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Removal of phosphorus and fluorine from
wastewater containing PF¢ via accelerated
decomposition by Al** and chemical precipitation
for hydrometallurgical recycling of lithium-ion
batteriest

Takuto Miyashita, ©* Kouiji Yasuda @ * and Tetsuya Uda @*

During hydrometallurgical recycling of lithium-ion batteries (LIBs), one important challenge is the efficient
treatment of wastewater containing LiPFg used as a lithium salt in the LIBs. The difficulty of the treatment is
attributed to the persistence of PFg™ in aqueous solutions. In this study, the accelerated decomposition of
PFs~ by AP' at an elevated temperature and the removal of phosphorus and fluorine by chemical
precipitation were attempted. These reactions were analyzed using a pH electrode and fluoride-ion
selective electrode, and by a distillation method for total fluorine analysis, ICP-AES, ion chromatography,
XRD, and WDS. The results showed that when 10 mM LiPFg aqueous solution containing 100 mM Aly(SO4)3
was kept at 90 °C for 24 h, more than 90% of the PFs~ was decomposed into PO,* and F~. The produced
PO,* and F were coprecipitated with CagAL(SO4)s(OH)» (ettringite) by adding sufficient Ca(OH),. The
concentrations of the total phosphorus and total fluorine in the supernatant after precipitation were 0.028
mM and 0.77 mM, respectively. Here, the pH after the decomposition of 10 mM PFg~ decreases to around
1 due to the formation of H* during the decomposition, which may be too low for some practical cases.
For this problem, the decomposition of PFg™ in various pre-mixed solutions of AL(SO4)s and Ca(OH), was
also examined. As a result, when the prepared molar ratio was Al/Ca > 2/3, the decomposition of PFs~
proceeded, and the pH decrease accompanying the decomposition was alleviated due to the buffer effect
of the Al(OH)3 precipitate.

The method for faster decomposition of PFs, which is persistent in aqueous water, is required for wastewater treatment. The efficient decomposition of

PF, and the removal of phosphorus and fluorine were achieved using Al,(SO,); and Ca(OH),. This method is applicable for treating wastewater exhausted

in hydrometallurgical recycling of lithium-ion batteries.

1. Introduction

The production of

lithium-ion

mainly classified as pyrometallurgical and hydrometallurgical
processes.”® In the pyrometallurgical process, spent LIBs are
roasted or melted at various temperatures depending on the

batteries (LIBs) is

exponentially increasing year by year towards a decarbonized
and sustainable society, which simultaneously leads to the
generation of a large number of spent LIBs. In order to
recover various valuable elements such as lithium (Li), cobalt
(Co), and nickel (Ni) contained in LIBs, efficient recycling
methods for spent LIBs are required.'” The recycling
processes of spent LIBs currently in commercial use are
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companies.”® One of the advantages of the pyrometallurgical
process is the safe treatment of the flammable organic
solvents and active Li remaining in the negative electrode by
combustion. On the other hand, the necessity of the
treatment of the fluorine-containing gases remains a
problem. In addition, Li transfers to the slag under some
melting conditions, and the recovery cost of Li could be high.
The recycling processes of spent LIBs at room temperature
(R.T.) including the hydrometallurgical process are
considered as a solution to the problems of the
pyrometallurgical process. When recycling of spent LIBs is
conducted without roasting, treatment of the fluorine-
containing gases is not necessary, and Li remains in the
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positive electrode or electrolyte. The most important
challenge is the safe deactivation of spent LIBs containing
flammable organic solvents and active Li that may cause
ignition. One of the deactivation methods proposed in the
past is comminution in water or an inert atmosphere. The
first reported method of comminution of spent LIBs in water
at R.T., to the author's knowledge, was a patent by Asaka
Riken.” Later, other technologies reported for
comminution in water, for example, by Retriev’ and
LiCycle,"" and for comminution without water under a CO,
or Ar atmosphere by Recupyl.'"> Our group proposed the
submerged comminution in water in an inert atmosphere,
especially in lime water (saturated calcium hydroxide
(Ca(OH),) solution), to deactivate the spent LIBs even at a
charged state.”® The submerged comminution in water is
superior in terms of low ignition risk to comminution in the
gas phase, but treatment containing
electrolytes of LIBs, i.e., organic solvents such as carbonate
ester and Li salts such as LiPFg, is required.**™**

Phosphorus (P) and fluorine (F) in aquatic ecosystems cause
eutrophication and health hazards, respectively, and effluent
standards for wastewater are established in many countries.'®™®
For example, the concentrations of P and F in industrial
wastewater are regulated at 16 ppm and 8 ppm, respectively, in
the representative Japanese standards. Wastewater containing P
is mainly treated by chemical precipitation, crystallization, and
biological treatment.'®"” In the chemical precipitation, P is
removed by being coprecipitated with aluminum hydroxide
(Al(OH)3) or iron hydroxide (Fe(OH);) using chlorides or sulfates
of aluminum(m) or iron(m). In the crystallization, P is removed
as precipitates such as hydroxyapatite (Cas(PO,4);(OH), reaction
(1)) by introducing calcium compounds such as Ca(OH),.

were

of wastewater

3H;PO, + 5Ca(OH), — Ca;(PO,);(OH) + 9H,O 1)

Wastewater containing F is typically treated by chemical
precipitation, crystallization for example by forming calcium
fluoride (CaF,, reaction (2)), membrane treatment, and
adsorption methods."®>°

2HF + Ca(OH), — CaF, + 2H,0 )

It is difficult to treat wastewater containing
hexafluorophosphate ion (PF ) produced by the ionization of
LiPF, by chemical precipitation or crystallization because PFs"
is persistent in aqueous solution*"** and does not usually
form insoluble precipitates with common metal cations as far
as we know. The precipitation with non-metallic compounds
and the decomposition into PO,*" and F~ are candidate
treatment methods for wastewater containing PFs . As a
method of the former, pyridine (CsH;N) is reported to form
an insoluble precipitate with PF, in reaction (3); to the best
of our knowledge, this is the only method that can precipitate
with PFs~ in aqueous solution without decomposition.*

CsHsN + H' + PFg” — CsH;NHPF, (3)
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However, the use of pyridine has several problems such as
toxicity to humans, flammability, and odorousness.
Furthermore, the treatment of pyridine-containing
wastewater is costly because combustion or adsorption
treatment is required.”*

On the other hand, some methods to decompose PFs~ into
PO, and F~ were reported according to reaction (4).>*2°

PF, +4H,0 — PO,> + 6F + 8H" (4)

One decomposition method patented by some Japanese
companies is adding 2-25 wt% hydrochloric acid (HCI) or 35
wt% sulfuric acid (H,SO,) into wastewater containing PF,~ and
heating at 50-100 °C for 0.5-5 h.**® In this method, the acid
concentration is so strong and the operation temperature is so
high that highly corrosion-resistant components are required
for the treatment tanks. In addition, the vapor pressure of HF
increases under heated acidic conditions,> and the treatment
of HF-containing gas could be also required. Another
decomposition method for PFs~ is the addition of compounds
containing cations working as hard acids such as zZr*", Th*',
AP**, and Be®".*° The reaction temperatures in the report were
only around R.T., and the decomposition rate was not
sufficient; for example, the half-lives of PFs~ in 1.0 mol L™ (M)
HCI dissolving 1.0 M Zr**, 1.5 M Th**, 2.0 M AI*, and 1.5 M
Be?" were 78 h, 213 h, 767 h, and 1050 h, respectively. The
above decomposing methods need improvement in terms of
reagent cost and treatment time.

In this study, the accelerated decomposition of PFs by A
was attempted at elevated temperature. Chemical precipitation
of PO,*" and F~ produced by the decomposition of PFs~ was
carried out by adding Ca(OH),. As shown in Fig. 1, two types of
procedures were investigated. In procedure A (Fig. 1(a)), LiPFe
solutions containing aluminum sulfate (Al,(SO,);) are heated at
90 °C for 24 h to decompose PF, , followed by adding Ca(OH),
to remove the produced PO,>” and F. In procedure B
(Fig. 1(b)), LiPF,s solutions containing both Al,(SO,); and
Ca(OH), at various prepared concentrations are heated at 90 °C
for 24 h to determine the best conditions for treating PF . The
supernatants and precipitates of the respective samples are
analyzed by methods. The advantages and
disadvantages of procedures A and B are discussed.

l3+

various

2. Methods

2.1. Experimental procedures

Decomposition of PFs in procedure A. In procedure A, a
sample solution containing 10 mM LiPFs and 100 Al mM
Al,(SO,4); was prepared by dissolving LiPF¢ (Fujifilm Wako
Pure Chemical Corporation, 98.0+%) and Al,(SO,);-14-18H,0
(Kanto Chemical Co., Inc.,, GR) in deionized water (DI,
Organo Corporation, Pure Light, <0.1 uS em™). As LiPFq
powder reacts readily with moisture in air, it was weighed in
a dry Ar glove box and then quickly dissolved in DI water in
air. Sample solutions containing 10 mM LiPF,s with various
pH levels were prepared by adding a suitable amount of HCI

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Procedures (a) A and (b) B for the decomposition of PFg and
chemical precipitation of PO, and F.

— Precipitate

solution (Nacalai Tesque, Inc., GR, 35%) to examine the effect
of pH. Also, a sample solution containing 10 mM LiPFs and
100 mM AI(NO;); was prepared by using Al(NO;);-9H,0
(Fujifilm Wako Pure Chemical Corporation, GR) to examine
the effect of anions. The prepared sample solutions were
placed in polypropylene (PP) screw containers with lids and
were kept at R.T. or 90 °C for 24 h in a water bath (As One
Corporation, HWA-50A). The concentrations of F~ and the pH
were then measured after cooling to R.T. The decomposition
percentage of PF, was evaluated by quantifying the
concentration of F, because F was produced as the
decomposition of PFs proceeds according to reaction (4).

Chemical precipitation after decomposition of PFs~ by AI**
in procedure A. The saturated Ca(OH), slurry was prepared
by adding Ca(OH), powder (Nacalai Tesque, Inc., GR) more
than its solubility (0.16 g/100 g H,0O, 21.6 mM at 298 K) into
DI water. After the sample solution containing 10 mM LiPFg
and 100 Al mM Al,(SO,); was kept at 90 °C for 24 h, the
saturated Ca(OH), slurry was mixed with the sample
solutions at a volume ratio of 1:1. The mixed solution was
placed at R.T. for 1 h. Then, the supernatant and precipitate
were separated by centrifugation, and the precipitate was
dried under vacuum at R.T. The removal percentages of P
and F were calculated according to eqn (5).

[amount of substance of P or F in supernatant] (mol)
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The pH and concentrations of the total P and total F in
the supernatant were measured. The precipitate was
subjected to phase identification by X-ray diffraction (XRD)
and elemental analysis by wavelength dispersive
spectroscopy (WDS).

Decomposition of PFs and chemical precipitation in the
aqueous solutions containing both Al,(SO,); and Ca(OH), at
prepared concentrations in procedure B. In
procedure B, sample solutions containing 10 mM LiPF, 0-
200 mM Al,(SO,);, and 108 mM Ca(OH), were prepared by
dissolving each reagent in DI water. These sample solutions
were then kept at 90 °C for 24 h. The formation of
precipitates was observed in each sample. In addition to the
same analysis of the supernatant and precipitate as
procedure A, quantification of the concentration of each
anion was conducted.

various

2.2. Analysis

Measurement of pH using a pH electrode. The pH was
measured using a pH electrode (Horiba, Ltd., 9632-10D),
which was calibrated with standard solutions (pH 4.01, 6.86,
and 9.18) according to the National Institute of Standard and
Technology (NIST) standard methods. The pH measurements
of the heated samples were performed after cooling to R.T.

Measurement of the F~ concentration using a fluoride-ion
selective electrode. The F concentration in each sample
solution was measured using a fluoride-ion selective
electrode (Horiba, Ltd., 6561S-10C). Calibration was
performed with 1 and 10 ppm or 10 and 100 ppm F~
standard solutions prepared using a 1000 ppm F standard
solution (Fujifilm Wako Pure Chemical Corporation, Japan
Calibration Service System (JCSS)). Before the measurements
with the fluoride-ion selective electrode, the sample solutions
were mixed with a total ionic strength adjustment buffer
(TISAB) solution in a 1:1 volume ratio. Two types of TISAB
solutions were prepared following American Society for
Testing and Materials (ASTM) D1179 method B. TISAB 1 was
prepared by dissolving 57 mL acetic acid (Nacalai Tesque,
Inc., GR), 58 g NaCl (Nacalai Tesque, Inc., GR), and 0.3 g
trisodium citrate dihydrate (Kanto Chemical Co., Inc., GR) in
DI water to a volume of 1 L, and used for the sample
solutions without AI**. TISAB 2 was prepared by dissolving 84
mL HCI solution, 242 g tris(hydroxymethyl)Jaminomethane
(Nacalai Tesque, Inc., GR), and 230 g sodium (+)-tartrate
dihydrate (Fujifilm Wako Pure Chemical Corporation., GR) in
DI water to a volume of 1 L, and used for the sample
solutions containing AI*" to mitigate the interfering effect of
AP, As a preliminary test, sample solutions dissolving
Al,(SO,4); and NaF were mixed with TISAB 1 or 2 solution and
measured with a fluoride-ion selective electrode (Table S17).

[removal percentages](%)= (1 -

This journal is © The Royal Society of Chemistry 2024

[amount of substance of P or F in prepared solution]| (mol)

) x 100 (5)
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The results showed that the interfering effect of AI*" was
almost negligible in TISAB 2 when the AI*" concentration was
below 10 mM. Therefore, the sample solutions were diluted
with DI water before the measurements so that the
concentration of AI** was less than 10 mM.

Measurement of the total F concentration by the
distillation method. For the determination of the total F
concentration in the sample solutions, distillation was
performed according to Japanese Industrial Standard (JIS) K
0102 for the quantification of the total F in various fluorine
compounds. 1.0 mL of the sample solution, 0.2 g SiO, powder
(Fujifilm Wako Pure Chemical Corporation., GR), 0.2 mL
phosphoric acid (Nacalai Tesque, Inc., GR, 85%), 8 mL
perchloric acid (Nacalai Tesque, Inc., GR, 60%), about 8 mL DI
water, and some boiling stones were placed in a distillation
flask. The temperature of the distillation flask was controlled
at 145 + 5 °C with steam blowing. The distillate was collected
up to approximately 50 mL through a Liebig cooling pipe with
cooling water. After adding DI water to the collected distillate
to a volume of 100 mL, the F~ concentration was analyzed
using the fluoride-ion selective electrode. The measured value
may be lower than the true concentration because it depends
on the recovery percentage of distillation.

Measurement of the total P and total Al concentrations by
ICP-AES. Concentrations of the total P and total Al in sample
solutions were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Hitachi High-Tech
Science Corporation, SPS3520UV). The wavelengths used for
the P and Al measurements were 177.496 nm and 237.312
nm, respectively. Standard solutions were prepared by
diluting a standard solution of 1000 ppm P (Fujifilm Wako
Pure Chemical Corporation., for water analysis) and 1000
ppm Al (Nacalai Tesque, Inc., SP) with 1 M HCI solution. The
calibration curves were measured at four points respectively
with the concentrations of 0 (blank), 10, 30, and 50 ppm P,
and 0 (blank), 5, 10, and 20 ppm Al. Sample solutions were
diluted with 1 M HCI solution to fit within the calibration
range of the aimed elements. The average of two times
measured values was used for the results.

Measurement of concentration of anions (PFs, F~, PO,*",
PO,F, ) by ion chromatography. The quantification of anions
in solution was performed by suppressed ion chromatography
(Shimadzu Corporation, HIC-ESP) with a column (Shimadzu
Corporation, Shim-pack IC-SA2), a suppressor (Shimadzu
Corporation, ICDS-40A), and an electrical conductivity detector
(Shimadzu Corporation, CDD-10AVP). A guard column
(Shimadzu Corporation, Shim-pack IC-SA2(G)) and line filter
(Shimadzu Corporation, A-356) were attached upstream of the
analytical column. Column temperature was kept at 50 °C. The
eluent was prepared by dissolving 3.6 mM Na,CO; (Fujifilm
Wako Pure Chemical Corporation., GR) and 3.4 mM NaHCOj;
(Fujifilm Wako Pure Chemical Corporation., GR) in DI water
and flowed at a flow rate of 1.0 mL min". The sample solutions
to be measured were diluted one hundredfold with the eluent,
and 20 pL of diluted solution was injected using a manual
injector. The anions that could be formed during the
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decomposition of PFy~ are F~, PO,>", PO,F, , and PO,F*, and
their concentrations were measured. The calibration curves
were measured at three or more concentrations for each anion
using standard sample solutions prepared using LiPFg, LiPO,F,
(Tokyo Chemical Industry Co., Ltd., >98.0%), and Na,POs;F
(Thermo Fisher Scientific K.K.), 1000 ppm PO,*" standard
solution (Fujifilm Wako Pure Chemical Corporation, JCSS),
1000 ppm F~ standard solution, and 1000 ppm SO,> standard
solution (Fujifilm Wako Pure Chemical Corporation, JCSS). The
ion chromatograms of the respective standard solutions used in
this study are shown in Fig. S1.} In this study, PO;F>~ could not
be quantified for sample solutions containing SO,>~ because
their peaks overlap each other. The noise level was calculated by
the average of the difference between the maximum and
minimum values, accounting for drift, in each 0.5 min section
without any peaks following the ASTM standards. The signal/
noise (S/N) ratios of 3.3 and 10 were set as the detection limit
and the limit of quantification, respectively.

Phase identification of precipitates by XRD and elemental
analysis by WDS. An X-ray diffractometer (XRD, PANalytical,
X'pert Pro, Cu-Ka line, 45 kV, 40 mA, 6-260 method) was used
for the phase identification of the precipitates. For the
elemental analysis of the precipitates, wavelength dispersive
spectroscopy (WDS, 15 kV, 50 nA, ZAF method) was
performed with a field emission-electron probe micro
analyzer (FE-EPMA, JEOL Ltd., JXA-8530F). Powdered samples
were fixed on carbon tape, and carbon-coated with a carbon
coater (Meiwafosis Co., Ltd., CADE-E) to give conductivity. In
the mapping analysis, spot measurements were carried out at
0.5 um x 0.5 um intervals for a 60 pym x 43 um area.

3. Results

3.1. Decomposition of PFs in aqueous solution under
various conditions

The F~ concentration indicates the decomposition progress
of PFs . The measured concentrations of F and pH are
shown in Fig. 2, where 60 mM F corresponds to the
complete decomposition reaction of 10 mM LiPFs. The F~
concentration in each sample kept at R.T. is only less than 2
mM, but 54-56 mM F~ are detected for sample solutions kept
at 90 °C in HCI solution with pH 1, 100 mM Al,(SO,);
solution, and 100 mM Al(NOj;); solution. On the other hand,
about 10 mM F~ is detected in HCI solution with pH 3, which
is approximately equal to the pH in 100 mM Al,(SO,4); or 100
mM Al(NO3); solution before keeping. These results suggest
that not only H" but also AI’" accelerate the decomposition of
PFs  at elevated temperatures. In Al,(SO,); and Al(NO;);
solutions, pH changes from around 3 to 1 are observed due
to the formation of H' according to reaction (4).

3.2. Removal of P and F by adding Ca(OH), after
decomposition of PFs~ by AI** (procedure A)

According to procedure A, the removal of P and F was
examined by adding the saturated Ca(OH), slurry after the
decomposition of PF, in Al,(SO,); solution at 90 °C for 24 h.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Measured concentrations of F~ after keeping 10 mM LiPFg +
none, HCL, Alx(SO4)s, or Al(NO3)s solution at R.T. or 90 °C for 24 h, and
pH before and after keeping. The additive, prepared pH, and
temperature are (a) none, 7, and R.T., (b) none, 7, and 90 °C, (c) HCL, 1,
and R.T, (d) HCL, 1, and 90 °C, (e) HCl, 3, and 90 °C, (f) 100 mM
Alx(SO4)3, 3, and R.T., (g) 100 mM Alx(SO4)3, 3, and 90 °C, and (h) 100
mM AL(NOs3)z, 3, and 90 °C, respectively.

The removal percentages of P and F at 1 h after adding
Ca(OH), are shown in Fig. 3. In Exp. #01, the pH after adding
150 mM of Ca(OH), is 4.3, and the removal percentages are
99% for P and 57% for F. On the other hand, the pH after
adding 400 mM of Ca(OH), is 10.6 in Exp. #02, and the
removal percentages reach higher than 97% both for P and F.
The removal percentages of P and F are enough or close to
achieve the Japanese industrial effluent standards; the

£ 100 P 0.050 mM P 0.028 MM F 0.77 mM
L
o P Removal
S sol F Removal .
o
G
@ 60 F 13 mM
()]
©
c
8 40
@
[oX
g 20
(o]
=
(0]
© 9

(a) Exp. #01 (b) Exp. #02

pH 4.3 pH 10.6

Fig. 3 Removal percentages of P and F after keeping the 10 mM LiPFg¢
+ 100 Al mM Al,(SO,4)s solution at 90 °C for 24 h following the
addition of (a) 150 mM or (b) 400 mM of saturated Ca(OH); slurry at a
volume ratio of 1:1 according to procedure A. The numbers above the
bar graph indicate the measured concentrations of the supernatant of
the total P or total F.
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standards of 16 ppm and 8 ppm correspond to 0.516 mM for
P and 0.421 mM for F, respectively.

The XRD pattern of the precipitate obtained in Exp. #02 is
shown in Fig. 4. Strong peaks of CagAl,(SO,);(OH);,-26H,0
(ettringite) and weak peaks of Ca(OH), are identified. The
formation of ettringite is expected according to reaction (6).

Al,(SO,4); + 6Ca(OH), — CagAl,(SO,);(0OH);, (6)

To evaluate the formation of a compound containing P or
F, the precipitate was analyzed by FE-EPMA and WDS. The
obtained scanning electron microscope (SEM) image and
elemental distribution mappings are shown in Fig. 5. Sulfur,
Ca, and Al coexist in the same grains, and they are expected
to be ettringite. P and F are also observed in the ettringite,
and PO,*” and F~ are suggested to be coprecipitated with
ettringite.

3.3. Removal of P and F via decomposition of PFs in
Al,(SO,); + Ca(OH), solutions (procedure B)

According to procedure B, the decomposition of PFs~ and the
removal percentages of P and F were examined in Ca(OH), +
Al,(SO,); solutions. The removal percentages of P and F in
the supernatant kept at 90 °C for 24 h are shown in Fig. 6(a)
and the pH levels before and after keeping are shown in
Fig. 6(b). The removal percentage of P significantly increases
when the Al,(SO,); concentration is higher than 70 mM and
reaches 85-98% at 100 mM. The removal percentage of F also
shows a similar trend, reaching about 40% at 100 mM. As
shown in Fig. 6(b), the pH decreases from about 4 to 2.5-3.5
before and after keeping for 24 h at 100 mM. For the
representative conditions, the concentrations of the

[ v CabAI2(S04)3(0H )12 26H2 O (PDF 00-041-1451)
v [ © Ca(OH)2 (PDF 00-044-1481)

Intensity (a.u.)

260 (degree)

Fig. 4 XRD pattern of the precipitate obtained after keeping the 10
mM LiPFg + 100 Al mM Al»(SO4)3 solution at 90 °C for 24 h following
the addition of 400 mM Ca(OH), as the saturated slurry (Exp. #02)
according to procedure A.
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Fig. 5 (a) SEM image and WDS mappings for (b) S, (c) Ca, (d) AL (e) P,
and (f) F of the precipitate obtained after keeping the 10 mM LiPF¢ +
100 Al mM Al,(SO4)3 solution at 90 °C for 24 h following the addition
of 400 mM of saturated Ca(OH), slurry (Exp. #02) according to
procedure A.

respective anions are shown in Table 1 and the ion
chromatograms are shown in Fig. S2.f The precipitates were
formed under all conditions. The difference of the total P
concentrations calculated from the sum of species by
chromatography with those measured by other methods is
not significantly high, and the same can be correct for the
total F concentrations. Other chemical species containing P
or F which are not listed in Table 1 are expected to be
therefore almost absent. When the prepared concentration of
Al,(SO,); is 0 or 50 mM (Exp. #03 and #04), the concentration
of PFs in the supernatant after keeping is 9.6 or 9.0 mM,
and only small amounts of other anions containing P or F
are detected. On the other hand, at 100-150 mM (Exp. #05
and #06), PFs, is not detected but PO, and F are
significantly detected with a large decrease in the total P and
total F concentrations. In procedure B, Exp. #03 and #04
suggest that PFs~ is stable at 0-50 mM, and Exp. #05 and #06
demonstrate that PF, is decomposed and P and F are
precipitated. It is noted that there is no significant pH
decrease as observed in procedure A.

The XRD patterns of the obtained precipitates are shown
in Fig. 7. Depending on the added amount of Al,(SO,)s,
Ca(OH),, ettringite, and/or CaSO,2H,O (gypsum) are
identified. The formation of ettringite and gypsum is
expected according to reactions (6) and (7), respectively.

Al,(SO,); + 3Ca(OH), — 3CaSO, + 2Al(OH); (7)
The stoichiometric molar ratios of Al/Ca in reactions (6)

and (7) are 1/3 and 2/3, respectively, and the compounds in
the precipitate are expected to depend on the molar ratio of

1250 | Environ. Sci.: Water Res. Technol., 2024, 10, 1245-1255

View Article Online

Environmental Science: Water Research & Technology

/0\ T T T o

(a) 100l ° P removal
w o g 04 F removal
T o
© 80t i
o 8
5 o)
g 60 o .
(®)]
8
& 40r o & A .
5 )
o
(_g 20 | A A i

o
o)
GE, 0r 8 8 8 .
m 1 1 1 1 1
0 50 100 150 200

Prepared Al,(SO,); conc. (Al-mmol/L)

14 T T T
(b) v Before keeping
1oL ¥ o After keeping

10 + 9 -

pH

0 1 1 1 1 1
0 50 100 150 200

Prepared Al,(SO,); conc. (Al-mmol/L)
Fig. 6 (a) Removal percentages of P and F after keeping the 10 mM
LiPFg + 0-200 Al mM AL,(SO4)3 + 108 mM Ca(OH), solutions at 90 °C

for 24 h according to procedure B and (b) the pH before and after
keeping.

Al/Ca at the prepared concentrations. In view of this,
ettringite and excess Ca(OH), are expected to be in the
precipitate for Al/Ca < 1/3, ettringite, gypsum, and Al(OH),
for 1/3 < Al/Ca < 2/3, and gypsum and Al(OH); for Al/Ca >
2/3. In Fig. 7, ettringite and Ca(OH), are detected by XRD
for Al/Ca = 0.19 (Exp. #07), ettringite and gypsum for Al/Ca
= 0.46 (Exp. #04), and only gypsum for Al/Ca = 0.93 (Exp.
#05) and 1.4 (Exp. #06); the compounds are detected as
expected from the stoichiometric ratios of Al/Ca in reactions
(6) and (7) except for Al(OH);. In procedure B, the removal
percentages of P and F are maximum (86% for P and 38%
for F) when Al/Ca = 0.93 (Exp. #05). To evaluate the
formation of a compound containing P and F, SEM and
WDS were conducted for the precipitate obtained in Exp.
#05 and the results are shown in Fig. 8. Only gypsum is
detected by XRD, and the grains where S and Ca coexist are
expected to be gypsum. The Al grains independently
distributed are also observed and may be AI(OH); in
amorphous form. Here, P and F are observed in the
amorphous AI(OH);, suggesting that PO,>” and F are
coprecipitated with amorphous Al(OH);.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Results of measurements of the supernatant obtained in procedure B
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Prepared concentration Measured concentration (mM)

Removal rate (%) pH

EXp. LiPF, Ca(OH), AL(SO.): Ton chromatography” cp’ Distillation® ICP Distillation

# (mM) (mM) (AlmMm) PFe  F PO~ PO,F,” Total P Total F Total P Total F P F Before After
03 10 108 0 9.6 0.42 n.d.? <0.057° 9.6 58 10 50 0.0 17 12.6 12.5
04 10 108 50 9.0 {019 <0.13° ndf 9.0 54 9.9 48 1.0 20 9.6  10.2
05 10 108 100 nd? 43 0.58 n.d.? 0.58 43 1.4 37 86 38 4.0 2.7
06 10 108 150 nd? 51 2.4 {0.087}f 2.4 51 2.9 37 71 38 3.8 3.8

@ Measured by ion chromatography. > Measured by ICP-AES. ¢ Measured by the distillation method. ¢ Below the detection limit. ¢ Below the
limit of quantification.” {} means “out of the concentration range in the calibration curve”.

The measured concentrations of the total Al in the
supernatants of each sample kept at 90 °C for 24 h according
to procedure B are shown in Fig. 9. The total Al concentration
is below the detection limit at Al/Ca < 2/3, but it increases at
Al/Ca > 2/3. Excess AI*" for reaction (7) is present in the
supernatant when Al/Ca is greater than the stoichiometric
molar ratio in reaction (7), 2/3, and the decomposition of
PF is expected to proceed due to the excess AlI*" (Exp. #05
and #06).

4. Discussion
4.1. Comparison of procedures A and B

The features of the reactions in procedures A and B are
schematically illustrated in Fig. 10. The progress of the

[ o CasS 04 -2H2 O (PDF# 00-033-0311)

& Cab Al2 (S 04)3 (O H )12 -26 H2 O (PDF# 00-041-1451)
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Fig. 7 XRD patterns of the precipitates obtained after keeping the 10
mM LiPFg + 0-150 Al mM Al,(SO4)z + 108 mM Ca(OH), solutions at 90
°C for 24 h (Exp. #03-07) according to procedure B.

30 35 40
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decomposition of PFs and the coprecipitation with PO,>"
and F depends on the molar ratio of Al/Ca at the prepared
concentration of Ca(OH), and Al,(SO,);. The decomposition
of PFs is accelerated by AlI*" where Ca = 0 (procedure A) or
Al/Ca is greater than 2/3 (procedure B). In procedure A, Exp.
#02 showed that the addition of Ca(OH), at the molar ratio
of Al/Ca = 0.25 leads to the precipitation removal of PO,>”
and F . The molar ratio of Al/Ca = 0.25 corresponds to the
area of Al/Ca < 1/3, where ettringite is formed with excess
Ca(OH), at pH 12. In procedure B, some PO,’” and F~
produced by the decomposition are coprecipitated with
Al(OH); at Al/Ca > 2/3 without additional Ca(OH),.

Here, Exp. #02 showed that the removal percentages of P
and F were higher than 97% in procedure A, but in procedure
B, Exp. #05 showed that the removal percentages were only
86% for P and 38% for F. It is noted that the molar ratios of
Al/Ca in Exp. #02 and #05 are 0.25 and 0.93, respectively.
Experimental results show that the removal percentages of P

(a) SEM image
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Fig. 8 (a) SEM image and WDS mappings for (b) S, (c) Ca, (d) AL, (e) P,
and (f) F of the precipitate obtained after keeping the 10 mM LiPF¢ +
100 Al mM Aly(SO4)s + 108 mM Ca(OH), solution at 90 °C for 24 h
(Exp. #05) according to procedure B. The white circles are
representative grains where Al, P, and F coexist.
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Fig. 10 Schematic illustration of the features of the reactions in
procedures A and B.

and F are expected to depend on the molar ratio of Al/Ca.
Higher removal percentages of P and F are achieved by
adding sufficient Ca(OH), after finishing the decomposition
in procedure B so that the molar ratio of Al/Ca shifts from Al/
Ca > 2/3 to Al/Ca < 1/3, as well as in procedure A.

It is better for practical operation at high temperature to
avoid strong acid conditions such as pH = 1 or less, but the

View Article Online
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pH decreases due to H' produced during the decomposition
of PF, . For the decomposition of 1 mol PF,", 8 mol H' is
produced according to reaction (4). The experimental results
in procedure A show that the pH decrease in the
decomposition of 10 mM PF, with 100 mM AP’" was
approximately from 3 to 1 as shown in Fig. 2. In procedure B,
on the other hand, the pH decrease accompanying the
decomposition is alleviated; for example, the pH decrease in
the decomposition of 10 mM PFs in 100 mM Al,(SO,); + 108
mM Ca(OH), is only from 4.0 to 2.7 in Table 1. The smaller
pH decrease is attributed to Al(OH); formed according to
reaction (7). The Al(OH); precipitate reacts with H' produced
during the decomposition, acting as a buffer to alleviate the
pH decrease according to reaction (8).%"

AI(OH); + 3H" = AI’* + 3H,0 LogK = 8.291 (8)

4.2. Precipitation mechanism of PO,*” and F~

The simultaneous chemical precipitation of PO,*” and F~ was
reported in several past studies, and the formed precipitates
were Cas(PO,);0H (hydroxylapatite) and/or CaF, (fluorite).**?
However, PO,>~ and F~ were coprecipitated with ettringite and/
or Al(OH);, and the formation of hydroxylapatite and fluorite
was not observed in this study. To clarify the precipitation
mechanism of PO,*” and F’, the results in this study were also
discussed from the view of thermodynamic equilibrium. The
equilibrium of dissolving chemical species and precipitation
was calculated on PHREEQC version 2 released by the U.S.
Geological Survey.>® The precipitates subjected to the
calculation are ettringite, gypsum, hydroxylapatite, fluorite,
gibbsite, and Ca(OH),, and the adopted equilibrium constants
are shown in Table 2. The equilibrium constant in the
PHREEQC database, minteq.v4.dat.,”* was used. Only for the
dissolution equilibrium constant of ettringite, the value
reported by Perkins et al.*® was adopted. In this study, Al(OH);
was formed as an amorphous form, but the equilibrium
constant of gibbsite, the most stable species in the database,
was used in the calculation. The definition of PFs is not given
in minteq.v4.dat., and it is newly defined as a monovalent
anion that does not react with other chemical species. The
input concentrations are shown in Table 3. Condition A shown
in Table 3 corresponds to procedure A shown in Fig. 1(a), in
which a solution containing Al,(SO,); and totally decomposed
LiPF¢ is mixed with Ca(OH), solution at each concentration.
Condition B corresponds to procedure B shown in Fig. 1(b), ie.,
a solution containing a fixed amount of LiPFs and Ca(OH),, and

Table 2 Precipitation species and their equilibrium constants at 297 K adopted for the equilibrium calculation

Precipitate names Formula Reactions LogK Ref.

Ettringite CagAl,(OH)15(S04)5-26H,0  CagAl,(OH)15(S0,)3-26H,0 = 6Ca*" + 2A1(OH),” + 350,>” + 40H™ +26H,0 -44.9  Perkins et al*®
Gypsum CaS0,-2H,0 CaS0,-2H,0 = Ca*" + S0,>” + 2H,0 -4.61  minteq.v4.dat®
Hydroxylapatite ~ Ca;(PO,);0H Ca;(P0O,);0H + H' = 5Ca*" + 3P0O,”” + H,0 -44.333 minteq.v4.dat
Fluorite CaF, CaF, = Ca®" + 2F~ -10.5 minteq.v4.dat
Gibbsite Al(OH); Al(OH); + 3H" = AI** + 3H,0 8.291 minteq.v4.dat
Portlandite Ca(OH), Ca(OH), + 2H" = Ca®" + 2H,0 22.804 minteq.v4.dat

1252 | Environ. Sci.: Water Res. Technol.,, 2024, 10, 1245-1255
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Table 3 Input value of concentrations of chemical species adopted for
the equilibrium calculation

Input value of concentrations

Chemical

species Condition A Condition B

Ca(OH), From 0 mM to 250 mM 108 mM

in 500 steps

Aly(SO.); 50 Al mM From 0 Al mM to 200 Al mM
in 500 steps

Li* 5 mM 10 mM

PF¢ 0 mM 10 mM for Al/Ca < 2/3
0 mM for Al/Ca > 2/3

PO,* 5 mM 0 mM for Al/Ca < 2/3
10 mM for Al/Ca > 2/3

F 30 mM 0 mM for Al/Ca < 2/3

60 mM for Al/Ca > 2/3

Al,(SO,); at each concentration. As a simplified condition of the
experimental results of this study, condition B used here is that
PFs, is not decomposed at all for Al/Ca < 2/3 and is
decomposed completely for Al/Ca > 2/3. The full text of the
input data is summarized in the ESL}

The molar amounts of precipitates equilibrated for each
concentration are shown in Fig. 11. The graphs shown in
Fig. 11(a) and (b) show the results for conditions A and B,
respectively. Under condition A, gypsum, gibbsite, and

Molar ratio of Al/Ca
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Fig. 11 Molar amounts of precipitates equilibrated for each

concentration of (a) added Ca(OH), under condition A and (b) added
Al>(SO4)3 under condition B shown in Table 3. The numbers #0x (x =
1-7) in the graph correspond to the same conditions as Exp. #0x.
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hydroxylapatite are formed corresponding to Exp. #01, and
ettringite, fluorite, Ca(OH),, and hydroxylapatite to Exp. #02,
as shown in Fig. 11(a). On the other hand, the experimental
results indicated that neither fluorite nor hydroxylapatite was
observed by the analysis of XRD (Fig. 4), and WDS (Fig. 5)
analysis showed that P and F are coprecipitated with
ettringite. The difference between the calculation and
experiment results is possibly due to the ion exchange ability
of ettringite. The ion exchange behavior of SO,>” in ettringite
with other anions in aqueous solutions such as PO,*~ or F~
was reported.’®?” The ion exchange reaction may be superior
in terms of thermodynamics or kinetics to the formation of
fluorite and/or hydroxylapatite.

Under condition B, Ca(OH), is formed corresponding to
Exp. #03, ettringite and Ca(OH), to Exp. #07, gypsum,
gibbsite, and ettringite to Exp. #04, and gypsum and gibbsite
to Exp. #05 and 06, as shown in Fig. 11(b). These results are
consistent with the experimental results in section 3.3, except
for the coprecipitation of PO,*>” and F~ with AI(OH);. The
coprecipitation of PO,*” and F~ in this study was expected to
proceed by surface adsorption on formed Al(OH)z;, as these
anions are reported to precipitate by surface adsorption on
Al(OH);.38*°

5. Conclusion

In this study, the decomposition of PFs in aqueous solution
was demonstrated to be accelerated when Al** was contained
in the solution at an elevated temperature. The
decomposition of PF4 is negligibly slow when the solution
contained no additive or the solution temperature was room
temperature, but it was accelerated when the solution at pH
1 or containing 100 mM AI** at pH 3 was kept at 90 °C for 24
h. In procedure A, after PFs~ was decomposed by A**, the
produced PO,*>” and F~ were removed from the precipitate by
adding sufficient Ca(OH), and the removal percentages of P
and F were higher than 97%. The precipitate was ettringite,
and PO,>~ and F were coprecipitated with it. The
decomposition of PFs was accompanied by a pH decrease
due to the formation of H'. In procedure B, PF, was
decomposed in pre-mixed solutions of Al,(SO,); and Ca(OH),
at the prepared molar ratio of Al/Ca > 2/3, and the pH
decrease during the decomposition of PFs was alleviated.
The alleviation of the pH decrease is expected to be due to
the buffer effect of the Al(OH); precipitate formed by the
reaction of Al,(SO4); and Ca(OH),. The produced PO,*” and
F~ were coprecipitated with Al(OH);, but the removal
percentages were only 86% for P and 38% for F. For higher
removal percentages of P and F, the addition of sufficient
Ca(OH), is expected to be required after the decomposition.
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