapter 6. @her forms of protection such as encapsulation or association with cations or clays

areknown to provide protection from enzymatic att@ileighton, Schmidt and Siefe2q08)),
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(Hedges, Mayorga, Tsamakis, McClain, Aufdenkampe, Quay, Richey, Benner, Opsahl and Black
(2000)) Borohydride reduction of soil HEEHA and LHA) potentially captures additional types
and a higher concentratisof reducible species ¢h is seen in aquaticosirces ofignin derived

HA/FA (SRHA and SRFA)
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Figure 5.15 Wavelength dependence of emission maxima (top panels) and fluorescence quantum
yields (bottom panels) for samples before (right panels) and after (left panels) 4 hours of sodium
borohydride reduction.

92



5.3.6 CyanoborohydridBeduction ofSelectedSamples

CyanoborohydridédCNBHj3) is a chemical reducing agethiatcan preferentiallyarget
amine groups the presence @fldehydes ankletones (Lane (19§). In protonated alutions
(water) in the presence of cyanoborohydride, an iminium(@nN") formsfrom an amine
(primary or secondary) and a carbonyl group. The iminium ion is reduced at a much faster rate
than carbonyl group&=0) at pH values from-8 (Lane (1974)).The formation of iminium
ions in the presence of cyanoborohydride proceeds at neutral pH, but reduction of carbonyl
groups is negligible between pH 7 and 8. Cyanoborohydride can effectively reduce carbonyls in
acidic pH (pH 34) but cyande is a potential bproduct making the reaction in acidic conditions
hazardous without appropriate laboratory contrdis this series of experiments, a terrestrial
humic acid (LHA), an aquatic fulvic acid (SRFA) and two quinones were treated with
cyandorohydride at pH 7.67.7in order to access the usefulness of cyanoborohydride as a
chemical probe at neutral pHDuroquinone was selected becauss saturated with four
methylgroups in cotrast withp-methyl benzoquinonthat has one methyl group

In Fig. 5.16 it is clear that Leonardite humic aditi ) andSuwannee river fulvic acid
(SRFA) showed no time dependategcreasén absorbance at neutral pH when treated with
sodium cyanoborohydride (NaCNBH The kinetics of the reduction of duroquirgowith
cyanoborohydride (< 0.2 mg) exhibited an initial increase in absorbance across all wavelengths
and then decreased in absorbance back to the original A(0). Terrestrial A$]10®imgL™)
showed no time dependent change in absorbance at anghitadl 7.6 and cyanoborohydride
concentration of 81g. SRFA (100 ng L™) at an initial pH of 7.7 when reacted with 40 mg of
cyanoborohydride initially increased absorbance at 400 nm but then returned to the original A(0)

in a similar manner as duroquinofi2Q) (Fig. 5.16). There was minor reduction at long
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wavelengths but not on the scale of borohydride reduction of SRFA. Metigihzoquinone
(MBQ) (1620mmole L) is quickly reduced by borohydrid€ig. 5.16). The absorbance
spectra of MBQ (162énmole L) in the presence of < 0.2 mg cyanoborohydride is slightly
reduced at the absorbance maxima of MB@ew absorbance peak appears at 2890
presented) The spectral change suggests formation of a complex between the MBQ and
cyanoborohydriderathe formation of dimer@_au, Dufresne, Belanger, Pietre and Scheigetz
(1986).

Lane (1974)reports in Synthesis, at pH36in the presence of cyanoborohydride and
amines the reductive animation of aldehydes and ketokigsHs between 7 and 8
cyanoborohydride can selectively reducenes(Lau, Dufresne, Belanger, Pietre and Scheigetz
(1986), (Lane, 1974)Although, chemical reduction of HS and model compounds at neutral pH
(pH 7-8) was ineffective extendimgduction using cyanoborohydride as a chemical probe to
lower pH values may vyield better resultsurther experiments, at acidic pH, with appropriate
laboratory controls for the removal of hazardbygproducts(HCN), may provide a useful
chemical probable todifferentiate between carbonyl and amine groups in HS/CDQMe of
cyanoborohydride as a chemical probe of Pony Lake fulvic acid (PLFA) may be particularly

interesting because PLFA is enriched with nitrogen when compared to other fulvic/huisic aci
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Figure 5.16 Time dependence of tieactionof Leonarditehumic acid (LHA), Suwannee River
fulvic acid (SRFA), duroquinone (DQ) and metipybenzoquinonéMBQ) with
cyanoborohydride (CBH) Time dependence of the reaction of mefirdlenzoquinone (MBQ)
with borohydride.
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5.3.7 Molar Absorptivity of Phenone Compounds

Identification of model compoundisathavechemical characteristicapable of
generating charge transfer bandmtegralto understandinthe dynamics of howhe long
wavelength absorbance is generdigatharge transfer bandsHS/CDOM. Aromatic ketones
have been identified in terrestrial sources of humic acids (EHA, SRHA, and SRFAand
are capable of participating the formation otharge transfer bandsla, Del Vecchio,
Golanoski, Boyle and Blough (2010)Molar extinction coefficient¢e) areanintrinsic
measureentof how strongly a chemical species can absorb Aghtspecific wavelength.
Chemical moieties that absorb strongly in the UV range through pi to pi* or n to pi* transitions
but have no absorbance at wavelengths longerdB@mm are compounds that mapvide
insight into how charge transfer bands wiorkkhe context of the electronic interaction model.
Two aromatic ketones, benzophenone asg@onapthone were investigated and their
molecular structures are presented in Fig. 5NI@lar absorptiviy of benzophenoné&P) and2-
acdonapthone (zAN) were estimated from carefully prepared solutiohle pi to pi* transition
for BP was determined spectrophotometrically as 256.5 nm with a molar extinction coefficient
(e) of 14550 L mof cmi* presentedri Fig. 5.18. The n top* transition was determined to be
325.5 nm é= 293L mol™* cm™) (Fig. 5.18). Thep to p* transition for 2AN was determined to
be at 284 nme= 11832 L mof cm™) and the n t@* was determined to be 340.5 n~ 2323
L mol™* cm™) presented iffrig. 5.20. Borohydride reduction reduced the n to p* of both BP and
2-AN absorption band to baseline in 10 and 15 minuespectivelyas seen ifrigs 5.19 and

5.21 Thep to p* bands exhibited reduced emission and in the caseAd Blue shifted by 10
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nm from 284 to 273 nr(Fig. 5.21). Benzophenonp to p* wavelength do not change upon

reduction(Fig. 5.19).

: .i
a b

Figure5.17 Structures of benzophenone (BP) (a),8hdcetonapthone {AN) (b).

The presence of phenones in precursor material (algae and bacteria) of PLFA is unlikely
because they are known to disrupt the membrane integrity and in such a capacity represent an
antibiotic class. This is not to imply that they cannot be present asigestion products of the

entire suite of humic and fulvic acids.
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Figure 5.18 Absorbance spectra of untreated benzophenone (BP) in (5
MeOH:water showing pi to pi* and n to pi * absorbance and molar extin

coefficients €).

98



— A(BP 3.05 mmole L', purged, pH 8.3)
—— A(addition 2.3 mg borohydride)
A(5 minutes)
A(10 minutes)
—— A(24 hours, pH 10.5)
2.0
1.5 -
3!
5
© 1.0 1
2
O
3]
0.5 1
0.0 T T T T
200 250 300 350 400
wavelength (nm)
1.0
0.8 T Time dependence of the
0.6 borohydride reduction of BP
0.4 4

nton* 325.5 nm

absorbance

0.2

00 esse ®
0 5 10 15 20 25 30

time (hours)

Figure 5.19 Absorbance of the borohydride reduction of benzophenone (BP) (3.05 mi)ole L
over a 24 hour period (panel a). Kinetics of theumtidn of the n to pi* optical transition (325.5
nm) (panel b).
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Figure 5.20 Absorbance spectra of untreatet&tonapthone {&N) in (50:50) MeOH:water
including the molar extrinction coefficiants for pi to pi* and n to pi*.
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Figure 5.21Absorbance of the borohydride reduction ed@tophenone {&N) (344.5 mmole
L) over a 24 hour period (panel a). Kinetics of the reduction of n to pi* optical transition (340.5
nm) (panel b).
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5.4 Conclusions

The mechanism generating long wavekbngptical absorption bangdslectronic
interactionsis likely consistent between microbial sourcesub¥ic acid and terrestrial
humic/fulvic substances generated from lignin phenol, but the constituents that act as the donor
within theelectronic inteactioncompleyesdiffer based on the availability of source material
Microbial sources (PLFA) do not contain phao@roupsby definition but insteachayemploy
decomposition productsuch aseterocyclic moieties argbcondary amines as donors and
tertiary amines, quinones, aromatic ketones or athetentified moietiesis acceptors.
Borohydride reductionf PLFA and the other humic/fulvic acids studattially or completely
removeacceptor moieties (quinones, aromatic ketones) from the chargéetraomplex
resulting in decreased absorbance, an increased spectral$Jopefficient and increased
fluorescence emission intensity.

The relative amount of quinomaoietiesparticipating in electronic interactions BLFA
appears to be higher théound in the other fulvic and humic acids and can be seen in the
recovery of absorbance in the UV range of the dizswe and difference spectifaractional
difference plots of the borohydride reduction of PLFA show as much a%@&@ssin
absorbancehile SRFA the other fulvic acid in the stydloses50 % of its absorbance.
Borohydride reduction targets a specific chemical moiety namely carbonyl groufseaadse
of the specificity of the chemical reduction combined with the overwhelming loes®f |
wavelength (38350 nm) absorbance in PLFA (20) compared t&RFA 60 %) over the same
interval, it could be concluded that PLFA has much less heterogeneity in the structural
components that are taking part in the generation of long wavelength absorbaetoss of

carbonylpopulation iseitherdirectly responsible for loss of absorbance or indirectly by
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physically disruption of electronic interactionsuv@&nneeRiver humic acidSRHA) may

contain a more heterogeneous suite of chemical moietiesogéeticipate in the generation of
long wavelength absorbans®me of which are not reducible by sodium borohydodé& may
have inherent physical protection that hirsdeduction by physical meangsulting in the
protectionof electronic interaatins bystacking of cyclic hydrocarbons, association with metals
or some other organfrotecant.

Borohydride reduction may cause physical alterations in the macro structure preventing
reassembly of optical components not directly affected byetthection. This is exemplified by
the loss of long wavelength fluorescence emission in the black carbon containing HS (LHA and
EHA) and by the short wavelength absorbance recovery (< 350 nm) with no concurrent long
wavelength recovergbserved in PLFA The quinone derived recovery of reoxidized, ld$
measured by reoxidation driven pH changesmall, much lower than the expected
concentration observed by electrochemical medrssindicaes thaguinones although an
important redox buffermay not pay a substantial role as a charge transfer acceptor and
therefore danot playalarge role in the optics of terrestrially sourced material (EHA, LHA,
SRFA, SRHA)generated from lignin phenols

Soil and aquatic sources of HA/FA should fit into a hierarchy of digen8si$ derived
humic acids spectral slope val(&) are low compared to untreated aquatic sampBsectral
slope parameterizes an expntial curve and as S increashe short vavelengthpart of the
curve becomes steeparhile concurrently the long wavelength or visible region decreases
substantiallyindicating that borohydride reduction is disrupting charge transfer lmainds
electronic interactions that generate the charatietong wavelength absorbance .tdilonors

and or acceptor chemical moieties within the charge transfer model are no longer being
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guenchedresultingin an increase in short wavelength absorbance and an increase in the spectral
slope. The long wavelen tail does not regenerate when reoxidized implicating possible
irreversible changet® the macrostructure. The fluorescence emission spectra of EHA and LHA
differ from all of the other samples examined in that they have an underlying chromophore that
is eliminated in the case of EHA or halved in the case of LHA upon borohydride reduction. It is
possible that the underlying structural component is stacked conjugated carbon or black carbon
that is physically disrupted during reduction.

The soil humic aciddLHA and EHA) have the lowest spectral slope values, followed by
higher (S) folSRFA, SRHA andinally the largest (S) values were associated with PLFA and
LAC. The relatively low spectral slopeluas of the soil derived humic acids could stem from
thepresence of chemical species that do not participate in the charge transfer mebbadsm
contribute to the overall absorbance speciiiae soil humic acids EHA and LHA have a higher
percentage of black carbon or conjugated cyclic cativam is presdnn aquatic humic
substancesThe carbon content of LHA is potentially higitmen compared tBHA because
LHA is derived from lignitea precursor of coal.

Although, LHA potentially has significant amounts of black carbon, it is likely that
titratable grinones shown to bessociateavith thesurface structure of black carbare not
represented as fully as would be in the Mollisol derived EHA because EHA contains more
oxygen than does LHAThis is consistent with the ability of each humic acid to mediat
electrons.The higher amount of oxyggmesent in EHAcould point to a larger array and overall
number of oxygenated species able to participate in electronic interactions leaahng to
enhanced ability as an electron buffeut a lower untreated speal slope value than is

observed for LHA which would potentially have a higher content of black carbon but less
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oxygen. The fluorescence behavior of EHA and LHA support tangentially the premise that
guinones are an important oxidation reduction buffémiott an important part of the optical
properties of terrestrially derived humic and fulvic acids.

Further, as soil derived humic acids are exported to aquatic environtabiiés
components are lgss reflected in spectral sloffe) values describing more gradual curve
associated with the low spectral sl{fgvalues associated with untreated EHA and LHA. The
aguatic humic acid sample has a higher or less gradual sep@lvalue consistent with the
loss of labile material from the macro structure.

Surprisingly, thespectral slopes of SRFA and PLFA were very similabfuth the
reduced and untreated samples at pH 7.6. Further examination of these humic substances at low
and high pH will be presented @hapter6 in order elucidate thenderlying differencebetween
the two fulvic acids.The untreated commercial source of ligiitAC) has a high spectral slope
value that increases upon borohydride reduction. It has very high fluorescence emission when
borohydride reduced. LAC is the standard that is the closest to source material and asauch has
heterogeneityf chemical moiges and a large population reflecieadhe borohydride induced
high spectral slope value, fluorescence emission and quantum yield. The two marine CDOM
samples represent the other end member of the lignin phenol digenesis. The recalcitrant

backbone remas able to form electronic interactions that yield limited extended absorbance
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Chapter6 Optical Titrations of Aquatic, Terrestrial and Microbial Humic
Substances

Chapter6 Overview

Many of the chemical species involved in generating the extended long wavelength
absorbance associated with CDOM/HS have titratable protons that result in pH dependent
absorbance spectrdhe pH dependence of untreated and borohydride reduced CDOBM/HS
investigatedn this chapter In Section6.1 background information about the rideal
competitive binding model (NICA) in combination with the Donnan madedrovided. More
extensive materialncluding derivation of the model is provided@napter3 andAppendix1.
Section6.2 details the materials and methods used in this chapter, including materials
(Secb6.2.1), apparatus (Se@.2.2)and méhods of optical titration measurements (S&2.3).
Section6.3 provides the results of the study andstdssion of the results in the context of the
electronic interaction modéghcludingthe selection othe concentration of the reduced samples
to be titrated (Se®.3.1), the titrations of preand postborohydride reduced HS samples (Sec
6.3.2), pH depndent spectral slope values (S&8.4), and optical titration spectra and
difference plots (Se&.3.5). Section6.4 focuses on conclusions that can be generated from

experiments carried out @hapters.

6.1 Introduction

The NICA-Donnan model haseen used to successfully examine competitive binding of
protons and metals in humic substanckss described more fully in Chapter 3 and Appendix 1.
(Koopal, Saito, Pinheiro and Riemsdijk (20Q%Koopal, van Riemsdijk and Kinnibung
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(2001), (Benedetti, Milne, Kimiburgh, Van Riemsdijk and Koopal (1995)pe Wit, van
Riemsdijk andKoopal (1993a))(De Wit, van Riemsdijk anoopal (1993b)) Generation of
the termsused to examine binding of protons and metals to HS/CD®Miiresa substantial
amount ofmaterial (g K@). Multiple titrations at differeribnic strengthsareneeadto
generate the termsThe sample sizeequired to generatbe NICA-Donnan modelerms limits
its use to materials that can be gathered in large quarififpendix 1) Investigations of many
colored dissolved organic samples (CDQMj)ng the NICADonnan model, becomedficult
or prohibitively expensivéecause of limited access to enough sample and/or cost of obtaining
thesample Optical titrationgansupplement extsig NICA-Donnan derivedinding terms that
arecharacteristiof individual HS, buaccomplistthis using smaller amount HS/CDOM
material

The optical propertie@bsorbancedf humic and fulvic acids are known to have a
positively increasing pH depdence, as pH increases absorbance increases concurrently
(Maurer, Christland Kretzschmai2010). In order to quantify the pH dependence of thécapt
properties of imic and fulvic acids used in this study (EHA, LHA, SRHA, SRFA, PLFA and
LAC), theywere titrated using strong acid or base at ionic strengths of 0.01, 0.10 amaole00
L sodium chloride (NaCl). Titrations were completed from pB030o pH 11.00covering the
bimodal pH distribution described by the NId?onnan mode{Koopal, Saito, Pinheiro and
Riemsdijk (2005))(Kinniburgh, Milne,Benedetti, Pinheiro, Filius, Koopal and Van Riemsdijk
(1996)) (Benedetti, Van Riemsdijk and Koopal (1996{(Benedetti, Milne, Kinniburgh, Van
Riemsdijk and Koopal (1995)jDe Wit, van Riemsdijk and Koopal (1993&)pe Wit, van

Riemsdijk and Koopal (1993b))Additionally samples were reduced for 24 hours with sodium
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borohydride in an anaerobic environment, reoxidized for 24 handspassed overSphadex
G-10 column to remove residual borate and facilitate the titration of reduced samples.

Two NICA-Donnan dentified titratable groupare atpH 4-5 representing carboxylic
acids andat pH 810 representing phenol likmoieties(Milne, Kinniburgh and Tipping (2001))
Experimentalitration curvesof the HA/FA in this studynd their first derivative plotsre
expected to match NIG®onnan described titration curve$he diversity of samples used in
may ducidate differences or similarities between sources of HA/RAduction induced changes
to either pH distribution group (centered at pH 4 or centered at pH 8) will provide insight into the
identity of dominate chemical species present in the HA/FAisis especially usefubr
differentiation of the two fulvic acids. Pony Lake fulvic acid (PLFA) is from a microbial source
while Suwannee River fulvic acid derives from a terrestrial source (lignin). The ability to
partition these two sources of fuhacid is environmentally relevant, enabling more detailed fate
and transport measurements of HS/CDOM in aquatic environments.

Optical titrationsrequirelower amounts of humic material due to constraints of the UV
Vis spectrophotometer which inherentlgirases noise levels, but provides detailed spectral
data that adds to current knowledge of orgaairbon in the environment. Difference spectra
(DA), has been used to examine the protonation behavior of several fulvi¢gids Korshin
and Fabbricing2008). This methodwill be extended to humic acids (SRHA, LHA, and EHA),
the microbial sample PLFA and Lignin alkali carboxylate (LAC) in order to elucidate differences

and similarities in each of samples included in this study.
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6.2. Materials and Methods

6.2.1 Materials

Leonardite Humic Acid Standard (I&) 1S104HS, Elliot Humic Acid Standard (EA)
1S102H, swannee River Humic Acid (SRHA),uannee River Fulvic Acid and Pony Lake
Fulvic Acid (PLFA) were obtained from the International Humic Substance SoSetjum
borohydride (NaBH) wasobtained fron SigmaAldrich. Water was purified to 18/using an
Academic Milli-Q water system equipped with a carbon filter. Soil humic acids were filtered
with a Nalgene 0-2m, 25mm Nylon disposable syringe filter (catalog no. -£%20) from
Thermo Scientific. SephadexI® was purchased fro8igmaAldrich. Ultra high purity
nitrogen was acquired frodirgasand equipped with an oxygen scrubber purchased from SGE
analytical sendes. Sodium hydroxide and hydrochloric acid were obtained from Ricca

Chemical Company. Sodium chloride (99.999%) was obtained from Sigma Aldrich.

6.2.2 Apparatus

A Shimadzu UVPC 2401 spectrophotometer was used to acqui@dible absorption
spectra.All pH measurements were conducted using an Orion pH meter calibrated at pH 4.00,
7.00 and 10.00 daily. Calibrations were considered acceptable when the correlation coefficient
was greater than 0.98 he instruments are located at the University ofyNéard, Chemistry and

Biochemistry Department in the laboratory of Neil V. Blough.
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6.2.3 OpticalTitration Measurements

Absorption spectra were recorded from 190 to 820 nm against pH adjuste® Miditer.
Humic acid samples were borohydride reducea manner consistent with the method described
in Chaptel5 and then passed oveSaphadex @0 column until the pH of the sample was found
to be between pH 7.0 and pH 7.6 in order to remove residual borate and facilitate background
free titrations. Theoncentration of the column effluent was determined using a calibration
curve of previously reduced samples at pH 7.6 and 350 nm. The absorg}ifityr(g‘cm™) of
the absorbance as a function of concentration was derived according-icaBd®art Law
detailed inequation6.1,

A =€, (6.2)
where A is the absorbance, | is the path length of the cell (cm) and c is the concentration of the
sample (md.™).

In order to investigate the effect of ionic strength on the optical propertieS,0bkic
strengths of 0.01, 0.10 and 1.8®le L NaCl were added prior to titration of untreated and
borohydride reduced samples at concentrations that were optimized for the visible region of the
spectrum (1A.U. at 350 nm). A second set of titrationas completed at concentrations
appropriate for the investigation of the UV region of the spectra. These titrations were
completed using ionic strength of 0.8ble L* NaCl. The absorptivityg was calculated for
each of the untreated and borohydridduced samples and used to determine the concentration
of Sephadex cleaned samples.

Reduced samples were diluted to a concentration that was within the optical range of the
spectrophotometer in the UV (2@00 nm) region. Untreated humic and fulviedesamples

were matched to absorbance of their corresponding borohydride reducgepaiadex cleaned
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samples. Titrations from pH 3.0 to 11.0 were completed using €nB%OL* sodium hydroxide.
Titrations from pH 11.0 to pH 3.0 were completed usingOrole L* hydrochloric acid.

Titrants were delivered inBL increments (1.2%mole aliquots). The titrations in the UV range
of absorbance had an ionic strength of Orie L provided by the addition of sodium
chloride.Titrationsof humic and fulvt acids as well as lignin alkali carboxylate (LAC3t ionic
strengtis of 0.01, 0.10 and 1.0@ole L* (as NaCl) were conducted at concentrations that
maximized absorbance in the visible range from 350 nm to 800 nm. Untreated Suwannee River
humic and fulvic acids (SRHA and SRFA) were titrated using a concentration of 120" nie
untreated soil humiacids, LHA and EHA were titrated using a concentration of 5@ thgnd

the untreated PLFA was titrated using a concentration of 500" mgLAC was prepared using

a Sephadex column and matched optically to SRFA. The SRFA molar extinction coeff@ient (
was used to determine the concentration of the LAC samples.

Borohydride reduced arfsephadex cleaned humic and fulvic acids were titrated at the
maximum concentration recovered from Sephadex column. Borohydride reduced and
Sephadex cleanedumic and fulvic samples were titrated at the following concentrations SRFA
was titrated using 759 mg", SRHA was titrated using 200 nag', EHA was titrated using 48
mgL™, LHA was titrated using 75 mig*, andPLFA was titrated using 260 mg'. The
concentration of acid immole per mg material was calculated from the titration of each sample
from pH 3.0 to pH 11.0. All titrations were carried out using an initial volume df .3 Bach
reduced, cleaned and titrated sample was carbon normalizest. ddfivative plots were
generated for each of the visible range titrations in order to highlight titration inflection points.
Difference plots were generated by subtracting all spectra x over the range -dfiplA@H x)

by the absorbance spectra cepending to the lowest measured pH, A(pH 3.0).
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A second set of titrations was completed at concentrations appropriate for the

investigation of the UV region of the spectra. These titrations were completed using ionic

strength of 0.0dmole L* NaCl only. Difference plots were generated for the UV titrations. The

concentrations for the untreated and borohydride reduce8egidhdex cleaned UV range
samplesrespectively wereSRHA 20 and 19 mg™, SRFA 26 and 28 mg™*, PLFA 75 and 30
mgL™?, EHA 10and 48 md- 7, LHA 13 and 11 md. ™.

Other parameters were modeled including spectral s)pn@ the wavelength
dependence of the specific absorbance coefficahif low (pH 3.0), high (pH 11.0) and
neutral pH (pH 6.4/7.6) at an initial wavelerig 350 nmas exemplified irequation6.2,

a(l)=a*(lgexpt="-1°)) 6. 2)

The initial calculate@* value was determined usimgguation6.3. The spectral slope araf)
were determined using a ndinear least square method.

a* (350 nm) [liter (mg organic carbomm™] = a(l )/b * c, (6.3)
where b is the path length (m) and c is mg of organic carbon.

6.3. Results and Discussion

Titrations of aquatic, microbial and terrestrial samples examined several parameters, 1. How

much aail is required to titrate from pH 3.0 to pH 11.0 on a mass basis? 2. How does

borohydride reduction of the concentration matched samples affect the amount of acid needed to

titrate over the same pH range? 3. Do changes to the ionic strength affécatiba trolume,

the inflection points associated with the first derivative plots or the structural integrity of the

titrated material? 4. How does pH change spectral slope values? 5. What differences can be

observed between sources of material basedHodependent difference plotEundamental to
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these questions is the accurate determination of the concentration of each sample. Concentrations
of samples posBephadex cleaning were determined by calibration curves constructed from non

Sephadex cleanedragles.

6.3.1 Concentration of thBorohydrideReducedHumic andFulvic Acids

Molar absorptivity(e) values werealculated fountreated and borohydride reduced
Suwannee River humic (SRHA) and Suwannee River fulvic (SREAs, Elliott humic acid
(EHA), Leonardite humic acid (LHA), Pony Lake fulvic acid (PLFA) and Lignin Alkali
Carboxylate (LAC). Table 6.1 provides a summary of absorptivity vailethé¢ correlation
coefficient (f) associated with each valaad, the% loss of each absorptivity values (ue to
borohydride reductian The absorbanaes a function of concentrati@md corresponding
equation of the line are presented in Fig. 6.1 and 6.2. Figure 6.1 contains the utupsed
panels)and borohydrid reducedlower panelsjulvic acids, Suwannee River fulvic acid
(SRFA) (left panels)and Pony Lake fulvic acid (PLFAJight panels) Figure 6.2 contains the
untreatedupper panelsand borohydride reducdtbwer panelshumic acidsSuwannee River
humic acid (SRHA) (left panels), Elliott humic acid (EHA) (center panels) and Leonardite humic
acid (right panels)Each standard curve was replicatechinimum of3 times.

Theabsorbancef untreatedand borohydride reduced fulvic and humic acdslinearly
correlated witlconcentratiorat pH 7.6 and 350 nm absorbance. The absorptivity was
consistently higher for the humic acids than for the fulvic acids studied. Untreated humic/fulvic
acids ranked from greatest to least absorptivity are:

EHA>LHA>SRHA>SRFA>PLFA
A variable decrease mbsorptivitywas observed in both fulvic and humic acids subjected to
borohydride reduction for 24 hours and reoxidized for 24 hours at pH 7.6 and at 350 nm
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absorbance. The absorptivity of borohydride reduced SRFABRA decreaselly 55% and
39 % respectively when compared to untreated samples. The absorplioittRHA, EHA
and LHA decreased by 29 %, 48 % and 29 % respectively when compared to untreated samples
(Figs 6.1, 6.2 and Table5.1).

Upon borohydrié reduction humic acids remained higher in absorptivity than fulvic
acids, but LHA hadhigherborohydride reducedbsorptivitythan did EHA resulting in reduced
LHA having a higheabsorptivitythen EHA for the borohydride reduced samples. The
borohydridereduced humic/fulvic acids ranked from greatest to least molar absorptivity are:

LHA>EHA>SRHA>SRFA>PLFA

LHA is derived from lignite the precursor to coal; it has higher levels of conjugated ring systems
or black carbon. Black carbon may not be ipgrating in formation of charge transfer bands but

contributes to the overall absorbance spdéhard (2006).
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Table6.1 Summary of thebsorptivityfor untreated and borohydride reduced humic and fulvic
acid samples and changeabsorptivity(% loss) at absorbance 350 nm and pH 7.6. All samples
were borohydride reduced for 24 hours and reoxidized for 24 hours.

absorptivity
(L mg'em?)
borohydride reduced for

absorptiviy
(L mg'em?)
untreated

Loss of slope due to

Sample borohydride treatment

Identification oH 7.6, 350 nm, § 2244hr:)(turrss’, prlt_a'o;.ig’izseéjofg: (%)
absorbance, {y

SRFA 0.00786 (0.999) 0.00352 (0.999) 55

PLFA 0.00356 (0.999) 0.00220 (0.999) 38

SRHA 0.0114 (0.999) 0.00805 (0.999) 29

EHA 0.0205 (0.999) 0.0107 (0.999) 48

LHA 0.0194 (0.994) 0.0137 (0.999) 29
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Figure 6.1 Standard curves correlating the absorbance with the concentration of the fulvic acids
Pony Lake fulvic acid (PLFA) and Suwannee River fulvic acid (SREAreated and

borohydride reduced for 24 hours, reoxidized for 24 hours and titrated Z®pH\Ill absorbance
measurements were made at 350 nm.
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Figure6.2 Standard curves correlating the absorbance with the concentration of the humic acids,
Suwannee River humic acid (SRHA), Elliott humic acid (EHA) and Leonardite humic acid

(LHA), untreated and borohydride reduced for 24 hours, reoxidized for 24 hours and titrated to
pH 7.6. All absorbance measurements were made at 350 nm.
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