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ABSTRACT: Lithium bis(pentafluoroethanesulfonyl)imide, Li-
[N(SO2C2F5)2], a typical fluorochemical aimed at better electro-
chemical performance of battery electrolytes, in superheated water
was studied for its waste treatment. When Li[N(SO2C2F5)2] was
reacted in pure superheated water at 300 °C, little F− ions were
produced. In contrast, complete mineralization of the fluorine,
sulfur, and nitrogen atoms in Li[N(SO2C2F5)2] was achieved when
the reaction was performed in the presence of KMnO4. Specifically,
when Li[N(SO2C2F5)2] was treated for 18 h with 158 mM of
KMnO4, the F− and SO4

2− yields were 101 and 99%, respectively,
and the sum of the NO3

− and NO2
− yields was 101%. In the gas

phase, trace CO2 was detected and no CHF3, which has high global
warming potential, was formed. Furthermore, the fluorine, sulfur, and nitrogen atoms in the analogues K[N(SO2C4F9)2] and
K[N(SO2CF2)2CF2] also underwent complete mineralization using the same approach.

1. INTRODUCTION
Since the late 1990s, lithium bis(pentafluoroethanesulfonyl)-
imide, Li[N(SO2C2F5)2], has been widely studied as an
electrolyte component for use in rechargeable lithium-ion
batteries,1−10 lithium batteries,11−19 lithium−air batteries,20−23

all-solid-state lithium batteries,24−28 and so forth, because it
does not only have high thermal and chemical stability but also
excellent electrochemical performance: high ion conductivity,
wide potential window, high cyclability, high oxygen solubility
(in the case of lithium−air batteries), and high corrosion
resistance, which could be useful for protecting aluminum used
in positive electrodes as the current collector.1,6,9 Li[N-
(SO2C2F5)2] is currently added to the water-in-salt electrolytes
used in aqueous lithium-ion batteries to expand the potential
window29 and reduce manufacturing difficulties by improving
the compatibility of the electrolyte with water and air, which
enhances the safety of these batteries.30 Li[N(SO2C2F5)2]
certainly contributes to the safety of the electrolyte in such
rechargeable batteries. However, Li[N(SO2C2F5)2] falls into
the category of per- and polyfluoroalkyl substances (PFASs).31

Among PFASs, perfluorooctanesulfonic acid (C8F17SO3H),
perfluorooctanoic acid (C7F15COOH), and perfluorohexane-
sulfonic acid (C6F13SO3H) have been regulated by Stockholm
Convention because of their persistence in the environment,
bioaccumulation, toxicity, and mobility over long distance.32

Furthermore, the European Chemicals Agency plans to restrict
all PFASs by 2030.33

Under these circumstances, waste-treatment technologies
that afford complete decomposition of Li[N(SO2C2F5)2] and
its related analogues are needed. Incineration is an option to
treat such fluorochemicals;34 however, high temperatures are
needed to cleave the robust carbon−fluorine bonds, and
hydrogen fluoride gas is formed, which damages the firebricks
of incinerators. Alternatively, if fluorine atoms in such
fluorochemicals could be transformed into fluoride ions (F−)
(that is, mineralization) by means of an environmentally
benign technique, the F− ions could then be reacted with
calcium hydroxide [Ca(OH)2] to form calcium fluoride
(CaF2), which mineral is fluorspar. Currently, there are only
a few mines globally equipped for the extraction of naturally
occurring fluorspar, which is used industrially for the
production of hydrofluoric acid.35 Because hydrofluoric acid
is the raw material of all fluorochemicals (carbon−fluorine
bond is synthesized from carbon−chlorine bond by halogen
exchange using hydrofluoric acid),36 the development of an
efficient approach for the mineralization of fluorochemicals
would contribute to closing the loop of fluorine element.37
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Superheated (or subcritical) water is liquid water at
temperatures between 100 and 374 °C (water’s critical
temperature). Schematic view of phase diagram of water is
shown in Figure S1 in the Supporting Information. Reaction
using this water is recognized as an environmentally benign
technique because it has been shown to have a smaller
environmental impact than pyrolysis in the recycling of
nonmetallic component from electronic waste.38 In addition,
it allows generating value-added compounds.39−43 Further-
more, unlike with pyrolysis of fluorinated compounds, even if
harmful COF2 is generated during the treatment, it is easily
decomposed by hydrolysis to CO2 and HF.36 Of course,
lowering the operation temperature and pressure are desirable
in view of saving energy.

Currently, the literature contains reports on the ther-
mal16,44−46 and electrochemical47,48 degradation of Li[N-
(SO2C2F5)2]. However, these previous studies have all been
performed in the context of battery performance, and the level
of degradation that affects battery performance is substantially
lower than that required for waste treatment because the latter
requires complete decomposition of the compound.

Herein, we examined the use of superheated water for the
complete mineralization of Li[N(SO2C2F5)2]. We also applied
our approach to two potassium salt analogues, one bearing
[N(SO2C4F9)2]− and one bearing cyclic [N(SO2CF2)2CF2]−

(Figure 1), which are also used as electrolytes and other
applications.49−52 We expect that our findings will be useful for
the development of environmentally friendly industrial
processes for the waste treatment of these salts.

2. EXPERIMENTAL SECTION
2.1. Reagents. Li[N(SO2C2F5)2] (>98%) was purchased

from Tokyo Chemical Industry (Tokyo, Japan). Potassium
bis(nonafluorobutanesulfonyl)imide (K[N(SO2C4F9)2]) and
potassium 1,1,2,2,3,3-hexafluoropropane-1,3-disulfonimide (K-
[N(SO2CF2)2CF2]) were obtained from Mitsubishi Materials
Electric Chemicals (Akita, Japan). Pure argon (99.99%),
oxygen (99.999%), air, and standard mixed gases CO2
(1.00%)/N2 and CHF3 (0.971%)/N2 were prepared at Taiyo
Nippon Sanso (Tokyo, Japan). Other reagents were obtained
from Fujifilm Wako Pure Chemical (Osaka, Japan).
2.2. Superheated Water Reactions. A representative

treatment method was as follows. The reactions were
conducted in a stainless-steel autoclave (35 mL volume)
with a stainless-steel screw cap and a gas-sampling port. The
autoclave was fitted with a gold vessel (25 mL volume, 2.8 cm
i.d.) to exclude the possibility of contamination from the
autoclave material. An argon-saturated aqueous solution (10
mL) of KMnO4 and one of the salts (Li[N(SO2C2F5)2],
K[N(SO2C4F9)2], or K[N(SO2CF2)2CF2]) were introduced
into the gold vessel in the autoclave. The autoclave was
pressurized with argon gas (0.6 MPa), sealed, and heated to
the desired reaction temperature (250−350 °C) at a rate of 10

°C min−1. After holding at the reaction temperature for the
required reaction time (e.g., 6 h), the autoclave was cooled to
room temperature by an air blower. The gas phase was
collected through the sampling port with a sampling bag and
subjected to gas chromatography/mass spectrometry (GC/
MS). After collecting the gas phase, the screw cap of the
autoclave was opened. The liquid−solid mixture in the gold
vessel in the autoclave was collected and separated by
centrifugation: the reaction solution was subjected to high-
performance liquid chromatography (HPLC), ion chromatog-
raphy, and HPLC/mass spectrometry (LC/MS). The collected
solid was dried in vacuo and subjected to X-ray diffractometry
(XRD).
2.3. Instrumental Analysis. A GC/MS system (QP2010

SE; Shimadzu, Kyoto, Japan) equipped with a fused-silica
capillary column (Rt-Q-BOND; Restek, Bellefonte, PA, USA)
was used for analysis of the gas-phase products. Helium was
used as the carrier gas, and the injector temperature was kept
constant at 120 °C. The sample gas was injected into the
instrument in split mode (ratio, 20/1), and analyses were
conducted in full-scan mode (m/z 2.0−200). The column
oven temperature program was as follows: hold at 30 °C for 5
min, increase to 200 °C at a rate of 20 °C min−1, and hold at
that temperature for 20 min.

An HPLC system (IC-2010; Tosoh, Tokyo, Japan)
equipped with a conductometric detector was used to quantify
the amount of organic anions in the reaction solution. For
[N(SO2C2F5)2]− and [N(SO2CF2)2CF2]−, the analytical
column was a TSKgel Super ODS-100Z (Tosoh), the eluent
was a methanol−aqueous NaH2PO4 (20 mM, adjusted to pH
3.0 with H3PO4) mixture (50:50, by volume), and the flow rate
was 0.8 mL min−1. For [N(SO2C4F9)2]−, the column and flow
rate were the same, but the eluent was methanol (70 vol %)
and aqueous NaH2PO4 (30 vol %; 20 mM, adjusted to pH 3.0
with H3PO4).

An ion-chromatography system (IC-8100; Tosoh) equipped
with an analytical column (TSKgel Super IC-Anion HS;
Tosoh) was used to quantify F−, SO4

2−, NO3
−, and NO2

− ions
in the reaction solution. The eluent was an aqueous solution
containing 7.5 mM NaHCO3 and 0.8 mM Na2CO3 and the
flow rate was 1.5 mL min−1. An LC/MS system (LCMS-2010
EV; Shimadzu) equipped with a TSKgel ODS-80TSQA
column (Tosoh) was used to elucidate the reaction
intermediates. The mobile phase was a mixture (50:50 v/v)
of methanol and an aqueous solution of ammonium acetate (1
mM, adjusted to pH 4.0 with acetic acid). The analyses were
performed in negative-ion mode. XRD patterns of the collected
precipitates were measured by using a MultiFlex instrument
(Rigaku, Tokyo, Japan) with Cu Kα radiation.

The yields of inorganic anions, and of CO2, were calculated
based on the corresponding atom molar amount in the initial
substrate (eqs 1−5)

Figure 1. Structures of Li[N(SO2C2F5)2] and related analogues used in this study.
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3. RESULTS AND DISCUSSION
3.1. Reactivity of Li[N(SO2C2F5)2]. 3.1.1. Effect of KMnO4

Concentration. First, Li[N(SO2C2F5)2] was heated at 300 °C
for 6 h with various initial concentrations of KMnO4 (0−158
mM; Figure 2), because the combination of KMnO4 and
superheated water is reported to promote mineralization of
fluorinated compounds such as poly(vinylidene fluoride)53 and
ionic liquids.54

When the reaction was performed in the absence of KMnO4,
the amount of [N(SO2C2F5)2]− in the reaction solution
decreased, but only to 7.8 μmol, which corresponded to 53%
of the initial amount in Li[N(SO2C2F5)2] (14.8 μmol) (Figure
2a; Table 1, entry 1). In addition, little F− was detected (10
μmol, 7% yield) and no mineralization products (SO4

2−,
NO2

−, and NO3
−) were formed. However, when KMnO4 was

added to the reaction system, the amount of [N(SO2C2F5)2]−

was decreased to below the detection limit, and F−, SO4
2−,

NO2
−, and NO3

− were detected at amounts that increased with
increasing KMnO4 concentration (Figure 2a,b). When the
[KMnO4] was 158 mM, no [N(SO2C2F5)2]− was detected and
the following mineralization products were detected (averages
of two replicate runs; Table 1, entry 2): F−, 117 μmol (80%
yield); SO4

2−, 20 μmol (68% yield); NO2
−, 6.0 μmol (41%

yield); NO3
−, 3.4 μmol (23% yield).

In the gas phase, only CO2 was detected. In the absence of
KMnO4, 6.1 μmol of CO2 (10% yield) was detected (Table 1,
entry 1). However, in the presence of KMnO4, much smaller
amounts were detected, with 0.6−1.3 μmol being formed when
the reactions were performed with 40−158 mM of [KMnO4]
(Figure 2c). With 158 mM of [KMnO4], the average amount
of CO2 across two runs was 1.0 μmol (0% yield; Table 1, entry
2). This decrease in the formation of CO2 was accompanied by
an increase of the pH of the resulting reaction solution: in the
absence of KMnO4, the pH of the reaction solution was 7.9,
whereas in the presence of 158 mM of [KMnO4], the pH was
12.6, which is attributed to the formation of hydroxide ions
from the reaction between KMnO4 and the superheated water
(eq 6). At such high pH, even if CO2 is formed, the majority of

the molecules will be present in solution as CO3
2−; therefore,

the detection of only trace amounts of CO2 in the gas phase is
not surprising.

4KMnO 2H O 4MnO 3O 4KOH4 2 2 2+ + + (6)

Next, we examined the temperature dependence of the
decomposition of Li[N(SO2C2F5)2] induced by 6 h treatment
with 158 mM of [KMnO4] (Figure 3).

When the reaction was performed at 250 °C, 11.0 μmol of
[N(SO2C2F5)2]− remained, which corresponded to 74% of the
initial value, and a trace amount of F− (1.3 μmol, 1% yield)
was detected. In contrast, at 300 °C, no [N(SO2C2F5)2]− was
detected in the reaction solution. The amounts of F− and
SO4

2− increased with increasing temperature (Figure 3a): at
350 °C, the amounts of F− and SO4

2− were 135 μmol (91%
yield) and 27.3 μmol (95% yield), respectively. The amount of
NO3

− also increased with increasing temperature; in contrast,
the amount of NO2

− increased up to 300 °C, but it then
decreased at 350 °C (Figure 3b). At 350 °C, the amount of
NO3

− was 14.1 μmol (95% yield) and no NO2
− was detected,

indicating that all of the NO2
− was oxidized to NO3

−. Thus,

Figure 2. Initial KMnO4 concentration dependences of Li[N-
(SO2C2F5)2] decomposition. Molar amounts of (a,b) [N-
(SO2C2F5)2]−, F−, SO4

2−, NO2
−, and NO3

− in the reaction solution
and (c) CO2 in the gas phase. Li[N(SO2C2F5)2] (14.5−14.8 μmol)
was heated with KMnO4 (0−158 mM) in the presence of argon at
300 °C for 6 h. For 158 mM of [KMnO4], two replicate runs were
performed.
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the fluorine, sulfur, and nitrogen atoms in the initial
Li[N(SO2C2F5)2] were completely mineralized at this temper-
ature. In the gas phase, a trace amount of CO2 was detected
(∼1 μmol), and the amount remained almost constant
irrespective of the increase of the reaction temperature (Figure
3c). This result is consistent with the high pH (12.6−13.1) of
the resulting reaction solutions obtained from the reactions at
250−350 °C. No environmentally undesirable gases such as
CHF3, which has high global warming potential,55 were
detected in any of the runs.

3.1.2. Complete Mineralization at Lower Temperatures.
To achieve complete mineralization of the fluorine, sulfur, and
nitrogen atoms in Li[N(SO2C2F5)2] at low temperatures, we
examined extending the reaction time for the reactions at 300
°C in the presence of 158 mM of [KMnO4] (Figure 4). At 4.5
h, no [N(SO2C2F5)2]− was detected and F− and SO4

2−

efficiently formed (Figure 4a). At 18 h, the amount of F−

was 149 μmol (101% yield), and the amount of SO4
2− was 29

μmol (99% yield) (Table 1, entry 3, averages of two replicate
runs). These results indicate that the fluorine and sulfur atoms
in the initial Li[N(SO2C2F5)2] were completely mineralized.
For the nitrogen-containing products, the amounts NO2

− and

NO3
− both increased up to 4.5 h, but thereafter the amount of

NO2
− decreased, and that of NO3

− continued to increase with
increasing reaction time (Figure 4b); at 18 h, the amounts of
NO2

− and NO3
− were 1.5 μmol (10% yield) and 13.5 μmol

(91% yield), respectively (Table 1, entry 3). That is, the sum of
the NO3

− and NO2
− yields was 101%. Therefore, all of the

nitrogen atoms in the initial Li[N(SO2C2F5)2] were
completely mineralized to NO3

− and NO2
−. In the gas

phase, the detection of a small amount of CO2 (below ∼1
μmol, 0% yields, Figure 4c) at all time points was consistent
with the high pH (12.6−12.7) of the resulting reaction
solutions.

We also examined the effect of different coexisting gases.
When the reaction was performed with 158 mM of [KMnO4]
at 300 °C under air instead of argon, the yields of F− and
SO4

2− were 95 and 98%, respectively, and the yields of NO2
−

and NO3
− were 7 and 92%, respectively (Table 1, entry 4; sum

of the yields of NO2
− and NO3

− was 99%). When the reaction
was performed under oxygen, the yields of F− and SO4

2− were
97 and 98%, and the yields of NO2

− and NO3
− were 6 and

93%, respectively (Table 1, entry 5; sum of the yields of NO2
−

and NO3
− was 99%). Thus, complete mineralization of the

Figure 3. Reaction temperature dependences of Li[N(SO2C2F5)2]
decomposition. Molar amounts of (a,b) [N(SO2C2F5)2]−, F−, SO4

2−,
NO2

−, and NO3
− in the reaction solution and (c) CO2 in the gas

phase. Li[N(SO2C2F5)2] (14.5−14.9 μmol) was heated with 158 mM
of [KMnO4] in the presence of argon for 6 h. For 300 °C, two
replicate runs were performed.

Figure 4. Reaction time dependences of the Li[N(SO2C2F5)2]
decomposition. Molar amounts of (a,b) [N(SO2C2F5)2]−, F−, SO4

2−,
NO2

−, and NO3
− in the reaction solution and (c) CO2 in the gas

phase. Li[N(SO2C2F5)2] (14.8 μmol) was heated with 158 mM of
[KMnO4] in the presence of argon at 300 °C. For 6 and 18 h, two
replicate runs were performed.
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fluorine, sulfur, and nitrogen atoms in Li[N(SO2C2F5)2]
induced by KMnO4 proceeds not only under argon but also
under air or oxygen. Complete mineralization was also

observed when the reactions were performed under argon
with different amounts of Li[N(SO2C2F5)2] (7.4 or 29.7
μmol), which afforded F− yields of 100 and 96%, SO4

2− yields
of 100 and 95%, and total NO2

− and NO3
− yields of 103 and

95%, respectively (Table 1, entries 6 and 7).
3.1.3. Reaction Mechanism. To examine the fate of

KMnO4, the precipitates resulting from the reactions were
subjected to XRD measurements (Figure 5).

When the reaction was performed with 158 mM of
[KMnO4] at 300 °C for 6 or 18 h, which are conditions that
afforded efficient mineralization of Li[N(SO2C2F5)2], the XRD
patterns of the precipitates both showed dominant peaks
assignable to MnO2. These results are consistent with the
transformation of KMnO4 to MnO2 in superheated water (eq
6). The implication is that the formed MnO2 acts as the
oxidizing agent for the mineralization of Li[N(SO2C2F5)2].

A plausible decomposition mechanism for the [N-
(SO2C2F5)2]− anion is illustrated in Scheme 1 based on the
discussion below.

To detect the reaction intermediates, LC/MS analysis of the
reaction solutions was performed. When the reaction was
performed at 300 °C for 18 h with 158 mM of [KMnO4],
which conditions Li[N(SO2C2F5)2] was completely mineral-
ized, total-ion current (TIC) mass chromatogram of the
reaction solution showed one peak at a short retention time
(∼1.5 min) (Figure S2a of the Supporting Information). This
peak (peak 1), which is from the component poorly retained
on the ODS column, showed intense signals at m/z 157, 255,
353, and 451 in the mass spectrum, which were assigned to
[HSO4 + 3HF]−, [H2SO4 + HSO4 + 3HF]−, [2H2SO4 + HSO4

Figure 5. XRD patterns of the precipitates generated from the
reactions of Li[N(SO2C2F5)2] (14.8 μmol) with 158 mM of
[KMnO4] in the presence of argon at 300 °C for (a) 6 h and (b)
18 h.

Scheme 1. Proposed Decomposition Mechanism for the [N(SO2C2F5)2]− Anion
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+ 3HF]−, and [3H2SO4 + HSO4 + 3HF]−, respectively (Figure
S2b). That is, the F− and SO4

2− in the reaction solution and
H+ in the acidic mobile phase generated these species at the
ESI probe. However, when the reaction solution obtained
under low mineralization conditions (270 °C for 6 h with 158
mM of [KMnO4]; F− yield, 8%) was examined, the TIC mass
chromatogram of the reaction solution showed two peaks at
∼1.5 and ∼12 min (peaks 1 and 2 in Figure S3a, respectively).
Peak 2 was at m/z 380 in the mass spectrum (Figure S3c).
This m/z value corresponded to [N(SO2C2F5)2]−, that is, the
anion of the initial substrate, Li[N(SO2C2F5)2]. In contrast,
peak 1 gave signals not only at m/z 157, 255, 353, and 451
(which were derived from F− and SO4

2− in the reaction
solution and H+ in the mobile phase, as described above), but
also at m/z 278 (Figure S3b). This m/z value was assigned to
[C2F5SO2NSO3H]−. The formation of this anion indicates that
decomposition of the [N(SO2C2F5)2]− was initiated by
cleavage of the C−S bond, after which a C2F5 radical was
formed. According to a traditional interpretation of oxidative
PFAS degradation,56−59 the fate of the C2F5 radical can be
explained as follows: the radical likely reacts with O2
(generated from eq 6) and water to form C2F5OH, which is

unstable, to generate CF3COF.60 This acid fluoride is then
hydrolyzed to CF3COOH, which can oxidatively decompose
to generate CF3OH and CO2. CF3OH is also unstable and is
transformed to HF and COF2.

60 Finally, COF2 is hydrolyzed
to CO2 and HF.36 The HF results in F− in the reaction
solution. After the two C2F5 groups were released from the
initial anion, the resulting N(SO3H)2− moiety is unstable,
which can transform into SO4

2− and NO2
−, and NO2

− is
further oxidized to NO3

−.
3.2. Reactivity of K[N(SO2C4F9)2]. Because Li[N-

(SO2C2F5)2] was effectively mineralized by KMnO4, the
reactivity of K[N(SO2C4F9)2], where the anion moiety has a
longer perfluoroalkyl group (C4F9−), was examined by using
the same approach. First, we examined the effect of the initial
concentration of KMnO4 (0−158 mM), with the reactions
performed at 300 °C for 6 h (Figure 6).

In the absence of KMnO4, the amount of [N(SO2C4F9)2]−

was somewhat decreased (remaining ratio, 86%; Table 1, entry
8), and almost no mineralization products were detected
(yields: F−, 0%; SO4

2−, 1%; NO2
−, 0%, NO3

−, 0%). In contrast,
in the presence of KMnO4, the amount of [N(SO2C2F5)2]−

decreased and had completely disappeared at 158 mM of
[KMnO4] (Figure 6a). In accordance with the decreasing

Figure 6. Initial KMnO4 concentration dependences of K[N-
(SO2C4F9)2] decomposition. Molar amounts of (a,b) [N-
(SO2C4F9)2]−, F−, SO4

2−, NO2
−, and NO3

− in the reaction solution
and (c) CO2 in the gas phase. K[N(SO2C4F9)2] (14.6−14.8 μmol)
was heated in the presence of argon at 300 °C for 6 h.

Figure 7. Reaction temperature dependences of K[N(SO2C4F9)2]
decomposition. Molar amounts of (a,b) [N(SO2C4F9)2]−, F−, SO4

2−,
NO2

−, and NO3
− in the reaction solution and (c) CO2 in the gas

phase. K[N(SO2C4F9)2] (14.7−14.8 μmol) was heated with 158 mM
of [KMnO4] in the presence of argon for 6 h.
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amount of [N(SO2C2F5)2]−, the amounts of F− and SO4
2−

were increased with increasing [KMnO4] (Figure 6a). The
amounts of NO2

− and NO3
− also increased with increasing

[KMnO4] (Figure 6b). When the [KMnO4] was 158 mM, the
amount of F− was 247 μmol (93% yield; Table 1, entry 9).
Simultaneously, the amount of SO4

2− was 24 μmol (81%
yield), and those of NO2

− and NO3
− were 6.6 μmol (45%

yield) and 5.0 μmol (34% yield), respectively. In the gas phase,
like the results for Li[N(SO2C2F5)2], only a small amount of
CO2 was detected, and the amount decreased with increasing
[KMnO4] (Figure 6c); this is consistent with the increasing
pH of the resulting reaction solutions from 5.2 to 12.5 when
[KMnO4] was increased from 0 to 158 mM.

The temperature dependence of the decomposition of
K[N(SO2C4F9)2] was examined at 250−350 °C [6 h treatment
with 158 mM of [KMnO4] (Figure 7)]. At 250 °C, the amount
of [N(SO2C4F9)2]− was 2.1 μmol, which corresponded to 15%
of the initial amount. Increasing the temperature to 300 °C
resulted in complete disappearance of the initial anion. The
amount of F− increased with increasing temperature (Figure
7a), and at 350 °C, the amount was 255 μmol (96% yield).
The amount of SO4

2− also increased with increasing

temperature, and at 350 °C, the amount was 29 μmol (98%
yield). The amount of NO2

− increased with increasing
temperature from 250 to 300 °C, but it decreased at 350 °C
(Figure 7b). In contrast, the amount of NO3

− increased
monotonically with increasing temperature. At 350 °C, the
amount of NO2

− became below the detection limit, whereas
that of NO3

− was 15.0 μmol (101% yield), indicating that
NO2

− was oxidized to NO3
−. We conclude that the fluorine,

sulfur, and nitrogen atoms in the initial K[N(SO2C4F9)2] were
almost completely mineralized at 350 °C. In the gas phase,
only a small amount of CO2 was detected (Figure 7c), which is
consistent with the high pH of the resulting reaction solutions,
although the pH did slightly decrease from 12.7 to 12.2 with
increasing temperature from 250 to 350 °C.

We also examined extending the reaction time, with the aim
of achieving complete mineralization of K[N(SO2C4F9)2] at a
lower temperature (reaction conditions: 300 °C, 158 mM of
[KMnO4]) (Figure 8).

No [N(SO2C4F9)2]− was detected at 3 h. The amounts of
F− and SO4

2− gradually increased with increasing time (Figure
8a). At 18 h, the amount of F− was 274 μmol (103% yield),
and the amount of SO4

2− was 30 μmol (102% yield) (Table 1,

Figure 8. Reaction time dependences of K[N(SO2C4F9)2] decom-
position. Molar amounts of (a,b) [N(SO2C4F9)2]−, F−, SO4

2−, NO2
−,

and NO3
− in the reaction solution and (c) CO2 in the gas phase.

K[N(SO2C4F9)2] (14.7−14.8 μmol) was heated with 158 mM of
[KMnO4] in the presence of argon at 300 °C. For 18 h, two replicate
runs were performed.

Figure 9. Initial KMnO4 concentration dependences of the
K[N(SO2CF2)2CF2] decomposition. Molar amounts of (a,b) [N-
(SO2CF2)2CF2]−, F−, SO4

2−, NO2
−, and NO3

− in the reaction
solution and (c) CO2 in the gas phase. K[N(SO2CF2)2CF2] (14.7
μmol) was heated in the presence of argon at 250 °C for 6 h. For 79.0
mM of [KMnO4], two replicate runs were performed.
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entry 10, averages of two replicate runs). The amount of NO2
−

increased up to 6 h and then decreased until none was
detected at 18 h (Figure 8b). In contrast, the amount of NO3

−

monotonically increased with increasing reaction time. At 18 h,
the amount of NO3

− was 14.9 μmol (101% yield; Table 1,
entry 10, average of two replicate runs). Thus, we conclude
that almost complete mineralization of the fluorine, sulfur, and
nitrogen atoms in the initial K[N(SO2C4F9)2] was achieved. In
the gas phase, trace CO2 was detected as the sole product; at
18 h, the amount was 1.4 μmol (0% yield; Table 1, entry 10,
average of two replicate runs). As with the results for
Li[N(SO2C2F5)2], the XRD patterns of the precipitates
recovered from the reaction mixtures after the mineralization
occurred efficiently, showed dominant peaks assignable to
MnO2 (Figure S4 in Supporting Information). Complete
mineralization was also observed when the initial amount of
K[N(SO2C4F9)2] was changed to 7.4 or 29.6 μmol (Table 1,
entries 11 and 12).
3.3. Reactivity of K[N(SO2CF2)2CF2]. The K[N-

(SO2CF2)2CF2] salt, which has a cyclic [N(SO2CF2)2CF2]−

anion, showed higher reactivity than Li[N(SO2C2F5)2] and
K[N(SO2C4F9)2]. Figure 9 shows the dependence of K[N-

(SO2CF2)2CF2] decomposition on the concentration of
KMnO4 (reaction conditions: 250 °C, 6 h, 0−158 mM of
[KMnO4]). In the absence of KMnO4, 13.2 μmol of
[N(SO2CF2)2CF2]− remained, which corresponded to 90%
of the initial value, and little F− was detected (1.2 μmol; 1%
yield). However, the amount of [N(SO2CF2)2CF2]− decreased
with increasing [KMnO4], and the amount of the F− amount
also increased (Figure 9a). When the reaction was performed
with 158 mM of [KMnO4], the amount of F− was 85.7 μmol
(97% yield). This yield was much higher than those obtained
with Li[N(SO2C2F5)2] and K[N(SO2C4F9)2] under the same
conditions (i.e., 1%, Figure 3a and 0%, Figure 7a, respectively).
Thus, the fluorine atoms in [N(SO2CF2)2CF2]− were
completely mineralized at low temperature (250 °C) by
using 158 mM of [KMnO4].

Previously, we reported that K[N(SO2CF2)2CF2] can be
decomposed by using zerovalent iron in supercritical water at
380 °C, which afforded a maximum F− yield of 82.5% at 18
h.61 Thus, the present results indicate that more complete
fluorine mineralization (97% F− yield) can be achieved with
the present approach at a much lower temperature (250 °C).

Although the yield of F− was 97% with 158 mM of
[KMnO4], the amount of SO4

2− was 25 μmol (85%). The

Figure 10. Reaction time dependences of K[N(SO2CF2)2CF2]
decomposition. Molar amounts of (a,b) [N(SO2CF2)2CF2]−, F−,
SO4

2−, NO2
−, and NO3

− in the reaction solution and (c) CO2 in the
gas phase. K[N(SO2CF2)2CF2] (14.7 μmol) was heated with 158 mM
of [KMnO4] in the presence of argon at 250 °C. For 18 h, two
replicate runs were performed.

Figure 11. Reaction time dependences of K[N(SO2CF2)2CF2]
decomposition. Molar amounts of (a,b) [N(SO2CF2)2CF2]−, F−,
SO4

2−, NO2
−, and NO3

− in the reaction solution and (c) CO2 in the
gas phase. K[N(SO2CF2)2CF2] (14.8 μmol) was heated with 158 mM
of [KMnO4] in the presence of argon at 300 °C.
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amount of NO2
− was increased with 39.5 mM of [KMnO4],

but it then decreased with increasing [KMnO4], whereas the
amount of NO3

− increased with increasing [KMnO4] (Figure
9b). With 158 mM of [KMnO4], the amounts of NO2

− and
NO3

− were 3.6 μmol (24% yield) and 6.8 μmol (46% yield),
respectively. The sum of the NO2

− and NO3
− yields was 85%,

indicating that reaction at 250 °C for 6 h with 158 mM of
[KMnO4] did not lead to complete mineralization of the sulfur
and nitrogen atoms in K[N(SO2CF2)2CF2]. When the
reactions were performed with KMnO4, only trace amounts
of CO2 (0.2−0.9 μmol) were detected in the gas phase (Figure
9c), which was consistent with the high pH values (12.5−12.7)
of the resulting reaction solutions.

To obtain complete mineralization of not only fluorine, but
also the sulfur and nitrogen atoms in the initial K[N-
(SO2CF2)2CF2], we examined the effect of changing the
reaction time (reaction conditions: 250 °C, 158 mM of
[KMnO4]) (Figure 10).

No [N(SO2CF2)2CF2]− was detected at 4.5 h. F− was
efficiently formed at 3 h (84 μmol; 95% yield) (Figure 10a)
and the amount remained constant out to 18 h (85 μmol, 96%
yield; Table 1, entry 13, average of two runs). The amount of
SO4

2− was gradually increased with increasing time; at 18 h,
the amount was 28 μmol (95% yield; Table 1, entry 13,
average of two runs). Therefore, not only fluorine, but also the
sulfur atoms in the initial K[N(SO2CF2)2CF2] were almost
completely mineralized. Figure 10b displays the time course of
the NO2

− and NO3
− amounts. At 18 h the amounts of NO2

−

and NO3
− reached 5.9 (40% yield) and 6.7 μmol (46% yield),

respectively, which summed to a yield of 86%, indicating that
mineralization of the nitrogen atoms in the initial substrate was
incomplete. In the gas phase, only a small amount of CO2 was
detected (Figure 10c). Quasi-complete fluorine and sulfur
mineralization was also observed when the initial amount of
the substrate was increased threefold (i.e., to 43.9 μmol; Table
S1 in the Supporting Information, where the reactions were
performed at a slightly higher temperature, 255 °C for 4.5 h).

To achieve complete mineralization of all of the elements
(fluorine, sulfur, and nitrogen), the reaction temperature was
increased to 300 °C (Figure 11). The amounts of F− and
SO4

2− were almost saturated even at 3 h (Figure 11a). At 6 h,
the amounts of these anions were 84 μmol (95%) and 30 μmol
(100% yield), respectively (Table 1, entry 14). The amount of
NO2

− gradually decreased with increasing time, whereas that of
NO3

− increased (Figure 11b). At 6 h, the amounts of NO2
−

and NO3
− were 2.0 μmol (13% yield) and 12.3 μmol (83%

yield), respectively (Table 1, entry 14), with the yields
summing to 96%. Together, these results indicate that
complete mineralization of not only in the fluorine and sulfur
but also of nitrogen atoms in the initial substrate occurred. In
the gas phase, only small amounts of CO2 were detected
(Figure 11c).

4. CONCLUSIONS
Here, we examined the reactions of Li[N(SO2C2F5)2] in
superheated water. At 300 °C, almost no mineralization of this
salt was observed in pure superheated water. However, when
KMnO4 was added to the reaction system, complete
mineralization of fluorine, sulfur, and nitrogen was observed.
In the presence of 158 mM of [KMnO4] (reaction conditions:
18 h, 300 °C), the yields of F− and SO4

2− were 101 and 99%,
respectively, and the sum of the NO3

− and NO2
− yields was

101%. During these reactions, KMnO4 was transformed into to
MnO2.

An analogue, K[N(SO2C4F9)2], also showed complete
mineralization under the same treatment conditions, allowing
the yields of F−, SO4

2−, and NO3
− of 103, 102, and 101%,

respectively. Another analogue, K[N(SO2CF2)2CF2], which
has a cyclic [N(SO2CF2)2CF2]− anion, showed higher
reactivity than both Li[N(SO2C2F5)2] and K[N(SO2C4F9)2].
That is, under identical reaction conditions (158 mM of
[KMnO4], 250 °C, 6 h), the yield of F− was 97%, whereas
those for Li[N(SO2C2F5)2] and K[N(SO2C4F9)2] were only 1
and 0%, respectively. However, at this temperature, the
mineralization of the sulfur and nitrogen atoms in K[N-
(SO2CF2)2CF2] was incomplete. To address this, the reaction
temperature was increased to 300 °C, and complete
mineralization of the fluorine, sulfur, and nitrogen atoms was
achieved for 6 h reaction, with yields of F− and SO4

2− of 95
and 100%, respectively, and the sum of the NO3

− and NO2
−

yields was 96%. After these reactions, only trace amounts of
CO2 were detected in the gas phase, and no amount of CHF3,
which has high global warming potential, was detected.
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