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Perfluorinated Surfactant Chain-Length Effects on Sonochemical Kinetics
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The sonochemical degradation kinetics of the aqueous perfluorochemicals (PFCs) perfluorobutanoate (PFBA),
perfluorobutanesulfonate (PFBS), perfluorohexanoate (PFHA), and perfluorohexanesulfonate (PFHS) have
been investigated. Surface tension measurements were used to evaluate chain-length effects on equilibrium
air—water interface partitioning. The PFC air—water interface partitioning coefficients, K&, and maximum
surface concentrations, I''L,, were determined from the surface pressure equation of state for PFBA, PFBS,
PFHA, and PFHS. Relative K&, values were dependent upon chain length Kiq™® = 2.1Kgg ™ = 3.9K5"S =
5.0K5BA, whereas relative Ihy values had minimal chain length dependence Thige> = Thib® = ThiRS = 2.2TFRA,
The rates of sonolytic degradation were determined over a range of frequencies from 202 to 1060 kHz at
dilute (<1 uM) initial PFC concentrations and are compared to previously reported results for their Cg analogs:
perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA). Under all conditions, the time-dependent
PFC sonolytic degradation was observed to follow pseudo-first-order kinetics, i.e., below kinetic saturation,
suggesting bubble—water interface populations were significantly below the adsorption maximum. The PFHX
(where X = A or S) sonolysis rate constant was observed to peak at an ultrasonic frequency of 358 kHz,
similar to that for PFOX. In contrast, the PFBX degradation rate constants had an apparent maximum at 610
kHz. Degradation rates observed for PFHX are similar to previously determined PFOX rates, kipyass = Khppass-
PFOX is sonolytically pyrolyzed at the transiently cavitating bubble—water interface, suggesting that rates
should be proportional to equilibrium interfacial partitioning. However, relative equilibrium air—water interfacial
partitioning predicts that K& °% = SKF%"X. This suggests that at dilute PFC concentrations, adsorption to the
bubble—water interface is ultrasonically enhanced due to high-velocity radial bubble oscillations. PFC
sonochemical kinetics are slower for PFBS and further diminished for PFBA as compared to longer analogs,
suggesting that PFBX surface films are of lower stability due to their greater water solubility.

Introduction

Fluorinated surfactants, a subset of fluorochemicals (FCs),
are composed of a hydrophobic, per- or polyfluorinated organic
tail and highly water-soluble headgroup. Perfluorination, the
replacement of all hydrogens with fluorines, imparts these
compounds with unique physical properties such as great
chemical inertness, minimal coefficients of friction, and low
polarizabilities (i.e., hydro- and oleophobicity or fluorophilicity),
making them desirable for a wide variety of commercial
applications.! FCs are commonly employed to waterproof
textiles and paper products, to protectively coat metals, as high-
temperature lubricants,” in fire retardants such as aqueous film-
forming foams (AFFF)? and in semiconductor processing.

Development of aqueous FC remediation technologies is of
interest because of the environmental persistence of many PFCs,
which has led to their global distribution in the environment
and the presence of some FCs in human* and wildlife>® plasma.
Recent studies have detected low levels of perfluorobutanoate
(PFBS) in marine wildlife of Western Europe,’ but at signifi-
cantly lower levels than PFOS and PFOA. Similar to PFOX,
PFHX and PFBX are recalcitrant toward most conventional
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wastewater remediation strategies.!®!" Shortening of the hydro-
phobic tail increases water solubility. Accordingly, PFBS and
PFBA exhibit a lower activity toward adsorption based removal
techniques such as granular activated carbon (GAC),'? which
is currently used to remove PFOS and PFOA from pretreated
wastewater streams. '

Sonochemistry has been reported to be effective for the destruc-
tion of PFOS and PFOA over a range of initial concentrations.
High C—F bond dissociation energies (450—530 kJ mol™!), C—C
bond strengthening due to fluorination (~14—17 kJ mol™! per
fluorine atom), and the great one-electron reduction potential of
fluorine (E° = 3.6 V) highlights the importance of high cavitation
temperatures toward the degradation of fluorochemicals.!*!
Interfacial temperatures produced by a transient bubble collapse
provides sufficient energy for the thermolytic decomposition
of FCs.! Initially, the C—C or C—S bond between the
fluorocarbon tail and carboxylate or sulfonate headgroup is
cleaved yielding a fluorochemical intermediate of high Henry’s
constant that migrates to the bubble core for further thermal
and radical decomposition.!”~!” Consequently, aqueous solutions
of PFOS and PFOA are readily mineralized during ultrasonic
irradiation to their inorganic constituents: F~, SO42~, CO, and
C02.16’17

Acoustic cavitation events are responsible for the chemistry
observed during ultrasonic irradiation of aqueous solutions.
Cavitation occurs due to the acoustically driven growth (low
P) and subsequent collapse (high P) of preexisting aqueous
bubbles at ambient temperatures and pressures.'® The transient
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TABLE 1: Physicochemical Properties of Perfluorinated Surfactants

Abbreviation Name Chemical Chemical Structure of M.W. Tail pKa Water Pyapor
Formula L. ' Solubility (Pa @
the anionic form (gmol™) Carbons (g LY 20°C)
PFOA-A ammonium CsF150,NH, 11 1 431 7 -0.1 9.5° 9.3x
perfluorooctanoate s/i\i/;\i/l\i/l\n/" 107°°
F F F o
PFOS-K potassium CsF17S0:K elelelele 538 8 -3.27 0.5¢ 33x
perfluorooctane ) Lo 10
sulfonate 4
PFHA-A ammonium CeF1102NH4 e 331 5 N/A® N/A N/A
perfluorohexanoate F
:
PFHS-K potassium CoF1380;K e e {o 438 6 N/A 1.4 N/A
perfluorohexane F I~
sulfonate I
PFBA-A ammonium C4F70,NH4 F ) 231 3 0.4° N/A <1.2x
perfluorobutanoate F 107°°
F
PFBS-K potassium C4FoSO:K sl o 338 4 N/A 46.2 N/A
perfluorobutane \|/{\|/|\H/°
sulfonate telbed

@ See ref 10. ? See ref 56. ¢ See ref 57. ¢ See ref 58. ¢ N/A = Data not available.

collapse of cavitation bubbles is quasi-adiabatic, heating the
vapor phase inside the cavity to temperatures of 4000—5000
K, and yielding pressures on the order of 1000 bar.?0~24
Bubble—water interfacial temperatures have been estimated to
be 500—1000 K.2"% As a direct consequence of these transient,
localized high temperatures and pressures, solutes that have
partitioned into the vapor phase or to the bubble—water interface
is pyrolytically decomposed to various extents. Water vapor
within the collapsing cavity is homolytically cleaved generating
hydroxyl radicals, O-atoms and hydrogen atoms.?*?® The radicals
can also degrade organics in the bubble vapor, at the
bubble—water interface and even in bulk aqueous solution.

Sonochemical degradation kinetics are a rough function of
the physicochemical properties of an organic compound. The
physiochemical properties of a compound can be used to
evaluate relative partitioning to the (1) bubble vapor, (2)
bubble—water interface, and (3) bulk aqueous phase in an
ultrasonically irradiated solution, which are of decreasing
sonochemical intensity. Listed in Table 1 are the physicochem-
ical properties of perfluorinated surfactants of various chain
lengths and headgroups: PFOS, PFOA, PFHS, PFHA, PFBS,
and PFBA. The perfluorinated surfactants will preferentially
adsorb to the air—water interface since they consist of a
hydrophobic tail and a hydrophilic ionic headgroup. PFOS and
PFOA have been shown to sonochemically decompose via
pyrolytic reactions at the bubble—water interface. Thus, the
sonolytic degradation rate will be proportional to the fraction
of total surfactant molecules that adsorb to the interface of the
transiently cavitating bubbles.?”?® However, estimation of the
fraction of total surfactant molecules adsorbed to transiently
cavitating bubbles is difficult due to high-velocity bubble radial
oscillations (>5 m/s) and short bubble lifetimes (<100 us), which
preclude utilization of equilibrium partitioning values.

A number of previous studies have evaluated surfactant
adsorption to acoustic cavitation bubbles. Fyrillas and Szeri used
numerical simulations to show that high-velocity bubble oscil-
lations drive an increased number of surfactant molecules to
lightly populated interfaces while radial and thus surface area

minimums limited the maximum interfacial surfactant concen-
tration.” Sostaric and Reisz determined that radical scavenging
efficiency increases at high (>1 mM) surfactant concentrations
with decreasing n-alkyl chain length in order of SPSo (sodium
1-pentanesulfonic acid) > SOS (sodium n-octanesulfate) ~ SOSo
(sodium 1-octanesulfonic acid) > SDS (sodium dodecyl sulfate)
or that the sonolytic rate maxima of nonvolatile alkyl surfactants
does not correlate with the Gibbs surface excess.*® Their results
indicated that the Gibb’s surface excess under ultrasonic
irradiation was lower than the equilibrium surface excess.
Acoustic emission spectra studies by Greiser and Ashokkumar
reveal reduction of bubble coalescence and bubble clustering
upon increasing SDS concentrations to 0.5—2 mM due to
accumulation of anionic surfactants and thus negative charge
at the bubble—water interface.’!

Recently, FC surfactant sonochemistry has been investigated
in a few studies. Moriwaki et al. determined that both PFOS
and PFOA (PFOX where X = A or S) could be degraded
sonochemically and that decomposition likely occurred via a
bubble—water interface pyrolysis mechanism.'® A detailed
investigation into the PFOX time-dependent sonochemical
products showed that after the initial decomposition step, PFOX
was quickly converted into F~, SO,%~, CO, and CO,."” In both
cases, PFOA was sonochemically degraded faster than PFOS,
consistent with perfluoroalkanecarboxylates having a lower
thermal activation energy than perfluoroalkanesulfonates; see
ref 17 for mechanistic details. Modeling PFOX concentration-
dependent kinetics using Langmuir—Hinshelwood Kkinetics
indicated an enhancement of PFOS and PFOA bubble—water
interface partitioning at low (<10 uM) concentrations due to
high-velocity radial oscillations.*? This was consistent with the
results of Cheng et al. who observed that addition of relatively
high (>10 mM) concentrations of semivolatile organics did not
affect dilute PFOS and PFOA (<1 uM) sonochemical rates.*®

Here, we investigate the ultrasonic degradation kinetics of
dilute aqueous (<1 uM) solutions of the perfluorochemicals
PFHS, PFHA, PFBA and PFBS. The results here are compared
to the previously reported sonochemical kinetics of PFOS and
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PFOA, such that the effects of PFC chain length (C;—Cs) and
headgroup (—CO,™ vs —S0O;7) on kinetics can be evaluated.
The FC sonochemical degradation rate chain-length dependence
is compared to their equilibrium air—water interface partitioning
chain-length dependence, as determined by surface tension
measurements. The physical processes that govern sonochemical
kinetics for dilute FCs and how these processes are affected by
acoustic frequency are discussed.

Experimental Methods

Perfluorobutyric acid (PFBA) and perfluorohexanoic acid
(PFHA) were purchased from Sigma Aldrich. Potassium per-
fluorobutane-1-sulfonate (PFBS) and potassium perfluorohex-
ane-1-sulfonate (PFHS) were provided by 3M. Ammonium
acetate (>99%) and methanol (HR-GC > 99.99%) were obtained
from EMD Chemicals Inc. Aqueous solutions were prepared
with purified water using a Milli-Q system (18.2 MQ cm
resistivity). Acid solutions were brought to a pH of 7.0 £ 0.5
by addition of ammonium hydroxide.

Ultrasonic frequencies of 202, 358, 610, and 1060 kHz were
generated using Allied Signal-Elac Nautik ultrasonic transducers
with the reaction solution held in a 600 mL jacketed glass
reactor. The applied power density was 250 W L~!'. The
calorimetric power density was determined to be 75 & 10% of
the applied power density. The temperature was controlled at
10 °C with a Haake AS80 refrigerated bath. All reactions were
sparged with argon for at least 30 min prior to and during the
reaction. PFBS and PFBA were sonicated simultaneously at
initial concentrations of 0.30 uM for PFBS and 0.47 uM for
PFBA. PFHS and PFHA were sonicated simultaneously at initial
concentrations of 0.23 uM for PFHS and 0.32 uM for PFHA.
Dilute concentrations (<1 #M) were chosen to maintain lightly
populated bubble—water interfaces. The goal was to be in a
concentration range where the barrier to adsorption was minimal
and thus all observed kinetic effects could be attributed to
sonochemistry. The specific concentrations were chosen because
they were just below the highest concentration in the HPLC—MS
calibration curve, thus yielding the widest analytical range
possible. The variation in initial concentrations will not affect
the results since they will be discussed in terms of pseudofirst
order rate constants, which are normalized to the initial
concentration.

PFC concentrations were analyzed by HPLC—ES—MS. The
samples were placed into 750 uL polypropylene autosampler
vials and sealed with a PTFE septum crimp cap. Twenty
microliters of collected or diluted sample was injected onto an
Agilent 1100 LC for separation on a Betasil C18 column
(Thermo-Electron) of dimensions 2.1 mm ID, 100 mm length,
and 5 um particle size. A 2 mM aqueous ammonium acetate/
methanol mobile phase at a flow rate of 0.3 mL min~! was used
with an initial 5:95 aqueous/methanol composition. The eluent
composition was increased to 90:10 over 12 min to separate
the PFCs. HPLC effluents were analyzed with an Agilent ion
trap mass spectrometer in the negative ion mode for the
perfluorohexanesulfonate molecular ion (m/z = 399), the per-
fluorobutanesulfonate molecular ion (m/z = 299), the decar-
boxylated perfluorohexanoate ion (m/z = 269), and the decar-
boxylated perfluorobutanoate ion (m/z = 169). The nebulizer
gas pressure was 40 PSI and the drying gas flow rate and
temperature were 9 L min~!' and 325 °C, respectively. The
capillary voltage was set at +3500 V and the skimmer voltage
was —15 V. Quantification was completed by first producing a
calibration curve using 8 concentrations between 1 and 200 ppb
fitted to a quadratic with X~! weighting.
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Figure 1. Plot of surface tension vs aqueous concentration of PFBS
(a), PFBA (¢), PFHS (M), and PFHA (@) (mM).

Surface tension measurements were made with a De Nouy
tensiometer utilizing the ring method. The tensiometer was
calibrated with a weight of known mass. Each sample was
measured three times. The PFHS and PFBS surface tension
measurements were on concentrations up to 10 and 100 mM,
respectively, where the compounds became insoluble. The curve
was fitted to the surface pressure equation of state using Matlab
to determine the equilibrium air—water partitioning coefficient
and the maximum surface concentration.

Results and Discussion

PFHX and PFBX Equilibrium Air—Water Interface
Partitioning. PFYX, where Y = H(exane) or B(utane) and X
= c(A)rboxylate or S(ulfonate) equilibrium air—water partition-
ing coefficients were determine using concentration-dependent
surface tension measurements. In Figure 1, the aqueous surface
tension is plotted as a function of bulk PFYX concentration.
From concentration-dependent surface tension measurements the
maximum surface concentration, ['*c¥X in mol/m?, and the bulk
water to air—water partitioning coefficient, K&t ** in M, can
be determined by fitting the data to the surface equation of state:

I =y, — Ypryxg = "RTT oy In(1 + KquFYX[PFYX])
(1)

where IT is the surface pressure in N m™!, yo = 0.072 N m!
is the surface tension of pure water, and ypryx; is the surface
tension at the bulk aqueous FC concentration, [PFYX] in M,
the gas constant, R = 8.314 J K™ mol™!, T =295 + 1 K, and
n = 2 for ionic surfactants. According to the surface tension
results in Figure 1, the overall order of equilibrium surface
partitioning is K&1S5(Ce) = 2.0KEHACs) = 3.9KHBS(Cy) =
5.0KEBA(Cs). C, represents the number of carbons in the
hydrophobic, fluorocarbon tail.

Of note in Figure 1 is the fact that the sulfonates, including
PFOS, all become insoluble prior to reaching their critical
micelle concentration (i.e., when maximum adsorption is
attained). The perfluoro-sulfonate insolubility occurs at a surface
tension of 40 &= 5 mN m™'!, suggesting there is a critical surface
pressure at which perfluoroalkanesulfonates reach their solubility
limit.

Listed in Table 2 are the maximum surface concentrations,
EEYX in mol m™2, equilibrium partitioning constants, K ' in
M™!, Cpax in M calculated by setting 6 = 0.9 in eq 3 (a surrogate
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TABLE 2: Equilibrium PFC Air—Water Interface
Partitioning Constants

PFC K. (L mol™)

Iinax (mol m™2) Crax” (mM)  R?

PFOS 1871 + 852° (5.0£22) x 1076° 4.8 0.99
PFHS 158 +32.8 (5.7+£0.8) x 107° 57 0.999
PFBS  40.4 £+ 8.60 (44+£05)x10°° 223 0.998
PFOA 361 +£253" (44+0.2)x 107%? 24.9

PFHA 75.6 £11.4 (4.8+0.4) x10°° 119 0.998

PFBA  31.7+4.8 (1.95+£0.12) x 10°¢ 284 0.998

@ Cax is calculated by setting & = 0.9 in eq 3. " 'y and Keq
values for PFOS and PFOA are listed for comparison.*
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Figure 2. Plot of the air—water interface partitioning coefficient as a
function of fluorochemical chain length for the sulfonates (@) and
carboxylates (H). K4 values®> for Cg surfactants are plotted for
comparison.

for the CMC since some species become insoluble prior)®> and
the R? of fitting to eq 1 for PFBX, PFHX, and PFOX, from
previous results.’> With the exception of PFBA, ThEYX is similar
for all the compounds. In Figure 2, K% X is plotted as a semilog
function of the C,-tail. Overall, there is a wide range of K& '
that spans 2 orders of magnitude for the perfluoro-carboxylates
and -sulfonates. Note that the perfluoro-carboxylates have one
less —CF,— than the perfluoro-sulfonates even though they have
an equivalent number of carbons (e.g., PFOA = Cj-tail and
PFOS = Cg-tail). The semilog perfluoro-carboxylate and -sul-
fonate empirically fit to the equations: log Kegsufonaes =
0.78e%13M; 10g Keg carboxylates = 0.99¢™13". The empirical fits are
at variance with hydrocarbon results, which generally yield a
linear dependence. The perfluoro-carboxylate and -sulfonate
curves in Figure 2 do not overlap, indicating the headgroup
speciation affects the air—water interface partitioning, with the
perfluoro-carboxylate being less surface active than the per-
fluoro-sulfonate. This result is in qualitative agreement with
previously reported acetic acid** and methanesulfonate® hydra-
tion energies. The greater hydration free energy of acetic acid
as compared to methanesulfonate indicates that it will associate
itself to a greater extent with bulk water implying a lower
interfacial activity.

The calculated TELYX values all fall into the range (5.0 +
0.7) x 107 mol m™2 except for PFBA, which has a maximum
surface concentration, I'ie® = (1.95 4 0.1) x 107° mol m™2.
The maximum surface concentration is a balance between
attractive forces of the hydrophobic tail to the air—water
interface and steric/Coulombic repulsion of neighboring hydro-
philic headgroups.*® Neutron reflectivity studies have estimated
that the first 2—3 PFOA carbons are below the air—water
interface.’” Assuming a similar structure for PFBA, > 50% of
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its carbons would be beneath the air—water interface. The
reduction in hydrophobic tail interactions for PFBA can be
semiquantitatively evaluated by conversion of maximum surface
concentrations to area per molecule which would be 0.6 nm?¥
PFYX and 1.5 nm*PFBA, which converts to a circle of radius
r = 0.16 nm and r = 0.26 nm, respectively. 0.16 nm is on the
order of the C—F bond length (0.13 nm) in CHF;, suggesting
relatively intimate contact between hydrophobic chains, whereas
the 0.26 nm in PFBA is more representative of an ionic
hydration sphere (0.3—0.4 nm), suggesting that the hydropho-
bicity of PFBA’s short tail (C;) cannot compensate for the
Coulombic repulsion between neighboring carboxylate groups.

PFHX and PFBX Frequency-Dependent Sonochemical
Kinetics. The semilog time-dependent sonochemical degradation
profiles of aqueous PFHS, PFHA, PFBS, and PFBA at acoustic
frequencies of 202, 358, 610, and 1060 kHz (PD = 250 W L™,
T =10 °C, Ar) are depicted in Figure 3a—d. respectively. Each
data point represents the average of three experiments (error
bars were not added due to space considerations). Ultrasonic
irradiation was performed at initial PFC concentrations of
[PFBA]; = 0.47 uM, [PFBS]; = 0.30 uM, [PFHA]; = 0.32 uM,
and [PFHS]; = 0.23 M at an initial pH of 7.0 &£ 0.5. The initial
PFC concentrations were degraded by at least PFBA (57%),
PFBS (66%), PFHS (86%), and PFHA (90%) after 120 min of
exposure to ultrasound at all frequencies. In comparison, PFOS
and PFOA, were degraded to 87% and 99% of their initial
concentrations after 120 min of ultrasonic irradiation.

The plots of In [PFYX]/[PFYX]; (where Y signifies the chain
length B (butane), H (hexane), O (octane), and X signifies the
headgroup A (carboxylate) or S (sulfonate)) vs time plots are
linear indicating pseudo-first-order kinetics, Figure 3a—d,
consistent with an interfacial pyrolysis decomposition mecha-
nism where PFYX concentrations are well below maximum
bubble surface adsorption levels (e.g., the submicromolar PFYX
concentrations are significantly below the concentration where
surface tension begins to decrease). Thus, the sonochemical
degradation rate of PFYX can be expressed by eq 2:

d[PFYXV/dt = —k, **[PFYX] )

kenxXX is the apparent first-order rate constant and [PFYX] the

bulk concentration. When PFYX decreases below 10 nM, the
plots of In [PFYX]/[PFYX]; are no longer linear, suggesting a
change in kinetic order. This result requires further investigation,
and the data will not be used for this study. Rate constants
determined from linear regression of data in Figure 3 at 358

kHz and the PFOX data from other studies follows the order:

PFOA ~ ~ [PFHA o PFOS ~ PFHS, ~ PFBS ~
kapp,358 ~ kapp,358 ~ 1-3kapp,358 ~ ]«3kapp.358 ~ 2~2kapp,358 ~

3.3kbr4ss. The pseudo-first-order rate constants and half-lives
for the degradation of the six perfluoro-compounds at 250 W
L~" and 358 kHz are listed in Table 3. PFHX relative rates are
similar to relative rates observed for the PFOX where (kbi%)/
(kES) = 1.7 and (KESR™)/(KEFES) = 1.8, reflecting that the
carboxylates degrade faster than the sulfonates. In agreement
with previous results,'17*233 the perfluoro-carboxylate degrada-
tion rates for PFOA and PFHA are faster than their respective
perfluoro-sulfonate degradation rates for PFOS and PFHS. And
the PFHA rate is faster than the PFOS rate. This is attributed
to the perfluoro-carboxylates having lower thermal activation
energies than perfluoro-sulfonates and thus a higher intrinsic
chemical reaction rate (i.e., interfacial high-temperature sonoly-
sis). In contrast, the degradation rate constant for the C4 sulfonate
is 1.5 times that of the carboxylate, (Khn™)/(KhieS) = 0.66,
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Figure 3. Time-dependent degradation of PFYX at 250 W L™" in Ar(g) saturated solutions at pH 7 and 10 °C: PFHA (A), PFHS (@), PFBA (),
and PFBS (). (a) 202 KHz, kypi 25 = 0.013; kob B4 = 0.007; ko ™S = 0.012; kopb 14 = 0.019. (b) 358 KHz, ko 25 = 0.018; ko PB4 = 0.012; kb M5

= 0.030; kybFHA = 0.039. (c) kygbFBS = 0.023; kB = 0.017; kybFHS =

ko FHA = 0.022. The ks are in min~ .

TABLE 3: PFC Sonochemical Rate Constants and
Half-Lives for the Degradation of PFYX, Where Y = B, H,
or O and X = A or S under Ultrasonic Conditions: 358 kHz,
250 W L', 10 °C, Ar

PFC kapp (min~?) 71/ (min)
PFBA 0.012 £ 0.001 57.2
PFBS 0.018 £ 0.002 42.3
PFHA 0.053 £ 0.001 16.8
PFHS 0.030 £ 0.003 23.2
PFOA“ 0.048 £ 0.001 16.9
PFOS“ 0.028 £ 0.005 25.7

“ kypp values of PFOS and PFOA listed for comparison.'’

suggesting a change in bubble—water interface adsorption for
the shorter-chain since chain-length effects on the thermal
activation energy is expected to be minimal.

The PFBX and PFHX sonochemical degradation rate con-
stants, k5%, were determined in this work at acoustic frequen-
cies ranging from 202 to 1060 kHz at an applied acoustic power
density of 250 W L1, at 10 °C in argon. The PFOX rates were
taken from Vecitis et al.!” The pseudo-first-order sonolytic rate
constants, ki, X, versus frequency for PEBA, PFBS, PFHA,
PFHS, PFOA, and PFOS are plotted in Figure 4a,b, for the
sulfonates and carboxylates, respectively. The degradation rate
constants for the PFHX and PFOX have apparent maxima at
358 kHz. The PFBX sonochemical degradation rate constants
have apparent maxima at 610 kHz, again suggesting a change
in bubble interface adsorption for these shorter chain length FC
surfactants. The observed PFOX and PFHX rate constant vs
frequency trends are comparable with previous reports®® on the
sonochemical degradation of chlorocarbons. Rate maxima at 358
kHz are due to maximum number of bubble events per unit
time. The observed PFBX kinetically optimal frequency of 610
kHz is similar to reports on chlorocarbon sonolysis.?** A

0.022; kyPFHA = 0.036. (d) kS = 0.009; kyPFBA = 0.008; kS = 0.012;

sonolytic rate maximum at 610 kHz is due to enhanced bulk
aqueous to cavitating bubble mass transfer effects.?*

Sonochemical Kinetics Frequency Dependence. Acoustic
frequency is one of many sonochemical parameters that
modulate the cavitation dynamics of the bubble cloud present
in solution. Sonochemical parameters such as power density,>>404!
reactor design,? area of the emitting surface,* dissolved gas,*’
and nature of the solvent,* also affect cavitation dynamics.
Variations on the applied frequency can affect (1) the average
temperature and pressure inside a transiently cavitating
bubble,!*?74042 (2) the number and reactor volumetric distribu-
tion of cavitating bubbles,* (3) bubble radius and “hot spot”
lifetime!826404344 (4) the dynamics and symmetry of col-
lapse, 20494344 and (5) radical dispersion into solution.**4145 A]]
the previously stated factors are interdependent in controlling
sonochemical events.

The effect of acoustic frequency on sonochemical kinetics
has been previously reported for a number of chemicals. 3139746
The rate of sonochemical potassium iodide oxidation was
increased 8-fold at 300 kHz compared to 20 kHz at 2 W of
applied power.*! The first-order rate constant for the degradation
of aqueous phenyl trifluoromethylketone was 14 times higher
at 515 kHz as compared to 30 kHz."” The maximum 1,4-dioxane
sonochemical reaction rates was observed at 358 kHz over the
frequency range 205—1071 kHz.** Over the range 20—1000
kHz, the highest rate of H;O, and hydroxyl radical production
was observed at 500 kHz during sonolysis and the lowest
production rates occurred at 20 kHz, and the relative rates were
not affected by the sparging gas.”® Finally, the first-order
degradation rate constants for chlorinated methanes, ethanes,
and ethenes sonicated over the frequency range 205—1078 kHz
showed an apparent maximum at 618 kHz.*

Sonochemical kinetic frequency dependences are due to
multiple effects. Average bubble vapor temperatures have little
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Figure 4. Pseudo-first-order rate constant as a function of frequency. Ultrasound conditions: f = 202, 358, 610, and 1060 kHz at 250 W L', 10
°C, Ar for (a) PFBS (@), PFHS (v), and PFOS (M) and (b) PFBA (@), PFHA (V), and PFOA (). k"X values'” are plotted for comparison.

TABLE 4: Theoretical Resonance Radius Values (#m) and
Collapse Times (us) as a Function of Frequency (kHz)

frequency resonant surface volume AlV
(kHz) radius (um)  area A (um?) V (nL) (um™")
202 17.8 3.97 x 10° 0.023 0.17
358 10.0 1.26 x 10° 0.0042 0.30
610 5.88 4.34 x 102 0.00085 0.51
1060 3.38 1.43 x 10? 0.00016 0.88

frequency dependence,*” suggesting that the total number of
bubble events per unit time is a primary factor in determining
sonochemical kinetics. At higher frequencies, >100 kHz, the
total number of transient cavitation bubble events per unit time
is larger and the active bubble populations accounts for a larger
fraction of the total reactor volume.'>*" Thus, if all cavitation
events result in similar vapor and interfacial temperatures, the
frequency with the greatest transient events per unit time would
also be expected to maximize sonolytic rates. Enhanced mass
transfer brought on by high-velocity bubble oscillations will also
increase the PFC diffusion rate from bulk water to the bubble
interface. 32348 As acoustic frequency increases, a stable
cavitation bubble will oscillate more frequently per unit time
leading to a more rapid rectified diffusion.

A rough estimation of the enhanced mass transfer dependence
on frequency will be made. The theoretical resonance radius of
a bubble is given by the equation R? = 3kPy/pw,?, where R,
represents the resonance radius, o, the resonance frequency, p
the density of the solution, «, the polytropic index, and P, the
hydrostatic pressure.?*? For example, in Table 4 the theoretical
resonance radius of bubbles produced at frequencies of 202.6,
358, 610, and 1060 kHz are listed, reflecting the changes
between the relative interfacial properties verses the gas-phase
properties. Comparisons between bubble surface sites to gas-
phase sites as a function of frequency reveals that smaller
cavitation bubbles with larger surface to volume ratios become
prominent at higher frequencies.?* Thus, increasing frequency
results in more bubble events per unit time and more extensive
mass transfer of the solute from the bulk to the bubble interface**
due to an increase in surface active sites for enhanced adsorption.
As a result, at higher frequencies there is enhanced mass
transport of weakly partitioning PFCs from the bulk solution
to the cavitation bubble interface, where they can be decomposed
by interfacial pyrolysis.

The total number of active bubble events per unit time and
the mass transfer of the perfluorinated species to the bubble
surface* are two frequency-dependent factors that act concomi-
tantly on PFC degradation kinetics. The apparent frequency

maximum for PFHX is 358 kHz and for PFBX is 610 kHz
(Figure 4a,b). Since 358 kHz is the optimal frequency for PFHX
sonochemical kinetics, it suggests that the number of cavitation
events per unit time and thus the intrinsic maximum chemical
reaction rate mediates PFHX degradation kinetics. As 610 kHz
is the optimal frequency for PFBX sonolysis, it suggests that
mass transfer to the bubble—water interface and thus extent of
adsorption is rate limiting. Consistent with surface tension
results, Figure 1 and Table 2, which indicate that PFBX is less
surface active than PFHX 283049

For PFHX and PFBX, as the frequency increases beyond its
optimal value, 358 and 618 kHz, respectively, decomposition
rates decrease approximately linearly with increasing frequency.
At the highest frequency tested, 1060 kHz, the half-period for
rarefaction of the acoustic wave is only 0.47 us, which is
insufficient time for the bubble to undergo the rapid growth
required for transient cavitation, limiting the number of transient
cavitation events per unit time. The 0.47 us compression half-
period is approaching the characteristic time for transient bubble
collapse and may interrupt these high-temperature events prior
to completion. The gas and interface temperatures of these stable
cavitation bubbles are greater than ambient but do not approach
the extremes of transiently cavitating bubbles.?! Furthermore,
the time available during bubble oscillations is too short
compared to the length of time necessary for the surfactants to
achieve equilibrium adsorption to the bubble—water interface.*
The lower number of transient bubble events per unit time and
adsorption limitations with increasing frequency results in a
decrease in PFC sonochemical rates (Figure 4a,b).

PFHX and PFBX Sonochemical Kinetics Adsorption
Dependence. Ultrasonic irradiation of aqueous solutions creates
three distinct reaction zones of varied intensity proportional to
their proximity to the bubble core: (1) the core of the bubble
vapor “hot spot”, (2) the gas and water shell surrounding the
hot core, and (3) the bulk solution at near ambient temperature.
The extreme temperatures (ca. 4000 K) and pressures of the
bubble core (1) yields high radical densities. A fraction of these
radicals will diffuse to the bubble—water interface (2) prior to
recombination. An even lesser fraction of radicals will make it
to the bulk water (3) via bubble jets and eddy diffusion.

The physicochemical properties of a compound will determine
its relative partitioning into each of the three acoustic cavitation
zones, which in turn will be proportional to that compounds
sonochemical kinetics. For example, the relatively high Henry’s
law constants for carbon tetrachloride and chloroform (Ky =
2454 Pa m® mol™! for CCl, and 537 Pa m® mol™! for CHCl5),*-*°
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corresponds to their preferred localization at the high-temper-
ature bubble interior (205 kHz, 0.15 mM, k = 7.3 x 10 s~ ! for
CCly and 4.7 x 10 s™! for CHCl3).* The sonolysis products of
aqueous solutions containing surfactants OGP (n-octyl-f3-D-
glucopyranoside) and DGP (n-decyl-f-D-glucopyranoside) in-
dicated surfactant localization at the bubble—water interface
(0.1-6 mM, 614 kHz or 1.057 MHz).>! In this case, the
surfactants reacted with OH radicals that had diffused from the
bubble core to the surface, which lead to an apparent, strong
inhibition of H,O, production.

Concentration-dependent sonochemical kinetics of PFOA and
PFOS were well fit to the Langmuir—Hinshelwood model,*
where kinetic saturation is a result of a finite number of
adsorption sites. The experiments performed here were at dilute
surfactant (>1 uM), orders of magnitude below bubble interface
saturation. The sonochemical kinetics observed here can be
modeled as the low-concentration limit of Langmuir—Hinshelwood
kinetics.’? The observed rate is proportional to 67X, a fraction
of the maximum bubble—water interface binding sites occupied
by PFYX molecules, eq 3*? and the absolute degradation rate
can be modeled by eq 4.

Kgy X[PFYX]

GPFYX —
1 + Kz [PFYX]

3)

d[PFYX] _ - o
T = _kapl;FYX[PFYX] — _kAPFYXOPFXY (4)

kapy YX is the pseudo-first-order rate constant in s™' and ka is
the maximum intrinsic chemical reaction rate in M s™! attained
when all the transiently cavitating bubble surface sites are
occupied. At low concentrations, eq 5, when the bubble surface
is lightly populated, eq 3 can be reduced to eq 6 and eq 4 can

be reduced to eq 7.

Ko X[PFYX] < 1 5

0" = KX [PFYX] (6)
% _ k;PFYXKSCl:YX[PFYX] (7
k;pl;FYX — k;PFYX KeP(I;YX (8)

In the low-concentration regime of the Langmuir—Hinshelwood
model, the kinetics are mediated by the fraction of the total PF
molecules adsorbed to the bubble—water interface yielding
apparent first-order kinetics.??

According to the equilibrium partitioning coefficients listed
in Table 2 and Figure 2 where the K’s are plotted as a function
of the tail carbon number, the partitioning coefficient is roughly
correlated with C,, and the sulfonates adsorb to the air—water
interface more effectively than acids.’> However, the perfluoro-
carboxylate sonochemical kinetics are faster than the perfluoro-
sulfonates for the Cg and Cg compounds, indicating a larger PF-
sulfonate thermal activation energy, in agreement with previous
reports.!”33  Also, the Cg¢ and Cg sulfonates have similar

degradation rates, k*505 &~ kP55, and the Cg and Cg carboxylates

. ; PFOA . PFHA ;
have similar degradation rates, k=p5 ~ k=), suggesting for

Ce and Cg surfactants under dilute concentrations, adsorption
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Figure 5. Frequency effects on the ratio of sonochemical degradation
rate constants, k(sulfonate)/k(carboxylate). PFBX-C, (®), PFHX-C; (@),
and PFOX-Cs (A), where X = A or S. Values of K PF9X obtained from
Vecitis et al.'’

is mediated by high-velocity radial oscillations and not equi-
librium partitioning processes. In contrast, the C4 PF-sulfonates
degrade faster than the PF-carboxylates and the PFBX degrada-

tion rates are slower than their PFOX and PFHX analogs, k50X

~ KPRHX > KPEBX with the relative difference being greater for
the shorter Cs-tail, PFBA, ko "APFOA/, PFBA = 4.4, than for the
Cy-tail, PFBS, k) S/PFOS/j PFBS = 1.6. Suggesting that once
the perfluorinated tail length is less than 5 carbons (C,—PFBS,
C;—PFBA), the dynamic, FC adsorption to the bubble interface
occurs to a lower extent. As the tail length decreases, the
hydrophobic interfacial attraction cannot compensate for the Cou-
lombic repulsion between the ionic headgroups.® On the
contrary, PFBS and more so PFBA are relatively more water-
soluble as a result of their shorter hydrophobic chain length,
consistent with PFBA’s smaller maximum surface excess
concentration.

Figure 5 shows the ratio of sonochemical degradation rate
constants, k(sulfonate)/k(carboxylate) as a function of frequency
for the three carbon numbers. At 358 kHz, the ratio of PFBS to
PFBA rate constants is >1 whereas the Cg and Cg ratios are <1,
k;pl;FBS — I.Ska—pl:)FBA Vs ka_p%FHA/PFOA — 1.7_1.8](2:[’1;FHS/PFOS. This
holds true at all frequencies, once again suggesting a change in
dynamic, for ultrasonically driven adsorption for PFCs with C,-
tail < 5. For PFHX and PFOX, frequency has little effect on
the ratio of rate constants. For PFBX, the ratio is observed to
decrease with increasing frequency. PFBS is the stronger
surfactant (reduction of surface tension by 2 mN m™! occurs at
2 mM for PFBS versus 10 mM for PFBA) yet PFBA rates
increased to a greater extent with increasing frequency, indicat-
ing ultrasonic effects on dynamic adsorption to the bubble
interface.

The ultrasonic effects on PFC bubble—water interface
adsorption kinetics could be a result of high-velocity radial
oscillations enhancing PFC diffusion to the bubble. The time
scale of bubble growth is short (microseconds) compared to
the time required for the surfactants to equilibrate with the gas
solution interface of the bubble (milliseconds), which would
imply lower than equilibrium adsorption.*® For example, at 47
kHz, a 2 mM aqueous sodium dodecyl sulfate (SDS), an anionic
hydrocarbon surfactant, solution reached equilibrium with the
air—water interface after >3 m, which is much longer than the
acoustic cycle of 20 us.**>* However, at f > 10 kHz, bubble
radial oscillation velocities are much faster than chemical
diffusion rates, Viuprag > Vaittusion-> And once adsorbed to the
air—water interface, strong surfactants such as SDS (CMC =
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Figure 6. Apparent rate constants normalized to the PFOX rate
constant vs equilibrium partitioning coefficients, K7 ¥X. K, and k~PFOX
values obtained from Vecitis et al.!”*?

8.0 mM) have negligible diffusion rates away from the interface,
kgesos = 500 s™! or 7y, > 1 ms,> which is much longer than
estimated bubble lifetimes 10—100 us. Thus, once adsorbed to
a cavitating bubble, strong surfactants such as SDS (PFOA has
similar surfactant properties) are not expected to desorb over
the bubble lifetime. Due to the large volume covered by the
radial bubble oscillations, irreversible interfacial adsorption gives
little room for mass transfer enhancements.

However, if a species was able to diffuse away from the
bubble—water interface over a relevant time scale, (In 2)/kgesors
<100 us, and mass transfer was enhanced during sonochemistry,
kadsoro = Kbub.ose, Mass transfer enhancements with increasing
frequency can be rationalized. If the perfluorochemical were
able to desorb during a nontransient, bubble compression phase,
they could be readsorbed during the subsequent rarefaction
Phase- Keq = kadsorb/kdesorb’ and if kadsorb but not kdesorb is
ultrasonically enhanced, then an increase in K., would be
expected. kygsorp Will increase with increasing frequency due to
increased SA/V ratios and increased frequency of bubble
oscillations per unit time. Sonochemical frequency dependences,
Figure 5, suggest this is active for the perfluorinated species
with C,-tail < 5 or K4 < 50 M~L. Consistent with previous
arguments, see Adsorption section, that PFBA is not hydro-
phobic enough to counteract Coulombic repulsions of the
headgroups and thus has a lower maximum surface concentration.

The apparent rate constants normalized to the PFOX rate
constant, kapy kg 05 o1 kg Alkapy O vs the equilibrium
partitioning values, K. ¥, for f = 358 kHz are plotted in Figure
6. The rate constants are normalized to the Cg rate constant to
cancel any headgroup effects on kinetics. Assuming that PFC
chain length has minimal effect on the thermal activation energy
and thus intrinsic chemical reaction rate, kx*7'X in eq 7,
differences in sonochemical kinetics should be solely due to
extent of adsorption to the bubble water interface, Koi 7 ~ in eq
7, which is correlated with hydrophobic tail length, Figure 2.
However, in Figure 6, there is no correlation between the
equilibrium partitioning constant and the Cg-normalized
sonochemical degradation rate constant. When C,-tail > 5 or
K.S7Y%>> 50 M1, the fluorocarbon hydrophobic tail length has
no effect on the normalized rate constants (kupr ¥ %)/ (Kot OX) =
1.0 = 0.1. This suggests that above a threshold partitioning
constant value, bubble—water interface adsorption is ultrasoni-
cally mediated. This would correspond to a kgesorry Value being
too low for surfactant desorption to occur over the bubble
lifetime.

The equivalent normalized rate constants for C,-tail > 5
suggest that under lightly populated bubble—water interface
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conditions, adsorption is ultrasonically mediated and can not
be described by equilibrium air—water interface partitioning
coefficients. In agreement with Langmuir—Hinshelwood model-
ing* of concentration-dependent PFOS and PFOA kinetics that
indicated ultrasonic enhancement of PFOX adsorption to the
bubble—water interface under dilute conditions. There is an
apparent hydrophobic tail length threshold for the observed
ultrasonic adsorption effects as seen in the decreasing normalized
rate constants for C,-tail < 5 and K4 < 50 M~L. The greater
water solubility of the PFCs with shorter tails results in an
inability of the shorter PFCs to form stable surface films, and
thus they are able to desorb for the interface within the
transiently cavitating bubble lifetime.

Conclusions

The sonochemical degradation kinetics of perfluoroalkan-
ecarboxylates and -sulfonates is influenced by their adsorption
behavior at the air—water interface and the applied acoustic
frequency. Equilibrium partitioning coefficients, K& 'X, of
perfluoroalkanecarboxylates and -sulfonates increase with in-
creasing hydrophobic chain length, C,. Equilibrium bubble
surface partitioning coefficients, K ' *, were shown to have no
correlation to PFHX and PFOX (C,.4) sonochemical kinetics,
keex®. For PFHX and PFOX, adsorption is ultrasonically
mediated under lightly populated conditions. Initial results
suggest a possible correlation between Kby ** and K557 for PEBS
(C4) and PFBA (Cj), which have the shortest perfluorinated,
hydrophobic chain length and are least surface active. PFHX
and PFOX exhibit sonolytic rate maxima at 358 kHz, and PFBX
exhibits rate maxima at 610 kHz. These results suggest that the
number of cavitation events per unit time (PFOX/PFHX) and
enhanced mass transfer to the bubble—water interface (PFBX)
to be the respective sonochemical degradation rate mediators.
Dilute aqueous perfluorinated surfactant sonochemical degrada-
tion rates are a complex function of both physiochemical
properties such as air—water interface partitioning and acoustic
cavitation parameters such as frequency. Further investigations
are being made into FC sonochemical kinetics concentration
dependence and how chain length affects the dependence.
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