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Abstract: This research evaluates the modification of the lithium carbonate (Li2CO3) production
process and particularly the boron removal step, which currently employs a recirculated stream.
This recirculated stream is a liquor with low boron content but rich in lithium, currently being
wasted. In this process, the recirculating stream is substituted with a freshwater stream. Boron is
re-extracted from the loaded organic stream to form an input stream for a boric acid process. Under
certain operational conditions, the formation of emulsions was observed; due to this, the analysis
of emulsion formation involved controlling the pH of each sample, which lead to the development
of a procedure to prevent such formations. From this analysis, it was determined that emulsions
form in water with pH values below 1.3 and above 6.9. In addition, a speciation analysis showed that
the concentrations of the H2BO3

− and H+ species influence the formation of emulsions. The mass
balance of the process showed that by replacing the recirculated stream, boron recovery of 89% was
achieved, without the need to add new stages or equipment.

Keywords: boron; re-extraction; McCabe–Thiele analysis; speciation; emulsion

1. Introduction

Boron has been used in various industries, including agriculture, glass and ceramic,
due to its versatility. As industry and technology have advanced, the demand for this
element has increased over time [1].

Boric acid (H3BO3) finds applications in numerous industries such as dermatology,
livestock and mining, serving as both an antiseptic and fungicide. Boric acid can be
obtained from more than 230 boron-containing minerals. [2]. There are many methods
for extracting boron from various solutions, such as chemical precipitation [3], adsorp-
tion on metal hydroxides [4,5], ion exchange [6,7], membrane methods (electrodialysis,
reverse osmosis) [8] and extraction with organic solvents [9].

In the lithium carbonate process, boron found in the brines of the Salar de Atacama is
extracted during the solvent extraction stage to prevent it from becoming an impurity. At
the SQM company, a stream is recirculated from the separation stage to extract boron [10,11].

The extraction of boron is crucial in lithium carbonate production as it hampers the
process. Currently, a recirculated stream from the separation stage, known as the low-boron
mother liquor (LBML), is used for this purpose. However, this recirculated stream generates
liquid industrial waste (LIW) that requires treatment for disposal. Since this stream is rich
in lithium, diverting it from the main treatment process, an alternative approach is to utilize
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it in the lithium process to enhance its yield and replace it in the solvent extraction stage
with a new stream.

Boron can be extracted using various solvents. Researchers utilized 2,2,4-trimethyl-1,3-
pentanediol as an extractant to recover boron from lithium-rich brines, yielding 99.95%. Re-
extraction performed with NaOH resulted in a yield of 99.99% [12]. Boric acid forms a com-
plex with the extractant, forming two C-O-B ester bonds. In other studies, 2-ethylhexanol
was used as the boron extractant in brine, with water as the stripping agent. The process
involved three countercurrent stages, yielding 99.5% for extraction and 97.8% for stripping.
A product with 95.5% purity was obtained, washed in one stage with two phases, increasing
its purity to 99.5%. The presence of magnesium benefited the boron extraction process, by
inducing the “salting-out” effect [13].

Another study extracted boron from brine using 2-butyl-1-n-octanol dissolved in
sulfonated kerosene, with water as a stripping agent to obtain boric acid. The process
involved six countercurrent stages, with an overall yield of 98%. In the extraction stage, the
salting-out effect was studied, and the presence of AlCl3 yields the best results. Thermody-
namic modeling indicated that the extraction process is exothermic [14]. Researchers also
investigated the recovery of boron from brines with a high sulfate concentration through a
low-cost and environmentally friendly process. Magnesium removal was achieved with
solid Na2SO410H2O, followed by brine evaporation to precipitate more salts. This brine
was diluted with deionized water to precipitate boron salts, primarily magnesium borates,
with a yield of 80%. The process yield was influenced by the pH of the solution, and no
further reagents were used [15].

Other studies have focused on recovering boron from various sources such as seawater [16],
geothermal waters [17,18], ore [19,20] and tailings [21] employing different solvents and
procedures [22–24]. Meanwhile, other research has targeted to recovery of lithium from wastew-
ater containing high concentrations of boron or magnesium, using organic solvents [25,26],
with the intention of retaining boron in the residue and preventing contamination of the
product [27,28].

In this study, the replacement of the recirculated stream with a water stream was
examined because the recirculated stream contains a significant amount of lithium that
is currently being wasted. This water stream would extract the boron from the loaded
organic phase and serve as an input stream for a boric acid production process. Thus, the
behavior of water with a loaded organic phase was investigated to determine the optimal
conditions for efficient boron re-extraction. Figure 1 shows the current process and the
proposed change.
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2. Materials and Methods
2.1. Materials

The loaded organic phase (from solvent extraction) was provided by SQM. It is com-
posed of a solvent and an extractant: Scaid 100, a hydrocarbon fluid (industrial grade),
and Exxal 8, an isodecyl alcohol (technical grade), both purchased from Brenntag. This
organic solution consists of 0.46% impurities and 0.54% boron (Table S-1 shows the full
composition). The aqueous solutions used are the LBML, which has 0.99% impurities and
5.4 × 10−4% boron (i.e., 5.4 mg/L B) (Table S-2 shows the full composition), and freshwater
(<1% salts). Aqueous mixtures were prepared according to the LBML/freshwater volume
ratios of 9/1, 4/1, 7/3, 1/1, 2/3, 3/7, 1/4 and 1/9.

2.2. Equipment and Software

The equilibrium pH (pH(eq)) was measured using an Orion Star A211 pH meter/oxidation–
reduction potential (ORP) meter, with a margin of error of ±0.002 for pH and ±0.2 mV for
potential. Sample homogenization was conducted using a magnetic stirrer (Scinics Multistirrer
MC-303 Controller) operating at a power of 50/60 Hz and a stirring speed of 70 to 100 rpm.
Additionally, a propeller stirrer (IKA RW 20 digital) with a universal speed from 60 to 2000 rpm
and speed adjustment of ±1 rpm, along with a thermostatic bath (model F25 from Julabo)
with a temperature range from −50 ◦C to +200 ◦C were utilized. The chemical analyses were
performed using inductively coupled plasma–optical emission spectrophotometer (ICP-OES),
using the 249.774 nm emission line in the SQM laboratories.

The MINTEQ 3.1 software was employed for speciation analysis. It is capable of
simulating the chemical composition of solutions in contact with gases, solid compounds
and particle surfaces. In the MINTEQ application, the elements of the aqueous solution,
specifically the LBML in this case, were selected. Furthermore, various proportions of the
LBML and water in the mixture were analyzed to identify the chemical species present
in the solutions.

3. Methodology

The stripping isotherms were determined using the following methods: The loaded
organic and aqueous phases (LBML or water) were mixed in the established proportions in
30 mL decanting funnels, as shown in Table 1. The solutions were manually agitated for
5 min. Subsequently, the agitation was halted, and they were left undisturbed for another
5 min to allow for the phases (organic and aqueous) to separate. Once fully separated, the
solutions were poured into separate containers and sent for chemical analysis to quantify
the boron yield.

Table 1. Organic/aqueous (O/A) ratios used to determine stripping isotherms.

N◦ O/A Ratio Volume of Organic Phase a (mL) Volume of Aqueous Phase (mL)

1 1/10 2.5 25
2 1/5 4.5 22.5
3 1/3 7 21
4 1/2 9 18
5 1/1 10 10
6 2/1 18 9
7 3/1 21 7
8 5/1 22.5 4.5
9 10/1 25 2.5

a Organic phase (impurities 0.46 % w/w and boron 0.54 % w/w), LBML (boron 0.0005 % w/w), ambient
temperature.

For pH(eq) measurement, the samples were prepared in 30 mL beakers and stirred
magnetically for 1 min; then, the pH meter was inserted. Additionally, the initial pH values
of the reagents (loaded organic phase, LBML and freshwater) were recorded.
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To determine the McCabe–Thiele diagram, two simultaneous re-extraction isotherm
processes were performed, one with water and the other using the LBML. This aimed to
stablish the operating conditions, organic/aqueous (O/A) ratio and the number of stages
required to maximize the amount of boric acid obtained in solution. Emulsion formation
in the solutions was also examined in this analysis, aiming to identify the reason for its
occurrence, which hinders the optimal extraction of boron from the organics [29].

For the re-extraction tests with the LBML, nine experiments were conducted (according
to established ratios), while for the boron stripping tests with water, only seven tests were
performed, excluding the 1/10 and 10/1 ratios. The equilibrium diagram was obtained
following the methodology described in the literature [30–32].

To further investigate emulsion formation in the solutions, the kinetics of boron re-
extraction were examined. This involved analyzing the phase separation time and the
dispersion band.

Organic continuity was measured using a solution with an O/A ratio of 2.6/1; the
loaded organic phase was added and stirred at 750 rpm, and the aqueous solution (LBML,
freshwater or a mixture) was added and stirred for 3 min. Stirring was then stopped and the
phases were allowed to separate and settle. If a dispersion band formed, its measurement
was taken, and the phases were given time to disperse and separate. Subsequently, aqueous
continuity was assessed. The agitator helix was positioned in the aqueous phase of the
solution, and stirring was resumed for 3 min. The time taken for phase separation and any
potential formation of a dispersion band was recorded.

4. Extraction Process

The extraction process applied to the brine aims to concentrate the lithium content and
remove impurities, including boron. The overall process comprises five extraction stages
and four stripping stages. The extractant utilized is Exxal 8, a clear, distilled, high-purity
alcohol composed of primary aliphatic alcohols derived from selected olefins. The diluent
used is Escaid 100, classified as a class IIIA flammable liquid with a flash point of 77 ◦C
and a boiling point of 200 ◦C. The O/A ratio used in the extraction is 2.6.

The operating temperature is 22–23 ◦C (depending on the season), while the equi-
librium pH varies between 2.85 and 2.96. The average operational concentrations of
H3BO3 in the primary process streams are as follows: organics loaded = 2.288%, organ-
ics discharged = 0.004%. The boron concentration at the inlet of the extraction process
ranges from 5138 to 8059 mg/L, while the outlet concentration in the refining process is
29.6–31.0 mg/L. The LBML has a concentration of 0.003% and the high-boron mother liquor
(HBML) has a concentration of 3.95%. The organic flow rate ranges from 33 to 44 m3/h, the
brine flow rate ranges from 16 to 19.5 m3/h and the mother liquor flow rate ranges from
17 to 19 m3/h. To quantify the extraction, measurements were conducted using inductively
coupled plasma and optical emission spectroscopy (ICP-OES) in the LBML and in the
loaded organic phase, which were subsequently transformed into the HBML and unloaded
organic phase, respectively. Figure 2 shows the flow of the streams in the extraction and
stripping processes.
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5. Results
5.1. Stripping Isotherms for LBML

In all the experiments conducted in this study, no emulsion formation was observed
after the agitation of the solution; shortly after the start of phase separation, each phase
became clearly visible. The pH(eq) values of the solutions ranged between 4.18 and 9.91;
additional information can be found in Tables S-3 and S-4 in the Supplementary Material.

Figure 3a,b show an increase in the percentage of boron (B) and H3BO3 in the aqueous
phase, respectively, as a result of stripping. The other elements identified in the LBML are
presented in Tables S-5–S-8 in the Supplementary Material.
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organic phase; (b) H3BO3 in the high-boron mother liquor versus H3BO3 in the organic phase. The pH
of the feed solution was 0.21 and tests were performed at room temperature (~25 ◦C) and O/A ratios
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duplicate experiments.

5.2. Stripping Isotherms for Freshwater

In these tests, the formation of an emulsion was observed after phase separation,
occurring only in the tests with 1/10 and 10/1 ratios. There is a clear upward trend in
the percentage of boron extracted from the organic phase versus the percentage of boron
extracted from the water (Figure 4a), considering that the last two tests had a constant
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concentration. By plotting the data obtained from the boron stripping, the percentage of
aqueous boric acid extracted could also be obtained, as shown in Figure 4b.
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Figure 4. Stripping isotherms: (a) boron in water versus boron in the organic phase;
(b) H3BO3 in water versus H3BO3 in the organic phase. The pH of the feed solution was 0.21 and tests
were performed at room temperature (~25 ◦C). Data points and error bars are means and standard
deviations, respectively, from duplicate experiments.

5.3. pH Control

The initial pH values of the industrial samples were informed; the loaded organic
phase had an initial pH of 0.21, and the LBML had an initial pH of 10.98. Figure 5 shows the
behavior of pH(eq) as a function of the O/A ratios for both the LBML and water. This figure
shows a tendency to decrease pH(eq), considering that the extreme points for the formation
of the emulsion were not included in the water curve. It can be inferred that the formation
of the emulsion would occur below 1.3 and above 6.9 on the pH scale. However, for the
LBML, emulsion formation does not occur at pH(eq) values greater than 7, indicating
that the chemistry of the solution significantly influences the emulsion formation, a factor
analyzed in conjunction with the results of the speciation.



Minerals 2024, 14, 265 7 of 14

Minerals 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 

5.3. pH Control 
The initial pH values of the industrial samples were informed; the loaded organic 

phase had an initial pH of 0.21, and the LBML had an initial pH of 10.98. Figure 5 shows 
the behavior of pH(eq) as a function of the O/A ratios for both the LBML and water. This 
figure shows a tendency to decrease pH(eq), considering that the extreme points for the 
formation of the emulsion were not included in the water curve. It can be inferred that the 
formation of the emulsion would occur below 1.3 and above 6.9 on the pH scale. However, 
for the LBML, emulsion formation does not occur at pH(eq) values greater than 7, indicat-
ing that the chemistry of the solution significantly influences the emulsion formation, a 
factor analyzed in conjunction with the results of the speciation. 

 
Figure 5. pH(eq) versus organic/aqueous ratio at room temperature (~25 °C). 

The equilibrium pH values of the aqueous mixtures (LBML and water) were also 
measured. There was a clear increase in pH(eq) up to a ratio of 40/60, after which it began 
to decrease, as shown in Figure 6. This again indicates the predominance of certain chem-
ical species as a function of the concentration. 

90/10 80/20 70/30 50/50 40/60 20/80 10/90   
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The equilibrium pH values of the aqueous mixtures (LBML and water) were also
measured. There was a clear increase in pH(eq) up to a ratio of 40/60, after which it began
to decrease, as shown in Figure 6. This again indicates the predominance of certain chemical
species as a function of the concentration.

Minerals 2024, 14, x FOR PEER REVIEW 7 of 15 
 

 

5.3. pH Control 
The initial pH values of the industrial samples were informed; the loaded organic 

phase had an initial pH of 0.21, and the LBML had an initial pH of 10.98. Figure 5 shows 
the behavior of pH(eq) as a function of the O/A ratios for both the LBML and water. This 
figure shows a tendency to decrease pH(eq), considering that the extreme points for the 
formation of the emulsion were not included in the water curve. It can be inferred that the 
formation of the emulsion would occur below 1.3 and above 6.9 on the pH scale. However, 
for the LBML, emulsion formation does not occur at pH(eq) values greater than 7, indicat-
ing that the chemistry of the solution significantly influences the emulsion formation, a 
factor analyzed in conjunction with the results of the speciation. 

 
Figure 5. pH(eq) versus organic/aqueous ratio at room temperature (~25 °C). 

The equilibrium pH values of the aqueous mixtures (LBML and water) were also 
measured. There was a clear increase in pH(eq) up to a ratio of 40/60, after which it began 
to decrease, as shown in Figure 6. This again indicates the predominance of certain chem-
ical species as a function of the concentration. 

90/10 80/20 70/30 50/50 40/60 20/80 10/90   

Figure 6. pH(eq) versus mixtures of aqueous phases (the low-boron mother liquor and water) at
room temperature (~25 ◦C).

5.4. McCabe–Thiele Diagram Analysis

Figure 7 shows that when the operating straight line intercepts the stripping isotherm,
two stages are obtained: a loaded organic (LO) phase enters with 0.54 % w/w B and
an unloaded organic (UO) exits with 0.065 % w/w B, while the LBML enters with a
concentration of 0.00054 % w/w B and exits with a concentration of 1.40 % w/w B. The
slope of the operating straight line (O/A ratio) is 2.59. Figure S1 in the Supplementary
Material shows a diagram of the countercurrent process.
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Figure 8 shows the McCabe–Thiele diagram with water as the aqueous phase. When
the horizontal line from the operating straight line intercepts the stripping isotherm, one
stage is obtained. Figure S2 in the Supplementary Material shows the countercurrent pro-
cess; a loaded organic (LO) phase enters with 0.54 % w/w B and an unloaded organic (UO)
exits with 0.165 % w/w B, while freshwater enters with a concentration of 0 % w/w B
and exits with a concentration of 0.975 % w/w B. The slope of the operating straight
line (O/A ratio) is 2.60.
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Comparing both processes, with the LBML, more boron is extracted compared to
the process with water, but in two stages; for the process with water, a concentration
of 0.975% w/w B is obtained, while for the process with the LBML, a concentration of
1.24% w/w B is obtained. On the other hand, the countercurrent process with water forms
an emulsion when it passes to stage 2 (this is discussed in the following subsection).
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5.5. Phase Separation Time

Figure 9 shows the phase separation time in organic continuity (O. Cont) and aqueous
continuity (A. Cont) for the pure aqueous solutions (water and LBML), as well as for the
mixtures with LBML/water ratios of 10/90, 20/80 and 30/70.
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In both organic and aqueous continuity, the mixture with the longest phase separation
time was that with a 30/70 ratio. Compared to the pure reagents, freshwater exhibits very
similar separation times in both aqueous and organic continuity. The phase separation
times for all tests are given in Table S-9 in the Supplementary Material.

The separation process with the LBML was fast, with a separation time of 29 s in
organic continuity; no dispersion band was formed, but traces of the entrainment of organic
matter were observed in the aqueous phase. In aqueous continuity, it took 80 s for the
phases to separate. It should be noted that in this case, a small dispersion band was formed,
but it separated after a few seconds, and similar to organic continuity, a greater entrainment
of organic matter occurred in the aqueous phase.

The separation process with freshwater was slightly slower compared to the separation
process with the LBML in the organic continuity, with a separation time of 56 s, but it was
slightly faster in the aqueous continuity, with a separation time of 59 s. No dispersion
bands formed in either continuity, but in the aqueous continuity, much more entrainment
occurred in the aqueous phase. On the other hand, the aqueous mixture with the longest
phase separation time was the mixture with a 30/70 ratio (30% LBML and 70% water),
with a phase separation time in organic continuity of 106 s and in aqueous continuity
of 109 s. The aqueous phase was entrained by the organic phase in both continuities (details
regarding the separation times can be found in Table S-9 in the Supplementary Material).

Working with high O/A or A/O ratios leads to the use of a larger volume of solution
within the process, larger reactors and a longer residence time, which slows down the
stripping stage, resulting in a low concentration of boric acid [14]. By decreasing the
O/A ratio using water as the stripping agent, the operating pH(eq) remains basic, base
separation times are reduced and high concentrations of boric acid are obtained.

These results demonstrate that the chemical composition of the aqueous solutions has
a significant influence on the phase separation time, and this composition changes in terms
of the chemical species formed due to dissolutions. These changes, in turn, would influence
the pH(eq) values of the solutions.



Minerals 2024, 14, 265 10 of 14

5.6. Speciation

Four different aqueous solutions at 25 ◦C were analyzed using visual MINTEQ 3.1: the
LBML and mixtures with various LBML/water ratios. The results of LBML speciation at a
pH(eq) value of 10.98 can be seen in Table 2. The species with the highest concentrations
are Cl−, Na+ and NaCl(aq).

Table 2. Relevant compounds of the aqueous phase analyzed by visual MINTEQ 3.1.

Concentration [mol/kg]
Species LBML 10/90 20/80 30/70

Cl− 1.80 2.63 × 10−1 4.92 × 10−1 7.10 × 10−1

NaCl(aq) 8.84 × 10−1 1.58 × 10−2 5.28 × 10−2 1.09 × 10−1

Li+ 9.67 × 10−2 1.56 × 10−2 2.94 × 10−2 4.15 × 10−2

LiCl(aq) 7.31 × 10−2 1.45 × 10−3 4.79 × 10−3 9.75 × 10−3

Ca2+ 5.65 × 10−5 2.49 × 10−5 3.65 × 10−5 5.06 × 10−5

CaCl+ 2.12 × 10−4 4.84 × 10−6 1.30 × 10−5 2.85 × 10−5

Mg2+ 6.22 × 10−5 3.30 × 10−5 5.03 × 10−5 6.50 × 10−5

MgCl+ 3.69 × 10−4 1.02 × 10−5 2.83 × 10−5 5.79 × 10−5

MgOH+ 1.79 × 10−5 6.76 × 10−6 1.12 × 10−5 1.69 × 10−5

K+ 1.55 × 10−2 2.23 × 10−3 4.24 × 10−3 6.08 × 10−3

KCl(aq) 8.48 × 10−3 1.50 × 10−4 5.01 × 10−4 1.03 × 10−3

Na+ 1.61 2.34 × 10−1 4.47 × 10−1 6.40 × 10−1

NaH2BO3(aq) 2.41 × 10−4 6.19 × 10−6 1.96 × 10−5 4.08 × 10−5

NaSO4
− 6.51 × 10−4 2.16 × 10−5 6.44 × 10−5 1.22 × 10−4

SO4
2− 8.88 × 10−5 5.69 × 10−5 9.13 × 10−5 1.10 × 10−4

H2BO3
− 1.57 × 10−4 3.29 × 10−5 5.82 × 10−5 5.62 × 10−7

Three ratios of LBML/water mixtures (10/90, 20/80 and 30/70) were analyzed at
pH(eq) values of 11.13, 11.18 and 11.22, respectively. The species with the highest concen-
trations in these mixtures are Cl− and Na+. It is worth noting that if the concentrations ob-
tained in the LBML and the mixtures are compared, the concentrations of all species tend to
increase as the amount of LBML increases. Likewise, more compounds were found in lower
concentrations, these are presented in Tables S-10.1–S-10.4 in the Supplementary Material.

Although all the concentrations of the species in Table 2 tend to follow the same trend,
the behaviors of the H2BO3

− and H+ species are different; their concentrations decrease for
the last ratio (30/70). This may be one reason that the pH(eq) values of these three mixtures
are higher than those of the LBML, and consequently, it may explain why they tend to form
emulsions in the stripping stage.

To avoid the formation of emulsions, the pH was controlled, as in all the experimen-
tal processes that maintained this parameter between 1.3 and 6.9, where no emulsions
were formed.

5.7. Process Design
5.7.1. Serial Organic Discharge

A ratio of 2.6 to 1 between the loaded organic phase and water (the aqueous phase)
was chosen to load the aqueous phase to the maximum capacity. In the first stage, the
phases managed to separate without any difficulty, with a time of 56 s, but phase separation
did not happen in the second stage because an emulsion formed. This stage was maintained
for 72 h so that phase separation could be completed, but the phases only managed to
separate by a few centimeters (Figure 10).
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5.7.2. Organic Discharge in Parallel

A four-stage parallel stripping process was carried out; water was used in the first
three stages, and the fourth stage was carried out with the LBML. The concentrations
obtained in the aqueous solutions are presented in Table 3, and the final aqueous output
of stage 4 was 0.004% boron (0.023% H3BO3). In all the stages, entrainment occurred,
and the phase separation times increased in both organic and aqueous continuity, as did
the pH(eq) values.

Table 3. Boron and H3BO3 concentrations, phase separation times of stripping in organic con-
tinuity and aqueous continuity, and output pH(eq) values of the four-stage parallel stripping
(aqueous) phases.

B % w/w H3BO3 %
w/w O. Cont. [s] A. Cont. [s] eq.pH

Stage 1 0.96 5.5 56 59 3.09
Stage 2 0.22 1.25 72 72 5.56
Stage 3 0.064 0.36 89 98 6.85
Stage 4 0.0039 0.023 189 194 10.53

Based on these results, the proposed process includes four stages that are carried
out in parallel, as shown in Figure 11. Table S-11 in the Supplementary Material presents
the results of the mass balance of the process at 25 ◦C with the respective flows and
compositions of each stage.

The recovery of each stage and the overall recovery were calculated using Equation (1):

%Re =
CA

B × Vaq

(CA
B × Vaq + CO

B × Vor)
·100, (1)

where %Re is the recovery percentage, CA
B is the boron concentration in the aqueous phase

and CO
B is the boron concentration in the organic phase; Vaq and Vor are the volumes of the

aqueous and organic phases, respectively.
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In SQM’s process plant, the recovery percentage in the first stage is 81% (information
provided by the company), so the proposal to replace the LBML with water in a parallel
circuit would be operationally feasible. Table 4 summarizes the results of the overall
recovery and partition coefficients of the proposed process.

Table 4. Recovery (stripping) and partition coefficient (K) results of the proposed process.

Recovery K B % w/w

Stage 1 68% 2.16 0.96
Stage 2 50% 0.98 0.22
Stage 3 29% 0.40 0.064
Stage 4 3% 0.03 0.004
Overall 89% 7.98 0.89

According to Peng et al. [14], similar results were obtained in the boric stripping
step, where water obtained the best results (91.39%), followed by NaOH (90%), and finally
HCl (89%). Kwon et al. [33] obtained high boron recovery at a basic pH (10.6) by obtaining
the boron directly as a crystal using a supersaturated KOH solution; however, when water
was used, at a lower pH (3.7), no crystals were obtained. This reaffirms that pH(eq) is an
important operating factor during the stripping process, as it allows for the avoidance of
emulsions formation and facilitates the attainment of high recovery percentages.

6. Conclusions

The replacement of a recirculation stream by a freshwater stream in the lithium
carbonate production process has been studied to carry out the recovery of boron, one of
the process impurities. The boron recovery process was carried out in four parallel stages,
with a basic pH and an O/A ratio of 2.6:1, resulting in a recovery of 89%.

The pH(eq) value is one of the most important variables of the process. Through
speciation analysis, it was possible to prove that species such as H2BO3

− and H+ influence
the pH(eq) value and the formation of emulsions.

The replacement of a recirculated stream with a freshwater stream does not interfere
with the current process design, as no additional stages or new pieces of equipment are
required. Additionally, this would allow for the treatment of the recirculated stream in the
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main lithium production process, increasing the concentration of this element, while the
new stream serves as an input for the boric acid production process.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min14030265/s1, Table S-1: Composition of the loaded organic.
Analysis by ICP-OES; Table S-2: Composition of the LBML. Analysis by ICP-OES; Table S-3: pH
results of LBML and fresh water; Table S-4: pH results of LBML-water mixtures; Table S-5: Chemical
analysis of loaded LBML performed at SQM Company. Analysis by ICP-OES; Table S-6: Chemical
analysis of the Discharged Organic for the isotherm with LMBB. Performed by SQM company.
Analysis by ICP-OES; Table S-7: Chemical analysis of loaded water. Carried out by SQM company.
Analysis by ICP-OES; Table S-8: Chemical analysis of the Discharged Organic for the isotherm with
fresh water. Performed by SQM company. Analysis by ICP-OES; Table S-9: Phase separation time;
Table S-10.1: Chemical speciation of LMBB; Table S-10.2: Chemical speciation of dilution ratio 10/90;
Table S-10.3: Chemical speciation of dilution ratio 20/80; Table S-10.4: Chemical speciation of dilution
ratio 30/70; Table S-11: Process mass balance; Figure S1: Stripping process using LBML; Figure S2:
Stripping process using water.
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25. Çelebi, E.E.; Öncel, M.S.; Kobya, M.; Bayramoğlu, M. Extraction of Lithium from Wastewaters Using a Synergistic Solvent
Extraction System Consisting of Mextral EOL and Cyanex 923. Hydrometallurgy 2019, 185, 46–54. [CrossRef]

26. Xiang, W.; Liang, S.; Zhou, Z.; Qin, W.; Fei, W. Extraction of Lithium from Salt Lake Brine Containing Borate Anion and High
Concentration of Magnesium. Hydrometallurgy 2016, 166, 9–15. [CrossRef]

27. Wang, H.; Zhong, Y.; Du, B.; Zhao, Y.; Wang, M. Recovery of Both Magnesium and Lithium from High Mg/Li Ratio Brines Using
a Novel Process. Hydrometallurgy 2018, 175, 102–108. [CrossRef]

28. Liu, X.; Lu, Q.; Zhou, Q.; Chen, P.; Li, K. Bisulfite-Activated Permanganate Oxidation plus Coagulation as a Pretreatment of
SWRO Desalination Lines to Enhance Boron Rejection. Sep. Purif. Technol. 2023, 308, 122959. [CrossRef]

29. Rydberg, J. Solvent Extraction Principles and Practice, Revised and Expanded. Rydberg, J., Ed.; CRC Press: Boca Raton, FL, USA,
2004; ISBN 9780203021460.

30. Nozari, I.; Azizi, A. An Investigation into the Extraction Behavior of Copper from Sulfate Leach Liquor Using Acorga M5640
Extractant: Mechanism, Equilibrium, and Thermodynamics. Min. Metall. Explor. 2020, 37, 1673–1680. [CrossRef]

31. Parhi, P.K.; Park, K.-H.; Kim, H.-I.; Park, J.-T. Recovery of Molybdenum from the Sea Nodule Leach Liquor by Solvent Extraction
Using Alamine 304-I. Hydrometallurgy 2011, 105, 195–200. [CrossRef]

32. Vahidi, E.; Rashchi, F.; Moradkhani, D. Recovery of Zinc from an Industrial Zinc Leach Residue by Solvent Extraction Using
D2EHPA. Miner. Eng. 2009, 22, 204–206. [CrossRef]

33. Kwon, T.; Hirata, M.; Sakuma, S.; Hano, T.; Yamagishi, T. Continuous Recovery of Boron from Wastewater with a Diol. Solvent
Extr. Ion Exch. 2005, 23, 391–400. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://ri.conicet.gov.ar/handle/11336/120508
https://doi.org/10.1016/j.resconrec.2021.105762
https://doi.org/10.1016/B978-0-12-801417-2.00003-7
https://doi.org/10.1016/j.hydromet.2020.105477
https://doi.org/10.1016/j.hydromet.2016.01.001
https://doi.org/10.1016/j.hydromet.2018.03.013
https://doi.org/10.1016/j.hydromet.2017.09.003
https://doi.org/10.1016/j.hydromet.2023.106062
https://doi.org/10.1016/j.rser.2022.112825
https://doi.org/10.3390/membranes11040291
https://doi.org/10.1016/j.hydromet.2016.01.013
https://doi.org/10.1016/j.hydromet.2015.09.014
https://doi.org/10.1016/j.hydromet.2022.105827
https://doi.org/10.1016/j.seppur.2023.125597
https://doi.org/10.1007/s40034-021-00232-2
https://doi.org/10.3390/min11010008
https://doi.org/10.1016/j.hydromet.2019.01.016
https://doi.org/10.1016/j.hydromet.2016.08.005
https://doi.org/10.1016/j.hydromet.2017.10.017
https://doi.org/10.1016/j.seppur.2022.122959
https://doi.org/10.1007/s42461-020-00280-z
https://doi.org/10.1016/j.hydromet.2010.09.004
https://doi.org/10.1016/j.mineng.2008.05.002
https://doi.org/10.1081/SEI-200056524

	Introduction 
	Materials and Methods 
	Materials 
	Equipment and Software 

	Methodology 
	Extraction Process 
	Results 
	Stripping Isotherms for LBML 
	Stripping Isotherms for Freshwater 
	pH Control 
	McCabe–Thiele Diagram Analysis 
	Phase Separation Time 
	Speciation 
	Process Design 
	Serial Organic Discharge 
	Organic Discharge in Parallel 


	Conclusions 
	References

