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Abstract 

Fluorinated surfactants, perfiuorocarboxylic acids in particdar, have becorne increasingly 

popuiar in numerous industrial and domestic applications although little is known about 

their environmental fate. The pqmse of the study was to measure the physical properties 

(vapour pressure, vp, and Henry's Law constant, KH) of rhe protonated form of 

perfluorocarboqlic acids. In order to supplement the determination of these physical 

properties, a series of simple and novei methods for the separation and detection of 

perfiuorocarboxylates and perfluoroaiky l su1 fonates by ion chrornatography (IC) were 

developed. Mixtures of perfiuorocarboxylates ranging in chah length from 

perfluoropropionate to pettluorodecanoate, as well as peffluorohexyl sulfonate and 

peffluorooctyl sulfonate were separated using either an isocratic anion exchange 

separation method or a gradient reverse phase method. It was found that separation and 

method application (anion exchange vs. reverse phase) was dependent on the length of 

the perfluoro portion of these compounds. Anion exchange separation was appropriate 

for shorter chah compounds while reverse phase was better for longer chained perfluoro 

compounds. Once deveioped, the KH was detennined using an acidified water method 

while vp was determineci using the boiling point method. Resuits fiom the physical 

property determination expiments show the unique attn'butes of the carbon - fluorine 

bond, and the peffluoro chin Vapour pressure resuits showed little deviation with 

increasing perfluoro chain length while Henry's Law constant resuits showed an 

inflection in the volatiiity of perfiuorocarboxylic acids, with a maximum vaiue at 

peffluoropentanoic acid. 
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Chapter 1 

Introduction 



1.1 Introduction 

Recently, interest in the environmental measurement of anionic peffluorinated 

surfactants has increase. Two particuiar classes of anionic peffluorinated surfactants, the 

peffluoroalkyl suifonates and peffluorocarboxylates, have received increase attention. 

This has primarily been based upon on the decision by the 3M Co. to discontinue the use 

of perfluorinated surfactants in its ScotchGard formulation'. According to 3M Co., this 

was a preemptive decision so that production and eventual release in the environrnent 

would not reach toxicologically significant levels. However, since the tendency of these 

chemicais to partition in the environrnent is unknown, toxicologically significant levels 

may have aiready been reached in certain environrnents. Thus, there is a clear need to 

determine the parhtioning of these compoundç in the various compartments in the 

environrnent. 

1.2 Applications and Synthesis 

The use of perfluorinated surfactants in both industrial and domestic applications 

is immense. This includes adhesives, cleaners, coatings, as a surfactant in eiectroplating 

and glass etching processes, f i e  - fighting foams, greases and lubricants, oil and solvent 

repellents in papa products, and fabric protection form~at iod .  Although the direct 

application of PFOS is common in fire - fighting foams and coating additives, accordhg 

to 3M Co., the peffluorooctyl sulfonyl flouride (PFOS - F) is the more commonly sold 

form of perfiuorinated surfactants. In the year 2000, production of PFOS - F for 

commercial sales was estimated to be at 3.6 million kilograms, while PFOS was 

approximately 23000 kilograms over that same pend3. The peference of PFOS - F over 

its hydrolysis product, PFOS, is likely to be due to the ease of M e r  reaction of 



PFOS - F to fonn the intermediates N - methyl or N - ethyl perfluorooctane sulfonamide, 

which is a common precursor for commercial products. The synthesis of perfluorinated 

compounds, or compounds containing a perfiuorinated portion is primarily through two 

processes, telomerization and electrochemical fluorination. 

EIectrochemical fluorination involves the application of a current to a mixture of 

the organic compound to be fluorinated, and hydrogen fluoride. Aithough this process 

has been well studied and is employed in industry, the exact mechanism of fluorination is 

still not fuily understood. It is suspected that the compound follows a free radical 

mechanism as shown', 

In order to overcome the large activation energy barrier of this oxidation reaction, an 

inorganic or organic species is commonly added to increase the conductivity of the 

solution so that a larger voltage can be applied. The electrochemical fluorination process 

cm be applied to alkyl acid fluoride to produce the perîluorocarboxylic acid fluoride, 

by - products 

Depending on these conditions, low to moderate yields are generally obtained of a 

mixture of branched isomersJ. As mentioned, the acid fluorides can than be converted 

into their corresponding acid, salt, or a nurnber of other surfactant derivatives based upon 

the individuai companies formula The formation of the alkyl radical results in the 



production of a homologous series of both odd and even nurnber perfluorocarbons5, 

demonstrating the non - selective nature of this synthetic process. 

in contrast to the electrochemical technique, telomerization is the process by 

which a compound, known as a taxogen, is catalyzed to induce a radical chain reaction 

with a perfiuoro olefin, the telogen. Taxogens commonly used in this process are 

peffluoroalkyl iodide compounds due to the sensitivity of the carbon - iodide bond to 

photo induced hetero cleavage, or photo induced catalysis. For example, in the 

mechanism below, pentafluoroethyl iodide behaves as the trtuogen, and reacts with 

tetrafluoroethylene, the telogen, to produce a mi-xhue of only even numbered carbon 

perfluoroalkyl iodide compounds of various chain lengths6, 

CF,CF21 CF$F2. + I o  

CFpCF, + CF3CF,* - CF3CF2CF2CF2* 

CF3CF2CF2CF2. + CFF CF, - CF3CF2CF2CF,CF,CF, 

CF3CF2[CF2CF2],,. + CF3CF21 - CF3CF,[CF2CFJ,~ + CF3CF2* 

The resulting product, CF3CF2[CFZCFZInIt is than reacted with ethylene in the presence of 

a free radical catalyst to form the perfluoroalkylethyl iodide, which can then undergo 

fùrther reaction to produce both the partially perfluorinated, as well as the peduorinated 

surfactant product Since this process ody produces even numbered perfluorocarùon 

compounds, there is a distinction between the products produced via telomerization and 

electrochemical fluorination 



1.3 Toxicology 

The toxicity of perfluorocarboxylates and peffluoroalkyl sulfonates has been weIl 

documented. Laboratory rat toxicity studies suggest that peffluorocarboxylates and 

peffluoroakyl sulfonates bebave as peroùsome proliferators7'". That is, they induce 

enzymatic activity in the liver. One enzyme group that is parucular susceptible to 

proliferation is cytochrome P450, a group of enzymes found primarily in the endoplasmic 

reticulum of liver tissue, and amongst their many functions, is the oxidation of various 

xenobiotics. This metabolic process is the means by which xenbiotic compounds are 

modified in vivo, which either increases or decreases its toxicity. Since cytochrome P450 

exists as multiple isozymes with different substrate specificities, induction of a particular 

group may result in tissue specific toxicity; such is the case with peffluorooctanoate 

(PFOA). According to Biegel et al. 14, PFOA induced cytochrome P450 XIX, aromatase, 

which is responsible for the conversion of testosterone to estradiol. The increase in 

estradiol induced an increase in Leydig tumor ce11 production in the rats tested. It is 

suspected this increased Leydig ce11 production was associated with turnor growth by 

stimulating the clona1 expansion of spontaneously initiated cells. Lipid metabolism has 

also been show to be affècted by P F O A ' - ~ ~ - ' ~ . ' ~  . Haughom and ~ ~ d e v o l d "  suggeaed 

that the observed hypolipemic effect, the increase in hepatic lipid metabolism and 

subsequent decrease in semm lipid levels, is the r e d t  of reduced liver activity of 

hydroxymethyl glutaric acid - CoA reductase, and acyl - CoA cholesterol acyltransferase 

in wnjunction with the increase metabolism of fatty acids. Although, this effect is rarely 

toxic, pronoimfed weight loss in laboratory mice has been do~umented~~. 



Similar findings have been published for perfiuorobutanoate (PFBA) and 

8.10.17 perfluorodecanoate (PFDA) at inducing peroxisome proliferation . It would appear 

that the carboxylate functionality is essential for these effects, as the peduoroalkyl chain 

showed none of the observed effects of the per£luorocarboxylates'7. The fmdings suggest 

that any chernical consisting of a negatively charged fünctional group and a metabolically 

inert hydrophobic tail wouid behave in a similar marner in causing peroxisome 

proliferation'7. While the underlying patterns of toxicity for PFBA, PFDA, and PFOA 

are skilar, the onset and duation of toxicity are dependent on the perfluoro chah length. 

For example, PFOA causes an acute lethality but transient toxicity, while PFDA induces 

a more delayed lethality and has a persistent toxicity effectI0. 

PFOS appears to act under the sarne mechanism in inducing peroxisorne 

proliferation as the peffluorocarboxylates. This suggests that the effect is highly 

dependent on the presence of a negatively charged functional group, as opposed to 

carboxylate moiety alone, attached to a metabolically inert hydrophobic m~iety'~.  The 

potency of PFOS is comparable to that of PFOA, which is surprising as this suggests that 

PFOS - acyl CoA and PFOA - acyl CoA are both mutuaily formed fiorn acyl CoA 

synthetase. Such non - selectivity of the synthetase is surprising as the carboxylate and 

sulfonate moiety are chemically different. This challenges the traditional hypothesis that 

the first step is the formation of the thioester between the proliferator and coenzyme A ' ~ .  

Nonetheless, the ability of PFOS to act as a peroxisome proliferator has been supported 

by other cesearchers which demonstrated a decline in s e m  tnacylglycerols and 

cholesterol levels, both of which are associateci with hypolipemic effe~ts'~-". 

Comparable levels of pesoxisome proliferation was observed for PFOS, and PFOA with 



dosages of 0.05% w/w to male mice over a period of 5 daysi6. In contrast, PFDA was 

fomd to be far more potent, as a single dosage of 50 m@kg to rats resulted in sigmficant 

increases in liver enzyme activity. 

1.4 ûqpdation and Penistence in the Environment 

The stability of anionic perfluorinated surfactants to many harsh chemical 

environments is at lest  partially responsible for its attractiveness to many industrial 

applications. Indeed the stability was demonstrated when no degradation was observed 

for PFOS af?er digestion in a HN03/Hz02 solution for 48 hours (unpublished data). 

Since, no degradation occurred under these extreme oxidative conditions, one would 

postulate that these compounds do not oxidativeIy degrade in the natural environment. 

Biodegradation studies of perfluorooctyl sulfonate resulted in similar conclusions as no 

degradation of PFOS was observed under h t h  anaerobic and aerobic (reductive and 

oxidative) environ ment^'^.'^. Visscher et al.'' first demonstrated the reductive and 

oxidative degradation of TFA, the shortest homologue of the perfiuorocarboxylates, in 

soil. However, the mdy has yet to be repeated. Reîently, Kim er 01." demonmsted the 

reductive degradation of T'FA by an engineered microbid comrnunity over an extended 

perd .  The direct applicability of thts system to longer chained perfiuorocarhxylates is 

unknown; however, since this suite of compounds are similar in bond mngth, it is 

suspecteci that the longer chained homologues would degrade in the same fashion it is 

important to note that although biodegdation of TFA was observed in the laboratory, 

the kinetics of such degradation in nature is probably iminsignificant as the presence and 



growth of this microbial composition is small. Therefore, there does not appear to be a 

sink for these anionic peffluorinated surfactants in the environment 

15 Environmental Measurements 

In spite of the fact that there is a large variety of use of peffluorooctyl sulfonate 

and the peffluorocarboxylates, in combination with their suspected persistence in the 

environment, the amount published data pertaining to environmental measurements is 

surprisingly limited. Two of these studies measured the presence of these compounds in 

human plasma fiom the 3M Co. plant w ~ r k e n ~ ' ~ .  The tirst of which was origulslly 

published in the 1970s when Guy et aLu, measured PFOA in mg5 concentration levels. 

Olsen et aLE, later measwed PFOS also in the mgL level, in the workers of the same 

plant as well as the workers of their fluorochemical production plant in Belgium. 

Recently, Hansen et al.16, demonstrated the utility of negative ion electrospray liquid 

chromatography tandem mass spectromeûy by measuring both PFOS and PFOA in 65 

non - plant worker blood samples. Not surprisingly, the concentrations of PFOS in these 

generai population sera samples were far less, fiom 6.7 to 8 1.5 nglrn~'~,  than those of the 

plant workers, fiom 0.10 to 9.93 J J ~ / U I L ~ .  In tems of the physical environment, anionic 

perfluorinated surfactants have k e n  shown to be present at sites that have been 

contaminated by aqueous Uh fonning f~ams'"~'; perfiuorocarboxylates and 

perfiuoroalkyl suifouates of varying chain lengths were measured in ground and surface 

water. Recentiy, G e i g J O  has measured the accumulation of PFOS in wildlife. 

Concentrations of PFOS fiom 1 - 2570 ng/mL where measured in the liver and plasma of 

fis4 birds, aud aquatic mammais throughout the world2'. The study suggested that PFOS 



is not only globaily distributed, but also bioaccurnulating and persisting within food 

chains. 

1.6 Purpose 

The purpose of ths research was to determine the physicai properties of 

peffluorocarboxylic acids. It is hoped that by measuring the physical properties of the 

perfiuorocarboxylic acids, the mechanism of distribution and predictions of the 

environmental fate of these compounds can be made. 

In chapter 2, a rapid method for detection and separation using both reverse phase 

and anion exchange ion chromatography with conductivity detection is described. This 

section details the importance of properly selecting the set of columns based upon the 

chah length of both the perfluorocarboxylates and peffluoroalkyl sulfonates. Because 

development of these methods, in part, provides the methodologies for physical property 

detenination, it was necessary to complete this work first. 

In chapter 3, the vapour pressure and Henry's Law constants for a range of 

perfiuorocarboxylic acids (trifluoroacetic acid to perfluorooctanoic acid) were 

determined. The selection of the methods for physical property detemination was 

critical for these classes of cornpoumis. General trends observed in both the vapour 

pressure and Henry's Law constant measurements will be described 

The final chapter ties the results h m  the previous two chapters by indicating the 

significance of the fiadings to the distribution of the compound in the environment. 

Potential avenues for future work are presented, with importance placed on further 



physical properties determiuations. uicluded in the fiiture works section is an 

introduction to a separate suite of non ionic perfluorinated surfactants, focusing primarily 

on their potential rofe in the environmental distribution of these anionic perfiuorinated 

surfactants. 
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2.1 Abstract 

A senes of simple and aovel methods for the separation and detection of 

perfluorocarboxylates and peffluoroaIky1 sulfonates by ion chromatography (IC) is 

described. Mixtures of perfluorocarboxylates ranging in chain length fiom 

peffluoropropionate to perfluorodecanoate, as well as peffluorobeiexyl sulfonate and 

peffluorooctyl sulfonate were separated using either an isocratic anion exchange 

(quatemary ammonium column) separation rnethod or a gradient reverse phase (divinyl 

benzene column) method. Separation and method application (anion exchange vs. 

reverse phase) were found to be dependent on the length of the perfluoro portion of these 

compounds. Anion exchange separation was appropriate for shorter chain compounds 

while reverse phase was better for longer chained perfiuoro homologues. in comparing 

two ion chromatography instruments, systems employing a gradient in combination with 

higher hydroxide concentration showed improved chromatography and faster run times. 

2.2 Introduction 

The wide spread use of anionic perfiuorinated surfactants, in combination with 

their suspected persistence in the environment has lead to increased interest in their 

environmental measurement. One particdar group of anionic pefluorinated surfactants 

of growing interest are the perfluorocarboxylates and the peffluorosuIfonates. These 

compounds are components in many industrial and domestic applications including 

lubricants, aqueous f ie  nghting foams (AFFF), domestic &tant mixtures 

(ScotchgarP), and as an emulsiQing reagent for teflon synthesisl. 

Despite the wide use of these peffluorinated cartioxylates and sulfonates, little in 

the way of analytical and chromatographic techniques for their detection has been 



developed, due in part to the lack of suitable detectors for these compounds. Many 

researchers have avoided this problem by derivatizing the perfhorocarboxyfate into 

either a fluorescent species2 or the methyl ester for gas chromatography analysis3.', while 

direct measurement has k e n  limited to the use of "F EJMR'. Derivatization to the 

methyl ester is time consuming and has oniy been applied to perfluorocarboxylates. "F 

NMR on the other han4 has limitations as spectral overlap of the terminal CF3 group in 

mixed solution of perfluorinated surfactants hinders separation and detection of 

individual compounds. Recently Hansen et aL6, used HPLC - ESMSMS for the 

determination of pxfluorocarboxylates and peffluoroalkyl sulfonates in biological 

matrixes. Drawbacks of the system include its high cost, as well as extended periods of 

maintenance and equiIibration bme. The mass injected into the instrument must be in the 

picogram to nanogram range to ensure linearity in response as well as to minimize 

residual effects due to the low detection limit of the instrument. This requires sample 

preparation for contaminated solutions. Direct measurement of perfiuorOcafbOxylates 

and sulfonates through ion chromatography with conductivity detection can overcome 

problems associated with these other techniques. 

Ion chromatography has been previously used for the determination of small 

fluorinated acaci in aqueous samples7", however, these methods have lirniteâ 

applicability as strong anion exchange prevents elution of longer chained 

peffluorocarboxyIic compounds and perfluoroalkyl sulfonates. Reverse phase 

chromatography, although common in application with spectroscopic detectors, has 

found limited use in ihe field of ion chromatography. The majority of its application has 

been focused primarily in the field of measuring long chained hydrocarbon 



 surfactant^^^-'^, while its application to perfiuoro compounds has b e n  limitedi3. in the 

later study, Laikhtman et al. (1998) focused on the identification and detection of 

industrial mixtures of perftuorinated sudactants in an acid etching bath. The 

chromatography in this method was poor, and no effort was made to separate the 

mixtures of perfluorinated compounds present as impurities, or between the two 

industrial perfluorinated surfactant mixtures studied 

Difficufties in the separation of perfluorocarboxylates and perfluoroalkyl 

sulfonate surfactants by ion chromatography are attributed to the unique properties of the 

perfiuoro chah, and the carbon fluorine bond The carbon fluorine bonds are 

traditional1 y characterized by a high degree of overlap between the bonding orbitais, high 

electronegativity of fluorine, and the presence of 3 lone pairs of electrons on the fluorine 

nucleusi. Peduorination greatly exaggerates these effects resuiting in a dual phobic 

characteristic. The large enthalpy of solvation from the rigid perfluoro cham greatly 

increases the hydrophobicity of the mole~ule'~. This effect is M e r  magnified by the 

size and spatid charge distribution of the perfluoro chah which zreates a negative sheath 

dong the tail of the compoundi5. This wgative sheath masks the positive carbon and as a 

result, prevents solvation around itself. In addition, the electronegativity and the three 

loue pairs of elecûons of the fluorine nucleus result in a repeliency towards other 

compounds. The highly charged perfluoro chain and the presence of a sulfonate 

carboxylates moiety contributes to the hydrophilicity of the moletule. Based on this 

competing hydrophobie / hydrophilic nature, one cm manipulate the conditions to 

separate mixtures of peffluoro surfactants. 



In the presen: investigation, reverse phase chromatography was used to separate 

between mixtures of peffluorocarboxylates and peffluoroalkyl sdfonates in natural pond 

water, acidic media, and soi1 water solutions. Limitations on the use of reverse phase ion 

chrornatography will be discussed and the appropnateness of the application of anion 

exchange chromatography for this suite of compunds wili be examined. To support lab 

sîudies, a method was developed on a second ion chromatography system for the 

detennination of peffluoromtanoate in spiked pond water samples. It is important to note 

that the foilowing paper describes methods developed over a series of trials based upon 

the chernical properties of the PFCAs. Chromatograrns fiom these optimal methods 

are illustrated in this paper. 

23 Experimental 

Two ion chromatography systems were used for this study. The first was a 

microbore DX - 500 cluomatography system (Dionex, Oakville, ON, Canada). The 

systern inciudes a Gf 50 gradient pump, a CD20 conductivity detector, and a LC25 

chromaîography oven, For reverse phase separaîion, a polymeric divinyi benzene 

column (IonPac NGI 5 x 0.4 cm, Dionex) was utilized, while a quaternary ammonium 

based resin (AGI6 5 x 0.2 cm & AS16 25 x 0.2cm, Dionex) was employed for anion 

exchange separation. Constant sample volumes were injected using a 25 pL lwp. An 

ASRS Ultra (Dionex, Oakviile, ON, Canada) suppressor was used in extemai water mode 

to decrease background noise and to maximize the amount of organic component in the 

mobile phase. The second ion chrornatography system consisteci of a Perkin E h e r  200 

Series HPLC pump with an AlItech ENS 1000 HP ion suppressor unit and Alltech 550 

Conductivity detector. A 100 @., loop was utilized wiîh a varying volume of injection 



An Xterra C8 silica 1 polyrneric hybrid column (2 x 0.39 cm, Waters, Mississauga, ON, 

Canada) was used in this case. 

Reagents and standards 

The mobile phase was prepared fiom reagent grade iso - propanol, HPLC grade 

acetonitrile, and HPLC grade methanol purchased fiom Aldrich (Mississauga, ON, 

Canada). Standards and solvents using water were made up with 18 MR water fiom a 

Bamstread E-pure water deionization system (Fisher - Nepean, ON, Canada). The 0.100 

MNaOH solution was made fiom a 50% (w, w) NaOH stock fiom Fisher (Nepean, ON, 

Canada). Peffluoropropionic acid 97% (PFPrA), perfluorobutyric acid 99% (PFBA), 

peffluoropentanoic acid 97% (PFPeA), perfluoroheptanoic acid 99% (PFHpA), 

perfluorooctanoic acid 98% (PFOA), and perfiuorodecanoic acid 98% (PFDA) were 

obtained fiom Aldrich. Potassium perfluorooctylsulfonate 86% (PFOS) and potassium 

peffluorohexylsulfonate 99.9% (PFHxS) were obtained from 3M Co. (St. Paul, MN, 

USA), while perfluorohexanoic acid 95% (PFHxA) was purchased from Oakwood 

Research Chernicals (West Columbia, SC, USA). 

Methods 

The solvent gradients employed are given in table 1. An attempt to develop 

isocratic methods was made, and was successful for the anion exchange separation of 

short chained perfluorocarboxylates and sulfonates. Isocratic conditions allowed for 

fsister equilibration time, as weii as greater applicability to simpler chromatography 

systems. 



Table 1 : Chromatography methods for perfiuoro surfactant annlysis 

Method 

- - - - - - . . - . - 
Anion Exchange 
Mixture Separation 

Reverse Phase 
Mixture Separation 

Column Flow Rate (mumin) Conditions 

PFOA - DX500 Polydivinyl Benzene 
Guard Column: NG 1 

PFOA - PE200 

ïïme (min) 

- - - - - . -. - 
Weak anion 0.40 mumin 0 .0  
exchange column: 30.0 
AG16 & AS16 

Polydivinyl Benzene 
Guard Column: NG 1 

Time (min) 

Xterra C8 Column 0.40 mUmin 0.0 
15.0 

10 mM NaOH in 5% ACN, 5% MeOH. 
Wh H20 

1 O0 
1 O0 



6.0 t PFRA 

O 5.0 10.0 15.0 20.0 25.0 30.0 

Minutes 

Figure 1 : Chromatogram of a mixture of short chained perfluorocarboxylates and 
perfl uorohexylsul fonate separated by anion exchange chromatography. The separation 
was performed on a Dionex AS 16 and AG16 column using 10% of a 0. I M NaOH 
solution, and 90% H20. The flow me was 0.40 M m i n .  

2.4 Results and discussion 

Anion Excbange Chmmatography 

in anion exchange chromatopphy, the interaction between the anion exchange 

stationary phase and the aggregated molecule detemiines the retention on the column. 

The utiliîy of isocratic anion exchange separation of the smaller chained 

per£iuorocarboxylates as well as a short chained perfluoroalkyl suifonate ranging fiom 

concentrations of 5 to 30 ppm is  demonstrated in figure 1. The srnail initial peaks in the 

chromatogmm are h m  F and Cl-, respectively. These anions are not retained and are 

eluted h m  the column in the solvent front. This allows for easy and rapid detection of 

the perflurirocarboxylates and pefflwroalkyl sulfonate without interférences fiom the 

ma& The utility of anion exchange separation of perfluoro acids is, however, limited 



to the shorter chained molecules. With fiirther increases in perfluoro chain length the 

elution time increases as well as the broadness of the peaks, as shown in figure 1. It is 

also important lo note that there are chemical limitations on the concentration of NaOH in 

the solvent which can be used with the weak anion exchange column. Further increases 

in NaOH strength fiom that used is possible, however, resolution between shorter 

peffluoro chained carbo.xylates decreases under isocratic conditions. Alternatively, a 

gradient maybe employed with drawbacks including longer nin and equilibration times. 

Thus, alternative methods are required for longer chained perfluorocarboxylates. 

Reverse Phase Chromatography for Mixture Analysis 

The use of reverse phase chromatography for the separation of longer chained 

peduoro carboxylates and sulfonates is shown in Figure 2 with concentrations ranging 

fiom 15 - 60 ppm. The basis of separation in this case is the high propensity of the 

molecule to partition fiom water. The hydrophobicity of the polydivinyl benzene column 

provides a medium in which these compounds can partition into, and be retained by the 

column, Elution fiom the column is achieved by the gradient addition of a slightly polar 

organic solvent iso - propanol. It was found that organic solvents with a slight polarity 

were more efficient in cornparison to non polar solvents such as hexane in eluting 

peffluorocarboxylates and sulfonates due to the charge associated with the carboxylate 1 

sulfoaate moiety, as well as the polarity of the C - F bond Methanol, acetonitrile, and 

iso - propanol were tested and the latter solvent was chosen based upon background 

conductivity, compound resolution, and instrument maintenance requirements. Based 

upon both the length of the peffluoro chah as welI as the negative charge bearing 

functional group, these compounds elute off the column. To improve 



upon the chromatography of the longer cbained perfiuoro compounds, a more vigorous 

increase in the percentage of isopropanol was necessary. It resulted in decreased 

resolution between compounds. 

PFOA 

1.0 - P!=HpA '\ PFOS 

1 ,r> 
1 

' '4 ', ,n- , r\ O -  L 

Figure 2: Chromatograrn of a mixture of long chained peffluorocarboxylates and 
perfluorooctyl sulfonate separated by reverse phase chromatography. The separation was 
performed on a Dionex NG1 column using a mixture of 2 eluents: (A) 70% i - PrOH / 
H20 solution; and (B) H20. The column was initial held at 23% A and 77% B from O - 5 
minutes. A gradient was than ernployed so that the eluent at 24 minutes comprised of 
35% A and 65% B. This was held untd the 30 minute, at which point the eluent was 
decreased over a peciod of 0.5 min to 23% A and 77% B, and allowed to equilibrate d l  
the 35 minute mark of the experimental method for subsequent runs. The flow rate was 
0.40 &min. 



Cornparison of the use of gradient elution of PFOA using NG1 column on a Dionex 
DXSOO system with isocratic elution using an Xterra CS column on a Perkin Elmer 
200 series IC pump for reverse phase separation and detection. 

A chromatogram showing the separation and detection of PFOA using the Dionex 

DX5OO system is given in Figure 3. A gradient using three solvents was employed to 

optimize the chromatography of PFOA. It was found that the perfiuoro compound, 

regardless of chah length, would elute when both the percentage of isopropanol had 

increased and the NaOH had decreased. At that point the total conductivity of the eluent 

was at its lowest point as demonstrated by the depression in the chromatogram. As in 

traditional reverse phase chromatography, the isopropanol served to provide an orgamc 

medium for the compound to elute into, as previously discussed However, the reason for 

the improvement in peak shape fiom the addition of hydroxide was not clear. It is 

suspected that hydroxide served to improve the chromatography by repelling and thus 

concentrating the PFOA ont0 the polydivinyl benzene column through increasing the 

ionic strength of the mobile phase. The peffluoro chain's propensity to partition out of 

high ionic strength water was greater in cornparison to water due to the increased 

eleuostatic repulsion. Elution, therefore, only occurs with both an increase of organic 

solvent in the mobile phase as well as a decrease in NaOH concentration is made. ïhe  

resutt was a vastly improved peak shape. Under the current method, and utilizing the 25 

pi, loop, a detection limit of approximately 2 ppm was obtuned. An average R' value of 

0.9942 (n=3) was obtained over a range from 2 - 250 ppm. 



Minutes 

Figure 3: Chromatograrn of a pond water sample containhg PFOA separated 
using DXSOO ion chromatography system. The sepanition was performed on a Dionex 
NGI colurnn using a mixture of 3 eluents: (A) 0.1 M NaOH; (B) 30% of a 70% i - PrOH 
/ H20 solution; and (C) H20. The colurnn was held at 4% A, 30% B, and 66% C from O 
- 3 minutes. A gradient was than employed so that the eluent at 3.5 minutes comprised 
of 2% A, 49% B and 49% C. This was heId until the 6.5 minute, at which point the 
eluent was decreased over a pend of 0.5 min to 4% A, 30% of B and 66% C. The 
column was allowed to equilibrate under these conditions until the 13 minute mark of the 
experimental method for subsequent m. The flow rate was 0.75 W m i n .  



: PFOA 

Figure 4: Chromatogram of a pond water sample containing PFOA using 
PE200 ion chromatography system. The separation was performcd on a Xterra C8 
column using 10 mM NaOH in 5% ACN, 5% MeOH, and 90% H20 solution. The flow 
rate was 0.40 mumin. 

The use of an isocratic PE200 system for the eiution of PFOA demonstrates the 

need for both a gradient system as weii as a system capable of handling large perceotages 

of organic solvent in the mobile phase. The resuiting chromatogram of a synthetic field 

water sample using this system is shown on Figure 4. The initial large peak was 

associated with the presence of common ions fond in solution, such as chlonde, 

fluoride, sulphate, etc. Their elution with the solvent front indicates M e  retention on the 

C8 column, as expected since these anions are not hydrophobie in nature. The PFOA 



peak elutes ai approximately 13 minutes with a peak broadness of over 4 minutes in 

4 t h .  Due to the broadness of îhe peak, there are severe limitations on the limit of 

detection using this rnethod The peak broadness cm be Mproved by increasing the 

percentage of organic phase in solution, however due to the use of the electraçfiemically 

regenerated ion suppressor, the percentage of organic solvent cannot exceed 10%. in 

addition, since the system is lirnited to isocratic elution, use of an ionic species to 

concentrate the analyte ont0 the colurnn is aiso limited due to the instability of the XTerra 

column at pH> 12. However, the resulting chromatogram does indicate tfiat an isocratic 

system employing ody 10% organic component in the mobile solvent is effective in 

separating and detectiog PFOA Çom pond water solutions. 

Conclusion 

This paper bas demonstrated a m&od for separation and analysis of a mixture of 

perfluorinated acids using both anion exchange and reverse phase ion chromatography. 

Rather than stating one method is bener than the other, the two methods seem to 

compliment each other with anion exchange more appropnate for the shorter chained 

peffluorocarboxylates and perfiuoroalkyl sulfonates, while reverse phase was found to be 

more suitable for the longer chained compounds. It was shown that a system that can use 

a gradient and tolerate a high percentage of organic solvent in the mobile phase has 

superior chromaîography compared to a less versatile system. 
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Chapter 3 

Physical Property Determination of Perfluorocrirboxy lic Acid 

Formatted in preparation for submission to Journal of Chernicd and Engineering Data 



3.1 Abstract 

Fluorinated surfactants, peffluorocarboxylic acids and perfiuoroalkyl sulfonates in 

particular, have become increasingly popular in numerous industriai and domestic 

applications though little is known about tbrir environmental fate. Other than 

trifluoroacetic acid (T'FA), there are no literature values for Kd, KH, VP, and Cm, of 

perfluoropropionic acid (PFPrA) to perfluorooctanoic acid (PFOA). The purpose of this 

investigation was to measure the vapour pressure and Henry's Law constant of the 

protonated form of these peffluorocarboxylic acids. Vapour pressures were determined 

using the boiling point method, while the Henry's Law constant was determined using a 

modified bubble chamber. Literature values for TFA were used to vaiidate al1 

experimental procedures. 

3.2 introduction 

Peffluorocarboxylic acids (PFCAs) are commoniy used surfactants in a variety of 

industrial and commercial applications including lubncants, emulsi@ng and wetting 

reagents, and detergents(Kissa, 1994). Research into this suite of compounds has 

primarily focused upon the toxicological effects (Olson and Anderson, 1983; Kawashima 

et al,, 1989; intrasuksn et al., 1998; Haughom and Spydevold, 1992; Sohlenius et ai,, 

1993; Vandel Heuvel, 1996; Biegel et al., 1995), its contamination resulting from 

aqueous f ie  fighting foams (Moody and Field, 1999; Moody et ai., 100 l), their presence 

in human plasma (Guy et al., 1976; Belisle and Hagen, 1980; Olsen et al., 1999; Hansen 

et al., 200 l), and recently their accumulation in wildlife (Geisy and Kannan, 200 1; 

Kannan et al., 2001), while theu physical properties have not received much attention. 

m e r  than trifluoroacetic acid, which is the shortest of the PFCAs, the vapour pressure 



and Henry's Law constant are not known. The lack of information is in part attriiuted to 

the difficulty in measuring the physical properties of strong acids. For example, the 

negative log of the dissociation constant @Ka) for acetic acid and trifluoroacetic acid are 

4.74 and 0.26, respectively (Kissa, 1994). The electronegativity associated with the 

fluorine nucleus stabilizes the formation of the conjugate base by inductively delocalizing 

the negative charge towards the perfluoro chain making the peffluoro compound a much 

stronger acid than its hydrogen analogue. The large acid dissociation constant is 

problematic because the acid and conjugate base exhibit significantly different chemicd 

and physicai properties. Therefore, the design of experiments to measure physical 

properties of the protonated PFCA must be in a matrix in which littie to no dissociation 

occurs. The effect on the acid dissociation constant by the peffluoro chain is one 

exarnple of the unique physical properties of this suite of compounds, its effects on other 

physicai properties are unknown. AIthough the measurement of the protonated fom of 

the PFCA is unredistic in an environmental distribution sense, as the compound is 

unlikely to exist in its protonated form in the naturai environment, it provides the oniy 

avenue for the determination of generai trends in physical properties for PFCA as a result 

of increasing peffluoro chain length. Therefore, measurements of the protonated form of 

the PFCA were undertaken. 

The purpose of the study was to determine the vapour pressure (vp) and Henry's 

Law constant (KH) of a range of PFCAs fiom trifluoroacetic acid to peffluorooctanoic 

acid. Aithough, the shorter cham perfluorocarboxyiic acid are aot commonly used as 

surfactants, they are present in industrial mixmres as an impurity. Aiso, obtaining the 

physicai properties of this whole series of compounds allows for determination of the 



intnnsic properties goveming their partitionhg behaviour. Both the vp and k& play a 

criticai role in the tendency of a cornpound to partition between aqueous and gaseous 

environments, and are therefore required for predicting the potential distribution of a 

compound The water solubility of the perfluorocarboxylic acid was also caicuiated h m  

the measured vp and KH values. 

3 3  Experimental Section 

C bernicals 

Al! perfluorocarboxylic acids of at least 97% purity were purchased From Aldrich 

(Mississauga, ON, Canada) with the exception of pfflurohexanoic acid, which was 

obtained at 95% purity fiom Oakwood Research Chemicals (West Columbia, SC, USA). 

The acid solution used in the Henry's Law expriment was made fiom 18 Mn water 

(Bamstread E-pure, Nepean, ON, Canada) and hydrochloric acid stock from Fisher 

Scientific Canada (Nepean, ON, Canada). 

Analytical Met hods 

Ion chromatography was used for the analysis of PFCAs in aqueous samples 

because of its durability and short analysis time. The method originally descnid  by 

Kwan et al. (2001) was employed. Briefly, a microbore DX - 500 system @ionex, 

ûakville, ON, Canada) was used. The systern includes a GP50 gradient pump, a CD20 

conductivity detector, and a LC25 chromatography oven. Constant sample volumes were 

injected using a 25 pL loop. For TFA, PFPrA, PFBA, PFPeA, and an AG16 (5 

x 0.2 cm, Dionex) and AS16(25 x 0.2 cm, Dionex), anion exchange column were used 

The cornpound was eluted fiom the column under isocratic conditions with a mixture of 



0.1 M NaOH solution, and 18 MR. For PFHpA and PFOA, a polymeric divuiyl benzene 

column, IonPac NGl(5 x 0.4 cm, Dionex), was employed. The compound was eluted 

using a gradient of 70% i - PrOH, 0.10 M NaOH, and 18 MR. Table 1 summarizes the 

individual methods employed for the d y s i s .  

Table 1. Ion Chromatography Conditions for PFCA analysis. 

Analyte Flow Rate Conditions 
T h  (ih) %û.lMNsOH Ya7O9rLi-PdHI %Hl0 

Ha0 
TF A 0.40 O 2 O 98 

16 2 O 98 
PFPrA 0.40 O 2 O 98 

24 2 O 98 
P B A  0.40 O 5 O 95 

24 5 O 9 5 
PFPeA 0.40 O 8 O 92 

20 8 O 92 
PFHxA 0.40 O 15 O 85 

L 9 15 O 85 
PFHpA 0.75 lnit 4 30 66 

0.0 4 30 66 
3 .O 4 30 66 
3.5 2 47 5 1 
6.5 2 47 5 1 
7.0 4 30 66 
13.0 4 30 66 
Init 4 30 66 
0.0 4 30 66 
3.0 4 30 66 
3.5 3 49 49 
6.5 2 49 49 
7.0 4 30 66 
13.0 4 30 66 

PFOA 

Vapour Pressure Determination of PFCAs 

Vapour pressure was determined using a boiIing point apparatus as descn'bed by 

Thomson and Douslui (1971). The apparatus involved a modified Claissen distillation 

head connected to a round bottom flask containing the PFCA A Teflon stir bar was 



added to provide an activated surface for the pure PFCA. A condenser was mouuted on 

the distillation head, which in tuni was co~ec ted  to a ballast bal1 to regdate the pressure 

within the system. A dual line was attached to the ballast bail connecting both the 

vacuum system and an electronic pressure barorneter. The temperature of the round 

bottom flask was held constant while the pressure within the apparatus was reduced until 

the pressure was equal to the vapour pressure of the PFCA, at which point the sample 

began to boil. The temperature was varied fiom room temperature to a maximum of 

70°C (depending on the compound), and a graph of the log of the vapour pressure as a 

hction of the temperature was generated. Vapour pressure at 25°C was than calculated 

fiom the graph. 

For the vapour pressure of PFOA, a correction factor was required as the sample 

is a solid at room temperature. The ratio of the solid to liquid state vapour pressure was 

estimated by: 

ln (P's/P'L) = -ASF ((TM/T) - 1)R (1) 

Where Pss is the calculated vapour pressure of the solid sample in solid fom, while P'L is 

the measured vapour pressure of the solid sample in liquid form. The equation States that 

with a phase change, an entropy correction factor, ASF, must be taken into account which 

in tuni is multiplied by a mastant determined by the melting point of the analyte, PFOA 

(TM = 329 K). Walden's d e  state (Walden 1908) that many organic compounds have an 

entropy of fusion of approximatety 56.5 .if mol K, s imp lmg  the equation to: 

in (P's/P'L) = 4.79 ( ( T f l )  - 1) (2) 



Henry's Law Constant Determination of PFCAs 

The Henry's Law constant was determined using a derivative of a method by 

Bowden et al. (1995). Briefly, nitrogen was passed through a sample solution of constant 

temperature containhg the PFCA analyte and hydrochloric acid (HC1). From the sample 

solution, the nitrogen gas was than bubbled through a 18 pi2 water trap solution, at which 

point the PFCA deprotonates, and was quantitatively recovered. Aliquots of the trap 

solution at four time points were taken, and the average concentration was detemined 

using ion chromatography as described above. The cumulative effect of salting- out and 

Henry's Law constant (K; ), was determined using equation 3 (Bowden et al., 1995): 

KH* = P / [PF~urnpie d u t ~ o n  (3) 

where P is the vapour pressure of the PFCA, and pFCJ-plc soluuon is the concentration of 

the prontonated fom of the PFCA. Substituthg the ideal gas equation for P, the equation 

becomes: 

n ie  volume is equivalent to the volume of gas passed through the sample volume, that is, 

the nitrogen flow rate (F) multiplied by the duration (t). Furthemore, the nurnber of 

moles is equivalent to the concentration measured in the trap solution ([PFC.2Imp) 

multiplied by the volume of the trap solution Equation 4 becomes 

Lady, since the concentration of the protomteci fom of the PFCA is a fûnction of the 

acid dissociation constant, that is: 



The total concentration of the PFCA is the sum of its protonated form and 

deprotonated forrn, that is, 

Substitution of equation 7b intcr equation 5 gives, 

Control expiments showed tbat neither flow rate nor duration of study affkted the 

Henry's Law constant value indicating that the sample solution was in equilibrîum with 

the nitrogen gas. This procedure was repeated for 3 additional temperatures from 15°C to 

30°C, and the log KH* was plotted vs. temperature to determine the K.' at 25OC. As the 

equation indicates, the K~: is a function of the acid dissociation constant K, of the PFCA. 

However, only the K, of TFA, PFBA, and PFOA were available in the literature, with 

T'FA being the strongest acid of the three. It was assumed that at the range of 

concentration of HCI used in the experiment (4.09 M - 6,13 M), al1 PFCAs were in their 

protonated fonn withn the sample solution. Cornparison of the experimental KH value of 

TFA using this assumption versus KH d u e  ushg the K, showed less than 10% deviation, 

indicating the assumption was valid By assuming that al1 PFCA were protonated 

equation 8 simplifies to, 



The experiment was repeated for three or four HCi concentrations ranging fiom 4.26 M 

to 6.13 M, and this range in concentration was chosen to minimize error from partial 

protonation. The resulting &* was then plotted in a log scale as a function of HCl 

concentration, so that the salt effects of chloride could be cancelled. 

l o g ~ i = m  [HCI]+b (10) 

Where the intercept, b, is the Henry's Law constant of the protonated fonn of the PFCA. 

No salt effects were assurned to occur when the concentration of HCl was zero. 

Conceptually, when the concentration of hydrochioric acid is equal to zero, the sample 

solution would contain the peffluorocarboxyiic acid in its protonated state in aqueous 

solution. Thereby, equation (10) simplifies to: 

KH= lob ( I I )  

This assumption appears valid as a literature value comparison of KH for TFA showed 

less than 10% deviation fiom the calcuiated activity based method by Bowden et al. 

(1995). 

3.4 Results 

Vapour pressure was determined for TFA to PFOA using the M i n g  point 

method. Pefluorohexanoic acid was omitted due to the high cost of the compound. 

Results of triplkate measurements and their calculate standard deviation are given in 

Table 2 and are summarized as a funçtion of perfluoro chain length in Figure 1. The & 

results for TFA to PFOA with e m r  bars uidicating standard deviation fiom regression 

analysis of the plot are given in Figure 2. A sample calculation of Henry's Law constant 

is given in Appendix C for PFPrA. M y ,  the calcuiated water solubility as a functîon of 



increasing perfluoro chah length is presented in Figure 3. A complete list of 

experimental values is available in the appendices. 

3.5 Discussion 

The accuracy and precision of the boiling point method was verified using TFA. 

A number of vp values of TFA are available in literature, for example Kreglewski (1962) 

reported a vp value of 1 S O  kPa at 25OC, while Kauck et al. (1% 1) measured it to be 16.4 

kPa at the same temperature, which is different by a full order of magnitude. Such 

discrepaucies exemplify the difficulty associated with vp measurements of strong acids. 

Nonetheless, the experimental measured value seemed to be in good agreement with 

Kauck's results as it deviated by only 25% which is an acceptable deviation for 

rneasurements of this type (cf: the deviation observed when comparing Kauck results 

with Kregkwski), in addition the measured value lye between the two iiterature values. 

The method showed a high degree of precision in replicate vp measurements (n=3, + 
3%). There was a clear decrease in vp value as chah length increased From TFA to 

PFBA as show in figure 1. This is explained as a result of an increase in molecular 

weight (MW) associated with the 



Compound Vapour Pressure @Pa) Standard Deviation 

TFA 11.8 0.3 
12.0 
12.3 

PFPrA 3.93 

PFBA t .26 

PFPeA 2.75 0.54 
2.16 
3 .S4 

PFHpA 1.62 0.20 
1.68 
2.00 

PFOA 1.77 O. 17 
1.53 
1.85 

Table 2: Vapour pressure results of perfiuorocarboxylic acids at 2S°C. 

TFA PFPrA PFBA PFPeA PFHpA PFOA 

l 
 obi numkr of urbon abma hi tlu prduoroclirba*ylic rcid 

. - 

Figure 1. Vapour pressure of peduorocarboxylic acids with increasing chain 

length at 2S°C. 

subsequent addition of a -CF2- unit into the perfluoro chah This trend of decrease in vp 

with increasing MW, appeared to be segmented between two sections, fiom TFA to 



PFBA and PFPeA to PFOA One possible explanation for this apparent ciifference wouid 

be the dimerization of the carboxylic acid moieties between adjacent compounds. lf this 

were the case, the measured vp would be the sum of the fraction of the monomer and 

dimer muitiplied by its corresponding vp. Since the dimer is heavier, the mixture of 

monomer and dimer would result in a lower vp relative to the vp of the monomer alone. 

This ability to dimerize is dependent on the compounds capacity to form hydrogen bonds 

and in the case of acetic and propionic acid, pure solutions of these compounds are 

thought to be cornpletely dimerized (De Kniif and Oonk, 1979). However, dirnerization 

does not appear to be occurring for the PFCAs, as the charactenstic dependence of 

dimerization as a function of temperature was not observed The linearity of the log vp 

vs. lltemperature plots were good with ? values of 0.81 (PFPeA) or greater over an 

average range of 20°C, suggesting that there was no significant differences in vp of 

PFPrA to PFOA. The inability of PFCAs to dimerize is likely associated with the 

electronegativity of the perfiuoro chah The electronegativity inductively delocalize 

electrons towards the tail of the PFCA, hindering the formation of hydrogen at the 

carboxylate moiety. 

Peffluorination of the carboxylic acid resulted in an increased vapour pressure 

relative to the hydrogen analogue. This is demonstratexi by cornpanng the literature 

values of alkaaoic acids measured by Ambrose and Ghiassee (198 1) with the PFCA, as 

shown in Table 2. For example, the vapour pressure of peffluoropropionic acid was 

measured to be 3.93 kPa in comparison to 0.435 kPa for its hydrogen analogue. The 

effects on vp were counter to the increase in molecuiar weight as perfluropropionic acid 

was approximately a factor of two greater in rnolecular weight than propionic acid Since 



factors such as symmetry and branching were constant, the resulting increase in vp must 

be frorn either an increase in rigidity of PFPrA, or a decrease in htermolecular attraction, 

or a combination of the two factors. The increased rigidity is consistent with literature 

hdings, as Abe (1999) previously described the perfiuoro chah as a rigid rod - like 

shape with an extemal negative fluorine sheath. By reducing the degrees of fieedom of 

the PFCA, its ability to disûibute energy is decreased thereby increasing its vp. iu terms 

of fluorine - fluorine interactions between adjacent PFCAs, this fluorine sheath 

expianation was consistent with the findings of this paper. The small size of the fluorine 

nucleus completely masked the positive carbon backbone. The lack of an accessible 

Perfiuoro- (kPa) Hydrogen Analogue 
(kWa 

Acetic Acid 12.0 f 0.3 2.08 

Propionic Acid 3.93 

Butanoic Acid 1.26 

Pentanoic Acid 2.72 + 0.54 0.0170 

Hexanoic Acid N/A 0.00405 

Heptanoic Acid 1.77 + 0.20 N/ A 

Octanoic Acid 1.72 k0.17 0.00022 1 

a Ambrose and Giiiassec (198 1) 

Table 3. Comparhn of the vapour pressure of perfluorocarboxylic acids with 

its hydrogen analogue et 2S°C. 

positive c h n  center prevented intermolecuiar perfluoro - perfluoro chah attraction. 

This is further magnifie& as there is likely a repellency effect between adjacent perfluoro 



chains due to the fluorine atom. Both the rigidity and electrostatic cepulsion are expected 

to increase as a function of increasing perfluoro chah lengh, thereby increasing the vp of 

the PFCA relative to the hydrogen analogue, counteracting the effects of the increase in 

rnolecular weight. The resdt is a lack of variation in vp with increasing chah length as 

demonstrated with PFHpA (1.77 kPa) and PFOA (1.72 kPa). 

The KH was detemined based upon the assumption that the activity coefficient of 

the PFCA, V ~ F C A  was unity. This assumption was verified using 'T'FA, as the measured 

value of 0.0 12 1 Pa rn3 mol" was in good agreement with the literature result of 0.0 1 13 Pa 

m3 moï' (Bowden et al., 1995). There was a clear trend in KH with increasing perfluoro 

chah length, with an inflection point at perîluorobutanoic acid (PFBA) as shown in 

figure 2. This inflection point can potentially be explained by calculating the water 

solubility (C,,) h m  the vp and i& resdts and is shown in figure 3. Water solubility 

TFA PFPrA PFBA PFPeA PFHxA PFHpA PFOA 

Total number of carbons in perfluorocarboxylic acid 

Figure 2. Henry's Law constant of pertluorocarbxylic aciâs at 2S°C with 

increasing chah length. 



showed relatively no change fiom PFBA to PFOA indicating that inflection in the 

Henry's Law constant was the result of an additive effect that was not clear fiom either 

the vp or the C,, figures. It is important to note that the calculated water solubility value 

is of the protonated form of the PFCA assuming no deprotonation would occu., and no 

micelle formation. Although these assumptions are clearly incorrect, the lack of variation 

with increasing perfiuoro chain length relative to its hydrogen analogue (Table 3) is 

worth noting. Fluorine substituted molecules in cornparison with the hydrocarbon 

analogue generally show an increase in enthalpy of solvation as the electronegative 

fluorine acted as a hydrogen bond acceptor (Alkorta et al., 2000). Although, this 

interaction is approximately half that of oxygen - hydrogen interactions (2 kcaVmol vs. 3 

kcal/mol), this does provide an explanation for the lack of variation with solubility with 

increasing chain length as observed, relative to the hydrocarbon analogue. That is, the 

perfiuoro chah forms weak hydrogen bonds with water, thereby enthalpy stabilizing 



TF A PFPrA PF0A PFPeA PFHxA PFHpA PFOA 

Total number of carbons in perfiuorocarboxylic acid 

Figure 3. Calculated water solubiiity of periluorocarboxylic acids with 

increasing chain length at 25OC. 

increasing peffluoro chain lengtb. Such interaction can M e r  be magnified by 

substitution of the peffluoro chah adjacent to a carbon containing a x orbital (Ellis, 

2000), as in the case of the carboxylic acid moiety. The presence of electrons in the x 

orbital allowed for a polarization of the electrons towards the perfluoro chah generating 

a dipole for increased water solvation. Conversely, the entropy effects of solvation 

around a rigid molecule cm be described by cornparhg the alignment of water molecules 

around a rigid peffluoro molecule and its hydrocarbon analogue. In the case of the 



Perfluom (moI/m3) Hydrogen Analogue 
(rnoiim3) 

Acetic Acid 1.00 x 106kS.99 x 10' 1.67 x 10' 

Propionic Acid 3.14 x 10% 2.54 x lo3 1.35 x 10' 

Butanoic Acid 1.42 x lo3 323 68 1 

Pentanoic Acid 1.87 x lo3 2514 245 

Hexanoic Acid Ni A 88.7 

Heptanoic Acid 3.30 x 10' I 1.21 x 103 21.7 

Octanoic Acid 5.22 x lo3 + 564 5.47 

Syracuse Research Corporation, 200 1 

Table 4. Cornparison of the water soiubility of perCLuorocarboxylic acids witb 

its hydrogen analogue at 2S°C. 

hydrocahon chain, fiee rotation allows for water to arrange itself in multiple ways 

sunoundhg the molecule, resulting in a hi& degree of disorder. In contrat, due to the 

rigidity of the peffluoro chain, water molecules must orient thernselves in a particdar 

fashion. This orientation of water around the perfluoro compound resdts in a relatively 

higher degree of order withn the system. With increasing perfluoro chain length, the 

rigidity of the PFCA is expected to increase, thereby resulting in a decrease in entropy of 

the system. This thermodynamic explanation is supporteci by Dmenfelser and 

Yallcowsky (I991), who concluded that the predicted solubility of a compound is directly 

proportional to its symmetry number, or the number of indistinpshable positions in 

which a compound can be oriented. The i n m e  in enûopy of solvation with increasing 

peffluoro chah Iength W O U .  therefore decrease solubility and counter the effects of 

enthalpy. The result is the lack of variation in water solubility with increasing perfiuoro 



chain length (log C,, of 3-15 for PFBA to 3.72 for PFOA) as shown in Figure 3. The 

Iack of significant variation in water solubility and vapour pressure indicates that the 

likety cause of the intlection point in the Henry's Law constant versus perfluoro chain 

length, is due to an additive effect that is not clearly sbown in either of the Ca or the vp 

alone. 

Coaclusioa 

Data have been reported for the vapour pressure and Henry's Law constant for a 

series of PFCAs fiom T ' A  to PFOA. It was shown that the vapour pressure of the 

perfiuorocarboxylic acid was at l e s t  two orders of magnitude greater than its 

hydrocarbon analogue, and this was attriiuted to a decrease in intermolecular interaction 

between the perfluoro chain. Increases in chah length showed littie trend in vapour 

pressure, as the increase in molecular weight was offset by the decrease in intermolecular 

interaction, and an increase in electrostatic repulsion. in terms of the Henry's Law 

constant, there was a distinct infiection point brought on by the increase in volatility, 

however little in the way of a trend cm be conciusively descnbed due to the interaction 

of the perfluoro chain with water. This interaction was described as enthalpy favored 

whiie entropy disfavored, and as a result, solubility with increasing perfluoro chah length 

showed IittIe variation. The study demoastrates the atypical nature of perfiuoro 

compounds, as generalized des for predicting physical properties could not be made as 

the many factors goveming the interaction of the perfluoro chah hinders such 

predicîions. 
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Chapter 4 

Conclusions and Future Work 



4.1 Conclusions 

The overall objective of this research was to measure the physicai properties of 

anionic perfiuorinated surfactants. However, in order to do so, a rapid ion 

chromatography technique was required for aqueous sample measurement to suppiement 

physicai property measurements. in chapter 3, two of these physical properties were 

measured, the Henry's Law constant and vapour pressure. Other than trifluoroacetic acid, 

there are no literature values of Henry's Law constant, and vapour pressure for the 

remaining pertluorocarboxylic acids. The results of indicate the unique nature of 

perfiuorocarboxylic acids, in particular the effects of increasing perfiuoro chain length. 

The ion chromatography methods developed were superior in separation and peak 

shape in cornparison to that available in literahire. Methods were developed on multiple 

ion chromatography systems ailowing for a high degree of selection for the user. The 

bases of separation were discussed by comparing anion exchange and reverse phase 

separation of mixtures of peffluorocarboxylates and sulfonates. Rather than concluding 

bat one method was more effective than another for this suite of compounds, it was 

concluded that anion exchange and reverse phase chromatography wouid be most 

effective in complimentary approach. Anion exchange separation for the shorter chained 

perfiuorinated surfactants, reverse phase for the longer chained perfiuorinated surfactants. 

The distinction of the two was made at peffluorohexanoate, aithough this was somewhat 

arbitraq and was made on the basis of rninimizing nui times. The versatility of the 

methods provides the basis for future aqueous measurements for physical properties 

determination. 



The Henry's Law constant and vapour pressure of the peffluorocarboxylic acid 

were measured. The applicability of these measurements was limited to certain 

environments, in particdar those of manufacturing at which acidic conditions are used. 

The unique properties of the C - F bond and the perfiuoro chain defies traditional 

physicd properties estimates, allowing us to develop a new set of qualitative guidelines 

for this purpose. 

Overall, the two projects were successfd in reaching their goals. The results 

presented provide the basis for not ody future physical property determination, but it also 

provides a set of qualitative guidelines for physical property estimation. In addition, the 

study demonstrates the uniqueness of anionic perfluorinated surfactants and the diEcdty 

associated with quantitative detemination. 

4.2 Future Work 

The gaseous distribution of anionic perfluorinated surfactants thus far has been 

focused upon the perfluorocarboxylates. However, anoiher set of important compounds 

that are of particular interest is the peffluoroaiiql sulfonates in particular peffluorooctyl 

sulfonate (PFOS). The applicability of the distribution of PFOS in its protonated form is 

limited, as it is expected that the perfluoroalkyl sulfonates are vastly stronger acids than 

the perfluorocarboxylates. Therefore, even under harsh chemicd environments, such as 

acid bath etching mixtures, it is suspected that there wodd be no significant degree of the 

peffluoroaikyl sulphonate in its acid form. [ndicaîing that PFOS, and its shorter chained 

d o g u e ,  are distriiuted via an alternative mechanism, for example in the form of an 

amide alcohol, C&i7S02N(CH2CH3)CHza20H (PFOSA-OH). It is hypothesized that 



through that PFOS and iîs shorter chained homologues is distributed via a non ionic form, 

and eventually undergoes hydroiysis to form its corresponding anion. The vapour 

pressure and water solubility of PFOSA-OH, C8F1$3O2F (PFOS-F) have been previously 

measured by this researcher (unpublished data), however measuring the rate of hydrolysis 

is not straightforward due to the relatively low solubility of the compound in water. This 

obstacle can be overcome by measuring the rate of formation of PFOS using LC - 

MS/MS. Using this data, the potential of modeling the global distriiution of PFOS as 

weil as its non - ionic form exists. 



Appeadix A 

Vapour Pressure Results 



Vapour Pressure Results - Trifluoroacetic Acid 

Vapour Pressure 

Temperature (C) 
24.2 
25.2 
26.2 
29.1 
30.7 
32.8 
33.5 

34 
36.1 
38 

41.5 
43.9 
44.9 
45.6 

Pressure (Pa) 
1.21 E+04 
1.25E+04 
1.25E+û4 
1.65E+04 
1.61 E+O4 
1.87E+CM 
1,93E+04 
1.86E+W 
2.12E+04 
2.40€+04 
2,87E+04 
3.13E+W 
3.29E+04 
3.39E+04 



Vapour Pressure Results - Trifluoroncelie Acid 

Tempentum (C) 
24 
24 

24.5 
24.9 
24.6 
25.5 
26.6 
27.4 
28.7 
32.9 

35 
38.9 
41.5 

Pra88um (P.) 
1.03E+04 
1.06€+04 
1.08€+04 
1.21 €+O4 
l.l2E+O4 
1.35€*04 
1,40E+04 
1.47E+W 
1.63E+W 
2.02E+04 
2.22E+W 
2.60E+04 
2.94€+04 



Vapour Pressure Rmulta - Trifluoroacetic Acid 

Tempsratum (C) 
22 

21.8 
23.9 
27.1 
32.1 
30.5 
35.1 
35.8 
40.6 
45.1 

Premum (Pa) 
8.93EN3 
8.56€+03 
1.15E+04 
1.49EW 
1.96E+04 
1.77€+04 
2.22E+û4 
2.30€+04 
2.89E+û4 
3.53€+04 



Vapour Pressure Results - Perfluoropropionic Acid 

Temperatum (C)  
30.5 
35 

38.5 
4 1 
45 
47 

48.5 
m. 1 
52.3 
53.6 
54.9 
57.8 
58.7 

Prsuurs (Pa) 
5.95€+03 
7.01€*03 
8.56E+03 
9.61 E+û3 
1.23E+O4 
1.30EW 
1.46E+O4 
1.61E+W 
1.85E+û4 
2.03EW 
2.21 E+W 
2.45E+û4 
2.53E+04 



Vapour Pressure Resulte - Perlluorobuîanoie Acid 

Tamperatum (C) 
60.5 
60.8 
58.1 
69.5 
72.8 
74.5 
78.5 

79 
79.5 
83.5 
83.6 
85.4 

86 
85.6 
86.8 
89.3 
89.1 
90.1 

Pmsum (Pa) 
7.69€+03 
8.48€+03 
8.47€+03 
1.11€+04 
1.30E+04 
1.43E404 
1.75Ei)4 
1.73E+04 
1,82E*04 
2.24E+04 
2.17€+04 
2.51 E+04 
2.45€+04 
2.46E+04 
2.56E7W 
2.91€+04 
2.82€+04 
2.98E+04 



Vapour Pressure Results - Perfluorapenîanoic Acid 



Vapour Pressure Results - PerZluoropentanoic Acid 

Temperature (C) Pressure (Pa) 
40.1 
41.5 
42.9 
45.5 
46.5 

47 
47.3 
47.5 
48.6 

49 
52.9 
53.1 
54.5 
56.8 



Vapour Pressure Resulîm - Peduoropentaooic Acid 

Temperatura (C) 
43.9 
4 . 8  

49 
49.5 
50.6 

51 
51.5 
5l,9 
53.5 
S. 1 

54 
54.5 
54.5 

57 
59.1 
60.8 
57.5 

62 
63.9 

Plsuurs (Pa) 
4.73E+û3 
5,65E+03 
6.32E*03 
6.8ôEM3 
7.19E+03 
7.57E43 
7.76E+03 
7.84€+03 
8.24€+03 
8.37€+03 
8.51 ENI3 
8.57€+03 
8.59E+û3 
8.87E+03 
8.97E*03 
4-31 E N 3  
1 .O8E+O4 
W 4 E  +O3 
9.35EM3 



Vnpur Pressure Rmults - Perfiuoroheptaaoic Acid 

Tamperaturs (C) 
43.7 
44.3 
46.1 
47.4 
48.1 
49.2 

50 
51 

51.1 
51.9 
52.5 

53 
53 

Pressure (Pa) 
4.44€+03 
4.83€+03 
5.00E+03 
5.53E43 
5.76€+03 
6.40€*03 
6.09€*03 
6.75Ei03 
6.67€*03 
6.97€+03 
7.07€+03 
7.35€+03 
6.65E+û3 



Vapour Premure Results - Perlluorobepîanoic Acid 

Tamperatum {C) 
38.9 
40 

44.8 
42.5 
43.6 
44.8 
45.6 

46 
46.3 
46.9 
47.1 
47.3 
48.5 

49 
49.2 

50 
51 

50.6 
51.1 

Pmuum (Pa) 
3.47E+û3 
3.69E+û3 
3.91 E+03 
4.24E+03 
4.65E+03 
4.91 E+03 
4.97E+03 
5.33E+û3 
5.33E+03 
5.59E+03 
5,95E+03 
5.80E+03 
5.64€+03 
5.77€+03 
6.12€+03 
6.25E+03 
6,32E+03 
6.31 E+03 
6.44E+03 



Vapour Pressure Results - Perfluoroheptanoic Acid 

r Vapour Pressure Temperature (C)  
34.2 
35.7 
35.8 

36 
36.8 
37.5 
37.9 
40.4 

4 1 
42.2 

43 
43.4 
45.1 
46.9 
46.9 

48 
48.7 
49.2 

Pressure (Pa) 
3.27€+03 
3,40E+03 
3.43E+03 
3.47E+03 
3.71 E+O3 
3.72E+03 
4.04E+03 
4.48E+03 
4.43€+03 
4.55E+03 
4.67€+03 
4.71 Et03 
5.28€+03 
5.60E+03 
5.87E+03 
6.37€+03 
6.57€+03 
6.71E+03 



Vapour Pressure Reaults - Perfluorooctanoic Acid 

Temperature (C)  
29 
30 

31.3 
34.7 
38.5 
39.6 

41 
43.2 
44.6 
46.5 
47.8 
48.4 

49 
50 

50.9 
51.2 

52 
52.6 

Pmssure (Pa) 
4.64E+û3 
5.13E-3 
5.56€+03 
6.85E+03 
8 , l l  E+03 
8.61 E+03 
9.25E+03 
1.05€+04 
?.10E+04 
1.2lE+O4 
1.31 E+04 
1.38E+04 
1.47E+O4 
1,53E+04 
1.63E-W 
1.70E+04 
1.77E+04 
1.82E+04 



Vapour Pressure Results - Perfluorooctanoic Acid 

- 

Vapour P m s u n  

log P = -2771.8ll+ 12.782 
4.2 RI = 0.9698 

3.8 

Temperature (C) 
37 

38.9 
42.2 
44.5 
46.2 
47.8 
48.9 
49.5 

50 
50.7 
51.5 
52.9 
54.6 

55 
55.8 
56.2 
57.9 
57.5 

Presaure (Pa) 
7.56€+03 
8.1 5E+03 
9.71 €+O3 
1.09E+04 
1.21 E+04 
1.31 €+O4 
1.43€+04 
1.51 €+O4 
1.60€+04 
1.70E+û4 
1.83E+04 
1.91 E+04 
2.13E+04 
2.23E+04 
2.35E+û4 
2.45E+04 
2.53E+04 
2.48E+04 



Vapour Pressure Results - Perfluorooctanoic Acid 

Vapour Pressure 
Temperature (C) 

49 
5 1 

52.1 
52.9 
53.4 

53 
51.9 
51.9 

53 
55 

56.5 
58.9 
61.7 
62.6 
62.8 
63.1 
64.3 

Pressure (Pa) 
1.31 E+04 
1,46E+04 
1.54€+04 
1.67€+04 
1.76E+04 
1.78E+û4 
1.52€+04 
1. S5€+04 
1.75E+04 
1.84€+04 
1.98E+04 
2.06Ei04 
2.35€+04 
2.49€+04 
2.67Et04 
2.95E+04 
3.01 E+û4 



Appendix B 

Experimeatal Henry's Law Constant Results 



Henry's Law Constant - Trifluoroacetic Acid 

--- 

[HCI] (mol/L) Temperature Time (s) KI i1 

(OC\ (Pa m3 moi") 



Henry's Law Constant - Perfluoropropionic Acid 

IHCI) (moUL) Tcmperaîurc Timc (s) KI&. lHCll (moUL) Temperature Timt (s) KII. 
(OC) ( ~ a  m3 mol-') (OC) (Pa m3 mol") - 

4.09 15.0 1017 1.32 5.3 1 15.0 1083.2 1.13 



Henry's Law Constant - Perfluorobutanoic Acid 

(HCI) (moUL) Tcmptrnturt Timc (s) $; - IHCI) (moUL) Ttmperaiure Timt (s) ~ t i *  - 
( O C )  (Pa m' mol-') -- ( O C )  (Pa ma mol") 

4 .O9 15.0 98 1.8 1 .O7 5.3 1 15.0 1248.8 1.12 



Henry's Law Canstant - Perfluoropentanoic Acid 

(HCI) (moUL) Tcmpcrature Time (s) Kit* lHCll (moUL) Temperature Timc (s) KM= 
(OC) ---- (Pa m3 mol'') ---- (OC) --- (Pa m3 mol-') 



Henry's Law Constant - Perîluorohexanoic Acid 

lHCl] (moVL) Temperature Timc (3) KM. lHCll (moUL) Ttmpcrahire Timc (8) hi' 
A C ) -  (PQ m3 mol-') -- (OC)  (Pa m3 moT') 

4.09 15.0 1475.5 8.05 5.3 1 15.0 688.7 14.1 



Henry's Law Constant - Perfluoroheptanoic Acid 

[HCl] (moi&) Tcmpcrahirc Timc (s) KH ' IHCIJ (moUL) Tcmpcrahire Time (s) Ki; 
( O C )  (Pa m' mol") ( O C )  (PI m3 mol") 

4.09 15.0 1 132.7 < MDL 5.3 1 15.0 952.3 2.83 



Henry's Law Constant - Perfluorooctanoic Acid 

IHCI) (moi&) Temperature Timc (s) KI; 1HCIJ (moYL) Tcmpcraîun Timc (s) KI; 
( O C )  (Pa m3 mol-') (OC) (Pa m3 mol") 

4 .O9 15.0 1207.8 0.2 13 6.13 15.0 1046.6 0.782 



Appendix C 

Example Calculation of Henry's LPw Constant 

For Perfluoropropioaic Acid 














