Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 30 June 2025. Downloaded on 11/1/2025 7:20:22 AM.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Supersolubility and solubility of lithium phosphate

i'.) Check for updates‘
in sodium carbonate solutionf

Cite this: RSC Adv., 2025, 15, 22376

Huaiyou Wang, © 2 Jia Zhang,® Xu Liu,® Haiwen Ge,? Zhibo Luo*®
and Min Wang @ *a¢

The tail liquid generated from lithium carbonate production in salt lake brine is termed lithium-bearing
mother liquor. This mother liquor exhibits a complex composition, with the Li* concentration typically
around 1.5 g L™ representing a significant lithium resource. Preparing lithium phosphate (LisPO,) from
this mother liquor is critical for efficient lithium recovery. However, the lack of data on the
thermodynamic behavior and LisPO, crystallization in such complex solutions has hindered the high-
efficiency recovery of lithium resources. In this study, the solubility of LizO4 in sodium carbonate
solutions was determined using the dynamic dissolution equilibrium method. The effects of temperature
and sodium carbonate concentration on solubility were analyzed, and experimental data were correlated
using an exponential equation. Results indicated that the solubility of LizPO,4 in pure water and sodium
carbonate solutions increases with temperature and sodium carbonate concentration. The
supersolubility of LisPO4 in LiCl-Na,COs electrolyte solutions was measured via turbidimetric analysis,
and the metastable zone width (MSZW) was determined. The supersolubility of LisPO4 significantly
decreased with rising temperature. In contrast, supersolubility initially increased and then decreased with
higher Na,COs concentrations, with reactant concentration being the decisive factor driving the
crystallization reaction. Furthermore, the MSZW narrowed at elevated temperatures. Thermodynamic
functions (ASy4, AHg4, and AGy) for the dissolution process were calculated via the van't Hoff equation,
confirming that LisPO,4 dissolution is a spontaneous and endothermic process. Based on solubility and
supersolubility data, a novel process was developed to prepare battery-grade LisPO4 (purity: 99.80%)
from salt lake mother liquor. The results of Raman, FTIR, TG and SEM suggested that the prepared
lithium phosphate was pure phase. This study provides fundamental physicochemical data and
theoretical insights for the efficient separation and extraction of lithium resources from lithium
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a shared objective among researchers. Current methods for
lithium extraction primarily include the recovery of lithium
from salt lake brines and mineral ores.®® Salt lake brine

1. Introduction

The rapid growth of new global energy industries has under-

scored the importance of developing and utilizing lithium
resources, which play a pivotal role in renewable energy appli-
cations."* As the world transitions towards carbon neutrality,
lithium has emerged as a crucial raw material for lithium-ion
batteries, making it indispensable for electric vehicles, energy
storage systems, and various electronic devices, resulting in
a significant increase in market demand.**® Consequently,
ensuring the efficient development and utilization of lithium
resources and maintaining a stable supply chain have become
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extraction techniques typically involve processes such as solvent
extraction,>® ion exchange,”'> precipitation,”** and
membrane separation®™" to concentrate and separate lithium
ions, ultimately yielding lithium compounds. China possesses
abundant lithium resources in its salt lakes, with their reserves
accounting for 83% of the nation's total lithium resources.'®
However, challenges such as harsh environmental conditions,
varying brine grades, and high Mg/Li ratios complicate the
extraction process.”"® Addressing these challenges and
advancing extraction technology are crucial for the efficient
utilization of salt lake resources and for supporting the devel-
opment of the new energy sector. The mainstream processes for
lithium extraction from salt lakes with high magnesium-to-
lithium ratios primarily include the following steps: magne-
sium-lithium separation, impurity removal from lithium-
bearing solutions, and lithium carbonate precipitation/
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conversion. Among these, the lithium carbonate precipitation
step involves adding sodium carbonate solution to a lithium-
enriched solution to produce lithium carbonate (Li,COj3) via
precipitation. Solid-liquid separation subsequently generates
a lithium carbonate mother liquor, also referred to as brine
lithium extraction mother liquor. This alkaline mother liquor
retains a lithium concentration of 1.0 to 2.5 ¢ L™ " and contains
major components such as Na*, Li*, CI~, and CO;>". As a critical
resource, lithium wurgently requires efficient recovery and
utilization.?***

LisPO,, a high value-added lithium compound, has gained
attention due to its applications in lithium-ion batteries,****
catalysts,”*” and other advanced materials.”®** With its low
solubility (K = 2.37 x 10~ ! at 25 °C), Li;PO, can precipitate
efficiently from solutions even at low lithium concentrations,
making it a promising candidate for enhancing lithium
recovery rates.*>** Liu Dongfu et al.** prepared an anolyte solu-
tion by electrochemically deintercalating lithium from salt lake
brine with a high Mg/Li ratio, using phosphate precipitation to
remove impurities. By optimizing factors such as the initial
lithium concentration, precipitation time, precipitant dosage,
and reaction temperature, combined with anhydrous ethanol
and seed crystal induction, a lithium precipitation rate of 82.5%
was achieved, yielding a relatively pure Li;PO, product. Sun
Jianzhi et al.®® utilized tailings from salt lake lithium extraction
to precipitate Li* as Li,COj;, which was then mixed with Na;PO,
solution, adjusted to pH 11, and reacted in a high-pressure
reactor at 120-150 °C for 3 to 10 hours. The resulting Li;PO,
particles, with sizes of 5-8 um, enabled a lithium yield of 90% to
be achieved. Furthermore, Zhu Jun et al.** produced high-purity,
uniform lithium phosphate powder by removing impurities
from crude lithium phosphate using oxalate precipitation and
a two-stage ion exchange process. These studies provide a solid
foundation for enhancing lithium resource utilization efficiency
to meet diverse market needs.

Generally, in the crystallization process of LizPO,, solubility,
supersolubility, and metastable zone width (MZW) are core
parameters requiring critical consideration. Industrial crystal-
lization 1is typically controlled within the metastable zone to
obtain products with high purity, high yield, ideal morphology,
and uniform particle size distribution. Supersolubility and
metastable zone width are often influenced by factors such as
temperature, impurities, feeding rate, and solution kinetics.
The mother liquor after Li,CO; precipitation contains abundant
carbonate ions, which may exert complex effects on Li;PO,
crystallization behavior. To our knowledge, no data on Liz;PO,
solubility or supersolubility in the carbonate impurity system
have been documented. Additionally, reported data on Liz;PO,
solubility in aqueous solutions at the same temperature ranges
have discrepancies, possibly due to the hydrolysis of phosphate
ions. Specifically, the solubilities determined at 298.15 K were
reported as 0.0270%,* 0.0297% and 0.0239%.¢ In this study,
the influence of experimental parameters (e.g., temperature and
sodium carbonate concentration) on Li;PO, solubility, super-
solubility, and MZW was investigated. Based on the observed
patterns of Li;PO, solubility, supersolubility, and MZW
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variations, a battery-grade LizPO, precipitate from the lithium-
bearing mother liquor was obtained.

2. Experimental
2.1 Chemicals

The reagents used in this study included lithium phosphate
(LizPOy4, 99.9%, McLean), sodium carbonate (Na,CO3, 99.9%,
McLean), lithium chloride (LiCl) (99.9%, Macklin), sodium
hydroxide (NaOH) (99.0%, Macklin), and concentrated hydro-
chloric acid (36-38%, Macklin). All chemicals were used as
received without further purification. Deionized water (resis-
tivity 18.25 MQ cm) was prepared with an ultra-pure water
preparation system (UPT-II-20T, Chengdu Ultra-Pure Tech-
nology Co., Ltd).

2.2 Solubility determination

The solubility of Liz;PO, in Na,CO; solutions was determined
using a static isothermal dissolution method. A series of
Na,CO; solutions with different mass fractions were prepared
and transferred into polytetrafluoroethylene (PTFE) bottles.
These bottles were placed in a thermostatic water bath with
a temperature control accuracy of £0.01 °C, and heated to the
desired temperature. Subsequently, 1.5 g of solid Li;PO, was
added to each bottle and the solutions were stirred at a constant
temperature until equilibrium was reached. Once equilibrium
was achieved, the solid and liquid phases were separated and
the lithium ion concentration in the liquid phase was measured
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES). The measured lithium ion concentrations were
then used to calculate the solubility of Li;PO, in each solution.
The solid phase was analyzed by XRD.

2.3 Supersolubility and solubility determination

Fig. 1(a) displays the CrystalSCANPolyBlock system (E1061, HEL
LIMITED) used for measuring supersolubility. The crystallizer
consisted of a 100 mL glass reactor with an internal overhead
stirrer and temperature and turbidity sensors controlled by the
PolyBlock. The turbidity sensor detected crystal nuclei with an
IR laser reflected by an optical lens. The temperature was
controlled with the PolyBlock through a thermostatic bath (FP-
50, JULABO Labortechnik GmbH).

To measure supersolubility, 70.0 g (2 g L) LiCl solution was
settled in the crystallizer, and the overhead stirrer, temperature
probe and turbidity probe were immersed in the solutions. The
CrystalSCANPolyBlock system and thermostatic bath were then
initiated with a stirring rate of 250 rpm and the solution
temperature was kept constant. A NazPO, solution (wt 8%) was
pumped into the LiCl solution, except when assessing the
impact of Na,CO; concentration on Li;PO, supersolubility, via
a liquid dosing system at a feeding rate of 1 mL min~". Upon
nucleation, as indicated by a rapid rise in the turbidity curve,
pumping of the solution was stopped and the time interval
between the initial pumping and nucleation was recorded as the
pumping time. Supersolubility was determined based on the
added amount of Naz;PO,, which was calculated based on
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Fig.1 1-Low-temperature thermostat tank; 2-turbidity probe; 3-suspension stirring paddle; 4-temperature probe; 5-crystallization reactor; 6-
four-channel reaction platform; 7-control system; 8-liquid dosing system.

concentration, feeding rate, and pumping time. Each
measurement was repeated twice to verify the experimental
reproducibility. The supersolubility and solubility of Li;PO, in
electrolyte solutions are represented by csuper and ¢, respec-
tively. The difference between the supersolubility and solubility
is defined as the MSZW (Ac = Csuper — Csol)-

2.4 Preparation of battery-grade lithium phosphate

The process flow for the preparation of battery-grade LizPO, is
shown in Fig. 1. The preparation process uses a fully automatic
anti-solvent crystallization screening instrument as the
synthesis equipment. The equipment allows for precise control
of reaction conditions such as temperature, stirring speed, and
feeding speed through program settings. The raw material was
lithium-bearing mother liquor from a salt lake in the Qaidam
Basin (composition shown in Table 1). First, concentrated
hydrochloric acid was used to adjust the pH of the lithium
precipitation mother liquor to 7.0 to remove some carbonate
ions. Then, a 30% sodium hydroxide solution was added to
adjust the pH to 13.0, followed by the dropwise addition of 8%
sodium phosphate for the precipitation reaction. The crude
product obtained was further processed using a hydrochloric
acid recrystallization method to produce battery-grade LizPO,.

FTIR spectroscopy analysis was conducted with a Nicolet
Nexus 670 FTIR spectrophotometer (Thermo Nicolet Corpora-
tion, Madison, WI, USA) in solid films using KBr salt tablets in
a range of 500-4000 cm ™ '. Raman spectra were recorded at 25 °©

The morphology of Liz;PO, was examined by SEM (JSM-
5610LV, JEOL, Japan) in combination with energy dispersive
X-ray spectroscopy mapping (X-MAXN).

3. Results and discussion
3.1 Solubility of lithium phosphate in Li,CO; solution

Based on the data listed in Table S1,f when the dissolution
equilibrium time was more than 48 h, the solubility of Li;PO,
remained stable. Thus, a 48-hour equilibrium time was adopted
to determine the Li;PO, solubility in this study.

Table 2 shows the solubility of Liz;PO, in aqueous solution
ranging from 298.15 K to 353.15 K. It is noted that the solubility
increased with increasing temperature. A solubility of 0.0244%
at 298.15 K was consistent with the reported value,* but
marginally higher than that reported® at higher temperature.
This is because the reported values showed a fluctuating
correlation with the rising temperature.

Using the solubility exponential model equation (eqn (1), the
data across various temperatures were fitted as depicted in
Fig. 2 with a correlation coefficient of R> = 0.9837. The relative
errors between the calculated solubility values and the experi-
mental data are presented in Table 3, with all errors within

Table 2 Solubility of LizPO4 in agueous solution at 293.15 K-353.15 K

. . .. T/K Solubility of Li;PO, (% Solid phase
C with a Raman spectrometer (DXR, Thermo Fisher Scientific, v 3O (%) P
USA). 298.15 0.0244 Li,PO,
The thermal stability of Li;PO, was measured by TG-DSC 303.15 0.0283 Li;PO,
(Mettler Toledo, TGA/DSC3+). The measurements were carried ~313.15 0.0327 Li;PO,
at a temperature range of 30-900 °C with a heating rate of 10 ° 323.15 0.0358 Li;PO,
in~'. The blowi it ith a blowi a " 333.15 0.0376 Li;PO,
C min™". The blowing gas was nitrogen with a blowing flow rate 5,5 ;= 0.0405 Li,PO,
of 50 mL min~". A 100 pL platinum crucible with a perforated 353.15 0.0437 LisPO,
cover was used for measurement.
Table 1 Lithium-bearing mother liquor composition (g L™
Sample p (g em™?) Li* Mg Cca** Na* cl- CO;*~ OH™ B,O; SO4>~
Mother liquor 1.1685 1.36 0.002 0.003 49.39 60.46 17.33 2.35 0.44 0.17
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Fig. 2 Exponential form of the solubility of lithium phosphate in water
as a function of temperature.

Table 3 Experimental values for the solubility of lithium phosphate in
water, calculated values in exponential form and relative errors

Experimental Calculated Relative error
Temperature/K value (%) value (%) (%)
298.15 0.0244 0.0251 2.73
303.15 0.0283 0.0276 —2.27
313.15 0.0327 0.0320 —-1.95
323.15 0.0358 0.0356 —0.52
333.15 0.0377 0.0386 2.48
343.15 0.0405 0.0410 1.24
353.15 0.0437 0.0430 —-1.73

+1.7%. The linear relationship between the experimental and
calculated values is shown in Fig. 3, demonstrating that the
model equation effectively describes the solubility behavior of
lithium phosphate in water.

S (%) = 0.0517-11.12exp(—0.02027) (R*> = 0.9837) (1)

_ cal 1, SXP eXp
&€= (mLi3P04 n1Li3PO4) / My j.po, (2)

The solubility of LizPO, in Na,COj; solutions was measured
from 303.15 K to 353.15 K, with results displayed in Fig. 4 and
Table 4. The relative deviations between experimental and
calculated values are shown in Tables S2-S8,1 with all errors
within +2.7%. The linear relationship between the experi-
mental and calculated values is shown in Fig. S1,t indicating
a good fitting model for the solubility of LizPO, in Na,CO;
solutions.

It is noticeable that the addition of Na,CO; significantly
increased the solubility of Li;PO,, especially at higher dosages.
However, when the mass fraction of Na,CO; was more 15%, the
solubility appeared to be near to the solubility limit values. This
is because higher amounts of Na,CO; would cause precipitation
of Li,COj, thus leading to a limit of solubility of the Li;PO, in

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

0.044
0.042
0.040
0.038 |
0.036 |

0.034

Scal/ Yo

0.032
0.030
0.028

0.026

0.024

T T T
0.035 0.040 0.045

0,
Sexy/ %

T T
0.025 0.030

Fig. 3 Correlation between the experimental and exponential calcu-
lated values of lithium phosphate solubility in water at different
temperatures.

solution. Thus, based on the salting-in effect of the Na,CO; on
the LizPO, solubility, it is necessary to remove carbonate ions
from the lithium-bearing mother liquor to enable high yields of
LizPO, during the crystallization process.

3.2 Supersolubility and MSZW of Li;PO,

In the experiments, the concentrations of LiCl solution, feeding
rate, and stirring speed were set to ¢ ;; =2 g L', 1 mL min *,
and 250 rpm, respectively. As shown in Fig. 5, the super-
solubility of Li;PO, first increases and then decreases with the
in Na,CO; reaching
a maximum value when the Na,CO; concentration is 3%. This is
mainly because the reactant concentration is the decisive factor
driving the crystallization reaction. When the Na,CO; concen-
tration is low, the nuclei of Li;PO, dissolve into the solution

increase solution concentration,

= 0.00% Na,CO,
0149 o 0.99% Na,CO,
A 3.04% Na,CO,
024 v 490%Na,CO,
o 7.98% Na,CO,
9.70% Na,CO,
14.86% Na,CO,

0104

S /%

0.08 4

0.06 4

0.04 4

0.02

T T T T T T T
300 310 320 330 340 350 360
T/K

Fig. 4 Solubility of LizPO4 in sodium carbonate solutions as a function
of temperature.
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Table 4 Exponential solubility equations of LisPO4 in sodium
carbonates solutions at 303.15 K-353.15 K

Sodium carbonate

concentration (%) Exponential equation R?

0.99 S = 0.0700-0.6271exp (—0.00937) 0.9739
3.04 S = 0.0798-5.3270exp(—0.01667) 0.9736
4.90 S = 0.1057-6.1802exp(—0.01567) 0.9720
7.98 S = 0.3899-0.6968exp(—0.00257) 0.9899
9.70 S = —0.0093 + 0.0051exp(0.00917) 0.9806
14.86 S = 0.0393 + 0.0001exp(0.01827) 0.9993

0.40

0.35

Supersolubility of Li;PO (%)

0.30

0.25

0.20 T T T T T T
0 1 2 3 4 5

Concentration of Na;CO,4(%)

Fig. 5 The effect of sodium phosphate concentration on the super-
solubility of lithium phosphate at 30 °C.

before being detected by the probe, delaying the crystallization
reaction and leading to an increase in supersolubility. However,
as the Na,CO; concentration continues to increase, the higher
concentration accelerates the crystallization reaction and
nucleation rate, causing the nuclei to grow to a detectable size
in a short time, which results in a decrease in supersolubility.
Therefore, to ensure a wider metastable zone during the crys-
tallization process, a Na,CO; solution concentration of 3% was
selected for the experiments.

Fig. 6 shows the solubility and supersolubility curves of
LizPO, in a LiCl solution (cy;; = 2 g L™'). As can be seen from
Fig. 6, compared to solubility, the supersolubility of LizPO, is
more significantly affected by temperature, decreasing as the
temperature increases. When the reaction temperature is 30 °C,
the supersolubility is almost 15 times the solubility, whereas it
became almost equal to the solubility at 80 °C, indicating that
higher reaction temperatures can be used for lithium phos-
phate in practical production to obtain high yields. Super-
solubility is the main driving force for crystallization and is
influenced by various factors such as temperature, solute
concentration, stirring conditions, feeding rate, and cooling
rate. An increase in temperature promotes the movement of
molecules or ions, thereby increasing the collision frequency

22380 | RSC Adv, 2025, 15, 22376-22385
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Fig. 6 The supersolubility and solubility of LisPO4 in LiCl solution (¢,
=2glL™.

and mass transfer rate between particles, accelerating nucle-
ation, and leading to a reduction in supersolubility.

Fig. 7 and 8 showed the variation curves of the super-
solubility and MSZW of Li;PO, with the concentration of
sodium carbonate. The supersolubility and MSZW of Liz;PO,
first increased and then decreased with the addition of Na,COs,
which was not consistent with the effect on the solubility.
According to Table 1, the equilibrium content of Li* and CO5*~
ions in the mother liquor was 1.36 g L™ " and 17.33 g L™ " (about
2.62% in the form of Na,CO;), respectively. In our system, the
lithium content used was 2 g L%, and the Na,CO; concentra-
tion varied from 0.99%, 3.04% to 4.90%. The higher concen-
tration of 4.90% may facilitate the Li,CO; precipitation during
the Li;PO, crystallization, thus leading to a decrease in the
supersolubility of Li;PO,, especially at lower temperatures. This

—m—10% Na,PO,
—e—10% Na,P0,+0.99% Na,CO,
—A—10% Na,PO,+3.04% Na,CO,
—v—10% Na,P0,+4.90% Na,CO,

Supersolubility of Li;PO,/%

T T T T T T T
300 310 320 330 340 350 360
T/K

Fig. 7 The supersolubility curves of LisPO,4 in Na,COsz systems with
different concentrations.
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Fig. 8 Metastable zone width of LisPO4 in Na,COs electrolyte
solution.

indicates that the role of CO;>~ ion impurities in the crystalli-
zation process of Liz;PO, cannot be ignored. Therefore, to
prepare the Liz;PO, product with high yield and purity, the
removal of CO;>~ ion impurities from the mother liquor is
required.

3.3 The thermodynamic properties of Li;PO, dissolution in
Na,COj; solutions

The Van't Hoff equation (eqn (3) reveals a linear relationship
between the logarithm of the molar fraction of the solute and
the reciprocal of absolute temperature. By assuming that the
enthalpy (AHg) and entropy (AS4) of dissolution remain
constant over the temperature range studied, the thermody-
namic properties of LizPO, during dissolution in Na,CO; solu-
tions were calculated and shown in Table 5. The Gibbs free
energy change (AGq) during dissolution was also determined
from eqn (4), as shown in Fig. 9.

_AH,  AS,
R T (3)
AGy = AHy — ASyT (4)

The positive AGq4 values indicate that the dissolution process
is endothermic, and an increase in temperature favors the

Table 5 The calculated ASy and AHq of LizPO4 in Na,COs solutions

®Nazcos(%) ASq (J mol ™) AHg K] (mol ™ K71)
0 —55.44 —8.34
0.99 —61.49 —6.20
3.04 —57.88 —6.44
4.90 —51.50 —7.96
7.98 —48.22 —7.34
9.70 —45.47 —8.93
14.86 —42.46 —9.59

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

20
—H— 0% Na,CO3
—®— 0.99% Na,CO3
184 _, i
A= 3.04% NapyCO3
% —V— 4.90% Na,CO3
_ L 4 7.98:'%. \jaz(j(g ./0
” - —d— 9.70% NayCO3 /./ 2
;'c —P— 14.86% NayCO3 ./. A,/_.
< 124 = A=
= — L |
= A
3 10+ - v—""
< v
v_/V s L 4
8 - -— . . ’
6 & — el
= i p//p
4 k g
>/M
T ¥ T ¥ T i T % T ’ T d
300 310 320 330 340 350 360
T/K
Fig.9 Plot of the Gibbs free energy (AGy) change versus temperature.

dissolution of Li;PO,. As the Na,CO; concentration increased,
the AGq values decreased, suggesting that higher Na,CO,
concentrations reduced the energy barrier for Li;PO, dissolu-
tion, thereby enhancing its solubility by the salting-in effect.

3.4 Preparation of battery-grade Li;PO,

Based on the solubility and supersolubility of Li;PO, in the
Na,CO; solutions, it is known that the effect of COs*~ ions on
the crystallization process of Li;PO, cannot be ignored. It is
necessary to remove the CO;>~ ion impurities from the mother
liquor. Therefore, in this experiment, we first removed the
CO,*>” ions by adding hydrochloric acid until the mother liquor
reached approximately pH 7.0; this was followed by the drop-
wise addition of an 8% sodium phosphate solution to prepare
lithium phosphate. The yield and purity of lithium were inves-
tigated at 30 °C (sample LTS1) and 80 °C (sample LTS2). The
lithium yield at 30 °C was only 15.23% after 24 hours, while it
reached to 82.94% at 80 °C after 30 minutes. This is because
LizPO, has a high supersolubility at low temperatures, which is
not favorable for the crystal nucleation and growth of Li;PO,.
The chemical analyses of the lithium phosphate product are
shown in Table 6. Based on the content of PO,>", the contents
of Li;PO, were calculated to be 84.05% and 80.898% for LTS1
and LTS2, respectively, with sodium ions as the primary
impurity. Therefore, we purified the crude product obtained
above using a hydrochloric acid recrystallization method (the
process flow is shown in Fig. 10). The phase of the resulting

Table 6 Composition of LizPO,4

Li PO, Na K Mg Ca
Sample % % % % % %
LTS1 16.04 68.93 2.48 0.053 0.052 0.059
LTS2 15.63 66.34 2.55 0.054 0.053 0.061
LTS3 18.15 79.96 0.078 0.035 0.012 0.066
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product (LTS3) is shown in Fig. 11. The peak positions in the
XRD pattern of the sample were consistent with the standard
card (PDF 01-086-3942), indicating that the prepared sample
was pure-phase lithium phosphate. The chemical composition
analysis of the sample is shown in Table 1, with the main
component content calculated to be 99.80% based on phos-
phate content. This product can be used directly for the prep-
aration of lithium iron phosphate cathode materials.

The structural variations information of the corresponding
substances can be characterized by Raman spectroscopy.
Fig. 12(a) shows the Raman spectra of lithium phosphate from
300 cm™ " to 1500 cm ™. The clearly observed band at approxi-
mately 946.72 cm™" in the lithium phosphate spectrum was
attributed to the symmetrical stretching vibration of the P-O
bond of PO,’". For the asymmetric bending vibration (PO,*),
two bands are observed at 672.41 and 603.93 cm ™. The band at

343238
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104991

T T T
3500 3000 2500 2000 1500 1000 500
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Fig. 12 Raman (a), FTIR (b), TG (c) and SEM images (d) of lithium phosphate at 25 °C.
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about 477.27 and 440.33 cm ™" was assigned to Li-O stretching
vibrations.**** The FTIR spectrum of lithium phosphate is
shown in Fig. 12(b), which reveals characteristic absorption
peaks at 1049.91 cm ' and 541.8 cm ' corresponding to
stretching and asymmetrical stretching vibrations of PO,’",
respectively. The results of TG experiments with lithium phos-
phate, shown in Fig. 12(c), reveal that lithium phosphate
remained undecomposed in the range of 30 °C to 1200 °C. From
Raman, FTIR, TG and SEM analyses, it was concluded that the
prepared lithium phosphate was pure phase. Fig. 12(d) shows
an SEM image and EDS mapping spectrum of lithium phos-
phate. It can be clearly observed that the morphology of the
lithium phosphate is non-uniform and blocky. The position and
distribution of P and O elements can be clearly observed from
Fig. 12(d). The content of P in lithium phosphate was lower than
that of O, which was consistent with the composition of PO,>".
From Raman, FTIR, TG and SEM analyses, it was concluded that
the prepared lithium phosphate was pure phase.

4. Conclusions

In this study, the solubility data of Liz;PO, in 0% to 14.86%
Na,COj; solutions was determined within the temperature range
of 303.15 K to 353.15 K by using the dynamic dissolution
equilibrium method. The effects of temperature and sodium
carbonate concentration on the solubility of lithium phosphate
were investigated, and the experimental data were correlated
using an index equation. The results indicate that the solubility
of lithium phosphate in pure water and sodium carbonate
increases with rising temperature, but the change in solubility
in pure water is relatively small. The solubility of lithium
phosphate increases with the concentration of sodium
carbonate due to two factors: the solubility of lithium carbonate
being greater than that of Li;PO, at the same temperature, and
the salting-out effect of Na,COj;, which enhances the solubility
of lithium phosphate. This suggests that high concentrations of
Na,COj; solution reduce the recovery rate of Li;PO,. The index
equation can effectively describe the solubility properties of
lithium phosphate. The supersolubility of lithium phosphate in
different concentrations of sodium carbonate electrolyte solu-
tions was measured using the turbidity method, and the MZW
of LizPO, was calculated. The supersolubility of Li;PO, is
significantly influenced by temperature, decreasing as temper-
ature increases, indicating that nucleation is slower at lower
temperatures. The supersolubility of Li;PO, first increases and
then decreases with the concentration of Na,CO; solution,
reaching a maximum when the concentration of Na,COj is 3%,
due to the reactant concentration being the decisive factor
driving the crystallization reaction. The MZW of Liz;PO,
decreases with increasing temperature. The thermodynamic
functions AS4q, AHg, and AGq for the dissolution process of
lithium phosphate were calculated based on the Van't Hoff
equation. The dissolution is a spontaneous endothermic
process. As the concentration of sodium carbonate increases,
AGyq gradually decreases, indicating that higher Na,CO;
concentrations reduce the energy barrier for Li;PO, dissolution,
thereby enhancing its solubility by the salting-in effect. Based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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on the solubility and supersolubility data of Li;PO, in pure
water and sodium carbonate solutions, a new process for
preparing battery-grade lithium phosphate from salt lake
mother liquor by first acidification and then lithium precipita-
tion was developed. The purities of the prepared lithium
phosphate reached 99.80%. Raman, FTIR, TG and SEM analyses
of LizPO, suggest that the prepared lithium phosphate was pure
phase. This study provides fundamental physical chemistry
data and theoretical support for the efficient separation and
extraction of salt lake mother liquor.
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