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Abstract: Perfluorooctanoic acid (PFOA) is an artificially synthesized per-fluorinated chemical
widely used in industry. It is often released into the environment without treatment and causes
pollution in groundwater. In this paper, we employed a strip fountain dielectric barrier discharge
(SF-DBD) plasma source to degrade PFOA from the water. The effects of power supply mode, dis-
charge gases, pH, the conductivity of the solution, concentration, etc., on the degradation efficiency
were studied. For a 200 mL sample of 75 mg/L PFOA, a 99% degradation efficiency with a 204.5
pg/k] energy production rate was achieved using an average power of 43 W negative pulse argon
plasma for 50 min at atmospheric pressure. The total organic carbon concentration (TOC) decreased
by 63% after a 60-minute treatment. The SF-DBD proves to be a promising and energy-saving tech-
nique to efficiently remove PFOA from water.

Keywords: plasma; PFOA; degradation; dielectric barrier discharge

1. Introduction

Perfluorooctanoic acid (PFOA) is a type of artificially synthesized per-fluorinated
compound (PFC) [1]. The C-F bond in the molecule has a large bond energy (485 kJ/mol),
which makes PFOA a chemical with excellent thermal stability, chemical stability, surface
inactivity, and high hydrophobicity [2—4]. Therefore, PFOA is commonly used as a sur-
factant in the industry to produce firefighting coating, soap, shampoo, etc. [5]. Previous
studies have shown that PFOA does not degrade naturally [6,7]. It is highly persistent in
the environment and has been detected in rivers, lakes, and groundwater [8]. The accu-
mulation of PFOA can cause potential harm to ecologically sustainable systems [9].
Hence, nowadays it is required to degrade PFOA before releasing the PFOA waste into
the environment [10].

Advanced oxidation processes (AOPs), such as ozone or hydrogen peroxide [11], can
degrade PFOA, but the efficiency is low. Similar results were also found using other
AOPs, including photocatalysis [12], sonolysis [13], activated persulfate [14], electrolysis
[15], and ionizing radiation [16] in PFOA degradation. For instance, a complete defluori-
nation of 0.1 mM PFOA was observed when treated with 0.1 M persulfate and heat (70
°C) after 18 h. This hybrid method that combines Fenton like reagents and humic acids
was able to quantitatively remove the PFOA at 25 °C in under 100 min [17]. PFOA at a
concentration of 1.35 mM was decomposed by a photochemical system with 50 mM per-
sulfate and 4 h of irradiation from a 200-W xenon-mercury lamp. The amount of PFOA
decreased with irradiation, and after 4 h of irradiation, PFOA disappeared on the HPLC
chromatogram [18]. It took 6 h to degrade PFOA by 98.3% using a UV with TiO: and
HCIOs at pH4 [19]. The degradation efficiency was 99.1% after being treated with 4 h of
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ozonation in the presence of a photocatalysis, but its defluorination ratio only reached
44.3% [20]. Research is currently ongoing to develop advanced oxidation/reduction pro-
cesses for effective degradation of PFOA.

Among the AOPs, the non-thermal dielectric barrier discharge (DBD) plasma tech-
nique has been used as a pre/posttreatment method or in combination with other tech-
niques for wastewater treatment [21,22]. It is known that non-thermal plasma generates a
huge number of highly active species, high energy electrons, UV radiation, and shock
waves [23], which can efficiently degrade hydrocarbon organic pollutants. Other than hy-
drocarbons, it was recently reported that PFOA in water could also be removed by non-
thermal plasma [24]. Hayato et al. [25] showed an 89% degradation when a 200 mL of 44.9
mg/L PFOA aqueous solution was treated with DBD plasma for 140 min. Stratton et al.
[26] also showed a 90% removal of PFOA rate when a 6 mg/L of PFOA aqueous solution
was exposed to a 76.5 W non-thermal DBD plasma for 0.5 h, and the energy efficiency was
54.9 pg/k]. They showed that the non-thermal plasma can degrade PFOA, but the long
treatment time and high-power consumption make them less competitive for the task. The
static non-thermal DBD plasma can only treat one waste solution with a small volume
(such as 1 mL) at a time, which renders it unready for commercialization.

Discharge plasma is an emerging AOP which is characterized by the production of
active substances (high-energy electrons, *OH, -O, H202, O3, NO2-, NO-, etc.) and physical
effects (such as local high temperature, ultraviolet light, strong electric field, electro-lig-
uefication cavitation, supercritical water oxidation, etc.) throughout the discharge process
[27]. More importantly, the discharge plasma has the advantages of high efficiency and
the avoidance of secondary pollution, which is very attractive for water treatment [28]. In
this study, we report a plasma method for rapid and efficient removal of PFOA in aqueous
solutions by using a plasma source: a strip fountain dielectric barrier discharge (SF-DBD)
plasma reactor [29]. This plasma source allows gaseous-liquid interaction with a large in-
terface at the atmospheric pressure. To learn more about the efficiency of the SF-DBD for
PFOA degradation, the effects of the power mode, such as the nano-discharge, sinusoidal
wave discharge, and positive and negative discharges, on the PFOA degradation have
been investigated. The process parameters, such as the average power, the treatment pe-
riod, the discharge gas, PFOA concentration, pH, and conductivity of solutions on the
degradation have also been explored. In addition, the total organic carbon (TOC) concen-
trations of pollutants before and after treatment are compared.

2. Materials and Methods
2.1. Materials

PFOA (purity > 95%) was purchased from Alfa Aesar (Tewksbury, MA, USA). Other
agents, such as isopropanol (CsHsO; analytical grade), sulfuric acid (H2504; analytical
grade), sodium hydroxide (NaOH; analytical grade), sodium nitrite (NaNOz; analytical
grade), sodium nitrate (NaNOs; analytical grade), benzoquinone (CsHsOz analytical
grade), 2, 2, 6, 6-tetramethylpiperidine (CoHwN; analytical grade), ammonium acetate
(CHsCOONHs4; HPLC grade), methanol (CHsOH; HPLC grade), and acetonitrile (C2H3N;
HPLC grade) were purchased from Aladdin Reagent (Shanghai, China) Co. LTD. All
agents were not further purified before use. The gases (O, Ar; purity > 99.999%) were
bought from Praxair technologies (Beijing, China). The PFOA solution was then prepared
in deionized water.

2.2. Experiment Setup

The SF-DBD plasma system used to treat PFOA solution is schematically shown in
Figure 1. It consists of a fountain strip that releases a falling film of water that passes
through an electric field generated from a high voltage power supply. The voltage and
current were monitored on a digital oscilloscope and were measured using a high-voltage
probe and a current transformer, respectively. The gas flowmeter controls the flow rate of
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working gas into the DBD reactor at a constant rate. The quartz tube (48 mm in outer
diameter, 44 mm in inner diameter, 200 mm in height) was used as a dielectric layer, which
is covered by a grounded stainless-steel net with a length of 10 mm. The inner stainless
steel tube acts as the high voltage electrode. The discharge gap was fixed at 2~3 mm. When
the solution flows from top to down, a 1 mm thick water layer formed on the surface of
the high electrode. A cooling tank is added outside the treated solution pool to keep the
solution temperature near 297 K during the whole process. For comparison, air, argon,
and oxygen gases were selected as the discharge gases. Unless otherwise specified, the
volume of all processed PFOA solution was 200 mL, the initial concentration was 75 mg/L,
the initial pH of the solution was around 4.3, the conductivity was around 65 ps/cm, the
solution temperature was around 297 K, and the duration between the samples’ treatment
and analysis was 10 min.
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Figure 1. (a)Schematic diagram of the SF-DBD system used in PFOA-polluted water treatment. (b)
The reactor diagram used in PFOA simulated wastewater treatment.

2.3. Discharge Power and 1, V Characteristics

Three power sources were used to treat PFOA-contaminated wastewater. Their
waveforms were detected using a digital oscilloscope (DPO 4104, Tektronix Inc, Beaver-
ton, OR, USA)., USA). For the sinusoidal AC power supply (CTP-2000K, Nanjing Suman
Electronic Co., Ltd., Nanjing, China) the input voltage was in the range of 0~30 kV with a
frequency in the range of 8~40 kHz; for the negative pulse power supply (SY6515,
Chengdu Senyuan Technology Co., Ltd., Chengdu, China), the voltage was in the range
of 0~16kV with a frequency in the range of 0~15 kHz, pulse width of 0.5~0.8 us, and the
pulse rising edge period in the range of 104~112 ns. The typical I and V waveforms of
three power supplies are presented in Figure 2a,b respectively.
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Figure 2. The typical I and V waveforms of two used powers (a) sinusoidal ac; (b) negative pulse.

2.4. Analytical Methods
The PFOA degradation or removal efficiency, DE, is defined as
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where Co and C: represent the PFOA concentrations (mg L) at initial and at ¢ times, re-
spectively.

As for the process conditions of the ion chromatograph (IC) (Thermo Dionex, ICS-
1100, Waltham, MA USA), F- in the reaction solution was determined by the manual sam-
pler (the injection volume was 1 mL), the mobile phase was Na2COs (9 mmol L), and the
flow rate was 1 mL/min. The detection limit was 20 pg/L.

The total organic carbon (TOC) of PFOA was determined by the TOC analyzer (N/C-
2100, Analytik Jena, Jena, Germany).

The calculated defluorination rate Dr(%) is based on Equation (2):

Cr

D =——1—
" 715 X Cproa

X 100 @)
Cr, and Crroa are fluoride ion concentration (mol L) at t time and the PFOA concen-
trations (mol L) were at initial state, respectively.
The PFOA degradation kinetics in SE-DBDwas evaluated by fitting the experimental
data with the first-order Equation (3):

C, = Cpe 3)

where k is the kinetic constant.
In pulse mode, the average power (P) in discharge is calculated based on Equation
(4) [30]:
t2
P=f| Uldt 4)
t1
where t1is the pulse start time, t2 is the pulse end time, fis pulse frequency, I is instanta-
neous current, and U is instantaneous voltage.

The energy yield G (ug kJ-1) can be obtained from Equation (5) [31], which is defined
as the removed amount of PFOA (ug) per kilojoule consumed during the treatment pe-
riod.

(Co—C) XV xDy 1000

_ 5
G PXT * 36 ®)

where V (L), T (h), and P (W) are solution volume, degradation time, and average power,
as well as the degradation rate, respectively.
All experiments were conducted in duplicate.

3. Result and Discussion
3.1. Effect of the PFOA Concentration on the Degradation Efficiency and Rate

Figure 3 shows that the PFOA concentration can affect the degradation efficiency and
rate. The degradation efficiencies of PFOA are 94.3%, 84%, and 67.7%, after 60 min of Ar-
plasma treatment, when the concentrations are 20 mg/L, 75 mg/L, and 200 mg/L, respec-
tively. The degradation follows a first-order reaction kinetics as shown in Figure 3a inset.
When the concentration increased 10-fold from 20 mg/L to 200 mg/L, the energy yield only
increased 7.2-fold from 91.1 pg/kJ to 654 ug/kJ (Figure 3b). Similar results were reported
before and were explained by the efficient average power consumption [32], and the con-
centration of the active species in plasma remained the same at a fixed average power.
Therefore, the higher the PFOA concentration, the longer the discharge time, which in
turn leads to a lower degradation efficiency [33]. This was evidenced by the decrease in
the kinetic constant from 0.0584 to 0.0228 min~ when the concentration increased from 20
mg/L to 200 mg/L (Figure 3b).
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The PFOA concentration can affect the degradation efficiency and rate. Therefore, for
consistency, in all the subsequent experiments 75 mg/L of PFOA concentration was used
to study other factors that can affect the degradation efficiency and rate.
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Figure 3. (a) degradation of PFOA with various concentrations of PFOA. Inset shows the first-order
degradation kinetics curves of PFOA under Ar-plasma treatment. (The lines were fitted results). (b)
energy yield and kinetic constant at different concentrations. The experimental conditions: negative
pulse power supply, peak voltage: 13 kV, power frequency: 6 kHz, pulse width: 500 ns; Ar plasma;
average power: 26 W.

3.2. Effect of Type of Power Supply and the Average Power and on the Degradation Efficiency

It is known that the concentrations of particles in plasma vary with the type of power
supplies [34]. To decontaminate the water, sinusoidal AC power supply DBD plasma was
mostly used in previous studies [34,35]. Recently, the discharge driven by nanosecond
pulse power supply has attracted a lot of attention because it exhibits high current density,
high average electron energy, less electrolysis, and low Joule heat. Therefore, it is worth
comparing how the type of power supplies would affect the degradation efficiency. The
plasma generated from two power supplies, sinusoidal AC power supply and nanosec-
ond pulse power supply, were compared in our study.

Figure 4b and Table 1 show the degradation efficiencies of PFOA under the Ar
plasma from two different power supplies. The degradation efficiencies are 66% and 99%
after 50-minute treatment for the sinusoidal AC power, and nanosecond pulse power, re-
spectively, under similar efficient power (~24.5 W). This difference in degradation efficacy
can be explained using the efficient energy consumption applied to the degradation pro-
cess [36]. For the sinusoidal AC power supply, a high joule heat is generated during the
discharge process in the continuous mode, which consumes some applied energy that
cannot be used to degrade PFOA. On the other hand, in the nanosecond pulsed discharge
mode, the charged species gained less kinetic energy from the pulsed power, so the tem-
perature of the plasma does not derivate too far from the room temperature and less en-
ergy is wasted on heating the plasma species [36]. To confirm the temperature change, the
temperature of the solution before and after the plasma treatment without a cooling sys-
tem under the two power supplies was measured (Figure 4a inset). After the 50 min
plasma treatment, an 11.2 K temperature increase was observed for the sinusoidal AC
discharge mode, while only a7.6 K increase in temperature was seen for the nanosecond
pulse discharge mode. The slight temperature increase also suggests that the temperature
change does not contribute to the degradation of PFOA, since PFOA is stable even at much
higher temperatures [37]. To avoid experimental errors caused by temperature, in the lat-
ter experiments we added a water circulation system around the reaction pool to keep the
solution temperature constant.
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Figure 4. The degradation efficiency of PFOA in (a) sinusoidal AC power supply and nanosecond
pulse power supply (working gas: Ar; initial concentration: 75 mg L) (b) different applied power
in nanosecond pulse power supply.

Table 1. Energy yield under various parameters.

Discharge Initial Concentration Work  Average  Degradation Energy Yield

Mode (mg L) Gas Power (W) Efficiency (%) (ugkJ?)
SE-DBD 75 Ar 11.1 75 337.8
SF-DBD 75 Ar 13.8 84 304.3
SF-DBD 75 Ar 17.1 93.2 2725
SF-DBD 75 Ar 242 99 204.5

AC-DBD 75 Ar 24.7 66 136.4

Figure 4b and Table 1 show that the degradation efficiencies were 99%, 93.2%, 84%,
and 75%, when the average powers were 24.2 W, 17.1 W, 13.8 W, and 11.1 W, respectively
after the SE-DBD plasma discharge treatment for 50 min. The higher degradation effi-
ciency at higher average power is most likely caused by a higher density of active species
at higher average power [34].

Table 2 lists the degradation efficiency and the energy yield of our system, compared
to those of other plasma systems reported in the literature. The comparison shows that
the energy yield based on the negative pulse discharge mode was much higher than any
of the reported methods, indicating the designed nanosecond pulsed SF-DBD system is
promising in improving the degradation efficiency of PFOA with reduced energy con-
sumption.

Table 2. Comparison of energy yields in various treatment processes.

Methods Concentration V‘l:)]lat:ze Treat.ment Power De.g.radati(:)n E;liirliy Ref.
(mg/L) (ml) (min) (W)  Efficiency (%) (ug/KJ)
DBD
Plasma/PM 5 150 120 3 94.8 33.3 [38]
S/Os
DC Plasma 414 20 150 10 98 9.03 [39]
DC plasma 50 50 240 / / 7.2 [40]
DC plasma 41.4 / 180 32 100 1.67 [41]
Multiple 449 200 140 60 88.8 158  [25]
plasma
our work 75 200 50 24.2 99 204.5 -

3.3. Effect of the Discharge Gas on the Degradation Rate

It is expected that the degradation efficiencies of plasma generated from different
gases are different because different discharge gases produce different active species [42].
Therefore, we compared the degradation of PFOA in argon, air, and oxygen plasma.
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Figure 5 shows the degradation constant in argon plasma is highest at 0.046 min-,
followed by air plasma at 0.0351 min, and oxygen plasmas at 0.0247 min'. The degrada-
tion efficiency follows the same order, which is the same as that for the degradation of
antibiotic tetracycline [43].
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Figure 5. (a) The degradation efficiency of PFOA under plasma from three different gases. (b) First-
order kinetics and kinetic constants under plasma from different discharge gases (the lines were
fitted results and the inset shows the kinetic constants). Experimental conditions: negative pulsed
power, peak voltage = 12 kV, power frequency = 6 kHz, pulse width = 500 ns, average power = 22
W.

There are two reasons for the high degradation constant for the argon plasma: the
first is that the discharge in Ar plasma is uniform [10], leading to a larger interaction area;
the second is that the dissociation energy in Ar plasma was significantly lower than that
in oxygen and nitrogen plasmas [44]. The degradation efficiency of oxygen plasma being
lower than that of air plasma may be explained by the active species in each plasma.
Ozone and hydrogen peroxide are two major components in oxygen plasma, which were
known to be inefficient in PFOA degradation [25,9]. The air plasma is much more complex
since it contains both reactive oxygen species (ROS) and reactive nitrogen species- (RNS),
and species generated from the mixture of nitrogen and oxygen, such as NO, NO2z, NOs-,
ONOO:-, were found to be more reactive than ROS or RNS only [10,22].

Since the air plasma (mixture of N2 and Oz in the air) is more efficient in degrading
PFOA than the Oz plasma, it is of interest to know whether mixing argon with O: or air
will increase the efficiency more than any of the single gas components. We then mixed
Ar with oxygen and air respectively and explored their efficiencies on the PFOA degra-
dation. Figure 6a shows that mixing Ar with Oz produced a plasma that is more efficient
in degrading PFOA than O: plasma, but less than that of argon plasma. The kinetic con-
stant of degradation increased with the increase of the percent of argon gas. However, an
interesting observation of the Ar/air mixture system is that this mixture produced a
plasma that is more efficient at degrading PFOA than either argon or air plasma alone
(Figure 6b). The highest degradation rate constant (0.0638 min™) was observed for a
plasma from a mixture of Ar and air at a 2:1 ratio, which is 1.8 times of that from Ar
(0.03507 min™). The reaction mechanism is under investigation and will be reported in
due course.
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Figure 6. (a) The degradation efficiencies and kinetic constants of PFOA in Oz, Ar and mixtures of
Oz and Ar; (b) The degradation efficiencies and kinetic constants of PFOA in the air, Ar and mixtures
of air and Ar; Experimental conditions: the power supply: negative pulse power supply; peak volt-
age: 12 kV; power frequency: 6 kHz; pulse width: 500 ns; average power: 22 W.

3.4. Effect of the pH and Conductivity on the Degradation Efficiency

Wastewater released from the industry often contains a high concentration of salts,
which may deteriorate the efficiency of any waste treatment methods [11]. Thus, to eval-
uate the efficiency of our method, it is necessary to study the effect of salts on the degra-
dation of PFOA. Since there is no common salt in wastewater, we used NaCl as a repre-
sentative one, and the conductivity of the solution was used as the factor to affect the
degradation efficiency since the conductivity is a common property of all salt solutions.
Figure 7a reveals that, the higher the conductivity, the higher the degradation efficiency
and the greater the reaction rate. This suggests that the high conductivity of a solution
would further increase the degradation rate, but not slow it down, which is an advantage
of the SF-DBD method for PFOA degradation. This may be explained by the increase in
plasma discharge current because of the higher conductivity, which leads to an increase
in plasma density, resulting in more active charged species for the degradation of PFOA.

We also investigated the pH effect on the degradation efficiency. Figure 7b shows
that the effect of pH on the degradation rate is negligible between pH 4 and 10, but the
kinetic constant at pH 2 increased 1.45 times from 0.03507 min' to 0.05243 min™'. The re-
sult suggests that protons play a role [45] in the degradation of PFOA in our experimental
conditions, which are under investigation for the reaction mechanisms.

—u-0.065ms/cm
|-e-3.5ms/cm

7.6ms/cm

L e o
0 10 20 30 40 50 0 10 20 30 40 50
Time(min) Time(min)

Figure 7. (a) Degradation efficiencies and rate constants of PFOA under different solution conduc-
tivity; (b) Degradation efficiencies and rate constants of PFOA under different pH. Experimental
conditions: the power supply: negative pulse power supply; peak voltage: 11 kV; working gas: Ar;
power frequency: 6 kHz; pulse width: 500 ns; power: 15 W; [NaCl] = 1 M; [H2S04] = 1 M; [NaOH] =
1M.

3.5. Total Organic Carbon Concentration and Defluorination Efficiency

Total organic carbon concentration (TOC) and defluorination efficiency are often
used as indicators of the degradation of organic matters into inorganic substances, but not
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organic intermediates, to evaluate the efficiency of a waste treatment process [45]. Figure
8a shows that the TOC of PFOA decreased from 32.34 mg/L to 12 mg/L in 50 min. Figure
8b indicates that the defluorination efficiency of PFOA gradually increased along with the
discharge period and reached over 49% after a 50 min treatment, which is much more
efficient than previous DBD or photocatalytic methods [38,46]. This indicates that this SF-
DBD plasma source is effective in the decomposition of the PFOA and its intermediate
products into inorganic substances.

35
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Figure 8. Variation of (a) TOC concentration and (b) the defluorination versus SFDBD plasma treat-
ment time. Experimental conditions: negative pulse power; peak voltage: 15 kV; power frequency:
6 kHz; pulse width:500 ns; power: 43 W.

The degradation mechanisms of PFOA have been studied recently, but it is debatable
which active species contributed the most to degrading PFOA. Takeuchi et al. [39] be-
lieved that hydroxyl radicals could not effectively degrade PFOA. Singh et al. [23] de-
duced that the solvated electrons were the main active species for degradation. Stratton et
al. [26] also reported that the solvated electron quench agents could significantly slow
down the PFOA degradation and concluded that solvated electrons played a critical role
in PFOA degradation. Our experiments seem to indicate that the reaction mechanisms are
different and complex under different gases, which are currently under investigation and
will be reported in due course.

4. Conclusions

In this paper, we reported a PFOA degradation method using a strip fountain dielec-
tric barrier discharge (SF-DBD) plasma source. Our results showed that, when the treat-
ment was performed with a pulsed power supply and in acidic conditions with high con-
ductivity, the degradation rate and energy yield can be greatly increased. For a 200 mL
sample of 75 mg/L PFOA, a 99% degradation efficiency with a 204.5 ug/kJ energy produc-
tion rate was achieved within 50 min, which is greater than the reported plasma and other
degradation methods. The SF-DBD proves to be a promising energy-saving technique to
efficiently remove PFOA from water.
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