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Lithium is an alkali metal that offers excellent thermal and electrical conductivity. Its many compounds are abundantly used in the manufacturing of a wide variety of products, including: glass, ceramics, batteries, and refrigerants. Locatelli Saline di Volterra has shown interest in the process of recovering lithium from brine. They decided to collaborate with the CPTM research centre to identify a chemical process as selective as possible for extracting lithium from brines. In particular, the main goal is to recover lithium from the mother liquors obtained from the sodium salt production process (i.e. from a process effluent), fully in line with the dictates of the circular economy. The recovery process mentioned above is difficult due to the low concentration of lithium compared to the other elements. Recovering lithium in low concentration solutions is possible, however, by taking advantage of the low solubility of some of its salts. Precipitation of lithium phosphate from salt solution, with initial lithium concentrations around 200 ppm, yielded excellent results, showing a maximum lithium recovery yield of 84 %. These results can be achieved operating at a temperature close to the boiling point of the solution (108 °C), for a reaction time of 2 h and a PO4/Li molar ratio of 0.91.
Introduction
Lithium, symbol Li, is known to be the lightest metallic element. This metal and its many compounds, are abundantly used in the manufacture of glass, ceramics, batteries, refrigerants, chemical reagents, and much more leading to intensive exploitation of lithium ore pits known to date. This is causing a gradual depletion of high-grade deposits in mineral form, prompting increasing investment in the recovery of the element in its dissolved metal form in underground brines, salt lake waters, marine waters, geothermal waters as well as in those of oil fields (Murodjon et al., 2020). 
Of the approximately 14 million tons constituting the world's reserves, only a small portion is contained in deposits, while 70-80 % is present dissolved.
The steady increase in its market demand is affecting the economic value of the element that is set to rise in the coming years (Narins, 2017). 
The advent and production of electric-drive cars plays an important role in this estimate as global lithium production since 2000, targeted for use as batteries for these types of cars, has increased by about 20 % per year, reaching 35 % of total consumption of the element in 2015. From the commercial product production side, the most important lithium-containing compound is Li2CO3, which accounted for 46 % of the global market in 2015 along with 19 % of LiOH, marking two-thirds of its market (Martin et al., 2017).

Lithium recovery from brine
Seawater
One of the sources to which research is turning its attention is seawater, which at 2600 billion tons is the world's most important source of lithium (Yang et al., 2017). The main problem in using this type of source is the low concentration of the metal; its average concentrations, in fact, are in the range of 0.2 ppm in the Mediterranean Sea (Morozov, 1968), 0.22 ppm in the North Atlantic Ocean, 1.173 ppm in Japanese coastal waters of the Pacific Ocean, 0.16 ppm in Indian coastal waters, and usually hovers around 0.188 in the rest of the world (Choubey et al., 2017). Initially, the extraction of lithium from seawater was investigated mainly through two processes: precipitation with extraction on the one hand and ion exchange on the other (Narins, 2017). More recently, research has expanded with liquid-liquid extraction processes (Torrejos et al., 2016), electrochemical methods (Joo et al., 2020), electrodialysis (Jiab et al., 2018), adsorption (Park et al., 2014) as well as through the use of membranes (Guo et al., 2018). Among these methods, great attention has been paid to ion exchange/adsorption systems based on lithium-selective ion sieves (Chitrakar et al., 2014).
Salt lake brine, underground water and geothermal water
Brines are aqueous solutions with a high total content of salts, usually between 10 and 100 g/L (Carpenter, 1964). As with seawater, the recovery of lithium from brine is made difficult by its low concentration in comparison with the other elements present. For a general idea of the type of matrix being worked with, refer to Table 1 below (Park et al., 2020).
Table 1: The compositions of representative lithium-containing brines around the world.
	Source 
	Country
	Na
	K
	B
	Li
	Mg
	Ca
	Cl
	SO4

	Great Salt Lake
	USA
	3.7 (2050)
	0.26 (140)
	0.007 (4)
	0.0018
	0.5 (280)
	0.026 (10)
	7 (3890)
	0.94 (520)

	Clayton Valley
	USA
	4.69 (290)
	0.4 (24.5)
	0.005
	0.0163
	0.019 (1.2)
	0.045 (2.8)
	7.26 (445)
	0.34 (21)

	Salar de Atacama
	Chile
	9.1 (60)
	2.36 (15)
	0.04
	0.157
	0.965 (6)
	0.045 (0.3)
	18.95 (120)
	1.59 (10)

	Salar de Uyuni
	Bolivia
	7.06 (220)
	1.17 (40)
	0.071
	0.0321
	0.65 (20)
	0.0306 (1)
	5 (160)
	N/A

	Zabuye
	China
	7.29 (150)
	1.66 (30)
	N/A
	0.0489
	0.0026 (0.05)
	0.0106 (0.2)
	9.53 (190)
	N/A

	Taijinaier
	China
	5.63 (180)
	0.44 (15)
	N/A
	0.031
	2.02 (70)
	0.02 (0.6)
	13.42 (430)
	3.41 (110)

	Artificial brine
	-
	1 (100)
	0.1 (10)
	0.005 (0.5)
	0.01
	0.01 (1)
	0.01 (1)
	1.6 (160)
	0.1 (10)

	NF-pretreated artificial brine
	-
	0.92 (95.8)
	0.09 (9.4)
	0.004 (0.4)
	0.0096
	0.006 (0.625)
	0.006 (0.625)
	1.2 (125)
	0.06 (6.25)


All units are wt%, ( ) is the ratio with lithium.

In contrast to seawater, the composition of "brines" varies greatly not only in origin and type but, also from site to site as it is greatly influenced by the geological context: the only common features are usually the abundance of Na+, Ca2+, Cl-, Mg2+ and K+ while the proportion of other elements is variable. Precisely because of the high number of certain elements, depending on the type of technique used, one or more interfering ions may be encountered. Brines that contain high amounts of lithium are known to have large amounts of magnesium, which makes electrochemical recovery of the former very difficult given the similar physicochemical characteristics between the two (Jiab et al., 2018). 
One of the advantages of working with geothermal-type sources, for example, lies precisely in the fact that although Li+ is in concentrations between 20 and 50 mg/L, the concentrations of total dissolved solids and Mg2+ are low compared to those of other matrices, leading to fewer problems in recovering the analyte of interest (Han et al., 2020). The multiplicity of techniques studied for lithium recovery includes adsorption, precipitation, solvent extraction, electrolysis, and nanofiltration.
Lithium extraction
Precipitation	
Precipitation offers a variety of advantages, such as ease of recovery and the possibility of being able to search for a particular type of product by varying the reagent used, and most importantly, it is one of the most studied and industrially used processes. However, low lithium concentrations of less than 1 g/L do not allow the use of carbonates as precipitation reagents. The use of phosphates, on the other hand, allows processing with very low concentrations on the order of 100 mg/L and high recovery and good purity grade. Li3PO4 can then be eventually converted to soluble salt by reaction with Fe3+ salts.
Adsorption	
Adsorption has among its advantages that it can be used with low initial concentrations of lithium 100 mg/l and that it achieves high product purity. No industrial uses are currently reported in the literature.
Liquid-liquid extraction	
Liquid-liquid extraction can also be used with very low lithium concentrations on the order of 10-20 mg/L, but has as an unfavorable aspect the use of organic solvents that must be recovered and managed.
Membrane process of extraction	
Among the various technologies developed for lithium recovery, processes built on membranes based on electric fields and thermal gradients have received a great deal of attention in the past decade, due to such key attributes as high efficiency and low ecological impact. Although this technology is very attractive, its large-scale deployment is limited by the high operating costs and large investment capital required.
Electrolysis		
Electrolytic separation certainly has among its advantages the purity of the product and good recovery capacity, starting even from solutions with low lithium concentrations, but the energy used for recovery is high.
Precipitation with lithium phosphate
Solubility product of Li3PO4 is 2.37∙10-11 (pKsp = 10.63), which is much lower than that of carbonate 8.15∙10-4     (pKsp = 2.2) (Xiao et Zeng, 2018); therefore, the application of precipitation in the form of phosphate for lithium recovery is interesting, even considering that lithium phosphate can be marketed as such.
Instruments and reagents	
ICP-OES
An Inductively Coupled Plasma - Optical Emission Spectroscopy (ICP-OES) Spectro Mod. ARCOS-FHS12 was used for the determination of metal ions in the solutions. 
Calibration of the instrument was carried out using standard ICP solutions at various concentrations (range 0.5 to 100 ppm). Samples were diluted to the appropriate concentrations by addition of demineralized water solution acidified to 2 wt% with HNO3. 
Brine solutions were diluted at least 8 times before instrumental analysis because of their high salt content.
Rotary evaporator
Brines were concentrated using IKA model RV10 Digital rotary evaporator equipped with HB10 Digital thermostatic oil bath.
Operations were conducted at a temperature of 135 °C of the heating oil bath operating at 60 rpm rotation.
Reagents
The main reagents used during the experimental work are listed below: 
· Na3PO4•12H2O (Sodium phosphate dodecahydrate) >98 %, Sigma-Aldrich; 
· LiCl (Lithium chloride) >99 %, Sigma-Aldrich; 
Mother liquors Locatelli
Locatelli Saline di Volterra produces recrystallized salt. The underground deposits of Volterra, Cecina, and Poppiano are flooded with fresh water, which dissolves the salt into a 33 % concentrated salt solution, which is then purified at 80 °C to remove all impurities that may contaminate it. The purified solution is then sent to crystallizers, 40 m high, where the high temperatures obtained by steam compression, bring the solution to    130 °C, thus evaporating the water in the solution and leaving the salt behind.
The extracted brine contains lithium with a concentration of 2-5 mg/L. The mother waters leaving the Locatelli plant evaporator, contain lithium with concentration of 20-70 mg/L. Lithium recovery operations are carried out on the mother liquors samples.
Table 2: The compositions of representative lithium-containing mother liquors Locatelli.
	Source 
	Na
	K
	B
	Li
	Ca
	Cl

	Sample 1
	10.37
	1.73
	0.00887
	0.00245
	0.00142
	14.71

	Sample 2
	10.01
	1.44
	0.0072
	0.00212
	0.00181
	14.85

	Sample 3
	10.04
	1.94
	0.0102
	0.00287
	0.00156
	14.80

	Sample 4
	9.77
	1.97
	0.0105
	0.0031
	0.00077
	14.93

	Sample 5
	9.98
	1.89
	0.00928
	0.00238
	0.00088
	15.04

	Sample 6
	10.02
	1.91
	0.0095
	0.00266
	0.00057
	14.96

	Sample 7
	9.83
	1.93
	0.0146
	0.00720
	0.00069
	14.68


All units are wt%.
Experimentation
Precipitation tests on aqueous solution of LiCl
Initial precipitation tests were conducted on solutions of LiCl in water at various concentrations. Phosphate was added, either solid, in the form of Na3PO4•12H2O or, as an aqueous solution obtained from Na3PO4•12H2O.
The procedure was as follows:
· 100 g LiCl solution of known Li concentration is placed in a beaker, under stirring;
· added Na3PO4*12H2O (solid) in known amount;
· corrected pH with H2SO4 10 % or NaOH 10 % to desired pH;
· stirring of solution;
· filtration on 0.2 µm cartridge filter;
· ICP analysis of the filtered solution.
Tests were performed with the aim of optimizing the various parameters that characterize the process (pH, PO4/Li ratio, time and temperature) from an initial lithium concentration of 200 ppm.
The recovery of lithium as phosphate is clearly greater where operating at elevated temperatures (Figure 1a) and increasing the PO43-/Li ratio and pH, which seems to have to be optimal equal to 12. 
Having set the optimal temperature, pH and PO43-/Li ratio parameters, the time required to achieve the maximum precipitation yield of Li3PO4 was then evaluated. Precipitation is completed in about one hour from the start of heating.
The last series of tests was aimed at evaluating the effectiveness of the precipitation process under conditions of lithium concentration below 200 ppm. Specifically, precipitation tests were conducted exploiting lithium concentrations of 150 ppm and 100 ppm. 
Experimental evidence shows that operating under the optimal conditions in non-saline waters, the residual lithium concentration is around 40-60 ppm, so lithium recovery yields can be increased by increasing the starting lithium concentration in the brine (Figure 1b).
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Figure 1: (a) Precipitation yield of lithium as a function of pH under varying conditions of temperature and PO4/Li ratio. Aqueous solution – (b) Precipitation yield of lithium as a function of initial concentration. Aqueous solution
Precipitation tests on aqueous solution of LiCl saturated by NaCl
In light of the results of the tests carried out in interferent-free solutions, a series of tests were conducted aimed at optimizing the process in solutions as similar as possible to the brine leaving the evaporator of the real plant. To do this, saturated solutions of NaCl were prepared, to which LiCl was added at a known concentration. 
The test procedure was similar to that outlined in Section 5.1.
Given the high salinity and high viscosity of the solution, it was then explored to raise the working temperature to 108 °C, just below the boiling temperature of the saturated solution for NaCl (Figure 2a). The impact of contact time on yield under these different operating conditions was also evaluated (Figure 2b).
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Figure 2: (a) Precipitation yield of lithium as a function of temperature Saturated salt solution – (b) Precipitation yield of lithium as a function of dissolution time. Saturated and aqueous salt solution.
Raising the working temperature allows the yield of lithium recovery to increase, however, compared to dilute solutions, the maximum yield achievable from NaCl-saturated solutions is reached more slowly. In fact, it took two hours instead of 60 minutes to reach a steady-state value of the yield. When solid sodium phosphate is used, the reaction times also include the dissolution phase of the latter, which appears to be completed within about 30 minutes under laboratory operating conditions.

Precipitation tests on real solution after concentration
In order to evaluate the effectiveness of the process of precipitating lithium as phosphate from process water produced by the "Locatelli" salt works, a preliminary concentration treatment in a rotary evaporator was required.
Sampling was conducted to monitor the concentration of lithium within the obtained concentrate. 
The salt was filtered with Buchner filter twice. Lithium, at the end of the rotary evaporator pretreatment, had a concentration of 247 ppm within the final concentrate.
Precipitation test was conducted on the concentrate sample collected at the end of the pretreatment process in rotary evaporator, using the test conditions determined during preliminary testing (pH=12, temperature 108 °C, PO4/Li= 0.91, time 120 minutes).
Table 3: Precipitation test on the real concentrated solution with rotary evaporator.
	Conc. IN Li+
	pH
	Time
	Temperature
	PO43-/Li+
	Conc. OUT Li+ (1)
	Yield

	ppm
	
	min
	°C
	mol/mol
	ppm
	%

	247
	12
	120
	180
	0.91
	40
	84


(1) Concentration of lithium in the solution after removal of the precipitate.

Again, the formation of the white Li3PO4 precipitate was observed, and the precipitation yield (equal to 84 % and the final lithium concentration of 40 ppm) was in line with what was expected in light of tests conducted on saturated solution for NaCl. The interferents present, particularly boron, did not seem to affect the process. In particular, the boron concentration at the end of the precipitation process remains unchanged.
Finally, room-temperature tests were conducted on mother waters fortified with LiCl (up to lithium concentration close to 250 ppm) in the presence of crystalline germs, which could promote lithium phosphate precipitation (Liu et al., 2021). Crystalline lithium phosphate germs were obtained by adding, at room temperature and under stirring, sodium phosphate (solid) to aqueous LiCl solutions (2000-3000 ppm Li). Compared with the procedure reported in 5.1, crystalline germs (with an aqueous content of 70 wt%) were added under agitation after the phosphate was added to the mother waters.
The presence of crystalline germs leads to a slight increase in lithium yield of 3 %.
Conclusions
[bookmark: _GoBack]The lithium precipitation conducted from the Locatelli solution as a phosphate yielded excellent results, namely a maximum lithium recovery yield of 84 % from initial lithium concentrations in the range of 200 ppm, operating at a temperature close to the boiling temperature of the solution (108 °C), at a pH of 12, for a reaction time of 2 h and with a PO4/Li molar ratio of 0.91. SWOT analysis frames the process of lithium recovery from brine by phosphate precipitation. Strengths: use of waste mother water as feedstock, use of waste geothermal energy. Weaknesses: concentration of lithium not high in the starting mother waters, input of substances not present in the initial brine. Opportunities: increasing demands for lithium. Threats: increasing increases in energy costs.  The market analysis conducted identified the potential of this type of plant to achieve high lithium recovery efficiencies by exploiting the presence of geothermal steam for concentrating salt solutions to contain energy requirements.
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