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Water Impact Statement

The challenge in hydrometallurgical recycling of lithium-ion batteries (LIBs) is the 

wastewater treatment containing LIBs electrolyte. LiPF6 is most commonly used Li salt in LIBs, and 

the wastewater treatment of LiPF6 is difficult due to its high stability in water. This study will help to 

design a more efficient process to treat wastewater containing LiPF6.
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16 Abstract
17 Treatment of wastewater containing PF6

− is required during hydrometallurgical recycling of 
18 lithium-ion batteries. Because of the kinetic stability of PF6

− in aqueous solution, the decomposition study 
19 into PO4

3− or F− is required for wastewater treatment. In our previous report, the hydrolysis of PF6
− was 

20 shown to be accelerated by adding Al3+ and elevating the solution temperature. In this work, the kinetics 
21 and mechanism of the hydrolysis of PF6

− at several pH and Al3+ concentrations were investigated for more 
22 efficient wastewater treatment. The solutions containing LiPF6 at various pH and AlCl3 concentrations were 
23 kept at 90 °C, and the concentration changes of PF6

−, PO2F2
−, PO3F2−, PO4

3−, and F− were measured by ion 
24 chromatography. The measurement results were analyzed assuming pseudo-first-order kinetics. The results 
25 showed that Al3+ and H+ accelerated the hydrolysis of PO2F2

− and PO3F2−, but the levels of accelerating 
26 effects were different. More specifically, the accelerating effects of Al3+ are higher in the order of PF6

− > 
27 PO2F2

− > PO3F2−, while the accelerating effects of H+ are in the opposite order. Based on the discussion, a 
28 more efficient treatment process for wastewater containing PF6

− was proposed. The proposed process is 
29 expected to reduce heating costs and processing time compared to previously reported ones.
30

31 1. Introduction
32 The safe disposal of spent lithium-ion batteries (LIBs) is required, with the increase of production 
33 of electric vehicles. The valuable metals need to be recovered from the spent LIBs as required by EU Battery 
34 Regulation,1 and various recycling methods of LIBs are proposed.2,3 In the initial step of the recycling, the 
35 spent LIBs are deactivated in some ways because LIBs pose ignition risk. The most commonly used 
36 deactivation method is heat treatment, so-called pyrometallurgical process. Another proposed process is 
37 hydrometallurgical process, in which spent LIBs are crushed in water at room temperature. The advantages 
38 of the hydrometallurgical process are lower energy costs and capital investment. After the deactivation on 
39 hydrometallurgical process, the black mass, which is a mixed powder of cathode and anode materials, 
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40 separator, current collectors, and cases are recovered as mixture of solids. It should be noted that the LIB 
41 electrolyte is dissolved in the water. The LIB electrolytes mainly contain carbonate ester as a solvent and 
42 lithium hexafluorophosphate (LiPF6) as a lithium salt. In aqueous solutions, LiPF6 dissociates into Li+ and 
43 hexafluorophosphate ion (PF6

−), and PF6
− is kinetically stable at room temperature.4 The treatment of 

44 wastewater containing phosphorus (P) and fluorine (F) is therefore an important problem.5–7

45  In general, P and F are removed from the industrial wastewater by precipitate formation via 
46 calcium hydroxide (Ca(OH)2) addition, or coprecipitation with iron (III) or aluminum (III) hydroxide via 
47 pH adjustment after the addition of their trivalent salts.8,9 To treat wastewater containing PF6

− by these 
48 conventional treatments, the decomposition into PO4

3− and F− is necessary.10 To accelerate the 
49 decomposition of PF6

− in wastewater, the addition of strong acid11–13 or aluminum (III) salts10 at elevated 
50 temperatures have been proposed. To improve the efficiency of wastewater treatment, the investigation of 
51 the reaction rates and decomposition mechanism are required.
52 LiPF6 is the most commonly used Li salt because of its stability at the operating temperature with 
53 the wide electrochemical window, high ionic conductivity, and solid-electrolyte interface (SEI) formation 
54 at both electrodes.14 At room temperature, LiPF6 is at least kinetically stable both in organic electrolyte and 
55 aqueous solutions. For instance, its concentration in 0.1 M LiPF6 aqueous solution was almost constant at 
56 room temperature for more than 3 weeks.4 In contrast, the hydrolysis proceeds when LiPF6 is exposed to 
57 humid air in the powder form15,16 or dissolved in the organic electrolytes containing trace amounts of 
58 water17–19. Particularly, there are many reports on the latter, as it may adversely affect the operation 
59 performance of LIBs. These typical reports show that the reaction of LiPF6 with trace amounts of water in 
60 organic electrolytes proceeds according to the following reactions (1–5).
61

62 LiPF6 ⇄ PF5 + LiF (1)
63 PF5 + H2O → POF3 + 2 HF (2)
64 POF3 + H2O → HPO2F2 + HF (3)
65 HPO2F2 + H2O → H2PO3F + HF (4)
66 H2PO3F + H2O → H3PO4 + HF (5)
67

68 The intermediate products (PF5, POF3, HPO2F2, and H2PO3F) in reactions (1–5) were observed by ion 
69 chromatography4,20, GC-MS18,21, ESI-MS20, and NMR22.
70 Here, the attention should be paid that the hydrolysis proceeds in organic electrolytes with trace 
71 amounts of water but not in aqueous solutions. Based on the results of DFT and MD studies, Tasaki et al. 
72 pointed out that this difference may be due to the difference in the dissociation of LiPF6 in the respective 
73 solvents.23 The dissociation of LiPF6 into Li+ and PF6

− (reaction (6)) is more promoted in water than 
74 carbonate solvents.
75

76 LiPF6 → Li+ + PF6
− (6)

77
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78 The kinetics of hydrolysis of PF6
− in aqueous solution was reported under some conditions.24,25 

79 These reports showed that the hydrolysis was accelerated at lower pH or by cations such as Be2+, Al3+, Zr4+, 
80 and Th4+. The hydrolysis of the intermediates, PO2F2

− and PO3F2−, was also reported under similar 
81 conditions.26,27 These studies were conducted at only near room temperature and high acid concentration 
82 such as 2.0–10 mol L−1 (M) HCl solution. Furthermore, only the concentration of F− was measured during 
83 the hydrolysis, and other products were not directly quantified. 
84 In this study, the kinetics and mechanism on hydrolysis of PF6

− and their intermediates were 
85 investigated in HCl acidic solution and Al3+-containing solution at 90 °C. The hydrolysis behaviors were 
86 analyzed by ion chromatography to measure the concentration changes of anions accompanied by the 
87 hydrolysis. The pseudo-first-order rate constants were calculated, and the mechanism of accelerated 
88 hydrolysis was discussed. Based on the results of this study, an optimization of wastewater treatment was 
89 attempted.
90

91 2. Methods
92 Most of the solution preparation and analytical methods have been described in our previous 
93 report10. For solution preparation, LiPF6 (Fujifilm Wako Pure Chemical Corporation, 98.0+ %), 
94 AlCl3·6H2O (Fujifilm Wako Pure Chemical Corporation., JIS Special Grade), HCl (Nacalai Tesque, INC., 
95 GR, 35 %), LiPO2F2 (Tokyo Chemical Industry Co., Ltd., > 98.0 %), Na2PO3F (Thermo Scientific 
96 Chemicals, 94 % min), and deionized water (DI, Organo Corporation, Pure Light, < 0.1 μS cm−1) were 
97 used. To prevent the reaction with humidity, LiPF6 was weighed in a glove box under an Ar atmosphere, 
98 and then transferred to air and mixed quickly with DI. The reagents were dissolved in DI to the desired 
99 composition. Then, 100 mL of the solutions were sealed in polypropylene screw containers and placed in 

100 a water bath (As One Corporation, HWA-50A) kept at 90 °C. The solution pH was measured by pH 
101 electrode (Horiba, Ltd., 9632-10D) calibrated according to National Institute of Standard and Technology 
102 (NIST) standards. The anion concentrations were quantified by ion chromatography (Shimadzu 
103 Corporation, HIC-ESP, column: Shim-pack IC-SA2, suppressor: ICDS-40A, electrical conductivity 
104 detector: CDD-10AVP). The eluent of 3.6 mM Na2CO3 (Fujifilm Wako Pure Chemical Corporation., JIS 
105 Special Grade) + 3.4 mM NaHCO3 (Fujifilm Wako Pure Chemical Corporation., JIS Special Grade) was 
106 flowed at 1.0 mL min−1 through the column kept at 50 °C. The solutions to be measured were injected by 
107 an autosampler (Shimadzu Corporation, SIL-20A). The concentrations of PF6

−, PO2F2
−, PO3F2−, PO4

3−, and 
108 F− were measured. Standard solutions were prepared by dissolving LiPF6, LiPO2F2, Na2PO3F, 1000 ppm 
109 PO4

3− standard solution (Fujifilm Wako Pure Chemical Corporation, Japan Calibration Service System 
110 (JCSS)), and 1000 ppm F− standard solution (Fujifilm Wako Pure Chemical Corporation, JCSS) into DI. 
111 By measuring three or more concentrations for each standard solution and concentration range, calibration 
112 curves were derived as shown in Figs. S1 and S2. It is noted that acid dissociation states are not 
113 distinguishable by ion chromatography, so these chemical species are described as fully dissociated state 
114 (such as PO2F2

−, PO3F2−, PO4
3−, and F−) except for the section discussing acid dissociation states.

115 In the investigation for the effect of various cations, Al2(SO4)3·14–18H2O (Kanto Chemical Co., 
116 Inc., GR), Cr2(SO4)3·xH2O (Fujifilm Wako Pure Chemical Corporation, 99.5 %), Y2O3 (Nippon Yttrium 
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117 Co., Ltd., 99.99 %), Ce2(SO4)3·nH2O (Fujifilm Wako Pure Chemical Corporation, 99.5 %), La2O3 (Nacalai 
118 Tesque, Inc., GR, ≧ 99.99 %), MgO (Wako Pure Chemical Corporation, 99.9 %), CuO (Nacalai Tesque, 
119 Inc., GR), and Ca(OH)2 (Nacalai Tesque, Inc., GR) were used. Eight solutions of 10 mM LiPF6 with each 
120 cation at concentration of 2 mM were prepared. The initial pH of the solutions was adjusted to 3.8–4.0 by 
121 adding HCl or NaOH solutions After keeping at 90 °C for 24 hours, the concentration of F− was measured 
122 by fluoride-ion selective electrode (HORIBA, Ltd., 6561S-10C).
123  
124 3. Results
125 3.1. Concentration changes of anions during the hydrolysis of PF6

− in acidic solution at 90 °C
126 To investigate the effect of pH on the hydrolysis, three different solutions of 10 mM LiPF6 were 
127 prepared, with initial pH 2.5 (exp. #01), 1.8 (exp. #02), and 1.1 (exp. #03), respectively. The solution pH 
128 was adjusted by adding HCl solution. The solutions were kept at 90 °C, and the changes of each anion 
129 concentration and pH were measured as shown in Fig. 1. For exp. #01–03, the concentration of PF6

− 
130 decreases, and PO2F2

−, PO3F2−, PO4
3−, and F− are produced over time. The sum amounts of P and F of these 

131 anions are constantly about 10 mM and 60 mM, respectively. This suggests that unexpected compounds 
132 containing P and F are not stable. The concentrations of PO4

3− and F− increase for all conditions. Meanwhile, 
133 the concentrations of PO2F2

− and PO3F2− increase initially and then decrease. This indicates that PO2F2
− 

134 and PO3F2− are produced as intermediate products, and PO4
3− and F− are produced as final products. As 

135 indicated by the scales of the horizontal axis of each graph, the hydrolysis of PF6
− is accelerated at lower 

136 pH; the half-life of PF6
− is approximately 35 hours, 10 hours, and 2–3 hours for initial pH 2.5 (exp. #01), 

137 1.8 (exp. #02), and 1.1 (exp. #03), respectively. The hydrolysis of PO2F2
− and PO3F2− is also faster at lower 

138 initial pH. During the hydrolysis, the pH decreases in exp. #01 and increases in exp. #02 and #03. The 
139 behaviors of PO2F2

− and PO3F2− and pH changes are discussed later. 
140

141 *** Figure 1 ***
142

143 3.2. Concentration changes of anions during the hydrolysis of PF6
− with Al3+ at 90 °C

144 The effects of Al3+ on the hydrolysis were investigated. Two different solutions of 10 mM LiPF6 
145 with 10 mM AlCl3 (exp. #04) and 100 mM AlCl3 (exp. #05) were prepared, respectively. The solutions 
146 were kept at 90 °C, and the reaction was analyzed. The measurement results of each anion concentration 
147 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, 
148 respectively. The half-lives of PF6

− are in the range of 1–2 hours and 0–0.5 hours for 10 mM AlCl3 (exp. 
149 #04) and 100 mM AlCl3 (exp. #05), respectively. Compared to the half-life of 35 hours for exp. #01 with 
150 an initial pH of 2.5, the hydrolysis of PF6

− is much faster with AlCl3 addition, despite the relatively high 
151 initial pH. The concentrations of PO2F2

− and PO3F2− follow a similar trend to acidic solutions, increasing 
152 initially and then decreasing. As the hydrolysis reaction proceeds, the pH decreases to 1.6 and 1.3 for exp. 
153 #04 and #05, respectively. The behaviors of PO2F2

−, PO3F2−, and pH are discussed later. In another 
154 experiment, the effect of anion in aluminum salts (AlCl3, Al2(SO4)3, and Al(NO3)3) on hydrolysis was 
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155 examined, and the details were discussed in Fig. S3. The anions affected the hydrolysis rates, but the effect 
156 was very small compared to the accelerating effect of Al3+.
157

158 *** Figure 2 ***
159

160 3.3. Measurement of the hydrolysis of PO2F2
− and PO3F2− at several conditions

161 The effects of pH and Al3+ on the hydrolysis of PO2F2
− and PO3F2− were investigated. Four 

162 different solutions of 10 mM LiPO2F2 with each level of pH and AlCl3 were prepared and kept at 90 °C; 
163 pH 3.1 without AlCl3 (exp. #06), pH 1.0 without AlCl3 (exp. #07), pH 3.0 with 100 mM AlCl3 (exp. #08), 
164 and pH 1.0 with 100 mM AlCl3 (exp. #09). The concentration changes of PO2F2

− are shown in Fig. 3. The 
165 hydrolysis percentages at initial pH 3.0–3.1 for 0.5 hours are more than 40 % with Al3+ (exp. #08) but 
166 negligible without Al3+ (exp. #06). On the other hand, regardless of the presence of Al3+, more than 80 % 
167 of PO2F2

− is decomposed within 0.5 hours at pH 1.0 (exp. #07 and #09).
168 The hydrolysis of PO3F− at 90 °C was also investigated under similar conditions; pH 2.7 without 
169 AlCl3 (exp. #10), pH 1.0 without AlCl3 (exp. #11), pH 2.4 with 100 mM AlCl3 (exp. #12), and pH 1.0 with 
170 100 mM AlCl3 (exp. #13). The concentration changes of PO3F− are shown in Fig. 4. The hydrolysis of 
171 PO3F2− is very slow at pH 2.4–2.7 regardless of the presence of Al3+ (exp. #10, 12). However, at pH 1.0 
172 without Al3+ (exp. #11), more than 95 % of PO3F2− are decomposed within 30 min. Here, it should be noted 
173 that the hydrolysis of PO3F2− is rather suppressed at pH 1.0 by adding Al3+ (exp. #13), which is different 
174 from the behavior for PF6

− and PO2F2
−. The kinetics and mechanism of these hydrolysis are discussed later.

175

176 *** Figure 3 ***
177 *** Figure 4 ***
178

179 4. Discussion
180 4.1. Chemical equilibrium of the products of the hydrolysis
181 4.1.1 Stable species in phosphate-fluoride system in aqueous solution
182 The hydrolysis of PF6

− and its intermediate products PO2F2
− and PO3F2− is discussed in detail. First, 

183 equilibrium calculation was conducted to determine if the reverse reactions could be disregarded for kinetic 
184 analysis. The equilibrium state of each chemical species in an aqueous solution was calculated by the 
185 standard Gibbs energy of formation.28,29 There is no report on standard Gibbs energy of formation of PF6

− 
186 as far as we know, so the equilibrium calculation was conducted without considering PF6

−. The conditions 
187 of calculation are 10 mM for PO4

3− and 60 mM for F−, assuming the complete hydrolysis of 10 mM PF6
−. 

188 The equilibrium calculation was conducted on PHREEQC version 2 released by U.S. Geological Survey.30 
189 The calculated equilibrium concentration of each chemical species is shown in Fig. 5. In the pH range of 
190 1–4 which is the target of this study, the stable acid dissociation states of HPO2F2, H2PO3F, H3PO4, and HF 
191 are PO2F2

−, HPO3F−, H3PO4 (or H2PO4
−), and HF, respectively. Comparing the stability of these chemical 

192 species, H3PO4 (or H2PO4
−) is more stable than PO2F2

− and HPO3F− with a difference in concentration of 
193 about 102 and 108, respectively. Therefore, in the hydrolysis of PO2F2

− and HPO3F−, the reverse reaction 
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194 can be assumed to be negligibly slow in contrast to the forward reaction. Although there is no clear evidence 
195 for the hydrolysis of PF6

−, the reverse reaction of the hydrolysis reactions assumed to be negligibly slow. 
196 Therefore, only the forward reactions are considered in the following discussion of kinetics.
197

198 *** Figure 5 ***
199

200 4.1.2. Changes of pH accompanying the hydrolysis 
201 Second, the changes of pH accompanying hydrolysis are discussed from the viewpoint of chemical 
202 equilibrium. The values of acid dissociation constant (pKa) for HPF6, HPO2F2, H2PO3F, H3PO4, and HF are 
203 shown in Table 1.28,29,31 Note that the value for PF6

− is unreliable due to lack of the original data in literature 
204 sources31. Considering the majority states of the anions from the values of pKa, the hydrolysis reactions in 
205 the pH range of 2.5–2.2 in exp. #01 can be described as reactions (7–9). 
206

207 pH range of 2.5–2.2
208 PF6

− + 2 H2O → PO2F2
− + 4 HF (7)

209 PO2F2
− + H2O → HPO3F− + HF (8)

210 HPO3F− + H2O → H2PO4
− + HF (9)

211

212 The concentration of H+ does not change with reactions (7–9), and the solution pH is expected to be constant. 
213 On the other hand, the initial pH in exp. #02 and #03 (about 1.8 and 1.1, respectively) was below the value 
214 of pKa1 of phosphoric acid (= 2.148). At solution pH below the pKa1, the stable state of phosphoric acid is 
215 expected to be H3PO4. Therefore, reaction (9) is replaced by reaction (10). 
216

217 pH range below pKa1 of phosphoric acid (= 2.148)
218 HPO3F− + H2O + H+ → H3PO4 + HF (10)
219

220 The solution pH is expected to increase toward 2.148 depending on the consumption amount of H+ in 
221 reaction (10). 
222 Here, there were some differences between theoretical and experimental results as described below. 
223 During the hydrolysis in exp. #02, the pH exceeded 2.148 and increased to 2.6. Also, in exp. #03, the pH 
224 increased to 2.0 beyond the amount of H+ consumed in reaction (10); the necessary amount of H+ for pH 
225 increase from 1.1 to 2.0 is around 70 mM, but the amount of consumed H+ by the reaction is around 8 mM. 
226 The reason for this rapid increase of pH during the reaction was probably due to the effect of HF on the pH 
227 electrode produced by hydrolysis. In fact, the simulated test showed that the indicated value by the pH 
228 electrode increased when HF was present in the solution. Exceptionally, the indicated value by the pH 
229 electrode remained stable when both Al3+ and HF are present (see Fig. S4).
230

231 *** Table 1 ***
232
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233 Third, the pH decreases during the hydrolysis of PF6
− in the solution containing Al3+ is discussed. 

234 In exp. #04 (10 mM AlCl3) and #05 (100mM AlCl3), pH decreased from 3.5 to 1.6 and from 3.1 to 1.3, 
235 respectively. The main reason for pH decrease is expected to be the formation of aluminum fluoride 
236 complexes according to reaction (11). The value of n in reaction (11) depends on the concentrations of Al3+ 
237 and F−. For example, the equilibrium species at the initial concentration of 100 mM Al3+ and 60 mM F− are 
238 shown in Fig. 6. In this condition, AlF2+ is the most stable fluoride complex below pH 3.
239

240 Al3+ + n HF → AlFn
(3−n)+ + n H+ (11)

241 n = 1–6
242

243 *** Figure 6 ***
244

245 4.2. Kinetics and mechanism of hydrolysis
246 4.2.1　Hydrolysis of PF6

−

247 The hydrolysis rates of PF6
− were quantitatively evaluated from the results shown in Figs. 1 and 

248 2. The hydrolysis of PF6
− was reported to experimentally follow pseudo-first-order kinetics as expressed in 

249 eqn. (12),24,25

250

251 ― 𝑑[PF―
6 ]

𝑑𝑡  = kobs [PF6
−] (12),

252

253 in which [PF6
−] stands for the concentration of PF6

− at reaction time t, and kobs is the pseudo-first-order rate 
254 constant. Further discussion might be necessary on the elemental reactions, but it is reasonable to assume 
255 that the hydrolysis is a first-order reaction with a constant H+ concentration based on past experimental 
256 evidence. Since the purpose of this study is to derive numerical data for estimating industrial processing 
257 rates for optimal treatments, the evaluation is conducted as pseudo-first-order kinetics on the basis of the 
258 past study. When the hydrolysis rate of PF6

− follows eqn. (12), eqns. (13, 14) are valid:
259

260 [PF6
−] = [PF6

−]0 exp(−kobs t) (13)

261 −ln [PF―
6 ]

[PF―
6 ]0

 = kobs t (14),

262

263 in which [PF6
−]0 is the concentration of PF6

− before the reaction. Thus, the observed pseudo-first-order 

264 reaction rate constant, kobs, is obtained as the slope of −ln [PF―
6 ]

[PF―
6 ]0

 plotted against reaction time t.

265 The experimental values of −ln [PF―
6 ]

[PF―
6 ]0

 against reaction time t are plotted for different pH (exp. 

266 #01–03) and Al3+ concentrations (exp. #04–05) as shown in Fig. 7, respectively. The values of kobs were 
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267 calculated using the least-squares method through the origin and listed in Table 2. The reasons for the large 
268 fitting deviation and standard error in exp. #04 are discussed later.
269

270 *** Figure 7 ***
271 *** Table 2 ***
272

273 The values of kobs show that the hydrolysis of PF6
− is accelerated at higher acid concentrations or 

274 with an addition of Al3+. In particular, when Al3+ is added, the rate constants significantly increase by 1–2 
275 orders of magnitude. Previous study also reported the values of kobs at around room temperature as shown 
276 in Table 3.24-26 In these reports, the ranges of temperature and acid concentration were limited to 25–45 °C, 
277 and 1.0–2.0 M in most cases, respectively, but the dependence of hydrolysis rate on pH or cation addition 
278 followed similar trend in this study. A notable aspect of the comparison between previous reports and this 
279 study is the accelerating effect of heating. In the previous report, the value of kobs was 0.0764 × 10−4 in 1 M 
280 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 
281 value of kobs was 48.2 × 10−4, which is approximately 600 times faster, despite the relatively high pH.
282

283 *** Table 3 ***
284

285 The acceleration of hydrolysis by cations was reported to result from the hard acid–hard base 
286 interaction.25 The cations such as H+ and Al3+ have high affinity with F−. The PF6

− anion is subjected to 
287 electrophilic attack by these cations, and F atoms and an electron pair are transferred from PF6

− to the 
288 cations according to reaction (15),
289

290 PF6
− + 4 Mn+ + 2 H2O → PO2F2

− + 4 MF(n−1)+ + 4 H+ (15),
291

292 in which Mn+ = H+ or Al3+. 
293 To support this discussion, the relationship between the hydrolysis rate and the affinity of added 
294 cation with F− was studied. The formation constant (log K) of fluoride complex for each cation (Mn+ + F− 
295 → MF(n−1)+) was obtained from the NIST SRD 46 databese.32 The studied cations in this study are Mn+ = 
296 Al3+, Cr3+, Y3+, Ce3+, La3+, Mg2+, Cu2+, and Ca2+. These cations were selected because of relatively high 
297 log K and enough high solubilities of their hydroxide at around pH 4. The effects of these cations in 
298 accelerating hydrolysis of PF6

− were examined by measuring F− concentration after keeping 10 mM LiPF6 
299 solutions with respective cations at 90 °C for 24 hours. When analyzing F− concentration, by adding total 
300 ionic strength adjustment buffer (TISAB) solution, F− coordinated cations as MF(n−1)+ are dissociated by 
301 chelating effect and quantified as F−.10 The relationship between the value of Log K and the concentration 
302 of F− for the addition of each cation is plotted in Fig. 8. Positive correlation indicates that the hydrolysis of 
303 PF6

− is accelerated by cation which has higher affinity with F−. This result supports that the hydrolysis of 
304 PF6

− proceeds through electrophilic attack by such cation. It should be added that the log K of Li+ is 
305 relatively small (log K = 0.23), and the accelerating effect of Li+ is expected to be small.
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306 Here, the complex formation constant of AlF2+ (log K = 7) is higher than that of HF (log K = 3.17), 
307 and Al3+ is expected to be more effective than H+ in accelerating the hydrolysis of PF6

−. This is consistent 
308 with experimental results in this work. In addition, the reasons for the large fitting deviation and standard 
309 error in exp. #04 as shown in Fig.7 can be explained by the formation of aluminum fluoride complexes. 
310 Aluminum fluoride complexes such as AlF2+ exhibit less affinity with F− than Al3+ and thus have a weaker 
311 accelerating effect on hydrolysis of PF6

−. In exp. #04, the concentration of added Al3+ is only 10 mM, and 
312 the aluminum fluoride complexes increase and Al3+ decreases with the progress of hydrolysis, resulting in 
313 a lower hydrolysis rate.
314

315 *** Figure 8 ***
316

317 4.2.2　 Hydrolysis of PO2F2
− and PO3F2−

318 The hydrolysis of PO2F2
− and PO3F2− is also reported to follow pseudo-first-order kinetics, as 

319 expressed in eqns. (16, 17).26,27

320

321 [PO2F2
−] = [PO2F2

−]0 exp (−kobs t) (16)
322 [PO3F2−] = [PO3F2−]0 exp (−kobs t) (17)
323

324 The hydrolysis of PO2F2
− and PO3F2− in Figs.3 and 4 was evaluated on the assumption that it follows 

325 pseudo-first-order kinetics. The experimental values of −ln [PO2F―
2 ]

[PO2F―
2 ]0

 in exp. #06–09 and −ln [PO3F2―]
[PO3F2―]0

 

326 in exp. 10–13 against reaction time t are plotted in Fig. 9. The values of kobs calculated from the 
327 concentrations of PO2F2

− or PO3F2− in exp. #06–13 were listed in Table 4. In #06 and #10, the standard 
328 errors for the value of kobs are large, which is expected due to the greater influence of measurement error in 
329 the case of slow decomposition and small concentration changes. The values of kobs in Table 4 indicate that 
330 the addition of Al3+ or decrease of pH accelerates the hydrolysis rates of PO2F2

− and PO3F2−as well as the 
331 hydrolysis of PF6

−.
332 Here, the H+ concentration at around pH 1 is almost equal to 100 mM, and therefore, the 
333 accelerating effects can be compared between H+ and Al3+ using the rate constants of the hydrolysis at pH 
334 1.0–1.1 without Al3+ (exp. #03, #07, and #11) and at pH 2.4–3.1 with 100 mM Al3+ (exp. #05, #08, and 
335 #12). The values of kobs were compared among these experiments results as shown in Fig. 10. Clearly, the 
336 accelerating effects of Al3+ are higher in the order of PF6

− > PO2F2
− > PO3F2−, while the accelerating effects 

337 of H+ are in the opposite order. The hydrolysis of PF6
− is more accelerated by Al3+ than H+, and the 

338 hydrolysis of PO2F2
− and PO3F2− is more accelerated by H+. It is also noteworthy and very unique feature 

339 that under low pH such as pH 1 (exp. #11 and #13) in Table 4, the addition of Al3+ does not accelerate the 
340 hydrolysis of PO3F2−, but rather suppresses it to one-eighth rate. This discussion explains the results that 
341 when PF6

− is decomposed at pH 1.1 in Fig. 1 (c) (exp. #03), little PO2F2
− and PO3F2− are detected, whereas 

342 when PF6
− is decomposed with 100 mM AlCl3 in Fig. 2 (b) (exp. #05), the concentrations of PO2F2

− and 
343 PO3F2− are temporarily higher. The previously reported values of kobs are shown in Table 3. The hydrolysis 
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344 of PO2F2
− and PO3F2− is accelerated at higher acid concentrations and/or higher temperatures. The addition 

345 of Zr4+ suppresses hydrolysis of PO3F2− at high acid concentration such as 1.0 M HCl. The results in this 
346 work show the same trends in the previous work despite the different conditions of temperature and 
347 concentration. These phenomena cannot yet be fully explained. The coordination states may affect the rate 
348 of the hydrolysis, and further investigations such as first-principles calculations and spectroscopic 
349 measurements are needed.
350

351 *** Figure 9 ***
352 *** Table 4 ***
353 *** Figure 10 ***
354

355

356 4.3. Optimization of wastewater treatment 
357 Based on the results in this study, a more efficient treatment process for wastewater containing 
358 PF6

− is proposed. The previously reported process involves the hydrolysis step of PF6
− to PO4

3− and F− by 
359 adding Al3+ or H+, followed by the precipitation removal of PO4

3− and F− by adding Ca(OH)2.10 In this 
360 study, the detail of hydrolysis is investigated, and the results show that Al3+ is favorable for accelerating 
361 the hydrolysis of PF6

−, but the hydrolysis of PO2F2
− and PO3F2− rate-determining step as seen in Fig. 2 (b). 

362 Here, in the alkaline solution, PO2F2
− and PO3F2− were reported to be decomposed rapidly.26 The hydrolysis 

363 of PO2F2
− and PO3F2− under acidic conditions was accelerated by the catalytic action of H+ whereas PO2F2

− 
364 and PO3F2− are thermodynamically unstable in alkaline solutions. Note that PF6

− is kinetically very stable 
365 even in alkaline solutions. In saturated Ca(OH)2 solution at pH 12, PO2F2

− is completely decomposed in 1 
366 hour, but the decomposition of PO3F2− is relatively slow; 40 % decomposition in 1 hour as shown in Fig. 
367 S5. Therefore, in the hydrolysis step with Al3+ at elevated temperature, the heating time can be shortened 
368 so that only PF6

− is sufficiently decomposed. The remaining PO2F2
− and PO3F2− are decomposed in the 

369 subsequent precipitation step by adding Ca(OH)2 since the solution becomes alkaline. 
370 Fig. 11 shows the flowchart of the proposed process to reduce heating costs and processing time 
371 and the results of the analysis at each step in the experimental verification. In this experiment, the solution 
372 of 10 mM LiPF6 + 100 mM AlCl3 (solution 1 in Fig.11) was prepared and kept at 90 °C for 1 hour (solution 
373 2). Then, 432 mM Ca(OH)2 was added to the solution, and precipitate was formed. After the solution was 
374 kept at room temperature for 1 hour, the supernatant (solution 3) and precipitate were separated. The 
375 quantification by ion chromatography shows that more than 95 % of PF6

− were decomposed into PO2F2
−, 

376 PO3F2−, PO4
3−, and F− by heating at 90 °C for 1 hour. After the precipitation step, the all concentrations of 

377 PO2F2
−, PO3F2−, PO4

3−, and F− decreased to less than 0.6 mM. This result shows that not only PO4
3− and F− 

378 but also PO2F2
− and PO3F2− are removed during precipitation step with Ca(OH)2 addition. The XRD pattern 

379 of the precipitate showed Ca2AlClO3(H2O)5, a type of layered double hydroxide (LDH)33 as shown in Fig. 
380 S7, which is reported to have the ability to remove the anions in the solution by ion exchange. It is noted 
381 that PO3F2− is removed almost completely in 1 hour (Fig. 11(b), Solution 3). The comparison with the 
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382 slower decomposition of PO3F2− in Fig. S5 suggests that PO3F2− is removed by the ion exchange of the 
383 LDH precipitate. Such type of removal by ion exchange ability was observed in our previous repor.10 
384

385 *** Figure 11 ***
386

387 5. Conclusion
388 In this work, the kinetics and mechanism of hydrolysis of PF6

− were investigated. The 
389 concentration changes of anions (PF6

−, PO2F2
−, PO3F2−, PO4

3−, and F−) in the solutions of 10 mM LiPF6 at 
390 various pH with various concentrations of AlCl3 were measured during the keeping at 90 °C. Without Al3+, 
391 the half-lives of PF6

− were approximately 35 hours, 10 hours, and 2–3 hours for initial pH 2.5 (exp. #01), 
392 1.8 (exp. #02), and 1.1 (exp. #03), respectively. With Al3+, the half-lives of PF6

− were in the range of 1–2 
393 hours and 0–0.5 hours for 10 mM AlCl3 (exp. #04) and 100 mM AlCl3 (exp. #05), respectively. Compared 
394 to the half-life of 35 hours for exp. #01 with an initial pH of 2.5, the hydrolysis of PF6

− is much faster with 
395 AlCl3 addition, despite the relatively high initial pH. These results were analyzed as following pseudo-first-
396 order kinetics. When comparing the effects of H+ (pH 1.0–1.1 without Al3+ for exp. #03) and Al3+ (pH 2.4–
397 3.1 with 100 mM Al3+ for exp. #05), the rate constant for hydrolysis of PF6

− is greater for Al3+ than H+. 
398 This indicates that the hydrolysis of PF6

− is accelerated by Al3+ than H+. The effects of Al3+ and pH on the 
399 hydrolysis of PO2F2

− and PO3F2− were also individually investigated. The results showed that Al3+ and H+ 
400 accelerated the hydrolysis of PO2F2

− and PO3F2−, but the levels of accelerating effects were different. More 
401 specifically, the accelerating effects of Al3+ are higher in the order of PF6

− > PO2F2
− > PO3F2−, while the 

402 accelerating effects of H+ are in the opposite order. The hydrolysis of PF6
− is more accelerated by Al3+ than 

403 H+, and the hydrolysis of PO2F2
− and PO3F2− is more accelerated by H+. As a result, when considering the 

404 hydrolysis from PF6
− to the final product PO4

3− in strong acid solution without Al3+, PF6
− is decomposed 

405 relatively slowly, but PO2F2
− and PO3F2− are decomposed relatively quickly. Conversely, in solution with 

406 Al3+, PF6
− is decomposed relatively quickly, and the hydrolysis of PO2F2

− and PO3F2− is rate-determining 
407 step.
408 For wastewater treatment, an efficient process was proposed based on these results. In 
409 conventional process, PF6

− is decomposed into PO4
3− and F− in strong acid solution by heating, followed 

410 by the precipitation removal of PO4
3− and F− by adding Ca(OH)2. In our proposed process, the heating time 

411 of decomposition step is reduced. At elevated temperature, PF6
− is quickly decomposed by adding Al3+, but 

412 PO2F2
− and PO3F2− remains in the solution. Then, by adding Ca(OH)2, the solution becomes alkaline and 

413 the precipitate of LDH is formed, where PO2F2
− is decomposed and PO3F2−, PO4

3−, and F− are precipitated 
414 by ion exchange of LDH. The simulated experiment demonstrated that reduction in processing time was 
415 feasible. This study will greatly contribute to the design of more efficient processes for the treatment of 
416 wastewater containing PF6

−.
417
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1

2 Fig. 1 Changes of pH and concentrations of PF6
−, PO2F2

−, PO3F2−, PO4
3−, and F− when 10 mM LiPF6 

3 solutions with initial pH (a) 2.5, (b) 1.8, and (c) 1.1 were kept at 90 °C. The concentrations of anions were 
4 measured by ion chromatography. Total P and total F were calculated from the sum of each anion 
5 concentration. The measured pH values may be higher than the correct values due to the effect of HF on 
6 the pH electrode by the produced pH (see Fig. S4).
7

8
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9 Fig. 2 Changes of pH and concentrations of PF6
−, PO2F2

−, PO3F2−, PO4
3−, and F− when 10 mM LiPF6 

10 solutions with (a) 10 mM AlCl3 and (b) 100 mM AlCl3 were kept at 90 °C. The concentrations of anions 
11 were measured by ion chromatography. Total P and total F were calculated from the sum of each anion 
12 concentration.
13

14 Fig. 3 Concentration changes of PO2F2
− when 10 mM LiPO2F2 solutions with initial pH 3.1 without AlCl3 

15 (exp. #06), initial pH 1.0 without AlCl3 (exp. #07), initial pH 3.0 with 100 mM AlCl3 (exp. #08), and initial 
16 pH 1.0 with 100 mM AlCl3 (exp. #09) were kept at 90 °C. The concentration of PO2F2

− was measured by 
17 ion chromatography. 
18
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19 Fig. 4 Concentration changes of PO3F2− when 10 mM Na2PO3F solutions with initial pH 2.7 without 
20 AlCl3 (exp. #10), initial pH 1.0 without AlCl3 (exp. #11), initial pH 2.4 and 100 mM AlCl3 (exp. #12), 
21 and initial pH 1.0 and 100 mM AlCl3 (exp. #13) were kept at 90 °C. The concentration of PO3F2− was 
22 measured by ion chromatography.
23

24

25 Fig. 5 Equilibrium concentrations of each chemical species for the P-F system in aqueous solution 
26 calculated by PHREEQC version 2 at the Initial concentration of 10 mM PO4

3− and 60 mM F−.
27

28
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29 Table 1 Acid dissociation constant (pKa) for each acid.
Molecular 
formula

HPF6 HPO2F2 H2PO3F H3PO4 HF

Acidity 
constant

pKa = −20* pKa = 0.298
pKa1 = 0.0175
pKa2 = 5.331

pKa1 = 2.148
pKa2 = 7.198
pKa3 = 12.375

pKa = 3.17

Ref. Hirano et al.31 Larson and Su28 Larson and Su28 minteq.v4.dat29 minteq.v4.dat29

30 *Original data was not given in ref. 31.
31

32

33 Fig. 6 Equilibrium concentrations of each chemical species for the Al-F system in aqueous solution 
34 calculated by PHREEQC version 2 at the initial concentration of 100 mM Al3+ and 60 mM F−. 
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35 Fig. 7 The values of −ln [PF―
6 ]

[PF―
6 ]0

 plotted against reaction time t in exp. (a) #01–03 and (b) #04–05. The 

36 dashed lines are the fitted lines by the least-squares method through the origin.
37

38 Table 2 Pseudo-first-order reaction rate constant (kobs) for hydrolysis of PF6
− obtained in this work.

Exp. no.
PF6

− Conc.
(mM) 

Initial pH
AlCl3 conc.

(mM)
Temperature

(°C)
Number of 

plots
kobs*

(× 10–4 min–1)

#01 2.5 11 3.68 ±0.10

#02 1.8 8 12.6 ±0.34

#03 1.1

0

7 48.2 ±1.9

#04 3.5 10 6 49.6 ±7.3

#05

10

3.1 100

90

3 662 ±9.8

39 *Calculated using the least-squares method through the origin, and ± denotes standard error.
40

Page 21 of 26 Environmental Science: Water Research & Technology



6

41 Table 3 Pseudo-first-order reaction rate constant (kobs) for hydrolysis of (a) PF6
−, (b) PO2F2

−, and (c) PO3F2− 
42 reported in previous works.
43 (a)

PF6
− Conc.

(mM)
HCl conc. or pH Added cation

Temperature
(°C)

kobs

(× 10–4 min–1)
Ref.

None 25 0.0764

10 mM Zr4+ 3.98

10 mM Th4+ 3.19
1.0 M

10 mM Al3+

25

0.451

Clark and Jones25 

45 3.98

35 0.940None

0.214

Gebala and Jones24

10 mM Zr4+ 16.1

10 mM Th4+ 3.92

1

2.0 M

10 mM Al3+

25

0.745

Clark and Jones25 

44

45 (b)

PO2F2
− Conc.

(mM) 
HCl conc. or pH Added cation

Temperature
(°C)

kobs

(× 10–4 min–1)
Ref.

35 7.11
1.0 M

3.25

2.0 M

None
25

9.83

200 mM Al3+ 0.011

400 mM Al3+ 0.028

600 mM Al3+ 0.037

800 mM Al3+ 0.053

2

pH 2

1000 mM Al3+

25

0.065

Clark and Jones26 

46

47 (c)

PO3F2− Conc.
(mM)

HCl conc. or pH Added cation
Temperature

(°C)
kobs

(× 10–4 min–1)
Ref.

35 14.4
None

25 6.01.0 M

5 mM Zr4+ 25 0.68
4

2.0 M None 25 15.0

Clark and Jones26

48

49
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50

51 Fig. 8 Relationship between the formation constant (log K) of fluoride complex for each cation (Mn+ + F− 
52 → MF(n−1)+) and the concentrations of F− when 10 mM LiPF6 solutions with various cations (2 mM) at 
53 initial pH 3.8–4.0 were kept at 90 °C for 24 hours. The value of log K was obtained from the NIST SRD 
54 46 database (The ionic strength of is 0 except for Ca2+ and 1 for Ca2+).32

55
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56

57 Fig. 9 The values of (a) −ln [PO2F―
2 ]

[PO2F―
2 ]0

 in exp. 06–09 and (b) −ln [PO3F2―]
[PO3F2―]0

 in exp. 10–13 plotted against 

58 reaction time t.
59
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60 Table 4 Pseudo-first-order reaction rate constant (kobs) for hydrolysis of (a) PO2F2
− and (b) PO3F2− obtained 

61 in this work.
62 (a)

Exp. no.
PO2F2

− Conc.
(mM)

Initial pH
AlCl3 conc.

(mM)
Temperature

(°C)
Number of 

plots
kobs

(×10–4 min–1)

#06 3.1 4 8.23±3.2

#07 1.0
0

4 643 ±25

#08 3.0 4 221 ±12

#09

10

1.0
100

90

4 1010 ±62

63

64 (b)

Exp. no.
PO3F2− Conc.

(mM)
Initial pH

AlCl3 conc.
(mM)

Temperature
(°C)

Number of 
plots

kobs

(×10–4 min–1)

#10 2.7 4 −0.438±2.3

#11 1.0
0

4 1140 ±12

#12 2.4 4 14.9 ±1.9

#13

10

1.0
100

90

4 140 ±2.4

65

66 Fig. 10 Pseudo-first-order reaction rate constant (kobs) plotted against PF6
−, PO2F2

−, and PO3F2− for the 
67 hydrolysis at pH 1.0–1.1 without Al3+ (exp. #03, #07, and #11) and at pH 2.4–3.1 with 100 mM Al3+ (exp. 
68 #05, #08, and #12). 
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69

70 Fig. 11 (a) Flowchart of the process for more efficient treatment proposed in this study. (b) The 
71 concentration of PF6

−, PO2F2
−, PO3F2−, PO4

3−, and F− measured by ion chromatography for the solutions 
72 prepared with 10 mM LiPF6 and 100 mM AlCl3 (solution 1), kept at 90 °C for 1 hour (solution 2), and then 
73 mixed with 432 mM Ca(OH)2 at room temperature for 1 hour (solution 3).
74
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