minerals WVI\D\Py

Review

Technologies for Boron Removal from Lithium-Rich Brines:
A Review

Andrés Neira !, Edelmira Géilvez 2, Mauricio Mura 10, Felipe M. Galleguillos-Madrid 30,

5 6

Nallely Guadalupe Picazo Rodriguez 4 Manuel Saldana >, Williams Leiva ¢, Norman Toro 5*

and Jonathan Castillo 7*

Departamento de Ingenieria Quimica y Procesos de Minerales, Facultad de Ingenieria, Universidad de
Antofagasta, Antofagasta 1240000, Chile; ans004@alumnos.ucn.cl (A.N.);
mauricio.mura.quinsacara@ua.cl (M.M.)

Departamento de Ingenieria Metaltirgica y Minas, Universidad Catélica del Norte,

Antofagasta 1270709, Chile; egalvez@ucn.cl

Centro de Desarrollo Energético Antofagasta, Universidad de Antofagasta, Antofagasta 1240000, Chile;
felipe.galleguillos.madrid@uantof.cl

Instituto Tecnolégico Superior de Monclova, Tecnolégico Nacional de México, Monclova 25701, Mexico;
nallely.pr@monclova.tecnm.mx

Faculty of Engineering and Architecture, Universidad Arturo Prat, Avenida Arturo Prat 2120,

Iquique 1110939, Chile; masaldana@unap.cl

Facultad de Ingenieria, Universidad San Sebastian, Sede Concepcién, Concepcién 4030000, Chile;
williams.leiva@uss.cl

Departamento de Ingenieria en Metalurgia, Universidad de Atacama, Copiap6 1531772, Chile

*  Correspondence: notoro@unap.cl (N.T.); jonathan.castillo@uda.cl (J.C.)

Abstract

The growing demand for lithium for lithium-ion batteries and energy storage systems
has driven the exploitation of natural brines in the “Lithium Triangle” (Chile, Argentina,
Bolivia). However, the presence of boron, which is highly soluble and exhibits ampho-
teric behavior, poses a critical challenge to achieving battery-grade purity standards
(<5 ppm). This element interferes with the crystallization and morphology of lithium
carbonate (LiCO3), reduces recovery efficiency, and affects the chemical stability of lithium
phases. Due to its molecular characteristics and strong affinity for water, boron is dif-
ficult to remove using conventional methods. This work presents a critical review of
current technologies for its removal from lithium-rich brines, including ion exchange with
functionalized resins, adsorption, liquid-liquid extraction, and electrochemical methods.
Their principles, efficiencies (60%-95%), selectivity towards Li* and Mg2+, sustainability,
reusability, and industrial feasibility are analyzed. A comparison shows that ion exchange
and adsorption offer high selectivity and reusability, liquid-liquid extraction stands out
for its efficiency but has lower sustainability, and electrochemical methods exhibit high

R) Check for updates sustainability with variable efficiency. The choice of the most suitable technology will

depend on the specific composition of the brine and the operating conditions of the plant.
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natural brines. These brines, abundant in the so-called “Lithium Triangle” (Chile, Ar-
gentina, and Bolivia), represent one of the world’s main sources of lithium due to their
high Li* concentration and large-scale exploitation through solar evaporation processes
and emerging direct lithium extraction (DLE) technologies [1-3].

However, the chemical composition of these brines is highly complex, as they contain
not only lithium but also a wide range of accompanying cations and anions such as
magnesium (Mg?*); calcium (Ca®*); sodium (Na*); potassium (K*); sulphate (50427); and
boron (B), whose removal poses a persistent technical challenge [1,4]. Boron is found
mainly in the form of boric acid (B(OH)3), a weakly acidic and uncharged species that,
under alkaline conditions, transforms into borate (B(OH), ~), increasing its solubility and
making its separation from the aqueous phase more difficult [5,6]. Boron is a contaminant
found not only in lithium-containing brines but also in plants that produce drinking water
through seawater desalination, where it also causes significant problems [7]. Because boron
is not completely removed during the desalination process, when the permitted limit is
exceeded, additional stages are required in the drinking water production process [8,9].
Indeed, due to its presence in desalination processes, boron is also a candidate for recovery
for commercial purposes [10].

While the amphoteric behavior and high solubility of boric acid /borate species gener-
ally limit the effectiveness of direct precipitation as a stand-alone boron removal technology,
evidence from real continental brine processing indicates that, under specific conditions,
controlled supersaturation and pH management can induce the precipitation of boron as
crystalline borate salts [11]. In that study, a boron-rich stripping solution obtained from a
natural brine from the Lithium Triangle (Argentina) was concentrated by evaporation until
the boron concentration exceeded the solubility limit of borax (5.8 g B/L at 20 °C), after
which cooling crystallization yielded borax (Na;B4O7-2H,0) with up to 99% purity follow-
ing a drying step. However, the crystallization efficiency remained moderate (54%), and
the co-presence of chloride ions initially favored the formation of teepleite (Na;B(OH)4Cl),
a non-marketable byproduct, instead of borax, indicating that coexisting anions, not pH
alone, exert decisive control over which crystalline borate phase forms.

Thermodynamic speciation calculations performed for the same brine matrix further
revealed that boron precipitation in real, multi-ion brines is not an isolated phenomenon:
magnesium and calcium were found to co-precipitate with boron as mixed solid phases
(e.g., MgB(OH)4Cl, CaB(OH),Cl) within specific pH windows (approximately pH 8.7-9.9
for magnesium and pH 7.5-8.8 for calcium), as confirmed by X-ray diffraction [11]. These
findings indicate that boron precipitation from lithium-rich brines is technically feasible
but depends on the interplay between pH, supersaturation degree, and the concentration
of coexisting anions and divalent cations rather than on pH adjustment alone, as might be
inferred from a simplified solubility perspective.

Boron in aqueous solution does not remain solely as monomeric boric acid (H3BOs3)
or its mononuclear conjugate base, borate (B(OH); ™). As the total boron concentration
increases—as occurs during brine evaporation and concentration processes common to
lithium extraction routes—boric acid molecules undergo condensation reactions that pro-
duce a range of oligomeric, polynuclear borate species [12]. Spectroscopic and ab initio
studies have identified and structurally confirmed several such species, including triborate
(B3O3(OH), "), tetraborate (B4Os(OH)42~), and pentaborate (BsOg(OH), ™) ions, using Ra-
man spectroscopy combined with density functional theory (DFT) calculations and infrared
spectroscopy combined with ab initio calculations [12,13].

The relative distribution of these species is governed primarily by the total boron
concentration, solution pH, temperature, coexisting cations, and time [12]. As the boron
concentration decreases, highly polymerized species progressively hydrolyze into sim-
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pler forms such as B(OH)3; and B(OH)4~; conversely, as the concentration increases, these
simple species polymerize into higher-order polyborate ions such as B;Os(OH)4>~ and
B504(OH)4~. pH also exerts strong control over which species predominates: tetrabo-
rate (B4Os5(OH),2~) was found to be the dominant species at pH 8.6-9.5 in concentrated
borate solutions, whereas at a pH above 10.5, the simple borate ion B(OH)4~ was found
to predominate, with other polyborate species accounting for less than 5% of the total
boron [13].

This behavior has direct relevance to lithium-rich brine processing, where boron is pro-
gressively concentrated through solar evaporation. Thermodynamic speciation calculations
performed on a real, high-salinity continental brine using the Pitzer model (implemented
in PHREEQC, suitable for non-ideal behavior at high ionic strength) confirmed the pres-
ence of dinuclear (H5(BO3), ™), trinuclear (Hg(BO3)3~, B3O3(OH)4 ™), and tetranuclear
(B4O5(OH)4%™) borate species under real brine conditions, alongside mononuclear borate
ion pairs with calcium, magnesium, and sodium [11,13].

Because each polyborate species exhibits a distinct charge, size, and hydration behavior
from monomeric boric acid or simple borate, their presence can influence the effectiveness
of boron removal technologies that rely on specific interaction mechanisms—such as se-
lective ion-exchange resins, chelation-based adsorbents, or size/charge-based membrane
rejection—since a technology optimized for monomeric species may underperform once
polynuclear borate species become significant. This aspect remains insufficiently addressed
in the boron removal literature reviewed in this work, which predominantly reports re-
moval efficiencies without explicitly accounting for the underlying boron speciation state
of the treated brine.

The technologies reviewed in this work are typically evaluated and optimized un-
der simplified or moderate-salinity conditions, whereas real lithium-rich brines exhibit a
high ionic strength and complex, multi-ion compositions that induce markedly non-ideal
solution behavior. Under these conditions, ion activity coefficients deviate substantially
from unity, and dilute solution frameworks such as the Debye-Hiickel equation are no
longer applicable; more robust approaches, such as the Pitzer ion interaction model or the
Meissner corresponding state model, are instead required to describe electrolyte behavior
at high concentrations [14].

This non-ideality has direct consequences for boron and ion separation processes. In
ion-exchange membranes, a high ionic strength alters the Donnan electrical potential at the
membrane-solution interface, which governs the exclusion of co-ions and, consequently,
membrane permselectivity—an effect that becomes increasingly difficult to predict as
the electrolyte concentration rises [14]. Similarly, in nanofiltration membranes, a higher
ionic strength—particularly from divalent cations such as Mg?* or Ca?*—increases scaling
propensity through charge shielding, which reduces the electrostatic repulsion between
ions and the membrane surface, thereby weakening rejection performance [15]. Consistent
with this, molecular dynamics simulations of nanofiltration membranes under high-salinity
brine conditions show that water mobility deteriorates more significantly than ion mobility,
undermining the selectivity mechanisms that operate effectively in dilute solutions [16].

Importantly, the applicability of these thermodynamic models is itself limited under
the extreme ionic strengths typical of naturally evaporating lithium-rich brines. Empirical
modeling of real brines from the Puna region (Argentina) demonstrated that the Pitzer
model, while broadly used for speciation and solubility calculations, loses predictive accu-
racy once ionic strength exceeds approximately 6—10 mol/kg—a range regularly reached
during the solar evaporation stages common to lithium extraction [17]. Analogous limita-
tions were identified in speciation calculations for boron performed under high-salinity
brine conditions using the same modeling framework [11].

https://doi.org/10.3390 /min16080807


https://doi.org/10.3390/min16080807

Minerals 2026, 16, 807

40f21

A second, related fundamental barrier arises from the evolving speciation of boron
itself as the brine concentration increases through evaporation: boron does not remain
confined to monomeric boric acid and simple borate but progressively polymerizes into
oligomeric polyborate species whose formation is governed by the total boron concen-
tration, pH, temperature, and coexisting ions [12,13]. Because removal technologies
are generally designed and optimized around a single dominant boron species, their
performance under real, evolving speciation and non-ideal solution conditions remains
comparatively underexplored.

Taken together, the non-ideal solution behavior at a high ionic strength and the dy-
namic evolution of boron speciation constitute two fundamental physicochemical barriers
that are seldom addressed jointly in the boron removal literature, which predominantly
reports removal efficiencies under fixed, well-characterized feed conditions rather than
under the variable, high-salinity, multi-species environment typical of real lithium-rich
brines. Addressing this gap—for instance, through speciation-aware process design or
model validation under real brine matrices—represents an important direction for future
research in this field.

Unlike metallic impurities such as magnesium (Mg?*) or calcium (Ca?*), which can be
efficiently removed through chemical precipitation or conventional ion exchange, boron
exhibits amphoteric behavior and a strong affinity for water, which limits the effective-ness
of traditional technologies [18,19]. Furthermore, its small molecular size and non-ionic
form make it difficult to capture using non-functionalized resins, standard membranes,
or physical size-exclusion methods [20]. In solar concentration processes, boron also acts
as a buffering system that alters the pH and affects the stability of lithium phases such as
Li,CO3 and LiOH [20]. Boron presents such a high level of removal difficulty in brines that
it is sometimes feasible to extract lithium simultaneously with great efficiency [21].

Boron interferes with the crystallization of lithium carbonate (LiCO3), altering its
morphology and reducing its purity, especially in the presence of flocculants. This effect is
critical for achieving battery-grade purity standards, which require lithium purities above
99.5% and boron levels below 5 ppm [22].

At a structural level, boron exhibits a high affinity with lithium, forming stable net-
works that hinder its separation in concentrated saline solutions. From an industrial
perspective, the presence of boron in concentrations ranging from trace levels to over
200 mg/L, depending on the degree of evaporation and the geology of the salt flat, can sig-
nificantly affect the crystallization of lithium carbonate (LipCOj3), leading to the formation
of low-purity products or undesired crystalline morphologies [23].

Boron interferes with the concentration and purification of lithium, acting as a pH
buffer in concentrated brines and affecting the stability of lithium phases, thereby reducing
the efficiency of Li;COj3 recovery [6].

In response to this scenario, various technologies have been investigated for the
selective removal of boron in complex saline environments. Among the most promising
are ion-exchange processes using resins functionalized with NMDG groups [24], liquid—
liquid extraction using alcohols such as 2-ethylhexanol [25], electrocoagulation [19], and
hybrid methods that mix adsorbing [5] and electrochemical techniques such as adsorption
coupled with electrodialysis (AdED) [26]. Likewise, combined processes that enable the
simultaneous removal of boron have shown high efficiency and compatibility with real
brine conditions [27].

In this context, the present work aims to provide a critical review of the main current
technologies for boron removal from lithium-rich brines, analyzing their scientific basis,
level of technological maturity, and industrial feasibility. To this end, this study examines
key aspects such as the chemistry of boron in concentrated solutions and its impact on the
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efficiency and purity of recovered lithium, and it compares the performance of different
separation approaches based on their efficiency, selectivity, sustainability, and adaptability
to real operating conditions.

To provide a comprehensive overview of boron removal technologies from lithium-
rich brines, this review was developed based on peer-reviewed scientific publications
published primarily between 2015 and 2025. The literature search employed keywords
including boron removal, lithium-rich brines, adsorption, ion exchange, solvent extraction,
liquid-liquid extraction, electrochemical separation, direct lithium extraction (DLE), and
boron selective recovery. The selected studies were analyzed according to their relevance,
focusing on process performance, regeneration strategies, operating conditions, and techno-
economic or environmental aspects, thereby providing an up-to-date overview of the
current state of knowledge.

2. Fundamentals
2.1. Ion Exchange with Functionalized Resins

Bonin et al. [24] indicate that ion exchange is one of the most widely studied tech-
nologies for the selective removal of boron from lithium-rich brines, mainly due to its
high efficiency in hypersaline environments, its regenerability, and the specificity of the
materials used. Its performance relies on the use of resins with active groups such as
N-methyl-D-glucamine (NMDG), which exhibit a high affinity for the B(OH);~ anion,
pre-dominant under alkaline conditions [24].

The interaction between boron species and N-methyl-D-glucamine (NMDG) is based
on the reversible formation of cyclic ester complexes through cis-diol groups, as re-
ported by Guan et al. [28] and Liu et al. [5]. The overall reactions are represented in
Equations (1) and (2):

R(CHOH), + B(OH)3 = R(CHO),B(OH) + 2H,0 (1)

R(CHOH), + B(OH); = R(CHO),B(OH)~ + 2H,0 )

These resins can be regenerated using dilute NaOH or HCl solutions, depending on
the regeneration strategy and operating conditions. In alkaline media, NaOH promotes
the dissociation of the boron-NMDG cyclic ester complex, whereas dilute HCI protonates
the functional groups and facilitates boron desorption, thereby restoring the adsorption
capacity of the resin. This reversible adsorption—desorption mechanism enables repeated
regeneration cycles while maintaining high boron removal performance. Sun et al. [29]
reported that N-methyl-D-glucamine (NMDG)-functionalized magnetic adsorbents re-
tained more than 85% of their initial adsorption capacity after five regeneration cycles,
corresponding to a cumulative capacity loss of less than 15%. Likewise, Figueira et al. [30]
demonstrated that NMDG-functionalized ion-exchange resins achieved boron recovery
values close to 98% during regeneration while maintaining stable adsorption performance
throughout repeated adsorption-desorption operations. Overall, commercial NMDG-based
boron-selective resins, including Amberlite IRA743 and DIAION CRB, generally maintain
boron removal efficiencies above 90% after several regeneration cycles, although the extent
of capacity loss depends on the resin chemistry, regeneration conditions, and composition
of the treated brine [29-32]. The overall ion-exchange process for boron removal from
lithium-rich brines is schematically illustrated in Figure 1.
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Figure 1. General process flow diagram of boron removal from lithium-rich brines via ion exchange
using N-methyl-D-glucamine (NMDG)-functionalized resin.

However, their effectiveness decreases under neutral or acidic pH conditions, where
boron is mainly present as boric acid B(OH)3, a neutral species with low reactivity towards
the functional groups of the resins [33]. It has also been observed that high boron concentra-
tions can quickly saturate the capacity of the resins, which limits their applicability without
pretreatment stages or modular systems [34].

As noted by Parraguez et al. [22], despite these limitations, ion exchange has reached
advanced levels of technological maturity (TRL 6-7) and has been validated in pilot studies
applied to highly complex brines, including environments in the Andean Altiplano. Its
potential integration into direct lithium extraction (DLE) schemes has also been proposed
as a sustainable and efficient strategy.

From an industrial perspective, ion exchange is currently the most mature technology
for boron removal. Commercial N-methyl-D-glucamine (NMDG)-functionalized resins,
such as AmberLite IRA743 and DIAION CRB series, have been widely used in water
treatment and industrial boron removal applications because of their high selectivity, regen-
eration capability, and suitability for continuous operation. Although their application to
lithium-rich brines is still expanding, these commercial systems demonstrate the feasibility
of large-scale boron removal.

2.2. Adsorption

Adsorption has become an efficient and versatile strategy for boron removal from
lithium-rich brines, owing to its high selectivity, regenerability, and compatibility with
multicomponent matrices. As noted by Parraguez et al. [35], in aqueous solutions, boron
exists either as boric acid (B(OH)3) or in its ionized form (B(OH)4 ™), depending on the
pH. Both species can form reversible bonds with the diol or amine groups present in
functionalized adsorbents. This process is based on the formation of an ester-type complex,
represented by reactions (3) and (4), as shown below [35]:

B(OH), + R — (CHOH), = R — O — B(OH), + H,0 ®)
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brine
(Feed)

B(OH),” + R — (CHOH), = R — O — B(OH), + OH~ (4)

where R—(CHOH); represents the typical diol group of N-methylglucamine. The five-
membered cyclic complexation is favored under slightly alkaline conditions [29]. The
formation constant of these complexes ensures a high affinity for boron, even in the presence
of competing anions [32,33]. Moreover, some studies suggest that amino groups can
establish additional electrostatic interactions with the partial charge of the borate anion,
thereby increasing selectivity [36]. Among the most efficient adsorbents are NMG-based
resins such as Amberlite IRA743, which achieve capacities of up to 20 mg/g and exhibit
removal rates above 90% in synthetic brines. Their regeneration with NaOH or HCI allows
for multiple cycles without a significant loss of capacity [32].

As mentioned by Sun et al. [29], the incorporation of magnetism through NMG-
functionalized nanoparticles significantly improves recovery and adsorption kinetics, en-
abling rapid separation using magnetic fields. These materials retain more than 85% of
their efficiency after five cycles. The general adsorption process for boron removal from
lithium-rich brines is schematically illustrated in Figure 2.
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Figure 2. Schematic flow diagram of the adsorption process for boron removal from lithium-
rich brines.

The kinetic data fit the pseudo-second-order model, while the Langmuir isotherms
accurately describe the monomolecular adsorption behavior [37]. On the other hand, ions
such as Mg?* can inhibit the process through competition, although strategies such as pH
adjustment, pretreatment, or the use of hybrid materials have mitigated this effect [34,36].

Wau et al. [38] introduce an innovative, highly efficient boron adsorbent created through
a simple and economical method, using N-methyl-D-glucamine integrated into modified
chitosan beads (CTS-MG). This adsorbent exhibits an outstanding capacity to capture
boron, with optimal adsorption occurring within a pH range of 3 to 8, suggesting effective
performance across a wide range of pH levels. At a pH of 7, its actual maximum adsorp-
tion capacity reaches 20.36 mg/g, surpassing that of most commercial resins specifically
engineered for boron separation. Additionally, the most efficient adsorption takes place in
the neutral pH range, indicating that no pH adjustments are required for the ex-traction
of boron from contaminated water. The kinetics of boron adsorption indicate that the
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entire process may be completed in merely 3 h. Furthermore, the presence of salts such as
NaCl, MgCl,, CaCly, NaNO3, and Na;SO,4 does not negatively impact boron adsorption,
showcasing the selectivity of CTS-MG. Moreover, CTS-MG demonstrates remarkable re-
generation and reuse potential, underscoring its applicability for boron separation in salt
lake environments [38].

According to reports, integrated systems such as adsorption coupled with electro-
dialysis (AdED) have achieved efficiencies above 95%, reducing reagent consumption and
increasing operational stability.

Finally, in the literature, several methods have been used to remove boron from
drinking water, and they have potential for application in brine. The main alternatives
proposed in the latest research on boron sorbents can be summarized as follows [28]:

1. New polymer carriers, like nylon and cellulose, are being explored, as numerous
commercial resins made from polystyrene, polyethylene, and polypropylene have
shown effectiveness in removing boron.

2. Innovative functional groups for sorbents aimed at boron removal, such as pyrocat-
echol, have been introduced. These sorbents demonstrate high selectivity for boron
and can be readily recycled.

3. Considering the costs associated with boron removal, various low-cost sorbents have
been investigated and applied, including fly ash, industrial byproducts, red mud, and
agricultural residues like straw.

4. The development of new inorganic sorbents for boron removal, such as layered double
hydroxides (LDHs), mesoporous silica, zeolites, and magnetic nanoparticles, has
become a key area of research focus.

Despite the promising adsorption capacities reported in the literature, most adsorption
technologies for boron removal from lithium-rich brines remain at the laboratory or pilot
scale. Future industrial implementation will require further validation under continuous
operating conditions, together with long-term regeneration and techno-economic studies.

2.3. Liquid—Liquid Extraction

Liquid-liquid extraction (LLX) has become an effective technique for the selective re-
moval of boron from complex saline matrices, particularly lithium-rich brines. This process
is based on the transfer of boron from an aqueous phase to an organic phase through the
formation of soluble complexes, typically in the presence of alcohols or organophosphorus
extractants [11,39]. Li et al. investigated methods for extracting and mineralizing CO,
to separate B3*, Li*, and Mg?* from brine in salt lakes, which have a high Mg/Li ratio.
The extraction of B3 was performed using a blend of 2-ethyl-1,3-hexanediol and kerosene,
with sodium hydroxide added for the back-extraction of boron. It was observed that the
addition of a small amount of FeClj significantly improved the efficiency of extraction,
as the hydrolysis and hydration of Fe3* can lower the solution pH and help in creating
a salting-out effect. Lithium ions were extracted through a synergistic approach using a
combination of tributyl phosphate, ionic liquids, kerosene, and FeCls, where the ILs en-
hanced the lithium extraction rate through a cation exchange reaction involving [C4mim-+].
The organic phase, containing 30% kerosene, 65% TBP, and 5% ILs, led to a single-stage
extraction rate for Li* of 56%. The extraction efficiencies for B** and Li* were noted to be
98% and 89.1%, respectively [40].

Several studies have employed alcohols to selectively remove boron from lithium
brines. Alcohols can exhibit different performances in boron removal, for example, under
basic or acidic pH conditions, as well as in the co-extraction of metals. It is important to
distinguish the complexity of the alcohols, for instance, between mono-hydroxy alcohols
and di-hydroxy alcohols, as well as the effect of the solvents in which they are diluted [41].
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At the industrial scale, boron removal is accomplished using monohydric alcohols, which
aid in the extraction of boron from brine through a three-stage counter-current extraction
technique. This process utilizes an organic solution that contains 2.5 M isodecanol. When
operating under specific conditions, the extraction efficiency for boron can reach 99.07%.
Furthermore, water serves as a stripping agent to recover the solvent after the extraction
process. On the other hand, isooctanol is an organic extractant, and its effectiveness can
be greatly improved by adding ethyl chloroacetate as a solubilizing agent. Several factors,
such as extraction duration, brine pH, the ratio of organic to aqueous phases (O/ A ratio),
the number of extraction stages, and ionic strength, are essential in influencing the efficiency
of boric acid extraction and stripping. Experimental results showed that a mixture of 50%
isooctanol and 20% ethyl chloroacetate, with an O/ A ratio of 2, achieved an extraction
efficiency of 44% during a single extraction from a boric acid solution containing 1.5 mol/L
MgCl, at a pH of 5.5. By keeping the same composition for the organic phase and altering
the O/ A ratio to 1, the extraction efficiency rose to 60% in a single extraction from a boric
acid solution with 4 mol/L MgCl, at pH 4.16. Furthermore, when utilizing water as the
solvent for re-extraction with an O/ A ratio of 1.5, the re-extraction rate of boric acid reached
an outstanding 99.6% [42].

As noted by Kiemde et al. [43], a widely used strategy is the esterification reaction
of boric acid with long-chain alcohols, such as 2-ethylhexanol, which enables its efficient
transfer to the organic phase [43]. Reaction (5) can be expressed as

B(OH), + 3ROH = B(OR), + 3H,0 ©)

where ROH corresponds to the alcohol present. This mechanism was experimentally
validated in the treatment of continental brines, showing efficiencies above 80% when the
pH was adjusted to slightly acidic values [44]. The overall liquid-liquid extraction process
is schematically illustrated in Figure 3.

(Ready for reuse)

(Recovery or disposal)

Organic
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(solvent + extractant)
]
v
2. Mixing 5
3. Phase Separation == \
B e | Stripping Agent |
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. ; I r
1
1
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1
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1 .
| (Discharge or Boron-Rich Solution 5. Regenerated
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|

Figure 3. Schematic flow diagram of the liquid-liquid extraction process for boron removal from
lithium-rich brines.
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In research conducted by Peng et al. [45], the process of extracting boron from salt
lake brine using 2,2,4-trimethyl-1,3-pentanediol was comprehensively analyzed. The au-
thors examined various factors influencing boron recovery during the solvent extraction
procedure, such as feed pH, the concentrations of both the extractant and H3BO3, the
organic-to-brine phase ratio (O/A), and temperature. The findings showed that an increase
in feed pH initially improved the rate of boron extraction. However, this enhancement was
limited; further increases in feed pH caused the rapid formation of B[OH]*~, which exhibits
a lower ability to complex with TMPD, thus reducing the efficiency of boron extraction.
Moreover, it was observed that boron recovery increased with elevated concentrations of
TMPD and a higher O/ A ratio. An experiment examining the salting-out effect indicated
that the addition of magnesium chloride had two contrasting effects on boron extraction.
In summary, the research achieved a boric acid extraction efficiency of 97.12%, while the
stripping efficiency was noted at 88.98% [45].

On the other hand, according to Kose et al. [35], the use of ionic liquids (ILs) and
deep eutectic solvents (DESs) has emerged as a more sustainable alternative, offering
lower volatility and greater selectivity towards lithium. These compounds enable the
simultaneous extraction of boron and magnesium, and their structural tunability provides
versatility depending on the ionic profile of the brine. In addition, the incorporation of
organo-phosphorus extractants such as TBP (tributyl phosphate) enhances the stability
of the organic phase and allows for more efficient regeneration of the system [35]. The
TBP-alcohol combination has proven effective in the presence of high concentrations of Li*
and Na*. When the medium is alkaline, boron is present as B(OH), ~ and can be extracted
by forming ion pairs with tertiary amines or basic ionic liquids, following reaction (6):

B(OH); + RsNH* = [R3NH] [B(OH),] (6)

This mechanism has been exploited in multistage extractions, significantly increasing
efficiency compared with a single-step process [46].

Other studies have highlighted the usefulness of three-phase systems (TLPE), which
incorporate an intermediate phase to enhance the selective separation of lithium, magne-
sium, and boron [47]. This configuration has shown efficiencies of up to 90%, with minimal
lithium loss and easy solvent regeneration [27]. The subsequent recovery of boron from the
organic phase has been optimized using aqueous streams or thermal regeneration, enabling
a cyclic process without significant deterioration of the extractant [24,47].

Following solvent extraction, the loaded organic phase is subjected to a stripping stage
to selectively recover boron and regenerate the extractant for subsequent reuse. Depending
on the extraction system, boron can be back-extracted using water, dilute NaOH, or dilute
mineral acids, which break the boron—extractant complex and transfer boron back into
an aqueous phase. For example, Fan et al. [42] reported a 99.6% boric acid stripping
efficiency using water at an O/A ratio of 1.5, whereas Almustafa et al. [48] achieved
stripping efficiencies close to 100% using 0.1 M NaOH for hydrophobic deep eutectic
solvents. Similarly, Peng et al. [45] reported a boron stripping efficiency of 88.98% following
an extraction efficiency of 97.12% using 2,2,4-trimethyl-1,3-pentanediol. In systems where
lithium is co-extracted, selective stripping conditions or washing stages are applied to
preferentially recover boron while minimizing lithium losses, after which the regenerated
organic phase is recycled to the extraction circuit [42,45,48].

Parraguez et al. [22] offer a thorough method for designing, modeling, and optimizing
a dual-solvent extraction system aimed at selectively extracting magnesium and boron from
lithium-rich brines while reducing lithium co-extraction. The system utilizes a com-bination
of two extractants to extract boron and magnesium simultaneously. The magnesium
extractant is created through the quaternization reaction between triethylamine and 1-
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bromobutane. The boron extractant is produced by reacting N-methyl-D-glucamine with
1-bromononane. This allows for a clear definition of operating conditions that achieve high
extraction efficiencies, 89% for magnesium and 100% for boron, while keeping lithium
losses at 13% [22].

On the other hand, Almustafa et al. [48] developed new hydrophobic deep eutectic
solvents (DESs) as extractants of boron from aqueous medium. The DESs were prepared
by mixing menthol or thymol with 1-decanol or 2-methyl-2,4-pentanediol. It was found
that the DES prepared with the monohydric alcohol (1-decanol) had negligible extraction
efficiency for boric acid. Conversely, the DES prepared with 2-methyl-2,4-pentanediol
showed extraction efficiencies of 90% and 83.2% for the mixtures with thymol and men-
thol, respectively. The stripping process was straightforward in both instances, achieving
efficiencies close to 100% using a 0.1 M NaOH solution [48].

Liquid-liquid extraction is a well-established technology in the hydrometallurgical
industry for the separation and purification of metals. However, its specific applica-
tion for the selective removal of boron from lithium-rich brines remains largely at the
laboratory and pilot scales, with limited publicly available information regarding its in-
dustrial implementation due to the proprietary nature of commercial lithium production
processes. Future industrial deployment will depend on improving extractant stability,
minimizing solvent losses, and demonstrating long-term performance under continuous
operating conditions.

2.4. Electrochemical Methods

Electrochemical methods have emerged as versatile strategies for boron removal in
complex saline systems, particularly in lithium-rich brines. Their appeal lies in the ability
to operate without chemical additives, under mild conditions, and with high selectivity.
One of the most studied approaches is electrocoagulation, in which the in situ generation
of metallic species such as AI(OH); promotes boron adsorption through complexation and
ion-exchange mechanisms [49].

The electrochemically generated amorphous AI(OH); flocs possess a high specific
surface area and abundant hydroxyl groups, which promote boron removal through ad-
sorption and the surface complexation of boric acid and borate species rather than through
a direct precipitation reaction. Previous studies have shown that this surface complex-
ation mechanism is responsible for the high boron removal efficiency observed during
electrocoagulation processes, as shown in Equations (7) and (8) [49,50]:

Al(gy = APY 4 3¢” (7)

AP +3H,0 — Al(OH)3(5) +3H™ (8)

Another promising technique is electrosorption or capacitive deionization, which
makes use of functionalized materials with a high affinity for boron. Recent studies
have shown that activated carbons doped with amine or alcohol groups achieve effec-
tive boron removal in the presence of lithium, without compromising the integrity of
the electrolyte [51]. In addition, selectivity can be enhanced by adjusting the operating
potential, promoting the migration of borate species over competing cations such as Na* or
Mg?* [51]. The general electrochemical process for boron removal from lithium-rich brines
is schematically illustrated in Figure 4.

Redox-mediated separation represents another innovative approach, in which redox
pairs are used as mediators to facilitate the reversible conversion of boron into electroactive
forms. This technology has proven useful in high-salinity systems and has been pro-posed
as an intermediate stage prior to lithium concentration. The use of bipolar membranes
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and electrodialysers with selective compartments has also been explored to enable the

simultaneous separation of boron and lithium [52,53].

o)

2. Electrochemical Reactor P : I
1. pH Adjustment (Electrocoagulation) - Boron Adsorption A
(pH 6-8) + Aluminum anodes onto AI(OH); Flocs Separation
« Dissolution of Al (Precipitation / Coagulation) (Sedimentation /
A « Formation of AI(OH), Filtration)
: |
1
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AI(OH); Flocs Treated Brine Boron-Containing Sludge
(with adsorbed boron) (Purified, low B (AI(OH);-B)
concentration) (Disposal or
further treatment)
Treated Brine Boron Sludge
(Discharge or (Disposal or
further processing) recovery)

Figure 4. Schematic flow diagram of the electrochemical process for boron removal from lithium-
rich brines.

Regarding the recovery of boron in a reusable form, some studies have suggested
the use of H3BO3 washes after the electrochemical process to remove residues from direct
lithium extraction materials, indicating an interesting synergy between the two processes.
Finally, it has been documented that the level of boron doping in diamond-type electrodes
directly influences their anodic oxidation efficiency and, consequently, the stability of borate
species under extreme operating conditions [54]. This has implications for the selectivity of
the process and its resistance to organic interferences [55]. Taken together, electrochemical
methods represent adaptable and selective alternative approaches that could potentially be
integrated into other technologies, particularly in schemes for the simultaneous recovery of
boron and lithium [56-58].

Electrochemical technologies, particularly electrocoagulation, are commercially em-
ployed in water and wastewater treatment. Nevertheless, their application to lithium-rich
brines remains at an early stage of development, and additional pilot-scale studies are re-
quired to evaluate energy consumption, electrode durability, and overall process economics
under industrial conditions.

2.5. Membrane-Based Separation (Nanofiltration/Reverse Osmosis)

Nanofiltration (NF) and reverse osmosis (RO) constitute a well-established, pressure-
driven membrane technology, historically developed and extensively applied for boron
removal in seawater desalination. In this process, boron predominantly exists as neutral
boric acid (B(OH)3), whose small size and weak hydration make it markedly more dif-
ficult to reject than charged ionic species [59,60]. Because boric acid carries no charge
below its pKa of approximately 9.2, the two dominant rejection mechanisms in RO/NF
membranes—size exclusion and electrostatic repulsion—are largely ineffective under near-
neutral pH; rejection increases substantially once the operating pH exceeds 9, favoring
conversion to the negatively charged borate ion B(OH),~ [61].
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Molecular-level studies indicate that boron rejection is governed less by simple pore
size exclusion than by the competitive adsorption between water and boric acid within the
membrane’s nanopores; membranes engineered to preferentially adsorb water create an ef-
fective barrier that impedes boric acid permeation without excessively compromising water
flux [60]. Building on this principle, recent membrane designs have achieved considerable
improvements in boron rejection while maintaining commercially relevant permeability:
functionalization of the polyamide active layer with hydrophilic, water-affinic groups
has reached boron rejections above 90% under simulated seawater conditions [59], while
nanocomposite membranes incorporating carbon-based fillers have achieved 74%—-85%
rejection, even under low-pressure operation, conditions more representative of brackish
or brine-type feedwaters [62].

A large-scale meta-analysis compiling 77 published studies and 534 experimental data
points identified membrane type, feed pH, and NaCl rejection as the strongest predictors
of boron rejection performance, while membrane surface properties (roughness, contact
angle, and surface charge) showed a comparatively minor influence [61].

Beyond direct rejection, NF/RO has also been integrated into hybrid separation
schemes. Ion-exchange pretreatment followed by electrodialysis has been used to separate
boron from and further concentrate it in seawater RO brines [10,63], while hybrid RO
configurations combined with ion-exchange or electrodeionization stages have reported
boron removal efficiencies exceeding 90% for geothermal and saline waters [64]. In the
specific context of lithium-rich brines, nanofiltration has additionally been explored as a
pretreatment step to separate monovalent from divalent cations prior to lithium recovery,
illustrating that membrane technology—although historically developed for seawater
applications—is increasingly relevant to brine processing more broadly, even where boron-
specific rejection data remain limited [64].

Despite these advances, membrane-based boron removal in lithium-rich brine matri-
ces remains comparatively underexplored relative to seawater applications. To date, no
dedicated study has quantified boron rejection by NF/RO membranes under real lithium-
brine conditions (i.e., high total dissolved solids, elevated Mg?*/Ca?", and variable pH
characteristic of salar brines); the majority of available boron-rejection data originate from
seawater or synthetic solutions. Given the strong influence of feed salinity and ionic com-
position on NF/RO performance observed for other ions in lithium-brine matrices [16],
extending boron-specific rejection studies to real or simulated salar brine represents a clear
and relevant direction for future research.

3. Operational Parameters

Technologies for boron removal from lithium-rich brines have been developed using a
variety of approaches, each with specific advantages and relevant limitations. Among these,
adsorption, ion-exchange, liquid-liquid extraction (LLE), and electrochemical methods
stand out as the most extensively studied in the recent literature.

Adsorption has been widely reported as an effective method for boron removal, with
removal efficiencies exceeding 90% under optimal operating conditions, particularly when
using N-methyl-D-glucamine (NMDG)-functionalized resins, which exhibit strong affinity
for boron, even in the presence of high lithium and magnesium concentrations [65]. Adsorp-
tion capacities of up to 19.3 mg g~! have been reported under alkaline conditions [66,67].
The optimal operating conditions are typically within a pH range of 8-10, with contact
times of 60-120 min at ambient temperature (25-35 °C), allowing efficient regeneration
using NaOH or diluted saline solutions [68]. However, boron removal efficiency decreases
at near-neutral pH due to the predominance of H3BO3, which reduces the fraction of borate
available for capture [6].
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Ion exchange is another well-established technology. Efficiencies of 85%-95% have
been achieved using specific resins with NMDG functional groups [25]. Recent advances
with resins such as XSC-800 or Diaion derivatives have made it possible to reduce the
boron content to below 0.5 mg/L in desalinated waters [30]. Its selectivity can be optimized
through the design of the polymer matrix, and it offers sustainability advantages, as it
does not require hazardous reagents. The optimal conditions include a slightly alkaline
pH (7-9) and contact times of 30-60 min. Regeneration is carried out using concentrated
saline solutions or mild alkalis, maintaining its capacity for at least five cycles without
significant loss [31]. Its main limitation is the operational cost and rapid saturation in highly
complex matrices.

Liquid-liquid extraction (LLE) has reported efficiencies of up to 95%-99%, particu-
larly when using extractants such as 2-ethylhexanol, mixtures of alcohols, or low-eutectic
systems [46]. Its rapid kinetics and the possibility of simultaneously recovering lithium
and boron are notable advantages [69]. However, selectivity towards Li* and Mg?* can be
affected in multicomponent systems, and the use of organic solvents entails environmental
risks and reduced sustainability. Typical parameters include an acidic pH (5-6), temper-
atures of 40-60 °C, and contact times of 20-30 min, with regeneration depending on the
solvent, often achieved through phase inversion or thermal treatment.

Although most studies show that boron extraction is carried out at low pH, in the
case of brines that are naturally alkaline, these methods can be costly or inefficient. In
this regard, Zhang et al. [70] proposed a system and method for extracting and separating
boron from alkaline solutions, specifically from alkaline saline lake brine. Their extraction
system uses a mixture of dodecanol (monohydric alcohol), 2-octanol (dihydric alcohol),
and salicylic acid ester. Experimental results show that the dihydric alcohol outperforms
the monohydric alcohol in extraction efficiency. The concentration of 2-octanol is crucial
for optimizing boron extraction, while the salicylic acid ester increases the solubility of
the complex and improves fluidity. Under optimized conditions, a three-stage counter-
current extraction process can achieve over 95% boron extraction from brine at pH 9.5 and a
concentration of 0.02 mol/L, with minimal extraction of other ions, except for sodium. The
loaded organic phase can be stripped using a dilute acid solution, and, after pH adjustment
and evaporation concentration, it can be used to produce boric acid [70].

Finally, electrochemical methods represent emerging alternatives with a more en-
vironmentally sustainable profile, as they can operate without external chemical inputs.
Electrocoagulation has demonstrated efficiencies of 80%-95%, depending on the design and
conditions, through the formation of metallic hydroxides that capture boron species [44,50].
Redox-mediated separation and capacitive deionization (CDI) have shown potential for
integration with direct lithium extraction, promoting hybrid process schemes [49,53]. The
optimal parameters include a pH of 6-8, voltages of 10-20 V, currents of 0.1-1 A, and dura-
tions of 30-90 min, with regeneration possible through polarity reversal [52]. Its current
limitations lie in electrode cost, energy consumption, and material durability, although
it represents a promising path towards sustainable treatment schemes. Table 1 summa-
rizes the main mechanisms, advantages, and limitations of each technology, allowing a
comparative view of their strengths and weaknesses.
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Table 1. Synthetic comparison of advantages and limitations of boron removal technologies.

Examples and

Method Main Mechanism Advantages Limitations
References
Ion exchange or High selectivity; Limited capacity
Adsorption cqmplgxaﬂon on pos§1ble . (1040 mg/g); pH [36,66]
functionalized surfaces regeneration; simple dependence; anion
(NMDG resins, LDHs) operation interference
Very high selectivity;
Polymeric resins with continuous High resin cost;
Ion exchange NMDG or similar operation; applicable  alkaline regeneration; [18,24]
functional groups in DSW and rapid saturation
geothermal brines
Formation of Holgh efflc.lency . Use of toxic solvents;
L (>90%); applicable in . .
Liquid-liquid B-alcohol complexes ; Lo multiple separation
. salt-rich matrices; . [23,46]
extraction (e.g., 2-ethylhexanol) . stages; environmental
. adjustable .
or with TBP . impact
co-extraction
Electrocoagulation, Lower chen'nce‘ll High eneljgy.
electrodeionization consumption; consumption;
Electrochemical ; ! possibility of electrode fouling; [44,53]
redox-mediated . o .
) recovery; continuous limited material
separation, CDI . s
operation stability
Preferential water No chemical Poor re]ec’aon.near
. . ) neutral pH, since
adsorption vs. boric reagents; continuous boron remains
Membrane (NF/RO) acid; electrostatic operation; . [10,60,61,64]
.. . . predominantly as
rejection of borate combinable with neutral boric acid
above pH ~9 IX/ED

below its pKa (~9.2)

4. Economic Evaluation and Industrial Feasibility of Direct Boron
Removal Methods in Lithium-Rich Brines

The economic evaluation of direct boron removal processes from lithium-rich brines

constitutes an essential parameter for determining their industrial feasibility. The costs
associated with initial capital (CAPEX), operation (OPEX), waste management, and the
durability of active materials vary widely among technologies, reflecting both the complex-
ity of the equipment and the selectivity of the reagents employed. In general, adsorption-
and ion-exchange-based technologies exhibit the lowest investment costs, whereas electro-
chemical and liquid-liquid extraction methods fall within the higher CAPEX range due to
the requirement for specialized reactors and multi-phase separation systems [71,72].

In the case of adsorption, the average CAPEX reported for pilot plants ranges be-
tween 250 and 600 USD/m? of treatment capacity, depending on the adsorbent formu-
lation and system automation level [73]. Materials based on N-methyl-D-glucamine or
epoxy-functionalized resins show a service life exceeding 50 regeneration cycles, reducing
replacement frequency and, consequently, the operational cost [29]. The OPEX lies be-tween
0.25 and 0.45 USD/m?, mainly associated with the consumption of alkaline and acidic
reagents during regeneration [32]. This technological category stands out for its low energy
consumption (below 0.5 kWh/m?) and relatively simple waste management, as it does not
require organic solvents [74].

Ion exchange presents an intermediate economic behavior. Although the initial CAPEX
can exceed 800 USD/m? due to the need for pressurized columns and continuous regenera-
tion systems, the possibility of semicontinuous operation allows the OPEX to be reduced
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to 0.35-0.60 USD/m?, with costs dominated by acidic or saline regenerants [75,76]. The
durability of commercial resins, such as amine-modified Amberlite or Dowex, reaches
80-120 cycles before exhibiting a significant loss of exchange capacity [77]. Their main
drawback lies in the generation of salt-rich residual solutions, whose treatment increases the
total cost up to 0.75 USD/m?, particularly in closed systems with a high ionic strength [22].

In contrast, liquid-liquid extraction processes, while effective in terms of selectivity,
exhibit considerably higher CAPEX values—around 1500-2000 USD/m3—due to the com-
plexity of the equipment and the need for solvent-resistant materials [74]. Their OPEX,
between 0.9 and 1.5 USD/m?3, is dominated by the consumption of extractants (TBP, DIBK,
and hydroxy-functional alcohols), as well as by the costs of recovery and disposal of resid-
ual phases [43]. Despite these costs, some studies report boron recovery factors above 90%,
which, in high-value industrial contexts, can partially offset the investment [77].

Electrochemical methods, including electrode ionization and redox-mediated extrac-
tion, currently present the highest investment requirements, with an estimated CAPEX
between 2000 and 3000 USD/m?3, due to the need for selective electrodes, ion-exchange
membranes, and electrical control systems [78,79]. Their OPEX is high, ranging from
1.2 to 2.4 USD/m?3, mainly due to energy consumption (3—-6 kWh/m?) and the periodic
replacement of membranes and electrodes [80].

Waste treatment costs vary significantly among methods. Adsorption primarily gener-
ates neutralizable alkaline sludges, with a disposal cost below 0.1 USD/m?3, while liquid-
liquid extraction systems can produce organic residues equivalent to 0.5-0.8 USD/m?3 of the
treated volume [72]. Electrochemical processes produce a concentrated saline stream, gener-
ally reusable in subsequent stages, reducing their effective disposal cost to 0.2 USD/m? [71].

From the perspective of durability, adsorbent materials and ion-exchange resins are
the most stable, with degradation below 10% after 100 use cycles, whereas electrodes and
membranes in electrochemical methods must be replaced every 6-12 months, representing
about 20% of the annual operating cost [81]. In industrial facilities such as the Salar de
Atacama, maintenance and equipment replacement costs can reach 8%-12% of the annual
OPEX, defining a relevant comparison threshold with more recent hybrid systems.

Overall, the cost—efficiency relationship suggests that adsorption and ion-exchange
processes are currently the most competitive for boron removal in high-concentration
brines, with total costs in the range of 0.6-0.9 USD/ m3, compared with 1.5-3.0 USD/ m?3 for
electrochemical systems and 2.0-2.5 USD/m? for liquid-liquid extraction. The optimal tech-
nological selection depends on the balance between the required purity, energy availability,
and operating conditions, with geothermal or high-temperature brines offering greater
potential for energy integration and OPEX reduction [82,83]. A comparative summary of
the main economic parameters is presented in Table 2.

Table 2. Comparison of CAPEX, OPEX, waste disposal, and durability costs for direct boron removal
methods in lithium-rich brines.

Method CAPEX OPEX Waste Treatment Durability Estimated Total References
(USD/m?) (USD/m3) Cost (USD/m?) (Cycles) Cost (USD/m®)

Adsorption 350-500 * 0.25-0.45* 0.05-0.15* 5-10* 0.6-0.9 [29,73,84]
Ion exchange 700-900 * 0.40-0.60 * 0.50-1.00 * 10-100 * 0.8-1.2 [22,75,76,84]
Liquid-liquid 55, 590 « 1.00-1.40 * 0.40-0.80 * 5-30 * 20-25 [47,71]

extraction
Electrochemical 2200-2800 * 1.50-2.10 * 0.10-0.30 * 5-20* 1.5-3.0 [78,79,81,83]

* Values are reported as ranges to reflect the variability among the cited studies due to differences in process scale,
operating conditions, and economic assumptions.
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The CAPEX and OPEX values summarized in Table 2 were compiled from studies
conducted under heterogeneous operating conditions, feedstocks, and geographic contexts,
and they are presented here for comparative orientation rather than as directly interchange-
able figures. Dedicated techno-economic analyses of brine and produced-water treatment
confirm that capital and operating costs are highly sensitive to local factors not captured
by a single tabulated value. A pilot-scale techno-economic study of reverse osmosis treat-
ment of California produced water—a matrix in which boron is explicitly identified as
a design-relevant contaminant—reported itemized OPEX contributions from chemicals,
power, waste management, spare parts, and labor that varied independently across pro-
cess configurations, with labor and power costs governed by local wage and electricity
rates rather than by the treatment technology itself [85]. Similarly, a cost-benefit frame-
work for mineral and salt recovery from brine (including boron) explicitly incorporates
local electricity prices, reagent dosing and pricing, and labor and maintenance costs as
independent inputs to CAPEX and OPEX, noting that these values must be benchmarked
against site-specific desalination and chemical plant data rather than treated as univer-
sal constants [72]. Consistent with this, a techno-economic optimization framework for
lithium- and boron-containing produced water propagates CAPEX and OPEX intensities as
probability distributions rather than fixed values, explicitly capturing uncertainty arising
from technology choice, energy and chemical consumption, and site-specific installation
context [72].

Taken together, this literature indicates that pretreatment requirements and operating
costs cannot be assumed constant across brines of different origin and that the values in
Table 2 should be interpreted as indicative ranges rather than site-independent benchmarks.
A rigorous techno-economic comparison across boron removal technologies would require
harmonized cost models that explicitly account for brine-specific pretreatment needs, local
utility and labor prices, and reagent costs—an analysis that, to the best of our knowledge,
has not yet been performed across the full set of technologies reviewed in this work and
represents a relevant direction for future research.

5. Conclusions

A comparative review of boron removal technologies in lithium-rich brines shows
that adsorption and ion exchange are the most established and selective methods, offering
high reusability and industrial applicability, although limited by loading capacity and
the cost of specialized resins. Liquid-liquid extraction achieves efficiencies above 95%
under controlled conditions, but its environmental risks and solvent handling costs restrict
its scalability. Meanwhile, electrochemical methods stand out for their reduced chemical
consumption and potential integration with direct lithium extraction schemes, although
they still face challenges related to energy consumption and material durability. Across
all approaches, adaptability to the specific chemical conditions of each brine is critical, as
these determine the achievable efficiency and selectivity.

Therefore, the selection of the most appropriate boron removal technology should
consider not only boron removal efficiency but also the boron concentration, Mg/Li ratio,
presence of competing ions, regeneration capability, operational complexity, and require-
ments of downstream lithium recovery processes. Consequently, no single technology
can be considered universally optimal, and the most suitable approach should be selected
according to the specific characteristics of the brine and the desired process objectives.
Likewise, there is a growing trend towards hybrid processes that combine the robust-
ness of established techniques with the innovation of emerging methods to sustainably
achieve battery-grade purity levels (<5 ppm B). Future research should therefore pri-
oritize the development of more selective and environmentally sustainable materials,
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hybrid treatment processes, long-term regeneration studies, pilot-scale validation, techno-
economic assessments, life-cycle analyses, and industrial implementation. In summary,
the balanced integration of efficiency, selectivity, sustainability, and industrial scalability
represents the most promising pathway to overcoming the boron-related challenges in
lithium-rich brines. In this way, the objective outlined in the Introduction is achieved, pro-
viding a critical perspective that connects scientific principles, technological maturity, and
industrial feasibility.
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