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Degradation of Perfluoro Compounds and F Recovery in Water Using
Discharge Plasmas Generated within Gas Bubbles

K. Yasuoka, K. Sasaki, R. Hayashi, A. Kosugi, and N. Takeuchi
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Abstract—Decomposition of perfluoro compounds (PFCs) has been successfully demonstrated using DC plasmas
generated within oxygen bubbles in water. A plasma reactor was filled with perfluorooctanoic acid (PFOA) or
perfluorooctanesulfonic acid (PFOS) solution (50 mL, 50 mg/L) and DC voltage was applied between the solution and an
annular electrode. DC plasma initiated within the central hole of the electrode and slightly expanded along the inner
surface of oxygen bubbles formed just above the hole. The typical values of the applied voltage and discharge current were
1.6 kV and 7 mA, respectively. The decomposition ratio of PFOA/PFOS was evaluated by measuring the concentration of
fluorine ions (F') detached from the PFCs in the solution. The F~ formation ratio and energy efficiency after 30 minutes of
operation were 17.4% and 61.0 mg/kWh, respectively, in the PFOA solution and 11.3% and 36.4 mg/kWh, respectively, in
the PFOS solution. The recovery of fluorine from the treated solution was tested by adding 200 mg/L of CaCl,. On the
basis of the reduction in concentration of calcium ions, we estimated the amount of formed CaF, to be 17.7 mg/L after 30

minutes of operation at a discharge current of 10 mA.
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1. INTRODUCTION

Perfluoro compounds (PFCs) are widely used owing
to their chemical stability and physical characteristics.
The biopersistence and unexpected toxicity of long-chain
PFCs have recently raised environmental concerns,
causing changes in effluent control regulations. PFCs
such as perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic  acid (PFOS) cannot be
decomposed by the advanced oxidation technology
utilizing OH radicals. Therefore, various methods such as
UV-induced photochemical reaction [1, 2], sonochemical
reaction [3], VUV irradiation [4], S,0g-added hot-water
treatment at 80°C [5], and microwave-hydrothermal
method [6] have been tested to decompose the strong C—
F bonds of PFOA. A limited number of reports exist on
PFOS degradation using zero-valent iron in subcritical
water [7] or by sonochemical methods [3, 8].

Liquid-phase electrical discharge plasmas have been
investigated for degradation of persistent organics in
water [9, 10]. In liquid-phase plasmas, the generation of
hydroxyl radicals, which are the primary reactive species,
have been studied extensively by optical emission
spectroscopy and chemical probe methods [11]. The
hydroxyl radicals are less effective for decomposing
PFOA or PFOS in water, so liquid-phase plasmas have
not been applied to the decomposition of PFCs. We
recently found that the direct plasma-water interaction
[12] can easily decompose such PFCs in water with a
dielectric barrier plasma [13] or a pulsed plasma [14] in
bubbles. DC plasmas within oxygen bubbles showed a
faster decomposition rate and a higher energy efficiency
than the pulsed plasmas [15].

During the decomposition processes, fluorine ions
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are generated in the solution. The recovery of fluorine is
important as the cost of fluorite has increased. Calcium
precipitation has been established as the method of
recovering fluorine ions from industrial wastewater [16].
We have examined the manner in which the fluorine ions
are recovered by adding a calcium salt such as CaCl, into
PFOA solutions. The goal is the recovery of insoluble
CaF, crystals during PFOA degradation. In this paper, we
report the decomposition of PFOA/PFOS and the
recovery of fluorine from PFOA [17] by combining a DC
plasma reactor with a calcium precipitation method.

II. EXPERIMENTAL SETUP

A schematic diagram of a DC plasma reactor is
shown in Fig. 1. A high-density polyethylene container
was used as a reactor chamber in which 50 mL of a 50
mg/L PFOA or 10 mL of a 240 mg/L PFOS solution was
filled for degradation experiments. In the recovery
experiments, 20 mL of a 200 mg/L PFOA solution was
used with and without CaCl,.
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Fig. 1. Schematic diagram of the plasma reactor.
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The electrode system consists of a grounded 0.2-
mm-thick annular metal plate, a 1-mm-thick dielectric
spacer having a 0.2-mm-diameter central hole, and a
high-voltage electrode that was separated from the
solution with the spacer. Oxygen, argon, or helium gas
was fed into the solution through the tiny hole in the
ceramic plate at a flow rate of 50-100 sccm. Small gas
bubbles formed in the central hole, then expanded into
the solution, and finally detached from the ceramic
surface after around 10 ms. The high-voltage electrode
was connected to a DC voltage source through a 200 kQ
ballast resistor. The polarity of the voltage source was
mostly positive. An 1 kQ resistor was inserted for current
monitoring. After applying a high voltage, DC plasmas
initiated within the hole and slightly extended along the
inner surface of the bubbles. The current value was 7 mA
for decomposition and 10 mA for recovery experiments.

The concentration of fluorine ions was measured
with a pH/ion-meter (Mettler-Toledo, SevenMulti S80).
The calcium ion concentration was determined by
measuring the absorbance of the solution with a spectral
photometer (JASCO Corp., V-630) after adding a
calcium pack test (Kyoritsu Chemical-Check Lab., Corp.,
WAK-Ca).

III. RESULTS AND DISCUSSION

A. Decomposition of PFOA/PFOS

The molecular structures of PFOA (C,F;sCOOH)
and PFOS (CgF;SO;H) are shown in Fig. 2. These two
compounds differ in the number of carbon atoms in the
main chain and the functional groups. Fig. 3 shows the
typical voltage and current waveforms when oxygen gas
was fed at a flow rate of 100 sccm. The output current
from the voltage source was set at 7 mA; however, the
frequency response of the voltage source was too slow to
maintain a constant plasma current. The solution

temperature was kept at around 20°C by a cooling system.

The degradation ratio was evaluated by measuring
the fluorine ions generated in the solution. Fig. 4 shows
the formation ratio, which is defined as the ratio of the
amount of fluorine ions to the initial atomic weight of
fluorine in the PFOA solution. The solution conductivity
shown with the right-hand axis is a function of the
concentration of fluorine ions, but it almost saturated
after 50 minutes of operation. The initial concentration
and the conductivity of PFOA solution were 240 mg/L
and 140 pS/cm, respectively. The reactor voltage was 1.2
kV and an average current was 10 mA. In this case, the
flow rate of oxygen was 50 sccm. The formation ratio of
fluorine ions rapidly increased for 30 minutes and
reached approximately 95% after 100 minutes of
operation. At 60 minutes, the decomposition ratio was
85% and the energy efficiency, which is defined as the
ratio of the amount of fluorine ions generated in the
PFOA solution to the input energy including energy loss
with the ballast resistor, was 47 mg/kWh. The
decomposing energy efficiencies at 30% of fluorine ions
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Fig. 3. Typical voltage and current waveforms.
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Fig. 4. Formation ratio of fluorine ions and solution conductivity as
a function of processing time.

detached from PFOA were 105 mg/kWh with this plasma
method, 1.4 mg/kWh for 9 hours [1] and 6.3 mg/kWh for
2 hours [2] operations by photochemical methods.

In case of PFOS degradation, sulfate ions (SO,
were generated in the solution in addition to fluorine ions,
as shown in Fig. 5. The concentration of ions increased
linearly at the beginning of decomposition, and the rate
of generation of ions gradually decreased after 60
minutes of operation. The concentration of SO, was
approximately one-third of the fluorine ion concentration.
The initial values of solution conductivity and pH were
29 uS/cm and 4.4, respectively. The pH was decreased to
3.3 after 60 minutes of operation. At 60 minutes of
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Fig. 5. Concentrations of fluorine and sulfate ions generated in a
PFOS solution as a function of processing time.
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Fig. 6. Formation ratio of fluorine ions in PFOS solution with and
without H3POj, as a function of input energy.

operation, the decomposition ratio was 25% and the
energy efficiency was 19 mg/kWh. The decomposition
rate and efficiency of PFOS are a little lower than those
of PFOA degradation.

Fig. 6 shows the formation ratio of fluorine ions as a
function of total input energy, with and without H;PO,.
The hydrated electron may be one of the active species
for PFOA/PFOS degradation. Therefore H;PO, which is
a scavenger of hydrated electrons was added to the
PFOA solution. Addition of H;PO4 caused a slight
decrease in the formation ratio. This suggests that the
effect of the hydrated electron is limited in the
degradation of PFOA.

Changing the discharged gas resulted in a change in
the contact area between the DC plasma and the solution
surface as well as the current densities. As shown in Fig.
7, the highest ratio was obtained with oxygen plasma but
the highest energy efficiency was observed with argon
plasma. The voltage polarity of the high-voltage source
strongly affects the plasma stability and the fluorine
formation ratio. Negative polarity led to unstable
discharges and a lower efficiency.
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Fig. 7. Concentration of fluorine ions with oxygen, argon, and
helium plasmas as a function of processing time and voltage
polarity.

The mass balance was evaluated for an initial
concentration of 51 mg/L PFOS solution. The initial
amounts of fluorine and sulfur atoms were 86.7 pmol and
5.1 pumol, respectively. After 240 min of operation the
amounts decreased to 78.5 pumol and 4.5 pmol,
respectively. Thus, approximately 10% of fluorine and
sulfur atoms disappeared during the operation. The
detected byproducts by LC/MS method were PFCSs
(C,F2,+1COOH), and no PFASs (C,F,:1SOsH) were
detected. The disappeared fluorine and sulfur atoms
possibly changed into gas compounds.

The possible decomposing processes through which
PFOA degrades are shown in Egs. (1) - (3). In Eq. (1),
the unknown reactive species, represented by M, is added
to explain the plasma effect on the degradation.

C7F15COO_+M*> C7F15COO' +M+e (1)
C;F15CO0O° — C/F 5 + CO, (2)
C7F15 ° +2H20 - C6F13COOH + 3HJr +2F (3)

The processes involved in PFOS degradation are fairly
more complicated than those of PFOA degradation, and
possible processes are represented by Egs. (4) — (7).
PFOS changes to PFOA through the degradation. The
active species M represents direct plasma interactions
with the solution surface. PFOA thus generated degrades
further through the same processes as for PFOA
degradation shown above.

CgF17SO; + M — CGgF;SO3- + M+ e (4)
CsF 17803+ — CgF 17 +S0; (%)
CsF7+ +H,0 — C4F;O0 +H' +H (6)

CgF ;0 +H,0 — C;F;sCOO™ +2H +2F  (7)
B. Recovery of fluorine atoms by calcium precipitation

Fig. 8 shows the concentrations of fluorine ion with
and without CaCl,. The solution contained 200 mg/L
PFOA with and without CaCl, of which initial
concentration was 200 mg/L. After 30 minutes of
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Fig. 8. Concentration of fluorine ions as a function of processing
time with and without CaCl,.

TABLE I
CONCENTRATION OF CALCIUM IONS WITH THE PROCESSING
TIME IN THE PRESENCE OF CACL,

Time [min] 0 (initial) 20 30
Calcium ion
concentration 459 41.8 36.8
[mg/L]
Diminished
concentration 0 4.1 9.1
[mg/L]
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Fig. 9. Estimated formation rate of CaF, as a function of processing
time in PFOA solution with CaCl,.

operation at 10 mA, the fluorine ion concentrations with
and without CaCl, were 46.0 mg/L and 31.4 mg/L,
respectively. The fluorine ion concentration decreased
after adding calcium ions. Although CaF, crystals were
not detected, the reduction may be caused by the
production of insoluble CaF, in the PFOA solution.
However, the change in the amount of decomposed
PFOA was not fully understood.

Table I shows the time variation of the concentration
of calcium ions when CaCl, was added and the
diminished concentration of calcium ions from the initial
value. Around 20% reduction of the concentration was
possibly caused by the production of CaF,. Fig. 9 shows
the amount of CaF, estimated from the reduction in
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concentration of calcium ions. The estimated amount of
CaF, produced after 30 minutes of operation was 17.7
mg.

IV. CONCLUSION

We successfully demonstrated the degradation of
PFOA and PFOS solutions by using DC plasmas
generated inside gas bubbles in water. The
decomposition ratio and efficiency were evaluated by
measuring concentration of the fluorine ions generated in
the solution. The decomposition ratio of PFOA is slightly
higher than that of PFOS, owing to the presence of a
sulfo group. Direct plasma interaction with the solution
surfaces seems to enhance the degradation of
PFOA/PFOS.

Recovery of fluorine from PFOA in water was tested
by combining the PFOA decomposition process and the
calcium precipitation method. The concentration of
fluorine ions in the solution decreased when CaCl, was
added, possibly because of the production of insoluble
CaF, crystals.
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