University of New Mexico

UNM Digital Repository

Chemistry ETDs Electronic Theses and Dissertations

8-27-2009
Characterization of dissolved organic matter by
separation and fluorescence spectroscopy

Yurong Deng

Follow this and additional works at: https://digitalrepository.unm.edu/chem_etds

Recommended Citation

Deng, Yurong. "Characterization of dissolved organic matter by separation and fluorescence spectroscopy.” (2009).
https://digitalrepository.unm.edu/chem_etds/3

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at UNM Digital Repository. It has been
accepted for inclusion in Chemistry ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact

disc@unm.edu.


https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Fchem_etds%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/chem_etds?utm_source=digitalrepository.unm.edu%2Fchem_etds%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/etds?utm_source=digitalrepository.unm.edu%2Fchem_etds%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/chem_etds?utm_source=digitalrepository.unm.edu%2Fchem_etds%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/chem_etds/3?utm_source=digitalrepository.unm.edu%2Fchem_etds%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

Yurong Deng
Candidate

Chemistry and Chemical Biology

Department

This dissertation is approved, and it is acceptable in quality
and form for publication on microfilm:

Approved by the Dissertation Committee:

, Chairperson

Accepted:

Dean, Graduate School

Date




CHARACTERIZATION OF
DISSOLVED ORGANIC MATTER BY

SEPARATION AND FLUORESCENCE SPECTROSCOPY

BY

YURONG DENG

B.S., Chemistry, Sichuan University, P.R.China 1995
M.S., Chemistry, Sichuan University, P.R.China 1998

DISSERTATION

Submitted in Partial Fulfilment of the
Requirements for the Degree of

Doctor of Philosophy
Chemistry

The University of New Mexico
Albuquerque, New Mexico

July, 2009




©2009 YURONG DENG



DEDICATION

To

My parents, Yuanrong Zhou and Chengwen Deng



ACKNOWLEDGMENTS

| heartily acknowledge Dr. Stephen Cabaniss, my advisor andtdisseichair, for
providing such a good place to work. He gave me both freedom and direciibset an
example that | will aspire to for the rest of my careerthélt his advice and
encouragement, | couldn’t finish my work.

I have had an excellent committee of professors to offer nuagee and advice as
| progressed through this Ph.D. program, and | am grateful to aleof: Dr. Kerry
Howe, Dr. David Keller, and Dr. Wei Wang.

My fellow UNM graduate students have made my time here a pkasu | would
not have made it without their friendship and support. Special thankssaretg Aliyar
Mousavi and Dr. Zhimin Li, who gave me support in both. | thank Elizabetd Eied

Maceo Martinet for providing samples and test.



CHARACTERIZATION OF
DISSOLVED ORGANIC MATTER BY

SEPARATION AND FLUORESCENCE SPECTROSCOPY

BY

YURONG DENG

ABSTRACT OF DISSERTATION
Submitted in Partial Fulfilment of the
Requirements for the Degree of

Doctor of Philosophy
Chemistry

The University of New Mexico
Albuquerque, New Mexico

JULY, 2009




vii

CHARACTERIZATION OF
DISSOLVED ORGANIC MATTER BY

SEPARATION AND FLUORESCENCE SPECTROSCOPY

Yurong Deng

B.S., Chemistry, Sichuan University, P.R.China 1995
M.S., Chemistry, Sichuan University, P.R.China 1998

Ph.D., Chemistry, University of New Mexico, New Mexico 2009

ABSTRACT

The goal of this work is to evaluate new methods of extractingfrastionating
dissolved organic matter (DOM) using liquid-liquid and solid-phaseaetxdn (SPE),
monitored by optical spectroscopy.

DOM in aquatic systems from different sources was charaeterby three-
dimension excitation-emission matrix fluorescence spectroscop#HEBI3) and UV
absorbance spectroscopy. UV and visible humic-like fluorescenceoksezved in all
water samples -- humic acids (HA), fulvic acids (FA), riwater, wastewater, and their
fractionations. Their fluorescence centers varied with envirahmehe range ofey/Aem
= 220-250 nm/390-460 nm for UV humic-like fluorescence (peak A)iagtk,, = 300-

340 nm/390-460 nm for visible humic-like fluorescence (peak C). pH change sifit’



viii

maximum excitation and emission wavelengths but did change tlssiemintensities of
peaks A and C. Peaks A and C always occur together, althougheréfaénsities may
change. Protein-like fluorescence peaks were observed in vpidirshigher emission
intensity at shorter wavelengths than at longer wavelengths. Tryptdigbdluorescence
(peaks T and ) was observed at/Aem= 230 Nm/356 nm antky/Aem= 280 nm/356 nm
in river water and wastewater. Tyrosine-like fluorescencekgpgaand 3) was observed
at Aex'hem= 220 NmM/309 nm andly/Aem= 280 Nnm/309 nm only in a wastewater sample
without extensive biological pretreatment. A new peak was observediat,= 250-260
nm/460 nm (peak B), and overlapped with peaks A and C in all waterles and their
isolates. Another peak specific to one river water sample wasvaos athe/Aem =260
nm/340 (peak D) which could be mis-identified as peak T

Partitioning of NOM into organic solvents was investigated withaitlkdout ion-
pairing reagent. No extraction of either peak A or C occurréabowi ion-pairing reagent.
Alteration of the partitioning of these two fluorophores by ionipgireagent and non-
polar solvents enriched peak A in the aqueous phase and peak C igahe ghase.
Maximum excitation and emission wavelengths shifted with the iadduf ion-pairing
reagent due to enhanced peak overlapping and solvent effects. ReakeAsum of
several superposed peaks rather than a simple one. Liquid-liquid iextractuld
separate different fluorophores but it's not easy to use.

Rio Grande river water was isolated and fractionated using-flodide Extraction
(SPE). Humic-like fluorophores (peaks A and C) could be retained by and elutetthé&rom
apolar Sep-pak C18 cartridge, Empore C18 Disk, polymeric Oasis &HdB MAX

cartridges. Both humic-like fluorophores are negatively chargedviasitle humic-like



fluorophores (peak C) are more hydrophobic than UV humic-like fluoropl{pesak A).
Tryptophan-like fluorophores were excluded from those sorbents and sconaeutal or
positively charged hydrophilic molecules. Based on the extractimvery, Empore C18
Disk has the highest recovery (90%) for humic-like fluorophores aists ®.B is good
for isolating protein-like fluorophores. Oasis MAX discriminates tretsongly against
protein-like fluorophores, producing only humic-like fluorophores.

Although protein-like fluorescence was expected to correlate prdgtein content
of wastewater samples, protein concentration correlates strongl SUVA and less
strongly with fluorescence intensity of peakahd peak Tin sewage-derived wastewater.

RO membranes concentrate both humic-like and protein-like fluorophores, but
protein-like fluorophores go through RO membrane more easily thancikm

fluorophores.
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CHAPTER 1

Introduction

1.1 Overview
1.1.1 NOM and its roles in the environment

Naturally-occurring organic matter (NOM) is ubiquitous in surfacel ground
waters and it is derived from both external and internal sourceigahic materials as a
result of various biotic and abiotic reactions [Kitis et al., 2001]\MNi® a heterogeneous
mixture of aromatic and aliphatic structures with attached fundtignaups and
molecular weights ranging from several hundreds to hundred of trasusdrDaltons.
These organic materials include humic substances and identificlblses of
biochemicals such as hydrophilic acids, proteins, lipids, polysacchaad@no acids,
and hydrocarbonsSjmpson et al. 2002; Piccolo et a002; Leenheer et al., 1989;
Leenheer et al.2001] Humic substances (HSs), biogenic, heterogeneous organic
substances that can generally be characterized as being telldack in color, of high
molecular weight and refractory [Aiken et al, 1985], typically pose the majority (up
to 80%) of the organic carbon in the freshwater [Steinberg et al., .20 is
supposed to have a highly polyelectrolytic and aromatic nature, angb#séility of
intra- and inter-molecular aggregation by hydrogen-bonding, nonpotadations and
polyvalent cation interactions [Kononva, 1961].

NOM takes an active role in the ecology of freshwaters &jlaarbon cycle,



photochemical processes) [Garrels et al., 1975; Leenheer, 2003], biape&iche
(immobilize, react and transport organic contaminants and metaigjué and Ritchie,
2003], and environmental chemistry (react with halogen to produce disinfdmy-
product) [Liang and Singer, 2003; Stevens et al, 1976; Christman e9&8;, Romes et
al., 1999].

Dissolved organic matter (DOM), the soluble portion of NOM, isimportant
energy source for microbes and a source of carbon in aquatic engimrimance it is a
significant component of the carbon cycle. DOM also controls the ichEspeciation
and toxicity and transportation of trace metals through complexaemtions in aquatic
environments [Stevenson, 1994; Thurman, 1985; Breault et al., 1996]. CDOM
(chromophoric dissolved organic matter) is used to remotely sensa @wdor in
estuaries and coastal regions, has important effects on th&agbeneof solar UV
radiation, and plays a central role in the photoreactions of organitasabs and certain
biologically important metals such as ion and copper [Miller gt24102; Zepp et al.,
2004]. DOM is known to cause problems in drinking water and wastewatgment
processes, for example, it can (1) compete with low moleculghtverganic pollutants
for adsorption sites on activated carbon; (2) contribute to membranagfoahd (3)
produce disinfection byproducts (DBPs) upon reaction with oxidants durindglg@ota
water disinfection [Jaffe et al., 2004]. DOM is considered to beptireipal organic
precursor to DBP formation and is present in nearly all wateplees. DOM contains
both humic and non-humic substances. The former is considered more hydrdphobic
XAD separation, while the latter is more hydrophilic. Accountiogabout half of the

DOM, aquatic humic substances, which comprised of fulvic acids and hacmds



(Figure 1.1 and Figure 1.2), have been the most common precursors of THMs

(Trihalomethanes) [Pomes et al., 1999].

OH

Leenheer, et al., 1998

OH possible fulvic acid

HO

O O

Figurel.1 Molecular structure model of fulvic acid proposed by Jekheer [Leenheer,
1998]




Figurel.2 Molecular structure model of humic acid proposed by F.JriStwvé¢Piccolo
and Stevenson, 1982]

Most of the difficulties encountered in defining the structures aadtiuities of
NOM come from its chemical heterogeneity and geographiagkty. Therefore, no
single structure model can be used to describe NOM from diffesmantes. The main
obstacles to improved understanding of DOM chemistry compositiorstamcture are
(1) difficulties in extracting unbiased (i.e., not altered byek&action) and sufficiently
large amounts of DOM from source waters needed for detailedsanalyd constrained
by the ability to obtain a representative fraction of the DPdbl [Thurman, 1985;
Edges, 1992; Benner, 2002]; (2) the low resolution of most previously applied
instrumental approaches; (3) data analysis of heterogeneous Sasnait®ther problem.
Analytical limitations have restricted researchers to eittlescribing broad, bulk
properties or characterizing in detail small fractions of tttal DOM pool [Mopper,
2007]. Any characteristic to be used as a surrogate should be consearad the
technique employed should be able to detect small differences dheowagrious sources

of materials.

1.1.2 Isolation and fractionation of DOM

DOM undergoes a variety of reactions in natural and engineengcbnmental
systems. In order to disclose the nature and reactivity of D@OMater treatment
processes, it has been useful to fractionate the complex D@Mriore homogeneous
fractions. In this regard, DOM is an operational definition basedaation procedures
rather than on specific molecular features. Due to the essaiglin the environmental

process, a variety of separation and concentration techniques leavéribd to provide



samples for detailed structural analysis of DOM. An idealation and concentration
method should (1) recover all DOM; (2) produce a conserved (unbiased and
uncontaminated) distribution of all solutes and chemical propertiesefisted in the
original sample (i.e., minimize chemical or physical alterabf the sample); (3) be able

to process very large volumes of water in minimal time; andh{dimize the retention of
inorganic salts [Mopper, 2007].

The most commonly used techniques for the concentration and isolationvMbf DO
fractions are Solid-Phase Extraction (SPE), High-performangeid.iChromatography
(HPLC) and membrane filtration [Amy et al., 1987; Aiken et al.,1982fh technique
fractionates the DOM by a different process and presumably aacent unique with
respect to its reactivity, structure and bioavailability.

Solid phase extraction is the very popular technique currently awilabkapid
and selective sample preparation. It separates DOM based uporairis/@old ionogenic
properties including normal phase, reversed phase and ion excluabgets. Retention
of an analyte by normal phase SPE is primarily due to interectuch as hydrogen
bonding, polar interactiorbetween polar functional groups of the analyte and polar
groups on the sorbent surface. The primary retention mechaniem-ekchange SPE is
the electrostatic attraction of the charged functional group inctimpound to the
charged group that is bonded to the sorbent surface. The retention ntacbirasersed
phase extraction is based on patrtitioning distribution of analytecka the polar solvent
and the sorbent. Polymer-based media such as XAD resin and polymer-isiiced
media are two types of reversed phase sorbents: the fasmesed for retaining

hydrophobic compounds which contain some hydrophilic functionality, ediyecia



aromatics; while the latter allows small, hydrophobic organmpmound of interest to
reach the bonded silica surface and flushes the large interfering compounds.

Solid phase extraction is achieved through the interaction ofahnggonents: the
sorbent, the analyte and the solvent. Isolations and fractions of Dibdonents are
operationally defined depending on their affinities to differentneesind their back-
elution efficiencies. Commercial humic acids and fulvic acids fHd®S are obtained by
fractionation of DOM by the Amberlite XAD (non-ionic macroporousimg with a
polystyrene resin as stationary phase. They impose a chdrvasgxd separation instead
of physical basis. The procedure of resin separation depends upon cunttb#i
electrical charge of the humic matter. The processes ceaidve or destroy some
functional groups with implications on the behavior and character afritp@al samples
by condition of high pH and highly charged. There is a question on hoesespative
isolated portions are of the materials in their natural stiteseover, the isolations have
low recovery (<80%) and the operation is labor and time consuming. &tleamsm of
isolation by the most commonly used C18 SPE is based on non-polar ieteutaol
interactions between the organic compounds in solution and the statiQify
hydrocarbon sorbent bonded onto a silica surface. It favors the sooptioost of the
chromophoric DOM. However, silica sorbents are not stable atregty acidic pH
values and hence recoveries are small (20% ~ 70%) [Simjouly 20@Gb] and non-
reproducible. Preparation and purification of functionalized solid phase®@ivi
extraction are time consuming, and their use in DOM extractemessitates that the

DOM experiences major shifts in matrix pH, salinity and polarity.



HPLC can be used for analytical separations. FractionationQi¥l 3hould not
change the environment of the sample much, because the ratio adidttibeition of
hydrophobic and hydrophilic components will be influenced by many fadach as pH
etc. HPLC can not only identify the different fractions, but also pequantitative
information on the hydrophobicity (RP-HPLC) or molecular weight GMD (HPSEC)
[Zhou et al., 2000; Chin et al., 1997]. More importantly, an advantage oethiesdlogy
is the absence of any extreme chemical conditions or changes in chemical tomposi
contrast to the traditional XAD resin adsorption technique. MoreovdtCH® an easily
operated and labor saving technology without extensive pretreatmentoaltt e
utilized as an on-line monitor. Woelki [Woelki et al., 1997] investigated the effguire
size on separation DOM by reverse phase HPLC and found different pore size from 100A
to 4000A resulting in different shapes and resolution of chromatogramey T
demonstrated that RP-HPLC is based on both adsorption processeseargchizion
phenomena. This exclusion phenomenon combined with irreversible adsorption by
hydrophobic interaction results in poor recovery, and this can be avioydesing non-
porous packing column [Dejanovic and Cabaniss, 2004]. In this case, the oddaihed
by size-exclusion chromatography of HSs should be accepted cardfaé reason is
given by natural tendency of HSs to undergone conformational cheaay@der
aggregation as a response to changed conditions mainly in their aquedoss@Hutta,
2003].

Membrane filtration such as UF (ultrafiltration) and NF (ndtnafion) are
physical separation processes that segregate according toutaoleeight (MW) or

molecular sizes of DOM. Membranes are typically charasdriby molecular weight



cut-off (MWCO) values which are calibrated by measuring mambrrejection of
macromolecules with known molecular weights. The best that canheved with a
single type of membrane is good removal of inorganic solutes and rgoodery of
DOM. For example, the median recoveries for UF, NF and RO are 90%,and 90%
respectively [Perdue and Ritchie, 2003]. The fundamental problem tlsss af
membranes are used to concentrate DOM is the co-concentration gdnitosolutes.
Even though the mean percent rejection of DOM by RO could be up to +98%o-
concentration of sulfate anions and dissolved silica could not be saegdyated from the
concentrated DOM. Membrane is an isolating method to concentrabaé spectrum of
organic matter whereas resin and SPE are isolating and fractionating methods
Given the polydispersity of the chemical structures involved antbthplexity of
the physical and chemical properties which these compounds exhibiombtful that a
single, universally satisfactory method could ever be developedv|[& et al., 1998].
The fractions of humic substances responsible for hydrophobic-hydrophtdsactions
may differ from the fractions responsible for electrostatierattions as well as
biological interactions. Which technique is more appropriate for thatisn of DOM

depends on the focus of the research.

1.1.3 Water treatment & DOM

Water has become one of the hottest topics of the decade and \agerhas
increased tenfold in the last ten years. A recent reportriited) Nations noted that one
third of the world's population lives in areas suffering from wsitertages. Furthermore,

increasing industrial demands for water are putting additioneéssion water supplies



[Mcllvaine, 2008]. In many parts of the world, water resourcesnatemeeting water
demand. Worldwide, there is concern that freshwater sources rask, &doth in terms of
replenishment and water quality.

Water has become a precious commodity. The increasing demanesfomfater
has focused attention on alternative sources of water, for exanvelewater from the
Rio Grande to supplement groundwater shortage for Albuquerque of Neucdyle
seawater desalination for Florida, reuse of the effluents frostewater treatment plant
in small communities in arid area®hether water is for human consumption,
pharmaceutical manufacturing, semiconductor fabrication or steaerafion, adequate
purity is essential. Both suppliers and customers are finding reeys v purify water
[Mcllvaine, 2008].

Membrane filtration has become an accepted process to purify atey full-
scale water treatment facilities are operating with cbfie types of membrane.
Membrane technology applications have grown steadily, coincidentpwiihic demand
for high water quality and strict regulations. Membrane prosem®compact, stable and
provide a very high quality of effluent that is increasingly ddse where discharges go
to recreational water, or to be reused for green belt wateritgt, fioishing, recharging
underground water, etc, or where upgrading of an existing ingialla required.
Because of lower membrane costs and simplicity of operation (ioyinating
coagulation, flocculation and sedimentation processes), membrane applicationsemave be
considered a cost-effective substitute for conventional drinking wat@ment and are
receiving increased attention associated with water qualilycost reduction [Lee et al.,

2004].



Membrane separation is an advanced technology available for revhowigkon,
sub-micron and ionic species. Semi-permeable membranes of diffea¢ertials, pore
sizes and configurations are typically utilized to filter out uivdbte impurities. Reverse
Osmosig(RO) rejects most ions, Nanofiltration (NF) and Ultrafiltoati UF) reject some
ions, and Microfiltration (MF) is only for suspended solids remolalring membrane
treatment processes, particle/colloid removals are based®i(Tsible 1.1). MF and UF
differ from NF and RO based on the size of the permeating speuechanism of
rejection, relative magnitudes of the permeate flux (flux isrdéite of water volume flow
across a unit area of membrane) and the pressure differential acrogsrtbheamne.

The categories of membrane are operationally defined.

Table 1.1 Membrane glossary.

Definition Pore size Molecular weight cut pff  Level
MF | MicroFiltration 0.1~ 0.2 um 0.1~1pum Suspended splid
UF UltraFiltration 0.001~ 0.fim 0.01~ 0.1 um Macro molecular
NF NanoFiltration | 0.001~0.01 um 0.001 ~ 0.01 pm Molecular
RO | Reverse Osmosis < 0.001pm <0.001pm lonic

RO, once known as "Hyperfiltration”, passes a solution across gpeendable
membrane to separate water from dissolved solids. It is unlikaibh to separate solids
from water and hold onto them on a medium or surface. RO empleygtiest skin
membranes with smallest pore size around 0.0001 micrometers, whe9&oaff-all ions
are rejected, more than 99.9% of viruses, bacteria and pyrogenseram/ed,

and virtually all organics are eliminated. Pressure of 200 to 1,20@puaigd-force per



square inch gauge) is normally required for applications ranfgomg brackish water
purification to seawater desalination. Clogged membrane and higheitysrequire
higher pressure. The pH tolerance of RO membrane ranges from 3 to 12.

Nanofiltration(NF), also known as "Membrane Softening" process, gsp&ss
tight skin membranes with larger pore size around 0.001 micrometezss 60-80 % of
all ions are rejected, 90 % - 95 % of divalent ions are removed, gadiorcompounds
in the 300 to 1000 molecular weight range are eliminated. Nanomembrane willaegec
that are divalent and larger (i.e. calcium, magnesium, carbpomai#¢ allowing lighter
monovalent ions (i.e. sodium, potassium, chloride) to pass through. In theltretrmdi
process more water passes at a lower pressure and predsaf¥#s to 200 psig are
typically required to economically soften water without the pahlutf salt-regeneration
experienced with the resin softening process.

Ultrafiltration (UF) is another membrane separation processwibluta larger
molecular weight cut off than either RO or NF. Like NF, UF menbs operate at much
lower pressures with less waste, but reject only large moke¢ute NOM, sugars,) and
are frequently used in food and beverage processing or as premeatnprotect RO
membranes or other treatment equipment. UF is similar to thandONF processes, has
no significant rejection of dissolved solids. It employs loose skimbmanes with a
relatively large pore size around 0.01 micrometers, where virtoallpns are rejected,
but contaminants such as organics, bacteria, and pyrogens a&ted.e]dost ions and
small organics such as glucose are allowed to pass the memb@oes
structure. Because of the high membrane MWCO (moleculaghtveut off) of UF, it

may not be effective for removal of DBP (disinfection by-productrprsors, although it



is efficient in reducing turbidity, particles, suspended solids| ¢otdorms as well as oll
and grease.

MF is similar to the RO, NF and UF processes but does ndt dejsclved solids
or ions. Pore sizes of MF membranes are around 0.1 micrometesZQsh in water
treatment), and only rejects particulates and suspended solidsizeshlarger than the
membrane pore size. MF process can use extremely low operating@i@ss 25 psig)
for the separation process to take place. MF is quite different than RO, NFoth3E it
doesn’t separate and reject materials to a waste stream, but tragiegartio the surface
or within the body of the filter. If properly applied, MF can beyveffective in the
removal of bacteria and protozoan cysts (i.e. Giardia and Cryptosporidium).

One of the most significant issues affecting the developmentalbraee filtration
is fouling. Accumulation of excess particles in a thin lagdjacent to the membrane
surface, increases resistance to solvent flow and thus recheqsetmeate flux. All
membranes are subject to fouling, but fouling is acceptable asongs reversible and
manageable. Serious irreversible fouling implies a substardsd bf capacity for
membrane facility, and frequent replacement of membrane modulessesroperating
cost. Fouling represents a serious constraint for employing lesspre membrane
systems as a substitute for conventional treatment [Lee et al., 2004].

Membrane fouling is determined by the coupled influence of phgsidachemical
interactions. These interactions and the resulting properties ofothieg layer are
controlled by the foulant characteristics, feedwater solution chendtyionic strength,
divalent cation concentration), membrane properties (surface echaydrophobicity,

pore size and morphology), hydrodynamic conditions (permeate flux, ftoass-



velocity) and solute-solute and solute-membrane interactions (dtgdcophobic, and
electrostatic interactions). Shape and size of molecules and essggbhmembranes may
be more important or influential than hydrophobicity of membrane. Theqaty®mical
characteristics of the foulant, such as charge and molecular @ation, directly control
the fate of foulant accumulation and the properties of the foulingy lagd, therefore,
have significant impact on membrane permeate flux. Laboratafg-scossflow studies
have demonstrated that high ionic strength, high Ca concentratiopHowigh initial
permeation rate and low crossflow velocity all favor membrane fouling.

Since fouling results in deterioration of membrane performanc@érmeate water
flux and quality) and ultimately shortens membrane life, effeqineventive strategies
can only be devised if the mechanism of fouling is understood.

Tansel et al [Tansel et al., 2000] elucidated four fouling mechanigei layer
formation (cake resistance), pore blockage, concentration polanzatid adsorption.
Generally, more than one type of mechanism contributes to theddoli any specific
system. Concentration polarization and gel layer formation talee glamarily on the
membrane surface where the pressurized source water is ictoaittathe membrane.
Low MW molecules enter pores, causing pore blockage and adsorptioonftfqding,
while high MW molecules form a layer of gel or concentration podéion on top of the
membrane surface, preventing small MW organics from enteringndmabrane pores
[Tansel et al., 2000; Li and Chen, 2004]. Therefore, UF membranedike¢mbe more
affected by cake/gel layer formation (surface coverage) mmbranes are susceptible

to pore blockage.



Fouling mitigation techniques can be classified into three catsgdouling
control, pretreatment technologies, and anti-fouling membranes and modules
[Sheikholeslami, 1999].

Fouling control strategies include interval operation, sub-crlicabperation and
periodic physical or chemical cleaning etc. Reversible foutogld be controlled by
changing process parameters or by hydraulic cleaning sualatas/air backwash, air
scouring and water flushing (only concentration polarization). Howewar, layer
formation, pore blockage and adsorption are most often irreversible,cancerehemical
cleaning such as acid or base solutions. Despite efforts toereadembrane fouling by
improving membrane properties, optimizing operation conditions and pre&abf
feedwater, fouling is inevitable. As a result, one long term solut ensure sustainable
operation of membrane systeimdo remove the foulant deposited via chemical cleaning
when there is a significant drop in permeate flux or salttiefgcor when there is a need
to increase the transmembrane pressure significantly to amaihie desired water flux
[Li and Elimelech, 2004]Fouling problems are a major challenge in membrane
technology. Pretreatment by integrating a larger pore membflsifr) into the RO
systems resulted in longer membrane lifespan. Modification emimnane properties,
modules and also feed water physical properties are intended te fediling problems.
Future development in membrane technologies should include more envirahment
friendliness and cost effectiveness.

In the area of freshwater colloidal and organic matteractesization, good
protocols were developed for bench scale testing of different tgpamembranes

followed by analytical techniques for studying the fouling layérese studies have



provided insight into the fouling mechanisms for fresh surface svaied have led to
great strides in the acceptance and rapid growth of the usembrane in the drinking
water industry. However, these mostly came from lab resultgs bttle pilot plant or
“real world” work was reported. Furthermore, feed water recoveng of the most
important parameters in membrane plants, usually approaches zarohifaboratory-
scale setups because of the very small area of the membrahewlseh result in

negligible recovery or change in concentration factor.

1.1.4 Analytical methods for DOM

The characterization of both physical and chemical properties M M@mportant
because of its role in the fate, reactivity and transport of amcgand organic pollutants,
and its impacts on potable water treatment unit operations.

A wide range of routine measurements have been developed to clegaoem.
These include TOC (total organic carbon), DOC (dissolved organmitmorrg BOD
(biological oxygen demand), COD (chemical oxygen demand). TOComsmonly
synonymous of DOM in the aquatic environment [Henderson et al, 2009];, E/@C
soluble potion of TOC, is a more general parameter in water s((aalyng/L~50mg/L)
and detects all dissolved organic carbon without selection. BOD anda®©#8&ccepted
as surrogates for monitoring organic contaminants and wastewgdaémént processes
[Lee and Ahn, 2004]. However, the procedures to obtain these parametedieus and
time consuming. The isolation procedures to obtain a sufficient saimpkgructural
characterization require processing large volumes of water anthlaor intensive by

these conventional methods. These methods are not practical in stwvdiesmg many



sampling sites or many time points. Therefore, simple chaizatiens of DOM that
could be carried out rapid with small volumes of water samples vmuttbnvenient. Of
particular importance is the ability to analyze bulk watengas rather than samples
subjected to isolation, fractionation, and/or concentration. Optical getesthnologies
based on UV absorption and fluorescence spectroscopy have been propressive
these problems.

DOM contains chromophores and fluorophores through which DOM interacts with
UV and visible radiation. Chromophores attenuate incident UV and vigihle UV-vis
spectra of DOM are typically broad and nearly featurelessadsse the number of
possible types of chromophores is large and none possess an estgiigudshable
spectrum. The absorbance of DOM decreases with increasing ngtvele nearly
exponential fashion. Also, a variety of fluorophores in DOM absoght liover a
wavelength of ~300-500 nm and emit fluorescent light at wavelesgthewhat longer
than that of the incident light [Perdue and Ritchie, 2003; Senesil.,etl389].
Fluorescence spectra of DOM are much more highly structuredtiieaabsorbance
spectra.

For the purpose of describing the characteristics of DOM, diffet@mbgate
parameters have been investigated, including TOC, UV absorbance, $peéaific
ultraviolet absorbance: WUVW/DOC), spectral slope (InA). UV-vis absorbance
(wavelength= 254-280nm) has often been used to estimate the aroordBat within
DOM [Yuan, 2000] and UV absorbance is used to predict DBPs (disorieby
products) formation potential. UV absorbance correlates with THMifralOmethane

formation potential) and with molecular size and color [Gray antbB2003]. SUVA at



a specific wavelength correlates well with aromatic carboment of DOM and DBP
formation potential, because the “activated” aromatic structtwastitute the primary
sites attacked by chlorine or other oxidants [Fan et al, 200Hefore, it is generally
utilized as surrogate parameter to measure the DBPs fornjatioet al., 2000]. But
high nitrate content in low DOC water may interfere with thisasurement. It has been
demonstrated that SUVA is a sensitive surrogate parameterfanhydrophilic THM
(trihalomethane) precursors.

Although UV absorbance spectroscopy has been commercialized fewatas
monitoring [Langergraber et al., 2003; Van Den Broeke et al., 2006]eflcence has
potential advantages over UV-vis absorbance for its higher séysiind DOM
fingerprinting.

DOM fluorescence spectra are able to illustrate the compteExits composition
and structures. Excitation emission matrix fluorescence sgeocpy (3DEEM) has
become a state-of-art technique in aquatic studies due to its nometiestnature, good
sensitivity and simple sample pretreatment. Additionally, a vasy @f data is available
for interpretation within this approach [Lombardi, 1999]. Rapid data t¢alie¢<1ls)
from small samples (5 mL) with high optical resolution and lovectan level (ppb)
make this fluorescence technique an attractive method. 3DEEMIéspvead in marine
and estuarine studies of DOM biological activity and associate@ipréitiorescence
[Determann et al., 1998; Mayer et al, 1999; Parlanti et al., 2000a3fa@ta and Tanoue,
2003; Jaffe et al., 2004], characterization of DOM from differentcasufCoble, 1996;
Jaffe et al., 2004; Clark et al., 2002], and organics held in and relzasgdsediment

and mixing of water bodies [Komada et al., 2002; Sierra et al., 199The field of



freshwater, EEM has been applied to determine optical properti€&Obdf [Battin,
1998], the influence of pH on fluorescence of organic matter [Patall.,e2002],
characterization of DOM composition and source [Mounier et al., 1999aldaet al,
2000; Katsuyama and Nobuhito, 2002; Her et al., 2003], and comparison of organic
matter fluorescence with standard IHSS model compounds [Sea¢sil&89; Wu et al.,
2003; Kalbitz and Geyer, 2001]. Beside these applications in naturisywegsearchers
have been used 3DEEM to assess water quality and monitor watgiopodind optimize
water treatment process [Ahmad and Reynolds, 1999].

Fluorescence studies on organic matter in the aquatic environmeatiyyjpcus
on humic substances and amino acids in proteins and peptides. Two main @froups
DOM fluorophores are referred to as humic-like (UV humic-like aisible humic-like
fluorophores) and protein-like fluorophores (tryptophan-like and tyrosine-like
fluorophores). The protein-like fluorophores are so named because thegsdence
occurs in the same regions of optical space as authentic staodartse materials.
However, there are still difficulties in identifying individududrescent compounds in

water.



1.2 Objectives

DOM compositions have been the subject of this investigation. Ialikence of a
universal extraction method, | evaluated three methods for eatracf DOM. The goal
is to achieve an efficient sample preparation method that is aieef@ use to
characterize DOM.

The use of 3DEEM fluorescence and UV spectroscopy as a diagoostfor
water and wastewater control was investigated and discugsetkibg fluorescence and

absorbance analysis and current chemical water quality monitoring teekniq
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CHAPTER 2

Fractionating NOM by lon-pairing Reagent

2.1 INTRODUCTION

Natural organic matter (NOM) plays an important role in pollutd@mistry and
geochemistry, including controlling particle stability and tpors metal complexation
and production of disinfection by-products (DBP) in water treatn@hti$tman, 1983].
NOM is a complex mixture of aromatic and aliphatic hydrocarstomctures that have
attached functional groups including amides, carboxyls, hydroxyls anddeefChen et
al., 2002]. Understanding the structural chemistry of hydrophobic and hydcoldiM
components can be very useful in designing new water treatmergspses to remove
these disinfection by-product precursors.

DOM (dissolved organic matter), the soluble portion of NOM, is thgarc
precursor to disinfection by-product (DBP) formation and is presenearly all water
supplies [Stevens et al., 1976; Christman et al.,1983; Liang and Singer,P2008s et
al., 1999]. Two main fractions of DOM, relative hydrophobic (humic substnand
relative hydrophilic (non-humic substances), have been investigateEusiely in order
to reveal their reactions with disinfectants [Collins et al., 198&nd Chen, 2001; Watt
et al., 1996]. However, there is still no agreement on what roledlagyin the DBP
formation. Since the hydrophobic/hydrophilic distribution in DOM willlueihce the
relative distribution of different types of DBP, understanding ti#EsP formation

potential and which fractions are the main precursors should helpigm ggscedures



for water treatment. Moreover, knowledge about the partitioning dflD@uld improve
understanding of the fate and transportation of organic and inorganic pollutants.

Isolation and fractionatiggrocedures of DOM have been discussed fully by Aiken
and Stevenson etc, [Thurman and Malcolm, 1981; Aiken, 1984; Stevenson et al., 1994;
Aiken, 1988; Perdue and Ritchie, 2003; Mantoura and Riley, 1976]. The most popular
methods to isolate and separate DOM are using XAD resin adsogsttbmembrane
separation. The methods which are claimed to fractionate humicasoéstbased on
their polarity are XAD resin and RP-HPLC (reverse phase pigtiormance liquid
chromatography) [Masami et al., 2006; Shibu et al., 2005; Swietlk,e2005; Senesi et
al., 1990; Mopper et al., 1993]. XAD resin is generally used for prepayatial HPLC is
used analytically.

Most fractionation methods still rely on techniques developed in the 19nd's
later on modified in the 1980’s [Thurman and Malcolm, 1981; Leenheer anch&tuff
1976; Mantoura et al., 1976]. The most prevalent procedures for fractgptiNOM are
based on XAD resin, developed initially by Weber and Wilson [Webe§;1@&rdue and
Ritchie, 2003] and currently accepted as a standard by Internatonat Substances
Society (IHSS). This XAD resin scheme separates NOM intoatipeally defined polar
and non-polar fractions based on the interaction between hydrophobic mioidti©d/
and the resins [Leenheer and Huffman, 1976; Thurman, 1982]. XAD resiasisex to
remove and concentrate humic substances from large volumes of[Wateman and
Malcolm, 1981], and have been used to determine DOM distribution betweetiamdra
categories based on polarity (relatively hydrophobic or hydrophikimg pH gradient

elution. Combined with ion exchange resins, DOM can also be clasa#fiadid/neutral/



base fractions [Leenheer and Huffman, 1976]. The six fractionsyamghobic acid,
hydrophobic neutral, hydrophobic base, hydrophilic acid, hydrophilic neutrdl a
hydrophilic base [Marhaba et al., 2000]. Imai [Imai et al., 2003]itraated DOM into 5
classes: aquatic humic substances (AHS), hydrophobic neutrals, (k@ahipphilic acids
(HiA), bases (BaS) and hydrophilic neutrals (HiN).

Resin separations are both operationally and conceptually comppoatedures.
First, fractionation of NOM by XAD resin uses extreme coondgisuch as pH <2 or pH
>10, and the strong acidic or basic environment could change the ahhy@rophobic
or hydrophilic fractions. Second, hydrophobic and/or hydrophilic portionshedgst in
the separation steps either due to irreversible sorption onto tms m@sincomplete
ability to adsorb [Leenheer and Huffman, 1976; Leenheer, 1981]. Thus, thsicala
XAD approach is limited to some extent by loss of some compoandsyeing time and
labor intensive (a multiple-day process).

Use of reverse phase high performance liquid chromatography (REyHBL
discriminate between hydrophobic and hydrophilic fractions of NOM hamn be
complicated by low resolution, low recovery and difficult interpretafShibu et al.,
2005; Fettig, 1999; Dejanovic and Cabaniss, 2004; Abbt-braun and Frimmel, 1999]. The
most important factor in applying RP-HPLC to measure the ppldistribution of DOM
is the calibration standards, and the standards should have sinitdursts with DOM.
Since the real structures of DOM are unknown or at leashatehate, the choice of the
reference standards and therefore the results of this metkodnalear. Moreover,
column interaction, suitable data handling of chromatograms etc,thimitlevelopment

of separation DOM by RP-HPLC [Her et al., 2002].



Hydrophobicity is not an intrinsic parameter of NOM, but dependsthen
operational method used for its determination [Her et al., 2002]. &oga kxtent, the
procedures depend on controlling the electrical charge and hydrogtalmtures of the
humic matter. Because the molecular charge of DOM is governedrpyifiny the degree
of ionization of acid groups, pH may be the main factor influencing the hydroplyadficit
NOM. At low pH value, NOM is protonated and less ionized, and thereioore
hydrophobic. At high pH, NOM is deprotonated and more ionized, thus more
hydrophilic.

As chemical and biological products of plant and animal residudantPa&t al.,
2002; Liang and Singer, 2003], humic substances are similar to the pepyidéeir
polarity and MW distribution. Based on the ideas of peptide purificgtiotocols using
anionic ion-pairing reagents for peptide separations [Shibu e0ab, Mant and Hodges,
1991; Cunico et al., 1998; Mant et al., 2002], the protocol of peptide sepatstes
hydrophobic anionic ion-pairing reagent to interact (ion-pair) withitipes/ charged
peptide residues. Hydrophobic anions will not only neutralize the poyitolerged
groups, thereby decreasing peptide hydrophilicity, but will incraasieer the affinity of
the peptides for the reversed-phase sorbent, thereby separatiagéigeptide from the
mixtures [Shibu et al., 2005].

This work develops a novel method to fractionate humic matter bas#te on
hydrophobicity following the theory of XAD fractionation and the apygto of peptide
separation with ion-pairing reagejtigeberg, 2002; Senesi, 1991; Mcgarry and Baker,
2000; Sutton et al., 2005]. Addition of a hydrophobic cation to DOM will aéné& the

negatively charged groups, thereby decreasing the hydrophilfcityroic substances to



allow them to partition into a less polar solvent: this liquid-ligexdraction should be a
faster, easier separation method than XAD resin fractionationappkcations of ion-

pairing reagent for DOM fractionation have been reported by 3pgr¢8mith and

Warwick, 1991; Whelan and Kamali, 2003; Masami et al., 2006]. Smith jSamd

Warwick, 1991] applied ion-pair chromatography to separate fulvic a@cainumber of
organic constituents, and these fractions were just classifidtelmolecular weight cut-
off with no other detail. Whelan [Whelan and Kamali, 2003] tried to re¢g@aumic-

substances into compound classes by polarity using ion-pair chroaitggbut they
classed peak clusters with very rough definition such as sm#drge molecules and
polar or least polar etc. Fukushima et al. [Masami et al., 2006]teebtirat fulvic acid

could be separated from soil extracts based on the precipitatiom iohgair with a

cationic surfactant.

Three dimensional excitation and emission matrix fluorescepeetr@scopy
(3DEEM) has been demonstrated to be a useful, non-destructive analytivadl rfeetthe
characterization of NOM fractions. 3DEEM have been used to ckamctand
discriminate among humic substances of different origins [Coble, 1©8bte, 1996;
Swietlik et al., 2005]. More recently, this technique has been gexblto study the
structures of NOM and humic fractions [Sierra et al., 2006; Hat.e2002; Mopper et
al., 1993; Del Castillo et al., 1999; Baker, 2001; Parlanti et al., 200%]e $ne chemical
nature of fluorescent material in NOM is still not understood, watcessful isolation of
specific fluorophores would be significant for NOM chemical charation
[McKnight et al., 2001]. 3DEEM fluorescence spectroscopy is ancatteaanalytical

tool because it is at least an order of magnitude more sentti@OM than UV



absorbance [Chen, 2002].

The object of this work is to characterize comparative stiidiyeofluorescence
properties of humic acids (HA) and fulvic acids (FA) befand after solvent extraction
by using 3DEEM. The specific objectives of this work were: 1) to assess ¢otsaif pH
(from pH 2 to pH 14) on NOM, specifically on hydrophobicity; 2) taoduce a new
method to separate NOM into different types of fluorophoric groupsdditien of a
cation ion-pairing reagent; 3) to determine the effect of thep@nng reagent and
different solvents on separation efficiencies; 4) to investigia¢e feasibility of this

fractionation technology as part of a broader application, future HPLC deparat



2.2 MATERIALS AND METHODS

2.2.1 Materials

Samples. Experiments were carried out with the DOM stock solutioom fa
Reverse-Osmosis isolate sample from McDonald’s Branch (McDonald¥saR 5/12/97).
International Humic Substances Society (IHSS)-- Suwannee Rikec acid standard
(FA) and Suwannee River humic acid standard (HA) were also usdid. sSmples were
dissolved in the Milli-Q water to make DOM stock solutions, thensiblations were
stored at room temperature (T=25 °C) in the dark until analyZé&e. concentrations of
DOM samples range from 2.0 mg/L up to 20.0 mg/L as total m&sl,Dnot DOC.
Because molecular charge is the most influential factor gowgethen hydrophobicity of
DOM [20], all of the experiments were maintained at theiriahipH during the
experiment except the pH dependent experiments.

pH-Dependent experiments The effects of pH (between 2 and 14) on the
fluorescence of humic substances were examined by the dropwiseraddlieither 1 M
NaOH (Merck KGaA, Darmstadt, Germany) or 1 M HCI (SigAidrich Riedstr,
Switzerland). Samples were covered and equilibrated until the lod was constant.
The pH differential between 2.0 mg/L and 20.0 mg/L was less than Otlie sdfects of
the dilution on the pH could be ignored.

Partitioning experiments. A shake-flask method (separation funnel with manual
shaking) was employed to determine the organic solvent-watiiquang of dissolved
organic matter. Partitioning was performed in the absence and preskran-pairing
reagent. In the presence of ion-pairing reagent, 0.05 g — 1 g (0.3 MI) of

tetrabutylammonium hydrogensulfate (>97%, Aldrich, WI, USA) weleed to 10.0 mL



20.0 mg/L NOM solution, then extracted by 10 ml acetonitrile (HBt&le, Burdick &
Jackson, MI, USA), diethyl ether (HPLC grade, Burdick & Jacksoh, WSA) or 1-
octanol (>98%, Merck KGaA, Darmstadt, Germany) respectively. cimeact time for
the solutions was 10 minutes. Both the organic and agueous portions fradrlitigid

separation were analyzed as described below.

2.2.2 Analytical methods

A. Fluorescence spectroscopy

3D EEM Spectroscopy Excitation-emission matrix fluorescence was performetusi
a Cary Eclipse fluorescence spectrophotometer (Varian Incyo&ppately 3 mL of the
sample was placed in the fluorescence quartz cell. To callsgigle EEM, excitation
wavelength Xexy) was set to 200 nm and emission wavelength) (was scanned from
300-600 nm; thenex was increased by 10 nm and the emission scan repeated until the
last scan hadlex at 400 nm. A Step size of 10 nm was chosen for collection of EEM
spectra. The slit width was 5 nm fog and 10 nm foden,. All the EEM spectra were
scanned at 600 nm/min with averaging time 0.1 s. And the excitalinviias set auto,
the 295-1100 nm emission cutoff filter was used in scanning nunelie second order
Rayleigh light scattering on the DOC response in the emissigge raf 400-600 nm.
PMT gain was set at 750 volts. Thaseline noise (RMSE) was 0.3 a.u. (arbitrary unit).
Triplicate scans were conducted for the samples and the awseagkard deviation of
maximum intensity is <1%. Fluorescence emission intensiteee reported in arbitrary
units (a. u.) and always automatically corrected by the maasuatesystem for variations

in the excitation lamp spectral profile and any temporal intersariation. Fluorescence



measurements were made at a regulated temperatui@, B&ause fluorescence is
temperature-dependent.

Milli-Q water was used as blank, then Milli-Q blanks were scigiafrom each
DOM EEM scan. Since the concentration of all samples wasthes 20 mg/L and the
absorbance is <0.1 a.u., no internal quenching correction was appliedugti no
further corrections for fluctuation of instrumental factors and ¢attering effects (e.g.
primary and secondary inner filter effects) were applied, apeoative discussion on
spectra is possible, since all of them were recorded on the isatnegment using the
same experimental conditions.

It is difficult to make use of all the information collectethvtEM spectroscopy.
In this paper, characterization of DOM composition will be based-Bnplots, contour
plots, number of fluorescence peaks, position of wavelength-independemisfience

maximum RexAem), fluorescence intensity at/Aem, and the ratios of different peaks.

B. UV-vis Spectroscopy

UV-vis absorbance spectra were collected on Cary 50Bio UV-Vis
spectrophotometer with approximately 3 mL samples. Using baseadbrrection,
absorbance between 200 nm and 600 nm were used to characterize and t¢benpare
samples. All absorbance were collected at 24000 nm/min scanningd, reen data
interval. The typical baseline RMSE noise was +0.0055 au (no correctieif).@d03 au
(baseline correction).

All the UV-Vis absorbance measurements were performed th&ndilli-Q water

as bhlank.



2.3 RESULTS

All DOM fluorescence peaks are broad and overlapping in the emssectrum
(Figure 2.1). The contour plots of 3DEEM show the number of fluoresceeaks,
positions of the fluorescence maximb.fiem) and fluorescence intensity at./Aem
(Figure 2.2). The X-axis represents the emission wavelépgtirom 300 to 600 nm.
The Y-axis represents the excitation wavelerigthfrom 200 to 400 nm. The contour
lines represent the distribution of fluorescence intensity atreifteexcitation-emission
wavelength pairs as the third dimension. The ridge with high floeneg values at 45°
angle in the left upper part of the contour plots represents \Ratg@eigh scattering,
which is not related to the fluorescence characteristichkeosample. Two peaks were
easily identified for the DOM fluorescence. The peak at dorexcitation wavelength
(Aex= 320-330 nm) has been attributed to visible humic-like fluorophores (Peikoble,
1990; Coble, 1996], with maximum emission intensity\.agt= 450-460 nm. The other
peak is responsible for UV humic-like fluorophores (peak A) [Coble J199@&]. With
fluorescence maximum at,= 210-230 nm an@.,= 430-450 nm, peak A fluorophores
had much stronger emission intensity than the peak C fluorophores. Beaqaef two

major types of fluorophores is clearly visible from the topographic views @Ryaj.
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Figure 2.1 2-D Emission spectra of DOM (20 mg/L). X-axis isseran wavelength, Y-

axis is fluorescence intensity, and the individual lines are excitationeveybs.
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Figure 2.2 The contour map of DOM (20 mg/L) (Peak A is UV huiikefluorophores,
peak C is Visible humic-like fluorophores. The line at the upcefher is first order of
Rayleigh scatter). X-axis is emission wavelength, Y-axis ida&xan wavelength, and the
color is fluorescence intensity.



2.3.1 The relation of DOC with SUVA and FI/DOC
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Figure 2.3 UV absorbance spectra of NOM at different concentration (2-20.mg/L

The linear relationships (R 0.98) between UV absorbance (Figure 2.3) and DOM
concentration (Figure 2.4), and between fluorescence intensity and d@@d&ntration
(Figure 2.5) indicate that the inner filter effect did not sigaiftly affect fluorescence

analysis for peak As and C at these concentrations (<20 mg/L).
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Figure 2.4 The linear relationship between UV absorbance and DOMntizen at
four wavelengths of 230 nm, 254 nm, 300 nm and 330 nm.
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Figure 2.5 The linear relationship between fluorescence intensity and DOknht@tion
for both peak AXel/Aen= 230/445 nm) and peak Eeff/Aen= 330/454 nm).



Specific UV absorbance (SUVA) is the ratio of UV absorbaatea given
wavelength (usually 254 nm) to the concentration of DOC in the watetion. SUVA is
a practical parameter that provides insight into the nature & B its fractions. It has
been correlated to aromatic content [Chin et al., 1994]. SUVAashakeved to indicate
the amenability of DOC removal and is a valuable charactenmzgtarameter for the
assessment of NOM reactivity during water treatment [Croaé,e1999; Roccaro, 2009;
Kitis et al., 2001; Reckhow et al., 1990; Edzwald, 1985].

A similar normalized parameter is maximum emission inD&HC (FI/DOC),

which should be independent of the concentration of DOC.
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Figure 2.6 SUVA change as function of DOM concentration at different waytble

By investigating the relationship between SUVA and DOC concentfatisaveral

excitation wavelengths at maximum intensities (Figure 2.6), SWslies are close



(standard deviation < 10%) when solution concentration changed fromg/l5 to 20
mg/L, except the sample with the concentration of 2 mg/L shownetative lower value.
For the Peak A (230, 250, 260), SUVA values were around 1?2 (mg*), while for the

peak C (300, 330), SUVA values are about 0.3-08 [rmg™).
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Figure 2.7 Fluorescence intensity/DOC change as function of DOMeaotration at
different excitation wavelengths &4,=445 nm (FI=maximum emission intensity).

FI/DOC shows a similar trend from 5 to 20 mg/L except the coret@m was 2

mg/L (Figure 2.7).

2.3.2 The effect of pH

A. Change in intensity

Since NOM contains phenolic and carboxyl functional groups (reféigures 1.1

and 1.2 in Chapter 1), its charge density is pH sensitive and resuyiiiic@l properties



such as absorbance and fluorescence are also pH sensitive gF&)uiithe emission and
excitation wavelengths of maximum emission intensity are inubgg of pH from pH=

2 to pH=8 and visually contour maps of peaks A and C do not change. Thesdkeioce
emission intensities of both peaks increase gradually as pklased from 2 to 8 and
reached a maximum at pH 8. After that, emission intensitieedse when pH increased
from 8 to 10. This result is different from some previous observatioais eémission
intensity was the highest at most basic pH [Chen, 2002; Mobed &086; Miano and
Sposito, 1988; Pullin and Cabaniss, 1995]. In the same sample solution, ifapH w
adjusted from 8 to 2, the contour shapes and maximum excitatiosi@migavelength

do not change, although the maximum emission intensities decrease.
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Figure 2.8 The maximum intensities changed with pH varying 2am 10 for peaks A

and C.



B. Shape change at pH 10

However, for peak C at pH 10, the shape of the contour plots chamgee(fRiot
shown) and the excitation spectra are broadened compared to thbsdrifial sample.
The increased sensitivities and its extension of excitation esmgtd from 370 nm to 400
nm, make the contour plots show a shape change in this region fromrdiocoldong as
the pH increased from 8 to 10. At pH 10, the shape of peak Cdaletieout the
maximum excitation or emission wavelength shift, maximugi..m was still at 330/450
nm. However, the decrease in intensities has small absolute slppkiacreased from 8
to 10, this kind of slow intensity attenuation made the excitation lemagts (not the
maximum Aey, but the longer excitation wavelengths thagp) extend and excitation
spectra broaden. Buim maxdon’t change and emission spectra keep the same. These
extension of excitation spectra resulted in the contour shape of peaknged from
round and wide to elongated and narrow. It looks like the peak C wgzessed along

the emission wavelengths.

C. Hysteresis after pH 10

The fluorescence of peak C showed hysteresis when pH was ab®ee 10 and
then decreased, even after the pH returned back to its weak @awionment. In order
to investigate the effects of high pH on peak A and C, severatatiffpH values from
acidic to basic were explored as pH varied a825>5 (Figure 2.10), 5>10—-5 (Figure
2.11). Increased the pH from 5 to 10 and then returned to pH=5 showed a ichtrege
spectra of peak C at pH=5 comparing with the original spegirt=%). However,

decreasing the pH from 5 to 2 and then retuned to pH=5 did not changpdbtra



comparing with the original one. It's very obvious that emissiansities of both peaks
A and C are enhanced after increasing pH to a relative higk (yaH =10) then back to
its original pH. The extent of intensity enhancement of peak Cnweh less than peak
A, the former increased about 40 a.u. and the latter increasedtdB0 a.u. comparing
the solution at pH=5 before and after basified to pH=10 (Figure 2.9).difleeence

between peak A and C was, peak C changed both intensity and sisagpdanction of

pH, while only intensity alteration for peak A. The interesting ghm intensities and
spectra almost don't change at the same pH for both peaks if pthskd to 2 and then

returned back.

pH effects on Peak A pH effects on Peak C
480 220
| L
400
—_ = 180 L
3 L &)
— 360 A | =
= £ 160 ? 3
320 | .
140 ¢
280 +
240 . ‘ ‘ e 0 5 16 15
0 5 pH 10 15 pH
a b

Figure 2.9 The effects of pH on fluorescence intensity of peak A (a) and peak\Ctlie)
procedures of pH-52—5 and pH 5»10-5.
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Figure 2.10 The contour plots of DOM at pH=5 by the procedure of pH-2(a)5(b).
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Figure 2.11 The contour plots of DOM at pH=5 by the procedure of pH-3@)>5(b).



Comparing the maximum emission intensities between low and gtplvalues
(Figure 2.11), it was observed that fluorescence intensities decaeldt (about 300 au
for peak A and 180 au for peak C) compare to its original intengiy%p when pH
decreased to 2, although pH value just decreased 3 units. The saiteewere obtained
when pH increased to 12 (pH increased up to 6 units). Fluorescencatiesedecrease
at the extreme pH conditions, whether extreme acidic or basictiomsdiBut it seemed
that extreme acidic condition had stronger adverse influence on ¢énsitgtthan that of

the basic pH.

D. Change in peak ratio

Fluorescence maximum emission intensities ratio of the fluoropttosesl C, r =
Ia/lc, was described as a potential organic matter (OM) qualitynyeest and was
examined according to the pH. If r is strongly pH-dependent, r ratio is proposegbad
indicator of OM maturing. By investigating r change in the wipdlerange from 2 to 10,
the results demonstrated that r responded in the same manner to pHpM/imereased,
r increased too. However, r just increased a little bit (aboutwhéh pH value changed

from 2 to 10.

2.3.3 The effects of ion-pairing reagent and solvents on partitioning
A. The effects of ion-pairing reagent on DOM partitioning

Because of the amphiphilic and negative charged characteristics of hdrhutvec
acids, an ion-pairing reagent was applied to investigate if tiseesy possibility to

separate humic substances from the matrix or separate hunhscfiaen fulvic acids by



exploring the change of fluorescence. The results indicatechtitttion of ion-pairing
reagent not only changed emission spectrum, but maximum emissiontyngensvell.
The shapes of both visible humic-like (peak C) and UV humic-likek(pgdluorescence
changed from round to long elliptical shapes, especially peakdfe Mhportantly, the
peak emission wavelengthef) blue-shifted from 450-460 nm to 400-430 nm for peak C
and From 430-450 nm to 390-440 rion peak A respectively when ion-pairing reagents
varied from 0.1 g to 0.8 g. As the ion-pairing reagent concentratioreased, the
maximum emission wavelengths gradually shift to shorter valueferdthe ion-pairing
reagent was added, the peak excitation wavelength occurkgg 210-230 nm, and the
emission intensities at these three wavelengths were athestame. After ion-pairing
reagent addition, the peak excitation occurred.a 230 nm, followed by excitation
wavelengths of 220 nm and 240 nm. Moreover, the emission intensities eftlines
wavelengths were different and the sensitivities of these Wagelengths on the amount

of the ion-pairing reagent were varied, 230 nm is the most sensitive.
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Figure 2.12 The linear relationship of ip (ion-pairing reagenth wite maximum
emission intensity for peak AddAem =230/440 nm, 240/440 nm, 230/450 nm) and peak
C (Ae'Aem =330/455 nm).

There is a linear relationship between amount of ion-pairingnteagd emission
intensity for peaks A and C (Figure 2.12). However, the ion-pairgagent had an
unexpected effect on emission intensity at low levels (Figude), the intensity
decreased to below that of the original solution (before ion-paieagent was added) at
all explored wavelengths. Then, after the amount of ion-pairing reagentdesaspecific
value (this value was named as critical value because iawasindary to have contrary
performances with ion-pairing reagent addition), the emission itiesiere enhanced

with increasing concentration of ion-pairing reagent --equal dnenighan that of the

original.
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Figure 2.13 The critical values of ip at the maximum emissib@nsity for peak A
(Aextren=230/446 nm, 240/450 nm) and peak KeyW/fenr=320/451 nm, 340/456 nm)
(intensity difference=oms+ip-loom).

B. Extraction into organic solvents

In extractions without ion-pairing reagent, the fluorescence iiehsof the
organic phases were very weakfter ion-pairing reagent was added together with
acetonitrile, 3DEEM showed oval plots of peaks A and&emaxandiem maxdidn’t shift
after addition of acetonitrile, they were still Bt/Aer= 230/430 nm for peak A and
Aexher=320/430 nm for peak Because the acetonitrile miscible with the water, it was
unable to extract the DOM from the mixture. Increasing the amamfuatetonitrile only

changed the fluoresence emission intensitypgfit.m of peaks (Figure 2.14).
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Figure 2.14 The maximum emission intensity of DOM changedfuastion of
ACN:DOM ratio.

When DOM was extracted by diethyl ether with ion-pairing eeacadded, the
mixture was separated into two phases. After extractiongineoas phase intensities at
excitation wavelengths were 230 nm>220 nm>240 nm>>250 nm. The maximum
emission wavelengthen, blue shifted from 440 nm to 420 nm for peak A and from 450
nm to 430 nm for peak C compared with DOM original solution; howetergtwas
almost no shift occurring of the aqueous phase intensities aftactsx compared with
DOM and ion-pairing reagent mixture solution before extraction.cbnéour plots of the
agueous phase were similar to that of un-extracted DOM. In the @tlhase, peak A
fluorescence was very different (Figure 2.15). The excitationelgagths showed an
unusual contribution to peak A (Figure 2.16), totally differently frdme Gaussian

distribution mapsiex0ccurred at 220 nm instead of usual 230 nm, whileof peak A



shifted from 420 nm to a very short wavelength of 307. This remarkal#eshlfting and
distribution resulted in a very irregular shape for peak A. Althoughof peak C also
blue shifted from 420 nm to 407 nm, the contour plots showed similar shidpthat of

the un-extracted DOM.
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Figure 2.15 The contour plots of ether phases after extractioneblyyldiether with
addition of ion-pairing reagent.
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Figure 2.16 2-D emission spectrum of ether phase after extrdmtidrethyl ether with
addition of ion-pairing reagent.

When diethyl ether was applied as extraction solvent, addition gjaiong
reagent enhanced the maximum emission intensity a little bit of theApeake aqueous
phase, but not for peak C. While in the ether phase, the emissiontiesef@ both
peaks were very weak even at high concentration of ip (1 g) was added.

Octanol is widely used as organic solvent for studying partitigostgnol-water)
of organic compounds between natural organic phase and water [Sehipatz, 2003].
After extraction by octanol (Figure 2.1%)yx of peaks in the aqueous phase don't shift,
they are always at 230 nikm maxOf peaks A and C shift very little, they still occur at the
same wavelengths with those of the mixtures when ion-pairiggnéa were added, and
as ion-pairing reagent concentration increasggshift to shorter wavelengths gradually

from 430 nm to 400 nm for peak A and from 440 nm to 410 nm for peak C respective
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Figure 2.17 The contour plots of aqueous phase after extraction by osttimabdition
of ion-pairing reagent.

For the organic phase, increasing ion-pairing reagent shiftecexitigation
maximum but not the emission onkyx of peak C shifted from 320 nm to longer
wavelengths, up to 340 nm when ion-pairing reagent was more than Otilejayof
peak C shifted from 320 nm to shorter wavelengths at 300-310 nm wheniriog-pa
reagent was less than 0.1 g. The emission wavelength at wiagimum emission
intensity of peak A always occurred at 434 nm and peak C odcat410 nm no matter

how much ion-pairing reagent was added.
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Figure 2.18 The contour plots of organic phase after extractiontagad@nd ion-pairing
reagent.

In the extracted octanol phase, emission intensities of peake@sed greatly and
became stronger than those of the peak A once the ion-paaggnt reached a limiting
amount (>0.6 g). Generally, DOM emission intensities of peak Aalvays stronger
than those of peak C. However, peak A is still stronger ingneaus phase but weaker
than peak C in the organic phase after extraction when a sp@midiant of ion-pairing
reagent (>0.6 g) was added. Thus, octanol can extract DOM frabigily enriched in

visible humic-like fluorophores (peak C).
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Figure 2.20 Intensity ratio (rzllc) corresponding to ion-pairing reagent in organic
(octanol) and aqueous phases.



The effects of ion-pairing reagent on emission intensity of peakd peak C
demonstrated a linear relationship (Figure 2.19), but on the inteasity rr (r=h/Ic)
(Figure 2.20), it demonstrated a non-linear correlation, whether iroas/w in organic
phases. In both phases, the intensity ratios of peak A and C skxtredh the amount of
ion-pairing reagent increased. The decrease trend was more obvibasonganic phase
than aqueous phase. Because of the large blue shift dfthe the octanol phase, even
small amounts of ion-pairing reagent enhanced the emission intensity of peak C.

Emission intensities of both peaks A and C in the aqueous phase kee thaa
those in the octanol phase. With the increasing of ion-pairing reageoéntration, the
difference between them became smaller. When the concentratiom@diring reagent
was lower, the intensities of peak C fluorescence in agueous and oppasies were
weaker than that of before extraction while the sum of emisstensity in both phases
after extraction was much larger than that of mixture befer@aion. For the peak A
fluorescence, the intensities in aqueous and organic phases werer Weak that of
mixture before extraction. However, the sum of emission intensitagoleous and
organic phases after extraction was much larger than thatxairenbefore extraction.
This phenomenon was attributed to enhanced fluorescence intensity in-@olaon
solvent.

Extraction efficiency %E decreased a little bit (about 5%dhpeak A when ion-
pairing reagent increased from 0.05 g to 0.6 g (Figure 2.21). Thesetiet¢he ion-
pairing reagent on the maximum emission intensity were muang&r than on
extraction efficiency. Contrasted to the peak A, %E of peak @ased more than 20 %

when ion-pairing reagent increased from 0.05 g to 0.6 g. Thus, additioniohtpairing



reagent improves the separation of these two groups of fluorophores.simgréan-
pairing reagent enriches UV humic-like fluorophores (peak A) in thee@us phase,
while enriches the visible humic-like fluorophores (peak C) in the organic phase.

efficiency of extraction (%E) =@w-ip — lagueoud Ipom+ip (1)
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_Figure 2.21 Extraction efficiency of peak A (a) and peak C yi)dbanol as function of
ip.

By investigating the efficiency of extraction for pea&rd peak A fluorophores by
octanol, experiments demonstrated that extraction efficiencygeak C increased while
peak A declined with ion-pairing reagent concentration rising. insdethat the ion-
pairing reagent has greater effect on visible humic-like fluoropreordsaddition of ion-
pairing reagent was favor for visible humic-like fluorophores séiparrom UV humic-

like fluorophores.



Table 2.1 Summaries of fluorescence features

Diethyl ether+ip Octanol+ip
Peak| Property DOM |Water+ip ACN+ip| organic| aqueous organic| agqueous
dex(nm) | 320-330 320-330| 320-340 330-340| 320-330| 300-340| 330-350
Xem(nm) [450-46Q 410-430|410-450 400-420| 420-440| 410 410-430
Intensity| 423 369 397 158 361 >1000 226
C Shape | round ellipse ellipse ellipse ellipse  ellipse
dex(nm) | 210-230 230 230 230 230 230 230
Xem(nm) [430-45Q 400-430|400-440 340-350| 410-430| 434 | 400-43Q
Intensity| 808 655 670 314 880 822 519
A Shape | round ellipsg ellipse ellipse  ellipse ellipse

Note: The concentration of DOM in all solutions was 20 mg/L.



Table 2.1 summarized fluorescence features of DOM in varioussluBenerally,
Aex doesn't shift and.em blue shifts in cases. Because of the blue shift ofAtheand
broadening of peaks, the shapes of the contour plots change from round to ellipse or other
irregular shapes. This ellipse shape suggested that the solatitaing a mixture of
fluorophores.

Therefore, ion-pairing reagent changed the partitioning of DCAI€T2.1). The
hydrophobic constituents were concentrated in organic phase and hydrophtjueous
phase when extracted with organic solvent. The results suggbsteftactionation of
DOM by HPLC with the addition of ion-pairing reagent should be féasComparing
acetonitrile, diethyl ether and octanol as extraction agentxraiceé¢ was not able to
fractionate DOM, and diethyl ether is the less effectivedparate the hydrophobic from

hydrophilic. So, octanol is the non-polar solvent of choice.

2.3.4 lon-pairing reagent effects on DOM patrtitioning

lon-pairing reagent enhances the partitioning of DOM into orgahiergs. Once
the ion-pairing reagent or organic solvent was added, the maximwsiemiwavelength
blue shifts from 450 nm to as low as 400 nm for the peak C fluoresc&€he maximum
excitation wavelength change only slightly in most of cases, occurring at 320-340 nm

The maximum emission wavelength of peak A is also blueeghifiut less than
peak C. Since octanol has high absorbance below 230 nm (Figure 2.22), peak A
fluorescence above 250 nm is chosen for comparison. The emission yntéasiged

after ion-pairing reagent or organic solvent was added.
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Figure 2.22 The absorbance spectra of DOM extracted byaotath addition of ion-

pairing reagent.

Besides the two dominant peaks of A and C, there is a third peakeabby the

two major peaks. This peak has a fluorescence maximum,/at,= 250/460 nm

(designated here as peak B, since it occupies a similaabpggion with peaks A and C

and statistic didn’t resolve this peak from spectra [Stedmon amkialyler, 2005]) Peak

B overlaps with Peak A, but it is differentiated from peak A in sgamaples because it

has more intense emission at excitation wavelengthig,f250-290 nm. The peak B

fluorophores are not well characterized in the literature pettegmuse they are difficult

to distinguish from the other two familiar peaks. Peak B could be observed frogsiceamis

spectra of NOM, HA and FA samples. The maximum excitatiamelength ake,= 250

nm has a very clear

peak at emission of 460 nm, after ip was age@mission



abundance of peak A was enhanced more than peak B, thus, the emissiarmspectr
hex= 250 nm is flat from peak A to peak B.

The intensity of peak C is always less than that of peaki#eiaqueous phase, but
higher than peak A in organic phase if enough ion-pairing reagent was added.

The influence of ion-pairing reagent on fulvic acids (FA) and humdsd¢&lA) are
similar to those on DOM. There are two interactions between ipmgaeagent and
humic acids (fulvic acids): hydrophobic and electrostatic intenast Fulvic acid is

more hydrophilic than humic acids, and may be less strongly edfdnt hydrophobic

interaction.
FA-ip (Ex=230nm) FA-ip-dif(Ex=230nm)
600 100
80 - ~
0.2
60 | o6
— 1
>
& 40 -
=
20
0 T T <
250 350 450 550 650
O T T T T T T T
250 300 350 400 450 500 550 600 650 -20
Em(nm) Em(hm)
a b

Figure 2.23 The initial (a) and differential spectra (b) of fudgals + ion-pairing reagent
before extraction at.,=230 nm (differential spectrum 1 in b= spectrum 1-spectrum 0.6 in
a, differential spectrum 0.6 in b= spectrum 0.6-spectrum 0.4 in a,d#terential
spectrum 0.1 in b= spectrum 0.1-spectrum 0.05 in a).



There are three peaksigt= 230 nm (Figure 2.23) after addition of ion-pairing
reagent: the main peak occurrediat= 410-420 nm for HA, FA and HA+FA, and the
maximum emission wavelength blue-shifted 20-30 nm respectivebn vibn-pairing
reagent increased from 0.05 g to 0.6 g. The other shoulder peaksedpaay= 330
nm andie,= 460 nm, and neither shifts with ion-pairing reagent. The latt peerlaps
with the main peak and broadens of the spectrum. In the differepéielra, there were
only two peaks left and the shoulder peakatE460 nm disappeared. Meanwhile, the
main peak appeared a§,~=394 nm no matter what the amount of ion-pairing reagent
were added for all HA, FA and HA+FA solutions. The results sugdabat the shoulder
peak afe,=460 nm does not change with ion-pairing reagent. Both peaks=&30 nm
andA.,=394 nm are attributed to hydrophobic structures, so their fluorescerosity
changes with the ion-pairing reagent. The blue-shiftedesults from overlapping of the
main peak with the shoulder peakiat=460 nm, because in the differential spectra, the
main peak showed no shift. In the differential spectra, the samépasithe maximum
emission wavelength{,=394 nm) of HA, FA and HA+FA indicated that the main peak
atAex'Aenr=230 NM/394 nm is assigned to UV humic-like fluorophores.

At2e,=310 nm, there are also three emission peaks (Figure 2.24). Mmaumna
emission wavelengths of the main peaks gradually shifted tohibrtes wavelengths
when the concentration of ion-pairing reagent increased. Howevepetksoccurred at
Aenrm410 nm and emission wavelengths don’t shift with ion-pairing esiagn the
differential spectra. The shoulder peaks\&~=460 nm disappeared in the differential
spectra too. Another peak occurredat=360 nm and appeared not a shoulder peak but

an obvious peak. Same with another shouldeg&460 nm, this peak disappear in the



differential spectra. Therefore the main peaks\.@at410 nm are visible humic-like
fluorescence and emission wavelengths blue shifting is the césalerlapping with the

shoulder akerm460 Nm.
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Figure 2.24 The initial (a) and differential (b) spectra of fubdas + ion-pairing reagent
before extraction &te,=310 nm.

After octanol extraction, the aqueous phase,@230 nm shows a wider emission
peak ate,=430-415 nm in the initial spectra (Figure 2.25). However, in the diffiate
spectra for all samples, this peak shows as the only peak sarie positiode,=410
nm. The different maximurhen, in the initial spectra is due to the main peak overlapping

with the shoulder peak a§,=460 nm.
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Figure 2.25 The initial (a) and differential (b) spectra.g@230 nm of fulvic acids + ion-
pairing reagent in the aqueous phase after extraction.
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Figure 2.26 The initial (a) and differential (b) spectra.gt310 nm of fulvic acids + ion-
pairing reagent in the aqueous phase after extraction.



Forie,=310 nm, the initial and differential spectra of agueous phasaré-)26)
are very similar to the spectra before extraction. The peaks~=850 nm and.,~460
nm appeared again in the initial spectra and disappeared in the differentiahspectr

In the organic phase (Figure 2.27), the effect of background absorbarstarny o
complicates interpretation at<350 nm. However, in the range frag,=300 tOAen=
550 nm, there appear to be four peaks: the most intense one occukegddd5 nm
belongs to the UV humic-like fluorophores and the less intense ohg=%10 nm is
attributed to visible humic-like fluorophores. The other two are shouldecsirring at
Lenr=360 Nm and.,=460 nm respectively. In the differential spectra, therdvaoepeaks
at Aen=350 nm and c.&.,=500 nm, the latter a very broad peak of very low intensity.
Absence of the UV humic-like peak in the differential spectrdicated that this

fluorophore is not enriched in the organic phase.
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Figure 2.27 The initial (a) and differential (b) spectra.gt230 nm of fulvic acids + ion-
pairing reagent in the organic phase after extraction.



Comparing the effects of ion-pairing reagent addition spectra iorglaaic phase
and aqueous phases, the emission intensity in the organic phasadsrstbut increased
only slightly (<20 a.u.) as ion-pairing reagent increased. Enhancemerénsity in the
aqueous phase is over 120 a.u. when ion-pairing reagent varied from 06.0%5gyt The
UV humic-like fluorescence in organic phase showed very low intgnsti the
differential spectra, indicating that the effects of ion-pairegent on the fluorophores
are weak.

The peaks at/Aen=230 Nm/330~360 nm are observed in the mixture solution and
in the octanol phase, even in the differential spectra. But these g@aksppear in the
agueous phase after extraction. The peaks.8k,=310 nm/350 nm (Figure 2.28) are
present in all spectra, but the maximum emission intensity inoagughase is much
lower than in organic phase, indicated that this peak is more phyaba. In the
differential spectra, the peaks disappeared in all conditions.

The shoulder at.,=460 nm is present in all mixture solutions, agueous and organic
phases, but are very weak in the aqueous phase. Only when the coocenfrain-
pairing reagent is low, can they be discriminated from thectspeThe shoulder

disappears completely in the differential spectra.
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Figure 2.28 The initial (a) and differential (b) spectra.g310 nm of fulvic acids + ion-
pairing reagent in the organic phase after extraction.

The maximum excitation wavelength of visible humic-like flueese red-shifted
from Ae,=310 nm in the water solution #,=340 nm in the octanol solution. Similarly,
maximum Aex shifted from 310 nm to 340 nm when ion-pairing regent increased from
0.05gto 0.6 g. ALe=340 nm, there are three peaks in the original spectra and only one
peak in the differential spectra (Figure 2.29), very similahéospectra before extraction.
The shapes and distribution of the spectra are very similar india@tbes. The first
shoulder occurred ae,=380 nm, while the secondary shoulder couldn't be located

exactly.
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Figure 2.29 The initial (a) and differential (b) spectra.g340 nm of fulvic acids + ion-
pairing reagent in the organic phase after extraction.

The shoulders atyx =230 nm,A,=330-360 nm is present in the original (non-
extracted) solutions, but disappears in aqueous phases and appeanaiagpeak at in
differential spectra of organic phases when the ion-pairiager is varied. Therefore,
the fluorophores responsible for this peak are probably hydrophobic. Anbthdder
occurring at 460 nm appears in all solutions except the differspatra of both initial
mixed solutions and aqueous phase, but is very weak in the aqueous pb#sereB
observed clearly in organic phases and are the only two peaksdaredifél spectra of
organic phases. Ate,=310 nm, 330 nm and 460 nm are very obvious in all original
mixed solutions but disappear in all differential spectra.

The maximumle, of peaks A and C occur at 390 ~ 410 nm in the differential
spectra, and differential spectra show little shift in maximum indicating that the

apparent shift in raw spectra is due to the overlapping with the sub-peaks.



In the different phases, the effects of ion-pairing reagemet dviéerent and alsex
and Aem dependent (Figure 2.30). The maximum emission intensity increased &0
a.u. for peak A and 150 a.u. for peak C when ion-pairing reagent increased.05 g to
0.6 g.Compared to peak A, peak C is affected more strongly by the ion-pairingitéage
the organic phase. The intensities of peak A almost don’t change in organic phase, but a
enhanced in aqueous phase with ion-pairing reagent increasinggrigimemission
intensities of peak C are enhanced in organic phase but almost klandecin aqueous
phase when increased the concentration of ion-pairing reagent. forbgran
theoretically, visible humic-like fluorophores could be concentratedarotganic phase
while UV humic-like fluorophores could be enriched in aqueous phase bijoadadi

ion-pairing reagent. It seemed that visible humic-like and UV huikecstructures could

be separated by ion-pairing reagent and octanol.
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Figure 2.30 The effects of ion-pairing reagent on emission intensitipeaks A and C in
aqueous and organic phases.



The maximum emission intensities are enhanced by the ion-pegaggnt: the
higher the addition, the higher the intensities. However, in all oflifferential spectra,
the addition of ion-pairing reagent of 0.4 g exhibits the maximum enhanteme
coinciding with the critical value of the ion-pairing reagent to ease the maximum
emission intensity.

The extraction efficiencies (%E) are excitation and emisgauelengths depend
(Figure 2.31). AtAe,=420 nm, the extraction efficiencies increase when excitation
wavelengths vary between 200 nm and 400 nm, but are stable for sayaeofa., from
250 to 320 nm. In the range of selecigd by the instrument, the extraction efficiency
decreases thancreases withex varied between 300 nm to 600 nm and reach the lowest

value at 420 nm whek,=230 nm.
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Figure 2.31 Extraction efficiency were Ex dependenti@t420 nm (a) and Em
dependent &t.,=230 nm (b) when the concentration of ion-pairing reagent was 0.3 g.



Because there are two phases after separation by octandtith#y, the losing
(missing) of the aqueous phase should be equal to the gaining of the qigasec But

the gaining is nearly two times higher than the losing (missing) for the bdtb. pea
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Figure 2.32 The ratio of different fractions partitioning into orgghase to agueous
phase at different excitation wavelengthg£420 nm).



2.4 DISCUSSION
Two principal hypotheses for the appearance of DOM opticalragabtisorbance

and fluorescence) are: (1) the sum of many independent spectra difterent
chromophores/fluorophores; and (2) a continuum of coupled states formedhthroug
charge-transfer interactions of a few distinct chromophores, ratmar from a
superposition of many independent chromophores [Del Vecchio and Blough, 2004].

The spectral parameter that best characterizes fluores€ivit ddmposition is the
position of fluorescence center for the fluorophores found in natutaksva he overall
level of variability within groups having similag, suggests that UV and visible humic-
like peaks may vary independently of each other. The variation in tie o&
fluorescence intensity of peaks A:C ( UV : visible humic-likerescence), it has been
suggested that at least two separate fluorophores are respof@iblhumic-like
fluorescence of DOM, because a single fluorophore would be egpsutshow a
constant ratio. Of course, this type of analysis cannot be applssirtples which show

variability in the position okex /Aemfor either peak.

2.4.1 The effect of pH

Fluorescence is a function of structure and functional groups in melecule
According to Laane [Laane, 1982], the change of fluorescent intewsity pH is
probably due to ionization of the fluorescent molecules after motinsaof pH. UV
humic-like and visible humic-like fluorescence is mainly attridute® aromatic-
carboxylic functional groups [Egeberg, 2002; Senesi, 1991]. Because DOt ia

strong acid (pH is 4.8 at 20 mg/L), increased pH deprotonated itgracids, the higher



the pH, the more deprotonated. Some functional groups (e.g., phenols) kstcmmger
acids on excitation, whereas others become more basic (elgpxyar acids). The
electron donating groups such as hydroxyl and methoxyl groups have atsceperted
to enhance fluorescence by increasing the transition probabiliebetthe singlet and
ground state. The increase in emission intensity with pH rsay e related to the
increased ionization causing decreased association or decoilingaaomolecular
structures (e.g. disrupt hydrogen bonds). The enhancement of emissiwityntath
increasing pH may result from reduced hydrogen bonding within ahdebn humic
molecules, and breakage of these hydrogen bondings would cause el@trpagicle
association and decoiling of macromolecular structures [Guo et al.]. M8ibugh the
electron-withdrawing carboxyl functional groups would weaken the dhgmnce
intensity, transforming from deprotonated carboxyl groups to electroatidg structure
would increase the emission intensity of fluorescence [Sutton et al., 2005; Chen, 2002].

Another possible explanation could be related to the macromoleculeyucatibn
of humic substances: more rigid structures giving better fluen¢sgelds. This result
could also explain that the fluorescence intensity increase wdteasing pH. A
spherocolloidal configuration could mask some fluorophores inside theitusgu@t
higher pH, the configuration becomes linear, and some fluorophores areaskédn
anymore, they can fluoresce, therefore increase the fluoscmtensity [Patel-
Sorrentino, 2002]. Surface pressure and viscosity measurements intligateumic
substances have linear structure at high pH and coil when pH decreased.

Very low pH and very high pH values are not favorable for strong/ DO

fluorescence signals. This is similar to the fluorescencsabylic acid, a molecular



model of humic substances (Figure 2.33). For both acidiSgl and basic (S3)
structures, there are more vibration modes and thus weaker fleloces&or HS#, the
intramolecular H-bonding limits vibration modes and fluorescencerog (Figure
2.33). Another model humic structure (Figure 2.34) is catechol. At hgH€like pH is
8), they are partially deprotonated (ionization), and form ringltond, so absorb light
and express deep color. At lower pH, they are protonated and do ndb &gkbrand

express light color (Figure 2.34).
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Figure 2.33 Salicylic acid models at different pH.
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Figure 2.34 Catechol models at different pH.
For a single, simple fluorophore, contour plots symmetrical. Elliptical emission

plots may be attributed to a mixture of fluoroplsorat pH =10, the contour plots of



visible humic-like fluorescence showed an obviollpse shape, indicating that the
hydrolysis and breakage of Hydrogen bonding ansli@mng ionization fractionated part
or surface of the supramolecule structure buildimigblocks) into sub-components or
sub-fractions with similar fluorophores. Even afpét return to pH=5, the ellipse shapes
didn't change back to round ones suggested theyehaas not reversible.

Aromatic esters hydrolyze at extremely acidic osibaonditions. NMR showed
there are aromatic esters in the humic substanbe&hwere obtained by RO separation,
not by XAD extraction, because XAD extraction usgedremely basic condition. Base
hydrolysis is faster than acid hydrolysis, and ¢hiegdrolyses are irreversible. Hydrolysis
of H-bonding of humic substances may also be in®lke. Once these bonds are broken,
hydrogen bonds between sub-fractions will rebundai different pattern. Therefore,
recombination and/or rebuilding of molecular stametsegments at high pH values can
change fluorescent efficiency.

For UV humic-like fluorescence (peak A), contouotpl at pH=10 didn't change
shape indicating that even this pH did not decomapaos fractionate UV humic-like
fluorophores structures. The different performarafddV humic-like fluorophores (peak
A) and visible humic-like fluorophores (peak C)tlag strong basic condition suggested
that UV humic-like fluorophores contain few estgustures, and they are more resistant

to base.

2.4.2 The effects of ion-pairing and solvents on partitioning
The addition of ion-pairing reagent blugftshpeaks A and C and the more ion-

pairing reagent, the larger the shifting. The addibf ion-pairing reagent could alter the



relative proportion and contributions of the indwal fluorophores, resulting in changes
in the positions of the emission maximum and thapshof the spectra. Two possible
explanations are counted for the changes: solf@atdteand bond disruption.

Solvent effect: The addition of non-poian-pairing reagent altered the solvent
environment of the fluorophores. The solvent chdnigem polar to less polar, shifting
dem t0 shorter wavelengths. The more ion-pairing raggéhe more non-polar the
environment around these fluorophores, and greatér

Bond disruption: In the aqueous solutiohe ion-pairing reagent,
tetrabutylammonium hydrogensulfate, has both of réyydobic and charge-charge
interactions with humic substances, and theseaatiens maybe result in the breakage or
fractionation of the supramolecule into smaller -strioctures. These smaller sub-
structures either continue as separate moleculesbaild into new supramolecules. The
more ion-pairing reagent added, the more breakdggdrogen bonding, van der waals
forces and/or hydrophobic interactions. No matteatthe fractions (or “monomers”) or
new suprastructures they are, the very similarréscence spectra with the original
humic substances indicated that they have theaimstituctures and/or properties.

The peak sensitivities were different fmgaks A and C. Peak A is the more
sensitive one, antky shifted from 250 nm and/or 260 nm to 230 nm, Viitlorescence
intensities increasing due to spectra overlappidgen ion-pairing reagents were added,
the environment became less polar, therefore isegethe quantum yield, and resulted in
the emission wavelengths blue shifting. To confgiifts to loweriex (<200 nm) would

require vacuum optics.



Solvent effects with diethyl ether werelematic due to low extraction efficiency.
Diethyl ether is less polar than water, and maxinmggof peak A in the ether phase had
a large blue shift. Maximurhey, of peak C also blue shifted, although less thaak pe
and the shape of its contour plots didn’t chandee Blue shifts of maximum emission
wavelengths of both peaks were expected due tqdherity differences. Very weak
intensities of both peaks in diethyl ether phas#iceted that diethyl ether has limited
capability to extract the hydrophobic structuresnfr water solution due to its short
aliphatic chain and less non-polar nature.

Octanol provided the best extraction. @geeous phase after extraction exhibited
very similar fluorescence spectra to the originattare. In the octanol phasks,were
ion-pairing reagent independent for both peaks. di@nge of the solvent conditions
madeiem behavior differently in the agueous and organiasais when the ion-pairing
reagents varied. In the aqueous phase, humic sdestavere surrounded by the polar
water molecules. Addition of less polar ion-pairiggagent gradually replaced the polar
water molecules and changed the environment of ¢wsubstances, thus made the
maximumen, blue shift. In the organic phase, ion-pairing esggand octanol are non-
polar, and there was little change in the fluorapBoenvironment, therefore no
wavelength shift. The opposite direction shiftifgpeaks A and C made the maximum
emission wavelengths appear at the same locatlmhigher intensities of both peaks in
the octanol phase are due to both extraction affa finaction of fluorophores and higher
guantum efficiency in the non-polar media.

The critical value of ion-pairing reagent for thedrescence intensity suggested that

different amount of ion-pairing reagent interactedh humic substances differently.



Because fluorescence intensity is strongly infleehdy the molecular structures of
DOM such as molecular weight (MW), degree of comsgeinaromatic moieties, and the
intensity of the band increase along with decrezskIW. When the concentration of
ion-pairing reagent was low, ion-pairing reagentsyrtink with DOM macromolecule as
bundle by hydrophobic and/or charge-charge intena(s) because the huge surface area
of DOM molecule, rather than break the supramotautio fractions. Thus, the bundle
increased MW of the supramolecule and resulteduaréscence intensity decreased.
Once the concentration of ion-pairing reagent wasemenough, ion-pairing reagent
couldn’t bind tightly with the supramolecule any madecause of fewer of the surface
area. In order to get good in touch with thesestulictures, the supramolecule had to be
broken into many simpler pieces. Comparing with $hpramolecule, the MW of these
bundles of ion-pairing reagent and sub-structuresewsmall, therefore fluorescence
intensity were enhanced. Although the breakage umfrasnolecule would decrease
conjugated unsaturated bonds and increase fluorescentensity, the final result
indicated that the influence of MW was strongerntltiegree of condensed aromatic
moieties. Actually, there were critical values taofescence intensity enhancement
indicated that the solvent polarity effect was ras important as destruction and

rebuilding for effect of the addition of ion-paignmeagent.

2.4.3 Fractionation DOM by ion-pairing reagent
Uncharged peak C structures are more Ipydrdoic than peak A structures and the
ion-pairing reagent has greater effect on peak Kis ®Bllows peaks A and C to be

separated partially from each other into differphtases with addition of ion-pairing



reagent. This is the first indication of any pos#gibthat humic substances could be
fractionated into different fluorophores. Becausis separation procedure doesn’t need
strong acid or strong base, the fractions disgiay hative features.

The octanol extract has very high intensities beeanf higher quantum yield in the
nonpolar solvent due to reduced interactions.

For peak A, fluorescence intensity in tig@ieous phase increased with ion-pairing
reagent while intensity in organic phase did notyvdhe addition of aliphatic ion-
pairing reagent did not change the polarity of dwanol, while the polarity of the
aqueous phase decreased because of the less pal@nment enhanced the quantum
yields of the fluorophores of peak A.

For peak C, fluorescence intensity in arggphase increased with added ion-
pairing reagent. while aqueous phase spectra didhange. Fluorophores of peak C had
greater hydrophobic interactions with the aliphati@ins of ion-pairing reagent because
these fluorophores are larger and less polar cangpaiith fluorophores of peak A. They
were more easily extracted to the organic phasd, the quantum vyields of these
fluorophores in the octanol phase were higher thaime agueous phase. As more ion-
pairing reagent was added, more DOM was extraaten the octanol phase and the
higher the quantum yield in that phase, while ia Hyueous phase, the fluorophores
concentration decreased but the polarity also dsect resulting in increased quantum
yield. Because of these two offsetting effectsygheas almost no change in the aqueous
phase for peak C fluorescence with the additiolmdpairing reagent.

Extraction efficiency was excitation andmission wavelength dependent,

suggesting that the interactions between ion-pgirgagent and different fractions or



sub-structures of DOM varied. In particular, peaksCGextracted more efficiently than

peak A, suggesting these fluorophores occur oerdifit molecules.



2.5 CONCLUSIONS

The peak locations of humic substance fluoresceaged somewhat from sample
to sample. Peak A occurredi@i/Aen=230 Nm/430-450 nm (UV humic-like fluorophores)
and peak C ate/Aen=320-330 Nm/450-460 nm (visible humic-like fluorapes). Peak B
(Aexren=250-260 nm/460 nm) may be the same with peaksdAGithat it may be the
intrinsic structure of NOM. There is no definitedgructure for this organic matter, which
maybe an aggregation of smaller molecules withlamfinctional groups.

The results from pH and ion-pairing redagsumpport the hypothesis that humic-
substances are collections of chemically diverselative low molecular mass
components forming dynamic associations stabilizgdchydrogen bonds, hydrophobic
interactions and van der waals forces. These supemodar associations are able to
spatially segregate and decoil in different enwmnents, or even disrupt the linked
clusters.

No extraction of either peak A or C ocedrwithout ion-pairing reagent. Alteration
of the partitioning of these two fluorophores byn-eairing reagent and non-polar
solvents enriched peak A in the aqueous phase aa#t € in the organic phase.
Maximum excitation and emission wavelengths shifteth the addition of ion-pairing

reagent were due to enhanced peak overlappingadwehs effects.
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CHAPTER 3
Isolation and Characterization of River DOM

by Solid Phase Extraction

3.1INTRODUCTION

Interest in DOM isolation and fractionatibes in its ability to measure suspected
problematic fractions. One of the present reseatbhbllenges is extending DOM
characterization from the compound-class level he specific compound level.
Molecular characterization of DOM will give specifinformation about its precursors,
and about reactive structures in DOM such as DERyssors, metal-binding sites, etc.
[Leenheer, 2003]. Therefore, more selective andy-éa&-use isolation and fractionation
techniques are being developed.

Although liquid-liquid extraction has belemown as the “gold standard” for sample
work-up, SPE is becoming more popular for sampkreatment for high throughput
automation and benefits from the increased commileasiailability of innovative SPE
sorbents during the last decade. A whole seriepanking materials is now being
marketed, including apolar to polar, mixed-modey-exchange and combinations of
these.The SPE technique is considered one of the mosegolmechniques currently
available for rapid and selective sample prepamaanmd purification. Compared to

conventional liquid-liquid extraction methods, adiages of SPE include smaller sample



and solvent requirements as well as simplicity aase of handling. It is also
environment-friendly method because of the redusadje of toxic solvents.

SPE has been applied not only for the isolatiod enrichment of trace organic
contaminants from environmental samples before #elysis but also for the removal
of the interfering components of the complex masim order to obtain a cleaner extract
containing the analytes of interest.

For very complex matrices, the ultimate way to m@e isolation is to use
orthogonal separation modes in tandem. An orthdgoeshod is one in which a second
separation mode based on different mechanism fellthve primary mode. When two
columns or cartridges have orthogonal separatiodes, they are usually packed with
two different stationary phases. For exampleg of the columns can be a revers ephase
comumn and the other could be a cation exchangentglan anion exchange column, an
affinity column or a metal chelating column. In #mer example, the two columns can be
selected independently from the group consisting oation exchange column, an anion
exchange column, an affinity column, a metal chedatolumn, and a reverse phase
column. The methods using C8 and C18 columns goeated to yield similar elution
profiles and are not orthogonal. In contrast, a @a8 a polar-embedded phase (amide)
column are orthogonal and expected to yield didampirofiles. The two columns having
orthogonal separation modes can be connected thréulgng and fittings, directly
attached, or attached through nuts and fittingeelligent application-directed selection
affords a powerful extraction tool which can be @dd to the particular needs of the

analysis [Decaestecker et al., 2003, Bouvier, 1888)ke, 1998, Huck, 2003].



Isolation and fractionation techniquestaree and labor consuming, therefore there
is a need to identify DOM fractions rapidly of soerwater characterization and
optimization water treatment processes. 3DEEM #aoence and UV-visble absorbance
is the technique to meet these needs.

The aims of this study are (1) to test the abiitydifferent types of SPE to extract
the chromophoric humic substances from river wd®rto find out which sorbent is the
most appropriate with regard to extraction yieléaaliness and preconcentration of the

extracts from river water.



3.2MATERIALS AND METHODS

3.2.1 Extraction protocols and procedures
SPE sorbents studied

Four SPE sorbents were studied: Sep-Pak(Waters Corporation, catalog #
WAT020515) and Em-Pore Disk (3M Center, catalog243) were chosen as apolar
sorbents, OASI®HLB and OASISMAX sorbents (Waters, catalog # 186001880 and

186000865) as sorbents of organic polymers (Taldle 3

Table 3.1 The properties of the apolar and ogpalymers cartridges and disk.

Particle size Volume

Sorbent Description (um) (mL/filled cartridge) | Source

Sep-Pak Hydrophobic 80 1.60 mL Waters
Hydrophobic and
Oasis HLB
Hydrophilic balanced 30 3 mL Waters

Oasis MAX Mixed-mode 60 6 mL Waters
Empore disk Hydrophobic 12 500 mL 3M

Sep-Pak C18 cartridge Because of the strongopybicity of its bonded-phase, C18
(Figure 3.1) cartridges are used to isolate hydobmhspecies from aqueous solutions.
Sep-pak is typically used to adsorb trace organitufants from environmental water

samples.

EmPore C18 Disk The disk consists of engpedpC18 hydrocarbon/silica material

imbedded in an inert polytetrafluoroethylene (PTHEBer matrix. The disk format



provides a greater surface area and faster massfdrato the C18 particles than the

traditional cartridges. The nominal pore size &f disk is 60 A.

i (CH3)17—CHg

Silica\ @) Sl‘o
g i

Figure 3.1 Chemical Structure of Sep-pak C18 andpéne C18.

Oasi§HLB HLB is a hydrophilic (N-vinylpyrrolidonelpophilic (divinylbenzene)-
balanced reverse-phase sorbent (Figure 3.2), walvéor acid, bases and neutrals. The
manufacturer claims extraordinary retention of potompounds, and a relative
hydrophobic retention capacity (per volume) 3x lighthan that of traditional silica-

based SPE sorbents like C18 [Waters Corp.].

P
Hydrophilic

Retention of polars ; ? >WV‘
\O O

Lipophilic

RP Retention

Figure 3.2 Oasfs HLB copolymer with hydrophilic-lipophilic (N-vinyyrrolidone-
divinylbenene) balance.




Oasi§MAX MAX is a mixed-mode anion-exchange resggi-phase sorbent. It has
high selectivity and sensitivity for acidic compaign[Waters Corp.]Since NOM is
known to contain carboxylate and phenolate funetiogroups and behave as a

polyanion, this specific sorbent was tried.

Figure 3.3 OasfdvIAX sorbent with reversed-phase retention and strmion-exchange.

Sample preparation
Water samples

The Rio Grande River was sampled in Julyol2004 and August 13 of 2005 at
Albuquergque, NM. Two water samples came from défifiersites on thRio Grande, near
the ABQ (Albuquerque) wastewater treatment faci(fygure 3.4). All water samples
were collected near the surface, and were immegifiiered using a GFF (glass fiber
filter) with a nominal pore size of Ogn then stored in clean polyethylene bottles at -6

Celsius in the freezer.
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Figure 3.4 The site map of river water sampling.

The extraction of river DOM was performieg passing 5 mL or 30 ml of filtered
water through pre-treated (30 mg-200 mg of packaagjridges under gravity (without a
vacuum system). Cartridges and disk were preedefailowing the procedure according
to the manufacturer’s manual (see the details beld\l the elutes and the washes were
nitrogen-dried and re-dissolved in 5 mL Milli-Q watand ready to run for the UV and

fluorescence (Table 3.2).



Table 3.2 River water parameters.

Samples DOC (mg/L) U Vs, (au) SUVA (L/m.mg)
. 7/2004 5.85 0.122 2.07
River water
8/2005 6.82 0.113 1.66

The general logical approach (Figure 305l of the protocols to extract DOM is

Prepare Samplsg

A 4
Condition/Equilibrate

l

Load Sample

Figure 3.5 The approach to extract DOM from rivatev for all of the protocols.

Apolar Sorbents

Sep-Pak C18 cartridge Method (Figure 3.6)he cartridgaevas pretreated with 5 mL 0.3
mM HCI, then 5 mL methanol (MeOH), and finally 5 nMilli-Q water. Just before
loading, the Cl18artridge was conditioned with 3 mL methanol anal5 Milli-Q water.

After loading with 5 mL sample, the C18 cartridgasswashed with 1 mL Milli-Q water



before elution and then eluted with 1 mL methadohk [Junk, 1988] showed that trace
guantities of aliphatic, aromatic and silica compasiare eluted by organic solvents from
a variety of reverse-phase extraction media. Howefell the solvents tested, methanol
afforded the lowest amount of contamination.

If the sample flow rate is too high, compots may not interact sufficiently with
the SPE sorbent. The result is loss of resoludoalyte breakthrough, and poor recovery.
Since the Sep-Pak C18 is a compact cartridge,Xperenents were performed by using

a flow rate 0.2-1 mL/min under gravity to conditjidoad and elute the cartridge.

Prepare Samplsg Prepare Sample
A\ 4 \ 4
Condition/Equilibrate Condition/Equilibrate
1. 3 mL methanol 1. 10 mL methanol/water 90:1(
2.5 mL water 2. Twice 10 mL methanol
3. 10 mL water

A 4 A 4

Load Sample Load Sample
5 mL sample 30 mL Sample
A 4
N Wash
Wash 6 L water
1 mL water
A 4
Y Elute
Elute Triple times 10 mL
1 mL methanol methanol/water 90:10
Extraction Method for Sep-Pak C18 Extraction Method for Empore disk

Figure 3.6 Extraction methods for Sep-pak C18 amg@e disk.



Empore C18 Disk Method (Figure 3.6) Solicaph extraction was performed using
Empore C18 disks and a borosilicate-glass 2 L vaefiliration unit with a coarse fritted
glass holder to support the C18 disk.

The disk was activated and conditionedoetting to the manufacturer's manual.
The disk was rinsed first with 10 mL of MeOH3»®! (90:10), then twice with 10 mL
methanol, and finally with 10 mL DI water. For colefg mass-balance characterization
of the disk and removal of the methanol, it washer rinsed with 6 L of DI water. The
retention capacity of the C18 disk may be dimingshg this extensive DI water rinse. To
elute the sample from the disk, the disk was rirthegle times with 10 mL MeOH: 4@
(90:10) The eluates from the disk extraction were colledgtea clean flask and dried
with nitrogen gas at room temperature. Dried samplere re-dissolved in 5 mL DI
water and were taken for UV and fluorescence arslys
Oasis HLB Method (Figure 3.7) HLB cartridgesa@nditioned with 1 mL methanol
followed by 1 mL water. After 5 mL sample was loddthe cartridge was washed with 2

mL 5% methanol in water, then eluted sample withL3methanol (Figure 3.7).



Prepare Samplg

\ 4

Condition/Equilibrate
1 mL methanol/water

A 4

Load Sample
5 mL sample

\ 4

Wash
2 mL 5% methanol/water

A 4

Elute
3 mL methanol

Figure 3.7 Extraction Method for HLB.

Oasis MAX Method In order to obtain higbcovery for DOM from MAX
cartridge, variable methods for conditioning, elgtiwere tried with different polarity

solvents and those methods were modificationsabpol described below (Figure 3.8).



Prepare Samplsg

A
Condition/Equilibrate

3 mL methanol/water or
3 mL ether/methanol/water

A 4

Load Sample
5 mL sample

\ 4

Wash
3 mL 5% NHOH

\ 4

Elute

4 mL 5% HCOOH in Methanol of
4 mL 2% HCOOH in
Methanol:Water 9:1

Figure 3.8 Extraction Method for MAX.

Tandem Oasis HLB-MAX Method (Figure 3.9) Fbe torthogonal separation modes
in tandem, the procedure includes 4 stages: stagaslto condition, load and wash the
Oasis HLB cartridge; stage 2 was to condition tresi® MAX; stage 3 was to attach
MAX cartridge to outlet of HLB cartridge, then etufrom HLB into MAX (the final
eluate from the first cartridge HLB was loaded dilginto the second cartridge MAX).
The final stage 4 was to discard the HLB cartridgel then wash and elute MAX

cartridge.



Stage 3:
Attach MAX to

A 4

Wash:
3 mL 5%
NH,OH

Figure 3.10 Extraction method for MAX-HLB mixed mexl

Stage 1: Stage 4.
Condition, Stage 2: outlet of HLB, Discard HLB;
load, and wash Condition Elute from HLB Wash and elutg
HLB MAX into MAX MAX
Condition: Condition: Wash & Wash:
1mL 3 mL Elute: 3 mL 5%
MeOH/H,0O MeOH/H,0O 3 mL MeOH NH,OH
\ 4
Load: Y
5 mL sample Elute:
4 mL 5%
\ 4 HOOH in
Wash: MeOH
2 mL 5%
MeOH
Figure 3.9 Extraction method for HLB-MAX mixed made
Stage 3: Stage 4:
Stage 1: Attach HLB to Discard
Condition, Stage 2: outlet of MAX, MAX;
load, and wash Condition Elute from MAX Wash and
Condition: Condition: Wash & Elute: Wash:
3 mL 1mL 4 mL 5% 2 mL 5%
MeOH/H,0O MeOH/H,0O HCOOH in MeOH
MeOH
\ 4 A 4
Load: Elute:
5 mL sample 3 mL MeOH




Tandem Oasis MAX-HLB Method (Figure 3.10)  Thetpcol is similar to tandem
oasis HLB-MAX method but reverses order of HLB adX. Stage 1 was to condition,
load and wash the Oasis MAX cartridge; stage 2tewva®ndition the Oasis HLB; stage 3
was to attach HLB cartridge to outlet of MAX cadige, then elute from MAX into HLB
(the final eluate from the first cartridge MAX wdgaded directly into the second
cartridge HLB). The final stage 4 was to discard MhAX cartridge and then wash and
elute the HLB cartridge.

The collected elutes from each cartridgeeanitrogen air dried and re-dissolved in

5 mL milli-Q water for fluorescence and UV analysis

3.2.2 Analytical methods
TOC was measured by TOC analyzer (Shimadzu highpeesture Pt-catalytic
oxidation).
Fluorescence spectroscopy and UV Spectroscopy
For procedural details on the fluoresceand UV spectroscopy refer to section

2.2.2.



3.3 RESULTS
3.3.1 Fluorescence and UV spectra features of river water and its isolates

The EEM fluorescence of the river watanpke from August of 2005 is presented
in Figure 3.11 and Figure 3.12. Two characterisaoges of fluorescence can be
distinguished: the most intense region is centetéd,/Aen= 230/424 nm (peak A) and
the less intense one &B4/An=320/420 nm (peak C). The fluorophores respondinle
these two main signals have been recognized asdetpto typical components—UV
and visible humic-like fluorophores, having receiviadividual designations as Peak A
and C respectively [Coble 1990, Coble, 1996]. Besidhese two main peaks, the
samples present another two signals at shortersemisvavelengths. Coble and others
[Coble, 1996; Yamashita and Tanoue et al., 2003ta®& et al., 2002] assigned the
fluorescence signals at 275/340 and 220-230/340t8%(/ptophan-like fluorophores as
peak T. Fluorescence maximum of the more intertggeakis located akte,/Aenr=230/350
nm, which usually is attributed to protein derivemmponents and which is designated
here as Peak;TThe other signal identified arougd/Aen=260-270/340 nm is designed
as T,. Although fluorescence spectra of peak Were observed to extend to shorter
excitation and emission wavelength, it is diffictdtbe certain if another type of protein-
like fluorescence, tyrosine-like fluorescence, iesent due to spectral overlap with peak
T1. Tryptophan-like fluorophores are known to exhihibrescence signals in pairs with

another maximum ate/Aem = 270-280/340-360 nm as peak T
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Figure 3.11 Contour plots of river water bulk saesph August of 2005.
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Figure 3.12 Emission spectra of bulk river wateAugust of 2005.
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Comparing the August of 2005 sample to ftherescence features of July 2004
(Figure 3.13, 3.14), they are similar except the@a from July, 2004 lacks fluorescence
signals afe/Aenr=260-270/340 nm present in the sample from AugtigD65. However,
peak T is identified afiey/Aen= 280/356 nm in the sample from July of 2004. Tfeee
the fluorescence signal at/Aen= 260-270/340 nm in 2005 is defined here as peak D.
Previous work may have missed this peak due tedhsequence of fluorescence signals
overlapping between peak, Bnd other unknown fluorophores. In addition, arfoo
resolved peak but perceptible shoulder at arour@4B® nm was observed in both

spectra from July of 2004 and August of 2005.
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Figure 3.13 Contour plots of river water bulk saesph July of 2004.



102

1000

800

600

400+

Intensity (a.u.)

200+

Wavelength (nm)

Figure 3.14 Emission spectra of bulk river watdy & 2004.
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Figure 3.15 Contour plots of river water portiomted from Sep-Pack C18 cartridge in
August of 2005.
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Figure 3.16 Contour plots of river water portionsivad by Sep-Pack C18 cartridge in
August of 2005.
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Figure 3.17 Contour plots of river water portiomtet from HLB sorbent in August of
2005.



104

325.00

Y AXis

275.00

250.00

225.00

300.00 350.00 400.00 450.00 500.00 550.00 600.00
Wavelength (nm)

Figure 3.18 Contour plots of river water portionsivad by HLB sorbent in August of
2005.

A comparison of EEMs (Figure 3.15-3.18)nfr eluted portions of river water
shows no change in peaks’ maximum wavelengthé\.{) and little variation of overall
peak shapes between Sep-pak C18 and HLB cartriigegxample, EEM spectra of the
eluted isolates revealed two major fluorescencdecgriocated ake/Aen=230/424 nm
(Peak A) and.e,/Aen=320/420 nm (Peak C) respectively. These isolatea Sep-pak and
HLB present no wavelength shift for their fluoresce maxima compared to raw water
before extraction, only intensity decreases. P@sesf humic-like fluorescence and
absence of protein-like fluorescence demonstrade libth Sep-pak and HLB sorbents
preferentially isolate humic-like fluorophores. @aik EEM shapes of these isolates
resemble those of NOM from McDonalds Branch and HA, samples from IHSS

(Figure 2. 2)
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EEMs of the washes from Sep-pak C18 and,Htlosely resembled each other
with four fluorescence peaks each. The most intgressk was Peak ;Tcentered at
hexAenr=230/356 nm while the less intense peak was Peaidth location difficult to
determine. Peak A was observed as a clear shouldlerits fluorescence maximum
around AeyAen=230/420 nm by Sep-pak C18 method, while peak A wasely
perceptible from fluorescence emission spectra bB khethod since it was obscured by
Peak T. However, peak A still could be differentiated rfrothe contour plots.
Meanwhile, Peak C occured at around 310-340/420b&@use it overlapped seriously
with the signals which inhibit its fluorescence wnat 260/330 nm by both extraction
methods. Maximum emission wavelength varied withkimam excitation wavelength
for peak C Xem depends onkg,) implying that peak C is a mixture of multiple
fluorophores.

EEMs of eluate and washes by Empore CH& Biethod (Figure 3.19 and Figure
3.20) are fairly identical to the HLB eluate andsies except that the fluorescence
maximum of peak Toccurred at 230/350 nm. They have the same typ#dsegeaks,

same peak locations and same contour shapes.
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Figure 3.19 Contour plots of river water portiontetd from Empore C18 Disk in August

of 2005 sample.
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Figure 3.20 Contour plots of river water portionsivad by Empore C18 Dish August
of 2005 sample.
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Fluorescence spectra (Figure 3.21 andr&i@R2) of washed fraction from the
MAX cartridge showed nothing except water scattglines for the sample of August
2005. On the other hand, three clear fluoresceigoals were observed in the EEM maps
of MAX eluted fraction with maxima atey/Aen=240-250/410 nm (Peak A), 330/400 nm
(Peak C) and 250-260/330-350 nm (peak D). PeakadAGaappear very well resolved
ones because of the absence of near-by peaks;pbailts appear as complete shapes.
Compared with original river water, fluorescencexmmaa of peaks A and C shifted, with
Lex red shifting for 20 nm ankk, blue shifting for 20 nm respectively. Moreoverntmur
plots of peak A exhibit oval shapes due to specterlapping, although peak C didn’t

distort along the first order Raman scattering.line
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Figure 3.21 Contour plots of river water portionted from MAX sorbent in August of
2005.
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Interestingly, the intensity of peak C is very dd® or even higher than peak A
with various polarity elution solvents. Peak B s observed, and only peaks A and C
are detected. The third peak appear as a shouttleedn peaks A and C with excitation
wavelengths from 250 to 290 nm and emission waggtenfrom 320 to 360 nm (peak
D). Although peak D occupies a similar region ofticgd space as tryptophan-like
fluorescence (peak.), it could not be attributed to protein-like siyjhbacause the former
maximum excitation wavelengths occurred at 250-26Q while the latter at 220-230
nm. If it is peak 7}, then it should have a more intense fluorescergrealkat shorter
excitation wavelength. Only one fluorescence ceistebserved in the EEMs, indicating
that peak D is a different signal from peak Ih contrast, tryptophan-like fluorescence is

not observed in either the eluate or the washes€£EM
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Figure 3.22 Contour plots of river water portionshad by MAX sorbent in August of
2005.
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Figure 3.23 UV absorbance spectra of river watergi#st of 2005) and its isolations.

HLB and MAX cartridges were connected aplimized to investigate tandem
performance on DOM extraction. Loss of fluorescewes observed in both EEMs’ of
eluates of both modes. The fluorescence spectimashes by HLB-MAX mode show
only peaks A and C with maxima located at 240/468and 320/409 nm respectively.
These are blue shifted for about 10 nm in bothtakon and emission wavelengths in
relation to the original river watekd/Aen=230/424 nm for peak A arnd,/Aen=320/420
nm for peak C) except for maximum excitation wakgté of peak C. Relative to MAX
eluate LexAen=250/410 nm for peak A arid./Aer=330/400 nm for peak C), fluorescence
maxima of these two signals are red shifted ab®utrh except for emission wavelength
of peak A. In comparison, five fluorescence regians identified in MAX-HLB mode

and are associated with peak A, G, T, and Drespectively. Weak fluorescence signals
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of peak T and T, were observed in the spectra, suggesting thatl snabunts of

tryptophan-like fluorophores were retained by th@XHLB method.

3.3.2 Recovery by various methods
The recoveries for the sorbents based &h dbsorbance at 254 nm and
fluorescence are shown in Table 3.3. The critesaduto evaluate the extraction

efficiency included the removal of UV-visible abbance and removal of fluorescence.
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Table 3.3 Recovery based on fluorescence angiAJV

Samples Peak A Peak C Peak T UVass
Sep-pak eluate 34.2 33.2 0 57.8
washes 29.7 20.7 53.2 25.8
Disk eluate 87.8 90.0 0 55.9
washes 41.2 31.1 75.1 21.1
HLB eluate 53.3 53.9 0 50.7
washes 41.3 26.1 85.8 33.5
MAX(Aug) | eluate 35.0 66.0 0 69.0
washes 0 0 0 0
MAX(Jul) eluate 24.6 20.0 16.5 31.3
washes 0 0 0 0
HLB-MAX | eluate 15.0 18.7 13.0 22.3
washes 0 0 0 0
MAX-HLB | eluate 7.4 9.8 3.5 3.1
washes 23.6 19.1 20.9 18.5
*Recovery (based on fluorescence) = fluorescencéensgity in eluates (or

washes)/fluorescence intensity in initial sampieefrwater)
**Recovery (based on absorbance) = absorbance 4tn®b in eluates (or washes)/
absorbance at 254 nm in initial sample (river water
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The recoveries based on absorbance wérelatad by UV absorbance of isolates
divided by the absorbance of the initial sampleefall, the total recoveries calculated
from absorbance range from 22% to 84%. Sep-pak Eh§ore C18 Disk and HLB
methods have similar total recoveries around 80046®% for eluates and 20-34% for
washes respectively. Mixed modes of polymeric saidaccount for the lowest recovery
at around 20%. MAX and HLB-MAX methods have recgvenly in retained fractions.

Extraction recoveries based on fluoreseemere recorded as fluorescence intensity
of isolates divided by that of the initial samplmlike the absorbance recoveries that are
fairly consistent for Sep-pak, Disk and HLB extrant methods, the fluorescence
extraction efficiencies for humic-like fluorophoreary between 30% for Sep-pak to 90%
for Disk. Furthermore, the fluorescence extractioacoveries for protein-like
fluorophores based on fluorescence are much hipherthe yields based on absorbance.
Most of the protein-like fluorophores were foundtla¢ washed portions by these three
methods, and HLB produced recovery as much as 8&%lar to absorbance recoveries,
fluorescence efficiencies for mixed modes presamstwields as about 20%, which are
close to the values of recoveries based on absoebdtfficiency of eluate for MAX
method is 0, while around 66% for visible humiceliluorophores and 35% for UV
humic-like fluorophores were washed off. Elutiordamash from MAX yield no protein

fluorescence.
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3.4 DISCUSSION
3.4.1 Fluorescence features

Fluorescence maximum excitation and ewmssvavelengths of fluorophores in
both eluates and washes by Sep-pak, Empore DiskaBdmethods occur at the same
wavelength as raw river water except for peak Ahe HLB wash fraction by HLB
method. Absence of wavelength shift before andradteraction suggests that no
transformation or selective retention occurs witlpeaks. Although Sep-pak was
conditioned by strong acid (pH<2) before loadinghgke, acidification didn’t alter the
fluorescence features except for emission inten@eyer to chapter 2). Eluates and
washes by the Sep-pak method show virtually theesaatures as those of the Disk and
HLB, also indicate that there was no structureralien since both Disk and HLB lack
the procedures of cartridge acidification. Simtlaf the fluorescence spectra indicates
that these three methods isolate river water egualld they produce mixtures with
similar structural composition.

Conversely, both excitation and emission wavelengttift isolations by the MAX
method. Only peaks A and C were observed in thatelby the MAX method, and
maximum emission wavelengths shift to lower valuBkie shifting of fluorescence
indicated that the compounds retained by the MAX@ots may have simpler structures
or lower molecular weight comparing to the bulk gmunds in raw river water. This
blue shift may be caused by separation the peadsdAC fluorophores from the protein-
like fluorophores. Proteinaceous moieties form péathe humic building block structure
and are not solely associated with humic substarides same case for peak B. Strong

exchanges between the humic substances hydropHomeains and the MAX sorbent
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during fractionation, however, disrupt the assocrat between protein-like fluorophores,
peak B and humic-like fluorophores, leading to #eparation of the blocks, and
consequently of the fluorophore assemblages singuldrdecreasing apparent molecular

weight, resulting in a blue shift of the fluorescersignal.
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raw river water and the

isolations.
Samples Peak A Peak C Peak;TPeak T2 Peak B Peak D
. 7/2004 230/423 330/420 230/396 NR 250/460 ND
River water
8/2005 230/424 320/420 230/39@80/356 250/460 260/338
Sep-pak eluate| 230/424 320/420 ND| ND NR® ND
washes 230/420 310-340/420-430 230/B5MR NR 260/330
Disk eluate| 230/424 320/420 ND ND 250/46 ND
washes 230/413 320/420 230/350NR 250/460 260/330
HLB eluate| 230/424 320/420 ND ND NR ND
washes 220/413 310-340/420-430 220/35MR NR 260/330
MAX(Aug) eluate| 250/410 330/400 ND ND ND 250-260/3304
washels ND ND ND ND ND ND
MAX(Jul) eluate| 230/410 320/420 NR NR NR NR
washels ND ND ND ND ND ND
HLB-MAX eluate| 240/408 330/410 ND ND ND ND
washels ND ND ND ND ND ND
MAX-HLB eluate| 230/424 330/410 ND ND ND ND
washes 220/418 330/424 220/3280/35( NR ~270/330

ND: non-detected
®NR: non-resolved

350



116

Nothing similar to peak D has been notegrievious environmental fluorescence
work. According to the results from apolar sorbesush as Sep-pak C18 cartridge and
Empore C18 disk and polar sorbents such as HLBV&RH cartridges, peak D is present
in fluorescence spectra of August river water sas@nd their isolates. Peak D is not
tryptophan-like fluorescence, since maximum exictatvavelength occurred at 260 nm
for peak D rather than 230 nm. Peak D is a sephrfii®@rescence signal presented
together with peak A, C,;Tand T, in these samples. This fluorophore is not charaete
in the literature perhaps because it occupies dasifftuorescence position to pealk, T
and therefore superposition of these two signalkes& difficult to discriminate peak D
from peak B. Only when tryptophan-like fluorescence is abseotld peak D be
identified without being mistaken for peak. ISince peak D only occurs together with
peak T, and it is absent when peak A and C exhibit asotilg signals in fluorescence
spectra by Sep-pak, Disk and HLB methods suggektgdhe polarity and/or separation
properties of peak D are similar to tryptophan-lftkeorescence. Since tryptophan-like
fluorophores are more hydrophilic and humic-likeoflophores are more hydrophobic,
therefore, peak D fluorophores are hydrophilic sint was not retained by the
hydrophobic sorbents. This conclusion is also &test with the result that fluorophores
responsible for peak D were retained by hydrophsticbents. Peak D is present with
peak A and C by MAX method implied that this fluphmres are negative charged
because either positive charged or neutral hydhophiaterial will not be retained by the
MAX sorbent like protein-like fluorophores. The gntlifference between HLB and
MAX stationary structure is MAX has highly seledivetention for negative charged

compound by its strong anion-exchange mode. Siaa& P was missing in fluorescence
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spectra generated by July’s river water sampleas,fltitorophores associated with this
peak might be specific to August rather than ultays in river water. As a consequence
of peak D serious overlapping with peak potential interference between dnd D may

lead to mis-identification.

3.4.2 Extraction efficiencies of Sep-pak, Empore Disk and HLB methods

Absorbance recovery of eluates are mughehn than washes for Sep-pak, Disk,
HLB methods suggested that more chromophoric n@teas retained by these sorbents
than washed.

Fluorescence features of eluates and egabli Sep-pak, Empore Disk and HLB
methods are similar because the partitioning mashen of these three sorbents are
mainly controlled by hydrophobic interactions betwehumic-like fluorophores and
stationary phases of sorbents. High extractioncieficy of Empore Disk for both
protein-like and humic-like fluorophores relative$ep-pak is related to its larger surface
area and faster mass transfer due to the shortlsgmfh and small particle size. All
three methods demonstrated almost 2-fold greatmvesy in washes for protein-like
fluorophores than for humic-like fluorophores. Hi8810% and 30% higher than Disk
and Sep respectively to extract protein-like flygrores due to the introduce of a neutral
polar hook for HLB sorbent to enhance retentiomnudre polar fraction. HLB didn'’t
show any significant advantage over C18 sorbentnésipated in terms of extraction
efficiency and extracting recovery. Irreversiblesagbtion might account for a loss of
total 20% and up to 50% recovery based on absoeband fluorescence respectively.

Taking into account recovery and isolating typesp-fak would be the last choice
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because of its washes containing considerable anoddmumic-like fluorophores besides
protein-like fluorophores and the lower recoverg doi the strong interaction between the
interested fluorophores and the sorbents. The Een@B disk more efficiently separates
different types of fluorophores with high recovery.

The tandem modes had lower recoveriesdbaseabsorbance and fluorescence to
about 20%, much lower than individual mode of HLB MAX. Moreover, tandem
modes didn’t present any advantages to isolateastibnate compared to the individual
modes. Maybe the extraction method such as washeard solvents need to be

investigated intensively in order to optimize apgations of mixed modes.

3.4.3 MAX method

Peaks 1T T> and peak B fluorescence are lost in both eluadenaashes, only peaks
A, C and D are observed in the fluorescence spetehiate indicated that MAX sorbent
preferentially enrich humic-like fluorophores framer water rather than anything else.
The peaks inhabiting the similar optical regionsl aesulting in peak overlap and
superpose with peaks A and C are eliminated by MA&thod, in this regard, MAX
method have higher selectivity to separate NOM acamepts than C18 and HLB sorbents.
Ruling out the effects of solvent, MAX sorbent dif from HLB by its anion in its
backbone structures while HLB is neutral. Quaterm@anine functional groups act as ion-
pairing reagents to provide strong anion-exchanke acidic humic-like fluorophores,
therefore, generation of ion pairs between anidhiorophores in water sample and
cationic functional groups on MAX may dominate oueydrophobic interactions.

Perception of changing polarity distribution of angc matter by ion-pair formation in the
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MAX sorbent is the same with separation idea engdoy chapter 2 with addition of
ion-pairing reagent. The advantages of MAX sorbewer procedures conducted in
chapter 2 are MAX combines ion-pair formation aegaration at one sorbent without
addition of ion-pairing reagent. Meanwhile, revepbase sorbent enhances its ability
and capacity to extract hydrophobic fraction frome tomplex. More importantly, the
used sorbent can be reused after reconditioning. gecedures using MAX enable
separation of negative charged humic-like fluorapedrom river water and removal of
neutral and positive charged compounds such asip+lite fluorophores. Recoveries of
peak A and C are different and they are relatedolarity of eluting solvents based on
this method. Generally, recovery of peak A is g that of peak C and the less polar,
the more acidic of eluting solvent, the higheredavery for peak C. The results that less
polar and lower pH favor eluting peak C from sotesuggest that visible humic-like
fluorophores (peak C) are more hydrophobic and npiesensitive relative to UV
humic-like fluorophores (peak A). So, compared with8 and HLB methods, MAX
would be the best option to enrich humic-like flophores with high recovery without

any interference from protein-like fluorophoresotiner unidentified compounds.

3.4.4 Extracting ability to UV- and visible humic-like fluorophores
The recoveries of UV and visible humicelituorophores depend on the polarity of

elute solutions and sorbents (Table 3.5).
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Table 3.5 Fluorescence intensity ratio of peak€And T and recoveries of peaks A and
C based on fluorescence.

Recovery (FL9 (%)
Samples RatiofJA | Ratio C/A Peak A Peak C
river water (August of 20053) 0.73 0.49
river water (July of 2004) 0.78 0.49
Sep-pak eluate 0 0.46 34.2 33.2
washes 1.26 0.33 29.7 20.7
Disk eluate 0 0.50 87.8 90.0
washes 1.28 0.37 41.2 31.1
HLB eluate 0 0.48 53.3 53.9
washes 1.50 0.30 41.3 26.1
MAX (August®  washes ND ND 0 0
MAX (Augustf |eluate ND 0.85 40.7 73.5
MAX (August)” |eluate ND 1.25 39.5 97.6
MAX (July) eluate NA 0.41 24.0 20.1
HLB-MAX eluate 0.67 0.63 15.0 18.7
washes NA NA 0 0
MAX-HLB eluate 0.68 0.41 23.6 19.1
washes 0.36 0.68 7.4 9.8

@was eluted with 2% HCOOH in methanol and Milli-Quter mixture (Meth:0=9:1);
b \was eluted with 5% HCCOH imethanol solvent;

“recovery was based on the fluorescence;

*data based on their new fluorescence centers.
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Fluorescence intensity ratios between @ Arfor eluates by Sep-pak, Disk and
HLB are very similar and these ratios are very elttsthat in the raw river water. This
implied that peaks C and A were extracted fromahwater with the same efficiency by
these three methods. Fluorescence recoveries &br dare nearly identical to peak C in
the eluates for Sep-pak, Disk, and HLB indicatingt these three methods extracted both
fluorophores with similar ability. However, fluomnce recoveries of peak A are on
average 10% higher than peak C in the washes andtio of C/A vary and are less than
that of the initial sample. The variation in pealtioss may be the result of peaks
superposing between peak A and peak T and/or deriafapeak C recovery due to the
irreversible adsorption between peak C and sorbdmtause the procedures and solvents
polarity for these three methods are very similar.

For MAX, fluorescence intensities of peak C aresel@o or higher than those of
peak A. The contour maps of peaks A and C by MAXhoe are dramatically distinct
from those obtained by other methods and fromahiwater. Therefore, the observed
peak A is the sum of a mixture of fluorophores wdlfferent subunits. MAX method
separated those subunits and removed some of them as peak ;T B and low-
wavelength fluorophores, with only some of the Uyhtic-like fluorophores remaining.
In addition, peak C has less peak overlap withrgpeaks, thus extraction had much less
effect on it. The consequence of elimination oflding subunits from peak A made its
fluorescence intensity less than peak C. Furthezpracovery of peak C appears to be
more complete than that of peak A, while other ge@k B) are not recovered at all.
Therefore, in the initial river water, emissionensity of UV humic-like fluorophores is

greater than visible humic-like fluorescence mayheeartifacts of (A+B+7+...) >C.
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3.5 CONCLUSIONS

Fluorescence peak A can be attributed to a mixairseveral UV humic-like
fluorophores. Peak C fluorophores are more hydrbghand pH sensitive than peak A
fluorophores. Peaks T fluorophores are presenteoiral or positively charged and more
hydrophilic molecules. Peak D fluorophores moleswdee negatively charged but more
hydrophilic than peaks A and C fluorophores molesul

The extent of extraction of various fluorophoresnirriver water with hydrophobic
solid phases differed with the type of bonded pbaBenpore C18 disk is the best choice
for ensuring the highest recovery. Take into actaminselective isolation of specific
components, MAX is good for isolating humic-likeifbphores and discarding protein-
like fluorophores, while HLB is better suited foxteacting protein-like fluorophores.
Sample preparation by MAX method requires neithretrpatment for aqueous samples
nor the use of ion-pair regents. The mix-mode peiyon SPE cartridges have both
reversed-phase and ion-exchange characteristidselaninate the need for ion-pairing
reagent, providing a simple and rugged alterndbvéiquid-liquid separation.

The SPE procedures still need to be more exterysomimized in order to obtained

greater recoveries of DOM pool and representatiu@éscence subunits.
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CHAPTER 4
Characterization Wastewater Treatment by

Membrane Filtration Using 3SDEEM

4.1 INTRODUCTION

With the increasing demand of water sugig stricter regulation of water quality,
water reclamation and wastewater reuse is boonWegstewater reuse is increasingly
seen as an essential strategy for making betteofulsmited freshwater, and a means of
preventing deterioration in the aquatic environnfeoin wastewater disposal. The main
challenges of water reuse projects are to ensatdtia water produced can be effectively
distributed and safely used. Although secondarg-tertiary —treated wastewater can be
discharged into waterways, it cannot be used eeemén-potable purposes without
further treatment. Across all industries, the pcacof water reclamation and reuse is
gaining momentum. This practice has a two-fold iotpaot only is total water usage
dramatically reduced, but potential pollutants prevented from being released via the
wastewater stream. Water recycling has become bt ey factors in moving toward
zero discharge [Mcllvaine, 2008].

Advanced wastewater reclamation and treatrfor industrial and potable purposes
include biological wastewater treatment and canfdiowed by pre-treatment of
secondary effluent with MF (colloidal & suspendedhen reverse osmosis (RO)
filtration, and finally UV for disinfection. Recdmgt the increasing need for improved

water intake quality for potable supplies for hunzamd industrial purposes has resulted
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in the emergence of new water reuse technologipplidation of membrane technology
to water treatment offers many advantages suchrias solid-liquid separation, ease of
operation and small footprint. The use of membriioeeactors (MBR) in combination
with RO is one example of new treatment optionsedJapstream of the RO system,
MBR provide an efficient, cost-effective tool famoving biological contaminants from
wastewater streams [Mcllvaine, 2008]. The avera@DEChemical Oxygen Demand)
from MBR effluent is around 2@ng/L, while the RO effluent had a COD less than 2
mg/L and DOC lower than 1 mg/L. Besides high renhafaions, organic matter and
pathogens, MBR-RO sequential system are capabknudving specific substances such
as DBPs or endocrine disrupting substances [Dialy2@08]

Microfiltration membranes have been widapplied for its significant removal of
particles, turbidity, and microorganisms from soeawater and groundwater as an
alternative to conventional water treatment proegs&oagulation, sedimentation and
sand filtration). The greater removal of particeesd microorganisms is of particular
interest in meeting the more stringent requirementthe surface water treatment rule
(SWTR) and DBPs regulations [Yuan, 1999]. Relativeconventional treatment, MF
offers several advantages including superior watglity, easier control of operation,
lower maintenance, and reduced sludge productionmd@dule-less MF membrane
promises better fouling control and can hybrid vather treatment processes.

MF processes are a good choice of pre-treatmem@systems because of the (a)
consistency of treated water quality with variatded water quality; (b) non-sensitivity
to chemical reactions and adjustments to achieva gesults; (c) stable membrane

operations; (d) higher fluxes compared to conveatigpretreatments; (e) longer RO
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chemical cleaning intervals, and extending membiid@span; (f) less land area needed
for the plant; (g) lower energy consumption; anyl Igwer operating and maintenance
costs [Ujang et al., 2007].

RO plays a key role in desalination, wateclamation, and process-stream
purification, and minimizes industrial and domesti@astewater streams. In 2007,
according to market research conducted by the Micley Co., the size of the market for
industrial and municipal RO systems was estimaté&8a billion worldwide [Mcllvaine,
2008] Expanding markets and new developments are agsarplace for RO systems
well into the future [Ujang et al., 2007RO membranes recently have provided better
water quality than other alternatives. The revessenosis process has been widely
applied for water reclamation of treated used wdsercondary effluent) due to its
affordable cost and reliability. RO membranes hbgen involved in wastewater reuse
processes to tackle water shortage problem, ediyeicizarid areas. Crossflow systems
allow continuous filtration and are used in conjimt with various pre- and post-
treatment steps, depending upon the specific agfgit and relative purity of the source
water. High quality permeates suitable for indingeatable or direct non-potable use after
disinfection are produced from RO process, and,(®@quivalent) is currently required
for indirect potable reuse because RO membranesbkmumificant contaminant rejection
to meet and exceed drinking water standards.

Despite the advantages and booming market, oneecgritical factors limiting the
use of membrane filtration is membrane fouling, itheversible loss of system flux over
time caused by interactions between the membradettan various components in the

process stream. Mallevialle et al. showed thatstingcture of the fouling layer formed
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during microfiltraion of natural river waters wastdrmined largely by the organic matrix
which served as a “glue” for inorganic constitue(eésy., ion, aluminum, silicon and
calcium) in the fouling layer. [Yuan et al.,1999;aNévialle et al., 1989; Bersillon et
al.,1988]

Most authors agree that dissolved orgamatter (DOM) is a principal cause of
fouling. In biologically wastewater treatment, a#ht organic matter (EfOM) has been
implicated as the most important foulant. EfOM @n$ polysaccharides, proteins,
amino-sugars, nucleic acids, organic acids, hunatenals, and cell components [Baker
et al., 2000]. EfOM is composed of NOM from souras@ater, synthetic organic
compounds (SOCs) from human activity and SMPs [delmicrobial products). The
majority of EfOM in the secondary wastewater effiues made of SMPs, which are
derived from substrate metabolism in the biologwaktewater treatment process. NOM
is a heterogeneous mixture of humic and fulvic didnins, carbohydrates, and proteins
of various molecular sizes and functional group positions. Therefore, an
understanding of NOM as a membrane foulant andémavior of NOM components in
low-pressure membrane fouling are needed to proaitb@sis for appropriate selection
and operation of membrane technology for watetrreat.

Organic matter properties such as hydrophobioitylecular weight, charge density
and molecular shape are expected to affect memlioating [Lee et al., 2004]. Solution
chemistry and membrane type also influences thegehand conformation of NOM
macromolecules and, thus, the structure and hyidreesistance of the foulant deposit
layer. However, most researches have focused omtlhience of hydrophobicity and

molecular weight of organic matter.
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There are still debates on which polarity-basedtima(s) of organic matter is (are)
most important in the field of membrane treatméfutan et al [Yuan, 2000] suggested
that the humic fractions of natural organic mategnich are largely hydrophobic, control
the rate and extent of fouling. Shon agreed [Shal. £2006] that hydrophobic fractions
were the main foulants, because hydrophilic fragioncluded mainly the small MW
compounds which were much smaller than the membpane size of 17,500 Da and
would have passed through the membrane pores. igheflox decline by hydrophobic
may be due to the pore blocking, cake/gel layefarmbre constriction by the large MW
compounds present in the hydrophobic fraction.Harrtthere was a strong adsorption of
hydrophobic compounds on the membrane surface [8hah, 2006]. However, recent
studies have reported that hydrophilic (non-hunagyanic matter might be the most
significant foulant. For example, Gray et al. répdrthat neutral and basic hydrophilic
components of organic matter lead to continuous flacline [Gray and Bolto, 2003].
Lin [Lin et al, 2000] stated that hydrophilic fraam of humic acids caused most serious
flux decline by using Aldrich humic substances asdf water solution, and, for the
wastewater, they got the same results. Hydrophidiction in the wastewater used by
them contained a significant amount of colloidatl anacromolecular organic matter of
non-humic properties. Fan [Fan et al., 2001] regmbthe effect of potential foulants as
the following order: hydrophilic neutral > hydrog#io acid > transphilic acids. This may
be related to: (1) the MW fraction in the colloidange (>30 KDa) and (2) less
charged/non-charged and less aromatic/non-aroméatctions were the major
components of the adsorbed materials leading tafgignt and long-term flux decline.

Jarusutthirak et al. [Jarusutthirak, 2002; Shoralet 2006] found that the colloidal
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fraction consisted mainly of large MW of hydropbitharacter, and this was the fraction
that contributed the most to fouling when BTSE Idycal treated sewage effluent) was
used as the feed. Polysaccharides, which weretbareimove by pre-treatment such as
coagulation or adsorption, are hydrophilic neutfdle absence of electrostatic repulsion
among macromolecules and between DOM and membrayeimarease deposition on

the membrane to cause fouling [Lee, 2006]. Thes®oasi found the adsorption tendency
of the polysaccharides (hydrophilic) in the memlesawas approximately three times of
that of humics.

Other authors have suggested that molesiga and shape are more significant
predictor of fouling than polarity. Similarly, thens still no any agreement on what
size(s) dominate membrane fouling. Howe et al. [Ho002] found particulate matter
(larger than 0.4um) was relatively unimportant in fouling of UF aktF membranes as
compared to dissolved organic matter. The fractimaller than 3 nm, included about 85-
90% of the total OM, also caused very little foglinvery small colloids, ranging from
about 3-20 nm in diameter, appeared to be imporiEmty concluded that the greatest
degree of fouling was caused by smaller-MW molexwdee to adsorption of small
molecules in the membrane pore wall and pore blgeksy colloidal organics (>30,000
Da). In addition, they also attributed greater ifogilby the neutral hydrophilic fraction to
the smallest MW distribution. On the other hand) kt al. [Lin et al., 2000] indicated
that the highest-MW components (6.5-22.6 kDa) fothbhydrophobic and hydrophilic
fractions caused the greatest flux decline, whetteasmallest MW fraction (160-650 Da)

exerts little effect on flux decline.
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The effects of polarity and size were irgistent on membrane fouling based on the
literature review. This could be explained by tleason that most of researches had
different operation conditions such as type of meme, fractions of organics tested and
the pre-treatment process employed, and also data wasufficient for comparison
among them. In addition, experimental artifactsoesded with extraction procedures
could also cause these inconsistent results. Satfer still unclear which fraction of
organic matter causes the irreversible membranetuSome conclusions were derived
from results obtained from very shorterm filtratitests, therefore it is uncertain whether
their results apply to the actual irreversible foglthat may occur over long-term
operations.

Understanding the fouling mechanisms iseesal to developing strategies for
fouling control. In order to optimize the perforncanof the membrane filtration BTSE, it
is important to identify the membrane fouling effegith different fractions in the
wastewater. A detailed characterization of membifankd with different fractions will
also help to select a suitable membrane and thenopt range of operating parameters
[Shon et al., 2006{Characterization of EfFOM has been attempted berbfit techniques,
including basic measurements such as dissolvechiorgarbon (DOC) and ultraviolet
absorbance (UVA). More elaborate characterizati@thods include molecular weight
distribution by high-performance size exclusionachatography (HPSEC), fractionation
using non-ionic macroporous resins, “fingerprintitige organic groups by excitation-
emission matrix (EEM) fluorescence spectroscopsniiflying organic functional groups
of the fouling layer in the membrane surface usttgnuated total reflectance Fourier

transform infrared spectroscopy (ATR-FTIR), and edetining the morphological
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characteristic of foulants by environmental scagratectronic microscopy (ESEM) [Fan,
2008].

The gross parameter of DOC was often used in mestbrane studies to evaluate
DOM removal efficiency. DOC is an aggregate parameind does not provide
information on the organic character of NOM in wafEhe separation and fractionation
methods such as HPLC and resin are time and labisuming. The measurement
method as FTIR needs removal of membrane and saimpiey.

Fluorescence spectroscopy has potential for th&l rqualitative and quantitative
measurement of the problematic DOM fractions for urese water
characterization/assessment and water treatmerdeggooptimization [Taha, 2000].
Distinctive fluorescence signatures have been oeted for the refresh water samples
[Taha, 2000; Baker et al., 2004; Reynolds, 2002erCat al., 2003], and it has been
proven to be a useful technique to differentiatangfes and transformations of organic
mater in natural environments. However, EEM fluoegge has not been used broadly to
characterize and identify EfOM during wastewateatment. Characterization of EfOM
fluorescence could provide information concernig tstructure, functional groups,
configuration, heterogeneity and dynamics of its\ponents.

Fluorescence excitation-emission matriENE spectroscopy has proved to be a
valuable tool to investigate DOM in river, estuariwaters and marine for almost two
decades [Coble, 1996; Wu et al, 2003]. This methasl been applied to explore and
characterize organic matter in wastewater [Huds2007; Kuzniz, 2007]. Because
wastewater exhibits more complex behavior than rahtwaters and its complicated

matrix effect, fluorescence technique may encoumere challenges to interpreting its
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spectra. Attempts [Hudson, 2007; Reynolds, 200&XeBat al.,2004] have been made to
use fluorescence spectroscopy to monitor and domwaer quality, and provide
information about wastewater treatment behaviorwater recycling schemes, proper
monitoring and characterization of residual DOMtiaated effluents is essential for
estimating the potential of DOM to contaminate $q@ort. Therefore, there is need for
careful and on-going management to ensure religlufiwater treatment performance to
maintain full protection of public health [Hendensa2009]. It is also important to
implement real-time on-line monitoring technologywater quality management.

3DEEM fluorescence spectroscopy has been invéstiga be used as a monitor
tool to assessment of process performance and wataity because it is a rapid,
sensitive, selectivity and reagentless techniquelwho sample pretreatment prior to
analysis is required.

In order to provide a continuous, safe and redialbhter supply, membranes were
applied to increase capacity in a cost-efficienhn@ instead of having to build several
new trains to meet local water supply. RO membranese combined with other
membrane protocols such as MBR and MF in thred giles of wastewater treatment
processes: (1) MBR process that incorporates mtragmoval at Rio Del Oro (RDO)
WWTP in Los Lunas, NM; (2) Aerated lagoon of higheagth concentrated domestic
waste at Albuguerque Metropolitan Detention CerffdDC) WWTP; (3) Activated
sludge process that incorporates nitrogen remotvahlluquerque Southside Water
Reclamation Facility.

Since 3DEEM is a sensitive fingerprintheicue, the overall goal of this chapter

was to develop this fluorescence methods, combwiéd other analytical methods, to
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monitor and characterization the change of orgamadters in the wastewater treatment
processes during reverse osmosis process, thugl@rovormation to aid in figuring out
the major components of foulants and disclosindifigumechanism. Experiments were
thus designed to: (1) characterize and discrimirfaterophores in the wastewater
samples and their influence on fouling by 3DEEMfscence spectroscopy; (2) control
water quality when TOC concentration is very lowiethis under detection limit (DL)
with UV detector; (3) correlate fluorescence intgnswith typical water quality
parameters; and (4) use these results to obtaighissinto the underlying physical

phenomena governing membrane fouling during RO.
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4.2 Methodology
4.2.1 Pilot plants and operation

The pilot plants for this study were setat three existing wastewater treatment
facilities, Rio Del Oro, Albuquerque wastewateratreent plant and Albuquerque

metropolitan detention center.

Rio del Oro
>*

(0] 10 20 Miles
| I I T (R B

Figure 4.1 Site map for wastewater sampling.

Site I: Rio Del Oro (RDO) Wastewater Treatment Plant

The first site was Rio Del Oro (RDO), ltexdin the Rio Del Oro area between Los
Lunas and Belen. This facility used a membraneeaictor (MBR) process followed by
three sequential reverse osmosis (RO) membranessdifematic diagram of cross-flow
membrane set-up and sampling locations are showrigi.1. The MBR membrane
configuration of the plant consists of flat she@tnmfiltration membranes (Kubota) with
pore size 0.41m and an area of 14.6.fPrior to the pilot operation described in thistpa

the membrane module has been used as a biofiim-nembreactor. In order to
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investigate the RO membrane that suffered fromvémsble fouling caused by
constituents in wastewater source, a total run tnapproximately 1000 hrs (42 days)
(between April 24 and June 192007) was continuously carried out.

Crossflow filtration was applied for the membrdifteation. Crossflow filtration as
a semi-permeable membrane over which feed watessflinder pressure, parallel to the
membrane surface. A portion of the feedwater petesedor filters) through the
membrane, forming the permeate (or filtrate) streamd leaving the majority of
dissolved solids and organics filtered behind tomfohigher concentrations in the
feedwater stream. The balance of feedwater becemashed with dissolved solids and
organics as more permeate is formed. The balahcencentrated feed flows tangential
to the membrane surface, forming the concentragdt) stream. For the separation
process to take place, feedwater pressure shoe#degrthan the sum of feed-concentrate
stream osmotic pressure, the permeate backpresande any system pressure
drops. Because the feed and concentrate flow lpatal membrane surface instead of
perpendicular to it, the process is called "Crasgflor "Tangential Flow". Concentrate
is recycled back to the feed tank and the mixtureancentrate with feed water is
Recycle water.

Samples from the pilot RO unit were collectedeatst twice a week. These included
feed, recycle, permeates and concentrate sampbeg.alRd pressure measurements were
collected and reviewed on a weekly basis. All sasplere refrigerated at@-in dark
Milli-Q water was used for all dilutions, solutiopreparation, and final glassware

washing.
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L Waste Sludge RO Brine to
to Disposal MBR tank

Figure 4.2 Schematic diagram of wastewater treatimgmembranes [Field et al., 2008].

New membranes were installed at the beginninp@ekperiment and one cleaning

sequence was performed during the fifth week ofrafpen. The membranes were

cleaned using a surfactant followed by a citricamlution.

Recycle

A 4
\ 4
v
v

Feed Concentrate

Flux Flux Flux

Permeate

v

Figure 4.3 Sampling sites at RDO.

Site 1I: ABQ Metropolitan Detention Center (MDC) Wastewater Treatment Plant

In this study, the pilot plant was set up at tHi@QAmetropolitan detention center
(MDC) wastewater treatment plant intake, pumpingnirthe aerated lagoon of high
strength domestic waste. Figure 4.4 shows the satieiiagram of the pilot plant used

in this study. The pilot-scale was equipped withcnaifiltration membrane (0.21m
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polypropylene PP hollow fiber module) followed b@Rnembrane.

At this site, the wastewater came from cadp which receives the effluent of
wastewater from MDC. Feed water was taken fromeffieent of the microfiltration and
the influent of the RO. Six samples—permeate, feeclcle, and concentrate--were still

collected approximately once per week from thetgf® unit (Figure 4.4).

Recycle
Lagoon | .| Membrane Filter| ¢y | RO1 | | RO2 | | RO3 R
Feed Concentrate
Y \ 4 \ 4 >
Permeat
Figure 4.4 Sampling sites at MDC.
Site 1ll: ABQ Southside water Reclamation Wastewater Tratment Plant

(ABQWWTP)

The raw water taken from the primary clarifier otbAquerque’s wastewater
treatment plant was connected to activated sludgaland secondary clarifier. Then the
effluent from the secondary clarifier was dividedoi two lines (Figure 4.5). One line
flowed into the RO units with a MF membrane as pghetreatment. The other line was

connected to a sand filter followed by RO unitankes were collected once a week.
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Figure 4.5 Two lines for wastewater treatment atABNTP.

4.2.2 Analytical methods
Fluorescence spectroscopy

To obtain information on organic matteonr different aspects, the fluorescence
excitation-emission matrices (EEMs) of the samplesre generated by using a
fluorescence spectrophotometer (Varian).

Since the intensities of many samples were ovegeam order to get quantitative
information of intensity changes, dilution was riegd. All samples (feed, recycle and
concentrate) except permeate were diluted with pete buffer so that the highest
density was <1000 a.u. Therefore, the dilutionidecrange from 2.5% to 20%.
Phosphate buffer solution preparation. A phospbaftfer for optical measurement, pH
=7, was prepared according to the Standard Metfardhe examination of water and
wastewater, 20 Edition, 5-66. Fluorescence of phosphate buffer lsiilli-Q were very
similar, with very weak intensity (less than 10 aupOM fluorescence regions.

Addition of Mercuric solution Because the watamples were not treated with
disinfectants, the microorganisms in the samplegdcactive even at € in the dark.

Therefore, in order to insure the fluorescencénefdtored samples as the same with fresh
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ones, saturated mercuric sulfate solution was adiedstop the microorganism
metabolism of the samples.
TOC and Protein analysis TOC were analyzed ®¢Z Bnalyzer (persulfate-ultraviolet
oxidation method). Protein concentration was deit@eth by Lowry method [Lowry,
1951; Dunn,1992].
UV and fluorescence spectroscopy

A UV/vis spectrophotometer (Varian, Cary Bio) was used to measure
absorbance from 200 to 600 nm of water sampless#ihples were measured without
dilution using Milli-Q water as blank.

The procedure details on the fluorescemce UV spectroscopy refer to 2.2.2.

Phosphate buffer was used as blank for fluorescer@asurement.
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4.3RESULTS

TOC, UV,54, SUVA and protein content of feed and concentsataples from three

sites are shown in Table 4.1.

Table 4.1 Wastewater parameters

TOC UV 254 SUVA, Protein

Samples mg/L cm* m'l/mg | mgBSA/L g
RDO

permeate| 0.09¢.11)" 0.0023 NA NA NA
RDO
feed 4.9060.19) 0.12{0.009 2.57£0.17) 7.1(0.77) -0.011
RDO

concentrate 12.20{2.16) 0.29£0.02) 2.57{0.15) 17.4(3.36) -0.011
ABQ

permeate 0.0%¢.04) NA NA NA NA
ABQ

feed 5.99%0.67) 0.11£0.02) 1.860.21) 4.9(0.99 |-0.016¢0.009
ABQ

concentrate 15.81{1.46) 0.29£0.09 1.89¢) 13.2¢1.67) | -0.015£0.001)
MDC

permeate 0.174.09 0.0036 NA NA NA
MDC -0.0097
feed 17.2642.41) 0.34£0.02) 2.10£0.19) 18.3¢2.51) (+0.0002
MDC -0.0013

concentrate 46.63¢17.09 | 0.82{0.29 2.14{0.10) 44.9¢14.6) (+0.0009

&S is the slopes of linerized plots for UV absodsfrom 300 nm to 400 nm (In Alk)-
P Parenthesis are the standard deviation.
“NA=not available

EEM maps were obtained for one sample per weelkngwkperiments for each
site. Three main peaks were distinguished in mb#te@maps: tryptophan-like (peak T

and T), UV humic-like (peak A) and visible humic-likeutbrescences (peak C).
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4.3.1 RDO Site

Figure 4.6 shows UV-vis absorbance spatftsamples from RDO. Absorbance of
all permeate samples were no more than 0.02 A.Maselength of 230 nm and above
and less than 0.3 A.U. below 230 nm. Feed and cdrate samples had very strong
absorbance below 250 nm before dilution, but hagbddance of less than 0.1 A.U. at
230 nm and above after 10-fold dilution. Above 300, absorbance of all of the samples
was no more than 0.03 A.U. Therefore, based onalbsorbance spectra and the
fluorescence maxima at excitation wavelengths 220 230 nm, 270 nm, 280 nm and
340 nm, EEMs of diluted feed, recycle and concémtemamples did not require inner-
filter correction at excitation wavelength 270 nm and abd@therwise, at excitation
wavelength below 270 nm, fluorescence intensitiedeed, recycle and concentrate
samples were corrected for inner-filter effects.VBUWsalues were relatively constant

during experiment and varied between 2.4 and 2:@ fmg.

0.8

0.6

0.4

Abs

—= === - ———e————————
200 300 400 500
Wavelength {(nm)

Figure 4.6 UV-vis absorbance spectra of feed, le¢cyoncentrate and permeate samples
on May. 21 of 2007 at RDO (10% denotes 10-foldtailuof sample).
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Three main peaks and a weak peak wergifigeinn fluorescence contour maps for
all of feed, recycle and concentrate samples (Eigu7). A main peak was located at
excitation/emission wavelengthse{ Aem) 230/420-428m and it was described as UV
humic-like fluorescence (peak A) [Coble, 1996]. Due its broad peak, maximum
emission wavelength ranges from 420-428 nm. Anatien peak was located at longer
excitation wavelengthe,/ Aem Of 340/425 nm as visible humic-like fluorescengeak C)
[Coble, 1996]. The most intense peak was identified,/ Aem Of 230/356 nm (peak ],
and a weak peak was also found with fluorescencemen of Ae/ Aemaround 290/350-
360 nm (peak J). Peak T and T have been ascribed to protein-like fluorescenae, i
which the fluorescence arises from the aromaticnanaicid tryptophan witle/ Aem Of
220-290/340-360 nm [Wolfeis, 1985]. Practicallywias difficult to locate the emission
maximum center of peak,Tbecause the fluorescence of this weak peak oyesthp
seriously with the more intense peak C. Althoughoiftscence of peak;Talso
overlapped with peak A, the fluorescence signaleevetrong and both peaks could be
distinguished and located. However, fluorescen@xlapping resulted in alteration of the
contour shapes for all of the four peaks (Figui®.&eak A appeared as a more narrow
ellipse in all of the feed, recycle and concentsstmples instead of the circular shape of
standarcsample from IHSSPeak C also changed to more elliptical shape aloadirst
order of Raman scattering lin&t this site, the emission intensities of peakvére close
to peak A and more intense than peak C. Peak Bowssured by the peak A and C and
could not be separated from those two peaks cldddyfluorescence residual was found

for permeate samples at this site except on Junf.2ZD07 when fluorescence residual
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could be identified with emission intensity lesarii20 A.U. at emission wavelength of

360 nm and under which was attributed mostly bk paa
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Figure 4.7 Contour plots of permeate (a), feedafir) concentrate (c) samples on May.
21 of 2007 at RDO. Feed and concentrate samples dikrted to 10-fold from their
original concentration.
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4.3.2 ABQWWTP Site
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Figure 4.8 UV-vis absorbance spectra of feed, le¢cyoncentrate and permeate samples
on January. 28 of 2008 at ABQWWTP.

UV absorbance spectra at ABQWWTP sitepsesented in Figure 4.8, which are
similar to those from RDO.

Fluorescence of feed, recycle and conaentsamples from ABQWWTP site are
very similar to those from the RDO site and they mresented in Figure 4.9. Peak A, B,
C have their major fluorescence maximaigiiem of 230/429, 250/460 and 340/425
respectively, and fluorescence center of pealatTe/iem Of 290/356 nm although this
peak overlapped with humic-like fluorescence pepksk A and C. The overlap of peak
T, with peak A and C had more effect on peak C whias wlongated along the first
order of Raman scattering line. Peak(e)/Aem= 230/350 nm) was blue shifted from the

fluorescence center of sample from RDO site whe@kpl; occurring at 230/356 nm.
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Overlapping between peak A and peakdidn’t affect the location of these two peaks.
Peak T was more intense than humic-like peaks.
All of the permeate samples (Figure 4)%ad very small protein-like fluorescence

residuals (<30 AU) and no humic-like residual exaapDec. 23, 2007.
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Figure 4.9 Contour plots of permeate (a), feed gb)l concentrate (c) samples on
February 2nd of 2008 at ABQWWTP.
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4.3.3 MDC Site
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Figure 4.10 UV-vis absorbance spectra of feed, degcyconcentrate and permeate
samples on Aug. 3 of 2007 at MDC site.

UV-vis spectra of feed, recycle and comaa from MDC had strong absorbance
under 300 nm (Figure 4.10). Shoulders were idematiiround 260-290 nm and 230 nm
respectively at absorbance spectra for all thessethamples. Appearance of shoulders
was consistent with absorbance of high concentiaygptbphan-like molecules.

EEMs generated for permeate, feed andesdrate samples are presented in Figure
4.11. Six fluorescence peaks were observed clearyboth feed and concentrate
samples. Peak A has excitation and emission maximaaelength at 230/420 nm (UV
humic-like fluorophores). With almost the same eiois wavelength, peak C, occurring
at Ae/Aen=340/425 nm, was referred to visible humic-like ofiophores. At shorter
emission wavelength, more pronounced peaks werdifide atiey Aenr=230/356 (350)

nm and 270/356 nm. They were assigned to tryptotikarfluorophores of peakiTand



149

peak T respectively. In addition, another type of protie fluorescence — tyrosine-
like fluorescence was observed clearly. The majavsine-like fluorescence maximum
occurred atiedrem = 220/309 nm as peak;,Sand a minor tyrosine-like fluorescence
located afe,/Aen= 280/309 nm were assigned to peakYamashita and Tanoue, 2003]
(Figure 4.11 and Figure 4.12), which overlappedciitst order Raman scattering line.
Although humic-like fluorescence still overlappedhntryptophan-like fluorescence, six
peaks could be distinguished from each other fraemn EEM contour plots and their
fluorescence maximum could be identified easilylikénthe fluorescence spectra from
RDO and ABQ samples, peak C appears circular sisypethe standard from IHSS. The
overlapping of peak Swith the Raman scattering does not interfere wdtermining its
location because its emission intensity is greti@n the Raman scattering intensity, and

corrected emission intensities were obtained byraating scatter background.
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Figure 4.11 Contour plots of permeate (a), feedafim) concentrate (c) samples on July.
12 of 2007 at MDC.
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Figure 4.12 Typical contour plots of authentic sin@ and tryptophan standards [Hudson,
2007].

At this site, peak Tis always more intense than humic-like fluoreseemcall of
the feed and concentrate samples for all datespaaki $ is more intense than peak T
on some days (7/18, 8/1, 8/3, 8/17) in recycle amdcentrate samples. But it seemed
there was no any date that peakisSmore intense than peak ih the feed water at this
site. When peak;Sare more intense than peakif recycle and concentrate sampths,
maximum emission intensity of peak i& feed samples is very close to peakrifensity.
On the other hand, if peak Ts more intense than peak i§ recycle and concentrate
samples, peak ;Tshows much higher abundance of intensity than f®aik feed
samples.

All of the permeate samples from MDC hatbt@n-like and humic-like

fluorescence residuals. Generally, the traces akpr-like fluorescence (peak and T)
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were stronger than humic-like (peak A and C), ekdep 7/25 and 8/17 when the
permeate samples of these two days had verypittiin-like fluorescence residual.

The RO units were cleaned by chemicalgeats of backwash with permeate after
the system was run for three weeks. The samplesugn 22 and Sept. 10 of 2007 were
obtained after the membranes were cleaned andstimy different fluorescence features
from other samples. Pealk Was much more pronounced than peak A, C anah $e
recycle and concentrated samples, even when reeyaeconcentrate samples were
diluted to 1.25%, the fluorescence intensity of kopda was still over the range of
detection. Recycle and concentrate samples werdilitéd to lower factor than 1.25%,
because at very high dilutions, the fluorescengeature of any dilution water has to be
carefully considered as a possible interferent fiéeson, 2009]. The permeate samples
had obvious residuals of both tryptophan-like and khumic-like fluorophores with
fluorescence intensity of 130 au and 60 au respaygtiThe permeate samples from 8/22
and 9/10 still had relative intensive protein-likeorescence residual and observed
humic-like residual, suggested that even after mandwas chemically cleaned, there
might be foulants left on the surface or in theepof membranes. These foulant residuals
helped protein- and humic-like fluorescent molesui@nsport through membrane and
spoiled the performance of membrane filtration.

When EEMs were collected one or two weeks afterpsiag from the plant, the
intensities of protein-like peaks were enhancedlliof the feed, recycle and concentrate
samples, especially the concentrate samples coalgase about one to twenty factor
comparing to the normal ones, the longer of thepdasnwere stores in the refrigerator,

the greater of the enhancement were made. In todewestigate if it was the result of
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microorganisms’ activities, saturated heavy metgCH solution was added to feed and
concentrate samples to prevent local microbial fpypoduction. 3DEEM fluorescence of
samples with HgGlhad no difference from the ones without HgGhme types of peaks,

same position of each peak and the maximum inteasitere fairly close.
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4.4DISCUSSION
4.4.1 Fluorescence features of DOM

It is noteworthy that the fluorescence maximum ssmn and excitation
wavelengths were identified at the same locatiams$ they don't shift at all for feed,
recycle and concentrate samples from three siteaddlition, fluorescence features for
RDO and ABQWWTP are fairly similar. Fluorescenceission center of peak A, B, C
and T,occurred at exactly the same position for RDO aB@QWWTP sites (Table 4.2).
Peak T center at ABQWWTP located aty/Aem = 230/350 nm whilée)/Aen= 230/356
nm at RDO site. Comparatively, centers of peak$id & at the MDC site are different
from those peaks from RDO and ABQWWTP. For instapsak A located atey/Aen=
230/420 nm and peak; Bt Aey/hen= 270/356 nmiemof peak A andiey Of peak T blue
shift relative to RDO and ABQWWTP. However, pealad peak T occur at the same

positions as those peaks in the RDO and ABQWWE3 sit
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Table 4.2 Fluorescence features at RDO, ABQWWTPMDQ sites.

RDO site ABQ site MDC site
Peak
AextAem (NM) [FITOC (au Umg) Agy/Aem (NM) |FUTOC (au Umg) Aey/Aem (NM) |FUTOC (au Umg
*:302 f:148 f:378
A 230/429 230/429 230/420
c%:285 c:139 c:355
B 250/460 NA 250/460 NA hard to locate NA
f:185 f:71 f:126
C 340/425 340/425 340/427
c:203 c:89 c:159
f:310 f.210 f:798
T, 230/356 230/350 230/350(356
c:287 c:182 c:550
f: 84 f: 32 f: 113
T, 290/356 290/356 270/356
c: 95 c: 49 c: 263
f:338
S N/AC N/A 220/309
c:387
f:118
S, N/A N/A 280/309
c:102

4FI/TOC were average values during experiment
bf: feed water samplé;c: concentrate sample

9NJ/A: Not avai

lable
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A. Tyrosine-like and Tryptophan-like fluorescence

In studies of protein chemistry, tyrosmesidues in proteins and polypeptides often
do not emit fluorescence in the presence of trypaopresidues because the emission
energy of tyrosine residue was transferred to Hugtaion energy of tryptophan residue
or quenched by neighboring groups [Yamashita andode, 2003]. In general, the
denaturation of proteins leads to an increase éendibserved fluorescence of tyrosine
[Lakowicz, 1983].

Tyrosine-like fluorescence was observed togetheith wtrypotophan-like
fluorescence only at MDC site indicated that thige types of protein-like fluorescence
were not directly derived from intact proteins aacteria. Addition of HgGlin the
wastewater samples didn't alter fluorescence sgyfedtures, neithéte or Aem shift or
fluorescence intensity change, provides proof e assumption. They may be derived
from denatured proteins or debris left by microoigas. But due to fluorescence center
close to that of the tryptophan-like and much weakission intensity compared to
trytophan-like fluorescence, tyrosine-like fluoresce is often obscured by tryptophan-
like fluorescence when the concentration of thegire-like fluorophores was not high.

Tyrosine-like fluorescence is present, sometimagh vgreater intensity than
tryptophan-like fluorescence in the sewage-derimgmnic matter such as MDC samples
indicated that significant amount of tyrosine-likerophores were in the wastewater
samples. Yamashita [Yamashita and Tanoue, 2003idfdliat tyrosine-like fluorescence
has greater intensity than tryptophan-like fluoeeme in almost all their seawater
samples, while other researchers [Coble, 1996; Cacknet al., 2004] stated that

tryptophan-like fluorescence were more intense gmdsine-like fluorescence is not
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observed in estuarine and fresh water samplesrélds®n why tyrosine-like fluorescence
intensity is much lower than that of tryptopharelit RDO and ABQWWTP sites if they
existed in the samples may be the lower conceatrat tyrosine-like fluorophores in the
samples from wastewater sources or its lower quangield. Intensive tyrosine-like
fluorescence at MDC suggested that biodegradatidgrosine-like fluorophores in the
lagoon was much less efficient than by MBR or ated sludge system.

In several samples stored over one weelsually high fluorescence intensities
were observed. Although samples were stored at ih t8e refrigerator in the dark, the
microorganisms in the wastewater may have remaiaeitve and produced more
fluorophores, resulting in enhanced protein-likeofescence. Humic-like fluorescence
doesn’t change suggesting that this activity digmdduce new humic-like fluorophores
or quench humic-like fluorescence. The fact thathange occurred for samples before
and after HgGl addition implied two things: first, it was not pem that responsible for
all of the fluorophores, even for the protein-likkiorophores--tyrosine-like and
tryptophan-like fluorophores, they did not likelyrettly come from protein molecules
because saturated HgGblution would denature them if these moleculesewarthe
solution. These findings suggested that proteia-flakorescence observed in this study
was not derived directly from living microorganistost rather from amino acids in the
non-living molecular mass DOM pool. Therefore, so@ner to analyze of the wastewater

samples, the closer to investigate the real natineastewater.
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B. Protein-like versus humic-like fluorescence

Different pretreatments of RO led to diffiet fluorescence properties for both
humic-like and protein-like fluorophores. At RDO danABQWWTP sites, the
pretreatments were either MBR or activated sluggées, so peakzland/or other peaks
such as peak B might have intramolecular interactvgh peak C, and energy transition
became easier between these fluorophores, thuisectsu contour plots of peaks &nd
C distorting their shapes along Raman scatterimgl b@nother possibility wasome of
tryptophan-like and humic-like fluorophores weregdeled by bacteria into smaller
fluorescence functional structures which emittadféscence at the same regions with
tryptophan-like and humic-like fluorescence. As ansequence, the distorted contour
plots derived from superposed tryptophan-like, huilikie fluorophores and their
degraded functional structures. At MDC, proteirelifluorophores might not have
intramolecular interaction with humic-like fluoroptes, therefore no electron or energy
transition occurred between the fluorophores; maeeomaybe there was no effective
degradation occurred like RDO or ABQWWTP sites tfgptophan-like and humic-like
fluorophores. Consequently all 8tiorophores kept their own characteristics, arglrth
emission centers were clear enough for visual ifiestion. It may be concluded that
biological treatment degraded protein-like and haihikie fluorophores, but also
produced new fluorophores which include both ot@relike and humic-like fluorescent
functional structures. The new fluorophores have ittentical or similar fluorescent
functional groups, therefore fluorescence maxintatied at the same region and contour
shape changed.

At all three of the sites, tryptophan-likeorescence was always stronger than
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humic-like fluorescence in feed, recycling and @ntcate samples. In general, the order
of maximum fluorescence intensities was: tryptophiaa (T1) > UV humic-like (Peak A)

> visible humic-like (Peak C) > tyrosine-like fSat RDO and ABQ sites while
tryptophan-like (T) > tyrosine-like (9 > UV humic-like (Peak A) > visible humic-like
(Peak C) at MDC site. This differs from fresh watenere humic-like fluorescence

dominates over protein-like fluorescence (refeChapter 3).

Table 4.3 Fluorescence maxima intensity ratio ielsampling sites.

Ti/A® T,/C T/T, SIS, AIC

Sites feed| Corfc| feed | conc| feed | conc)| feed | conc| feed | conc.

RDO 1.11| 1.07] 03§ 044 430 361 NA NA 1y2 161

ABQ 143 | 1.29] 041 055 9.2 508 NA NA 247 2[5

MDC | 1.72| 1.38| 0.59] 0.717 15.383.56| 7.83 | 19.44 4.60 | 8.00
& all ratios were the average during experiment.
®conc. was concentrate sample

Due to high fluorescence intensity andacléuorescence center, generally, the
tryptophan-like peak (peak.)l was chosen as an example to establish the paltenti
relationships at three sites. In addition, peakwhs a reference to peak.TThe ratio
T./A was more stable than,/C and was less affected by the measurement umtgrta

(Figure 4.13).
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Figure 4.13 Dynamics of ratio between protein-glkel humic-like fluorescence intensity
during 30 days of RDO project.

The ratios of .FA varied between 1 in the RDO and 2 in the MDC #reddifferent
ratios indicated that the composition of organidteradrom these two site were different.
Generally, the ratios of A in the feed water were slightly larger than oncentrates at
all three project sites. At RDO site, the averages were very close (as 1.11 in the feed
sample and 1.07 in the concentrate sample), whiMXC with high TOC, the average
ratios changed from 1.94 in the feed samples t6 ih%he concentrate samples. Even
with similar TOC values (average TOC=6 mg/L in theed and 16 mg/L in the
concentrate at ABQWWTP) as RDO (average TOC werendg@lL and 12 mg/L
respectively), the average ratios at ABQ were A8 1.29 respectively. The average
T4/A ratio of feed water at MDC is almost 2 timesheg than RDO revealed that MDC
samples constituted with more fresh organic mdseridigher T/A ratio in feed than

concentrate water demonstrated that feed wateric@mtt more labile organic matter and
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concentrate sample had more recalcitrant mattehetritrefractory humic-like
fluorophores or biologically-resistant humic-bouptbteinaceous constituents or both
[Stevenson, 1983]. Samples at RDO inhabited manmatic and less microbial in nature
due to their lowest fA ratio. In contrast, the samples at MDC had adoaromacity
with the highest biological activity because of thighest T/A ratio. The protein-like
fluorescence residual and very little or no hunke-lIfluorescence trace in permeate
samples provided the evidence that the more récaiti matter in concentrate water
might be humic-like material other than microbiafided matter. These results indicated
that RO membranes more efficiently remove humie-katerial relative to protein-like
material. This conclusion was supported by the enwees that lower (fA ratio at RDO
compared to ABQ and permeate samples at RDO hamhyndluorescence residual while
they still had different extent residual at ABQgeavhe samples from the these two sites
had the similar TOC. Since RO process is basedizan metained peaks A and C and
permeable of peaks S and T suggested that molegelght of humic-like fluorophores

are larger that those of protein-like fluorophores.

4.4.2 Optical methods and their relations to TOC and protein concentration

A. SUVA and FI/TOC
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Figure 4.14 SUVA of three sites at (a) RDO sitg,ABQ site and (C) MDC site during
experiment.

The SUVA is an indicator of the degree of aromgti@f DOC. Higher SUVA
values may indicate higher concentration of cartaMon double bonds and a larger

degree of humification [Chin et al., 1994]. SUVAweas of RDO were higher than those
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of ABQ and MDC, therefore DOC from RDO samples rhayhave the most condensed
structures such as more resistant aromatic hukecshatter and ABQ have the least
humic-like concentration. Although the water sampgi®m RDO and ABQ came from
the residential wastewater system, the large @iffee in SUVA values may be due to the
different pretreatment processes before RO membriEme pretreatment was MBR at
RDO site and activated sludge system at ABQ siteenBhough MBR is a compact
model of activated sludge system with filter, MBRsanot good enough for the removal
of refractory humic-like organic matter becaus@®thort process time and/or its limited
species of microorganisms and/or limited contaccep On the other hand, activated
sludge system at ABQ site allowed organic mattecaotact longer time with different
types of microorganisms, thus more aromatic porobrbOM was biodegraded. This
conclusion was supported by the evidence that canoomalized fluorescence intensity
(FI/TOC) at RDO site were almost two times lardert ABQ site.

SUVA values of feed water samples at laleé¢ sites were very close to those of
concentrate values for each day indicating thatripeall of organic matters
chromophores in feed water were concentrated icertrate sample3.he evolution of
SUVA over time is shown in Fig 4.14. In general, \8U values were relatively
consistent, varying between 2.4~2.9 idmg at RDO site, 1.4~2.1T./mg at ABQ and

1.9~2.3 it L/mg at MDC.
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Figure 4.15 Evolution of TOC-normalized fluorescenotensities (FI/TOC) of peak A
from feed and concentrate samples at (a) RDO, BWWTP and (c) MDC sites.

The trends of TOC normalized florescengensities (FI/TOC) (Figure 4.15) are
different than SUVA trends. The normalized inteesitof peak A change with time and
vary sample to sample. In addition, normalized ristiies of feed samples were not
always close to those of the concentrates. Sirréads were observed for peak C and T
(not shown). Considering the TOC normalized floees® intensities are inconsistent
with time and it seemed they were more likely ai#edcby some unclear factors, for
instances, changes in quantum yield due to possthlenchers or change in
conformation. FI/TOC may be not the intrinsic pndpef organic matter and could not

be treated as surrogate parameter as SUVA.
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B. Optical prediction of protein concentration

Understanding dissolved organic nitrogen can kefulisn designing new water
treatment processes to remove these componentspiotable water sources. Nitrogen-
rich constituents in DOM such as proteins repreaarnmportant class of the problematic

hydrophilic NOM fraction related to undesirable DBfBrmation.
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Figure 4.16 Correlations between protein conceaptraind absorbance at 254 nm at
RDO site (a), ABQ site (b), RDO+ABQ (c) and MDCes{t).

From Figure 4.16, linear relationships were obsgrivetween protein content and
UV absorbance at 254 nm for each of a single dagllaif three sites, and they have
significant correlations. In addition, linear regg®n of the total data pool (The data pool
for a given site is all the samples taken overdihation of the study at that site) during
experiment at MDC site gave a linear regressid® R.99. Although this linear
relationship did not fit as well for the data podigring experiments at RDO and ABQ
sites comparing to MDC, they still havé Bs 0.93 and 0.88 respectiveSlopes from
three different sites are also closely identicahdestrated the linear relationship fit both
high and low protein concentration. Therefore, abance at 254 nm can be used to

measure protein concentration rapidly and conveiyien
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Very similar linear correlations were also appltedorotein content data and TOC
data (Figure 4.17). Quite close fluorescence irnitgia$ peak A and T explain the lower
regression value @R= 0.5 for RDO+ABQWWTP) for TOC was contributed saterably
by both of humic-like and protein-like fluorophorddowever, significant regression
value (R = 0.97) suggested protein-like fluorophores comtgd most TOC for MDC
water samples. The different slopes among RDO [PARQWWTP (1.2) and MDC (1)
indicated various TOC distribution and the contiibis by different types of

fluorophores, especially by protein-like fluoropasr
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Figure 4.17 Correlations between protein concepotraand TOC at RDO site (a), ABQ
site (b), RDO+ABQWWTP (c) and MDC site (d).

Since protein degradation products areebetl to be the sources of tryptophan-like
and tyrosine-like fluorophores [Coble, 1996], it reasonable to hypothesize a
relationship between peaks T and S and proteinesdgration. Many recent works stated
that tyrosine-like peaks excited at around 220-880 [Yamashita and Tanoue, 2003;
Baker and Inverarity, 2004; Mayer et al., 1999],levlit could not tell if the maximum
excitation wavelength was 220 nm because it se¢hadluorescence center was below
220 nm from the contour plots. In this paper, theximum excitation wavelength occurs
at 220 nm and the higher noise/signal ratio atteh@xcitation wavelengths than higher
ones. Although fluorescence intensity deriving frémnger excitation wavelengths at
265-280 nm and 275-285 nm were referred to tyrelkee(peak $) and tryptophan-like

(peak B) peaks by Yamashita [Yamashita and Tanoue, 200@],shorter excitation
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wavelengths at 220 nm (peak &nd 230 nm (peak;Jwere preferred to the two protein-
like peaks in this study due to two reasons: fipetak $ was overlapped with Raman
scattering band, thus, the accuracies of peaksitfebecame worse even after Raman
scatter was subtracted because both intensities weak; second, the overlapping of
peak T with humic-like fluorescence made it hard to idgnthe fluorescence center of
peak & when trypotaphan-like fluorescence abundance wedl.sThe publications like
to correlate 7 to water quality parameters such as BOD, TOC etcabse their
instruments limited excitation wavelength shorteart 250 nm. But the identification is
hard when this peak seriously overlapped with pgaknd peak intensity is very weak
when DOM concentration is low (<10 mg/L) in riverater or advanced treated
wastewater. Therefore, this study chose both ok peaand T to correlate with
forementioned parameters. The advantages of peakeTthe fluorescence center is very
easy to located even it is overlap with peak Athfermore, the fluorescence intensity is
much more intensive than peak. Tin comparison, peak ;Twas picked when its

fluorescence center is clear and emission intersityt too weak.
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Figure 4.18 Correlations between protein contewnt ffuorescence intensity of peak T
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Figure 4.18 shows that fluorescence intgre peak T is positively correlated
with protein concentration, and can fit a lineaent line with regressions®Rround
0.7 (RDO, %), 0.8 (ABQWWTP, T), 0.6 (MDC, T) and 0.4 (RDO, 3,

0.8 (ABQWWTP, T), 0.8 (MDC, T) respectively (Table 4.4). The linear relationship
which fits Peak T is worse than Peak,Tat MDC site. This may be a consequence of
uncertainty in fluorescence intensity due to vergrgy protein-like fluorescence and high
background fluorescence intensities from peakThis phenomenon explains why some
researchers would like to refer peaktd protein-like fluorophores: the reproducibility
and precision of measurements of protein-like p&ake lowered in the shorter
wavelength region in natural waters [Yamashita d@shoue, 2003]. In this regard,
therefore, choosing which peak to construct retetingp with DOM properties depends
on the factors such as protein-like fluorophoresceatration, fluorescence maxima
identification of each peak and fluorescence spewtter set-up parameters etc. Based
on Yamashita’'s conclusions [Yamashita and Tano0@3Rand my results, fluorescence
intensities deriving from longer excitation wavedéms were referred to as protein-like
peaks when Peak,®r S is discernible and Peak Tould be distinguished from humic-
like fluorescence; conversely, fluorescence int&si from shorter excitation
wavelengths as protein-like peaks would be bettiworophore concentration is not high

and instrument could scan excitation wavelengthendo 220 nm.
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Table 4.4 Correlations between protein concentnadind surrogate parameters

TOC Absorbance at 254 nm Fl *(Ty) FI (T,)

Slope| R? |St. DeySlope| R? |St. DeySlope| R? |St. DeySlope| R? | St ev

RDO | 0.82 | 0.89 1 0.02 093 0.0 30 68  7p5 71

(@)

44 P88

85  4pl 71

(@]

78 142

RDO+

P
ABQ | 11 | 093] 11| 0.02 0.8 0.08 28
ABQ | 0.76 | 0.54| 27| 0.04 0.84 0.08

()]
[98)
(&)

yoO  0.61 P13

9 O
3 0
2713 0.Y2
_MDC 1 0.98 2 0.02] 099 0.02 1335 O

FI are the maxima emission intensities

61 11y7303 | 0.74] 2360

Although protein concentration correlatedre strongly with absorbance at 254 nm
and TOC than with fluorescence intensity of tryptap-like fluorophores, this may not
be the case when humic-like fluorescence domirteaeEEEM spectra. Thus, these good
correlations highlight the importance of applicatiof fluorescence for water quality
monitoring, therefore knowing the approximate valofe protein concentration with
calibration curve by measuring protein-like fluaresce maximum emission intensity.
This method is fast and easy-to-use. Recent ptiolita highlight that future research
should focus on utilizing and analyzing fluores@mieasurements as an independent
test of water quality, rather than as a surrogatevell-known, traditional parameters that
may be less meaningful. The question of developroérthis application is associated
with calibration in a complex sample matrix, sineastewater samples exhibit great
variation which affects fluorescence more than disace and introduces errors to
fluorescence as well as chemical and biochemicahsomements. However, these
drawbacks can not hinder 3DEEM technique becomenpls, sensitive and selective
tool to monitor water quality and contaminationcontrast to other conventional tedious

technologies.
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4.4.3 Performance of RO membranes

By investigating both of excitation and emissionximaum wavelengths, no any
shift occurred for feed, recycle or concentrate gas) only intensities were different.
This result demonstrated that there was no angtsiiel or configuration change for both
of protein-like and humic-like fluorophores befoamd after RO filtration and RO
procedures just rejected organic matters withoutteansformation, addition or less these
macmolecules.

Compared with results from RDO and ABQWWTRj@cts where all of the
fluorophores were removed by the membrane treatntieatvisible fluorescence traces
left in the permeate samples at MDC indicated ROmbrane performance have
problems for the DOM removal before direct potabsage although over 90% DOM
were rejected. In most cases, these fluoresceacestrin permeates were contributed
mainly by protein-like fluorescence when TOC coricaion was very highThe humic-
like fluorescence residuals were still observedpermeates. Obvious fluorescence
residuals left at MDC project demonstrated thdteziperformance of RO was despoiled
due to RO fouling with high TOC concentration afgerlong running time or some
fluorescent molecules could permeate through thd Rembrane. The penetrated
fluorophores have the similar generic fluorescingtemals presented in protein-like and
humic-like fluorophores. Furthermore, the set-ugs whut down frequently after running
for two weeks and membrane performance became watseafter. In this regard,
pretreatment is very crucial to RO membrane perémee. Since MF itself could not
degrade big structures such as protein-like andidyike fluorophores, it just removes

most of them based on molecular size separatioa.nbm-degraded high concentrated
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protein-like and humic-like fluorophores, espegidahe former, could not be removed
completed by RO membrane and maybe resulted in mambfouling. Therefore,

pretreatment of RO with lagoon and MF combinaticayrbe not a good option for high
protein concentration removal.

Nearly, all of the permeate samples frodCR MDC and ABQWWTP sites had
more or less of protein-like trace levels indicatbat RO is not good enough for
complete protein-like fluorophores removal. On ttker hand, opposed to protein-like
fluorophores, RO membrane had much better perfocemam humic-like fluorophores
removal. Since hydrophobicity of DOM and membrane materigd the significant
factors to determine treatability by RO membraniee @ifference in these two types of
fluorophores rejection might imply hydrophobicitied protein-like and humic-like
fluorophores. Because hydrophobic RO membranea&i(polyamide) could favor the
adsorption of hydrophobic portion of solutes by foyhobic interactions and result in
higher retention for hydrophobic fractions. Thetetaents [Gray and Bolto, 2003; Fan,
2001; Jarusuthiak et al., 2002; Lin et al., 200@t hydrophilic, neutral compounds are
most likely to remain at trace levels in the membrgpermeate while hydrophobic,
charged DOC is rejected, and the experiments st RO preferentially rejected
humic-like fluorophoreghan protein-like fluorophores as well as the sp@®©n that
protein-like fluorophores may be derived from phot@nd humic-like fluorophores
derived from humic substances suggested that tlmeiptlike fluorophores are

hydrophilic while humic-like fluorophores are hygtmbic.
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4.5 CONCLUSIONS

At all of three sites, tryptophan-like dhescence dominated over humic-like
fluorescence because sewage-derived DOM is dondiriateorganic matter originating
from microbial activity. It was different from natl water which is dominated by natural
organic matter derived from plant material, wheremic-like fluorescence is
predominant. Such differences in spectral signatweuld facilitate the tracking of
sewage contamination in river water and seawat&erdfore, it is predicted that
fluorescence can be used as a rapid and sens@dletdistinguish the sample origin or
track contamination by comparing peak types andtive peak abundance as well as
correlate fluorescence features with water qualasameters.

The result of protein-like fluorophoresvimay very little residual and almost no any
humic-like fluorescence in the permeate samplegestgd that RO membrane is very
efficient to eliminate humic-like fluorophores bt protein-like fluorophores even the
concentration of protein were not high. However, ffftation is a promising technology
with its powerful removal of organic substancesadvanced wastewater treatment for
portable water purpose. Membrane fouling problem ba solved by setting up an

efficient pretreatment process.
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