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das3zoevie pasnosecus, pacmeopumMocms, IKCMPAKMUECHAA KD UCMANIU3AYUA CYabjama
aumua u Ihgexm evicanueanus mpuIMUIAMuUnAa Obliiu U3y eHbl 6U3YAIbHO-NOIUN EPMUY ECKUM
MEmooom 6 cmecsax KOMROHEHN 06 MPOUHOI CUCHEMbL CYNbHam TUMUA — 6004 — MPUIMUAMUH
¢ unmepeane 15-90 °C. Ilonumepmoi hazoevix cocmosnuii ObL1U NOCIMP OCHBL NO CEMU CeUEHUAM
mpeyzonbHuKka cocmaea. B cmecax komnonenmos oviiu 06Hapysicensl ciedyrujue hazoswie co-
CHMOAHUA: 20MO2EHHbIE U HACHIUWCHHbIE DACMEODPbl, MOHOMEKMUKA U paccioenue. Pacmeopu-
MOCHb KOMNOHEHN06 ObLla OnpedeieHa NPU Yemvlpex memMnepamypax u u3omepmudeckue ga-
306vte ouazpammol nocmpoenvt npu 15,0, 25,0, 50,0 u 90,0 °C. Tononozuueckas mpancgopmaus
dazoeoii ouazpammel uzyueHHOU cUCmEMbl C UIMEHEHUEM MeEeMHEPAmypbl XapaKmepua ons
MPOIHBIX CUCHLEM C BbICANUBAHUEM OBOUHOU HCUOKOCMHOU CUCHEMbL C 00PA306AHUEM CONbIO-
evicanueamenem Kpucmannozuopamos. boviio ycmanoseneno, umo meepoasn hpaza monozuopama
cynbghama aumusa HAX00UMCA 8 pagHosecuu ¢ 08yms xcuokumu pazamu. Cocmaewl pagHosecHpIx
Op2aHUYeCKoil U 600HOU (ha3 MOHOMEKMUYECKO20 COCHOAHUA ObLIU YCIMAHO06IEHbL 2P AhutecKiL.
Buvicanusarowuii y¢hghpexm kpucmanozudpama conu Ha 600HO-AMUHOBBIE CMECU YCUTUBAEMCS C
pocmom memnepamypol. Koaghdpuuuenm pacnpeoenenus mpuimuiamuna mexcoy Hcuoxumu ga-
3amMu MOHOMEKMUYECKO20 COCIMOAHUA, PACCYUMAHHBLL HPU NAMU MeMnePamypax, 00cmuzaem
cgoezo makcumaibrozo 3nauenus (997) npu 90 °C. Ha ocrose ananuza uzomepmuueckux gaszo-
8bIX Ouazpamm vl 2paghuiecku oyeneH 8vIx00 KPUCMaiioe MOHO2UOpama cyjibama aumus 6
ouanazone om 15 0o 50 °C. Obnapysiceno, umo ¢ amom ouana3zone ygeaudenue memnepamypvl u
KOHUEHMPauuu 6800UMO20 MPUIMUTAMUHA 8 600OHO-COIEEOU PACHEOD NPUBOOUNL K YEEUYLEHUIO
6b1X00a Kpucmainos. MaxkcumaabHulil 6b1X00 Kpucmaniozuopama conu (56 .8 %) npuxooumca Ha
90 mac. % esedennozo amuna npu 50 °C. PenmeeHodgh.1yop ecyeHmHblIL AHAU3 NOKA3 AT, YO 6 HO-
JIYYEeHHOM ROCJIe IKCMPAKMUGHON KDUCH ATU3AUUN 00pa3ye CONU 3HAYUM EIbHO CHUMICEHO CO-
odepircanue coeOuHenull Xaopa, Kaaus, pocghopa, Kanvyun u anomMunuA.

KuroueBble ciioBa: ¢a3oBbie paBHOBECHS, PACTBOPHUMOCTD, (h)a30Basi 1UuarpaMma, SKCTPaKTUBHAsI KpH-
CTaJUIM3a1sl, BEICAIMBAHNE, MOHOTEKTHKA, TPMRTHIAMUH, CYIb(aT JUTHS
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Phase equilibria, solubility, extractive crystallization of lithium sulfate, and the salting-out
effect of triethylamine were studied by the visual-polythermal method in mixtures of the compo-
nents of the ternary lithium sulfate — water — triethylamine system within the temperature range of
15-90°C. Phase state polytherms were constructed for seven sections of the composition triangle.
The following phase states were identified in the component mixtures: homogeneous and saturated
solutions, a monotectic, and liquid-liquid phase separation. The solubility of the components was
determined at four temperatures, and isothermal phase diagramswere constructed at 15.0, 25.0,
50.0, and 90.0 °C. The topological transformation of the phase diagram of the studied system with
temperature change is characteristic of ternary systems exhibiting salting-out of a binary liquid
system without the formation of salt hydrates by the salting-out agent. It was established that the
solid phase with lithium sulfate monohydrate is in equilibrium with two liquid phases. The compo-
sitions of the equilibrium organic and aqueous phases of the monotectic state were determined
graphically. The salting-out effect of the salt crystal hydrate on water-amine mixtures intensifies
with increasing temperature. The distribution coefficient of triethylamine between the liquid phases
of the monotectic state, calculated at five temperatures, reaches its maximum value (997) at 90°C.
Based on the analysis of the isothermal phase diagrams, the yield of lithium sulfate monohydrate
crystalswas graphically estimatedin the range from 15 to 50°C. It was found that within this range,
an increase in temperature and the concentration of introduced triethylamine in the aqueous salt
solution leads to an increase in crystal yield. The maximum yield of the salt hydrate (56.8%) cor-
responds to 90 wt. % of introduced amine at 50°C. X-ray fluorescence analysis showed that the
content of chlorine, potassium, phosphorus, calcium, and aluminum compounds is significantly

reduced in the salt sample obtained after extractive crystallization.

Keywords: phase equilibria, solubility, phase diagram, extractive crystallization, salting, monotectic,

triethylamine, lithium sulfate
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INTRODUCTION

As a typical lithophilic element, lithium pre-
dominantly concentrates in geochemical systems en-
riched with sodium, particularly in granite pegmatites,
saline brines, and within rock-forming silicate miner-
als. The primary industrial deposit types are rare-metal
granite pegmatites (containing minerals such as spod-
umene, lepidolite, etc., accounting for 25% of global
reserves) and salt lake brines (75% of reserves). The
largest of these are located in Australia, Chile, Argen-
tina, Bolivia and China [1]. In Russia, promising
sources of deep-seated chloride brines of various types
are known. They are represented by deep-seated for-
mation brines and mineralized waters, concentrated
primarily in the North Caucasus and Siberian regions,
as well as brines of the East Ciscaucasian artesian ba-
sin, within which oil and gas extraction enterprises op-
erate, located in the Stavropol Krai and Dagestan [2].
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Known methods for processing natural brines
(lithium content 0.32-1.7 g/L) typically share a com-
mon initial stage — their concentration. The latter is
achieved through solar evaporation. For instance, the
lithium concentration in the underground brines of the
Atacama Desert increases in evaporation ponds from
0.2to 4.3 wt.%. The extraction of lithium from the con-
centrated brine can be accomplished by various meth-
ods [3-30].

Currently, a technology for the selective sorp-
tion extraction of lithium from chloride-calcium
type brines has been developed. This technology em-
ploys a granular sorbent based on defective forms of
LiCl-:2Al(OH);-mH,0 (DGAL-CI), enabling the pro-
duction of lithium chloride solutions (lithium-selective
sorption eluates) as the primary product. These eluates
contain approximately 10 g/L of lithium chloride and
up to 1 g/L of impurity chlorides of magnesium and
calcium [2, 3].
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Numerous studies [4-10] have demonstrated
that inorganic crystalline solids, including various alu-
minum hydroxide AI(OH); compounds, aluminum ox-
ides (AIlO,), manganese oxides (MnQ,), and titanium
oxides (TiO,), are selective lithium sorbents.

Study [10] investigated the possibility of selec-
tively extracting lithium ions from aqueous solutions
using composite porous membranes. The membranes
were prepared by phase inversion based on polyvinyli-
dene fluoride (PVDF) with a filler — partially protonated
potassium polytitanate (K; sHq7Tis10g). The membranes
exhibited high selectivity towards Li* ions in the
presence of competing cations Na* and K*. The sep-
aration factor (a) for the Li*/Na* pair was 16.4, and for
Li*/K* — 11.6. The selectivity is attributed to the struc-
tural features of the polytitanate, specifically its varia-
ble interlayer distance, which is more accessible to lith-
ium ions due to their smaller ionic radius.

Lithium can also be extracted from brine via
chemical precipitation reactions [11], using sodium
aluminate as the precipitating agent, which proves
more effective than aluminum chloride in an alkaline me-
dium (pH 10-13). Maximum lithium recovery (~99%) is
achieved at pH 11.5 using high-purity NaAIO, and af-
ter preliminary removal of calcium and silica from the
solution. However, lithium recovered by precipitation
requires thorough purification and subsequent pro-
cessing to meet the standards for lithium battery pro-
duction or other applications.

Solvent extraction is a well-established tech-
nology for the recovery of metals from agueous solu-
tions. It has been demonstrated that solvent extraction
methods can be used for the quantitative and selective
recovery of lithium from aqueous solutions. Extraction
methods for lithium recovery from saline solutions em-
ploy the following as solvents:

1. crownethers [12, 13];

2. multicomponent systems consisting of an
extractant, a synergistic co-extractant, and a diluent
[14-19];

3. ionic liquids [20-23].

Particular attention in the processes of recov-
ering high-purity lithium salts from process solutions
is deserved by extractive crystallization. The essence
of the method lies in introducing an organic anti-sol-
vent into the aqueous salt solution, which sharply re-
duces its solubility and causes precipitation. The most
important advantages of this method include lower en-
ergy consumption compared to evaporation, effective-
ness for salts with a negative temperature coefficient of
solubility (e.g., lithium carbonate and sulfate), and the
combination of the crystallization process with purifi-
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cation from impurities [24-30]. However, its imple-
mentation is rarely based on established physicochem-
ical patterns, which leads to erroneous conclusions re-
garding the choice of process conditions.

The authors of study [30] investigated four ter-
nary systems lithium sulfate (formate) — water — diiso-
propylamine (triethylamine) to assessthe practicability
of using these amines in the extractive crystallization
process of the salts. A temperature of 20 °C was chosen
for the regeneration of the amines. The salt crystalliza-
tion process in the lithium sulfate — water — triethyla-
mine system was conducted at a temperature of 2 °C,
while a range from —5 to 1 °C was proposed for the
system with diisopropylamine. For the two ternary sys-
tems lithium formate — water — triethylamine (diiso-
propylamine), a crystallization temperature of 1 °C
was selected. It was concluded that both triethylamine
and diisopropylamine are promising anti-solvents.
However, for producing lithium sulfate and formate,
the use of triethylamine is more advantageous, as its
content in the organic phase is higher than that of diiso-
propylamine, while the content of both amines in the
aqueous phase is practically the same.

In our laboratory, the influence of triethyla-
mine [29, 30] on the phase behavior of the binary water
—lithium chloride system was previously studied using
the visual-polythermal method in the range of 20.0-
90.0 °C. Isothermal phase diagrams for several temper-
atures were constructed, and the distribution coeffi-
cients of the amine between the equilibrium liquid
phases of the monotectic state were calculated. Anas-
sessment of the efficiency of using triethylamine in the
extractive crystallization of lithium chloride monohy-
drate was performed. It was established that the maxi-
mum yield of the salt hydrate (39.6%) is observed at
70 wt.% triethylamine and 20 °C. The high amine con-
tent in the organic phase (93.2 wt.%) is favorable for
its regeneration. X-ray fluorescence analysis was con-
ducted to assess the degree of purification of the ob-
tained salt. It showed a reduction in impurities of bro-
mine, iodine, and a number of other element com-
pounds after extractive crystallization.

Thus, there are few works in the literature that
establish the conditions (concentration of the anti-sol-
vent and salt in the solution, process temperature) and
determine the purity degree of the precipitated crystak
in the case of lithium salts via the extractive crystalli-
zation method. The presentwork is devoted to studying
phase equilibria and determining the solubility of com-
ponents in the ternary lithium sulfate —water — triethyl-
amine system within the range of 15-90 °C in order is
to find the optimal conditions (concentration of the in
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troduced anti-solvent and process temperature) for the
extractive crystallization of the salt from aqueous solu-
tions under the influence of triethylamine and to estab-
lish the possibility of their purification from impurities.
Additionally, it was intended to reveal the salting-out
effect of lithium sulfate in the binary water — triethyla-
mine system for the successful regeneration of the
amine used.

EXPERIMENTAL

Materials

All the reagents used in this work were puri-
fied and dried. The deionized water of high purity (spe-
cific electrical resistance 18.0 MQ x cm at 298.15 K)
was gotten using a “Spectrum OSMOS” water treat
ment system [31]. A TEA sample (analytical grade,
Vekton, Russian Federation) was dried over KOH

within 72 h, and the filtrate was then distilled on a fir
reflux device exchanger (a 50 cm height) and the frac-
tion characterized by a boiling point from 89.9 t0 90.3 °C
[32] was isolated. The content of the main substance in
the sample was determined by gas—liquid chromatog-
raphy (a Finnigan chromato-mass spectrometer, a Trace
DSQ model). The purified TEA was stored over 4 A
molecular sieves. Lithium sulfate monohydrate was
prepared by recrystallization and drying of a commer-
cial salt sample. The crystals were dried in an oven at
70 °Cto constant weight over 5 days. The resulting salt
sample contained no anhydrous crystals, as confirmed
by X-ray diffraction analysis (Fig. 1). The obtained
preparations of the salt and TEA were stored in a dry
atmosphere. The chemical substances used in our re-
search are described in Table 1.

Tablel
Information of the substances
Taé6nuya 1. Undopmanusi o BeuecTBax
Chemical name (CAS) Source Initial pur_lty Me'thod. Final pur!ty Method'
(mass fraction) | of purification |(mass fraction) [ of analysis
lithium sulfate Novosibirsk Rare recrystallization b
monohydrate (10102-25-7) Metals Plant >0.990% and drying >0.995 XRD
water high-purity deionized 3
(7732-18-5) Self-made none
triethylamine (121-44-8) \Vekton 0.9902 distillation 0.998 GC*

Notes: a The purity ofall substances was provided by the suppliers;
b X-ray diffraction analysis (Fig. 1). ¢ Gas—liquid chromatography
IMpumeuanws: a) YuctoTa Beex BemiecTB Oblia obecriedena mocraBumkamy; D) Pertrenodasossiii ananmus (puc. 1); ¢) Tazoxuakoct-

Hasl XpoMatorpapus

6000
5000
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2000

Intensity, imp/sec

1000| }
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29,°

Fig. 1. Comparison of thediffraction pattern of the Li»SO4-H20
sample (blue curve, strokes and markers, designated 1) with the

bar diffraction pattern of the Li»SO4-H20 phase (PDF Card # 01-

078-0955, red strokes and markers, designated 2)

Puc. 1. CpasHenue qudpaxrorpammel odpasua LizSO4-H20 (cu-
HsSl KpHUBas IITP XU U Map Kep b, 0003HadeHa 1) Co mTp nx-au-
¢dpakrorpammoii paser LizSO4-H20 (PDF-kaptouka Ne 01-078-

0955, KpacHble ITPUXH U Map Kep bl, 0003Ha4YEHBI 2)

Apparatus and Procedure

Phase behavior in various mixtures of the
three-component system Li,SO, + H,O + TEA were
studied by the visual polythermal method [33] within a
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range of 15-90 °C. Several mixtures of the three com-
ponents were made by weighing on an analytical bal-
ance AND HR-250AZG (an accuracy of £1-10* g) in
6 mL thermostable glass ampoules for their composi-
tions to be changed in few selected sections of the con-
centration triangle. Lithium sulfate monohydrate does

~ not have high hygroscopicity, so work with it can be
' carried out in air. The ampoules were sealedand placed

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

into a U-10 ultrathermostat. Heating and cooling of the
mixtures were conducted at a low rate (about 0.5 °/min)
near the temperatures of phase transitions. Distilled
water was used as a hear carrier.

Each value of the phase transition temperature
in the case of LLE, LSE, and LLSE was an average of
several repeated measurements and characterized by
an accuracy of 0.1 °C. The phase transition tempera-
tures in the case of LLE was determined by sequential
heating and cooling of each mixture with constant stir-
ring in the ampoule, visually noting the disappearance
or formation of a second liquid phase. Phase transition
temperatures for LSE and LLSE were determined by

W3B. By30B. Xumus u xuM. texsHosorus. 2026. T. 69. Bei. 8
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slowly cooling the ampoules with constant stirring,
visually noting the disappearance of the last crystal (the
solid phase in the studied system was characterized by
a negative temperature coefficient of solubility). The
ampoules containing these mixtures were then heated
to precipitate the crystals, and this experiment was re-
peated until the results agreed within £0.1 °C. Repro-
ducibility of the phase transition temperature results
served as an indicator of equilibrium in heterogeneous
mixtures. For LLE, the equilibrium time was 1 h, and
for LSE and LLSE, 3 h. The experimental procedure
was delineated in detail previously [31, 33, 34].

Based on the experimental results, polytherms
of phase states as the dependences of the temperatures
of phase transitions on the content of Li,SO,-H,O or
TEA in the studied ternary mixtures were drawn for all
sections of concentration triangle. Polythermal data of
sections were used to determine the compositions of
mixtures relating to the points of phase transitions at
selected temperatures by graphical interpolation. The
phase diagrams of studied three-component system
were then drawn at several temperatures.

To assess the correctness of our results of ana-
lyzing the compositions of the equilibrium liquid
phases of the monotectic state by the graphical method,
the liquid phases of the component mixtures of the ter-
nary system under study were analyzed at temperatures
of 15.0 and 25.0 °C for the TEA content using gas
chromatography with mass-selective detection (GC-
MS) (Finnigan Trace GC-DSQ chromatograph mass
spectrometer). Analysis conditions: mobile phase: he-
lium (purity 99.995%, flow rate 1.0 ml/min); chroma-
tographic column brand: Restek Stabilwax capillary
column (polyethylene glycol was the highly polar
phase), length 30 m, internal diameter 0.25 mm, phase
thickness on the inner walls of the column 0.25 um.
The analysis time was 15.2 min; temperature program:
thermostatting at 70 °C for 5 min, then heating at a rate
of 15 °C/min down to 180 °C and thermostatting for 5
min. Injector temperature 250 °C, ion source tempera-
ture 200 °C. Scanning was performed in the range of
45-150 amu (Full Scan); electron energy was 70 eV;
Splitless mode (without flow division), sample heating
time in the injector was 1 min. MS Transfer Line 240 °C.
Filament (cathode, electron source) switch-on time
was 4.00 min after sample injection. Volume of chro-
matographed aliquot was 2.0 pl. Mass spectrallibraries
used: NIST library, 2011, Wiley. Recognition of the
detected compounds was performed by comparing the
mass spectra obtained with the corresponding mass
spectra from the libraries.

The correctness of the results of determining
the yield of salt crystallohydrate by the extractive crys-

ChemChemTech. 2026. V. 69. N 8

tallization method, obtained graphically, was checked
by gravimetric analysis. To do this, few component
mixtures with the presence ofa solid phase and various
TEA contents were prepared and kept in a thermostat
with continuous stirring ata given temperature for two
hours. The solid phase of each mixture was then fil-
tered off at the same temperature. The precipitates of
Li,SO,-H,O were dried and weighed. The difference be-
tween the calculated and experimental results did not ex-
ceed 2%. The chemical composition of the Li,SO, -H,0O
samples obtained was found by X-ray fluorescence
analysis for fundamental parameters using an EDX-
720 energy dispersive analyzer (manufacturer SHI-
MADZU, Japan). An X-ray tube with a Rh anode
(voltage 50 kV, current 100 pA) was used to excite
the spectrum.

EXPERIMENTAL

Polythe rmal Studies of Phase Equilibria

The compositions of the ternary mixtures
changed in sevensections of the concentration triangle.
The component mixtures in sections I — V had variable
contents of Li,SO, and constant TEA and H,O mass
ratios: 10:90 (I), 20:80 (I1), 35:65 (l11), 50:50 (IV),
65:35 (V). In sections VI and VI the mixtures of the
components were characterized by variable TEA con-
centrations and constant mass ratios of Li,SO, and
H,0: 13:87 (VI)and 28:72 (VII).

The polytherms of phase states in sections 1-V
are similar to each other. Each of them represents two
smooth lines (for example, Fig. 2a, the polytherm in
section II) separating the regions of delamination £; +
€, (respectively, £; and €, denote the organic and aque-
ous phases) from the fields of the homogeneous state £
and monotectic £; + £, + S; (S; denotes the solid state
Li,SO,-H,0). On the polytherm of section V1 (Fig. 2b)
a smooth line separates the fields of homogeneous so-
lutions £ and delamination £,+¢, from each other. Two
smooth lines on the polytherm of section VII (Fig. 2c)
separate the field of monotectic {; + £, + S; from two
fields of saturated solutions £; +S; and £, + S;. These
polytherms, as well as the polytherms of sections 1-V,
were used to determine the position of the triangle of
the monotectic state on the composition triangle at dif-
ferent temperatures.

Isothermal Phase Diagrams

The obtained polythermal data on sections
I-VI1I were used to determine graphically the composi-
tions of mixtures relative to points of all phase transi-
tions at the temperatures selected by us and to plot
phase diagrams. The results of the component solubil-
ity (in mass fractions) in three-component Li,SO, +
H,O + TEA system are presented in Table 2.

81



B.B. lanwmna u np.

tc  (a) tc  (b) tc (o

erers,

ey ;s
s0 b . 50 50 3 Se
érey 208,

\ ¢ F’-,'S.
10 b 10 10
e

0 o
0.0 20 40 18.0 20.0 0.0 20 4.0 6.0 0.0 10.0 20.0 100
Li:SO., wt.% (C.H),N, wt.% (CH)N, wt%

Fig. 2. Polytherms of phase states in sections I1 (a, 20.00 wt.%
TEA), VI (b, 13.00 wt.% Li2SO4) and VII (c, 28.00 wt.% Li>SO4)
of the composition triangle of the lithium sulfate — water — tri-
ethy lamine system.

Puc.2. Tlonmurepmer ¢azoBbIx cocrosHmid mo cedeHusx 1 (a,
20,00 mac.% TDA), VI (b, 13,00 mac.% Li2SO4) u VII (c,
28,00 mac.% Li2SO4) KOHLEHTPAIMOHHOTO TP €y rOJIbHHKA TP OM-
HOM CHCTEMEI CyJIb(]aT INTHI—BOa—Tp UITHIAMUH

Table 2
Solubility of the components of the ternary lithium sul-
fate —water — triethylamine system, wt.%
Taobnuya 2. PacTBOpUMOCTb KOMIIOHEHTOB TPOIHOW CH-
CTEMBbI Cy.]'lb(l)aT JIMTUH — BOAA—TPMITWIAM UH, mac.%

toC Saturated solution composition

' Li2SO4 H20 TEA
26.1 73.9 0
12.8 85.6 16
19 88.3 9.8
0.8 79.4 19.8

150 072 67.6 2 3172
0.6 64.6 34.8
0.2 49.9 49.9
0.1 64.9 35.0
25.8 74.2 0.0
12.9 86.1 1.0

250 0.0 93.1 6.9
0.0 10.0 90.0
25.0 75.0 0.0
12.9 86.5 0.6

500 0.0 97.0 30
0.0 35 96.5
23.7 76.3 0.0
12.9 86.6 05

%00 0.0 99.6 0.4
0.0 1.0 99.0

Notes:? Composition corresponding to the critical point of lig-
uid-liquid equilibrium

Ipumeuanus: * CocTaB, COOTBETCTBYIOLIMHA KPUTHYECKOM
TOYKE KUAKOCTHO-XHUIKOCTHOTO PaBHOBECH

The solubility of the components of the ter-
nary system changes insignificantly with tempera-
ture (Table 2). To follow the topological transfor-
mation of the phase diagram of the ternary system with
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increasing temperature, it was sufficient to plot three
isothermal phase diagrams at 15.0, 25.0, 50.0, and
90.0 °C (Fig. 3). As we have determined no solubility
of Li,SO, in H,O in the temperature range studied, the
solubilities of this salt in water at the specified temper-
atures were extracted from Handbook [35].

Li,SO, Li,SO,

H;O 1 [ n v v Hzo |v l|' I;I I\'I V -

Fig. 3. Isothermal phase diagrams (wt.%) of the lithium sulfate —
water — triethy lamine systemat 15.0 (a), 25.0 (b), 50.0 (c), and
90.0 °C (d). Thethick solid and dotted lines separate fields of

phase states; the thin dotted lines indicate the position of sections

I-VI1I in the composition triangle; S — Li2SO4, S1 — Li2SO4-H20

Puc. 3. U3otepmudeckre (azoBbie fuarpaMMbl (Mac. %) CHCTEMBI
cynibgar urust — Boja — TpudTwiamus nipu 15.0 (a), 25,0 (b),

50,0 (c) m 90,0 °C (d). TomxcThIe CIUIOMIHEIE U ITy HKTHP HBIE JIMHAN

pazzmensor 0671acTi (a30BBIX COCTOSHUI; TOHKHE ITy HKTHP HBIE

JIMHUM Y Ka3bIBAIOT NOJI0’keHue ceueHuii 1-VII B TpeyronbHuke

cocraBa; S — Li2S04, S; — Li2S04-H20

Li,SO, is known to form a crystal hydrate
Li,SO,-H,0 over a wide temperature range from —22.9
to 233 °C [36]. Therefore, the solid phase of the mon-
otectic state S; will correspond to this compound over
the entire temperature range studied, and the phase di-
agram of the systemiis significantly complicated by ad-
ditional crystallization fields of two solid phases com-
pared to ternary systems with salting-out without the
formation of crystal hydrates by the salt is the salting-
out agent [30, 37].

At all temperatures in the phase diagram of the
ternary system (Fig. 3), the sides of the monotectic tri-
angle £; + £, + S; are adjacent to the crystal hydrate
crystallization fields €; +S;, €, + S; and the stratifica-
tion field €; + £,. The stratification field at tempera-
tures below the LCST of the water — TEA binary sys-
tem (18.3 °C [38]), as for example in the isotherm at
15.0 °C (Fig. 3a), does not touch the H,O + TEA side
of the composition triangle. The critical point K of the
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delamination region is located on the binodal curve. At
temperatures higher than the LCST of the binary liquid
system, in the isothermal diagrams at 25.0, 50.0, and
90.0 °C (Fig. 3b-3d), the delamination field extends to
the H,O + TEA side of the composition triangle. With
increasing temperature, the sizes of all fields change
insignificantly due to a decrease in the solubility of the
salt. However, with increasing temperature, the strati-
fication field ¢; + €, increases slightly, while the di-
mensions of the monotectic triangle €, + £, + S; and
the fields of homogeneous solutions €, and ¢, decrease
due to the decreasedsolubility of the components in the
binary liquid system.

The concentration triangle also contains a tri-
angular field of a three-phase peritectic state of two sold
phases S and S; with one liquid phase £; (Fig. 3a-3d).
Two crystallization regions adjoin the peritectic trian-
gle £; + S+ S; in the phase diagrams: the anhydrous
salt £; + S and its monohydrate ¢; + S;. It was found
that the crystallization regions €; + S and €; + S; are
very small. Their exact boundaries could not be deter-
mined quantitatively, so they are indicated by thick
dotted lines in the diagrams at all temperatures.

Distribution coefficients of TEA

Using polythermal data, triangles of the mon-
otectic state were plotted on the concentration triangle
atfive temperatures,andthe liquid phase compositions of
the monotectics were evaluated graphically (Table 3).
The organic phase was significantly enriched in TEA,
while its content in the aqueous phase was very low at
all temperatures in the studied range.

To assess the accuracy of our graphical deter-
mination of the equilibrium liquid phase compositions
of the monotectic state, they were analyzed for TEA
content. Phases were collected at temperatures of 15.0
and 25.0 °C and analyzed by gas chromatography with
mass-selective detection (GC-MS). It was found that
the data obtained by the graphical method (Table 3) co-
incide with the GC-MS results within the error limits:
the amine content at the indicated temperatures in the
aqueous phase was 0.9 wt.%, and in the organic phase
it was 95.3 wt.% (15.0 °C) and 95.6 wt.% (25.0 °C).

The salting-out effect of triethylamine from its
agueous solutions can be quantified by analyzing the
compositions of the equilibrium liquid phases of mon-
otectic state. For this, the distribution coefficient of tri-
ethylamine over these phases is calculated using the
formula:

Crea(f1)
d= Crea(f2)’ (1)
where Crga (¢1) is the content of triethylamine in the
organic phase (wt.%), Ctga (€2) the content of triethyla-
mine in the aqueous phase (wt.%).
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The coefficients of triethylamine distribution
between liquid phases of monotectic state (Table 3)
were calculated by Eq. (1).

Table3
Compositions of the liquid phases of the monotectic
state and the trimethylamine distribution coefficients
Kq in the ternary lithium sulfate (1) —water (2) — trime-
thylamine (3) system
Taonuya 3. CocTaBbl KUAKUX ()a3 MOHOTEKTHYEC KOT O
COCTOSAHUA U KOB(])(])I/IIII/ICHTBI pacnpeaejieHuss TpUITH-
JamuHa Kp B TpoiiHoii cucteme cyabdar autusa (1) —
Boz1a (2) — tpwyTHIaMuH (3)

Compositions of the liquid phases in

equilibrium with solid LizSO4-H20, | Distribution
t, °C wt.% coefficient,

Aqueous phase Organic phase Kd

O 11O A
150 230 [760 ] 10 | 03|40 952 95
250 230 | 762 | 08 [03]|45]([ 95.7 120
500 224 | 769 [ 07 101|0.7] 99.2 142
700/ 214 | 782 | 04 [01]03]| 996 249
900/ 205 | 794 | 01 [01]0.2] 99.7 997

The enhanced salting-out effect of lithium sul-
fate on a mixture of water and triethylamine with in-
creasing temperature is reflected in a significant in-
crease in the triethylamine content in the organic phase
of the monotectic state and an increase in the distribu-
tion coefficient. The increase in Ky with temperature
can be explained by the weakening of intermolecular
interactions between the components in the water-tri-
ethylamine binary system due to the breakdown of hy-
drogen bonds in triethylamine hydrates, which is com-
pensated for by a decrease in the salt concentration in
the aqueous phase of the monotectic state due to the
negative temperature coefficient of lithium sulfate sol-
ubility in water. The maximum K value is achieved at
the highest temperature in the studied range (90.0 °C).

Extractive crystallization of lithium sulfate
monohydrate and assessmentofthe possibility ofits
purification from impurities

To assess the efficiency of lithium sulfate
monohydrate extractive crystallization under the action
of TEA at four temperatures in the range from 15.0 to
50.0 °C in the studied three-component system, we es-
timated the mass of the solid phase Li,SO4-H,O in
equilibrium with two liquid phases of the monotectics,
using the triangle gravity center rule. The calculation
was carried out using a prepared working document of
the MathCAD software for a saturated agqueous solu-
tion with a given Li,SO,4 concentration (25.00 wt.%).
The yield of Li,SO,-H,O crystals was calculated as the
ratio of the mass of crystals precipitated during extrac-
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tive crystallization to the mass of salt present in the in-
itial solution (Table 4).

It was found that at any temperature in the
specified range, increasing the concentration of TEA
added to the aqueous salt solution resulted in an in-
creased yield of Li,SO,-H,O crystals. The maximum
yield of lithium sulfate monohydrate was achieved at a
TEA concentration of 90 wt.%. At the same time, in-
creasing the temperature at the same amine concentra-
tions resulted in an increased crystal yield, which can
be explained by the negative temperature coefficient of
salt solubility in water and aqueous amine solutions.

The obtained data were visualized using Wolf-
ram Mathematica 14.1 software (Fig. 4). A three-di-
mensional surface was constructed to describe the de-
pendence of the Li,SO,-H,0 yield on the TEA content
and temperature. Based on an analysis of the obtained
results, it was concluded that the best yield of lithium
sulfate monohydrate crystals (55.9-56.8%) was obsenved
in the range of 30-50 °C with the addition of 90 wt.%
TEA (Table 4). The high TEA content in the mono-
tectic organic phase (95-99 wt.%, Table 3) under these
conditions facilitates its better regeneration. Increasing
the temperature to 50 °C leads to an increase in the
crystal yield of only about 1%, therefore, atemperature
of 30 °C can be considered technologically more ad-
vantageous.

Table 4
Yields of lithium sulfate monohydrate crystals as de-
pendent on the amount of triethylamine added to wa-
ter—saltsolution (25.00 wt.% Li2SQO4) at various
temperatures
Taonuya 4. BeIxoa KpUCTAILIOB MOHOTMApPATAa CYJIb-
q)aTa JIUTUA B 3aBUCMMOCTH OT KOJIMYE€CTBA TPUITHU-
JaMHHa, IlOﬁaB.]'leHl—[Ol”O K BOAHO-COJIEBOMY PpPacTBOpY
(25,00 mac.% Li2SO4) mpu pa3auyHbIX TeMIepaTypax

content of the main substance in the sample after ex-
tractive crystallization.

ot
ines
syie™

Trie! a0

20

40

Yield
Li,SO#H,0, %

Fig. 4. Yield of lithium sulfate monohydrate crystals from an
aqueous solution containing 25.00 wt.% salt vs. introduced tri-
ethy lamine amount and temperature
Puc. 4. Boixoa KpUCTaIOB MOHOTHIpATA CyJIb(haraIuTis 13
BOJTHOTO pacTBopa, conepaxartero 25,00 mac.% coiin, B 3aBUCUMOCTH
OT KOJIMYECTBA BBEACHHOI O TP U3THIAMHUHA U TEMIIEP aTy P bl

Table5
Elemental composition (X-ray fluorescence analysis) of

lithium sulfate monohydrate samples
Taonuya 5. dnemeHTHBIN cocTaB (peHTreHOd.TyOpec-

LNEHTHBI aHajn3) o0pa3oB MOHOTMApaTa Cyib(ara
JINTHS

LiSO4-H20 crystals yield (%) at triethylamine

Relative content, %
_ Initial Li2SO4'H20 cwgtals
Element | Line Li,S04-H,0 after the extractive
crystallization
crystals

process
S SKa 94.822 96.377
P PKa 2.982 2.680
Cl ClKa 1.815 0.723
Ca CaKa 0.161 0.116
K KKa 0.131 0.023
Cu CuKa 0.061 0.061
Al AlKa 0.028 0.020

t, °C concentration (wt.%)

10 | 20 | 30 | 40 | 50 | 60 | 70 | 80 | 90
150 | 72 (80| 95]10.1|10.7(13.1|16.8|24.1|44.8
250 | 9.6 |11.2(114|125]13.4|16.4[21.0 | 25.2|50.0
30.0 [10.9]11.3]|13.2|145(15.9|18.0|25.2 | 25.8 [ 55.9
50.0 | 13.6|14.4(15.1|15.7|16.0|19.6 [ 25.3 | 30.1 | 56.8

Samples of the initial lithium sulfate monohy-
drate crystals, as well as samples obtained after extrac-
tive crystallization, were subjected to qualitative X-ray
fluorescence analysis for impurities. The results of this
analysis for both samples are presented in Table 5. It
was found that the salt sample obtained after extractive
crystallization exhibited significantly reduced levels of
chlorine and potassium compounds and, to a lesser ex-
tent, phosphorus, calcium, and aluminum compounds.
The sulfur content increased due to the increase in the
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CONCLUSIONS

New standard reference data on the solubility
and phase equilibrium of the ternary Li,SO, + H,O +
TEA system were obtained in the temperature range of
15-90 °C. These data can be used to model a number
of chemical and technological processes. It was found
that the resulting lithium sulfate monohydrate signifi-
cantly salts out TEA from its aqueous solutions at all
temperatures within the study range, which is reflected
in the high TEA content (95-99 wt.%) in the organic
phase of the monotectic state. The salting-out effectin-
creases with increasing temperature, despite the salt's
negative temperature coefficient of solubility in water
and aqueous amine solutions.

Lithium sulfate is one of the most important
intermediates in lithium production from ore. Evapora-
tion of aqueous solutions for its production is energy-
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intensive and ineffective, as this salt has a very small
negative temperature coefficient of solubility. Further-
more, lithium salt solutions corrode equipment materi-
als, leading to contamination of the target product with
impurities. Based on an analysis of the phase diagrams
of the studied ternary system at several temperatures,
without chemical analysis, we identified the optimal con-
ditions for the extractive crystallization of Li,SO,-H0.
Our proposed approach allows us to obtain purer
Li,SO,4-H,0 from its aqueous solutions with the addi-
tion of triethylamine, with a yield of over 55% at tem-
peratures close to normal conditions. A clear ad-
vantage of our approach to obtaining Li,SO,-H,O crys-
tals is its low energy consumption and the ability to
separate the organic phase for subsequent regeneration
of the TEA for reuse.
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