00 4 O G b W N =

W W W W W W W W W W NN DNDNDNDNDNDDNDNDDNDND - = At m =
© 00 N O G b~ WON —=- O © 00 O G b~ WON —- O © 0o o G b~ NN = O ©

Title

Kinetics and mechanism of hydrolysis of PFs~ accelerated by H or AI** in aqueous solution

Author names
Takuto Miyashita*, Kouji Yasuda* and Tetsuya Uda*

Department of Materials Science and Engineering, Graduate School of Engineering, Kyoto University,
Kyoto, 606-8501, Japan.

*Corresponding authors

ORCID

Takuto Miyashita: https://orcid.org/0009-0009-9057-9215
Kouji Yasuda: https://orcid.org/0000-0001-5656-5359
Tetsuya Uda: https://orcid.org/0000-0002-2484-4297

Abstract

Treatment of wastewater containing PFs is required during hydrometallurgical recycling of
lithium-ion batteries. Because of the kinetic stability of PF¢™ in aqueous solution, the decomposition study
into PO4*~ or F is required for wastewater treatment. In our previous report, the hydrolysis of PFs~ was
shown to be accelerated by adding A1’ and elevating the solution temperature. In this work, the kinetics
and mechanism of the hydrolysis of PFs~ at several pH and Al** concentrations were investigated for more
efficient wastewater treatment. The solutions containing LiPFs at various pH and AlCl3 concentrations were
kept at 90 °C, and the concentration changes of PFs ", PO2F>~, PO3F?, PO4*", and F~ were measured by ion
chromatography. The measurement results were analyzed assuming pseudo-first-order kinetics. The results
showed that AI** and H" accelerated the hydrolysis of PO2F,~ and POsF*", but the levels of accelerating
effects were different. More specifically, the accelerating effects of AI** are higher in the order of PFs >
PO,F,™ > POsF*", while the accelerating effects of H" are in the opposite order. Based on the discussion, a
more efficient treatment process for wastewater containing PFs~ was proposed. The proposed process is

expected to reduce heating costs and processing time compared to previously reported ones.

1. Introduction

The safe disposal of spent lithium-ion batteries (LIBs) is required, with the increase of production
of electric vehicles. The valuable metals need to be recovered from the spent LIBs as required by EU Battery
Regulation,! and various recycling methods of LIBs are proposed.>* In the initial step of the recycling, the
spent LIBs are deactivated in some ways because LIBs pose ignition risk. The most commonly used
deactivation method is heat treatment, so-called pyrometallurgical process. Another proposed process is
hydrometallurgical process, in which spent LIBs are crushed in water at room temperature. The advantages
of the hydrometallurgical process are lower energy costs and capital investment. After the deactivation on

hydrometallurgical process, the black mass, which is a mixed powder of cathode and anode materials,
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separator, current collectors, and cases are recovered as mixture of solids. It should be noted that the LIB
electrolyte is dissolved in the water. The LIB electrolytes mainly contain carbonate ester as a solvent and
lithium hexafluorophosphate (LiPFs) as a lithium salt. In aqueous solutions, LiPF¢ dissociates into Li" and
hexafluorophosphate ion (PFs "), and PFs is kinetically stable at room temperature.* The treatment of
wastewater containing phosphorus (P) and fluorine (F) is therefore an important problem.>”’

In general, P and F are removed from the industrial wastewater by precipitate formation via
calcium hydroxide (Ca(OH)>) addition, or coprecipitation with iron (III) or aluminum (IIT) hydroxide via
pH adjustment after the addition of their trivalent salts.®® To treat wastewater containing PFs by these
conventional treatments, the decomposition into PO4>~ and F~ is necessary.! To accelerate the

d"13 or aluminum (11I) salts'’ at elevated

decomposition of PFs in wastewater, the addition of strong aci
temperatures have been proposed. To improve the efficiency of wastewater treatment, the investigation of
the reaction rates and decomposition mechanism are required.

LiPFs is the most commonly used Li salt because of its stability at the operating temperature with
the wide electrochemical window, high ionic conductivity, and solid-electrolyte interface (SEI) formation
at both electrodes.'* At room temperature, LiPFg is at least kinetically stable both in organic electrolyte and
aqueous solutions. For instance, its concentration in 0.1 M LiPFs aqueous solution was almost constant at
room temperature for more than 3 weeks.* In contrast, the hydrolysis proceeds when LiPFs is exposed to

humid air in the powder form!>'®

or dissolved in the organic electrolytes containing trace amounts of
water!”"!°, Particularly, there are many reports on the latter, as it may adversely affect the operation
performance of LIBs. These typical reports show that the reaction of LiPFs with trace amounts of water in

organic electrolytes proceeds according to the following reactions (1-5).

LiPFs & PFs + LiF (1)
PFs + HO — POF; + 2 HF 2)
POF; + H,O — HPOF: + HF 3)
HPOF; + H,O — H>PO3F + HF 4)
H2POsF + H,O — H3PO4 + HF (5)

The intermediate products (PFs, POF3;, HPO2F», and H2PO3F) in reactions (1-5) were observed by ion
chromatography**°, GC-MS'8?!, ESI-MS*, and NMR??,

Here, the attention should be paid that the hydrolysis proceeds in organic electrolytes with trace
amounts of water but not in aqueous solutions. Based on the results of DFT and MD studies, Tasaki et al.
pointed out that this difference may be due to the difference in the dissociation of LiPFs in the respective
solvents.”® The dissociation of LiPF¢ into Li" and PFs (reaction (6)) is more promoted in water than

carbonate solvents.

LiPFs — Li* + PF¢~ (6)
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The kinetics of hydrolysis of PFs in aqueous solution was reported under some conditions.?*?°

These reports showed that the hydrolysis was accelerated at lower pH or by cations such as Be**, AI*", Zr*",
and Th*". The hydrolysis of the intermediates, PO.F,~ and POsF?", was also reported under similar
conditions.?*?” These studies were conducted at only near room temperature and high acid concentration
such as 2.0-10 mol L' (M) HCI solution. Furthermore, only the concentration of F~ was measured during
the hydrolysis, and other products were not directly quantified.

In this study, the kinetics and mechanism on hydrolysis of PFs and their intermediates were
investigated in HCI acidic solution and Al**-containing solution at 90 °C. The hydrolysis behaviors were
analyzed by ion chromatography to measure the concentration changes of anions accompanied by the
hydrolysis. The pseudo-first-order rate constants were calculated, and the mechanism of accelerated
hydrolysis was discussed. Based on the results of this study, an optimization of wastewater treatment was

attempted.

2. Methods

Most of the solution preparation and analytical methods have been described in our previous
report'®. For solution preparation, LiPFs (Fujifilm Wako Pure Chemical Corporation, 98.0+ %),
AICl3-6H>0 (Fujifilm Wako Pure Chemical Corporation., JIS Special Grade), HCI (Nacalai Tesque, INC.,
GR, 35 %), LiPO;F; (Tokyo Chemical Industry Co., Ltd., > 98.0 %), NasPOsF (Thermo Scientific
Chemicals, 94 % min), and deionized water (DI, Organo Corporation, Pure Light, <0.1 pS cm ') were used.
To prevent the reaction with humidity, LiPFs was weighed in a glove box under an Ar atmosphere, and
then transferred to air and mixed quickly with DI. The reagents were dissolved in DI to the desired
composition. Then, 100 mL of the solutions were sealed in polypropylene screw containers and placed in
a water bath (As One Corporation, HWA-50A) kept at 90 °C. The solution pH was measured by pH
electrode (Horiba, Ltd., 9632-10D) calibrated according to National Institute of Standard and Technology
(NIST) standards. The anion concentrations were quantified by ion chromatography (Shimadzu
Corporation, HIC-ESP, column: Shim-pack IC-SA2, suppressor: ICDS-40A, electrical conductivity
detector: CDD-10AVP). The eluent of 3.6 mM NaCO; (Fujifilm Wako Pure Chemical Corporation., JIS
Special Grade) + 3.4 mM NaHCOs3 (Fujifilm Wako Pure Chemical Corporation., JIS Special Grade) was
flowed at 1.0 mL min~! through the column kept at 50 °C. The solutions to be measured were injected by
an autosampler (Shimadzu Corporation, SIL-20A). The concentrations of PFs, PO2F>™, POsF?, PO4*, and
F~ were measured. Standard solutions were prepared by dissolving LiPF¢, LiPO2F2, Na;POsF, 1000 ppm
PO4*~ standard solution (Fujifilm Wako Pure Chemical Corporation, Japan Calibration Service System
(JCSS)), and 1000 ppm F~ standard solution (Fujifilm Wako Pure Chemical Corporation, JCSS) into DI.
By measuring three or more concentrations for each standard solution and concentration range, calibration
curves were derived as shown in Figs. SI1 and S2. It is noted that acid dissociation states are not
distinguishable by ion chromatography, so these chemical species are described as fully dissociated state
(such as PO2F,~, POsF?", PO4*", and F") except for the section discussing acid dissociation states.

In the investigation for the effect of various cations, Al2(SO4)3-14-18H>0 (Kanto Chemical Co.,
Inc., GR), Cr2(S04)3-xH20 (Fujifilm Wako Pure Chemical Corporation, 99.5 %), Y203 (Nippon Yttrium
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Co., Ltd., 99.99 %), Ce2(S04)3 nH20 (Fuyjifilm Wako Pure Chemical Corporation, 99.5 %), La,03 (Nacalai
Tesque, Inc., GR, = 99.99 %), MgO (Wako Pure Chemical Corporation, 99.9 %), CuO (Nacalai Tesque,
Inc., GR), and Ca(OH); (Nacalai Tesque, Inc., GR) were used. Eight solutions of 10 mM LiPF¢ with each
cation at concentration of 2 mM were prepared. The initial pH of the solutions was adjusted to 3.8—4.0 by
adding HCI or NaOH solutions After keeping at 90 °C for 24 hours, the concentration of F~ was measured
by fluoride-ion selective electrode (HORIBA, Ltd., 6561S-10C).

3. Results
3.1. Concentration changes of anions during the hydrolysis of PF¢™ in acidic solution at 90 °C

To investigate the effect of pH on the hydrolysis, three different solutions of 10 mM LiPF¢ were
prepared, with initial pH 2.5 (exp. #01), 1.8 (exp. #02), and 1.1 (exp. #03), respectively. The solution pH
was adjusted by adding HCI solution. The solutions were kept at 90 °C, and the changes of each anion
concentration and pH were measured as shown in Fig. 1. For exp. #01-03, the concentration of PFs"
decreases, and PO,F>~, POsF?, PO4*~, and F~ are produced over time. The sum amounts of P and F of these
anions are constantly about 10 mM and 60 mM, respectively. This suggests that unexpected compounds
containing P and F are not stable. The concentrations of PO4*>~ and F~ increase for all conditions. Meanwhile,
the concentrations of PO,F>~ and PO3F?™ increase initially and then decrease. This indicates that PO,F,~
and POs;F?" are produced as intermediate products, and PO+*~ and F~ are produced as final products. As
indicated by the scales of the horizontal axis of each graph, the hydrolysis of PFs is accelerated at lower
pH; the half-life of PFs is approximately 35 hours, 10 hours, and 2—3 hours for initial pH 2.5 (exp. #01),
1.8 (exp. #02), and 1.1 (exp. #03), respectively. The hydrolysis of PO2F>~ and POsF? is also faster at lower
initial pH. During the hydrolysis, the pH decreases in exp. #01 and increases in exp. #02 and #03. The
behaviors of POF>™ and POsF?~ and pH changes are discussed later.

*#% Figure 1 ***

3.2. Concentration changes of anions during the hydrolysis of PFs~ with AI’* at 90 °C

The effects of AI** on the hydrolysis were investigated. Two different solutions of 10 mM LiPF
with 10 mM AICl; (exp. #04) and 100 mM AICI3 (exp. #05) were prepared, respectively. The solutions
were kept at 90 °C, and the reaction was analyzed. The measurement results of each anion concentration
and pH are shown in Fig. 2. The initial pH values of prepared solutions of exp. #04 and #05 are 3.5 and 3.1,
respectively. The half-lives of PFs are in the range of 1-2 hours and 0-0.5 hours for 10 mM AICl3 (exp.
#04) and 100 mM AICIl; (exp. #05), respectively. Compared to the half-life of 35 hours for exp. #01 with
an initial pH of 2.5, the hydrolysis of PFs™ is much faster with AICI3 addition, despite the relatively high
initial pH. The concentrations of PO,F,~ and POsF* follow a similar trend to acidic solutions, increasing
initially and then decreasing. As the hydrolysis reaction proceeds, the pH decreases to 1.6 and 1.3 for exp.
#04 and #05, respectively. The behaviors of PO.F,", POsF?", and pH are discussed later. In another
experiment, the effect of anion in aluminum salts (AICl3, Al2(SO4)3, and Al(NOs3)3) on hydrolysis was
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examined, and the details were discussed in Fig. S3. The anions affected the hydrolysis rates, but the effect

was very small compared to the accelerating effect of Al**.

skoksk Figure 2 koksk

3.3. Measurement of the hydrolysis of PO2F>™ and PO3F?" at several conditions

The effects of pH and AI*" on the hydrolysis of PO.F.~ and POsF? were investigated. Four
different solutions of 10 mM LiPO>F, with each level of pH and AICl3 were prepared and kept at 90 °C;
pH 3.1 without AICls (exp. #06), pH 1.0 without AICl; (exp. #07), pH 3.0 with 100 mM AICl; (exp. #08),
and pH 1.0 with 100 mM AICI3 (exp. #09). The concentration changes of PO>F,™ are shown in Fig. 3. The
hydrolysis percentages at initial pH 3.0-3.1 for 0.5 hours are more than 40 % with AI** (exp. #08) but
negligible without AI** (exp. #06). On the other hand, regardless of the presence of Al**, more than 80 %
of PO2F;™ is decomposed within 0.5 hours at pH 1.0 (exp. #07 and #09).

The hydrolysis of PO3F ™ at 90 °C was also investigated under similar conditions; pH 2.7 without
AICI3 (exp. #10), pH 1.0 without AICI; (exp. #11), pH 2.4 with 100 mM AICl; (exp. #12), and pH 1.0 with
100 mM AICI; (exp. #13). The concentration changes of POsF™ are shown in Fig. 4. The hydrolysis of
POsF? is very slow at pH 2.4-2.7 regardless of the presence of AI** (exp. #10, 12). However, at pH 1.0
without AI** (exp. #11), more than 95 % of POsF?™ are decomposed within 30 min. Here, it should be noted
that the hydrolysis of PO3F?~ is rather suppressed at pH 1.0 by adding AI** (exp. #13), which is different

from the behavior for PFs~ and PO2F>". The kinetics and mechanism of these hydrolysis are discussed later.

skooksk Figure 3 skoksk

*#%* Figure 4 ***

4. Discussion
4.1. Chemical equilibrium of the products of the hydrolysis
4.1.1 Stable species in phosphate-fluoride system in aqueous solution

The hydrolysis of PFs~ and its intermediate products PO,F>~ and POsF* is discussed in detail.
First, equilibrium calculation was conducted to determine if the reverse reactions could be disregarded for
kinetic analysis. The equilibrium state of each chemical species in an aqueous solution was calculated by
the standard Gibbs energy of formation.?®?’ There is no report on standard Gibbs energy of formation of
PFs as far as we know, so the equilibrium calculation was conducted without considering PFs . The
conditions of calculation are 10 mM for PO4*~ and 60 mM for F~, assuming the complete hydrolysis of 10
mM PF¢". The equilibrium calculation was conducted on PHREEQC version 2 released by U.S. Geological
Survey.*® The calculated equilibrium concentration of each chemical species is shown in Fig. 5. In the pH
range of 1-4 which is the target of this study, the stable acid dissociation states of HPO2F2, H2PO3F, H3POs,
and HF are POF>", HPO3F ", H3PO4 (or H2PO4"), and HF, respectively. Comparing the stability of these
chemical species, H3PO4 (or HoPO4") is more stable than PO,F,” and HPOsF™ with a difference in
concentration of about 10> and 108, respectively. Therefore, in the hydrolysis of PO2F,~ and HPO3F ", the

5
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reverse reaction can be assumed to be negligibly slow in contrast to the forward reaction. Although there is
no clear evidence for the hydrolysis of PF¢ , the reverse reaction of the hydrolysis reactions assumed to be

negligibly slow. Therefore, only the forward reactions are considered in the following discussion of kinetics.
skeskok Figure 5 skskek

4.1.2. Changes of pH accompanying the hydrolysis

Second, the changes of pH accompanying hydrolysis are discussed from the viewpoint of chemical
equilibrium. The values of acid dissociation constant (pK,) for HPFs, HPO2F2, H,POsF, H3PO4, and HF are
shown in Table 1.252%3! Note that the value for PFs is unreliable due to lack of the original data in literature
sources’!. Considering the majority states of the anions from the values of pK.,, the hydrolysis reactions in

the pH range of 2.5-2.2 in exp. #01 can be described as reactions (7-9).

pH range of 2.5-2.2

PF¢ +2 H2O — PO;F; +4 HF (7
PO2F>” + H,O — HPOsF + HF (8)
HPOs;F + H2O — H2PO4™ + HF 9)

The concentration of H" does not change with reactions (7-9), and the solution pH is expected to be constant.
On the other hand, the initial pH in exp. #02 and #03 (about 1.8 and 1.1, respectively) was below the value
of pKai of phosphoric acid (= 2.148). At solution pH below the pKai, the stable state of phosphoric acid is
expected to be H3POs. Therefore, reaction (9) is replaced by reaction (10).

pH range below pKai of phosphoric acid (= 2.148)
HPOsF™ + H,O + H" — H3PO4 + HF (10)

The solution pH is expected to increase toward 2.148 depending on the consumption amount of H' in
reaction (10).

Here, there were some differences between theoretical and experimental results as described below.
During the hydrolysis in exp. #02, the pH exceeded 2.148 and increased to 2.6. Also, in exp. #03, the pH
increased to 2.0 beyond the amount of H" consumed in reaction (10); the necessary amount of H" for pH
increase from 1.1 to 2.0 is around 70 mM, but the amount of consumed H" by the reaction is around 8 mM.
The reason for this rapid increase of pH during the reaction was probably due to the effect of HF on the pH
electrode produced by hydrolysis. In fact, the simulated test showed that the indicated value by the pH
electrode increased when HF was present in the solution. Exceptionally, the indicated value by the pH

13+

electrode remained stable when both Al°" and HF are present (see Fig. S4).

#% Table 1 %+
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Third, the pH decreases during the hydrolysis of PFs in the solution containing AI** is discussed.
In exp. #04 (10 mM AICIz) and #05 (100mM AICl3), pH decreased from 3.5 to 1.6 and from 3.1 to 1.3,
respectively. The main reason for pH decrease is expected to be the formation of aluminum fluoride
complexes according to reaction (11). The value of z in reaction (11) depends on the concentrations of AI**
and F~. For example, the equilibrium species at the initial concentration of 100 mM AI** and 60 mM F~ are

shown in Fig. 6. In this condition, AIF?* is the most stable fluoride complex below pH 3.

A"+ nHF — AIF,®" + n H' (11)
n=1-6

skoksk Figure 6 koksk

4.2. Kinetics and mechanism of hydrolysis
4.2.1 Hydrolysis of PF¢~

The hydrolysis rates of PFs~ were quantitatively evaluated from the results shown in Figs. 1 and 2.
The hydrolysis of PFs~ was reported to experimentally follow pseudo-first-order kinetics as expressed in

eqn. (12),24%°

— el = kons [PFo ] (12),

in which [PF¢ ] stands for the concentration of PFs™ at reaction time ¢, and kobs is the pseudo-first-order rate
constant. Further discussion might be necessary on the elemental reactions, but it is reasonable to assume
that the hydrolysis is a first-order reaction with a constant H" concentration based on past experimental
evidence. Since the purpose of this study is to derive numerical data for estimating industrial processing
rates for optimal treatments, the evaluation is conducted as pseudo-first-order kinetics on the basis of the

past study. When the hydrolysis rate of PFs follows eqn. (12), eqns. (13, 14) are valid:

[PFs ] = [PFs Jo exp(—kobs ?) (13)
1 IPFe1 _
ln([PFg]g) kobs t (14)’

in which [PF¢ Jo is the concentration of PFs™ before the reaction. Thus, the observed pseudo-first-order

[PFe]

) plotted against reaction time .
[PFglo

reaction rate constant, kobs, is obtained as the slope of —ln(

[PFe]

Pro] ) against reaction time ¢ are plotted for different pH (exp.
610

The experimental values of —ln(

#01-03) and AI** concentrations (exp. #04—05) as shown in Fig. 7, respectively. The values of kobs Were
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calculated using the least-squares method through the origin and listed in Table 2. The reasons for the large

fitting deviation and standard error in exp. #04 are discussed later.

skoksk Figure 7 koksk

skoksk Table 2 skksk

The values of kobs show that the hydrolysis of PF¢ is accelerated at higher acid concentrations or
with an addition of AI**. In particular, when AI*" is added, the rate constants significantly increase by 1-2
orders of magnitude. Previous study also reported the values of kobs at around room temperature as shown
in Table 3.24% In these reports, the ranges of temperature and acid concentration were limited to 25-45 °C,
and 1.0-2.0 M in most cases, respectively, but the dependence of hydrolysis rate on pH or cation addition
followed similar trend in this study. A notable aspect of the comparison between previous reports and this
study is the accelerating effect of heating. In the previous report, the value of kobs was 0.0764 x 10™*in 1 M
HCl at 25 °C (equivalent to pH 0) in Table 3(a). In contrast, at pH 1 and 90 °C (exp. #03 of this study), the
value of kops was 48.2 x 107#, which is approximately 600 times faster, despite the relatively high pH.

skoksk Table 3 skksk

The acceleration of hydrolysis by cations was reported to result from the hard acid—hard base
interaction.”® The cations such as H" and AI’** have high affinity with F~. The PFs anion is subjected to
electrophilic attack by these cations, and F atoms and an electron pair are transferred from PFs ™ to the

cations according to reaction (15),
PFs +4 M"™ +2 H,0 — PO,F,~ +4 MF" D" + 4 H' (15),

in which M"* = H* or AI**,

To support this discussion, the relationship between the hydrolysis rate and the affinity of added
cation with F~ was studied. The formation constant (log K) of fluoride complex for each cation (M"" + F~
— MF®D*") was obtained from the NIST SRD 46 databese.** The studied cations in this study are M™" =
AP*, Cr¥*, Y3, Ce, La’*, Mg?", Cu?*, and Ca?". These cations were selected because of relatively high
log K and enough high solubilities of their hydroxide at around pH 4. The effects of these cations in
accelerating hydrolysis of PFs~ were examined by measuring F~ concentration after keeping 10 mM LiPFs
solutions with respective cations at 90 °C for 24 hours. When analyzing F~ concentration, by adding total
ionic strength adjustment buffer (TISAB) solution, F~ coordinated cations as MF" D" are dissociated by
chelating effect and quantified as F~.!° The relationship between the value of Log K and the concentration
of F~ for the addition of each cation is plotted in Fig. 8. Positive correlation indicates that the hydrolysis of
PF¢™ is accelerated by cation which has higher affinity with F~. This result supports that the hydrolysis of
PFs proceeds through electrophilic attack by such cation. It should be added that the log K of Li" is
relatively small (log K = 0.23), and the accelerating effect of Li" is expected to be small.

8
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Here, the complex formation constant of AIF** (log K = 7) is higher than that of HF (log K = 3.17),
and AI** is expected to be more effective than H' in accelerating the hydrolysis of PFs . This is consistent
with experimental results in this work. In addition, the reasons for the large fitting deviation and standard
error in exp. #04 as shown in Fig.7 can be explained by the formation of aluminum fluoride complexes.
Aluminum fluoride complexes such as AIF?* exhibit less affinity with F~ than A" and thus have a weaker

13"

accelerating effect on hydrolysis of PF¢ . In exp. #04, the concentration of added AI°" is only 10 mM, and

1

the aluminum fluoride complexes increase and Al°" decreases with the progress of hydrolysis, resulting in

a lower hydrolysis rate.
skeskok Figure 8 skskek

4.2.2 Hydrolysis of PO2F2~ and PO3F?*"
The hydrolysis of PO2F,~ and POsF* is also reported to follow pseudo-first-order kinetics, as

expressed in eqns. (16, 17).26%

[PO2F27] = [PO2F2 Jo exp (—kobs 1) (16)
[PO3F?] = [PO3F* Jo exp (—kobs £) (17)

The hydrolysis of PO2F>~ and POsF*™ in Figs.3 and 4 was evaluated on the assumption that it follows

[PO3F27] )
[PO3F2 ],

[PO2F3]

omt) in exp. #06-09 and ~In(
2%210

pseudo-first-order kinetics. The experimental values of —ln(

in exp. 10-13 against reaction time ¢ are plotted in Fig. 9. The values of kobs calculated from the
concentrations of PO,F,~ or PO3F?™ in exp. #06—13 were listed in Table 4. In #06 and #10, the standard
errors for the value of kobs are large, which is expected due to the greater influence of measurement error in
the case of slow decomposition and small concentration changes. The values of kobs in Table 4 indicate that
the addition of AI** or decrease of pH accelerates the hydrolysis rates of PO2F,~ and POsF* as well as the
hydrolysis of PFs .

Here, the H" concentration at around pH 1 is almost equal to 100 mM, and therefore, the
accelerating effects can be compared between H" and AI*" using the rate constants of the hydrolysis at pH
1.0-1.1 without AI** (exp. #03, #07, and #11) and at pH 2.4-3.1 with 100 mM AI** (exp. #05, #08, and
#12). The values of kobs were compared among these experiments results as shown in Fig. 10. Clearly, the
accelerating effects of AI** are higher in the order of PFs~ > PO,F,™ >POsF?", while the accelerating effects
of H' are in the opposite order. The hydrolysis of PFs is more accelerated by AI** than H*, and the
hydrolysis of PO,F>~ and PO3F*~ is more accelerated by H. It is also noteworthy and very unique feature
that under low pH such as pH 1 (exp. #11 and #13) in Table 4, the addition of AI** does not accelerate the
hydrolysis of POsF?", but rather suppresses it to one-eighth rate. This discussion explains the results that
when PFg~ is decomposed at pH 1.1 in Fig. 1 (c) (exp. #03), little PO2F>~ and PO3F?™ are detected, whereas
when PF¢ is decomposed with 100 mM AICIl; in Fig. 2 (b) (exp. #05), the concentrations of PO>F>™ and
POsF?" are temporarily higher. The previously reported values of kobs are shown in Table 3. The hydrolysis

9
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of PO2F,™ and PO3F?" is accelerated at higher acid concentrations and/or higher temperatures. The addition
of Zr*" suppresses hydrolysis of POsF?~ at high acid concentration such as 1.0 M HCI. The results in this
work show the same trends in the previous work despite the different conditions of temperature and
concentration. These phenomena cannot yet be fully explained. The coordination states may affect the rate
of the hydrolysis, and further investigations such as first-principles calculations and spectroscopic

measurements are needed.
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4.3. Optimization of wastewater treatment

Based on the results in this study, a more efficient treatment process for wastewater containing
PFs~ is proposed. The previously reported process involves the hydrolysis step of PFs to PO4> and F~ by
adding AI** or H, followed by the precipitation removal of PO4*>~ and F~ by adding Ca(OH)>.!” In this

13" is favorable for accelerating

study, the detail of hydrolysis is investigated, and the results show that A
the hydrolysis of PFg", but the hydrolysis of PO2F>~ and POsF*" rate-determining step as seen in Fig. 2 (b).
Here, in the alkaline solution, PO,F>~ and POsF*" were reported to be decomposed rapidly.?® The hydrolysis
of PO>F,~ and POsF* under acidic conditions was accelerated by the catalytic action of H* whereas POF>~
and POsF? are thermodynamically unstable in alkaline solutions. Note that PF™ is kinetically very stable
even in alkaline solutions. In saturated Ca(OH); solution at pH 12, PO2F>" is completely decomposed in 1
hour, but the decomposition of PO3F*" is relatively slow; 40 % decomposition in 1 hour as shown in Fig.
S5. Therefore, in the hydrolysis step with Al** at elevated temperature, the heating time can be shortened
so that only PFs is sufficiently decomposed. The remaining PO,F> and POsF*" are decomposed in the
subsequent precipitation step by adding Ca(OH); since the solution becomes alkaline.

Fig. 11 shows the flowchart of the proposed process to reduce heating costs and processing time
and the results of the analysis at each step in the experimental verification. In this experiment, the solution
of 10 mM LiPFs + 100 mM AICI3 (solution 1 in Fig.11) was prepared and kept at 90 °C for 1 hour (solution
2). Then, 432 mM Ca(OH), was added to the solution, and precipitate was formed. After the solution was
kept at room temperature for 1 hour, the supernatant (solution 3) and precipitate were separated. The
quantification by ion chromatography shows that more than 95 % of PFs~ were decomposed into PO2F>",
POsF?", PO4*", and F~ by heating at 90 °C for 1 hour. After the precipitation step, the all concentrations of
POyF>~, POsF?, PO4*, and F~ decreased to less than 0.6 mM. This result shows that not only PO4 and F~
but also PO>F,~ and POsF?~ are removed during precipitation step with Ca(OH), addition. The XRD pattern
of the precipitate showed Ca>AlCI03(H20)s, a type of layered double hydroxide (LDH)* as shown in Fig.
S7, which is reported to have the ability to remove the anions in the solution by ion exchange. It is noted
that PO3F*" is removed almost completely in 1 hour (Fig. 11(b), Solution 3). The comparison with the
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slower decomposition of PO3F?™ in Fig. S5 suggests that POsF?~ is removed by the ion exchange of the

LDH precipitate. Such type of removal by ion exchange ability was observed in our previous repor.'°
%% Figure 11 ***

5. Conclusion

In this work, the kinetics and mechanism of hydrolysis of PFs were investigated. The
concentration changes of anions (PFs , PO2F2~, POsF?>", PO4*", and F) in the solutions of 10 mM LiPFg at
various pH with various concentrations of AICl; were measured during the keeping at 90 °C. Without Al**,
the half-lives of PFs~ were approximately 35 hours, 10 hours, and 2-3 hours for initial pH 2.5 (exp. #01),
1.8 (exp. #02), and 1.1 (exp. #03), respectively. With AI**, the half-lives of PFs~ were in the range of 1-2
hours and 0-0.5 hours for 10 mM AICl3 (exp. #04) and 100 mM AICI3 (exp. #05), respectively. Compared
to the half-life of 35 hours for exp. #01 with an initial pH of 2.5, the hydrolysis of PFs is much faster with
AICl3 addition, despite the relatively high initial pH. These results were analyzed as following pseudo-first-
order kinetics. When comparing the effects of H" (pH 1.0—1.1 without AI** for exp. #03) and AI** (pH 2.4—
3.1 with 100 mM AI*" for exp. #05), the rate constant for hydrolysis of PFs is greater for A" than H".
This indicates that the hydrolysis of PFs™ is accelerated by Al** than H*. The effects of AI** and pH on the
hydrolysis of POF>™ and POsF*" were also individually investigated. The results showed that AI** and H"
accelerated the hydrolysis of PO2F>~ and PO3F?, but the levels of accelerating effects were different. More
specifically, the accelerating effects of AI** are higher in the order of PFs~ > PO,F,~ > POsF*", while the
accelerating effects of H' are in the opposite order. The hydrolysis of PFs " is more accelerated by Al** than
H", and the hydrolysis of PO,F,~ and PO3F?" is more accelerated by H*. As a result, when considering the

hydrolysis from PFs to the final product PO4®" in strong acid solution without AI**

, PF¢~ is decomposed
relatively slowly, but PO>F,~ and POsF* are decomposed relatively quickly. Conversely, in solution with
AP, PFs is decomposed relatively quickly, and the hydrolysis of PO,F,~ and POsF?™ is rate-determining
step.

For wastewater treatment, an efficient process was proposed based on these results. In
conventional process, PFs is decomposed into PO4>~ and F~ in strong acid solution by heating, followed
by the precipitation removal of PO4*>~ and F~ by adding Ca(OH),. In our proposed process, the heating time
of decomposition step is reduced. At elevated temperature, PFs is quickly decomposed by adding AI**, but
PO,F,~ and PO3F? remains in the solution. Then, by adding Ca(OH)», the solution becomes alkaline and
the precipitate of LDH is formed, where POF, ™ is decomposed and POsF?", PO4*", and F~ are precipitated
by ion exchange of LDH. The simulated experiment demonstrated that reduction in processing time was
feasible. This study will greatly contribute to the design of more efficient processes for the treatment of

wastewater containing PF¢ .
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