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Experiments were conducted to examine the oxidative decomposition of perfluorooctanesulfonate
(PFOS), a widely distributed and highly resistant emerging organic pollutant, by permanganate in aque-
ous solutions. At 65 °C and pH 4.2, 46.8% of the PFOS was decomposed by permanganate, with a F~ yield
of 5.3% and a SOﬁ’ yield of 36.9%. The effects of temperature, initial permanganate concentration, and pH
on PFOS decomposition efficiency were systematically investigated with batch experiments. Increasing
the temperature and initial permanganate concentration effectively accelerated the rate of PFOS decom-

if?rl f‘;‘:f orf;hemicals position. However, increased pH decreased the PFOS decomposition rate, therefore indicating that a more
PECs acidic solution favors the decomposition of PFOS by permanganate. Moreover, the autocatalysis effect
PFOS was found to accelerate the rate of PFOS decomposition by the in situ formed MnO, from the reduction
Oxidative degradation of permanganate and, thus, the addition of MnO, to the reaction solution also increased the decomposi-
Mn(VII) tion rate. Under acidic conditions, the addition of organic acids can enhance their complexation with

Mn(V) and Mn(VI). Therefore, the duration of the Mn(VII) reduction intermediates, which are highly
active and easily disproportionated and autodecomposed, can be further prolonged to facilitate the oxi-
dative decomposition of PFOS.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Perfluorochemicals (PFCs), such as perfluorooctanesulfonate
(PFOS), are used in a wide variety of industrial, commercial, and
consumer applications, including as surfactants, lubricants, and
pesticides, due to their unique high surface activity, thermal and
acid resistance, and hydro- and lipophobic properties. However,
PFCs have been found to be environmentally resistant, bioaccumu-
lative, globally distributed and potentially harmful to humans [1].
Studies show that nearly all people, regardless of age and sex, have
detectable levels of PFCs in their blood from being exposed to the
PFCs contained in food, water, and commercial products or from
environments where they have been spilled or released [2]. PFCs
are an emerging pollutant and have produced toxicological effects
in laboratory animals [3]. Furthermore, in a 2005 draft risk assess-
ment of PFCs, the US EPA stated that it had found “suggestive evi-
dence” of their potential to cause cancer in humans.

Studies have shown that PFCs are able to enter the groundwater
and move long distances [4]. It has also been suggested that PFCs
are capable of being released into the air, flushed out by rain,
deposited in soils or surface water, and of eventually making their
way into the groundwater [5]. PFCs are highly recalcitrant because
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the molecules allow the complete substitution of hydrogen (C-H
bond) by fluorine (C-F bond), which is the most electronegative
element. The fluorine will retain its electrons at all cost and reduce
the oxidizability of the ionic headgroup (-SO; for PFOS), because it
reduces the headgroup electron density [6]. Owing to its potential
toxicity to humans, the development of technology for the oxida-
tive decomposition of PFCs in wastewater has the potential to be
highly beneficial and has received increasing attention.

Advanced oxidation technologies (AOTs) have been extensively
studied and are seen as the most promising technologies for the re-
moval of persistent organic pollutants. With the highly oxidative
potential, the generated hydroxyl radicals by AOTs generally attack
organic molecules through the H-atom abstraction to form water
[7]. However, as PFCs contain no hydrogen to be abstracted in envi-
ronmentally relevant pH conditions, they are thus relatively inert
to AOTs [8]. In fact, the decomposition resistance of PFCs to con-
ventional AOTs is evidenced by the use of PFOS as a surfactant to
increase the adsorption of organic pollutants on TiO, to obtain
the accelerated AOT effects [9,10]. Owing to the high decomposi-
tion resistance of PFCs, different forms of exogenous energy, such
as ultrasonic waves, UV light, or heat, have been introduced to ini-
tiate and accelerate the PFC decomposition. For example, persul-
fate was employed for the oxidative degradation of PFCs, because
the generated sulfate radicals have a one-electron reduction poten-
tial of 2.3 eV, making persulfate a strong direct electron transfer
oxidant [11]. To obtain efficient PFCs decomposition, photolysis
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[12], thermolysis [13], microwaves [14], electrochemical [15], or a
combination of different forms of exogenous energy [16] were
used for generating sulfate radicals. Highly efficient photocatalysts,
such as H3PW;,049 and TiO,, were also tested for PFC decomposi-
tion under UV light irradiation. However, the harsh reaction condi-
tions (e.g. efficient at pH <2 and light 1 <390 nm) with H3PW;,04¢
and TiO, were only capable of decomposing PFOA, not PFOS [17].
Although stronger forms of energy, such as direct photolysis, ultra-
sonic waves, and pyrolysis, can lead to PFC decomposition under
certain special reaction conditions, the decomposition rates were
generally still found to be low [6]. To minimize the need for energy
in wastewater treatments, the exploration of other PFC decompo-
sition techniques without intensive energy input is a timely and
important task.

Chemical oxidation involving permanganate (KMnQ,) is effi-
cient, owing to its high reduction potential (E° = +1.7 V) and selec-
tive oxidizing character for specific organic pollutants [18].
Permanganate is a strong oxidizing agent and has been known to
react with electron-rich moieties through several reaction path-
ways, including electron exchange, hydrogen abstraction, and di-
rect oxygen transfer [19]. Because of its comparative stability,
ease of handling, relatively low cost, and pH-independent effec-
tiveness, permanganate has been widely used for in situ chemical
oxidation to remediate contaminated soil and wastewater [20].
This study aimed to evaluate the application potential of perman-
ganate for the oxidative decomposition of PFOS in water. The
decomposition kinetics of PFOS by permanganate and the main
PFOS mineralization products were determined. Furthermore, dif-
ferent reaction conditions, i.e. initial concentration of permanga-
nate, temperature, and solution pH, were investigated to explore
the optimal PFOS decomposition conditions by permanganate. Fi-
nally, the role of manganese dioxide, which is usually derived from
the permanganate reduction product, and the effects of common
organic acids on the oxidative decomposition of PFOS by perman-
ganate in wastewater plants were also evaluated.

2. Materials and methods
2.1. Chemicals

Perfluorooctanesulfonate (PFOS, CgF{7SOsH, 98%) was pur-
chased from Sigma-Aldrich Co. (St. Louis, MO, USA), and sodium
permanganate (KMnO,4, >99%) was purchased from Guangzhou
Chemical Industry (Guangzhou, China). The optima grade metha-
nol and ammonium acetate used for preparing the mobile phase
in the liquid chromatography tandem mass spectrometry (LC/MS/
MS) analysis were obtained from Fisher Scientific (Pittsburgh, PA,
USA) and BDH Chemicals (Poole, UK), respectively. The phosphate
buffer solution was purchased from Fisher Scientific and the other
analytical grade chemicals were obtained from BDH Chemicals.
Eighteen MQ cm water obtained from a Milli-Q water purification
system was used to prepare the reaction solutions and the mobile
phase in the LC/MS/MS analysis.

2.2. Reaction procedures

PFOS stock solution (10 ppm) was prepared with 18 MQ cm
water and then stored in a refrigerator (4 °C) before used. The reac-
tions were conducted in batch experiments in sealed polypropyl-
ene copolymer (PPCO) test tubes (40 mL), due to their superior
non-sorption property. The reaction solutions were prepared by
introducing appropriate amounts of PFOS stock solution into the
phosphate buffer solutions, and the initial PFOS concentrations
were controlled at 100 ppb. The reaction pH was kept constant
by the buffer solution, together with the adjustment by 0.5 M

NaOH or 0.5 M HC], if necessary. After being heated to the preset
target temperature, the reaction was initiated by adding the corre-
sponding amounts of KMnO, solution and then kept at the con-
stant temperature. When the designated reaction time was
reached, a test tube was sampled and quickly cooled to room tem-
perature by cold water (4 °C). Before being mixed with 3.5 mL
methanol [21], 0.5 mL ascorbic acid (1 M) was added to the
1.0 mL sample to remove any potential Mn(VII) or Mn(IV) remain-
ing in the solution. The solution sample was then filtered through a
0.2 um Whatman inorganic membrane (Kent, UK) before LC/MS/
MS analysis. Furthermore, the concentrations of sulfate and fluo-
ride ions generated from the reactions were also determined by
ion chromatography (IC) analysis. Control sets of the experiments
were performed in the absence of permanganate, and each exper-
iment was conducted in triplicate.

2.3. Analytical procedures

The concentrations of PFOS were measured with a Waters
Acquity ultra-performance LC/MS/MS system (UPLC/MS/MS)
equipped with a 50 x 2.1 mm Waters BEH C18 column (1.7 pm
particle size) and tandem quadrupole mass spectrometers (Mil-
ford, MA). Further details of the system modification and measure-
ment procedures, such as PEEK tubes being substituted for
transferring the solvents and samples in the UPLC system, the
installation of an in-line isolator column, column temperature,
and flow rate, etc., were provided in our previous work [21]. The
generations of fluoride and sulfate ions were determined by a Dio-
nex ICS-90 IC (Sunnyvale, CA), with a mobile phase of 1.0 mM NaH-
C03-8.0 mM Na,COs5 aqueous solution at a flow rate of 1.0 mL/min,
in which the quantitative detection limits of fluoride and sulfate
ions were found to be 8.0 and 5.0 pg/L, respectively. Such results
were obtained from the equation of Cy, = Cs (3H,/H), where Cpin
is the detection limit; C; is the detected concentrations of targeted
ions; H, is the reference noise; and H is the peak height of the tar-
geted ions. The concentration of permanganate in water was deter-
mined by measuring its absorbance at 525 nm with a UV-Vis
spectrophotometer (UV-160A, Shimadzu, Japan).

3. Results and discussion
3.1. PFOS decomposition by permanganate

The decomposition of PFOS by permanganate was first investi-
gated by using 1 ppm of permanganate with 100 ppb of PFOS at
65 °C in the sealed test tubes. PFOS is highly thermally stable and
the concentration of PFOS was essentially unaffected by the heat-
ing over the reaction time (Fig. 1). However, a decrease in PFOS
concentration was observed over time with the presence of per-
manganate and 46.8% of the PFOS was decomposed after 18 days.
The decomposition of PFOS followed the pseudo-first-order kinet-
ics, with a rate constant of 3.64 x 1072 d~! (R? = 0.976). To further
confirm the oxidative decomposition of PFOS by permanganate,
the concentrations of F~ and SO2~ generated from the PFOS decom-
position were measured. As shown in Fig. 1, the increases in the F~
and SOi’ yields were accompanied by PFOS degradation through-
out the experimental period. The SO3 yield, determined by (moles
of SOf{ formed)/(moles of sulfur content in initial PFOS), was found
to be 36.9% and the F~ yield, determined by (moles of F~ formed)/
(moles of fluorine content in initial PFOS), was much lower with
the value of 5.3%, after 18 days. The yield of SO2~ represented the
mineralization of sulfur from PFOS and the result was lower than
that of the PFOS decomposition rate (46.8%). This indicated that
the decomposition of PFOS did not only occur at the bond of C-S,
even though this bond is the most thermally unstable (86 kcal/
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Fig. 1. Oxidative decomposition of PFOS by permanganate and the yields of the
mineralization  products. Reaction conditions: [initial PFOS] =100 ppb,
[KMnO4] = 1.0 ppm, reaction temperature = 65 °C, and at pH 4.2 with phosphate
buffer solution. Bars on symbols represent standard deviations; where absent, bars
fall within symbols, which are also applicable in the other figures.

mol), compared to the C-C (99 kcal/mol) and C-F (127 kcal/mol)
bonds in PFOS [11]. The oxidation potential of permanganate is
1.7 eV, while the C-F bond in PFOS is the most oxidation resistant
bond (E° = 3.6 eV) and is difficult to be dissociated by permanga-
nate. Therefore, the first oxidative attack of PFOS by permanganate
may have occurred at the C-S and C-C bonds, which released the -
CF, units and oxidation product of SO3~ to form the shorter chain
perfluoroalkyl sulfonates and perfluorochemical products subject
to further transformation reactions such as hydrolysis [13]. While
oxidative reactions occurred with carbon mineralization, F~ ions
were released with electron transfer from the C-F bonds in the dis-
sociated -CF, moiety to permanganate [22].

3.2. Effect of reaction temperature

For organic molecules with high bonding energies in their struc-
tures, high energy means, such as ultrasonication, UV light irradi-
ation, and high temperature, are usually needed to overcome the
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Fig. 2. Effect of reaction temperature on the oxidative decomposition of PFOS by
permanganate. Reaction conditions: [initial PFOS] = 100 ppb, [KMnO4] = 1.0 ppm,
and at pH 4.2 with phosphate buffer solution.

activation energy barrier. Although PFOS can be decomposed by
permanganate in relatively mild reaction conditions, the decompo-
sition reaction of PFOS may also be significantly influenced by tem-
perature. The effects of reaction temperature (25, 45, 65, and 85 °C)
are demonstrated in Fig. 2, and the results suggest that PFOS
decomposition can be effectively facilitated by the increase of reac-
tion temperature. At room temperature, the PFOS decomposition
rate was low, with a pseudo-first-order kinetics rate constant of
0.46 x 102d™!. When the temperature was increased to 65 °C,
the kinetics rate constant increased to 3.64 x 1072 d~!, which cor-
responds to the 46.7% PFOS decomposition after 18 days. Further
temperature increase to 85 °C resulted in a higher PFOS decompo-
sition rate (71.7%), with a rate constant of 7.16 x 1072 d~". In addi-
tion, the activation energy of the decomposition reaction was
calculated to be 42.6 k]/mol based on the experimental data and
the Arrhenius equation, Ink = InA - E,/RT, where A is the frequency
factor, E, is the activation energy, R is the universal gas constant
and T is the absolute temperature [23]. This high level of activation
energy indicates that reaction temperature is a key factor in
enhancing PFOS decomposition by permanganate.

3.3. Effect of initial permanganate concentrations

The decomposition of PFOS by different permanganate concen-
trations was carried out at pH 4.2 and 65 °C with 100 ppb of PFOS
(Fig. 3A). The initial concentrations of permanganate were 0.1, 0.5,
1.0, 5.0, and 10.0 ppm, and the pseudo-first-order kinetics con-
stants (k) were observed as 2.13 x 1072, 2.68 x 1072, 3.64 x 1072,
439 x 1072, and 4.48 x 1072 d!, respectively. As expected, higher
permanganate levels led to larger amounts of PFOS decomposition.
The effect of initial MnO, concentration on the kinetics constants
is also presented in Fig. 3B, which shows that the k values did
not increase linearly with the increase of permanganate concentra-
tion, and the excess permanganate did not proportionally enhance
the PFOS decomposition, particularly at concentrations higher than
1 ppm. Permanganate reacts with PFOS through the mechanism of
electron transfer and, usually, more than one MnO, ion is needed
to attack one organic molecule [24]. However, with a much higher
MnO, concentration (e.g. more than 10 times than PFOS), the ex-
cess MnO, ions may not proportionally increase the effective con-
tact between MnO, ions and PFOS molecules. Therefore, as shown
in Fig. 3B, higher permanganate concentrations of 5 and 10 mM did
not linearly increase the k values of PFOS degradation. The con-
sumptions of permanganate with different initial concentrations
are shown in Fig. 3A, and the result clearly indicates a nearly
1 ppm consumption of permanganate even with a higher initial
permanganate concentration, such as 5 or 10 ppm. Therefore, in-
creased permanganate concentration is beneficial for PFOS decom-
position, but the practicality and treatment costs also need to be
considered. From the result of this work, the optimal molar ratio
of MnO, to PFOS is 10/1 when the PFOS concentration is at around
the 100 ppb level.

3.4. Effect of pH

In wastewater treatment, pH value may be an important
parameter affecting the oxidation rates of organic pollutants. In
this study, the oxidative decomposition of PFOS by permanganate
was also carried out under a range of different pH conditions be-
tween 4.2 and 9.1 controlled by a phosphate buffer. As illustrated
in Fig. 4, the PFOS decomposition by permanganate shows strong
pH dependence in the tested range. Under neutral to basic pH con-
ditions, the decomposition of PFOS was limited, with merely 13.6%
reduction under neutral pH and a corresponding rate constant (k)
value of 0.76 x 1072d™! (R*=0.904). The oxidative ability of
permanganate was effectively enhanced under acidic reaction
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Fig. 4. Effects of pH values (controlled by phosphate buffer solution) on the
oxidative decomposition of PFOS by permanganate. Reaction conditions: [initial
PFOS] = 100 ppb, [KMnO,4] = 1.0 ppm, and reaction temperature = 65 °C.

conditions of pH 5.5 and achieved a PFOS decomposition rate of
31.7% with a k value of 2.16 x 102 d™! (R?> =0.956). When the pH
reached 4.1, the PFOS decomposition rate was further enhanced
to 46.8%, with a k value of 3.64 x 102 d™! (R? = 0.956). The degra-
dation of organic pollutants by permanganate has been reported to
show little or even no dependence on reaction pH, because neither
hydrogen nor hydroxyl ions can significantly facilitate the cleavage
of the C=C double bond under the attack of MnO, [25]. However,
for the degradation of PFOS by permanganate, the initial bond
cleavage step may occur at the C-C and/or C-S bonds, and thus
the higher proton concentration (lower pH) may be favorable for
the cleavage of the C-C and/or C-S bonds during the degradation
of PFOS.

3.5. Effect of manganese dioxide

As observed from the kinetic behavior of the PFOS decomposi-
tion by permanganate, the reaction efficiency was generally lower
in the first few days and then increased. Therefore, an autocatalytic
process may exist in the oxidative decomposition of PFOS by per-
manganate, as indicated by the potential acceleration effect of
the in situ generation of MnO, as the reaction progressed. Similar
reaction kinetics behavior was also reported in the oxidation of tri-
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Fig. 5. Effect of 1.0 g/L MnO, addition on the oxidative decomposition of PFOS by
permanganate. Reaction conditions: [initial PFOS] =100 ppb, [KMnO4] = 1.0 ppm,
and reaction temperature = 65 °C. (The dash lines with open symbols represent the
PFOS decomposition without MnO, additive at the corresponding pH values).

closan by permanganate with the adsorption of triclosan on MnO,
surface through complexes formation [20]. To further investigate
the role of MnO, in the reaction, we conducted PFOS decomposi-
tion experiments by adding 3-MnO, powder to the system
(Fig. 5). The preparation process and characterization results of
the 5-MnO, additive were reported in our previous work [26].
Although MnO, has been reported with the efficient oxidization
of a wide range of pollutants [27-29], our results using 5-MnO,
alone did not exhibit any decomposition and adsorption capabili-
ties for PFOS, as shown in Fig. 5. However, when MnO, was pre-
sented together with permanganate, the PFOS decompositions
were all observed with higher rates than those only with perman-
ganate at the corresponding pH conditions, particularly at the low-
er pH range. When the reaction pH was controlled at 4.2, the
increase in the PFOS decomposition rate reached around 10%. In
our tested pH range, the 5-MnO, surface was negatively charged
due to its low pHp,c value of 3.33 [26]. Therefore, the electrostatic
repulsion between PFOS anion and MnO, surface results in the
very limited PFOS adsorption on MnO, surface as observed in
Fig. 5. However, the hydrophobic interaction between the perfluo-
roalkyl tails and the hydrophobic moieties on mineral surfaces was
reported to be responsible for the interaction of hydrophobic
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matter with minerals of low pH,,. values at about 4 [30,31]. The
MnO,-promoted PFOS decomposition is likely be initiated by this
hydrophobic effect, due to the interaction between hydrophobic
perfluoroalkyl tails and the low-pHp,. 3-MnO, surface. Neverthe-
less, such hydrophobic interaction mechanism should further be
confirmed in the future study [31].

3.6. Addition of organic acids

Permanganate is a powerful oxidant that can decompose a wide
range of organic pollutants in water. Thus, the presence of other or-
ganic pollutants may reduce the decomposition rate of PFOS due to
the competitive reaction with permanganate. Organic acids are
commonly found in industrial and domestic wastewater treat-
ments as the degradation intermediates of organic pollutants
[32]. With concentrations of 1.5 mM, the effects of five organic
acids, i.e. oxalic acid, tartaric acid, succinic acid, citric acid, and hu-
mic acid, on decomposing the 100 ppb PFOS with 1.0 ppm perman-
ganate at 65 °C and pH 4.2 were investigated (Fig. 6). It was found
that the addition of the organic acids generally did not inhibit the
decomposition of PFOS and that, under more acidic conditions,
they might even slightly enhance the PFOS decomposition rate.
At pH higher than 5.5, the presence of the five organic acids had
very little influence on the k values of PFOS decomposition. With
the reactions occurring under more acidic conditions, such as at
pH 4.2, the k values for FPOS decomposition were observed to be
3.71 x 1072, 3.86 x 1072, 3.94 x 1072, 4.36 x 1072, and 4.55 x 10~
2d! with the addition of oxalic acid, tartaric acid, succinic acid,
citric acid, and humic acid, respectively. The reduction of high va-
lent metal oxidants such as Mn(VII) and Fe (VI) are often reported
with the generation of highly reactive and unstable reduction
intermediates [20]. In the case of decomposing PFOS by permanga-
nate, the oxidizing agents of Mn(IV) and Mn(V) may be formed to
further oxidize PFOS. However, these intermediates are also unsta-
ble and disproportionate spontaneously [33]. The added organic
acids may act as ligands to form Mn complexes and significantly
retard the disproportionation and autodecompostion processes of
the Mn intermediates [20]. Such mechanisms can increase the
decomposition rates of target pollutants, especially for slow oxida-
tion processes like the decomposition of PFOS. Ligands with more
complex moieties and higher molecular weights, such as humic
acid and citric acid, usually form more stable Mn complexes. Under

acidic environments, more active Mn intermediates can be gener-
ated, although large quantities of them may still be autodecom-
posed. Therefore, the PFOS decomposition rate may increase as
more Mn intermediates are complexed with organic ligands, as ob-
served at lower pH conditions.

4. Conclusions

PFOS was found to be capable of being oxidatively decomposed
by permanganate in water, and the mineralization products of F~
and SO3~ were detected after the reaction. Increased temperature
effectively facilitated PFOS decomposition to obtain higher reac-
tion rate constants. Higher concentration of permanganate gener-
ally provided more oxidatively active species for PFOS
decomposition, and thus also increased the decomposition rate.
The oxidative decomposition of PFOS initiated by permanganate
occurred more readily in acidic conditions. In alkaline conditions,
PFOS remained stable with the presence of permanganate. How-
ever, the PFOS decomposition rate was significantly increased at
pH below 5.5. During the PFOS decomposition process, autocataly-
sis may accelerate the reaction with the MnO, that in situ formed
from the reduction of permanganate, and the experiment of adding
MnO, into the solution increased the PFOS decomposition rate. Un-
der an acidic environment, the presence of organic acids enhanced
the decomposition rate of PFOS with permanganate, which was
presumably due to the organic acid complexation with Mn(VII)
reduction intermediates. In aqueous solution, organic acids can
act as ligands to complex with the reactive Mn intermediates,
thereby reducing their disproportionation/autodecompostion pro-
cesses to prolong their treatment effects toward PFOS
decomposition.
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