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ABSTRACT

COMPARISON OF TRANSPORT EFFECTS OF PERFLUORINATED AND
HYDROCARBON SURFACTANTS ON ENVIRONMENTAL CO-CONTAMINAN®S

By

Rashad Najee Simmons

The use of groundwater as drinking water justifies efforts for the prewestid
remediation of groundwater contamination by environmental pollutants. The inclusion of
hydrocarbon surfactants (HCSs), at high concentrations, in a groundwater bgste
been used for groundwater remediation, and is known to increase the transport of
environmental pollutants. While much information is known about HCS, little to no
information is available for the perfluorinated surfactants (PFSs). ThdlaMgestive
of this research was to determine the transport effects of PFSs on known enviabnment
contaminants, in comparison to the transport effects of HCSs. Polycyclic aromati
hydrocarbons, halogenated benzene compounds, and the BTEX series of compounds
(benzene, toluene, ethylbenzene, pixylene) were used as representatives of important
classes of hydrophobic neutral environmental pollutants. A series of aromatesam
was used as representatives of cationic environmental pollutants. Reversedepha
chromatography (RPLC) was used to model the groundwater system.

Above their critical micelle concentration (CMC), surfactants formetias that
can act as partitioning mediums for hydrophobic neutral pollutants, increasing their
transport. In the first study, the transport effects of HCSs and PFSs, alio@GMe(>
20 mM), were compared in the RPLC system for representative neutralreneintal

pollutants. Transport effects were elucidated from retention factors, khand t



equilibrium constant per micelle of the model pollutants. The resulting data stiggest

the presence of HCSs and PFSs, above the CMC, increases the transport of co-
contaminants in a groundwater system. However, PFSs (18 to 103 % increase) exhibit a
lesser transport effect than HCSs (32 to 247 % increase).

Previous literature suggests that surfactants below their CMC havegibiegli
effect on the transport of hydrophobic neutral pollutants, while undergoing ion-pair
formation with ionic pollutants and decreasing their transport. In the second and third
studies, the transport effects of HCSs and PFSs, below their CMC (< 6 mM), were
compared in the RPLC system. Transport effects were elucidated femtiaetfactors,

k, and selectivity factorsy, of the model pollutants. The resulting data suggest the
presence of HCSs statistically decreases transport of neutral pall(#taatl3 %), while
the presence of PFSs statistically increases their transport (5 to 1@&fbler Fesults
show that transport of cationic aromatic amines decreases with increasaayptration

of both anionic HCSs and PFSs in RPLC system, with PFSs (99 to 100 % decrease)
exhibiting a greater transport effect than HCSs (96 to 100 % decrease).

Due to the differences in chemical and physical properties, PFSs exhilygmtiffe
transport effects in comparison to HCSs under the same conditions. The inclusion of
anionic PFSs in a groundwater system will increase the transport of neutral
environmental pollutants, while decreasing the transport of cationic pollutants. An
unintentional release of PFSs can lead to an increase in groundwater contanbiyati
neutral pollutants. However, the judicious use of PFSs can be used for remediation of

cationic pollutants in groundwater.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

1.1 Introduction

One of the greatest resource of humanity is fresh drinking water. The human
race’s continuous survival is dependent on a recurrent source of clean and unpolluted
drinkable water. It is estimated that 25 % of all freshwater used in the U.S. is
groundwater, and that more than 40 % of the U.S. population utilizes groundwater as a
source of drinking water [1]. The protection of all freshwater sources, sudteas la
rivers, groundwater aquifers, etc., from possible contamination is thereforeutfrtbst
importance. Contamination of drinking water can take place via direct point sceug.es (
waste from industrial plants or treatment facilities) or nonpoint sources, suaimaater
runoff or leaching of organic pollutants from underground gasoline tanks [2]. The
majority of research is focused on the detection, sources, and fates of peosgaaic
pollutants in the environment. The persistent organic pollutants of interest consist of
aromatic hydrocarbons, halogenated compounds, and pesticides. However,ddtlelres
is reported on the transport effects of organic compounds on afore mentioned
environmental pollutants. Of the research that has been conducted, the main focus has
been dedicated to the transport effects of hydrocarbon surfactants on selected orga
pollutants, which has been reported in the literature [3-6]. For various reasons, the
transport effects of other organic compounds, such as perfluorinated surfactants, ar
readily researched, even though the use of perfluorinated surfactants gretwerb®0s
to about 2000. However, due to their resistance to degradation perfluorinated surfactants
were initially believed to be safe and non-toxic; thus little to no researsheparted.

The use of groundwater as drinking water justifies efforts for the prevemiidora



remediation of groundwater contamination by environmental pollutants. Thus ttis effe
of perfluorinated surfactants on the transport of persistent organic pollutants, in a
groundwater system, needs to be investigated. Chapter 1 seeks to give background
information on surfactants, the transport of pollutants in the environment, and several
classes of co-pollutants of environmental importance.
1.2 Surfactants

Surfactants are organic compounds consisting of at least one lyophilic (solvent-
loving) and lyophobic (solvent-fearing) group [7]. Since the most commonly used
solvent is water, the two groups are referred to as hydrophilic (i.e. thenpaldugroup)
and hydrophobic (i.e. the nonpolar tail group), respectively. As such, all further
discussion of surfactants will be in terms of aqueous solutions. Surfactantssare m
known for the ability to exhibit surface activity and to form self-assembled gajgie
(e.g. micelles, vesicles, bilayers, etc.) in liquids and aqueous solutions. meutéace

activity refers to the ability of a surfactant to reduce the surfaceasfaotal excess free

energy within a system [7]. The excess free energy per unit area (units 2oof)rJergs

cm_z), which is equivalent to force per unit length (units of miN o7 dyne crﬁl), IS

referred to as the surface tensighwhen the boundary is the air/liquid interface, and is
referred to as the interfacial tension when the boundary is the liquid/liquid al/$qglid

interface. The addition of a surfactant can reduce the surface tension ofreratée
mN m * down to around 30 mN Thfor hydrocarbon surfactants [8] and as low as 15
mN m * for fluorocarbon surfactants at 25 °C [9].

There are four main classes of surfactants, which are distinguishée via t

hydrophilic head group: anionic, cationic, nonionic, and zwitterionic (amphoteric).



Anionic surfactants contain a head group that has a negative charge when ionized in

aqueous solutions. Common anionic head groups include sulfates {)QS@onates

(-SG3 ), carboxylates (-COQ, and phosphates (-OP(GQR)). Cationic surfactants
contain a head group that has a positive charge when ionized in aqueous solutions.

Common cationic head groups include primarer(Hg), secondary (—NR)HZ), tertiary

(—N+(R)2H), and quaternary (—NR)g) amines. Nonionic surfactants do not produce ions

in aqueous solutions, but rather contain polar functional groups such as alcohols, amides,

polyglucosides and glucamides, organosilicones, and ethoxylates. The most common

nonionic head groups include alkyl alcohol ethoxylates (-{QixOH) or alkylphenol

ethoxylates (—gH4(OCyH4)xOH). A zwitterionic surfactant has both a cationic portion
and an anionic portion at the same time. The most common zwitterionic head groups
usually include an amine and a carboxylate group+(RMCH2COO_). Anionic

surfactants represent the most utilized and studied class of surfactaats20@9, in the
United States and Canada, the most utilized surfactants were anionic (59cgddy
nonionic (24 %), cationic (10 %), and zwitterionic (7 %) [10]. As such, all further
discussion of surfactants will be in terms of anionic surfactants.

To a lesser extent, a surfactant can be classified based on the hydrophobic ta
group. The hydrophobic tail group can either be a hydrocarbon chain, a fluorocarbon
chain, a hydrocarbon/fluorocarbon chain mix, or silicone chains [11]. The majority of
surfactants utilized in commercial and industrial applications have a hylooca
hydrophobic tail group [12]. As such, hydrocarbon surfactants are also the most studied

form of surfactants. Over the years, there has been an emergence in the usetahsurf



with a fluorocarbon tail group in applications with conditions that preclude the use of
hydrocarbon surfactants. Both hydrocarbon and fluorocarbon surfactants arsedisous
further detail in the following sections.

1.2.1 Hydrocarbon Surfactants

Hydrocarbon surfactants (HCSs) are surfactants in which the hydrophbbic tai
group consists of alkyl groups, typically of chain lengths betwaen@Gg. The

hydrophobic tail groups of HCSs are also lipophilic, making them soluble in oils, organic,

non-aqueous, or hydrocarbon liquids/phases. Common hydrophobic tail groups include

alkylbenzene chains, saturated and unsaturated linear alkyl chains, anddedkghe

chains. Both the length and linearity of the hydrophobic tail group affect evera

properties of surfactants. As the length of the hydrophobic tail group increases, the

solubility of HCSs decreases in water, while increasing in organic solMenasidition,

an increase in the hydrophobic tail chain length leads to an increase in the tendency of

HCSs to adsorb at an interface/surface or to form aggregates (e.gespicéllso, it

causes closer packing of HCSs at the surface and increases the seobitiity HCSs

to precipitate from water due to counterions [10]. Branching in the hydrophobic tail

group decreases toxicity and increases water solubility, while regfboth adsorption to

surfaces and biodegradability. HCSs have a greater affinity for hydoovamater

interfaces in comparison to air/water interfaces [13]. This greatsityafs due to the

more highly favorable interactions of the hydrocarbon chain with the hydrocarbon phase
In agueous systems, surfactant monomers (free or unassociated surfactant

molecules) move towards surfaces and interfaces. Surfactants undergo various



interactions, within an aqueous system, with respect to changes in the togaitcatem
of the surfactant. These interactions are represented in Figure 1.1.

At extremely low concentrations of surfactants (Region A), surfastanbmers
will adsorb on a surface. There is little to no interaction between the adsorbethstirfa
monomers within this region. As the concentration of the surfactant increagesn@e
and C), surfactant monomers begin to pack closer together at the surface and form a
monolayer or bilayer depending on the type of surface. Surfactant monomers will
continue to be adsorbed at the surface until surface saturation is reached. Thenchange i
slope between Regions B and C is due to the decrease in adsorption sites on the surface.
As the concentration of surfactant increases (Region D), the excess strfamt@mers
(in solution) can self-assemble into aggregates called micelles [14].

The surfactant interactions of Regions B — D will be examined in grestel. d
In Regions B and C, the hydrophilic head group is oriented towards the polar phase (i.e.
water) and the hydrophobic tail group is oriented towards the nonpolar phase @.@. air
surface). If the surface is a hydrophobic surface, then the surfactant montradsevb
tail down and form a monolayer; or the monomer will partition into the surface. If the
surface is hydrophilic (i.e. charged as in soil) and has the same ch#ngesagactant
head group, then the surfactant monomer will adsorb tail down and form a monolayer. If
the surface has the opposite charge as the surfactant head group, then thatsurfacta
monomer will adsorb head down and form a hemimicelle/admicelle layer. A
hemimicelle layer is a surfactant monolayer where the surfactanghaaolis adsorbed

onto the surface (via electrostatic interactions), with the tail group atiepteard.



Figure 1.1

log C

Figurel1l.1: Graph of logarithmic concentration of surfactant in a mobile phage (C
versus the logarithmic concentration of surfactant adsorbed on a stationaryqahase
Region A: Very low surfactant concentration below the CMC. Regions B and C:
Surfactant concentration below the CMC. Region D: Surfactant concentrationtabove
CMC.



As the surfactant concentration increases, additional surfactant monomebs(tadsor
down) to the hemimicelle layer forming an admicelle (e.g. bilayer). Arh&mlle layer
results in the surface becoming more hydrophobic, while an admicelle layes nesbk
surface gaining an overall opposite charge. In Region D, the excess stinaat@mers
will typically aggregate into spherical shaped micelles in an aqueous syatarthe
hydrophilic head group in contact with water and the hydrophobic tail group forming the
core of the micelle. The core of the micelle provides an environment for other
hydrophobic species in an aqueous system. The concentration (or narrow concentration
range) where the extensive aggregation of the surfactant monomers intesraletis
place is called the critical micelle concentration (CMC). If the catnagon of the
surfactant is significantly increased beyond this point, liquid crystal phasdsegin to
form (e.g. hexagonal or lamellar phases).
1.2.2 Fluorocarbon Surfactants

Fluorocarbon surfactants are surfactants in which hydrogen atoms of the tail
group have been partially or completely replaced by fluorine atoms. The majorit
commercially available fluorocarbon surfactants are based on a linegnotl
(-(CR)nF), where the value of n ranges from 4 — 13, but averages 8 [9]. Typical
fluorocarbon surfactants are perfluorinated or may contain a few methytamesge.g.
fluorotelomers or zonyl alcohol ¢€,7CH,CH,OH). Perfluorinated surfactants (PFSs)
are surfactants in which all of the hydrogen atoms on the hydrocarbon tail group have

been substituted by fluorine atoms, e.g. perfluorooctanoic agh {LOOH). PFSs are

commercially prepared via two main processes: electrochemical fltionira

telomerization [9,15,16]. The electrochemical fluorination process was inventefiCove



years ago by Joseph Simons and commercialized by the 3M Company [16]. The
electrochemical fluorination process produces both odd- and even-numbered
fluorocarbon chain surfactants, distributed in a 70:30 % ratio between linear and
branched surfactants, respectively [17,18]. The telomerization process wasrciaiyne
developed by the DuPont Company, and predominantly produces even-numbered, linear
fluorocarbon chain surfactants (greater than 90 %) [19,20].

Partially fluorinated surfactants have greater solubility in conventiona
hydrocarbon solvents than perfluorinated surfactants, as well as lowetytbyidieing
more biodegradable [21]. Research has been conducted that studied the properties of
PFSs [22-24], including electrical properties [25], phase structures [26], ptlysinical
properties [27], and properties such as Krafft points, CMCs, and surface tension [28]. In
addition, the physiochemical properties of HCSs and PFSs have been compared [29]. In
this study, Blancet al. concluded that PFSs with a chain length 1.5 times shorter than
the analogous HCSs would have similar CMCs and thermodynamic properties. In
agueous solutions, fluorocarbon surfactants typically behave similarly to hymiyocar
surfactants. PFSs form the same type of micelles and micellar phalses as
hydrocarbon analogues [30,31], with the micelles retaining a globular shapatdéugh
concentrations [32]. However, there are a few exceptions due to differencesicaphy
and chemical properties. These differences in properties are often adoastagised
in applications where conditions might be too harsh for HCSs, such as hydrauliarfluids
aircraft, aqueous fire fighting foams, and electroplating baths [9,33].

The substitution of fluorine atoms onto the tail group makes PFSs more

hydrophobic than HCSs in aqueous solutions [13]. In addition, the tail groups of PFSs



are also lipophobic (oil-fearing) [34], thus having a greater tendency to leavereowa
water-oil environment and form a separate microphase. The tail groups ot#tlwon
surfactants are more rigid than HCSs [35]. As such, fluorocarbon surfactahts te
gather more at the air/water interface than HCSs. The substitution aiél@oms
increases the surface activity, allowing fluorocarbon surfactante#tgreduce the

surface tension of water in comparison to analogous HCSs. Due to the higher average
bond energy of the C-F bond (485 kJ r_ﬁ))bompared to the C-H bond (413 kJ ﬁh}l

fluorocarbon surfactants are considered to be more thermally and chesiigblé in the
environment [36]. Fluorocarbon surfactants are stable to heat, acids and bases, and
reducing and oxidizing agents [18,37]. Fluorocarbon surfactants typically have a much
larger pH usage range than analogous HCSs, being tolerant to exposure to lowlpH (i.e
—2) [7]. There are several disadvantages of fluorinated surfactants. Flborocar
surfactants are more resistant to degradation, have a greater potehi@héocumulation

[38], and are more bioaccessible to humans and animals in the environment than HCSs.
In addition, fluorinated surfactants are 2 — 3 orders of magnitude more expensive than
HCSs for the same amount.

Since the year 2000, the numbers of peer-reviewed publications related to
perfluorinated substances have dramatically increased [17]. A literatuioh & the
phrases “perfluorinated surfactants” and “perfluorinated compounds” itestitas
increase (Figure 1.2). The search of “perfluorinated compounds” is a morsetatzth,

as the results include literature on PFSs as well.



Figurel1.2:  Graph of number of publications versus the year of publication based on a
literature search of the phrases) perfluorinated compounds anal) (perfluorinated

surfactants.
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The main research areas in current literature consist of 1) detection ahPFSs
environmental matrices, 2) toxicological effects of PFSs in humans and sjnamal3)
sources and fates of PFSs in the environment.

PFSs have been detected using techniques such as nuclear magneticeesona
[39], fast atom bombardment/mass spectrometry [40], liquid chromatograghynass
spectrometry or tandem mass spectrometry [37,41-45], quadrupole/time of fight m
spectrometry [46], gas chromatography [47-50], gas chromatography witloelectr
impact mass spectrometry [51], and gas chromatography with chemicaliomimass
spectrometry [52,53]. PFSs have also been detected within a wide variety of
environmental matrices, with perfluorooctane sulfonate (PFOS) and perfluoromct

acid (PFOA) as the main two detected PFSs. These environmental matriggs incl

house dust (PFOS 201 n@lgPFOA 148 ng _gl) [51], surface and subsurface water in
China [54], surface and drinking water (PFOA in drinking water 519_IJTQH.FOA in

surface water 33900 ng_}., PFOS in surface water 3160 n_gl)_[55], groundwater

[49,56,57], biota [58,59], and effluent from wastewater treatment plants [60,61]. Studies
were conducted on the adsorption of PFOS onto sand and clay surfaces [62], as well as
adsorption on sediments [63]. In the area of toxicological effects on humans and animals,
studies have been conducted into the general toxicity of PFSs [64], toxicityD&f &k

PFOA in aquatic life (PFOS, Lfg= 45.2ug L for midges) [65], toxicity in rats [66],

and in a zooplanktonic community [67]. The third area of interest has been the study of
the sources and fates of PFSs in the environment. These include studies igehtfyin

transport of PFSs via their volatile precursors [68,69].
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1.3 Environmental Pollutant Transport

There are a variety of ways that organic pollutants can be transportechttiteug
environment depending on their chemical and physical properties. The transport of
organic pollutants can take place in or between the atmosphere, water, and soil.
Atmospheric transport of pollutants can consist of deposition of pollutant particuidtes a
gases, precipitation (i.e. in rain or snow) of pollutant gases and aerosols, andadsorpt
of pollutants on particulate matter (i.e. dust, soot, etc.) with subsequent deposition.
Water transport of pollutants can consist of volatilization from the water, sorption on
sediment or suspended particulates, and uptake or release by biota. Soil transport of
pollutants can consist of volatilization from soil or vegetation, uptake or rdigdseta
or vegetation, adsorption of pollutants onto soil particulates and transport via runoff, and
leaching into groundwater [70]. Volatile organic pollutants most readily undergo
atmospheric transport, while transport via water or soil plays a largdoraemi-
volatile, persistent organic pollutants. Since PFSs are nonvolatile persigmtor
pollutants, an understanding of their transport in water and soil matrices is of utmos
importance; however atmospheric transport may not be neglected.

Atmospheric transport of volatile precursors of PFSs has been studied assa mea
of environmental transport [68]. In the long range transport of PFSs to remote
environments (e.g. polar icecaps), it is theorized that the volatile fluorctedcare
transported through the atmosphere and are later degraded into PFSs, such as PFOA or
PFOS. As stated in Section 1.2.2, studies have been conducted that detected PFSs in
various water matrices ranging from surface water to groundwater [49,54-57.,60,61]

water at low concentrations, monomers of PFSs will congregate eitheraat/\theger
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interface with the perfluorinated tail group oriented towards air, or adsorb &¢idsanh
surface with the perfluorinated tail group oriented towards soil. As the conmantht
PFSs increases, the monomers pack closer together at the air/wadiberéson

interfaces and form a monolayer. As surfactant concentration rises ab@@e

micelle formation takes place and the micelle is transported through the wag
groundwater system, soil organic matter (SOM) is considered a key compotient i
accumulation of persistent organic pollutants; thus it will also play an impooiarit

the transport process of PFSs. The transport of PFSs in groundwater can be retarded via
sorption on SOM. SOM acts like micelles [71], providing a more favorable environment
for hydrophobic organic pollutants than water in a groundwater system. The
predominant sorption process is the partitioning of hydrophobic organic pollutants into
SOM, however in soil with low carbon content, reactions with the underlying mineral
surface can become important. Researchers have utilized several techmisfuely the
transport of organic pollutants, ranging from batch equilibration, leaching eqtidir
solubility enhancement, and reversed-phase separation studies [72].

One of the most widely utilized methods for studying pollutant transport is the
batch equilibration method [73-75]. In this method, a known mass of soil (or sediment)
is placed in a vial with a known volume of solution that contains a known concentration
of the solute (i.e. pollutant) in water. A known concentration of an electrolyte, such as
sodium chloride, can be added to the solution in order to simulate the ionic strength of
groundwater [76,77]. The vial is shaken over a timeframe long enough to reach
equilibrium, then the vial is centrifuged, with the resulting phases separatedadywkd

to determine the concentration of solute. The mass of solute sorbed per unit mass of soil
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(or sediment) can be determined through the difference between the initi@htation
of the solute and the final concentration of the solute after equilibrium was deathis
technique has been utilized to determine the sorption of selected organic compounds [78-
82]. While this method has advantages, there are several disadvantages. Atdigadva
is the loss of the pollutant through volatilization or degradation through reactiorheiith t
soil, leading to incorrect concentration values. The phases can have incomplete
separation, leading to difficulties in concentration analysis. Most importamlyength
of time for the batch study might be insufficient for the system to reachbeigum.

Another technique is the leaching equilibration method, or column method. In
this method, a solution containing a known concentration of the solute (i.e. pollutant)
dissolved in water is pumped through a column containing a sorbent (e.g. soil) at a
known flow rate. The effluent is collected and analyzed for the concentration of the
solute. Collection stops when the concentrations at the column inlet and outletadye equ
and equilibrium has been reached. This technique has been used to determine the
sorption of organic compounds [77,83]. Disadvantages of this method can include poor
packing of the sorbent in the column and length of time necessary to reach emuilibri
The sorption coefficients determined via batch and column methods have been correlated
with octanol/water partition coefficients §&) [84,85] and water solubility (9 [85,86].

In the study by Vowles and Mantoura, there was good correlation between the

logarithmic sediment or soil-water partition coefficienp(land the logarithmic Kw (R2

=0.961) and the Iogarithmiq,\,SIR2 = 0.955) for 14 hydrocarbons. In addition, the
correlation increased upon examining a homologous series of hydrocarbons. The

correlation between loggand log kow was R = 0.998 and R= 0.996 for a
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homologous series of polycyclic aromatic hydrocarbon and alkylbenzenes, ikedpect
The correlation between logsand log $ was R =0.994 for a homologous series of

alkylbenzenes.

Reversed-phase separation via liquid chromatography has also been wtilized t
study the sorption constants and transport of organic compounds. The theory of reversed-
phase liquid chromatography (RPLC) is analogous to the concept of partitioning in
sorption [84,87]. In RPLC, the mobile phase represents a polar phase, while the
stationary phase represents a non-polar phase. Typically, the polar mobiles @it
a pure solvent (e.g. methanol or water) or a solution (i.e. methanol/water mixftes
stationary phase typically consists of a totally porous octadecylsiaterial. As non-
polar organic compounds (i.e. pollutants) travel through a RPLC column, they patrtition
between the mobile and stationary phases and are retained on the non-polar phase. The
retention times of the compounds are used to calculate retention factors. Theretent
factors from RPLC studies for selected organic compounds have been correllated wit
sorption coefficients and, by extension, with environmental transport of the compounds

[72,85,88,89]. In the study by Vowles and Mantoura, there is excellent correlation

between log I and the logarithmic retention factors on octadecylsilane phase ¢laj k
for a homologous series of polycyclic aromatic hydrocarboﬁs(®2998) and a

homologous series of aIkbeenzene§ €R0.996).

1.4 Environmental Pollutants
Environmental pollutants can be separated into several major types, each
consisting of several subclasses of relevant chemicals and pollutants. Sbmenajor

types of environmental pollutants include air, water, and soil contaminants [90]. These
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types of pollution can arise from point sources (e.g. industrial plants and veasteeint
facilities) and nonpoint sources (e.g. runoff and atmospheric deposition) [2]. The
chemical properties, amount (i.e. concentration), and environmental persistance of
contaminant impact how it is classified as an environmental pollutant. Based on these
criteria, organic compounds are types of environmental pollutants whose study is of
utmost importance. The U.S. Environmental Protection Agency (EPA) currently
regulates a list of 126 priority pollutants [91], which contains such environmental organic
pollutants as polycyclic aromatic hydrocarbons (PAHSs), polychlorinated bifsheny
(PCBs), substituted benzene compounds, chlorinated organic compounds, and pesticides.
Some of these organic pollutants have been listed as kithven to be human

carcinogens or reasonably anticipated to be a human carcinogen [92]. Persistent organic
pollutants consist of a diverse group of organic compounds that are toxic, persistent,
bioaccumulate, and prone to long-range transport [93]. Examples of persistent organi
pollutants of concern include PAHSs, polyhalogenated biphenyls (i.e. PCBs and
polybrominated biphenyls), substituted benzene compounds (e.g. anilines or the BTEX
compounds of toluene, ethylbenzene, and xylene), polyhalogenated dibenzodioxins and
dibenzofurans (i.e. dioxins and furans, respectively), and organochlorine pestidales

and emerging persistent organic pollutants include perfluorinated octyl sulftesaamd
sulfonates. Some of these pollutants are produced as by-products during processes
involving related organic compounds. For example, polybrominated dibenzodioxins and
dibenzofurans can be produced during the pyrolysis [94] or recycling [95] atplast
coated with brominated flame retardants (such as polybrominated biphenylsPig6]

to the toxicity of some of the persistent organic pollutants, the use of model s®lutes i
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preferred in this research described in Chapters 3 — 6. The backbone structure of a
majority of the organic pollutants is based on substituted benzene compounds and PAHS;
thus benzene, substituted benzene compounds, and PAHs make good model solutes. A
brief discussion of these solutes is given in the following sections (Sections 1.4.1 and
1.4.2).
1.4.1 Substituted Benzene Compounds

Substituted benzene compounds are organic compounds in which hydrogen atoms
on the benzene ring have been partially or completely replaced by a substdoeont at
group. Typically, the substituent atom is a halogen atom (e.g. fluorine, chlorine, or
bromine). Common organic pollutant substituent groups include hydroxyl (—OH), methyl
(-CHg), ethyl (-GHs), amine (—NH), or nitro (-NQ) groups. Replacing hydrogen
atoms on the benzene ring with substituents can change various chemical and physical
properties. In terms of halogen substituents, increasing the number of halogen atoms
increases toxicity, octanol-water partition coefficients, soil sorpu@fficients, and
decreases water solubility [97]. In addition, the type of halogen substituectisaff
toxicity, such that brominated compounds are less toxic than chlorinated compounds
[98]. In comparing halogen substituents to alkyl groups (i.e. methyl and, etteyl
compounds with the alkyl groups are slightly less toxic than those with the halogen
substituents [99]. Increasing the number of alkyl substituents increasdegitbphobic
characteristics (i.e. increased octanol-water partition coefficidatseased water
solubility, etc.). However, increasing the number of amine substituents iestbas
hydrophilic characteristics (i.e. decreased octanol-water partitiofiateefs, increased

water solubility, etc.). The change in characteristics will lead to diffénéeractions
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within a groundwater system (both in the presence and absence of surfactantshe Thus t
use of these types of compounds as model analytes is justified. The compounds used as
model analytes in Chapters 3 — 6 consisted of benzene, biphenyl, and various mono- and
perhalogenated benzene compounds. The structures are shown in Figures 1.3 and 1.4.
1.4.2 Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHS) are a subclass of organpocoabs,
which contain two, or more, fused aromatic rings. PAHSs can be distinguished from one
another by the number of atoms in their member rings, ring number, and annelation
structure. PAHSs can consist of four-, five-, six-, or seven-member ringss PAH
containing only six-member rings, which are classified as alterms Pare the most
common and most studied PAHs in the environment. Ring number is used to identify the
number of fused rings contained within a PAH. As the ring number increases, PAHs
exhibit an increase in hydrophobic characteristics (e.g. decreasedtypld¢itireased
water solubility, etc.) [97]. The term annelation structure refers to the defgiesson

between the rings within an individual PAH.
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Qe

Benzene Fluorobenzene Chlorobenzene Bromobenzene
F F Cl Cl
F F Cl Cl
Hexafluorobenzene Hexachlorobenzene
Toluene Ethylbenzene Biphenyl
m-Xylene o-Xylene p-Xylene

Figure 1.3: Structures of the substituted benzene compounds used as model analytes for
environmental pollutants (e.g. polyhalogenated biphenyls, dioxins, and furans). The

analytes are used in Chapters 3 — 4.
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H,N
HoN
H,N

Aniline Benzylamine

2,6-Dimethylaniline

/©\ H,N H,N
NH,

m-Toluidine . L
o-Toluidine p-Toluidine
N-Methylaniline N-Ethylaniline
N—<: :} JN—< >
N,N-Dimethylaniline N,N-Diethylaniline

Figure 1.4: Structures of the amines used as analytes in Chapters 5 — 6.
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Annelation structure can be divided into the following three categoriesrlyinea
fused,ortho-fused, angeri-fused. Theortho-fused (angularly-fused) PAHs are
compounds in which two rings have two, and only two, atoms in common [100]. The
peri-fused PAHs are compounds in which one ring contains two, and only two, atoms in
common with each of two or more rings of a continuous series of rings [100]. The
linearly fused PAHs are compounds in which all the rings are on a singl@ axis
continuous series. As the ring number increases for the linearly-fused PABIs ity
decreases. This trend is not observed footti®-fused PAHS. The PAHs used as
model analytes in Chapter 3 are of the alternant class, range in ring numb&r+frém
and are of all three annelation categories. The structures of the PAHswareis

Figure 1.5.
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Naphthalene Anthracene

Fo &

Phenanthrene
Pyrene

Figure 1.5: Structures of PAHs used as model analytes in Chapter 3.
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1.5 Statement of Dissertation Objectives

It is believed that fluorocarbon surfactants behave like hydrocarbontanttain
aqueous solutions. Like HCSs, literature has shown that PFSs can enhance the
solubilization of PAHs [28,101,102]. However, fluorocarbon surfactants have been
shown to solubilize fluorinated compounds better than HCSs [103]. Nevertheless, littl
to no research has been aimed at identifying what transport effects PF8$aibn
environmental co-contaminants. As such, the overall objective of the research gthin t
dissertation was to determine the transport effects of PFSs on known organic
contaminants, in comparison to the transport effects of HCSs, in an environmental
groundwater system. Several research objectives where established tshegatadc
and are as follows:

e Develop a controllable analytical technique that can fundamentally resemble a
environmental groundwater system, in which to study transport effects.

e Determine what transport effects the inclusion of a PFS, both above and below the
CMC, in a groundwater system will have on neutral organic pollutants, and
compare those effects to that of a HCS.

e Determine what transport effects the inclusion of an anionic PFS, below the
CMC, in a groundwater system will have on cationic organic pollutants, and
compare those effects to that of a HCS.

e |dentify and quantify PFSs in environmentally relevant samples.

Chapter 2 of this dissertation addresses the first objective, and details the
experimental methods and instrumentation used during the course of this research to

model a groundwater system. Investigations to experimentally determine he@iM
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aggregation number of a PFS are detailed in Chapter 2, with the hopes of applying these
experiments to emerging PFS. In addition, Chapter 2 details the investigation

determine the transport of surfactants within the experimental systegiRBLC with
refractive index detection. Chapters 3 and 4 address the second objective, antedetail t
research comparing the transport effects of PFSs and HCSs on neutral organic co
pollutants in a model groundwater system. Investigations are made both abgser(Cha

3) and below (Chapter 4) the CMC, to compare the unknown transport effects of PFSs to
the transport effects of HCSs (above and below the CMC, respectively). Chapter 5
addresses the third objective, and details the research comparing the trdfespsrofe

anionic PFSs and HCSs on cationic organic co-pollutants in a model groundwiger. sys
Chapter 6 details the investigation of system peaks as markers of sunfgietatdn

within the experimental system. Chapter 7 addresses the fourth objective, dad deta
research performed at the National Institute of Advanced Industrial S@adce

Technology in Tsukuba, Japan, which uses a method to detect PFSs in environmental
samples. Chapter 8 gives a summary of future directions within the field of stadie

transport effects of PFSs.
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CHAPTER 2. EXPERIMENTAL METHODS

2.1 Introduction

In order to study the transport effects of hydrocarbon and perfluorinated
surfactants on co-contaminants in an environmental system, an analyticajuechas
required that could fundamentally resemble such a system, but whose parareeters
controllable. For this purpose, reversed-phase liquid chromatography (RPLG3edhs
as a model for a flow-through groundwater system. The stationary phase packing
material, as well as the instrumentation and treatment of the data for thesvari
experimental measurements are explained in the following sections.
2.2 Chromatographic M easur ements
2.2.1 Stationary Phase

The commercially available stationary phase chosen consisted of pellicul

particles made of small, non-porous glass beads with @b dlameter covered with

chemically bonded porous octadecylsilica (ODS) with a 300 A pore sizmﬁbllm_2
bonding density, 0.39 % carbon content, and é@_r%surface area. The pellicular

material (Poroshell 300SB1g; Agilent) was selected because it is a well defined packing

material, whose properties of carbon content and surface area are sulystawgalthan

those of traditional, totally porous ODS materials routinely used in RPLC (12 — 18 %,

200 - 400 r‘%g_l respectively). These properties of the pellicular material ahenyit

and more closely resemble, the typical ranges of carbon content (0.11 — 6.09 %) and

surface area (1.07 — 54.¢F gfl) for various soils, bed sediments, and suspended solids

[1]. Based on these properties, it is believed that the pellicular materiaies m

representative as a model for soil than traditional RPLC stationary phases
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2.2.2 Instrumentation

The liquid chromatography system, represented in Figure 2.1, was used to
determine the chromatographic retention of the model analytes in aqueous isurfacta
mobile phases. The system consisted of a single-piston reciprocating pump#Bgeckm
Model 110B) operating with a maximum pressure limit of 4500 psi. Samples were
introduced to the system via an injection valve (Valco, Model EC6W) withpé. 20
injection loop. Upon injection, the samples are carried through a commercialabbeva
analytical column (4.6 mm i.d. x 250 mm length) packed with the Poroshell material
previously described (Section 2.2.1), whose outlet is connected to a commercially
available ultraviolet-visible absorbance detector (Hitachi, Model L-4200).Uvhe
absorbance wavelength of 254 nm was specific for the detection of the analyidig, and
not incur any interference from the surfactants. The output signal from the évis
absorbance detector was either recorded on a chart recorder (Line&a@uks-
Instrument Company, Model 0555-0000) or converted to the digital domain (National
Instruments, Model PCI-MIO-16XE-50) and stored via a user-defined softwayeapr
(National Instruments, Labview v5.1) for further data analysis. All exygaris were
carried out at ambient temperature.

2.2.3 DataAnalysis

The void time,d, was taken as the first positive deviation from the baseline
arising from either residue methanol or lithium nitrate (LYN@ each sample. The

retention time,d, for each analyte was determined from the peak maximum, which was

appropriate for the symmetric Gaussian peaks observed in these studies.
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Figure2.1: Schematic diagram of the liquid chromatography system used for the
determination of transport effects of perfluorinated surfactants. Systapoecents:
single-piston reciprocating pump (P), injection valve (1), analytical colurtim wi
Poroshell stationary phase (A), UV-visible absorbance detector (D), enpliter data
acquisition system (C).
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The retention factor, k, was then calculated by

tr -t

t
The k values (average of at least three trialspwsed for the subsequent elucidation of
transport effects (Chapters 3 — 5), the deternmonatf equilibrium constants (Chapter 3),
and selectivity factors (Chapters 4 — 5).
2.24 Refractive Index

RPLC with refractive index detection was investegl in an effort to
experimentally determine the retention of the repngative hydrocarbon and
perfluorinated surfactants in the experimentalesyst Refractive index measurements
were performed in tandem with UV-visible absorbadetection, with the UV-visible
absorbance detector used as a secondary meamestifyithe carboxylic acids. The
liquid chromatography system previously descrilf&eic{ion 2.2.2) was used with slight
modification. The outlet of the analytical colunvas connected to a commercially
available refractive index detector (Beckman, Mdts8), whose sample outlet was
connected, via a stainless steel connector, teahmple inlet of the UV-visible

absorbance detector. The UV absorbance wavelen@®3 nm was chosen for the
detection of carboxylic acids (with carbon chaindths of G — G, Cg, and G) and the

representative surfactants. The output signal footh the refractive index and UV-

visible absorbance detector was recorded on a cd@stder for further data analysis.
Injections of the various carboxylic acids warstfperformed to validate the

sensitivity of refractive index detector. Whilegs for the carboxylic acids were

observed with the UV-visible detector, correspogdieaks were not observed with the
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refractive index detector. The refractive indetedtor proved to have an inadequate

sensitivity to accurately determine the retentibthe carboxylic acids (at concentrations
of 5.0 x 10° M). Thus, the retention of the surfactants witthie chromatographic

system could not be determined via this methodns€quently, an alternative approach
based on the detection of system peaks via UViaisibsorbance was later employed
(Chapter 6).
2.3 Conductivity M easur ements

Capillary electrophoresis (CE) techniques haewipusly been used to determine
the critical micelle concentration (CMC) of variosisrfactants [2-5]. Based on this
previously reported literature, conductivity mea&sunents of aqueous sodium dodecyl
sulfate (SDS) and lithium perfluorooctane sulfon@i®FOS) solutions were performed
via CE to experimentally determine the CMC of th&factants.
2.3.1 Instrumentation

Conductivity measurements were experimentalljopered using a CE system
that had been constructed and utilized previoudlyimthe McGuffin research group [6].

The CE system was constructed of an incubation @valine, Model 3500-DT), which
was able to hold a constant temperature withirrdhge of 5.0 — 50.880.2°C. The
modified oven contained plexiglass inserts, whigpported the various components of
the system (e.g. buffer and sample vials, capillety.) while electrically insulating the
interior of the oven. The samples were carriedugh a fused-silica capillary (50.0n
i.d., 360um o.d., 60.0 cm length) upon injection using aroaeversing high-voltage
power supply (Bertan High Voltage, Model 2341-A)he power supply was used in

fixed voltage mode (20.0 k¥ 0.1 %) while monitoring the current. A user-defin
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software program (National Instruments, Labviewlysvas used to store data from the
power supply that represented the current in fixathge mode.
2.3.2 DataAnalysis

Prior to each set of SDS measurements, the GEmsysas rinsed with a 0.1 M
sodium hydroxide solution for 10 minutes, deionineter for 10 minutes, and 1.0 mM
SDS solution for at least two hours to equilibrihie capillary. Aqueous samples of SDS

at various concentrations (1, 2, 4, 6, 8, 10, 20a8d 40 mM) were each injected into the
system at five temperatures (ambient,’@) 15°C, 30°C, and 35°C), with the resulting

current measured. It was observed that incredem&DS concentration resulted in the
current increasing. In addition, increasing thragerature of the system resulted in an
increase in the current, which was more prominehtgher concentrations of SDS.

A graph of the current versus surfactant coneg¢iotn, at each temperature, for
SDS is shown in Figure 2.2. The graph displaysmareasing linear trend with a break in
the slope of the line, resulting in two distinetdar regions for SDS. The break in the
slope represents the CMC of the surfactant solwtdhat temperature. Statistical
treatment of the data for the two regions via Imnegression resulted in two equations
that were combined to determine the CMC of theasiigint at a specific temperature
(Table 2.1). For SDS, the slope trends and geseegle of the lines were similar at all

temperatures. The experimentally determined CM€etb@n the data at ambient
temperature (22C) was 8.41 mM, and was within 4.0 % error of thgarted literature

value of 8.1 mM (25C) [7].
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Figure2.2: Graph of the current versus the concentraticsodfum dodecyl sulfate
(SDS). Temperatures:¢§ ambient, g) 10°C, (A) 15°C, (x) 30°C, (x) 35°C. Other

experimental conditions as given in the text.
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Table 2.1: Experimentally determined CMC valuasSBS via conductivity

measurements
Experimental CMC Linear Interceptt std. 2
Temperature (mM) Range Slopez std. error error R
low 0.455+ 0.012 —0.0% 0.06 0.9979
10°C 8.30 .
high 0.176+ 0.004 2.230.11 0.9981
low 0.501+ 0.013 —-0.05: 0.07 0.9978
15°C 8.39 .
high 0.208+ 0.005 24%0.12 0.9984
low 0.560+ 0.014 —0.04t 0.07 0.9982
22°C 8.41 .
high 0.251+ 0.006 2.56t 0.15 0.9983
low 0.692+ 0.016 0.02+ 0.08 0.9984
30°C 8.58 .
high 0.311+ 0.007 3.2%0.17 0.9986
low 0.779+ 0.013 —0.14- 0.08 0.9994
35°C 8.64 .
high 0.360+ 0.011 3.48: 0.25 0.9982
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Conductivity measurements of LIPFOS were perfatiaféer SDS measurements.
Prior to LIPFOS measurements, the CE system wasdiwith a 0.1 M lithium
hydroxide solution for 10 minutes, deionized wdterl0 minutes, and a 6.5 mM
LIiPFOS solution for at least two hours to equiltbrethe capillary. Agueous samples of

LIPFOS at various concentrations (1, 2, 4, 5, 43,20, 30, and 40 mM) were each
injected into the system at ambient temperatureSQand 23°C), with the resulting

current measured.

A graph of the current versus surfactant coneg¢iotr, at ambient temperature, for
LIPFOS is shown in Figure 2.3. The graph displagednitial decreasing trend at very
low concentrations (1 — 4 mM), followed by an irasmg trend (4 — 20 mM), and then a
decreasing trend (20 — 40 mM). Due to the “S-custape of the graph, a definitive
break in the slope could not be identified, thies@MC for LIPFOS could not be
experimentally determined from this method. A [mssexplanation for this
phenomenon could be the early formation of dimetsimers of the fluorinated
surfactant at low concentrations prior to the faioraof micelles at higher
concentrations. Due to the inability to deterntime CMC of LIPFOS via this method,
the accepted literature values for the CMC of SB& 1aPFOS (8.1 mM and 6.5 mM

respectively) [7,8] were used in the calculatiomsthe above CMC studies (Chapter 3).
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Figures 2.3A-B: Graphs of current versus the concentration leiulih perfluorooctane
sulfonate (LIPFOS). Temperatures: (A)25, (B) 23°C. Other experimental

conditions as given in text.
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2.4 Densitometry M easur ements

Several techniques, such as positron annihilatietiche spectroscopy [9], small
angle neutron scattering [10], or light scattetiachniques [11,12], have been used to
determine the aggregation number of surfactantsweier, it can be difficult to obtain
reliable data by these methods for some surfastantions whose surfactant carbon
chain length approaches 1.0 nm. For this studyatigregation number for the
representative hydrocarbon and perfluorinated staifis were experimentally
determined via densitometry measurements.
24.1 Instrumentation

The density of aqueous SDS and LiPFOS solutwitkin the concentration

range of 0.02 — 0.1 M, were measured by usingaulzding digital density meter (Anton
PAAR, Model DMA 45 SI), which was held at a tempara of 25°C by a PolyScience

temperature controller (VWR-Scientific Products, déb1166).
24.2 DataAnalysis

The density of a surfactant solutigr) €an be expressed as
p=Wipy F WPy (22)
whereps andp, are the densities and\&nd vy are the weight percents of the surfactant
and water, respectively. Since w1 —w, equation 2.2 can be expressed as
p=(p, — Py W, +p, (2.3)

A graph of the density of the surfactant soluti@nsus the weight percent of the

surfactant yields a linear correlation, where tine ®f the slope and the intercept
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provides a quantitative estimate of the densitthefsurfactant. The density of the
surfactant is related to the volume of the surfatctaonomer, v, by

MW
L7 Nav) 24

where MW is the molecular weight of the surfactant] N, is Avogadro’s number. The
volume of the surfactant is then related to theeggtion number, N, by

_ 4zR3
3v

N (2.5)

where R is the radius of the spherical micelle,alvhg equivalent to the length of the

linear surfactant monomer [13]. The length of L&-(1.17 nm) and SDS (1.67 nm)
were calculated by using the PyM®Lmolecular modeling software (DeLano Scientific,

version 0.09).

The aggregation number of SDS determined frorsetlexperimental data (65
8) was in good agreement with the literature vé8® [7,14]. Based on this good
agreement, the experimentally determined aggregationbers for SDS and LIPFOS (11
+ 3) were used in the calculations for the above Gi@dies (Chapter 3).
2.5 Summary

The use of a well-defined experimental systerpearentally accurate physical
data, and robust data treatment is necessary ar todtudy the transport effects of
perfluorinated surfactants on co-contaminants.s Thapter detailed the experimental
system and data analysis procedures that weretosetlect and analyze the desired data

for the experiments performed in Chapters 3 — 5.
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CHAPTER 3: COMPARISON OF TRANSPORT EFFECTSABOVE THE
CRITICAL MICELLE CONCENTRATION

3.1 Introduction

The ability of hydrocarbon surfactants to afféw transport, sorption, and
solubility of neutral hydrophobic organic compourds been reported in the literature
[1-6]. Further studies have examined the effedtyofrocarbon surfactants on the
sorption of organic compounds in a soil-water sysfé-9].

In addition to these environmental studies, hydrbon surfactants have been
used as mobile phase modifiers in many analytigaagation techniques, such as ion-pair
chromatography, micellar liquid chromatography (ML&nd micellar electrokinetic
capillary chromatography [10,11]. The additioradiydrocarbon surfactant at low
concentrations has been widely used for ion-parolatography in order to enhance the
separation of oppositely charged ions in solutigithough surfactant monomers have
also been shown to enhance the solubility of neby@rophobic organic compounds,
their general effectiveness is substantially less that of surfactant aggregates formed
above the critical micelle concentration (CMC) [2]2,In a micellar solution, neutral
compounds can partition into the micelle, thuseasing the solubility and transport in
the aqueous system [1-6,10,11].

Compared to hydrocarbon surfactants, perfluorinatethctants have
characteristics that impart greater chemical ardhtlal stability, as well as the ability to
form micelles at lower concentrations [12-20]. S&@roperties make the commercial
and industrial use of perfluorinated surfactantghly appealing. Throughout the last
three decades, the production and use of perflathsurfactants for commercial and

industrial applications increased. However, irpmsse to growing concerns, the major
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US manufacturer of perfluorinated surfactants, 3duntarily ceased production of
surfactants based on perfluorooctane sulfonate §yE@emistry in May 2000 [21]. In
March 2006, 3M, DuPont, and six other companies \tahily agreed to reduce
emissions of perfluorooctanoic acid (PFOA) andtegla&compounds [22,23]. Based on
numerous studies, perfluorinated surfactants areadlly distributed and persistent in the
environment. These chemicals also bioaccumulageeby posing a significant health
risk in humans and animals [24-26]. Studies haenlconducted to understand the
physicochemical properties [27] as well as thecstmal and electronic properties [28].
Additional studies have focused on the bioaccurariand global distribution of
perfluorinated surfactants [29-33], as well asah#ity of perfluorinated surfactants to
enhance the solubilization of polycyclic aromatyctocarbons [34]. Despite these
important studies, relatively little informationasailable regarding the effects of
perfluorinated surfactants on the transport of oémironmental contaminants.

The main focus of this study is to compare theatff of perfluorinated and
hydrocarbon surfactants above their CMC on the pam®f environmental
contaminants in a groundwater system. Reversesepmécellar liquid chromatography
is used as a model for the groundwater system, lithihm perfluorooctane sulfonate
and sodium dodecyl sulfate as representativeseaftb classes of surfactants. Various
halogenated benzenes and polycyclic aromatic hpdbons are used as models of the
environmental contaminants. The results of thigglyield information concerning the
retention factor and equilibrium constant of thedelacontaminant between water and

the micelle. These values can be used in modplograms to elucidate the transport of
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pollutants that might leach from waste disposaltber contaminated sites into an
aquifer.
3.2 Experimental Methods
3.2.1 MobilePhaseand Analytes

The hydrocarbon surfactant, sodium dodecyl sulfaf2S), was obtained from
Aldrich and was used as received. The perfluogghgurfactant, lithium perfluorooctane
sulfonate (LIPFOS), was prepared by dissolvingapieropriate amounts of
heptadecafluorooctane sulfonic acid (TCI Ameriaaj Bthium hydroxide monohydrate
(99.95 %, Aldrich) in deionized, distilled wateFhe micellar solutions were prepared by
dissolving the appropriate amount of surfactarderonized, distilled water (Corning
Mega-Pure, Models D2 and MP-3A) and gently stirrirgggblution overnight to allow
equilibrium to be reached. The solutions were fileared through a cellulose acetate
membrane (Alltech) with a 0.45m pore size. The analytes benzene, biphenyl,
naphthalene, anthracene, phenanthrene, pyreneylilelazene, chlorobenzene, and

bromobenzene (Aldrich), as well as hexafluorobeazbexachlorobenzene, and
hexabromobenzene (TCI America) were used as ratei8tock solutions (1.0 x :_LE)M)

of the analytes were prepared in high-performaigeed chromatography-grade
methanol (Spectrum Chemical), except hexabromolmenzehich was prepared in
dichloromethane (Spectrum Chemical). Analyticahgkes were prepared by diluting the

proper amount of stock solution with the surfactoitition to acquire the working

concentrations. The working concentrations werebee (2.25 x 16 M), biphenyl
(2.00 x 10° M), naphthalene (3.80 x TOM), anthracene (4.99 x 10M), phenanthrene

(4.99 x 10° M), pyrene (3.80 x 10 M), fluorobenzene (3.23 x THM), chlorobenzene
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(2.98 x 10" M), bromobenzene (3.45 x TDM), hexafluorobenzene (1.31 x Tav),
hexachlorobenzene (2.22 x_f(M), and hexabromobenzene (5.00 >Z51M).
3.2.2 Experimental System

The experimental chromatographic methods, asldétei Section 2.2, are briefly

recapped in this section. The commercial analyticlumn (4.6 mm i.d. x 250 mm

length) was packed with Poroshell 300SEs@ellicular particles (Agilent) of 5.0m
diameter and 6.0 ?‘rg_l surface area, with an octadecylsilica station&gse of 2.1

umol m 2 bonding density and 0.39 % carbon content. Thepkar particles consist of
solid silica glass beads coated with a 300 A l@jgrorous octadecylsilica. The MLC
system consisted of a single-piston reciprocatingp (Beckman, Model 110B), an
injector with a 2QuL injection loop (Valco, Model EC6W), an analog iritgeee module,
and a UV-visible absorbance detector (Beckman, Mod@6 and 166, respectively).
The UV absorbance wavelength of 254 nm was spdoifithe detection of the analytes,
and did not incur any interference from the sudatd. Chromatograms were recorded
on a chart recorder (Linear Cole-Parmer Instrun@ahpany, Model 0555-0000). All
experiments were carried out at ambient temperatithea maximum pressure limit of

4500 psi. The flow rate was 1.0 mL rﬁjlrduring the SDS experiments and 0.5 mL

min during the LiIPFOS experiments. The lower flovenaias used for the LIPFOS

experiments due to higher back pressure in the R&is&m during measurements. The
void time was taken as the first positive deviafimm the baseline arising from the

residual methanol in each sample.
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3.2.3 DataAnalysis

In order to elucidate meaningful information redjag the transport effects of
perfluorinated surfactants in a groundwater systemagnalytical technique was used that
could fundamentally resemble such a system, buse/parameters were controllable.
Reversed-phase MLC was used to model a groundasdem, in which the
octadecylsilica stationary phase represents sditla@m aqueous micellar mobile phase
represents groundwater that contains a surfackenveaits CMC.

In the paper by Arunyanart and Cline Love [6], MISQlescribed by three
competing reversible equilibria, which are treasdinding phenomena instead of the
more traditional partitioning phenomena. Treatimg equilibria in this manner
eliminates the need for prior information pertagito the concentration of analytes in
solution, the volume of the stationary phase, ergartial specific volume of the micelle

aggregate. The first equilibrium is expressed as

K
A+S— AS (3.1)
which represents the analyte in the bulk mobilesphd, binding to a stationary phase

site, S, to form a complex, AS. The second equuiib is

K
A+M —2> AM (3.2)

which represents the analyte in the bulk mobilesph&, binding to a surfactant micelle

in the bulk mobile phase, M, to form a micellar coexp AM. The third equilibrium is

K
AM +S —25> AS+ M (3.3)

which represents the transfer of the analyte frioensurfactant micelle in the bulk mobile

phase, AM, to a stationary phase site, S. Amonggtlequilibria, only two are
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independent and the other dependent. For exathgl¢hird equilibrium constant can be
expressed as the ratio of the first and secondilequim constants. For this reason, we
may consider the retention mechanism to be coetidily the first and second equilibria
[11,35].

The retention factor, k, can be defined from tldanconcentrations of the free
and bound analyte as

¢[AS]
el 34
(A + [AM] ) G4

where¢ is the phase ratio, which is the ratio of the wods of the stationary and mobile
phases. The value for k is experimentally deteechiy

tn -t
k=-R_0 (3.5)

b
where k and § are the chromatographic retention time of theydaand the void time of

the column, respectively. By combining Equatioris 3.2, and 3.4, an expression can be

obtained that relates k to the binding constanti@two controlling equilibria, Kand

Ko, as well as the concentration of the surfactacehs

$[SIK;
_ 3.6
(1 + KZ[M]) (36

By taking the reciprocal of Equation 3.6, the fallng expression is obtained

) 1
i, [M] + BK (3.7)

where [M] is the molar concentration of surfactantie micellar form, which is equal to

the total concentration minus the CMC.
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By graphing the inverse of k versus [M], a linearrelation is obtained. From

the ratio of the slope to the y-intercept, a quatitie value for k can be calculated.

This value of k represents the binding constant of the analytedsst the bulk mobile
phase and the micelle, expressed per monomer faicsamt in Equation 3.2. Upon

multiplying K; by the aggregation number of the surfactant, thulibrium constant per

micelle, Keq is obtained. The aggregation numbers used sstindy for both SDS and

LiIiPFOS were experimentally determined during thigslg by means of densitometry
measurements, as previously described in Sectibn 2.
3.3 Results and Discussion

The experimental conditions for this study werleced, insofar as possible, to

model a groundwater system. The Poroshell statygui@ase was chosen because of its
low carbon content (0.39 %) and surface area (é.g_}r), which more closely resembles
the properties of soil than a traditional octadsitigh stationary phase (12 — 18 %, 200 —
400 nf g_l). In addition, this phase allows for the compleligtion of all analytes even

at very low concentration of surfactants.

Sodium dodecyl sulfate (SDS) was chosen as threseptative hydrocarbon
surfactant because it is commonly used in commigrobalucts and has been detected in
the environment. Moreover, there is a large volofmeaformation on SDS in the
literature [36,37]. Perfluorooctane sulfonate (Fy@as chosen as the representative
perfluorinated surfactant because it is used cormialbr and has been detected in the
environment [29-33,38]. The lithium salt (LIPFO®)s a low Krafft point that allows it

to form micelles at room temperature [32] and h&iC of the same magnitude as SDS
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[11,21, Table 3.1]. In a study by Hu and Hadd&2],[B was shown that surfactant
monomers could adsorb onto the surface of theostty phase, thereby changing the
physical and chemical properties. To control #ffect, it was desirable to maintain the
SDS and LIPFOS monomers at similar concentratidmsolutions where the total
surfactant concentration is above the CMC, the aanaton of monomers is equal to the
CMC and, hence, is similar for SDS and LiPFOS.

Finally, the analytes chosen for this study repmégmportant classes of
environmental contaminants. The polycyclic aromhtidrocarbons (PAHS) are known
human carcinogens and environmental pollutantph@&iyl and the halogenated benzene
compounds serve as models for polychlorinated Imylseand polychlorinated and
polybrominated dibenzodioxins and dibenzofurans.rédeer, all of these analytes can
be used to examine how their differences in physind chemical characteristics
influence the transport effects of hydrocarbon padluorinated surfactants.

3.3.1 Transport Effects of Sodium Dodecyl Sulfate

In preliminary studies, the experimental system data analysis methods were
validated by using SDS mobile phases (0.02 — 0.1 N®xabromobenzene exhibited
limited solubility in the SDS mobile phase and, sequently, was excluded from further
studies. All other test analytes were soluble @nted from the column at each
surfactant concentration, with the exception ofdutorobenzene at the lowest
concentration. The elution order for the analyweSDS was as follows: benzene <
fluorobenzene < hexafluorobenzene < chlorobenzdmemobenzene < naphthalene <

biphenyl < phenanthrene < anthracene < pyrene adidorobenzene.
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Table 3.1: Physical data of representative hydtmraand perfluorinated surfactants
used in this study.

. Critical Micelle | Aggregation Krafft Point
Surfactant] Chemical Formuld Concentration (M) Number® (OC)b
SDS | CiHps0S0; Na' 8.1x10° @ 65+ 8 16
LIPFOS | CgFy:SOs Li* 6.5 x10° P 11+3 <0

2 Reference 11
b Reference 32
® This study, Section 2.4

% The critical micelle concentration is the point f@rrow concentration range) where
extensive aggregation of the surfactant monomé&estplace.

? The aggregation number is the average number obmer surfactant molecules per
micelle.

% The Krafft point is the temperature (or narrow temgture range) above which the
solubility of a surfactant becomes equal to thaoai micelle concentration.
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This elution order was identical to that observadtlie analytes in methanol/water
mobile phases on the same stationary phase.

The chromatographic retention times of the modalyes were used to calculate
the retention factors, k, according to Equation 3[&e retention factors are summarized
in Table 3.2. It is noteworthy that the retentfaotors determined in this study were an
order of magnitude lower than those determined twnpanart and Cline Love [6] for
comparable analytes and concentrations of SDSs dikcrepancy is believed to be due
to differences in the stationary phases, spedficarbon content, used in the two
studies. In comparing the retention factors inNd.5DS to that in pure water (Table
3.2), the values decreased by 39 to 80 % for benaed the monohalogenated benzenes.
Correspondingly, the linear velocities increase@Byo 247 %. It is apparent that SDS
increases chromatographic transport of benzen¢he&nslibstituted benzenes and, by

implication, increases environmental transport al.w

Graphs of the inverse retention facto_rlblq/ersus the concentration of SDS in the
micelle (M) are shown in Figure 3.1. Statisticaktiment of these graphs via linear
regression demonstrated that there was a linestiaeship between K and M, where
the R values were all greater than 0.97 (Table 3.3). tl® more retained analytes, the

slope of the line became shallower and the intér@pproached zero. From the graphs in
Figure 3.1, the overall effect was that the retentf the analytes decreased as the

concentration of SDS increased.
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Table 3.2: Summary of retention facfoo$ analytes for several mobile phases.

Analyte Pure Water 0.1 M SDS 0.1 M LIPFOS
Benzene 1.57+£0.01 0.953 +0.004 1.17 £0.02
Fluorobenzene 1.95+0.01 1.04 £0.03 1.31 £ 0.02
Chlorobenzene 5.70+£0.03 1.58 £ 0.03 2.83+0.02
Bromobenzene 8.47 £0.03 1.73+0.03 3.66 £ 0.02
Hexafluorobenzene N/A 1.41+£0.01 1.90 £ 0.03
Hexachlorobenzene N/A 4.96 +0.04 D/E
Naphthalene N/A 2.03+£0.06 7.2+0.2
Biphenyl N/A 2.70 £0.02 149+0.2
Phenanthrene N/A 3.33+0.02 475 +0.6
Anthracene N/A 3.50 £ 0.07 36.3+1.6
Pyrene N/A 4.25+0.11 66.9+2.8

®Retention factors are an average of at least thjeetions.
N/A... Analyte was not included in this mobile phake to excessive retention.

D/E... Analyte exhibited excessive retention.
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Figure3.1: Plot of inverse retention factor versus the cotregion of sodium dodecyl
sulfate (SDS) in the micelle. Analytess) penzene,x) fluorobenzene, 4)

hexafluorobenzenex) chlorobenzenex§ bromobenzenes) naphthalene,d) biphenyl,

(0) phenanthrenep anthracene A) pyrene, ¢) hexachlorobenzene. Other

experimental conditions as given in the text.
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The equilibrium constants,gi§ for the transfer of each analyte from water ® th

SDS micelle are summarized in Table 3.3. For sg¢wd#rithe comparable analytes, such
as benzene, the values were of the same magnsutiese reported by Arunyanart and

Cline Love [6]. In order to understand the accyraicthese values, it is useful to
examine the propagation of error. According to &wmn 3.7, the uncertainty ingK

values is determined by the uncertainty in theeslapd intercept. For benzene, the

monohalogenated benzenes, and hexafluorobenzengntlrtainty in the intercept was
low, resulting in small error in & For the highly retained analytes, i.e.
hexachlorobenzene and the PAHSs, there was largetaimty in the intercept, even
resulting in negative values for several of thelygea. Due to this uncertainty ¢K

values for highly retained analytes were not ré¢§iaibtained via this method. This is
most notably evident from the negativgjKalues acquired for three of the analytes,
anthracene, pyrene, and hexachlorobenzene. Howbeeartention factors (Table 3.2)
appear to be roughly correlated with thg, Kalues (Table 3.3), such that transport trends
of the analytes can be elucidated. For the sefigsmonohalogenated benzenes, thg K
values increased with the size and polarizabilitthe halogen substituent. Additionally,
the Keqvalues increased as the number of halogen sutististincreased from one to six.
For the series of PAHS, theivalues increased with the number of aromatic rings

Moreover, the annelation structure of the PAHs apptaaffect the Kqvalue. For

example, the fused-ring aromatic structure of naglene had a lowerdgvalue than the

non-fused-ring structure of biphenyl.
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Table 3.3: Equilibrium constants of analytes framater to the SDS micelle.

SDS
Analyte Method Oné Method Twd Method Threé
(10§T\C/]|'1) i (105’7\2'1) R (105’7\2'1) i

Benzene 1.38+0.18 0.9811.28+0.19 0.969 1.29+0.23 0.970
Fluorobenzene 143 +0.23 0.9/41.22+0.25 0.946 1.24+0.29 0.949
Chlorobenzene 3.99+0.85 0.9913.19+0.43 0.988 3.32+0.56 0.988
Bromobenzene 55+14 0.9934.31 +0.57 0.991 450+0.75 0.992
Hexafluorobenzen¢ 2.35+0.37 0.988 1.95+0.30 0.976 2.02+0.38 0.977
Hexachlorobenzene -17+12 0.997 -9.87+1.9 0.999 DNC 0.980
Naphthalene 29 £ 63 0.980 174 0.997 185 0.997
Biphenyl 110+ 370 0.99y 12072 0.999 130+88 0.999
Phenanthrene 330 +3100 0.997250+250 0.999 DNC 0.999
Anthracene -510 £ 6700 0.998 120 +91 0.999 140+120 0.999
Pyrene -230 + 1400 0.998490 + 1300 0.999 800 + 3400 0.999

% Data calculated via linear regression of Equatiah 3
P Data calculated via nonlinear regression of Equadida.

® Data calculated via nonlinear regression of EquaBi6
DNC... Regression did not converge.
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In addition, the angulartho-condensed structure of phenanthrene had a lowgrdiue

than the corresponding lineantho-condensed structure of anthracene. These trends
provide important insight into the transport eféecf SDS in environmental systems as
well.

3.3.2 Transport Effectsof Lithium Perfluorooctane Sulfonate

Initial studies were performed in order to obt&formation on retention factors
and the elution order of the model analytes inpiluorinated surfactant solution, since
this information was not available. The experinaéktvalues for each analyte in 0.1 M
LIPFOS are summarized in Table 3.2. The elutiaeofor the analytes was similar to
thatin 0.1 M SDS, with the notable exception thHaanthrene eluted after anthracene.

In comparing the retention factors in 0.1 M LiPF©$hat in pure water (Table
3.2), the values decreased by 25 to 57 % for benaed the monohalogenated benzenes.
Correspondingly, the linear velocities increased 8yo 103 %. It is apparent that
LIPFOS increases chromatographic transport of benaed the substituted benzenes
and, by implication, increases environmental transas well.

While the retention factors of the analytes desedadn both surfactant solutions,
LIPFOS exhibited a lesser effect than SDS. In caning the experimental results in 0.1
M LIPFOS to that in 0.1 M SDS, the k values incredsg@3 to 112 % for benzene, the
monohalogenated benzenes, and hexafluorobenzehby#®b5 to 1470 % for
hexachlorobenzene and the PAHs. Correspondirfigyijiear velocities decreased by
10 to 41 % for the substituted benzenes and by 82 9 for the PAHSs. It is apparent
that LIPFOS induces less chromatographic and emwiemtal transport than does SDS

for these analytes.
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Based on the data obtained in this initial stddsther studies with LIPFOS were
separated into two concentration ranges. For samlyith k values less than 10 in Table
3.2, the concentration range of 0.02 — 0.1 M LiPR@S utilized. For analytes with k

values greater than 10, the concentration ran@elof 0.3 M LIPFOS was utilized.
Graphs of the inverse retention facto_rlokversus the concentration of LIPFOS in the
micelle (M) are shown in Figures 3.2 and 3.3. Statl treatment of these graphs via

linear regression demonstrated that there wasarlirelationship between kand M,

where the Rvalues were all greater than 0.90 (Table 3.4hnfFihe graphs in Figures
3.2 and 3.3, the overall effect was that the reternif the analytes decreased as the
concentration of LIPFOS increased. In comparirggrésults for hexafluorobenzene
(Figures 3.1 and 3.2), the slope of the line wadlaer in LIPFOS than in SDS over the
same concentration range. The line for hexafluemakne crossed those for

chlorobenzene and bromobenzene in LIPFOS, bunn8biS.
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Figures3.2& 3.3:  Plot of inverse retention factor versus the conegioin of lithium
perfluorooctane sulfonate (LIPFOS) in the micelfmalytes: §) benzene,x)

fluorobenzene, 4) hexafluorobenzenex) chlorobenzenex§ bromobenzenes)

naphthalene,d) biphenyl, ¢) phenanthrenepj anthracene A) pyrene, §)

hexachlorobenzene. Other experimental conditisrggvan in the text.
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Table 3.4: Equilibrium constants of analytes fraater to the LIPFOS micelle.

LIPFOS
Analyte Method Oné Method Twd Method Threé
(10§T\C/]|'1) R (105’7\2'1) R (105’7\2'1) R
Benzene od(?gg 0.993 odggggi 0.989 Od%gfoi 0.988
Fluorobenzene O(fggsi 0.997 O(')?gg; 0.996 O(')?gg; 0.996
Chiorobenzene | olT7* 0.904) OL3tE 0903 O3 0,903
Bromobenzene 0(')%15 o 0.992 Od%gfsi 0.992 Od%gff 0.992
Hexafluorobenzeng 1.1+0.2  0.997 o(.)ggg; 0.999 062.307251 0.999
Hexachlorobenzeng d_g 015307 * 1.000 N/A N/A N/A N/A
Naphthalene 05’5551 0.997 O(f_"’ggf 0.997 O(f_"’gg?i 0.997
Biphenyl ~0.36+0.14 0.990 _%"gig * 0999 DNC 0973
Phenanthrene -0.15+0.14 0.901 _0381223 * 0.952 DNC 0.933
Anthracene _%'_g%g * 0,999 '%'_ggsl * 0999 DNC 0981
Pyrene _%'.%?(’) * 0.998 _%"‘(;%3 * 0999 DNC 0981

% Data calculated via linear regression of Equatigh 3

P Data calculated via nonlinear regression of Equadida.
¢ Data calculated via nonlinear regression of Equedi6.

d Values for hexachlorobenzene in LIPFOS were caledl&rom data at two

concentrations.

DNC... Regression did not converge.
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These two observations suggest that hexafluorolnenzas a high affinity for the
perfluorinated surfactant, due to the similarityheir basic structure. This may imply
that any highly fluorinated analyte may be seledyitransported by LIPFOS in

environment systems.

The equilibrium constants,gi§ for the transfer of each analyte from water ® th
LIPFOS micelle are summarized in Table 3.4. FrbenKeq values, similar trends are
observed for LIPFOS and SDS. As the size, polailibg and number of halogen
substituents increased, so too did thg\alues of the analyte. In addition, thggK
values increased as the number of aromatic rirgeased. However, upon more
detailed comparison, several differences are obbégv The Kqvalue for
hexafluorobenzene was on the same order of magnituidoth LIPFOS and SDS
surfactants. The §value for monofluorobenzene was an order of mageitower in

LIiPFOS than in SDS, whereas benzene and the otheomalogenated benzenes were
more than an order of magnitude lower. These whtens suggest that the

perfluorinated surfactant maintains some degreselafctivity for analytes with one or
more fluorine substituents. Thed¥value for naphthalene was two orders of magnitude
lower in LIPFOS than in SDS. The lowegd¢alues show that the analytes exhibit a

weaker binding to LIPFOS than to SDS, which resunltidecreased transport in the

perfluorinated surfactant compared to the hydramadurfactant solutions.
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The KeqVvalues for the remaining PAHs and hexachlorobeazenld not be
reliably determined, due in large part to the utaety in the intercept. This uncertainty
resulted in negative intercepts anghKalues for these analytes. A possible explanation
for this phenomenon is that, for highly retainedlgtes, the binding constant of the
analyte between the bulk mobile phase and theostaty phase, K has a greater impact
on transport effects than the binding constanhefanalyte between the bulk mobile

phase and the surfactant micelle, KAccording to Equation 3.7, the larger the valoks

K1 compared to K the smaller the slope and the closer the intértoepero. Under these

conditions, small imprecision in the retention deda lead to uncertainty in the slope and
even larger uncertainty in the intercept. An alédive explanation for this phenomenon

is that, for highly retained analytes, the bindomgstant of the analyte between the
surfactant micelle in the mobile phase and theostaty phase, K cannot be considered

negligible. This causes the treatment of the tetrrmechanism using Equations 3.1 and
3.2, substituted into Equation 3.4, to be unregaliiowever, treatment using Equations
3.1 and 3.3 or Equations 3.2 and 3.3 yields silgilamreliable results. Hence, it appears
that equilibrium constants for highly retained gted must be determined by other non-
chromatographic methods.
3.4 Summary

The overall trend was that an increase in sunfd@ancentration above the CMC
resulted in an increase in transport, relativénéd in the system devoid of any surfactant.
In general, the transport in the model groundwsystem was less in the perfluorinated

surfactant solution than in the hydrocarbon suafaicsolution. The transport trends of
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the individual analytes were similar for the peoflimated and hydrocarbon surfactants,
based on the size, polarizability, and number &dden substituents on the aromatic
compound. Transport trends for large, highly retdianalytes could not be reliably
elucidated from the equilibrium constants, dueatgée uncertainty. A more detailed
understanding of the retention mechanism of higélgined analytes in reversed-phase
micellar liquid chromatography is needed. In additstudies are needed to further
characterize transport effects of perfluorinatedasitants on environmental pollutants,

based on different structures of the surfactant.
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CHAPTER 4: COMPARISON OF TRANSPORT EFFECTS OF
PERFLUORINATED AND HYDROCARBON SURFACTANTSBELOW THE

CRITICAL MICELLE CONCENTRATION: NEUTRAL ANALYTES
4.1 Introduction

The addition of certain reagents (e.g. amphiplins, surfactants, etc.) to the
mobile phase in a reversed-phase liquid chromapbgraystem can be used to adjust the
separation of oppositely charged metal ions anit iocompounds in solution [1]. This
technique has been given many different names gihiaut the years such as ion
interaction chromatography [2], soap chromatogrdBhyion-exchange chromatography
[4], and ion-pair chromatography [5]. It has b@estulated that the inclusion of an ion
interaction reagent could either increase (thrquaytition) or decrease (through
competition for adsorption sites) the retentiom ofeutral compound [6,7]. However, the
change in retention of neutral compounds is so Isimatl an apparent lack of retention
dependence on surfactant has been claimed [8F chnrelates with information in the
literature that states the effectiveness of théastant monomers to enhance the
solubility of neutral hydrophobic organic compounglsubstantially less than that of
surfactant aggregates formed above the criticagéieiconcentration (CMC) [9-11].

Perfluorinated surfactants, which have differentgatal and chemical
characteristics than hydrocarbon surfactants, baea detected in the environment at
concentrations lower than their CMC [12-15]. Pregistudies of perfluorinated
surfactants have focused on their bioaccumulatmhghobal distribution [16-20], their
ability to enhance the solubilization of polycychimomatic hydrocarbons [21], and
transport effects above their CMC on neutral hydatyticompounds [22]. Despite

these important studies, relatively little informoatis available regarding the effects of
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low levels of perfluorinated surfactants on theg@ort of other environmental
contaminants.

The main focus of this study is to compare thectff of perfluorinated and
hydrocarbon surfactants below their CMC on the frartsof neutral hydrophobic
environmental contaminants in a groundwater systBeversed-phase liquid
chromatography (RPLC) is used as a model for tbargtwater system, with lithium
perfluorooctane sulfonate and sodium dodecyl sifigtrepresentatives of the two
classes of surfactants. Benzene, toluene, etrgdimen angb-xylene are chosen as
representatives of the BTEX compounds. In addits@veral monohalogenated benzenes
were chosen as models of halogenated environmegaitatants. The results of this study
yield information concerning the retention factarsl several selectivity factors of the
model pollutants. These values can be used tadehecthe transport effects of
perfluorinated surfactants on pollutants that mighth from waste disposal,
underground gas tanks, or other contaminatedisitesn aquifer.

4.2 Experimental Methods
4.2.1 MobilePhaseand Analytes

The hydrocarbon surfactant, sodium dodecyl sulfaf2S), was obtained from
Aldrich and was used as received. The perfluoethaurfactant, lithium perfluorooctane
sulfonate (LIPFOS), was prepared by dissolvingapigropriate amounts of
heptadecafluorooctane sulfonic acid (TCI Ameriaa) Bthium hydroxide monohydrate
(99.95 %, Aldrich) in deionized, distilled waterd@ing Mega-Pure, Models D2 and
MP-3A). The aqueous surfactant solutions were pegphy dissolving the appropriate

amount of surfactant in deionized, distilled wat&he solutions were then filtered
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through a cellulose acetate membrane (Alltech) wi€h45um pore size. The surfactant
mobile phase solutions were adjusted to pH 4.00L0 with hydrochloric acid. An
agueous stock solution of lithium nitrate (1.0 ijlm, Spectrum Chemical) was

prepared in deionized, distilled water. The aresdytuorobenzene, chlorobenzene,

bromobenzene, benzene, toluene, ethylbenzeng-aylene (Aldrich) were used as

received. Stock solutions of 9.0 x T for the monohalogenated benzenes, 5.0% 10

M for benzene, and 1.0 x TOM for the remaining BTEX compounds were prepared in

high-performance liquid chromatography-grade meathé®pectrum Chemical).

Analytical samples were prepared by diluting theper amount of stock solution and
agueous lithium nitrate (LINg) solution with the surfactant solution to acquhre

working concentrations in a 2 mL final volume. Wéheecessary, the stock solutions
were evaporated with nitrogen, such that the residoncentration of methanol was less

than 1 % (v/v) in the final analytical sample. TWerking concentrations in the
analytical samples were LiN{1.00 x 102 M), fluorobenzene (5.82 x :_Lf)M),
chlorobenzene (5.37 x 70M), bromobenzene (5.18 x TbM), benzene (5.00 x 10
M), toluene (5.03 x 1¢ M), ethylbenzene (5.03 x TbM), andp-xylene (5.03 x 1¢
M).

4.2.2 Experimental System

The experimental chromatographic methods, asldéta Section 2.2, are briefly

recapped in this section. The analytical columf (dm i.d. x 250 mm length) was

packed with Poroshell 300SBt£)ellicular particles (Agilent) of 5.Am diameter and

6.0 nf g_1 surface area, with an octadecylsilica station&gse of 2.3umol m ? bonding
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density and 0.39 % carbon content. The liquid etatmgraphy system consisted of a
single-piston reciprocating pump (Beckman, ModelB)1@n injector with a 2@L
injection loop (Valco, Model EC6W), and a UV-visgbhbsorbance detector (Hitachi,
Model L-4200). The UV absorbance wavelength of @8dwas specific for the
detection of the analytes, and did not incur angrference from the surfactants.
Chromatograms were recorded on a chart recordeedkiCole-Parmer Instrument

Company, Model 0555-0000). All experiments wergiedrout at ambient temperature

with a maximum pressure limit of 4500 psi. Thenflcate was 1.0 mL mir during the
SDS experiments and 0.5 mL rﬁjrrduring the LIPFOS and pure water experiments. The
void time, p, was taken as the first positive deviation from baseline arising from

LINO3 in each sample. The retention timeg,for each analyte was determined from the

peak maximum, which is appropriate for the symrmegBaussian peaks observed in this
study. The retention factor, k, was then calcualdtg

tr -t

b
The k values (average of at least three trialspwesed for the subsequent elucidation of
transport effects and determination of selectifators as described in the following
section.
4.2.3 DataAnalysis
4.2.3.1 Retention Factor M easur ements

In order to elucidate meaningful information redjag the transport effects of
perfluorinated surfactants in an environmentalesystan analytical technique was used

that could fundamentally resemble such a systetybase parameters were
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controllable. Reversed-phase liquid chromatogrd®BLC) was used to model the
environmental system, in which the octadecylsiéitationary phase represents soil and
the agueous mobile phase represents groundwatleen \&surfactant is added to the
system below its CMC, the monomers distribute ofiti@m between the mobile and
stationary phases. These surfactant monomersthaymtential to alter the retention of
the analytes (pollutants).

In the RPLC system, the retention of a neutraly@@as mainly controlled by a
partitioning phenomenon, where the analyte is uldgjium between the mobile and

stationary phases. The equilibrium constant, I§,lmadefined as

- % _ Ys%s 4.2)

YRR (VASY
where @ and g represent the activitiegs andyy represent the activity coefficients, and

Cs and Gy represent the analytical concentrations of thdéysaan the stationary (S) and

mobile (M) phases, respectively. Assuming the #&gtooefficients are equal to unity,
Equation 4.2 indicates that the equilibrium consisudirectly related to the ratio of the
analyte concentrations in the stationary and magihikeses. This equilibrium constant
represents all interactions between the analygépstiry phase, mobile phase, and
surfactant monomers. However, the determinatiahisfequilibrium constant is
difficult because of the inability to directly mese the concentrations of the analyte in
the mobile and stationary phases.

The retention factor, k, is defined as
k =Ko (4.3)

where¢ is the phase ratio, defined as
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V

0= (4.4)
M

where {4 and \s are the volumes of the mobile and stationary phaspectively.

Assuming that the phase ratio is constant, theaviauk is proportional to K.
Consequently, the trends in retention factor aresisbent with and can be used to predict
the trends in equilibrium constant. In particukam,increase in the retention factor
implies an increase in the concentration of thdyé@an the stationary phase relative to
the mobile phase, according to Equation 4.2.
4.2.3.2 Selectivity Factor Calculations

In addition to the retention factors, several cialéy factors are also compared to
elucidate transport effects. Each selectivitydagrovides different information
concerning the various interactions between thé/asand the surfactants.

The first selectivity factorq,, is defined as the ratio of the retention factioaro

analyte to that of benzene, while all other expernital conditions remain constant.

kandﬁe

o, = 208V (4.5)

kbenzene

The value for, is related to the effect of the addition of a sitsent group to the

benzene structure on the transport of the modéyt@msa Asa; increases, the additional

substituent group leads to increasing interacticth@® neutral analyte with the stationary

phase.
The second selectivity factatp, is defined as the ratio of the retention factor o

an analyte in a surfactant mobile phase to th#tt@tame analyte in pure water, while all

other experimental conditions remain constant.
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ksurfactant ( 4.6)

k

water

The value for, is related to the effect of the surfactant monanoer the transport of the

model analytes. A, increases, the neutral analyte exhibits a preferen interaction
with the surfactant monomers in the stationary phas

The third selectivity factokys, is defined as the ratio of the retention factioaro
analyte in LIPFOS mobile phase to that of the sanadyte in SDS mobile phase, while

all other experimental conditions remain constant.

— kLiPFOS (47)

(0
3
kSDS

The value fois is related to the affinity of the model analyte E6BPFOS compared to

SDS. Asagzincreases, the neutral analyte exhibits a greaeference for interaction

with LIPFOS than with SDS in the stationary phase.
4.3 Results and Discussion
The rationale behind the choice of stationary pleasd surfactants has been

discussed in Section 2.2.1 and a previous repait [Zhe Poroshell stationary phase was
selected because its carbon content (0.39 %) afatsuarea (6.0 ﬁg_l) are within the

typical ranges for various soils, bed sedimentd,sarspended solids [23]. Sodium
dodecyl sulfate (SDS) and lithium perfluorooctandanate (LIPFOS) were chosen as
representative surfactants because they are usati@aially and have been detected in
the environment [15-20,24-27]. The analytes regmesnportant classes of
environmental contaminants. The BTEX compoundsaspected human carcinogens,

which have entered the environment from spills laatage of underground fuel tanks.
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In addition, these analytes can be used to exaifhinheir differences in physical and
chemical characteristics influence the transpdetot$ of hydrocarbon and perfluorinated
surfactants.
4.3.1 Transport Effectsin Water

In order to be able to compare the transport &ffetthe surfactant monomers,
the retention of the neutral analytes was deterthine water mobile phase devoid of
surfactants. Three water studies were performéd,tire first study taking place before
any surfactant was introduced, the second afteSb@ study, and the third after the
LIPFOS study. In all cases, the elution ordetrtihar analytes in the water mobile phase
was as follows: benzene < fluorobenzene < toluadorobenzene < bromobenzene <
ethylbenzene p-xylene. The retention order followed what is extpd for a partition
mechanism. The retention factors for the analgtesshown in Table 4.1. A student’s t-
test was performed at the 95 % confidence level.JCwnhich revealed that the retention
factors were statistically different between thietfand second studies, but statistically
the same between the second and third studiesedBasthese results, each surfactant
study will be compared with the preceding watedgtas described in the following

sections.
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Table 4.1: Retention factors of analytes in puaten’

Retention Factors (k)
Analyte
Study P Study 2 Study 3

Benzene 1.94 +0.04 1.59 +0.04 1.56 £ 0.02
Fluorobenzene 2.43 +0.02 1.96 + 0.03 1.95+0.02
Chlorobenzene 6.82 £ 0.00 5.75+0.09 5.70 £ 0.04
Bromobenzene 10.0+0.0 8.54+0.13 8.47 £0.04

Toluene 6.28 £ 0.02 5.38 + 0.09 5.26 + 0.06
Ethylbenzene 18.1+0.0 16.2+0.1 156 0.1

p-Xylene 209+0.1 18.0£0.2 S

% Retention factors are an average of at least thjeetions. Experimental conditions as
given in the text.

P Measurements in pure water were performed befor8@e mobile phase study.
“Measurements in pure water were performed beforeiBfeOS mobile phase study.
9Measurements in pure water were performed afteLiPieOS mobile phase study.
® Single injection of toluene.
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4.3.2 Transport Effects of Sodium Dodecyl Sulfate

Injections of the analytes were performed in SDbite phases within the
concentration range of 1.0 — 5.0 mM. The elutiateoffor the analytes in SDS was
identical to that observed in a water mobile phaséhe same stationary phase. These
results imply that the addition of the surfactamimmers to the system does not change
the fundamental partitioning mechanism of the RRk&tem, in relation to a pure water
system.

The experimental retention factors for the BTEXhpounds and the
monohalogenated benzenes are summarized in Tablédmdcomparing the k values in
1.0 mM SDS to those in pure water, the values isg@dy 2 to 15 %. A larger increase
of 8 to 34 % was observed upon comparing the kegiln 5.0 mM SDS to those in pure
water. Statistical treatment of the data viaest-ait the 95 % C.L. shows that the overall
increase in k values with an increase in SDS cdnaton is statistically significant in all
cases. Consistently, fluorobenzene displayedatively small increase, whereas
chlorobenzene and bromobenzene displayed the tangesases.

A graph of the logarithmic retention factor verslis concentration of SDS is
shown in Figure 4.1. Statistical treatment of éhgsaphs via linear regression

demonstrated that there was an increasing linéatramship between k and surfactant

concentration, where the’Ralues were greater than 0.91 for chlorobenzene,
bromobenzene, and toluene. THevBlues were between 0.46 — 0.75 for fluorobenzene,

ethylbenzene, benzene, gndylene. Although several’Rralues were less than 0.90,

the slope of each line was statistically greatanthero when tested at the 95 % C.L.
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Table 4.2: Retention and selectivity factors ddlgtes in pure water and SDS mobile

phase$.
Retention Factors (k) Selectivity Factorsd)
Analyee Pure Watet 1.é)[;nSM 5.§DrréM o’ o’
Benzene 194+0.04 202+0.04 219+0/04 10083 1.13+0.03
Fluorobenzene 2.43+0.02 251+0.08 266+0.08 1.21+0.04 9k@®.04
Chlorobenzene¢ 6.82+0.00 7.75+0.12 9.01+£0.07 4.11+0.08 2k3.01
Bromobenzene 10.0+£0.0 11.5+0.2 134+0.1 6.13+0.12 1.3EA
Toluene 6.28+0.02 6.58+0.03 7.09+0.08 3.Z80F 1.13+0.01
Ethylbenzene 18.1+0.0 19.0+0.2 20.1+0.2 20719 1.11+0.01
p-Xylene 209+0.1 21.4+0.0 22505 10.2 £ 0.31.07 £ 0.02

? Retention and selectivity factors are an averdge keast three injections.
Experimental conditions as given in the text.

P Measurements in pure water were performed befor8@& mobile phase study.
¢ Selectivity factors calculated between analyte lagnzene in 5.0 mM SDS (Equation

4.5).

d Selectivity factors calculated for analyte betw&eghmM SDS and pure water

(Equation 4.6).
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Figure4.1: Graph of the logarithmic retention factor verdus toncentration of
sodium dodecyl sulfate (SDS) in the micelle. Atedy @) benzene,x) fluorobenzene,

(x) chlorobenzenex ] bromobenzene &) toluene, §) p-xylene, ¢) ethylbenzene.

Other experimental conditions as given in the text.
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Based on these results, the overall effect waslhieatetention of the analytes increased
as the concentration of SDS increased. Consequ&mIS decreases chromatographic
transport of benzene and the substituted benzerk$w implication, decreases

environmental transport as well.
The selectivity factoe; was calculated from the average retention facibtke
analyte and benzene (Equation 4.5), with represeatdata summarized in Table 4.2.

All a4 values were greater than or equal to unity, wkigtgests that all substituents

increased the analyte interaction with the statippaase. It was observed thatvalues
increased as the size of the substituent increfaselde series of monohalogenated

benzenes and the BTEX compounds. For example,jtkialues increased from 1.2 to
6.1 as the size of the halogen substituent incdefisen fluorine to bromine (Table 4.2).

The oy data were statistically treated via linear regoesand a t-test at the 95 % C.L.

These results demonstrated that there is an inogekisear trend betweem; values and
increasing SDS concentration for chlorobenzenebaochobenzene. For the remaining
analytes, thei; values were either statistically invariant (tolagathylbenzene, and

fluorobenzene) or statistically decreasipgylene) with increasing SDS concentration.
This result suggests that the inclusion of chloend bromine substituents increases the
interaction of a pollutant with in the stationatygse as the SDS concentration increases.

In contrast, fluorine and short-chain alkyl suhsiiits have little or no interaction.
The selectivity factoe, was calculated from the average retention facibtke
analyte in surfactant and water mobile phases (fmud.6), with representative data

summarized in Table 4.2. Adl, values were greater than unity at each SDS mobile
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phase concentration. It was observed ¢hatalues were consistently the highest for

chlorobenzene and bromobenzene, while relativelyfto fluorobenzene. The, values
for the remaining analytes were grouped withinnailar range. Statistical treatment
shows that there is an increasing linear trend &ew, values and increasing SDS

concentration for all analytes. These results ssgthat chlorobenzene and
bromobenzene have increased interaction with SBi&cant monomers in the
stationary phase, compared to a system devoidrizficsant. The interaction of the
remaining analytes with SDS monomers is of sinblarsmaller magnitude.

4.3.3 Transport Effects of Lithium Perfluor ooctane Sulfonate

Injections of the analytes were performed in LiFH@obile phases over the same
concentration range as SDS (1.0 — 5.0 mM). Theoslwirder for the analytes in
LiIiPFOS was identical to that observed in pure watel SDS mobile phases on the same
stationary phase. These results imply that théiaddf the perfluorinated surfactant
does not change the fundamental partitioning mashaaf the RPLC system, in relation
to a system devoid of a surfactant or containihgdrocarbon surfactant.

The experimental k values for each analyte in KDBFnobile phases are
summarized in Table 4.3. In comparing 1.0 mM LiPRO$ure water, the k values
increased by 2 to 18 % for the BTEX and the mormdehated benzenes, except for
bromobenzene which decreased by 3 %. In compéarthghM LiPFOS to pure water,
the majority of analytes displayed a decreasevallies (3 to 18 %), with the exceptions
of benzene, toluene, and fluorobenzene. Statisteament of the data via a t-test at the
95 % C.L. shows that the overall decrease in kasiuith an increase in LIPFOS

concentration is statistically significant in adlses.
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Table 4.3: Retention and selectivity factors dcdlgtes in pure water and LIPFOS mobile
phase$.

Retention Factors (k) Selectivity Factorsd)
Analyte Pure | 1.0mM | 5.0 mM c g ;
Watef | LiPFOS | LiPFOS | ™ a2 a3
Benzene | L59% 176 162+ | 100+ 102+ 074
0.04 0.04 0.09 0.08 0.06 0.04

1.96 + 231+ 2.16 + 131+ 1.10 + 0.81 =

Fluorobenzene 0.03 0.01 0.12 0.11 0.07 0.05

5.75 % 5.99 + 5.19+ 3.20 0.90 = 0.58 +
0.09 0.02 0.25 0.24 0.05 0.03

174

Chlorobenzene

8.54 + 8.31+ 7.01+ 4.33 0.82 0.52 +

Bromobenzene " "' 0.06 0.29 0.31 0.04 0.02

5.38 5.96 * 540+ 3.33+ 1.00 + 0.76 £

Toluene 0.09 0.15 0.10 0.20 0.03 0.02

941 + 0.94 + 0.76 =

Ethylbenzene| 16.2+0.116.6 +0.1 15.3+0.1 0.54 0.01 0.01

0.97 0.78 =

p-Xylene 18.0+0.219.7+0.6 17.5+0.1| 10.8 +0.6 0.02 0.02

% Retention factors are an average of at least thjeetions. Experimental conditions as
given in the text.

P Measurements in pure water were performed beforeiBf€OS mobile phase study.

¢ Selectivity factors calculated between analyte lzenkzene in 5.0 mM LIiPFOS
(Equation 4.5).

d Selectivity factors calculated for analyte betw&ehmM LIPFOS and pure water
(Equation 4.6).

® Selectivity factors calculated for analyte betw&ghmM LiPFOS and 5.0 mM SDS
(Equation 4.7).
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Consistently, fluorobenzene displayed the smatlestease, whereas chlorobenzene and
bromobenzene displayed the largest decrease.

Overall, the retention factors for each analyteetewer in LIPFOS than those in
SDS mobile phases of identical concentrations.h\Wagard to 1.0 mM LiIPFOS (Table
4.3) and 1.0 mM SDS (Table 4.2), the k values deeéy 8 to 13 % for the BTEX
analytes and by 8 to 28 % for the monohalogenateddnes. The difference in k values
became more pronounced at concentrations of 5.0 onMadth surfactants, as the
decrease in k values almost doubles or triplesinescases. It is apparent that LIPFOS
induces less retention and, hence more transpart,does SDS for these analytes.

A graph of the logarithmic retention factor verslos concentration of LIPFOS is
shown in Figure 4.2. Statistical treatment of éhg@saphs via linear regression

demonstrated that there was a decreasing linesraship between k and surfactant

concentration, where theé’Ralues were between 0.85 — 0.96gdexylene,
chlorobenzene, bromobenzene, and ethylbenzeneR%Mues were between 0.31 —

0.54 for toluene, benzene, and fluorobenzene. oétjh several Rvalues were less than

0.90, the slope of each line was statistically teas zero when tested at the 95 % C.L.
Based on these results, the overall effect wadlieatetention of the analytes decreased
as the concentration of LIPFOS increased. Conselyu&iPFOS increases
chromatographic transport of benzene and the sutestibenzenes and, by implication,

increases environmental transport as well.
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Figure4.2:  Graph of logarithmic retention factor versus thaamtration of lithium
perfluorooctane sulfonate (LIPFOS) in the micelfmalytes: §) benzene,x)

fluorobenzene,x) chlorobenzenex] bromobenzene X) toluene, §) p-xylene, 6)

ethylbenzene. Other experimental conditions asrgim the text.
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The selectivity factoe; was calculated from the average retention facibtke
analyte and benzene (Equation 4.5), with represeatdata summarized in Table 4.3.

All a4 values were greater than or equal to unity, asmvks previously for SDS. The
oy values were greater in LIPFOS (Table 4.3) than $L#Ble 4.2) for all analytes, with

the exception of chlorobenzene and bromobenzeatentital in trend to SDS, the
values increased as the size of the substituerdased for the series of monohalogenated
benzenes and the BTEX compounds. d&heata were statistically treated via linear

regression and a t-test at the 95 % C.L. Thesdtsatemonstrated that there is a

decreasing linear trend betweenvalues and increasing LIPFOS concentration for
chlorobenzene, bromobenzene, and/lene. For the remaining analytes, thevalues

were statistically invariant (toluene, ethylbenzea&d fluorobenzene) with increasing
LiIiPFOS concentration. This suggests that the siotuof the chlorine and bromine
substituents decreases the interaction of a pallwtéh LIPFOS monomers in the

stationary phase.

The selectivity factoe, was calculated from the average retention facibtke
analytes in surfactant and water mobile phasesdfitmju4.6), with representative data
summarized in Table 4.3. The values were slightly greater than or equal toyuaitall

mobile phase concentrations for benzene, fluorodregzand toluene. The values

were less than unity at all mobile phase conceaatratfor bromobenzene. Tl values

for chlorobenzene and ethylbenzene were slightptgr than unity at low

concentrations (1.0 — 2.0 mM LiIPFOS) and less thaty at higher concentrations (3.0 —

5.0 mM LIPFOS). It was observed thgtvalues were the lowest for chlorobenzene,
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bromobenzene, and ethylbenzene, while fluorobenzadehe highest, values at all
LIPFOS concentrations. Statistical treatment efoathdata shows that there is a

decreasing linear trend betweesnvalues and increasing LIPFOS concentration for all

analytes. These results suggest that chlorobersmehbromobenzene have decreased
interaction with the LIPFOS surfactant monomersduaksd on the stationary phase.
However, fluorobenzene, which is more chemicaltyikir to LIPFOS than the other

analytes, displayed an increased interaction wiliFDS surfactant monomers adsorbed
on the stationary phase. These results are censistth those fotr; summarized above.
The selectivity factoe.z was calculated from the average retention facibtke
analytes in LIPFOS and SDS mobile phases (Equdtion with representative data
summarized in Table 4.3. Adi3 values were less than unity, which suggests that a
analytes had a greater affinity for SDS surfactate stationary phase than for LIPFOS.
It was observed thats values were the lowest for chlorobenzene and bbemoene and
highest for fluorobenzene at all surfactant conegions. These results are consistent
with those foro, summarized above, which indicate that chlorobeazsmd
bromobenzene have the least interaction with LiPR®8 fluorobenzene has the greatest

interaction. Statistical treatment of thg data shows that there is a decreasing linear

trend betweelz values and increasing surfactant concentratioalf@nalytes. Hence,

the affinity of the analytes for SDS relative t®?’EHOS becomes more pronounced with
increasing surfactant concentration. From theselis it is apparent that increasing SDS
concentration induces more retention and, hensecle®matographic and environmental

transport, than does increasing LIPFOS concentratio
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4.3.4 Effect of lonic Surfactant on the Polarity of the System

In a RPLC system, analyte retention can be desdtly a partition mechanism.
Partitioning occurs as the analyte distributes betwa polar mobile phase and a non-
polar stationary phase. Neutral, non-polar analgte more likely to partition into the
stationary phase and be retained. The additi@ensoirfactant monomer to the RPLC
system can lead to a change in polarity of theesystvhich can lead to a change in
retention compared to a pure water system.

The retention factor of an analyte in a RPLC systan be related to the

Hildebrand solubility parametes)([28] by the following equation
V. 2 2
Ink = R—'T[(si -8y ) - (8 - 3g) } ~ Ing (4.8)

where V is the molar volume of the analyte, R is the gasstant, T is the absolute

temperature, andl, oy, andds are the solubility parameters of the analyte, tegbinase,
and stationary phase, respectively [29,30]. In Pthe analytes are often intermediate

in polarity, such thady > o; >6s. For a given analyte, the balance of interactisitls

the mobile phased(—dy) and stationary phasg; ¢ ds) controls the retention factor.
Upon the addition of a surfactant to the RPLC systéie monomers can partition into

the octadecylsilica stationary phase. The SDSastaft §sps= 29 MP4&’ [31]) will
cause the overalls of the stationary phase to increase, leading in@ease in retention
factors according to Equation 4.8. However, therbalkyl chain of LIPFOS3gr1g~
11.7 MP&” [31]) is much less polar than the alkyl chain &fS0c12H26~ 16.1 MP4”

[31]). Thus, the LIPFOS surfactant will cause ¢lverall s of the stationary phase to
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decrease, leading to a decrease in retention faatmording to Equation 4.8. The results
observed in this study are consistent with the gaqeedictions of this model, thus
leading to the conclusion that the change in agaltention arises from the change in
polarity of the system.
4.35 Effect of lonic Surfactant on the Solubility of the Analytes

It has been reported in the literature that thaitemh of ionic species to pure
water can change the solubility of neutral non-palaalytes [32,33]. Therefore, it is
possible that this is the origin of the changeeit@ntion, rather than the change in polarity
of the stationary phase as described above. Tmierahis possibility, a study was
conducted to evaluate whether changes in the aadtgntion were due to “salting out”
(hydrophobic effect) caused by the addition ofitdrec surfactant. In order to simulate

the effects at the highest surfactant concentratg&d in this study, a 5.0 mM aqueous
lithium nitrate (LINGs;) mobile phase was used. The retention factotiseoBTEX

compounds (excluding-xylene) and the monohalogenated benzenes wengaiaid,
with representative data summarized in Table &#tistical treatment via a t-test at the
95 % C.L. demonstrated that the k values werestitzdlly the same as those determined

in pure water mobile phase.
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Table 4.4: Retention and selectivity factors ddlgtes in pure water and LiNGnobile

phase$.
Retention Factors (k) Selectivity
Analyte Factors ¢)
Pure Watet 5.0 mM LiNO; o
Benzene 1.56 + 0.02 1.55 +0.04 0.99+0.03
Fluorobenzene 1.95 + 0.02 1.96 + 0.06 1.00 £ 0.03
Chlorobenzene 5.70 + 0.04 5.72 +0.15 1.00 £ 0.03
Bromobenzene 8.47 +0.04 8.48 + 0.22 1.00 £ 0.03
Toluene 5.26 + 0.08 5.27 +0.03 1.00 +0.01
Ethylbenzene 15.6 + 0.1 155+ 0.2 0.99£0.01

% Retention factors are an average of at least thjeetions, except as noted below.

Experimental conditions as given in the text.

P Measurements in pure water were performed beforkit®; mobile phase study.
¢ Selectivity factors calculated for analyte betw&ghmM LiPFOS and pure water

(equation 9).

Single injection of toluene.

101




The fourth selectivity factor,, is defined as the ratio of the retention factioaro

analyte in a 5.0 mM LiN@mobile phase to that of the same analyte in pateryvwhile

all other experimental conditions remain constant.

Kk, .
_ LINOg4

O(.4—k

(4.9)
water

The value fory is related to the hydrophobic effect of the LijN&lt in the RPLC

system on the transport of the analytes. As theegeofa, are statistically equal to unity

(Table 4.4), there is no hydrophobic effect causgthe addition of the ionic salt at the
concentration of 5.0 mM. These results lend crétilio the claim that the addition of
the ionic surfactants (within the same experimecdalcentration range) does not induce
a hydrophobic effect on the analytes in the aguewaisile phases used in this study.
4.4 Summary

During this study, the effects of a hydrocarbod parfluorinated surfactant
below their CMC were determined on the transpodmfironmental contaminants in a
model groundwater system. The overall trend wasdh increase in surfactant
concentration below the CMC resulted in a statilyicagnificant change in the transport
relative to that in the system devoid of any sudat The addition of the hydrocarbon
surfactant below the CMC statistically decreasedisjrart of the analytes in the model
groundwater system, while the addition of the perfinated surfactant statistically
increased transport. It is postulated that themgdi®n of the hydrocarbon surfactant to
the stationary phase lead to increased analyteactten, which caused the decrease in
analyte transport. The transport trends of theviddal analytes were similar based on

size of the substituent in both surfactants. Tparisrends of chlorobenzene and
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bromobenzene were opposite that of fluorobenzebetimthe hydrocarbon and
perfluorinated surfactant. The fluorinated anatjisplayed a greater interaction with the
perfluorinated surfactant below the CMC. Furthedss are needed to characterize

transport effects of perfluorinated surfactant®owironmental pollutants, based on
different carbon chain lengths {€ Gg) and head group (sulfonate, carboxylate, etc.) of

the surfactant.
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CHAPTER 5: COMPARISON OF TRANSPORT EFFECTSBELOW THE
CRITICAL MICELLE CONCENTRATION: CATIONIC AROMATIC AMINES

5.1 Introduction

Perfluorinated surfactants, such as perfluoro@csutfonate, have different
physical and chemical characteristics than hydtmmasurfactants [1-2]. They have
been detected in the environment at concentratiobstantially lower than their critical
micelle concentration (CMC) [3-6]. Previous studiégerfluorinated surfactants have
focused on their bioaccumulation and global distign [7-11], their ability to enhance
the solubilization of polycyclic aromatic hydrocarts [12], and transport effects above
and below their CMC on neutral hydrophobic compoUa@s14]. However, relatively
little information is available regarding the effeof low levels of perfluorinated
surfactants on the transport of ionic environmeotaitaminants.

One way to elucidate this information is the useewgersed-phase liquid
chromatography (RPLC) with surfactants. The addibf surfactants to the mobile
phase in a RPLC system has been used to adjus¢plaeation of oppositely charged
metal ions, ionic and neutral compounds in solufids}. This technique has been given
different names throughout the years [16-17], anclirently referred to as ion-pair
chromatography [18] and ion interaction chromatpbye[19-20]. These terms are all
characterized by the use of a reversed-phasersgfiphase and an interaction reagent
in the mobile phase, regardless of the presenaeébf buffer or an organic modifier [21].

In a RPLC system devoid of any surfactant, anabfention is controlled either
via a partition or adsorption mechanism. Howetles,inclusion of an ionic surfactant in
the mobile phase also allows for the retentionet@dntrolled either via the ion-pair or

ion interaction mechanism [21-22], as well as thaswiously mentioned. The addition
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of a surfactant allows for the possibility of iarteractions such as ion-induced dipole,
ion-dipole, and/or ion-ion. Moreover, perfluorindtgurfactants have greater
polarizability than hydrocarbon surfactants, whiaim potentially increase induced
dipole-induced dipole and dipole-induced dipolerattions. Any one or combination of
these interactions will have an effect on the fpanisof ionic environmental
contaminants.

The main focus of this study is to compare thea$# of anionic perfluorinated
and hydrocarbon surfactants below their CMC on ridwesiport of cationic environmental
contaminants in a model groundwater system. Lmhperfluorooctane sulfonate and
sodium dodecyl sulfate are used as representaifiteg two classes of anionic
surfactants. Pyridine, 4-aminopyridine, anilined aubstituted anilines are used as
models of cationic environmental pollutants. Tasults of this study yield information
concerning the retention factors and several geigctactors of the model pollutants.
These values can be used to elucidate the transfiects of perfluorinated surfactants
on pollutants that might leach into water systemaquifers.

5.2 Experimental Methods
5.2.1 MobilePhaseand Analytes

The hydrocarbon surfactant, sodium dodecyl sulfaf2S), was obtained from
Aldrich and was used as received. The perfluogthgurfactant, lithium perfluorooctane
sulfonate (LIPFOS), was prepared by dissolvingapieropriate amounts of
heptadecafluorooctane sulfonic acid (TCI Ameriaa) ithium hydroxide monohydrate
(99.95 %, Aldrich) in deionized, distilled waterd@ing Mega-Pure, Models D2 and

MP-3A). The surfactant solutions were preparedibgalving the appropriate amount of
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surfactant (1.0 — 4.0 mM) anp#alanine (10 mM, Aldrich) as buffer in various ratiof
methanol and deionized, distilled water (20 — 58/¢). The solutions were then filtered
through a cellulose acetate membrane (Alltech) @ith45um pore size. The resulting
buffered solutions were adjusted to pH #.0.1 with hydrochloric acid.

The aromatic amines pyridine, 4-aminopyridinelia@j benzylamineg-, m-, and
p-toluidine, N-methylaniline, N,N-dimethylaniline,-Bthylaniline, N,N-diethylaniline,
and 2,6-dimethylaniline (Aldrich) were used as reeg. Stock solutions (1.0 x fGVI)
of the analytes were prepared in high-performaigeed chromatography-grade
methanol (Spectrum Chemical). Analytical samplesenprepared via dilution of the
proper amount of stock solutions. First, the stealkitions were evaporated with
nitrogen, such that the residual concentration ethanol from the stock solutions would

be less than 1 % (v/v) in the final analytical séangNext, the sample was diluted with

the surfactant solution and JuP. of aqueous lithium nitrate solution (2.00 X 104
LiNO3) to acquire the working concentrations in a 2510fmal volume. The working
concentration in the analytical samples was 5.00 % M for the analytes and 9.60 x
10°® M for LiNOs.

5.2.2 Experimental System
The experimental chromatographic methods, asldéta Section 2.2, are briefly

recapped in this section. The commercial analytclumn (4.6 mm i.d. x 250 mm

length) was packed with Poroshell 300SEs@ellicular particles (Agilent) of 5.0m
diameter and 6.0 ?‘rg_l surface area, with an octadecylsilica station&gse of 2.1

umol m 2 bonding density and 0.39 % carbon content. Tdwedichromatography
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system consisted of a single-piston reciprocatinmg (Beckman, Model 110B), an
injector with a 2QuL injection loop (Valco, Model EC6W), and a UV-vigabsorbance
detector (Hitachi, Model L-4200). The UV absorban@selength of 205 nm was
specific for the detection of the aromatic amirsas] did not incur any interference from
the surfactants. The signal from the UV-visible@ibance detector was converted to the
digital domain (Model PCI-MIO-16XE-50, National Insinents) and stored via a user-
defined software program (Labview v5.1, Nationattoments). All experiments were

carried out at ambient temperature with a maximuoessure limit of 4500 psi. The flow

rate was 1.0 mL mih during the SDS experiments and 0.5 mL’thuring the LIPFOS
and pure water experiments. The void tigewas taken as the first positive deviation

from the baseline arising from LiNGOn each sample. The retention timg,for each

analyte was determined from the peak maximum, wisieppropriate for the symmetric
Gaussian peaks observed in this study. The retefdctor, k, was then calculated by

tr -t
k=-R_0 (5.1)

b
The k values (average of at least three trialspwesed for the subsequent elucidation of
transport effects and determination of selectifaigtors as described in the following
section.
5.2.3 DataAnalysis
5.2.3.1 Retention Factor M easur ements

In order to elucidate meaningful information redjag the transport effects of
anionic perfluorinated surfactants on ionic anayg. cationic aromatic amines) in an

environmental system, an analytical technique veasl that could fundamentally
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resemble such a system, but whose parameters aarelable. Reversed-phase liquid
chromatography was used to model an environmeysg&®, in which the

octadecylsilica stationary phase represents sditla@m aqueous mobile phase represents
groundwater. When a surfactant is added to the@R&Istem below its CMC, the
monomers distribute or partition between the mohild stationary phases. These ionic
surfactant monomers have the potential to altera@tention of ionic analytes (pollutants)
through ion interactions, as described in Sectidn 5

The equilibrium constant, K, which includes ioteiractions can be defined as

K= s _ vsCs (5.2)
av  Ym S

where @ and g represent the activitiegs andyy represent the activity coefficients, and

Cs and Gy represent the analytical concentrations of théysaan the stationary (S) and

mobile (M) phases, respectively. Assuming the #&gtooefficients are equal to unity,
Equation 5.2 indicates that the equilibrium consisudirectly related to the ratio of the
analyte concentrations in the stationary and magihikeses. This equilibrium constant
represents all interactions between the analyaépstiry phase, mobile phase, and
surfactant monomers. The equilibrium constantviad piece of information needed to
model environmental systems. However, the detetian of this equilibrium constant

is difficult because of the inability to directlygasure the concentrations of the analyte in
the environmental mobile and stationary phases.

The retention factor, k, is defined as
k=Ko (5.3)

where¢ is the phase ratio, defined as

111



Vs
VM

where {4 and \s are the volumes of the mobile and stationary phaspectively.

Assuming that the phase ratio is constant, theaviauk is proportional to K.
Consequently, the trends in retention factor aresisbent with and can be used to predict
the trends in equilibrium constant. In particukam,increase in the retention factor
implies an increase in the concentration of thdyé@an the stationary phase relative to
the mobile phase, according to Equation 5.2.
5.2.3.2 Linear Solvent Strength Model

When the determination of the analyte retentiatdiain solvent A (e.g. agueous
surfactant solution) is impractical due to excessetention, a stronger organic co-
solvent B (e.g. methanol) can be added to the raglhiase to decrease the analyte
retention. The linear solvent strength (LSS) madkltes the analyte retention as a
function of the percent composition of the orgasotvent (% B) in the mixed mobile

phase [23], via the following equation

log k = — S(%B) + log k (5.5)
where S is the slope ang is the analyte retention factor in pure solver(t.& % B = 0).
Linear regression is performed on the logarithmi@kies measured at various % B. The
ko value of the analyte at a given surfactant comaéioh is determined from the
logarithmic y-intercept value.

The weighted mean [24] value fag s defined by
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k i
)
K=\ (5.6)

where lg; is the extrapolated analyte retention factor givan surfactant concentration

ando; is the standard deviation of that individual egtiiated retention factor. The

weighted standard deviation [24] of this mean vadugefined by

(5.7)

The valuek + o represents the retention factor of the cationalyda in an aqueous
surfactant mobile phase. The retention factohefdaromatic amine determined in this
manner is vital information needed for elucidatadriransport effects.
5.2.3.3 Selectivity Factor Calculations

In addition to the weighted mean of the extramlaetention factors determined
from Equation 5.6, several selectivity factors @ compared to elucidate transport
effects. Each selectivity factor provides diffa@rarfiormation concerning the various
interactions between the analytes and the surfectan

The first selectivity factorq,, is defined as the ratio of the retention factiothe

analyte to that of the base aromatic amine (andmgyridine), while all other

experimental conditions remain constant.

_ Eanalyte ore . = K analyte

Olyp = == (5.8)
1A Kaniline K pyridine
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The value fory is related to the effect of the addition of a gilbbent group to the base

aromatic amine structure on the transport of thdehanalytes. Asi; increases, the
additional substituent group leads to increasimbgraction of the ionic analyte with the
stationary phase or with the surfactant monometiserstationary phase.

The second selectivity factarp, is defined as the ratio of the retention factor o
an analyte in a surfactant mobile phase to th#tt@tame analyte in pure water, while all

other experimental conditions remain constant.

_ Ksurfactant

o, = (5.9

Kwater

The value for, is related to the effect of the surfactant monanoer the transport of the

model analytes. A&, increases, the ionic analyte exhibits a preferéoicateraction
with the surfactant monomers in the stationary phas

The third selectivity factokys, is defined as the ratio of the retention factioaro
analyte in LIPFOS mobile phase to that of the sanadyte in SDS mobile phase, while
all other experimental conditions remain constant.

_ kLiPFos

Oy, = — 5.10
3 KksDs (5.10)

The value forz is related to the affinity of the model analyte E6PFOS compared to

SDS. Asogzincreases, the ionic analyte exhibits a greatefiepence for interaction with

LIPFOS than with SDS in the stationary phase.
5.3 Results and Discussion
The rationale behind the choice of stationary pleasd surfactants has been

discussed in Section 2.2.1 and a previous rep8it [éspectively. The Poroshell

114



stationary phase was selected because its carlobent¢0.39 %) and surface area (6.0
m? g_l) are within the typical ranges for various sdisg sediments, and suspended

solids [25]. Sodium dodecyl sulfate (SDS) anduith perfluorooctane sulfonate
(LIiPFOS) were chosen as representative surfadieatsuse they are used commercially
and have been detected in the environment [6-12926-The analytes represent
important classes of environmental contaminantsatesuspected human carcinogens.
Aromatic amines, such as anilines and pyridinesuaed in the manufacture of drugs,
dyes and pigments, urethanes, and pesticidesh@lgicides, fungicides, insecticides,
etc.) [30-31]. Commercial uses of the compoundaslead to direct or indirect exposure
in the environment. Moreover, all of these analgts be used to examine how their
differences in physical and chemical charactegsnfiuence the transport effects of
hydrocarbon and perfluorinated surfactants.
5.3.1 Transport Effectsin Water

In order to be able to compare the transport effeaused by the different
surfactant monomers, the retention and elutionrastithe analytes were first determined
in a water mobile phase devoid of surfactants. rékention factors of the analytes are
shown in Table 5.1. It should be noted that thentton factors for most of the analytes
were less than unity (Table 5.1), signifying theg inalytes were not strongly retained.
The retention factors for N,N-dimethylaniline, N¥gfaniline, N,N-diethylaniline, and
2,6-dimethylaniline were greater than unity buslégan 10. The elution order for the
analytes in the water mobile phase was as follofvaminopyridine < pyridine < aniline
< benzylamine $-toluidine~ N-methylaniline <m-toluidine~ o-toluidine < N,N-

dimethylaniline < N-ethylaniline < N,N-diethylamie < 2,6-dimethylaniline.
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Table 5.1: Retention and selectivity factors dfarac aromatic amines in pure water
mobile phase.

_ Retention Factor Selectivity Factor¢)
Aromatic Amines PKa (E)a oraP b
1A a1
pyridine 5.23 0.20+0.01 0.72: 0.04 1.00t 0.00
4-aminopyridine 9.17 0.14+ 0.01 0.5+ 0.04 0.7 0.04
aniline 4.60 0.27+0.02 1.0Gt 0.00 1.39+ 0.08
benzylamine 9.35 0.42+0.01 1.55+ 0.09
o-toluidine 4.45 0.93+0.01 3.43t 0.19 _
m-toluidine 4.69 0.93+0.02 3.43t 0.20
p-toluidine 5.08 0.78+ 0.02 2.88t 0.17
N-methylaniline 4.85 0.82+ 0.03 3.02: 0.19 _
N,N-dimethylaniline 5.07 1.41+0.01 5.19+ 0.28 _
N-ethylaniline 5.12 1.45+0.01 5.33t 0.29
N,N-diethylaniline 6.57 3.25+0.12 11.950.78
2,6-dimethylaniline 3.89 3.70+ 0.04 13.60: 0.76 —

% Retention factors are an average of three triadwiétion 5.1). Experimental conditions

as given in the text.

b Selectivity factors calculated between (A) anabe aniline or (B) analyte and

pyridine (Equation 5.8).
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A student’s t-test was performed at the 95 % camite level (C.L.), which revealed that
the retention factors gftoluidine and N-methylaniline as well asroftoluidine ando-
toluidine were statistically indistinguishable. eltetention order of the amines in the

water mobile phase followed what is expected fpadition mechanism. The addition of
a methylene (-Ckt) or methyl (—-CH) substituent increased the non-polar characteristi
of the analyte, and lead to increased retentidme addition of a polar amine substituent
to the pyridine aromatic ring increased the pojasitthe analyte, thus decreasing
retention. The inclusion of nitrogen in the aroimang, as opposed to an amine
substituent on the ring, decreased the retentidheoénalyte.

The selectivity factoe; was calculated from thie values of substituted aromatic
amines and a base aromatic amine (Equation 5.8),tiae data shown in Table 5.1. In
relation to aniline, most of the; 5 values were greater than unity (Table 5.1), sygmdf
that the addition of the substituent increasedya@ahteraction with the stationary phase.
Theaya values of pyridine and 4-aminopyridine were Id@ntunity, suggesting the
inclusion of nitrogen in the ring decreased anailyteraction with the stationary phase.

It is observed that addition of a methyl substituezgardless of position on the ring,
contributed approximately the same amount to aeahgeraction. Thet; values
increased with both the size (e.g. methyl vershgleand number of substituents for the
series of anilines. In relation to pyridine, thgs value was less than unity for 4-
aminopyridine (0.7% 0.04) and greater than unity for aniline (1430.08). This

suggests that the inclusion of a polar amine gaegreased the interaction of pyridine

with the stationary phase, thus increasing envimtal transport.
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5.3.2 Transport Effects of Sodium Dodecyl Sulfate

In preliminary experiments, the aromatic aminesanexamined in an aqueous
SDS mobile phase (1.0 mM). The amines displayedssiee retention in this mobile
phase, and retention factors could not be accyrdetermined. The LSS method
(described in Section 5.2.3.2) was used for theaneder of this study. Retention factors,
k, of the amines were determined in varying mophase compositions of aqueous SDS
(2.0 — 4.0 mM) and methanol (20 — 50 % v/v). Themton of the analytes increased
with increasing SDS concentration, which is in adeace with ion-pair chromatography
and ion interaction theory [19].

Graphs of the logarithmic retention factor for leanalyte versus the methanol
composition (% B) are shown in Figures 5.1A-D. tiStecal treatment of these graphs via
linear regression demonstrated a linear relatignisetween log k and % B, where the

square of the correlation coefficientz,,RaIues were all greater than 0.970. The linear

relationship observed is consistent with predigiohthe LSS method. The aromatic

amines N-ethylaniline, N,N-diethylaniline, and 2iBrethylaniline displayed excessive
retention at low percentages of methanol in thedMdSDS mobile phase (Figure 5.1).
As a result, the aforementioned amines were exdlfrden further study. The retention

factors of the amines in aqueous surfactant mgihiéeses (K were extrapolated at each

SDS concentration using linear regression of Equdii5.

A graph of the logarithmic extrapolated retentiactor for each analyte versus
the concentration of SDS is shown in Figure 5.Ber€ is a significant increase in
analyte retention from 0.0 to 1.0 mM SDS; howevégngon remains relatively constant

from 1.0 to 4.0 mM SDS.
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Figures5.1A-D: Graphs of the logarithmic retention factor verswethanol
composition (% B) in: (A) 1.0 mM aqueous sodium dodsulfate (SDS), (B) 2.0 mM

SDS, (C) 3.0 mM SDS, (D) 4.0 mM SDS. Analytes) yridine, @) 4-aminopyridine,

(A) aniline, &) benzylamine,«) o-toluidine, ) m-toluidine, () p-toluidine, ) N-

methylaniline, ) N,N-dimethylaniline, 4) N-ethylaniline, &) N,N-diethylaniline, (+)

2,6-dimethylaniline. Other experimental conditi@ssgiven in the text.
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Figure5.2:  Graph of the logarithmic extrapolated retentioctda for each analyte
versus the concentration of SDS. Analytes) pyridine, @) 4-aminopyridine, &)

aniline, &) benzylamine,«) o-toluidine, @) m-toluidine, @) p-toluidine, @) N-

methylaniline, &) N,N-dimethylaniline. Other experimental conditgoas given in the

text.
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A t-test at the 95 % C.L. confirmed that the slopéhis graph (within 1.0 — 4.0 mM SDS
range) was indistinguishable from zero. Based@information, the weighted mean of

the extrapolated retention factors was used taddte transport effects.
The weighted mean retention factoks, ¢alculated via Equation 5.6) and

standard deviations{, calculated via Equation 5.7) for the analytessty@vn in Table

5.2. The relative standard deviations (RSDs) waéress than 8.0 %, which indicates

the good precision of the individual extrapolatetbntion values. Most of tHe values
were greater than 100, signifying that the analytese highly retained. The overall
elution order was as follows: pyridine < 4-aminagire < aniline < benzylamine i+

toluidine <o-toluidine~ p-toluidine < N-methylaniline- N,N-dimethylaniline.

Statistical treatment of thie values via a t-test at the 95 % C.L. revealed ttheit

retention factors af-toluidine ando-toluidine as well as of N-methylaniline and N,N-
dimethylaniline were statistically the same. Ollethe elution order follows the trend

of a partition mechanism. A note of interest @titine retention order of 4-aminopyridine
and pyridine reversed for all SDS mobile phasetika to pure water. It is believed that

the protonated amine substituent on 4-aminopyritiaeea greater interaction with the

SDS in the stationary phase, thus leading to ergtaratention. In comparing the
values in SDS (Table 5.2) to those in pure watab(@ 5.1), a large increase of 2 to 4
orders-of-magnitude is observed. It is appareaititie presence of SDS decreases
chromatographic transport of the amines and, byidaon, decreases environmental

transport as well.
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Table 5.2: Retention and selectivity factors dfarac aromatic amines in SDS mobile

phase.
Retention i

Aromatic Amines Factor(R)a i Selectlvnbeactorc@ C

QA o1B o
pyridine 39.32+1.52 | 0.093:0.004 1.0Gt0.00 201.6t 34.4
4-aminopyridine 141.2+ 6.0 0.33+ 0.01 3.59 0.19 1016+ 607
aniline 422.6+ 18.8 1.06t 0.00 10.75:0.59 1554+ 700
benzylamine 824.8+ 40.9 1.95 0.10 1954+ 318
o-toluidine 1695+ 117 4.01+£ 0.28 —_— 1815+ 208
mtoluidine 937.7+ 62.3 2.22+ 0.15 — 1004+ 172
p-toluidine 1700+ 67 4.02+0.16 _ 2169+ 392
N-methylaniline 2303+ 107 5.45+ 0.26 — 2799+ 560
N,N-dimethylaniline| 2468+ 176 5.84+ 0.42 — 1748+ 157

% Retention factors calculated as the weighted noé#me extrapolated retention factors

within the experimental concentration range, 1400-mM (Equation 5.6).
Experimental conditions as given in the text.
b Selectivity factors calculated between (A) anabe aniline or (B) analyte and
pyridine (Equation 5.8).
© Selectivity factors calculated for analyte betw&&S and pure water (Equation 5.9).
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The selectivity factoo; was calculated from thke values of substituted aromatic
amines and a base aromatic amine (Equation 5.8),tiae results shown in Table 5.2.
Most of thea; values are greater than unity, signifying thatabdition of the substituent
increased analyte interaction with SDS in the ctetily phase. The addition of a methyl
substituent at theeta- position increased the interaction of the amiité whe SDS
monomers in the stationary phase by a factor of timacontrast, the addition of the
methyl substituent at either tetho- or para- position led to a four-fold increase. The
addition of a methyl group to the nitrogen of anrarsubstituent contributed to analyte
retention by a five-fold increase. The additioracfecond methyl group to the nitrogen
resulted in the same increase. The addition ohyher N-alkyl substituents increases
the basicity and inductive effect of aniline. Taessults suggest the addition of methyl

substituents to the analytes increased interaetiinthe SDS monomers in the
stationary phase. In relation to aniline, the values of pyridine and 4-aminopyridine

were less than unity (Table 5.2). This result &sggthat the inclusion of nitrogen in the
ring structure of an aromatic amine reduced intevaavith the SDS monomers in the

stationary phase.

The selectivity factoe, was calculated from thke values of the aromatic amines
in SDS and pure water mobile phases (Equation Wiff),the results shown in Table 5.2.
Most of thea, values are greater than 1000, implying that tihepairing mechanism
with SDS has a large contribution to the retentbthe analytes when compared with
partition alone. Although the, value of pyridine (201.6 34.4) is less than 1000, it still

suggests that SDS ion-pairing is the major contoibto retention.
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These results suggest that all of the cationic atanamines have strong interactions
with SDS monomers in the stationary phase. Thesaction causes the amines to
display a significant decrease in environmentaddp®rt when compared to a system
devoid of any surfactant. Based on these reshkse is potential for SDS in
environmental remediation of cationic aromatic a@sin
5.3.3 Transport Effectsof Lithium Perfluor ooctane Sulfonate

Retention factors, k, of the amines were deterthinevarying mobile phase
compositions of aqueous LIPFOS (1.0 — 4.0 mM) antham®l (25 — 55 % v/v). Similar
to SDS, analyte retention increased with increakiRgOS concentration in accordance
with ion interaction theory [19].

Graphs of the logarithmic retention factor for leanalyte versus the methanol
composition (% B) are shown in Figure 5.3A-D. Btatal treatment of these graphs via

linear regression demonstrated a linear relatignseiween log k and % B, wheré R

values were greater than 0.976. The linear redaligp observed is consistent with

predictions of the LSS method. The retention fiect the amines in aqueous surfactant
mobile phases ¢k were extrapolated at each LIPFOS concentratiolgusear

regression of Equation 5.5.
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Figures 5.3A-D: Graphs of the logarithmic retention factor verswethanol
composition (% B) in: (A) 1.0 mM aqueous lithium fheorooctane sulfonate (LIPFOS),
(B) 2.0 mM LIiPFQOS, (C) 3.0 mM LiPFOS, (D) 4.0 mM LiPBO Analytes: &) pyridine,
(m) 4-aminopyridine, A) aniline, &) benzylamine,«) o-toluidine, ¢) m-toluidine, ©) p-
toluidine, @) N-methylaniline, ) N,N-dimethylaniline. Other experimental conditso

as given in the text.
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A graph of the logarithmic extrapolated retentiactor for each analyte versus
the concentration of LIPFOS is shown in Figure SSmilar to SDS, there is a
significant increase in analyte retention from @®.0.0 mM LiIPFOS; however retention
remains relatively constant from 1.0 to 4.0 mM LiFS=CA t-test at the 95 % C.L
confirmed that the slope of this graph (within £.8.0 mM LiPFOS) was
indistinguishable from zero. Based on this infatiorg the weighted mean of the

extrapolated retention factors was used to elueittansport effects.
The weighted mean retention factoks €alculated via Equation 5.6) and
standard deviationsg(, calculated via Equation 5.7) for the analytessti@wvn in Table

5.3. The RSDs of thk values in LIPFOS were all less than 12.2 %, intthgethat there

is good precision in the extrapolated retentiomesl The slightly higher RSDs denotes

a greater spread in the LIPFOS data than in SDiBof #he k values were greater than
100, signifying that the analytes were highly ne¢gl. The overall elution order was as

follows: pyridine < 4-aminopyridine < anilinec<toluidine <p-toluidine~ benzylamine

< N,N-dimethylaniline < N-methylaniline r-toluidine. Statistical treatment of tte
values via a t-test at the 95 % C.L. revealedttiatretention factors gf-toluidine and
benzylamine were statistically the same. The @tutirder follows the general trend of a
partition mechanism. Similar to the SDS resultayinopyridine and pyridine reversed
elution order for all LIPFOS mobile phases relatvgure water. While the trend in
elution order was similar between LIPFOS and SDiS,noteworthy tham-toluidine

eluted after N,N-dimethylaniline in LIiPFOS.
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Figure5.4: Graph of the logarithmic extrapolated retentioctda for each analyte
versus the concentration of LIPFOS. Analytes); pyridine, @) 4-aminopyridine, &)

aniline, &) benzylamine,«) o-toluidine, @) m-toluidine, @) p-toluidine, @) N-

methylaniline, ) N,N-dimethylaniline. Other experimental conditgoas given in the

text.
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Table 5.3: Retention and selectivity factors dfaac aromatic amines in LIPFOS
mobile phase.

. . Retention Selectivity Factord)
Aromatic Amines Factor(E)a 5 5 = | <
oA a1B oy 03

Pyridine 217.1+ 11.0| 0.32+ 0.02 16085 1113+ 198 5653?;
4-aminopyridine | 339.3+ 19.7| 0.50+ 0.03 165c?9i 2442+ 1462 2(')4%
Aniline 683.9+ 61.2| 1.00+ 0.00 361§9i 2515+ 1150 1(')6125i
Benzylamine 2553+ 256 | 3.730.38 — 6047+£1116 361§)1i
- 1.24+
o-toluidine 2098+212 | 307031 ——  2246+307
» 7.70+
m-toluidine 72241530 | 1056:0.78 —— 7739:1347 '/
- 1.41+
p-toluidine 2394+ 292 | 3500043 ——— 3054+ 656 0.17
N-methylaniline | 6612+ 347 | 9.68:052 —— 8036+ 1621 2(')817;
N,N-dimethylaniline| 6093+220 | 8.91+034 — 4316+ 284 26455

% Retention factors calculated as the weighted noé#me extrapolated retention factors
within the experimental concentration range, 140-mM (Equation 5.6).
Experimental conditions as given in the text.

b Selectivity factors calculated between (A) anabe aniline or (B) analyte and
pyridine (Equation 5.8).

© Selectivity factors calculated for analyte betw&#FOS and pure water (Equation

5.9).

d Selectivity factors calculated for analyte betwed?FOS and SDS (Equation 5.10).
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While the author does not have a definitive exgiandor this phenomenon, it can be
postulated that steric hindrance of N-alkyl subgtidl anilines with the sulfonate head
group of LIPFOS contributes to this elution ord@ther possible explanations for why
m-toluidine eluted after N,N-dimethylaniline are pdated by the author in the Appendix
5.6. In comparing th& values in LiPFOS (Table 5.3) to those in pure wéFable 5.1),

a large increase of 3 to 4 orders-of-magnitudemina retention is observed. Itis
observed that th& values in LIPFOS (Table 5.3) are greater tharD $Table 5.2),

with several of the values being an order of maglgtgreater. It is apparent that the
presence of LIPFOS dramatically decreases chromsgibig transport of the analytes
and, by implication, decreases environmental trarisgs well.

The selectivity factoe; was calculated from the values of substituted aromatic
amines and a base aromatic amine (Equation 5.8),tiae results shown in Table 5.3.
Most of thea; values are greater than unity, signifying thatdtdition of the substituent
increased analyte interaction with LIPFOS in tlaishary phase. The addition of a
methyl substituent at theeta- position resulted in a ten-fold increase in thieraction of
the amine with the LIPFOS monomers in the statpppaiase. In contrast, the addition of
the methyl substituent at either tbreho- or para- position led to a three-fold increase in
the interaction. In relation to aniline, thea values of pyridine and 4-aminopyridine
were less than unity (Table 5.3). These resuljgesi that, similar to the trends in SDS,
the inclusion of nitrogen in the ring structureaof aromatic amine reduced interaction
with the LIPFOS monomers in the stationary phaslso, the addition of a methyl
substituent to the aromatic ring increased intesaawith the LIPFOS monomers in the

stationary phase.
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The selectivity factoe, was calculated from thie values of the aromatic amines
in LIPFOS and pure water mobile phases (Equati®) @with the results shown in Table
5.3. All of thea, values are greater than 1000, implying that tihhepairing mechanism
with LIPFOS has a large contribution to the remtf the analytes compared with
partition alone. This result suggests that, sintdeSDS, all of the cationic aromatic
amines have strong interactions with LIPFOS monanrethe stationary phase. This
interaction causes the amines to display a sulistaeicrease in environmental transport
when compared to a system devoid of any surfactanaddition, allo, values were
greater in LIPFOS than in SDS.

The selectivity factoeiz was calculated from thie values of the aromatic amines
in LIPFOS and SDS mobile phases (Equation 5.1Qh thie results shown in Table 5.3.

All a3 values are greater than unity, implying that thalyes have stronger interactions

with LIPFOS than SDS monomers in the stationarysphdurthermore, the fact thag

values ranged from 1.2 — 7.7 suggests that th@ammmg mechanism with LIPFOS will
have selective interactions with certain catiomirees compared with SDS. Based on
these results, there is potential for the use BFIOS in environmental remediation of
cationic aromatic amines since the interactionsrasee pronounced in a LIPFOS than a
SDS mobile phase. Although perfluorinated surfatstare more expensive than their
hydrocarbon analogous, they are chemically andrthly more stable.
5.4 Summary

During this study, the effects of a hydrocarbod parfluorinated surfactant on

the transport of environmental contaminants (eagonic aromatic amines) in a model
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groundwater system were determined. The overlbtwas that the addition of either
an anionic hydrocarbon or anionic perfluorinatedastant below the CMC substantially
decreased the transport of cationic aromatic amingsglation to transport in the system
devoid of any surfactant. It is noteworthy that #mines displayed a decrease in
transport when the perfluorinated and hydrocarhofastants were compared.
Furthermore, an increase in surfactant concentrétgdow the CMC resulted in a
statistically invariant change in transport, withi@ concentration range tested in this
study (1.0 — 4.0 mM). The individual amines displaylifferent transport trends
between surfactant and pure water mobile phasethelpure water system, transport
was controlled via partitioning of the cationic aratic amines between the polar mobile
phase and the non-polar stationary phase. Howkwgtr,partitioning and ion interactions
impacted the transport of the amines in the presehanionic surfactant monomers in
the stationary phase.

These results and conclusions have important aafpdins for the environmental
transport or remediation of cationic aromatic araing particular, several of the cationic
aromatic amines exhibit selective interaction wité perfluorinated surfactant compared
to the hydrocarbon surfactant. Further studiecasgled to characterize transport effects

of perfluorinated surfactants, particularly in teda to their head group (sulfonate,
carboxylate, etc.) and carbon chain length€g), because of their importance to

commercial procedures or possible application iirenmental remediation clean-up

techniques.
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5.5 Appendix

As stated in Section 5.3.3, while the elutioneordf the analytes was similar
between SDS and LiPFOS, an exception wasnthaiuidine eluted after N,N-
dimethylaniline in LIPFOS. Two ideas are postudads to the cause of this deviation in
elution order.

First, through conversations with Dr. James Jackd Michigan State
University, it was postulated that a different lntorder might appear ifi-toluidine was

protonated a site other than on the nitrogen.J&ekson used a high level of ab initio
calculation to determine the gas-phase relativegeg® AH,¢, of the toluidines at various
carbon protonation sites. The results showedthi@ga€4-protonated isomer of

toluidine has a lower relative energyH; e = —2.3 kcal mo_ll) than the N-protonated
structure, while other isomers, such as the C2-Gwrotonated isomers, are higher in
energy AH e = +3.4 kcal mol* and +1.7 kcal m6il, respectively). If the C4-protonated
isomer played a significant role during the sepanatvithin the mobile phase, then it is

possible the isomer could behave substantiallydéfit than the N-protonated toluidines,

thus leading to the longer elution timeroftoluidine seen in this experiment.

Secondly, it has been reported in literature33R,that the pK of substituted
anilines vary depending on the solvent. It isélf@re postulated that the addition of the
co-solvent methanol altered the p&f m-toluidine, affecting the protonation ot

toluidine in the mobile phase (pH 4.0). The vaoiatn protonation could lead to
substantially different interactions within the eximmental system, thus leading to the

different elution order and longer retention tinh@sm-toluidine observed in this study.
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CHAPTER 6: USE OF SYSTEM PEAKSFOR THE DETERMINATION OF THE
RETENTION OF FLUORINATED AND HYDROCARBON SURFACTANTSIN
THE EXPERIMENTAL SYSTEM

6.1 Introduction

As described in Chapter 5, amine mixtures werd¢yaad in a pure water mobile
phase (Figures 6.1A-C) and in methanol/agueouadarit mobile phases (of various
compositions). During the course of these expertg)eseveral extra peaks were
observed in the chromatograms of the surfactantlmphases (Figures 6.2A-B), which
were not associated with any of the amine analylégese peaks, which are classified as
system peaks, are related to the components ofthée phase and were not observed in
the pure water mobile phase chromatograms (Figufes-C). System peaks can occur
in a chromatographic system when 1) the mobile @lastains more than one
component [1], 2) the component is distributed leefavthe mobile phase and the
stationary phase [2], and 3) the injection sampke dnslightly different composition than
the mobile phase. System peaks can be observeudipgthe detector in use is
sensitive to those components. These peaks & @tjarded as annoyances, and
chromatographers try to eliminate them from chragams. Several studies have been
conducted on various aspects of system peaks,asuttteir origin, formation, and
importance in chromatographic techniques [1,3+irtrelationship to adsorption
isotherms in the column [5], and their use for iadi detection [6] and quantitative
analysis [7]. System peaks are relaxation prodaftes the column equilibrium has been
perturbed via an injection sample plug [1]. Aslswystem peaks are believed to provide

information about the interactions within the chedographic system.
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Figures 6.1A-C: Representative chromatograms of amines in watéilenphase.
Mobile phase: 10.0 m\#-alanine aqueous mobile phase. Flowrate: 0.5 fim_m
Analytes: (0) lithium nitrate, (1) 4-aminopyridin@) pyridine, (3) aniline, (4)
benzylamine, (5p-toluidine, (6) N-methylaniline, (#M+toluidine, (8)o-toluidine, (9)
N,N-dimethylaniline, (10) N-ethylaniline, (11) N,tiethylaniline. Other experimental

conditions as given in the text.
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Figure 6.1C
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Figures 6.2A-B: Representative chromatograms of amines in surfantabile

phases. (A) Mobile phase: 45:55 methanol/2.0 mMeags sodium dodecyl sulfate

(SDS). Flowrate: 1.0 mL min. (B) Mobile phase: 45:55 methanol/2.0 mM aqueous
lithium perfluorooctane sulfonate (LIPFOS). Flowra0.3 mL min™. Analytes: (0)

lithium nitrate, (4) benzylamine, ($}toluidine, (6) N-methylaniline,s) unidentified

system peak. Other experimental conditions asgivéhe text.
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As described in Chapter 2 (Section 2.2.4), refvaghdex measurements were
unsuccessful in determining the retention of théastants in the experimental system. It
was therefore surmised that if the system peaks vetated to the surfactants, then they
could be used to determine surfactant retentiohimvthe chromatographic system.

Thus, the main goal of this experiment was to deftez the retention of the surfactants
within the experimental chromatographic system éasethe retention and identification
of the system peaks. These retention values casdxto elucidate information about
the environmental transport of the surfactants sedwes through a groundwater system,

which can have an impact on the transport of cdasoimants.

6.2 Experimental Methods
6.2.1 Maobile Phaseand Analytes

The mobile phases and amine mixtures were the aarased in Chapter 5, and
the preparation of which was previously descrive8eéction 5.2.1.
6.2.2 Experimental System

The analytical column, liquid chromatography sgstand detection system were
the same as used in Chapter 5. All details arsdah® as described in Section 5.2.2,
including the UV absorbance wavelength of detect&fd nm). All experiments were

carried out at ambient temperature with a maximuoessure limit of 4500 psi. The flow

rate was 1.0 mL mirt during the sodium dodecyl sulfate (SDS) experimamid varied

between 1.0 mL mirt and 0.3 mL min* during the lithium perfluorooctane sulfonate

(LIPFOS) experiments.

155



6.2.3 Data Analysisand Calculations
6.2.3.1 Retention Factor M easurements

As stated in previous chapters, reversed-phasallchromatography (RPLC) is
used to model an environmental system in whiclotftadecylsilica stationary phase
represents soil and the aqueous mobile phase espsegroundwater. When a surfactant
is added to the RPLC system below its critical iheceoncentration (CMC), the
surfactant monomers distribute or partition betwdenmobile and stationary phases.
When the surfactant mobile phase in the columiiosvad to reach equilibrium, this
equilibrium is maintained as long as the chromatphic system is not disturbed, either
by 1) changing the mobile phase or 2) injectioma simple plug.

The equilibrium constant, K, is directly relatecdthe ratio of the surfactant
monomer concentrations in the stationary and madtikesses. This equilibrium constant
represents all interactions between the surfactamomers, stationary phase, and mobile
phase. The equilibrium constant is a vital piecef@rmation needed to model
environmental systems. However, the determinaifdhis equilibrium constant is
difficult because of the inability to directly meae the concentrations of the surfactant
monomers in the environmental mobile and statiopagses.

The retention factor, k, is defined as
k=Ko (6.1)

where¢ is the phase ratio. Assuming that the phase imtionstant, the value for k is
proportional to K. Consequently, the retentiortdaof the system peak can be used to
elucidate information about the interactions ofshefactants in the experimental

chromatographic system.
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When a pure solvent is injected, the sample atdhemn head is relatively
devoid of the other mobile phase components. d&ses a perturbation of the column
equilibrium, which the system tries to reestabliSfonsequently, any mobile phase
component adsorbed on the stationary phase susfas¢racted into the injected volume
[5]. The reestablishment of the column equilibritgsults in the appearance of system
peaks corresponding to each component. In ordédetdify which system peak is
attributed to the surfactants in the experimentesgsinjections of pure methanol and the
mobile phase were performed. Representative chiomraams of injections of pure
methanol are located in Figures 6.3A and B for SiD& LIPFOS, respectively. For the
methanol injections, the retention factor, k, wakglated by

tr -t
k=-R_0 (6.2)

t
where the void timegt was taken as the first positive deviation from llaseline arising
from methanol, and the retention timg, for the system peaks was determined from the

negative peak minimum, which is appropriate forpgkaks observed in this study. The k

values were used for the subsequent elucidatieurdctant retention.
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Figures 6.3A-B: Representative chromatograms of pure methanalrfactant

mobile phases. (A) Mobile phase: 45:55 methar®i&M aqueous SDS. (B) Mobile

phase: 45:55 methanol/2.0 mM aqueous LIPFOS. Rlewrl.0 mL min-. Analytes:

(0) methanol, %) unidentified system peak:$) SDS system peaksl() LIPFOS system

peak. Other experimental conditions as given éntéxt.
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6.2.3.2 Linear Solvent Strength Model

Because the determination of surfactant reterifiotors in solvent A (e.g.
aqueous surfactant solution) is impractical duexttessive retention, a stronger organic
co-solvent B (e.g. methanol) was added to the raqgilibse to decrease retention. The
linear solvent strength (LSS) model relates théastant retention as a function of the
percent composition of the organic solvent (% Bbhie mixed mobile phase [8], via the
following equation
log k = — S(%B) + log K (6.3)
where S is the slope and ik the surfactant retention factor in pure solveiite. % B =

0). Linear regression is performed on the logarithk values measured at various % B.
The k value of the analyte at a given surfactant comaénh is determined from the

logarithmic y-intercept value.
6.3 Resultsand Discussion

The rationale behind the choice of stationary phasrfactants, and analytes has
been discussed in Chapters 2 and 5. In ordeetdifgt the system peaks, injections of
surfactant mobile phases and pure methanol weferperd, and the chromatograms
collected concurrently with the amine analyte migtufrom Chapter 5.
6.3.1 System Peaks

System peaks can be characterized by having cunstalues (irrespective of
the sample injected), positive or negative peaisijve to the detector base line), and
peak areas that depend on the nature of the idjedlates [1]. In order to utilize this
information, several injections and observationseweade in both the SDS and LIPFOS

mobile phases.
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6.3.2 System Peaksin Sodium Dodecyl Sulfate M obile Phases

As described in Section 6.1, several peaks wesergbd in the chromatograms
that were not associated with any amine analyRepresentative chromatograms of
amines in SDS mobile phases are shown in Figuds-6. It was observed that the
retention times of several of the unidentified medid not change, regardless of the
analyte mixture injected. This phenomenon is aasttaristic of system peaks.
Injections of pure solvents (methanol and mobilaga) were performed in an effort to
correctly identify the system peak due to SDS.

Representative chromatograms of pure methanol & ®Dbile phases are shown
in Figures 6.5A-D, and of the mobile phase in SDébite phases are shown in Figure
6.6. In comparing the chromatograms of Figures@3, and 6.6, the large negative
system peak, which is present in the chromatogamsg from the injections of amines
and pure methanol, is absent in the chromatograisiag@from the injections of the SDS
mobile phase itself. In addition, as the concéianeof SDS in the mobile phase
increases, the peak area of the negative peak ebamased on these observations, the

negative system peak is attributed to the SDS coetoof the mobile phase.
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Figures 6.4A-C: Representative chromatograms of amines in SDSlenpbases.
Mobile phase: 45:55 methanol/2.0 mM aqueous SD8wrte: 1.0 mL min’.
Analytes: (0) lithium nitrate, (1) 4-aminopyridin@) pyridine, (3) aniline, (4)
benzylamine, (5p-toluidine, (6) N-methylaniline, (M+toluidine, (8)o-toluidine, (9)
N,N-dimethylaniline, ) unidentified system peak. Other experimentalddaoons as

given in the text.
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Figures 6.5A-D: Representative chromatograms of pure methandDi® ®obile

phases. Mobile phase: 45:55 methanol/aqueous $)S..0 mM SDS, (B) 2.0 mM

SDS, (C) 3.0 mM SDS, (D) 4.0 mM SDS. Flowrate: momin. Analytes: (0)

methanol, £) unidentified system peaks%) SDS system peak. Other experimental

conditions as given in the text.
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Figure 6.5B
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Figure 6.5C
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Figure 6.5D
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Figure6.6. Representative chromatogram of mobile phase in ®DiSle phases.

Mobile phase: 45:55 methanol/2.0 mM aqueous SD8wrBte: 1.0 mL mif.
Analytes: ) unidentified system peak. Other experimentaddmns as given in the

text.
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Retention factors, k, of the SDS system peaks @etermined in varying mobile phase
compositions of aqueous SDS (1.0 — 4.0 mM) and meti{@0 — 50 % v/v), during
injections of pure methanol. A graph of the ratamfactor for the SDS system peak
versus the methanol composition (% B) of the mopiilase is shown in Figure 6.7.
Statistical treatment of these data via linearesgion demonstrated a linear relationship

between log k and % B, where the square of thestadion coefficient, Ii values were

all greater than 0.892, except for the 4.0 mM SD&eantration (0.655). It was observed
that the logarithmic retention factor of the SDSteyn peak decreased with increasing
methanol composition, which is consistent with preans of the LSS method. In
addition, the retention factor of the SDS systerkp#ecreased with increasing surfactant
concentration in the mobile phase, at each meth@mposition.

The retention factor of the SDS system peak incueaus surfactant mobile
phase (k) was determined by extrapolation at each SDS cedrat@n using linear

regression of Equation 6.3. A graph of the extlated retention factor for the SDS
system peak versus the concentration of SDS isshowigure 6.8, where the error bars
represent the standard deviatief @f the individual extrapolated retention factors.
There is a significant decrease in the SDS sys&sgk petention from 1.0 to 2.0 mM
SDS; however retention remains relatively consfiamh 2.0 to 4.0 mM SDS. The higher
extrapolated retention factor at 1.0 mM SDS (32h ot 2.0 — 4.0 mM SDS (all below
10), suggests that the SDS surfactant monomersdadneated the stationary phase at a
surfactant concentration of 2.0 mM and above. stiheen shown in literature that
parameters, such as retention factor and loaditgrfaare concentration dependent and

will decrease with increasing concentration [9].
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Figure6.7:  Graph of retention factor for SDS system peaksusemethanol
composition (%) in: €) 1.0 mM SDS, &) 2.0 mM SDS, 4) 3.0 mM SDS, X) 4.0 mM

SDS. Other experimental conditions as given inéhe
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Figure6.8: Graph of extrapolated retention factor for SDSeayspeaks versus the

concentration of SDS. Other experimental cond#ias given in the text.
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The phenomenon seen in this experiment suggestgpéed_angmuir isotherm for the
chromatographic system with SDS, as the retenti@@D& in the system decreases with
an increase in the concentration of SDS (in theilmaghase) from 1.0 to 2.0 mM, and
remains constant thereafter.

6.3.3 System Peaksin Lithium Perfluorooctane Sulfonate M obile Phases

Representative chromatograms of the amines inQ&mobile phases are shown
in Figures 6.9A-C. Similar to SDS, it was obsertteat the retention times of several of
the unidentified peaks did not change, regardléfisecanalyte mixture injected.
However, not all of the same peaks were observétkihiPFOS mobile phases that
were seen in the SDS mobile phases, or observee aame relative position. Injections
of pure solvents (methanol and mobile phase) werpned in an effort to correctly
identify the system peak due to LIPFOS.

Representative chromatograms of the pure methanoPFOS mobile phases are
shown in Figures 6.10A-D, and of the mobile phaselPFOS mobile phases are shown
in Figure 6.11. In comparing the chromatogramsigfires 6.9, 6.10, and 6.11, the large
negative system peak, which is present in the chtognams arising from the injections
of pure methanol, is absent in the chromatogramsgrfrom the injections of the
LiIiPFOS mobile phase itself. Similar to SDS, asdbecentration of LIPFOS in the
mobile phase increases, the peak area of the megmak changes. In comparing the
shape of the negative system peak in LIPFOS to 8xSseen that the peak has less of a

triangular shape, thus leading to a less pronoupeal minimum.
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Figures 6.9A-C: Representative chromatograms of amine injectionsRFOS

mobile phases. Mobile phase: 45:55 methanol/2.0agivkous LIPFOS. Flowrate: 0.3
mL min . Analytes: (0) lithium nitrate, (1) 4-aminopyiné, (2) pyridine, (3) aniline,
(4) benzylamine, (5)-toluidine, (6) N-methylaniline, (7n-toluidine, (8)o-toluidine, (9)
N,N-dimethylaniline, ) unidentified system peak. Other experimentaldaoons as

given in the text.
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Figure 6.9B
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Figure 6.9C
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Figures 6.10A-D: Representative chromatograms of pure methanatiojes in
LIPFOS mobile phases. Mobile phase: 45:55 metiamatous LIPFOS. (A) 1.0 mM

LiPFOS, (B) 2.0 mM LiPFOS, (C) 3.0 mM LiPFOS, (D) 40/ LiPFOS. Flowrate:
1.0 mL min %, Analytes: (0) methanols)( unidentified system peaksl() LIPFOS

system peak. Other experimental conditions asngivéhe text.
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Figure 6.10B
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Figure 6.10C
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Figure 6.10D
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Figure6.11: Representative chromatogram of mobile phase injeat LIPFOS mobile

phases. Mobile phase: 45:55 methanol/2.0 mM aqua®#OS. Flowrate: 0.3 mL
min %, Analytes: {) unidentified system peak. Other experimentabdoins as given

in the text.
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The triangular peak shape for SDS is typical femaple Langmuir isotherm, while the
strange peak shape for LIPFOS suggests that aesisgitherm is not taking place, but
the possible formation of dimers and trimers. THuok of a simple isotherm is consistent
with conductivity measurements (Section 2.3). Basethese observations, the negative
system peak is attributed to the LIPFOS componttiteomobile phase.

Retention factors, k, of the LIPFOS system peak®wetermined in varying
mobile phase compositions of aqueous LIPFOS (X®@-mM) and methanol (25 — 55 %
v/v), during injections of pure methanol. A grapfithe retention factor for the LIPFOS
system peak versus the methanol composition (% B)eomobile phase is shown in
Figure 6.12. Statistical treatment of these datdinear regression demonstrated a linear

relationship between log k and % B, where the sgjo&the correlation coefficient,ZR

values were all greater than 0.918. It was obsktivat the logarithmic retention factor
of the LIPFOS system peak decreased with increasgtganol composition, which is
consistent with predictions of the LSS methodaddition, the retention factor of the
LIPFOS system peak decreased with increasing garfaconcentration in the mobile
phase, at each methanol composition. It is notdwdo mention that at the higher
compositions of methanol the LIPFOS system peaatiein factors begin to converge to

values <1.0 for all surfactant concentrations mmiobile phase.
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Figure6.12: Graph of retention factor versus methanol compmso) in: ¢) 1.0
mM LiPFOS, @) 2.0 mM LIPFQOS, 4) 3.0 mM LIPFOS, X) 4.0 mM LIiPFOS. Other

experimental conditions as given in the text.
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The retention factor of the LIPFOS system peakiia@ueous surfactant mobile
phase (k) was determined by extrapolation at each LIPFQ®entration using linear

regression of Equation 6.3. A graph of the extiaed retention factor for the LIPFOS
system peak versus the concentration of LIPFOBaws in Figure 6.13, where the error
bars represent the standard deviatignof the individual extrapolated retention factor.
There appears to be a decrease in the LIPFOS sps&akretention from 1.0 to 4.0 mM
LIPFOS. However, upon taking the standard deviatioto consideration, the retention
remains relatively constant from 1.0 to 3.0 mM LiFS=Crhis variability in the data
suggests that the LIPFOS surfactant is experierstightly different interactions in the
experimental chromatographic system, such as tegilde formation of dimers and
trimers. In comparing the extrapolated retentaxtdrs of LIPFOS (Figure 6.13) to SDS
(Figure 6.8), it is observed that the retentioridexare the same at 1.0 mM surfactant
concentration but lower in SDS than in LIPFOS athigher surfactant concentrations

(2.0 — 4.0 mM).
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Figure6.13: Graph of extrapolated retention factor for LiPF§)Stem peaks versus the

concentration of LIPFOS. Other experimental coodg as given in the text.
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6.4 Summary

During this study, the retention of anionic hydrdzon and perfluorinated
surfactants (SDS and LiIPFOS) within the experimestteomatographic system was
determined based on the identification and retarfactors of system peaks. From
injections of pure methanol and the mobile phdse siystem peak attributed to each
surfactant could be identified. The overall trevas that the retention factors of both
surfactant system peaks decreased as the concantrhthe surfactant in the mobile
phase increased, below the CMC. It is noteworthy ttie perfluorinated surfactant is
less retained in the experimental chromatograpfstesn than the hydrocarbon
surfactant. Furthermore, an increase in surfacantentration below the CMC resulted
in a decrease in the retention of the surfactaxisgpolated to pure water), within the
concentration range tested in this study. Howewere was more variability in the
perfluorinated surfactant data than the hydrocashofactant data, a similar occurrence
that was seen in the results of Chapter 5.

These results and conclusions have important aajdins for the study of the
transport effects of perfluorinated surfactantcoftontaminants. In particular, the
perfluorinated surfactant exhibited decreased aateyn within the experimental
chromatographic system, as compared to the hydrvonaurfactant. In addition, a
difference in isotherms between the perfluorinated hydrocarbon surfactant systems
was observed. Further studies are needed to ¢baracthe retention of the surfactants
within the experimental system. The use of curagratytical detection techniques, such
as mass spectrometry, coupled with liquid chromagalgy might lead to a better

understanding of the interactions of the surfastanthin the experimental system.
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CHAPTER 7: DETERMINATION OF FLUORINATED SURFACTANTSIN
WASTEWATER SAMPLESBY HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY WITH TANDEM MASS SPECTROMETRY
7.1 Introduction
Fluorinated organic compounds (FOCs) have beeth as@erosol propellants,
refrigerants, adhesives, surfactants, fire retdsjquastics, herbicides, pesticides, plant
growth regulators, anesthetics, medicines, and asdéiood substitutes [1-2]. A major
class of FOCs is the perfluorinated compounds (,R@g more and more reports of
the concentrations of the primary PFCs appearinigerature [3]. Due to the ubiquitous
nature of some PFCs, it becomes necessary to halialale methodology for their
detection and quantation in environmental samplége acquisition of reliable
concentration data can prove useful in understgnithe transport and fate of PFCs.
During the term of the 2006 East Asia and Pa&fimmmer Institutes (EAPSI)
program, the author received training on a spgcrabydified high-performance liquid
chromatography with tandem mass spectrometry (LCM\&J/system at the National
Institute of Advanced Industrial Science and Tedbgw (AIST) in Tsukuba, Japan. The
LC-MS/MS system permits detection and quantitatiofiuafrinated surfactants down to
the part-per-quadrillion level. Water samples,ahhivere previously collected from the
treatment tanks at an industrial manufacturingasne from the effluent in a nearby
stream, were analyzed. The levels of 28 anionigrihated surfactants were quantitated

in samples that had been collected, before anaglarproduction cycle, over a period of

four days.
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7.2 Experimental Methods
7.2.1 Fluorinated Surfactants

Some of the most commercially utilized PFCs aeedlasses of fluorinated
surfactant, in particular the anionic perfluorirthgeirfactants [4-5]. In addition, some
perfluorinated surfactants are byproducts in fluated telomer alcohols and carboxylic
acids (fluorotelomers) production [6], with someditotelomers believed to
environmentally degrade into perfluorinated sudats [7-9]. For these reasons, pure
analytical standards of these classes of compoargdsecessary for any detection
method.

Mixtures of 28 anionic fluorinated surfactant stamidawhich were supplied by
the Yamashita research group at AIST, were usedtasnal standards (for construction
of calibration curves) and internal standards ¢faking of recovery samples). A
summary of the names, abbreviations, and structaresach fluorinated surfactant is

located in Table 7.1.
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Table7.1: Summary of names, abbreviations, and structurethéperfluorinated
compounds (PFCs).

Name Abbreviation Structure
Perfluoroalkyl sulfonates (PFAYS):
Perfluoroethane sulfonic acid PFEtS F(CF),S05
Perfluoropropane sulfonic acid PFPrS F(CF)3S05
Perfluorobutane sulfonic acid PFBS F(CF)4S05
Perfluorohexane sulfonic acid PFHxS F(CFR)eSOs
Perfluorooctane sulfonic acid PFOS F(CF)sSO5
1H,1H,ngﬁlo—lniﬁ):e;ilijdorooctane THPFOS F(CFy)e(CHy)2SOs
Perfluoroalkyl carboxylic acids (PFCA):
Perfluorobutyric acid PFBA F(CR,)sCOO
Perfluoropentanoic acid PFPeA F(CR)4CO0
Perfluorohexanoic acid PFHxA F(CR)sCOO
Perfluoroheptanoic acid PFHpA F(CR)sCOO
Perfluorooctanoic acid PFOA F(CR);COO
Perfluorononanoic acid PFNA F(CR)sCOO
Perfluorodecanoic acid PFDA F(CR)oCOO
Perfluoroundecanoic acid PFUNDA F(CR)1,CO0O
Perfluorododecanoic acid PFDoDA F(CR)1:.CO0O
Perfluorotetradecanoic acid PFTeDA F(CR)13CO0
Perfluorohexadecanoic acid PFHxDA F(CR)1sCO0
Perfluorooctadecanoic acid PFODA F(CR)1;,CO0
13C labeled Perfluorooctanoic acid  *C-PFOA F(CE)ngCFZISCOO'
Fluorinated telomer alcohols and carboxylic acids (FTOH and FTCA):
1H,1H,2H,2H-perfluoro-1-decanol 8:2 FTOH F(CR)s(CHp)20
1H,1H,2H,2H-perfluoro-1-dodecanol 10:2 FTOH F(CR)10(CHy),0
1H,1H-perfluoro-1-octanol 7:1 FTOH F(CR);CH,O
1H,1H-perfluoro-1-undecanol 10:1 FTOH F(CR)1,CH,O™
8:2 fluorotelomer acid 8:2 FTCA F(CF,)gCH,COO

8:2 fluorotelomer unsaturated acid 8:2FTUCA  F(CFR,);CF=CHCOO

Fluor ooctane sulfonamides (FOSA):
Perfluorooctane sulfonamide PFOSA F(CR,)gSONH™

N-ethylperfluorooctane -
sulfonamidoacetate N-EtFOSAA  F(CR)sSON(CoHs)CH,COO0

N-ethylperfluorooctane sulfonamide N-EtFOSA F(CR,)gSON(CoHs)
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7.2.2 Wastewater Samples

The Yamashita research group at AIST providedessgrtative waste water
samples for this study. The waste water sampldshban previously collected from a
perfluorooctane sulfonate (PFOS) manufacturingtpladapan, prior to the arrival of the
author. Multiple samples were taken from inside waste water treatment tanks (sites
A0 — A3 and BO — B3), as well as one location frastream adjacent to the facility (sites
G1 - G2) into which the waste water was dischardewke to the hydrophobic and
hydrophilic nature of surfactants, a higher conitn of surfactants is expected at the
water/air interface [10]. Based on this informatiovaste water samples were taken at
depths between 0.0 — 50.0 cm from the surface. psmvere collected one day prior to
production (J23) and three subsequent days (J26)-diiring production of PFOS. The

waste water samples were stored in 1.0 L polypeymy/kcontainers with screw tops, and

were kept in a refrigerator at a temperature 6f24°C before extraction.

7.2.3 Sample Extraction and Preparation

For the purpose of this study, the waste watepsesnwere separated into smaller
aliquots for extraction. The stored 1.0 L samplese allowed to equilibrate to room
temperature and mixed by inversion, to insure atewsampling. After inversion, two
100 mL aliquots of stored waste water samplesgites BO — B3 and G1 — G2) were
placed into two clean polypropylene containers \sitrew tops. After inversion, two 1.0
mL aliquots of A0 — A3 samples were placed into thean polypropylene containers
with screw tops, and diluted to 50 mL with methan®he water samples were kept

refrigerated over the course of the study.
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All water samples were extracted utilizing the gtand methods of the Yamashita
group [11]. Prior to extraction, the water samplese allowed to equilibrate to room

temperature and mixed within the bottles by invarsiNext, the samples were treated by
solid-phase extraction using weak anion-exchangedages (Waters Oas@‘fsWAX) in

order to isolate any extractable anionic fluoridederfactants. Prior to loading a water
sample, the cartridge was preconditioned by washitig4.0 mL of 0.1 % NKBOH in
methanol, 4.0 mL methanol, and 4.0 mL of Milli-Q erat a rate of 2 dropéls The

waste water sample (50 — 100 mL) was then loadé&altbe cartridge at a rate of 1 drop
st The cartridge was prevented from drying outmyithe preconditioning and water

loading phases. After the water loading, the mhy&r was subsequently washed with 4.0
mL of 25 mM acetate buffer (pH 4.0) and then driedarvacuum pump. To elute the

target fraction, the cartridge was eluted firstwdtO mL methanol and then with 4.0 mL
of 0.1 % NHOH in methanol at a rate of 1 dro_pl,sand the target fraction was collected
in a 10.0 mL graduated polypropylene vial. Theuowh was eluted a second time with
4.0 mL of 0.1 % NHOH in methanol and the eluant was collected inpasde

polypropylene vial; to ensured the elution of aliget compounds. Diluted extract
samples were prepared by taking 0.1 mL of the etadafractions and diluting to 10.0

mL with methanol in a graduated polypropylene vighe extracted fractions and diluted
extract samples were kept refrigerated at2°C until they could be analyzed. Prior to

analysis, 10@.L aliquots of the extracted samples were transfielwgoolypropylene LC

autosampler vials.
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7.24 Experimental System

The water samples were analyzed using high-pedooa liquid chromatography
with tandem mass spectrometry (LC-MS/MS). The LC-MSA¥Stem used in this study
was specially modified to replace all componeng tould potentially introduce
interferences (e.g. fluorinated polymers, Teflobing, etc.), thereby permitting reliable
detection of PFCs down to the picogram (pg) le%@l[ Samples (10 pL) were injected,

via an autosampler, into the liquid chromatogragystem (Agilent, Model HP1100) and
onto a Keystone Betasil;greversed-phase octadecylsilica column (2.1 mnxi%D mm
length, 5.0um particle size). The mobile phase consisted2x0anM aqueous
ammonium acetate buffer with a 10 — 100% metharaalignt at 30QuL min %, The LC

effluent was directed via an electrospray interfaca Micromass Quattro |l tandem
mass spectrometer (Waters). The MS/MS system waatepdn the negative ion mode
with fixed MS/MS transitions to detect the individiECs.

Five functions were used for the detection ofdharacteristic MS/MS transitions
for the individual PFCs, which had been previouslized by the Yamashita research
group at AIST. The total ion chromatogram (TICy éach function, during a PFC
standard mixture injection, is shown in Figure 7The TIC for each function is
comprised of chromatograms for multiple MS/MS traosg. For brevity, only the
individual chromatograms for the PFCs detectediwifilinction #3 are shown in Figure

7.2

205



Figure7.1: Total ion chromatogram (TIC) for the five detectifunctions during a PFC
standard mixture injection. Detection functiorgl (A), #2 (B), #3 (C), #4 (D), #5 (E).
For interpretation of the references to color is #nd all other figures, the reader is

referred to the electronic version of this disdeyta
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Figure 7.1
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Figure 7.2
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Figure7.2: Individual chromatograms of the characteristic MS/transitions detected
by function #3, during a PFC standard mixture itiggt  Chromatograms: TIC of

function #3 (A), PFHpA (B), PFHXS (C), PFOA (BJC-PFOA (E), THPFOS (F),
PFNA (G), PFOS (H).
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7.25 DataAnalysis

In order to validate this method, procedural b&a00 mL of Milli-Q water) and
procedural recovery samples (400 mL of Milli-Q wasgiked with 16QuL of a 50 ppb
PFC standard mixture) were extracted and analyaeducrently with the waste water
samples. The data analysis for all blank, recqvamyg waste water samples was
performed using the MassLynx software. Calibratanves for the PFCs where
assembled based on detector response (peak arsa3 eencentrations of external

standards. The external standards where injett®d different concentrations (2, 10,
50, 200, 1000, 20000 ng_b. The concentrations of the target PFCs in &ivtlater

samples were quantified via comparison to thesereal calibration curves.

7.3 Results and Discussion

Over the course of this study, 28 individual P@&se identified and quantitated
in procedural blank, recovery, and waste water $asnpRecoveries for these known
PFCs ranged from 81 — 117 % for perfluoroalkyl suodftes, 75 — 133 % for
perfluoroalkyl carboxylic acids, and 64 — 112 % flaprooctane sulfonamides and
alcohols. Concentrations of these known PFCsarbtAnk samples were below the limit
of quantification (LOQ), with the exception for flaorobutyric acid (PFBA). The LOQ
was determined from the lowest standard conceaotratithin + 20 % relative standard
deviation from the calibration curve. Upon anaysi the waste water extracts, PFOS,
perfluorooctanoic acid (PFOA), and PFBA were thly &Cs detected at concentrations
above their LOQ on a consistent basis in the dilsmples. As such, only these three

PFCs are discussed in further detail in the folfa\sections. A summary of
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characteristic MS/MS transitions, LOQ, limit of ddten (LOD), and slopes and’R
values of the calibration curves for all the PFE€bcated in Table 7.2.

7.3.1 Detection of Perfluorooctane Sulfonate

As stated in Section 7.2.5, the concentratiorth@target PFCs in the water
samples were quantified based on comparison of @ess to calibration curves
constructed from external standards. For brethigy,individual chromatograms of PFOS
from injections of water samples and a 1.0 ppb Bfa@dard mixture are shown in Figure
7.3. In comparing the chromatograms of water samahd PFC standard mixtures,
shifts in peak retention times of the target PF@ésavwobserved. However, the general
peak shape was maintained. Base on these obsevatie peak area for each target
PFC was determined based on peak shape and peatiaettime. The calibration curve
and the residue graph (used to determine the LOXPFOS are shown in Figure 7.4.

From Figure 7.4, a linear relationship betweenpibak area and concentration of PFOS
is observed, where thé’Ralue is 0.9999 (Table 7.2). PFOS had a LOQ oﬁgo_l

and % recovery of 103 £ 12 (where % recovery iavarage of six recovery samples).

The PFOS concentration results, corrected foridiufiactor, are summarized in Figure

7.5. On the day prior to production (J23), coneigns ranged from 4.0 — 1) L in
the first treatment tank (A0 — A3), 65 — 265 n_d In the second treatment tank (BO —

B3), and 205 — 250 ng_ﬁ in the adjacent stream (G1 — G2). On the firgtafaPFOS
production (J24), concentrations in the first tneat tank increased dramatically, as high

as 520ug L_l, but decreased on the second (J25) and third pfadction days to 5.5 —

41pg L7t
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Table7.2. Summary of calibration curve slope an%l\l%.lues, characteristic MS/MS
transitions, limit of quantification (LOQ), and litrof detection (LOD).

Slope 2 - LOQ LOD
PFCs F# (intertr:)ept) R Transition (m/z) (ng L'l) (ng L'l)
Perfluoroalkyl sulfonates (PFAYS):
PFEtS 1 5.21 (33) 0.9997 198.80— 79.80 50 8
PFPrS 1 8.41 (35) 0.9996 248.90— 79.60 10 1
PFBS 2 6.94 (0.0) 0.9979 298.70— 79.70 50 1
PFHXS 3 6.94 (4.5) 0.9985 398.70— 79.70 50 1
PFOS 3 6.11 (0.0) 0.9999 498.60— 79.70 10 1
THPFOS 3 8.35 (0.0) 0.9999426.70— 406.70 200 0.5
Perfluoroalkyl carboxylic acids (PFCA):
PFBA 1 20.2 (804) 0.9994 212.80— 168.80 50 7
PFPeA 2 23.2 (-61) 0.9992262.80— 218.70 50 1
PFHxA 2 20.6 (0.0) 0.9975 312.80— 268.80 50 0.5
PFHpA 3 25.7 (46) 0.9990 362.80— 318.80 10 1
PFOA 3 30.0 (0.0) 0.9927 413.00— 368.70 50 2
PFNA 3 17.3 (22) 0.9994 462.70— 418.80 50 0.8
PFDA 4 15.0 (28) 0.9933512.80—» 468.80 200 0.4
PFUNDA 4 19.8 (0.0) 0.9955563.00—~ 519.00 50 0.7
PFDoDA 4 17.7 (0.0) 0.9976612.70— 568.80 50 0.7
PFTeDA 5 16.1 (0.0) 0.9976712.90— 669.00 10 1
PFHxDA 5 9.17 (0.0) 0.9973812.90— 769.30 50 1
PFODA 5 9.01 (41) 0.9999912.90— 869.00 10 7
¥c.proA 3 28.2(0.0)  0.9990 414.90— 369.90 10 2
Fluorinated telomer alcohols and carboxylic acids (FTOH and FTCA):
8:2 FTOH 5 0.15 (11) 0.9936463.00— 354.80 200 100
10:2FTOH 5 0.09 (0.0) 0.9841563.50— 455.10 200 100
7:1 FTOH 5 0.16 (19) 0.9569398.90— 218.90 200 40
10:1 FTOH 5 1.64 (0.0) 0.9966549.00— 369.00 200 10
8:2 FTCA 4 1.66 (0.0) 0.9762477.00—~ 393.00 50 2
8:2FTUCA 4 41.9 (0.0) 0.9991457.00— 393.00 50 0.4
Fluor ooctane sulfonamides (FOSA):
PFOSA 5 30.0 (0.0) 0.9996 497.70— 77.70 10 0.5
N-EtFOSAA 4 4.80 (0.0) 0.9993583.90— 418.70 200 10
N-EtFOSA 5 30.9 (0.0) 0.9994525.90— 168.90 2 0.3

F#... Detection function number.
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Figure 7.3
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Figure7.3: Individual chromatograms of PFOS from injectiaf$FC standard mixture
and water samples taken during the second day ©BR#oduction. Chromatograms:
1.0 ppb PFC standard mixture (A), water sample faolijacent stream site G (B), water
sample from second treatment tank B (C), water safnpm first treatment tank A (D).
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Figure 7.4

I

=)

S

()]

(]

e

12000

S

= 10000

5

S 8000

S

g 60000-

S 4000

o

X 20000
0

0 2000 4000 6000 8000 1000D2000140001600018000

Concentration (ng 1)

Figure7.4. External calibration curve (bottom graph) anddes graph (top) for PFOS.

213



Figure7.5: Concentration (ng_l_l) of PFOS in two waste water treatment tanks (sites

AO — A3 and BO — B3), as well as in an adjacemastr into which the waste water was
discharged (sites G1 — G2). Samples were collemmtedday prior to production (J&B

and three subsequent days during production of RBQ& — J25 J2€.).
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Concentrations in the second treatment tank alseased during production (in
comparison to J23), but remained relatively cortstaar all three production days (J24 —
J26) at 6.7 — 43¢ LY. The PFOS concentrations in the first treatmank (A0 — A3),

on the second and third production days, were airul that in the second treatment tank

(BO — B3) over all three production days. Finaifythe adjacent stream into which the

effluent was discharged (G1 — G2), PFOS conceantrdéivels generally increased from
2.2 -3.2ug9 L™ on the first production day to 4.5 — 8 L™ on the third production
day. The PFOS concentration levels in the streane i0- to 50-fold higher during
production (J24 — J26) than prior to productiorB(J205 — 250 ng _I_l). All
concentration levels, once corrected for dilutirre significantly larger than the LOQ,
which was 10 ng ' An adjusted LOQ for PFOS was determined by iplyitig the

LOQ by a factor of 100. Only the sites G1 —G2 BOd- B3 on the day prior to PFOS
production, and the BO site on the first day ofduction, had PFOS concentration levels
below this adjusted LOQ.
7.3.2 Detection of Perfluorooctanoic Acid

The calibration curve and the residue graph (tsetktermine the LOQ) for

PFOS are shown in Figure 7.6. From Figure 7.6eat relationship between the peak

area and concentration of PFOA is observed, wher& value is 0.9927 (Table 7.2).

PFOA had a LOQ of 50 ng_ﬁ and % recovery of 108 = 7 (where % recovery is an

average of six recovery samples).
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Figure 7.6
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Figure7.6: External calibration curve (bottom graph) anddes graph (top) for PFOA.
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The PFOA concentration results, corrected for dilufactor, are summarized in

Figure 7.7. On the day prior to production (J28)ncentrations ranged from 25 — 4@

L™t in the first treatment tank (A0 - A3), 180 — 52§§)Ln_1 in the second treatment tank

(BO — B3), and 345 — 600 ng_}_in the adjacent stream (G1 — G2). On the firgtafa
PFOS production (J24), the concentrations of PROWe first treatment tank increased
dramatically, as high as 53& L_l, but decreased on the second (J25) and third (J26)
production days to 27 — 5 LY. Concentrations in the second treatment tank also
increased during production (in comparison to JA3) remained relatively constant over
all three production days at 1.4 — 51@[1. The PFOA concentrations in the first

treatment tank (AO — A3) were consistently an oafanagnitude higher than in the
second treatment tank (BO — B3) over all three petidn days. Finally, in the adjacent

stream into which the effluent was discharged (&32), PFOA concentration levels
remained relatively constant at 1.6 — BgBL_l over all three production days. The
PFOA concentration levels in the stream were B-told higher during production (J24
—J26) than prior to production (J23, 345 — 60(]).?119 in of PFOS. All concentration
levels, once corrected for dilution, were signifitg larger than the LOQ, which was 50
ng L' An adjusted LOQ for PFOA was determined by rplytng the LOQ by a factor

of 100. All sites had PFOA concentration levelbiethis adjusted LOQ, with the

exception of sites A0 — A3.
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Figure7.7: Concentration (ng_l_l) of PFOA in two waste water treatment tanks (sites

AO — A3 and BO — B3), as well as in an adjacemastr into which the waste water was
discharged (sites G1 — G2). Samples were collemmtedday prior to production (J&B

and three subsequent days during production of PEQ4A — J25 — J2€).
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7.3.3 Detection of Perfluorobutyric Acid
The calibration curve and the residue graph (tseltermine the LOQ) for

PFBA are shown in Figure 7.8. From Figure 7.8nedr relationship between the peak

area and concentration of PFOS is observed, wherEtvalue is 0.9994 (Table 7.2).

PFBA had a LOQ of 50 ng_ﬁ and % recovery of 122 + 4 (where % recovery is an

average of six recovery samples).

The results for PFBA are not shown here. GenertidyPFBA concentrations in
the waste water extracts were similar to thosedaarthe blanks (5.3 — 134y L_l). It

was therefore concluded that PFBA is a contamimatiite current procedure. Further
studies will be necessary to identify and elimirth& source of this contamination or, if

not possible, to provide statistically reliable gti@tion of PFBA in the blank.
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Figure 7.8
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Figure 7.8: External calibration curve (bottom graph) anddes graph (top) for PFBA.
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7.4 Summary

During this study, a specially modified LC-MS/MS ®ra was used to detect and
guantify the concentrations of known PFCs in watanples, which were sampled from
two treatment tanks of a perfluorinated surfactaahufacturer and an adjacent stream
into which the waste water was discharged intond@atrations for most of the known
PFCs were consistently below the LOQ in the dilgrttaction samples, with the
exception of PFOS, PFOA, and PFBA. Concentratadi3~OS and PFOA were
generally higher during the days of perfluorinasedfactant production than the day
prior to production. In the adjacent stream, PlE@& PFOA concentrations were also
higher during the days of perfluorinated surfacfaeduction than the day prior to
production. However, the PFOS and PFOA concentratin the stream were either less
than or equal to the concentrations in the secaadmhent tank.

Concentrations of PFBA in the water samples weteatled at the same levels as
in the blank samples. This suggests that PFBAneatly a contaminant. As the use of
PFBA in industry increases, further work in ideyitig and eliminating PFBA
contamination in blank samples needs to be pursagethat PBFA concentrations can be
reliably quantified in water samples. This techuigs robust, reliable, and fast (with a
sample run time of 20 minutes). As more PFC stalsdare made available, this
technique will allow for the reliable quantation#Cs in water samples, which can have

great impact on issues in regulating perfluorinaedactants.
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CHAPTER 8: CONCLUSIONSAND FUTURE DIRECTIONS

Although perfluorinated surfactants (PFSs) hawenhgilized since the 1950s, it
is only over the past decade that the number af@e@ewed publications related to
them has dramatically increased. However, the nigjof this literature remains
focused on either detection in the environmentctirgical effects in biota, or the
sources/fates in the environment. While sevetaliss have investigated the
solubilization of organic pollutants by PFSs, vaity no investigations have been made
into the transport effects of PFSs on co-contanigemthe environment. Through
understanding of these transport effects, inforomatian be gained about how the PFSs
interact with various organic pollutants in the konment. This information can be
utilized in models of risk assessment (e.g. contation at spill sites) or as a basis for
remediation techniques.

The research performed in this dissertation haglgao provide information to
fill in this gap in knowledge. Based upon the expental methods utilized, information
pertaining to the transport effects of PFSs onmigpollutants in a model groundwater
system was obtained through the use of reverseskedltpiid chromatography.

8.1 Experimental Methods

Chapter 2 details the experimental methods usetutty the transport effects of
PFSs on organic pollutants in a flow-through grouatgr system, as well as identify
various properties of the surfactants (i.e. crittn&celle concentration and aggregation
number). Reversed-phase liquid chromatography (RRd utilized as a model for a
flow-through groundwater system, with the resultaté¢ntion factors used to elucidate

transport effects.
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The main limitation of using RPLC to model a grdwater system is that several
properties of traditional RPLC stationary phasesdioresemble those of various soils.
These differences in properties (i.e. carbon cdrded surface area) can lead to retention
values (e.g. retention factors and equilibrium tants) and transport effects
unrepresentative of a groundwater system. To oweecthis limitation, a stationary
phase with properties that more closely resemltiedet of soil was chosen. The

pellicular stationary phase used in this reseaachahlower carbon content and surface

area (0.39 %, 6.0 ?’rg_l, respectively), than traditional octadecylsilitati®nary phases
used in RPLC (12 — 18 %, 200 — 406 gﬁl, respectively), which fell within the typical

range (0.11 — 6.09 %, 1.07 — 54.6 gﬁl, respectively) for various matrices (e.g. soils,

sediments, and suspended solids). The lower cartnatent of the pellicular stationary
phase allows for the elution of hydrophobic solytes polycyclic aromatic
hydrocarbons) in agueous mobile phases, whictradéionally highly retained in RPLC
systems, thus providing a more complete elucidaifdransport effects. The lower
carbon content also results in shorter retentimesi, allowing for a faster overall RPLC
experimental procedure.

Another contributing factor to the transport eféeaf PFSs on organic pollutants
is the critical micelle concentration (CMC) of eahfactant. As new PFSs are
developed, an understanding of their CMC is necgssas demonstrated in Chapter 2, a
conductivity method based on the use of capilléegteophoresis (CE) identified an
experimental CMC for sodium dodecyl sulfate (SDShimi 4.0 % error of the reported
literature value. Alternatively, when this methweds applied to the perfluorinated

surfactant, lithium perfluorooctane sulfonate (Li#¥), a CMC could not be determined.
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However, the results did suggest the possible foomaf dimers or trimers prior to the
formation of micelles, at concentrations below @MC. The possible formation of
dimers or trimers is also supported by the systeak pesults in Chapter 6. The use of
system peaks is an indirect method that uses retefatctors of system peaks to elucidate
surfactant interaction within the system. In aiddit differences in surfactant isotherms
are observed indirectly through differences indheomatographic profile of the
surfactants. The interaction of dimers or trimeith the stationary phase (or soil) can
change the surface chemistry, thus changing tiepat of organic pollutants within a
groundwater system.

Experiments in Chapters 2 and 6 sought to prowifbemation on the transport of
the surfactants in the experimental system (iraodel groundwater system). A series of
experiments beyond those presented within Chaptarsl 6 is needed to further describe
the interactions of PFSs within a model groundwsystem. One experiment should
evaluate the direct adsorption of different PFSegatitous stationary phases over a range
of surfactant concentrations. For this experimtmg,batch equilibration method could
be utilized to determine the mass of surfactanbdmsl per unit mass of stationary phase.
The main limitations using this method would beleed for large quantities of
stationary phase packing material and the longliegation times.

A second experiment should evaluate the direnspart of PFSs in the model
groundwater system, using RPLC with mass spectmgrdetection. The retention
factors determined from the injection of aqueouS Bé&lutions in a pure water mobile
phase would give information on the direct transpdPFSs within the experimental

system. Limitations of this type of study mightlbag retention times of the surfactants
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(leading to long experimental analysis) and thedrfeestationary phases that closely
resemble soll.
8.2 Transport Effectson Neutral Organic Pollutants

Chapters 3 and 4 detail the transport effectsadehsurfactants (e.g. SDS and
LIPFOS) on a series of neutral substituted benzengounds and polycyclic aromatic
hydrocarbons (PAHS), using agueous surfactant m@hidses both above and below
their CMC. In both Chapters 3 and 4, the elutiateoexhibited by the model pollutants
implies that their transport is dominated by thgipan mechanism; with the addition of
a surfactant acting to either enhance or deteradivieansport.

As shown in Chapter 3, increasing the concentraiid®FSs above the CMC
increased the overall transport of a neutral orpollutant in a groundwater system.
However, pollutant transport decreased as the nyraize, and polarizability of halogen
substituents increased. In terms of PAHSs, tranispemreased as the ring number
increased. Non-polar organic pollutants displayeshter interaction with hydrocarbon
surfactants (HCSs) than PFSs, resulting in dimadsinansport effects for PFSs when
compared to HCSs. The inclusion of fluorine aslastituent caused the model pollutant
to have a greater affinity for PFSs than HCSs.

As shown in Chapter 4, the addition of a surfagtaelow its CMC, will have a
differing and noteworthy contribution to the traogpeffects of organic pollutants.
Increasing the concentration of PFSs below the Ci@ased the overall transport of
neutral organic pollutants in a groundwater systéfowever, pollutant transport
decreased with increasing concentrations of HC&s\the CMC. As surfactants are

added to a system devoid of surfactants, the gariamonomers adsorb to the stationary
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phase (or soil). The adsorption of HCS monomeused the stationary phase to become
more hydrophobic. This hydrophobic environmentety decreased transport of non-
polar neutral organic pollutants, due to interacti@tween the pollutant and the HCS
monomers adsorbed onto the stationary phase. Howte adsorption of PFS
monomers caused the stationary phase to becomeraoéhhydrophobic and lipophobic.
This environment leads to increased transport ofpaar neutral organic pollutants, due
to less interaction between the pollutant and PBSamers adsorbed onto the stationary
phase. However, fluorinated pollutants experiateeased transport due to greater
interactions with adsorbed PFS monomers on thstaly phase.

A series of experiments in addition to those pre=gin Chapters 3 — 4 is needed
to completely identify the transport effects of BFEf neutral organic pollutants. These
experiments should evaluate the transport effenised by varying different aspects (e.qg.
head group) of the perfluorinated surfactant wtizn RPLC. By systematically varying
the perfluorinated surfactant utilized, and obseg\the retention values, a more complete
understanding of the transport effects of PFSseartral organic pollutants in a
groundwater system can be obtained, both abovéelod/ the CMC.

8.3 Transport Effectson lonic Organic Pollutants

Chapter 5 details the transport effects of modairac surfactants (i.e. SDS and
LIPFOS), below their CMC, on a series of cationmnaatic amines. The overall elution
order exhibited by the amines implies that theingport can be explained via a partition
mechanism. However, the addition of the surfastaritoduces transport effects due to
ion-pairing and ion interaction mechanisms. Inoadance with ion-pairing

chromatography, the transport of the cationic gahits greatly decreased as the
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concentration of the anionic surfactant increas&slthe concentration of surfactant in
the mobile phase increased, there was a corresgpmtirease in the amount of
surfactant monomers adsorbed on the stationaryephBEse cationic amines interacted
with the adsorbed surfactant monomers, were higdthined on the stationary phase, and
exhibited decreased transport.

A series of experiments beyond those present&thapter 5 is needed to expand
upon the transport effects of perfluorinated sudats on cationic pollutants in a

groundwater system. The first experiment shoubduate the transport effects caused by

varying the head group of the perfluorinated sudiats. Sulfonates (-SO and
carboxylates (-COQ are the head groups of the most commonly utiiRE&s. The
head groups of lesser utilized PFSs include s&#fat®SQ ), phosphates

(-OP(OR)O ), and sulfonamides (-S8R ). While fluorinated telomer alcohols

(—OH) are precursors to PFSs, their inclusion ilR&b.C study would be impractical due
to their high volatility. The PFS utilized in thissearch contained a sulfonate head
group. For a more complete understanding of tramsgifects, a RPLC study using a
PFS with a carboxylate head group should be corduartd compared to the results
presented here.

A second experiment should evaluate what chamge®bile phase composition
will have on the transport effects of anionic pgofinated surfactants on cationic
pollutants. As stated in Section 5.3.2, sincectit@onic aromatic amines were highly
retained in aqueous surfactant mobile phases,ganirco-solvent (i.e. methanol) was

added to the mobile phases in order to facilithteéan of the amines. It has been

reported in literature [1,2], that the pKf substituted anilines vary depending on the
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solvent. A study that determines theja the substituted anilines in various

methanol/water solutions would provide informatregarding the protonation state of
the amines, and would contribute greatly to an tstdading of the interactions between
the cationic amines and adsorbed surfactant morsoutéized in this research.
8.4 Future Directions

Based on the research presented in this dissertdiiere still remain several
noteworthy areas of investigation. The followirggons (Sections 8.4.1 — 8.4.3) give a
brief overview of those areas of study.
8.4.1 Transport Effectsof Short-Chain Perfluorinated Surfactants

Due to their thermal and chemical stability, lestgain PFSs tend to be more
resistant to environmental degradation, and thud te bioaccumulate. As such, the
development [3] and use of short-chain PFSs (@dan chain lengths less than 6) have
been on the rise, as they are believed to undergocommental degradation more readily.

A series of experiments could be performed tduata the transport effects on
organic pollutants caused by varying the chaintleio§ the surfactant utilized in RPLC.
As stated previously, the model perfluorinated actednt used in this research was a long-
chain surfactant, consisting of eight carbons.efAes of aqueous PFSs mobile phases,

both above and below the CMC, could be used toddteiwhat effect varying the chain
length between £ CG; would have on pollutant transport in a groundwatestem. As

the chain length decreases, the solubility in wai#trincrease, thus having a direct
impact on transport of organic pollutants. Asc¢hain length decreases, the CMC of the
surfactant increases, thus the transport effedtsvtne CMC become more important.

In addition, a shorter chain surfactant monomel hale less interaction with the
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stationary phase (e.g. soil). This decreasedadoten will lead to less adsorbed
surfactants, and increased transport effects eontafpollutants (in comparison to a
longer chain surfactant).

8.4.2 Transport Effectsof Mixed Surfactant Solutions

In some applications the use of a single surfadsaunsuitable, and there is a
need for a binary mixture of surfactants. The kymaixture can accomplish applications
that neither surfactant can perform alone. Thatyimixture can enter the environment
in a similar fashion as the individual surfactamatsd thus contribute to the overall
transport of environmental co-contaminants. A sdapny means of developing a binary
mixture is through the mixing of separate surfatdareleased into the environment as
waste. It therefore stands to reason that binaxyunes of surfactants already exist
within the environment to varying degrees. Thuesdffects of a binary mixture of
surfactants on the environmental transport of ptast organic pollutants need to be
investigated.

In a review by Noriaki Funasaki, the topic of wiethydrocarbon and
fluorocarbon surfactants mix either completely artally is discussed [4]. Due to the
differences in chemical and physical propertiebyafrocarbon and fluorocarbon
surfactants, the mixing of HCSs with PFSs is belteio be nonideal. In a study
conducted by Barthélémy et él?F-NMR and UV-visible absorbance spectroscopy were
utilized to determine the miscibility of surfactanixtures as a function of total surfactant

concentration over a range of hydrocarbon-fluoregarratios [5]. Both th&F-NMR

and UV-visible absorbance results identified thatestinct regions. The first region takes

place below the CMC of both surfactants. It cossidtthe surfactants existing as
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monomers. The latter two regions are defined bydifferences in the CMC values of
the surfactants. The second region takes placeeadhe CMC of one surfactant (i.e.
PFS) but below that of the other (i.e. HCS). hssts of micelles enriched by the lower
CMC surfactant and monomers of both surfactants tfind region takes place above
the CMC of both surfactants. It consists of twoetypf micelles (one enriched by PFS
and the other by HCS) and monomers of both suriégteSince the micelle is a dynamic
system, and monomers move between it and the bllkian, a micelle can contain
monomers of both surfactants. It has also beegesigd that a single mixed micelle can
form when the CMCs of the pure surfactants are wighiactor of 3 of each other [6].
However, if the surfactants are completely immikxi{lne. no mixing of the surfactant
monomers in the micelle), then the micelle willypobntain monomers of an individual
surfactant. The formation of these various regioay have little or no effect on
transport or may lead to synergistic transporta$fen co-pollutants [6]. The synergistic
effect on the solubilization of PAHs by mixed mieelsurfactant solutions (i.e. anionic
hydrocarbon/nonionic hydrocarbon) has been repantéae literature [7].

A series of experiments could be performed to eatalthe transport effects of a
mixed surfactant solution on organic pollutant$ie Transport effects could be elucidated
based on changes in pollutant retention factora,fasction of total surfactant

concentration over a range of perfluorinated/hydrbon surfactant ratios. The use of
RPLC, in conjunction with data from eithBF-NMR or UV-visible absorbance studies,

would provide this information. Several aqueousileophases, consisting of a common
type of binary surfactant mixture (i.e. anionicfherinated/anionic hydrocarbon or

anionic perfluorinated/nonionic hydrocarbon), shibloé tested. By identifying the extent
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to which binary mixtures effect the transport ofamic pollutants, parameters can be
developed to increase the ability of environmentatieling systems to better model sites
where mixed surfactant contamination is a high jpdgg. Alternatively, the

information could be used in groundwater remedmatechniques, in order to tailor a
pumping solution to effectively remove particulaganic pollutants.

8.4.3 Transport Effectsof a Perfluorinated Stationary Phase

In the environment, hydrocarbon surfactants amoi onto the surface of saill,
presenting a new surface to organic pollutantstibatdifferent chemical and physical
properties compared to the native soil. This ph&grmon would also apply to
fluorocarbon surfactants (i.e. PFSs) as well. BLR, fluorocarbon surfactant monomers
will adsorb onto the stationary phase, thus fornaimgew stationary phase.

In order to gain a greater understanding of partsffects that adsorbed
fluorocarbon surfactants have on organic pollutaatseries of experiments need to be
performed. The first experiment should evaluagerdiention of model neutral organic
pollutants in a RPLC system utilizing various comeredly available fluorinated
stationary phases, with pure water as the mobigs@h Commercially available
fluorinated stationary phases have been previaissyd in literature [8-11], as well as in
various liquid chromatography applications [12heTmost common types of fluorinated
stationary phases either consist of a partiallgrfhated alkyl chain, a chain ending with
a perfluorophenyl group, or a perfluorinated linabkayl chain. The perfluorinated linear
alkyl phase could be used as the stationary pmea&PLC system, and the retention

values can be compared to the results presentedapters 3 — 5. The perfluorinated

linear alkyl stationary phase has @dbain length with the particles being 5.0 pum in
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diameter, having a 300 A pore size, 5.0 % carbamern, and 100 an_l surface area.

This would more closely resemble soil with a cortgkurface coverage of
perfluorinated surfactant monomers. In addititve, properties of this stationary phase
are comparable to the stationary phase used torpethe research in this dissertation
(Section 8.1), thus allowing for a direct companmisd transport effects.

A second experiment could evaluate the reterdfanodel organic pollutants in a
RPLC system with a perfluorinated stationary phaggle utilizing aqueous surfactant
solutions as the mobile phase. Agueous HCS andsBle8ons similar to those utilized
in Chapters 3 — 5 could be used for this type wdgt This study would provide
information into the interactions of the pollutabetween the surfactant mobile phase
and the perfluorinated stationary phase. This bfpexperiment would most likely
provide the closes approximation of the transpifeices experienced by organic
pollutants in a groundwater system containing perfhated surfactants or a mixture of

perfluorinated and hydrocarbon surfactants.
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