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The escalating global demand for lithium, driven by its crucial role in energy storage systems and the tran-
sition to renewable energy, necessitates sustainable extraction methods from innovative sources such as
geothermal brines, salt lakes and recycled batteries. Geothermal brine offers a dual advantage as a source
of clean energy and lithium, with higher lithium concentrations (0.01-0.48 g L™!) compared to seawater
(0.18 mg L™) and levels comparable to salt lakes (0.04-3 g L™). Additionally, it features a much lower Mg/
Li ratio (~35.33) compared to seawater (~7588), though still higher than that of salt lakes (~6.4). Despite
these advantages, lithium recovery from geothermal brines is challenging due to low lithium concen-
trations and the presence of competing ions. Herein, we introduce a novel approach that integrates
Membrane Distillation (MD) and Selective Electrodialysis (S-ED) for efficient lithium extraction and water
recovery from geothermal brines. The focus is on optimizing performance at both stages: The MD
process was optimized to reduce brine volume and specific thermal energy consumption, while the ED
process was focused on minimizing voltage and specific energy consumption at the optimal concen-
tration. The hybrid system demonstrates strong potential for energy-efficient lithium recovery. At MD
stage, geothermal water was concentrated at different volume reduction factors (VRFs) of 15.1, 28.1 and
43.11, resulting in feed concentrations of 1 M, 2 M, and 3 M, respectively, for the subsequent ED stage.
Operating the MD process with geothermal water at its natural temperature of 40 °C rendered it energy-
neutral, leading to specific thermal energy savings of up to 1980.5 kW h m™>. At S-ED stage, higher feed
concentrations improved lithium selectivity but increased specific energy consumption. The optimal per-
formance was observed at a feed concentration of 2 M (corresponding MD-VRF of 28.1) and an applied
voltage of 2 V, achieving a specific energy consumption of 0.04 kW h per gram of Li* and a current
efficiency of 4.1%. Overall, the integrated MD-S-ED approach demonstrates strong potential for energy-
efficient lithium recovery, paving the way for innovative research and offering key insights for sustainable
lithium extraction methods that support the principle of Circular Blue Economy and Green Process
Intensification.

1. We present a pioneering integration of Membrane Distillation and Selective Electrodialysis for lithium recovery from geothermal brine, offering not only
an energy-efficient and highly selective system but also one with significantly lower water footprints compared to conventional methods.
2. The integrated system’s synergistic approach aligns with Green Process Intensification, enhancing water, energy, and resource recovery to drive the circular

blue economy, while harnessing geothermal brines as both a clean energy source and a valuable lithium reservoir.
3. At the Membrane Distillation stage, membranes capable of operating at high brine concentrations with reduced concentration polarization and fouling
(scaling) are essential, while the Selective Electrodialysis stage requires high-performing lithium-selective membranes.
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1. Introduction

Lithium plays a crucial role in the advancement of the modern
economy and high-tech industries, as well as for creating
energy storage systems due its notable low density (0.534 g
cm ) and high electrochemical standard potential (3.04 V)." It
is recognized as being a strategic national resource widely
used in lithium batteries, the ceramic industry, glass manufac-
turing, lubricants, and atomic thermonuclear fusion.>” As
global industrial development accelerates, the demand for
lithium is sharply rising, driven by its importance in transi-
tioning to cleaner energy sources.’ Lithium can be sourced
from three primary types of deposits: brines located in saline
subsurface waters, clays altered by hydrothermal processes,
and pegmatites, which are a form of crystalline igneous
rock.””® The majority of the world’s lithium is found in the
region known as the “lithium triangle”, which encompasses
salt lake areas in Chile, Argentina, and Bolivia, which holds
over 50% of the global lithium resources and 60% of the
reserves.'’ The increasing demand for critical raw materials
utilized in emerging technologies and renewable energy
systems poses significant challenges, particularly as many con-
temporary extraction processes are environmentally detrimen-
tal and deplete resources. Consequently, it is imperative to
explore more sustainable mining resources such as geothermal
brines and seawater, which can supply critical raw materials
with reduced ecological impact.'* These alternative sources
not only help mitigate the environmental footprint of mining
but also align with the principles of a circular economy and
sustainability.’>™** Lithium mining resources are currently the
most abundant sources, but water resources have emerged as a
promising alternative reservoir.">7 Some of these water
resources containing lithium ions that can be potentially
extracted include seawater, geothermal brines, oilfield brines,
and groundwater. Geothermal brines not only contain substan-
tial lithium reserves but also offer geothermal energy that can
be harnessed concurrently.'82°

Geothermal brines, originating from within the earth, are
saline solutions enriched with minerals due to their inter-
action with rocks. They hold significant promise as a dual
source of clean energy and lithium.*"**> Geothermal waters
and oilfield brines are increasingly recognized as alternative
sources of lithium, given their wide distribution and accessi-
bility in various countries.>® These sources provide essential
local resources and support the business models of geother-
mal-energy projects through a zero-carbon emission targets.
Lately, there has been a significant focus on the potential for
utilizing non-traditional brines, such as deep groundwater
brines and geothermal fluids.>*>°

Recent developments in lithium recovery from geothermal
brines highlight significant potential for further exploration.
Sanjuan et al. found six lithium-rich geothermal sites located
in Europe (Italy, Germany, France, and the United Kingdom)
with Li" amounts varying from 125 to 480 mg L™".*” In 2021,
the EuGeLi (European Geothermal Lithium Brine) project pro-
duced the first kilograms of battery-grade lithium carbonate

4206 | Green Chem., 2025, 27, 4205-4221

View Article Online

Green Chemistry

from geothermal waters in Alsace, located on the French-
German border. Encouraged by the success of this project
Eramet and Electricité de Strasbourg signed a memorandum
of understanding to develop lithium production from geother-
mal brines in Rittershoffen (France), targeting 10 000 tons per
year by 2030. Similarly, Vulcan Energy Resources released
promising feasibility study results for lithium extraction in the
Upper Rhine Valley.”® Additionally, a study by Siekierka et al.
utilized geothermal brine to extract lithium through the
hybrid capacitive deionization method, resulting in lithium
with a 73% concentration.>® Several laboratory investigations
validate the suitability of different techniques to extract
lithium from geothermal brines and positive pilot results
foster full commercialization.?~*?

Despite the potential of geothermal brines, lithium recovery
remains challenging due to the relatively low concentration of
Li" and the presence of competing ions such as
magnesium.”*?® In this context, MD and its advanced vari-
ations provide promising approaches for brine dehydration,
concentration, and Li recovery.*® Additionally, the S-ED
process effectively mitigates the interfering effects of Mg>",
enhancing the efficiency of Li" recovery. In MD, water mole-
cules evaporate from the heated aqueous feed solution (typi-
cally saline water), diffuse through a microporous hydrophobic
membrane driven by a temperature-induced partial pressure
gradient, and condense on the cooler permeate side, produ-
cing purified water.>> MD’s insensitivity to osmotic pressure
permits sustained water recovery from saline solutions until
supersaturation occurs, a stage termed Membrane
Crystallization (MCr), where the crystallization of dissolved
salts can be finely controlled.**® In a novel fractionation
method incorporating MCr, aimed at concentrating and pur-
ifying lithium brine, a water recovery of up to 95% was
achieved while enriching lithium brines and purification.*”
MD in its photothermal variant, called Photothermal mem-
brane distillation (PhMD), offers the advantage of enhanced
distillation efficiency and minimizing the reliance on exter-
nal energy sources for brine concentration and water recov-
ery. This is achieved by integrating sunlight-absorbing
materials that generate localized heat on the membrane
surface.”” A. H. Avci et al. showcased the effectiveness of
photothermal membranes in Sweep Gas Membrane
Distillation (SGMD) for concentrating synthetic seawater
from 0.5 M NaCl to 4 M NaCl, producing hypersaline
brine.*' The use of photothermal membranes incorporating
semiconductor photothermal flakes of WS2 in microporous
hydrophobic membranes was also reported to increase the
evaporation rates by up to 94% enabling the efficient extrac-
tion of lithium salts from concentrated brine.*? Overall, MD/
MCr or PhMD has proven to be a promising technology for
efficient water recovery and lithium enrichment from various
aqueous resources, including salt lake brines, offering an
effective solution for the lithium dehydration and concen-
tration step in lithium recovery processes.

S-ED is an emerging membrane-based process to separate
lithium ions (Li*) from magnesium ions (Mg”*), a critical step
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in lithium enrichment from brine lakes.** In S-ED, mono-
valent-selective cation- and anion-exchange membranes are
arranged alternately between electrodes, channeling Li' into
the concentrate stream while limiting Mg>" passage. S-ED has
been shown to efficiently lower the Mg/Li ratio to 2.07 and
achieve lithium recovery rates above 90.5%, confirming its
effectiveness for extracting lithium from salt lake brines with
high Mg/Li ratios.**** In a multi-stage S-ED process designed
to treat simulated penetration water from a one-stage NF
process, high-performance M-GA/PEI membranes at the S-ED
stage successfully produced Li*-rich solutions with high con-
centrations (8.33 g L") and purity exceeding 96.4%.*°
Similarly, the S-ED process with M-Glu@PIP/PEI membranes
was applied to treat simulated salt-lake brines (SLBs), demon-
strating superior Li*/Mg** separation performance and oper-
ational stability, achieving a Li* purity of 34.02%.*” The
primary advantage of S-ED in lithium recovery lies in the use
of specialized monovalent selective membranes, which enable
the efficient processing of complex lithium brine compositions
while minimizing interference from competing ions, such as
Mg>".

Combining the unique benefits of MD and S-ED for lithium
recovery offers a synergistic approach in line with Process
Intensification principles. This integration overcomes the chal-
lenges of standalone processes, providing a robust solution for
promoting the circular Blue Economy and Green Process
Intensification through optimized recovery of water, energy,
and resources.”®*>° The implementation of the hybrid system
enhances lithium extraction by concentrating the geothermal
water, which simultaneously increases the lithium concen-
tration and reduces the Mg/Li ratio. Moreover, using geother-
mal water in MD offers a sustainable solution for lithium
extraction, leveraging the naturally elevated temperatures of
40 °C from geothermal sources to effectively reduce reliance
on external heating, which cuts energy consumption and oper-
ational expenses. This innovative system enhances lithium
recovery efficiency and promotes sustainability by utilizing
renewable geothermal energy, while reducing water footprints
associated with conventional evaporative technologies. Herein,
we propose an innovative integrated MD-S-ED system for
lithium extraction, particularly in enhancing the selectivity of
magnesium-lithium (Mg/Li) separation, a critical challenge in
lithium recovery from geothermal brines. We investigated the
impact of feed concentration controlled by the volume
reduction factor (VRF) in MD and voltage in S-ED on the
efficiency of lithium recovery in the integrated MD-S-ED
system. By optimizing these parameters, our objective is to
enhance lithium selectivity and energy efficiency, achieving a
more sustainable and effective process for simultaneous
lithium extraction and water recovery from geothermal
sources. To the best of our knowledge, this initiative represents
the pioneering integration of MD and S-ED for lithium extrac-
tion from geothermal water, with the anticipation that our
findings will contribute substantial insights and practical gui-
dance for the future implementation of this combined
technology.

This journal is © The Royal Society of Chemistry 2025
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2. Experimental

2.1. Materials and methods

2.1.1. Artificial solution. The feed stream consisted of a
synthetic solution with initial composition based on real
sample of geothermal water collected from Terme Luigiane in
Guardia Piemontese (Italy) with natural temperature of
40 °C,* and treated with NaHCO; to remove Ca>* ions by reac-
tive precipitation. The synthetic solution was prepared dissol-
ving lithium chloride (LiCl), sodium sulfate (Na,SO,), potass-
ium chloride (KCl), magnesium sulfate heptahydrate
(MgS0,-7H,0), sodium bicarbonate (NaHCO;) and sodium
chloride (NaCl) in analytical grade (all purchased from Sigma-
Aldrich SrL, Italy) in deionized water (5.5 pS m™") produced by
PURELAB (Elga LabWater, UK) with the composition shown in
Table 1.

2.1.2. Membrane distillation setup. MD tests were carried
out in Direct Contact MD (DCMD) configuration using a Shell-
and-Tube membrane module consisting of microporous poly-
propylene capillary membranes (Accurel PP S6/2), having pore
size of 0.2 um, porosity of 0.45, thickness of 50 um, and a total
membrane area of 0.1 m?> Both feed (artificial geothermal
water, tube side) and distillate (pure water, shell side) streams
were continuously recirculated in counter-current mode by two
Masterflex L/S digital peristaltic pumps (Cole-Parmer, US) at
flowrate of 70 L h™. The feed temperature at the module inlet
was maintained at 40 °C, simulating geothermal water con-
ditions, using a CORIO CD heating immersion circulator
(JULABO GmbH, Germany). The inlet temperature of the distil-
late was kept at 20 °C using a Digital Plus RTE201 thermostatic
bath (Neslab, US). Temperature and pressure at the inlet and
outlet of the shell and tube compartments were monitored
using SPER SCIENTIFIC 800012 Pt multi-channel thermo-
couples with K-type probes (+0.1 °C resolution) and RF-D201
pressure  gauges (DUNGS®, Germany), respectively.
Transmembrane flux was calculated by measuring weight vari-
ations over time (0.1 g resolution) using a REFLEX HP 8200
balance connected to the distillate tank.

2.1.3. Selective electrodialysis setup. S-ED tests were
carried out in Micro ED stack provided by PCCell GmbH
(Germany), containing monovalent cation exchange mem-
branes (PC-MVK) and monovalent anion exchange membranes
(PC-MVA) with an effective membrane area of 0.0006 m> and 5
cell pairs. Silicon/polypropylene spacers with thickness

Table 1 lonic composition of initial geothermal water

Concentration (mg L™)
Initial solution

Ions 0.07 M

Li" 0.15 x 10"
K 7.30 x 10"
Mg** 5.30 x 10"
Na' 1.99 x 10°
cl- 1.95 x 10°
50,2~ 1.56 x 10°

Green Chem., 2025, 27, 4205-4221 | 4207
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Table 2 Characteristics of ion exchange membranes used in the ED setup
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Ion exchange Chemical Functional Max.
Membrane type Thickness (um) capacity (mequiv per g) stability (pH) group Resistance temperature (°C)
PC-MVK 100-120 Ca.l 0-10 Sulfonic acid Ca. 6 45
PC-MVA 100-110 Ca.l 0-9 Ammonium Ca.5 60

0.45 mm, and electrodes made of inert Titanium with Pt/Ir
coating as well as stainless steel were employed. The character-
istics of the membranes used are presented in Table 2. A 0.5 M
NaCl solution, mimicking seawater was used as a draw solu-
tion. The electrolyte solution was composed of 0.5 M Na,SO,.
The feed, draw and electrolyte solutions were circulated
through the stack compartments using Masterflex L/S digital
peristaltic pumps (Cole-Palmer, US) at constant flow rates of 5
L h™. The temperature of the solutions was set by Digital plus
RTE201 thermostatic baths (Neslab, US) and monitored by
SPER SCIENTIFIC 800012Pt multi-channel thermocouples.
The voltage-current characteristic of the ED was tested using
an Autolab (Metrohm, US) in a galvanostatic mode by applying
voltage in the range of 0 Vto 5 V.

2.1.4. Hybrid membrane distillation-selective electrodialy-
sis system. The conceptual scheme of the hybrid MD-S-ED is
schematically depicted in Fig. 1. This integrated setup com-
bines DCMD with S-ED to efficiently concentrate and recover
valuable elements from synthetic geothermal waters. In the
initial stage, DCMD was used to systematically concentrate the
geothermal water by achieving several volume reduction
factors, each corresponding to a total molar concentration.
Three different brine solutions with concentrations of 1 M, 2
M and 3 M, obtained after the MD treatment of synthetic
geothermal water samples, were used as the feed solution for
the MicroED system. During S-ED tests, a DC voltage (from 1

Distillate

to 4 V) was applied by RS PRO digital bench power supply (RS
pro, UK). Samples from draw solution (100 mL) were taken
every 30 min over a total run of 3 hours. This hybrid system
was designed to operate in a continuous mode, ensuring a
steady flow of concentrated brine from the DCMD stage
directly into the S-ED stage. To evaluate long-term stability, the
S-ED test was conducted for a 24 hour period under optimal
conditions.

2.1.5. Atomic absorption spectroscopy analysis. Major ions
(ie. LI', Mg*>", K" and Na") in the liquid samples were quanti-
fied by using a ContrAA 700 high-resolution continuum source
atomic absorption spectrometer (HR-CS AAS) (Analytics Jena
AG, Jena, Germany) with a high-intensity Xe short-arc lamp as
continuum source, calibrated with ICP multi-element IV stan-
dard solution from Merck. Method parameters (i.e. fuel flow
and burner height) were obtained by the flame automatic
optimization procedure for the determination of the ions. The
absorbance measurements were performed using the
670.78 nm, 285.21 nm, 766.49 nm and 589.00 nm spectral
lines for the determination of LI", Mg?*, K" and Na", respect-
ively. The reproducibility of the determination of LI", Mg*", K*
and Na’, concentration was within +5% range. Liquid samples
were withdrawn and properly diluted with Milli-Q water (con-
ductivity <0.055 puS cm™) to the calibration range of atomic
absorption, ie., (0-3.5 mg L™" for Mg), 0-0.5 mg L™ for Li, K
and Na and acidified with 1% v/v HNOj;. Since the precipi-
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Fig. 1 Schematic representation of the conceptual lab-scale integration of DCMD and S-ED for simultaneous water and Li recovery from geother-

mal brine.
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tation tests were performed under agitation, the stirring was
stopped for 10 min before sampling to avoid the possible with-
drawal of suspended precipitate in the liquid sample.

2.1.6. Data analysis. In this study, the main focus was on
investigation of the impact of operating parameters such as
voltage and concentration on the recovery of lithium ions in
the product compartment, while limiting the migration of
magnesium ions (Mg>") from the feed. To assess the S-ED sep-
aration effectiveness, the recovery rate of Li* (Ry;) and the leak
rate of Mg>" (Lwmg) were key metrics, which were quantified
through the following eqn (1) and (2):

A[CLiC X VC]
Ry =———— x100% 1
H Cripi X Vpi ( )
AlC XV
LMg:M % 100% (2)
Cwmgpi X Vpi

where R (Li") is the recovery rate of Li*, L (Mg>") is the leak rate
of Mg>", C; is the concentration of the /™ ion in the concen-
trate stream, V., is the volume of the concentrate solution, C; p;
is the initial concentration of the /" ion in the feed solution,
and Vp; is the initial volume of the feed solution. The selecti-
vity of for lithium over magnesium ions was gauged using a
metric known as Separation factor/selectivity (Syjmg). This
metric is calculated as the ratio of the transported lithium to
magnesium ions, normalized by their respective initial mass
ratios in the feed solution. The Mg/Li ratio (Xygi) was esti-
mated from the ratio of the concentration of Magnesium to
lithium ions in the concentrate stream as:

g )
CLi, c

XMg/Li =

Additionally, this selectivity index is derived by taking the
ratio of the lithium ion recovery rate (Ry;) to the magnesium
ion leak rate Ly, used by Ball et al.>? and is mathematically
analogous to the “separation factor” in the context of
nanofiltration.>>** It was calculated as:

{A[CLi,c X Vc] }

Sui/nag = A[CMg‘C X Vel _ Ry;
Ci,pi Lwig
{CMg,Di}

(4)

The flux of ions in the concentrate compartment (J;) was
calculated as:

_ ACi,C X Ve

Ji= A X At (5)

where A is the active membrane area. The current efficiency (1)
is characterized as the proportion of the electrical charge that
facilitates the movement of Li" ions compared to the total elec-
trical charge delivered. This parameter was determined using
the formula outlined in eqn (6):

(ng—mno) X ZXF

- X 100% (6)
N [y I(t)de

1 (%) =

This journal is © The Royal Society of Chemistry 2025
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where n, is the number of moles of Li" in the concentrating
compartment at time ¢, 1, is the initial moles of Li" in the con-
centrating compartment, Z is the valence of Li', F is the
Faraday constant (96 485 C mol™"), N is the number of mem-
brane pairs in the S-ED stack; and I and ¢ refer to the current
and the operating time, respectively. The specific energy con-
sumption (Esgc) quantifies the electrical energy required to
recover one mole of lithium and serves as an essential factor
for economic consideration. It was calculated using as follows:

U [y 1(t)dt
Ny

Esgc = )
where U is the applied voltage, and n, is the molar quantity of
lithium ions that have increased in the concentrating compart-
ment at the respective time ¢. The specific thermal energy con-
sumption of the MD module (STECyp), measured in kW h
m™~3, was determined by dividing the thermal energy supplied
to the system by the distillate volume produced as follows:

STECMD:Qi (8)
mq
where mq is the distillate flow rate in m® h™, and Q¢ is MD
module thermal input in kW calculated by the following
thermodynamic equation:

Qf = mg X Cp X (Ttin — Tt out) (9)

where m is the feed flow rate in kg h™, Cj, is the specific heat
of the feed solution at constant pressure in kj kg~ ".K, Tt;, and
Ttoue are the module feed inlet and outlet temperatures in K,
respectively.

3. Results and discussion

3.1. Membrane distillation tests

Fig. 2 illustrates the variations of the transmembrane flux and
geothermal brine concentration with concentration factor in
DCMD experiments. The results demonstrate a clear corre-
lation between transmembrane flux and the increasing con-
centration of geothermal water. The initial transmembrane
flux in treating the geothermal brine (0.07 M) was 1.5 kg m™2
h™*. At a concentration of 1 M, the transmembrane flux
resulted of 1.2 kg m~> h™", which suggests that lower feed con-
centrations typically result in higher flux rates due to the
increased vapor pressure difference across the membrane.>® In
fact, higher solute concentrations lead to lower water vapor
pressure, as described by Raoult’s Law, which states that vapor
pressure is proportional to the mole fraction of the solvent,
with the activity coefficient also playing a role.>® Accordingly,
as the concentration increased to 2 M and then to 3 M, the
transmembrane flux further decreased to 1.1 kg m~> h™'and
1.0 kg m™> h™", respectively. This pronounced reduction in
flux can also be attributed to the concentration polarization
effect, which occurs when solute accumulation at the feed
boundary layer reduces the effective vapor pressure, particu-
larly at very high concentrations.”” Despite this, the DCMD

Green Chem., 2025, 27, 4205-4221 | 4209
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Fig.2 DCMD treatment of geothermal water: the variation of trans-
membrane flux versus and brine (feed) concentration vs concentration
factor.

process demonstrated high water recovery rates of 93.3%,
96.3%, and 97.6% for feed concentrations of 1 M, 2 M, and 3
M, respectively. The corresponding VRFs of 15.1, 28.1, and
43.1 highlight the efficiency of DCMD in concentrating
geothermal water. These results validate the process’s ability
to operate effectively with minimal sensitivity to salinity of the
retentate, an advantage that makes DCMD particularly suitable
for concentrating brines. The specific thermal energy con-
sumption at MD stage (STECyp) is a key parameter for asses-
sing thermal energy efficiency. Higher voltages improved
lithium recovery rates but compromised selectivity, as indi-
cated by increasing Mg/Li ratios of the process. With an
STECMD of roughly 2000 kW h m™ based on eqn (8), the
process is highly energy-intensive. While geothermal brine sig-
nificantly reduces the reliance on additional thermal energy,
temperature polarization remains a key limiting factor, as it
leads to the formation of a thermal boundary layer that
reduces the effective temperature gradient across the mem-
brane. This, in turn, lowers vapor flux and decreases the
thermal efficiency, ultimately affecting process scalability and
energy sustainability.”® To mitigate this effect, optimized
module designs incorporating turbulence promoters and fluid-
dynamic control strategies, including improved feed channel
configurations and optimized flow conditions, can minimize
temperature polarization by reducing boundary layer resis-
tance and ensuring efficient heat distribution.>®*"®* The inte-
gration of photothermal membranes represents another prom-
ising solution, as these materials convert incident light energy
into localized heat at the membrane surface, increasing the
driving force to mass transfer.’” Other opportunities to miti-
gate STECyp can be using renewable energy sources®® or
advanced photothermal nanomaterials.®® However, geothermal
brine offers the added advantage of being naturally heated,

4210 | Green Chem., 2025, 27, 4205-4221
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eliminating the need for anthropogenic thermal energy input.
This makes geothermal brine an especially promising option
for energy-efficient desalination and concentration processes.
The substantial energy savings associated with geothermal
brine further emphasize the potential for integrating geother-
mal energy into the MD process, particularly for resource
recovery from geothermal brines.

The risk of membrane fouling in the MD stage was
minimal in this study due to the naturally low calcium content
of the geothermal brine used, eliminating concerns related to
scaling from CaCO; or CaSO, precipitation. Furthermore, our
group has previously developed an effective chemical precipi-
tation method for calcium removal, ensuring that any residual
Ca”" in synthetic brines is eliminated before MD treatment.
Drioli et al.®* investigated calcium removal from nanofiltration
(NF) retentate using a hollow-fiber gas-liquid membrane con-
tactor, where CO, in NaOH generated HCO;~ and CO,>” ions,
leading to CaCO; precipitation and achieving a 56-89%
reduction in Ca®>" depending on pH. Molinari et al. compared
different Ca** precipitation strategies in seawater reverse
osmosis (SWRO) brine, demonstrating that carbonate, hydro-
gen carbonate, and citrate ions effectively removed calcium,
with carbonate precipitation significantly influenced by pH
and leading to unintended Mg(OH), formation at high pH
(~12).%° The stable transmembrane flux observed throughout
the experiments confirms that the absence of Ca*>*, combined
with proper pretreatment, effectively prevents scaling and
ensures the optimal performance of the integrated MD-S-ED
system.

3.2. Determination of limiting current density

One of the fundamental parameters in designing the ED
process is the limiting current density (LCD).®*"*® The experi-
mentally determined limiting current density (LCD) is com-
monly used to derive the critical boundary layer thickness in
the process, with a direct proportionality to both the ion con-
centration and diffusivity.°”’°>’® Within the dilute channel
boundary layer, the ionic concentration exhibits a sharp gradi-
ent, which becomes even more pronounced with an increase
in applied current density.”* To avoid water dissociation®” and
subsequent scaling of magnesium hydroxide,*® it is essential
to operate ED processes at a current density below the LCD.
Exceeding a certain threshold in current density causes water
molecules in the boundary layer to dissociate into H" and OH~
ions, leading to an undesirable increase in overall current
density and a corresponding decrease in
efficiency.®®7%73

In our study, we systematically evaluated the Limiting
Current Density (LCD) for different molar concentrations
using cowan and brown method.”* As shown in Fig. 3, for the
1 M solution, the LCD was 10.0 A m™> at a voltage of 2.2 V,
whereas for 2 M and 3 M solutions, the LCDs were 10.5 A m™>
and 11.1 A m™2, with corresponding voltages of 2.1 V and 2V,
respectively.

Generally, the LCD increases with higher molar concen-
trations of the solution. For instance, as the molar concen-
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Fig. 3 LCD determination by cowan and brown method.

tration increases from 1 M to 3 M, about 11% increase in LCD
is observed which indicates a positive correlation between ion
concentration and LCD because higher ion concentrations
enhance the mass transport of ions to the electrode surface,
allowing for greater current flow before reaching the limiting
threshold.®®”>7% These findings guided us in establishing a
voltage range between 1 and 4 V, encompassing a range close
to the LCD, to investigate its impact on various performance
parameters.

3.3. S-ED tests: impact of operating parameters

The performance of Li recovery in ED is influenced by several
operating parameters, that have a direct impact on efficiency,
selectivity, and energy consumption of the process. The
applied electric potential and feed concentrations must be the
carefully controlled to enhance the performance of Li recovery.
The impact of variation on the ED voltage and feed concen-
trations was elucidated on key performance indicators — such
as enrichment factor, ionic flux, SEC and current efficiency-
were analysed using geothermal brines at three difference con-
centrations (1 M, 2 M and 3 M) and under four different elec-
trical voltages (1 V,2V, 3 Vand 4 V).

3.3.1. Effect of applied voltage. The efficacy of the micro
ED system is significantly influenced by the applied voltage,
which functions as the principal driving force for ion move-
ment across membrane barriers, serving as the fundamental
mechanism for ion transport. As shown in Fig. 4a, lithium
recovery rates show a significant dependence on applied
voltage, where increased voltage enhances the driving force for
ion migration across IEMs. According to the Nernst-Planck
equation, ion flux is governed by diffusion, migration, and
convection. In the voltage range between 1 V and 3 V, Li* recov-
ery increases gradually, from 4.5% to 5.7% for the 1 M solution
and from 2.43% to 2.9% for the 3 M solution, following a
regime in which ion migration remains proportional to the
applied electric field. However, when the voltage is increased
to 4 V, Li" recovery exhibits a more pronounced rise, reaching
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10.7% for the 1 M solution and 4.19% for the 3 M solution.
This phenomenon can be explained by the stronger electro-
static force acting on the ions, which enhances their migration
across the membranes. The applied voltage at this stage
slightly exceeds the limiting current density (LCD), increasing
the driving force for Li" transport while reducing the resistance
associated with ion movement. Additionally, the increase in
Li" recovery at 4 V is accompanied by a decrease in selectivity,
as evidenced by the increase in the Mg/Li ratio from 10.5 to
21.1. This suggests that the higher voltage reduces the charge-
based discrimination of the membrane, facilitating the co-
transport of Mg>" and other competing ions. These results
indicate that while operating at 4 V enhances lithium recovery,
it also compromises selectivity due to the increased migration
of interfering species. This trend is in agreement with obser-
vations in previous literature.*>”°8! As to the concentration
effect, the recovery rate decreased with increasing feed concen-
tration, suggesting that higher solute concentrations might
present different dynamics affecting ion mobility and mem-
brane performance. Higher solute concentrations can lead to
increased ionic strength, which affects the electrostatic inter-
actions between the ions in the solution and the charged
groups within the membrane matrix. These interactions can
result in lower mobility for the ions due to increased resistance
within the membrane matrix. The roughness in the electric
potential causes a friction-like loss in the macroscale effective
ion mobility, demonstrating how increased ionic strength and
electrostatic interactions reduce ion mobility. Additionally, a
thicker ion depletion layer forms beyond a diffusion-limited
thickness, causing electroconvective instability. This instability
reduces system performance by limiting ion diffusivity due to
the highly depleted or accumulated ions on the membrane
surface.®”®* As a result, the lower recovery rates at higher con-
centrations, despite increased voltage, can be attributed to this
decline in membrane performance, hindered by high ionic
strength, which leads to reduced effective driving force for ion
transport.

The Mg/Li ratio, initially at 35.53, varied significantly with
applied voltage, impacting membrane selectivity. As illustrated
in Fig. 4b, average Mg/Li ratios over 180 minutes were lower at
the observed decrease in the Mg/Li ratio at 2 V compared to 1
V can be attributed to an optimized trade-off between selective
ion transport and operating current density. At 2 V, the
enhanced electrochemical driving force promotes the preferen-
tial migration of Li* while maintaining effective Donnan exclu-
sion of Mg**. This effect results in a lower Mg/Li ratio com-
pared to 1 V, where the electrochemical driving force is
weaker, leading to less efficient lithium transport.
Experimental data support this trend, showing that the
average Mg/Li ratio at 1 V is 7.2, whereas at 2 V, it decreases to
6.5, confirming improved lithium selectivity. This behavior can
be explained by the depletion of interfacial ion concentration
at the membrane-solution interface, which strengthens the
selective transport of monovalent ions under optimal current
density conditions. The inherently higher mobility of Li"
within the ion exchange membrane facilitates its preferential
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Fig. 4 Effect of applied voltage on (a) recovery rate of Li* at 1 M and 3 M; (b) Mg/Li ratio of concentrate stream vs. duration of time at 1 M and 3 M.

transport over Mg>*, thereby reducing the Mg/Li ratio in the
concentrate stream. However, as the voltage increases beyond
2V, the Mg/Li ratio rises significantly, reaching 10.5 at 3 V and
21.1 at 4 V, indicating a decline in lithium selectivity due to
the increased transport of Mg”" at higher voltages. These find-
ings are consistent with previous studies on selective electro-
dialysis for lithium-magnesium separation: Ji et al.”® demon-
strated that lithium migration increases with applied voltage,
leading to an enhanced separation coefficient, while Nie
et al.** found that higher current densities (up to 13.8 A m™?)
improve lithium selectivity by reducing the Mg/Li mass ratio in
the product stream. Our results confirm that at 2 V, a balance
is achieved between Li* recovery and Mg”" exclusion, leading
to an optimal Mg/Li ratio reduction. This trend was consistent
across other concentrations, with the 3 M solution (Fig. 4b)
showing ratios increasing from 5.3 at 1 V to 21.2 at 4 V, indicat-
ing reduced lithium selectivity. As voltage increases, the
driving force for ion migration across the ion exchange mem-
branes also increases, according to the Nernst-Planck
equation which describes ion transport in response to both
concentration gradients and electric fields.®® This leads to an
overall increase in ion flux; however, the selective transport of
lithium ions does not necessarily increase proportionately.

4212 | Green Chem., 2025, 27, 4205-4221

This loss of membrane selectivity under high voltage con-
ditions shows that the increased energy can alter the inter-
action dynamics within the membrane pores, potentially allow-
ing more interfering ions to pass through. Magnesium ions,
having a different charge and possibly different interactions
with the membrane material, may also be transported more
efficiently at higher voltages. Additionally, when the applied
voltage exceeds the LCD, the increased ion migration can lead
to concentration polarization near the membrane
147986 reducing the effective selectivity of the mem-
brane by allowing a greater proportion of magnesium ions to
migrate through. Moreover, Magnesium ions, being divalent,
typically have a stronger hydration shell compared to mono-
valent lithium ions.®” At lower voltages, the membrane might
effectively discriminate against the larger hydrated magnesium
ions, but as voltage increases, the energy provided might be
sufficient to disrupt these hydration interactions, thus permit-
ting more magnesium ions to permeate the membrane.***%%°
Fig. 5 illustrates the effect of voltage on the separation
factor (Siimg), Which provide valuable insights into the selec-
tive efficacy of IEMs. These separation factors measure the
relative concentration of lithium to magnesium in the product
compared to the feed (eqn (5)). In general, the separation

surfaces
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Fig. 5 Effect of applied voltage on separation factor of lithium and magnesium at 1 M and 3 M.

factor decreases as the applied voltage increases indicating a
decrease in selective efficacy. As depicted in Fig. 5, for the 1 M
solution, the separation factor factors over 180 minutes
decreased from 4.6 at 1 V to 1.9 at 4 V. The diminished mem-
brane selectivity as the voltage increased is in line with the
increasing Mg/Li ratios observed at higher voltages, such as 3
V and 4 V, where the ratios increased from 10.5 to 21.1,
respectively. This also suggests increased co-transport of mag-
nesium ions alongside lithium ions through the membrane in
line with the depleted membrane selectivity. It’s worth also
noting that higher voltages (3 V and 4 V) exceed the LCD, nega-
tively impacting membrane selectivity. Under higher applied
current densities, the ionic concentration gradient in the
dilute channel boundary layer becomes steeper, which can
lead to concentration polarization and a decrease in mem-
brane selectivity.”" As discussed earlier, higher voltages also
drive faster migration of Mg>" which would lead to poor separ-
ation result.’® For 3 M geothermal brine, the separation factor
increased with the increasing voltage as well (Fig. 5). For both
the 1 M and 3 M feed solutions, the highest separation factor
of 4.7 and 9.3 (at 180 min), respectively, were achieved at 2 V,
indicating optimal selectivity at this voltage. The results
demonstrate that the optimization of the electrochemical
driving force at 2 V enhances Li* ion transport over Mg>" ions
and significantly improves selectivity at high current densities
near LCD, underscoring the importance of applied voltage in
S-ED performance.

As illustrated in Fig. 6a, the concentrations of migrated Li"
in the receiving solutions increase linearly with voltage for
both solutions, indicating that higher applied voltages result
in higher fluxes. At 1 V in the 1 M solution, the process
achieved an average ion flux of 0.13 mmol m~> min™", which
increased to 0.32 mmol m™ min~" at 4 V. Similarly, in the 3 M
solution, the ion flux was 0.2 mmol m™2 min™" at 1 V and rose
to 0.36 mmol m™> min~" at 4 V. This increase results from the

This journal is © The Royal Society of Chemistry 2025

enhanced electric field, which strengthens ion electromigra-
tion and facilitates ion transport across the membranes in
S-ED. The observed trend confirms that ion flux is primarily
governed by the applied voltage and the associated migration
effects. According to Ohm’s law, electric voltage is directly pro-
portional to electric current; thus, higher voltage results in
greater electric current flowing from the anode to the
cathode.”’ Moreover, as depicted in Fig. 6b, the migration of
Mg>" at 1 V in the 1 M solution shows an increase in ion flux
from 0.28 to 1.61 mmol m™> min™" at 4 V, while in the 3 M

solution, the ion flux increased from 0.33 mmol m™ min™" at

~1 at 4 V. This concurrent rise in

1V to 1.93 mmol m™> min
Mg>* flux at elevated voltages reflects a compromise, where the
selectivity for Li* over Mg®" decreases, highlighting the chal-
lenges in maintaining high selectivity under high-voltage
conditions.

3.3.2. hybrid MD-S-ED
system’s response to varying solute concentrations provides
comprehensive data to examine the complex interactions
impacting membrane performance parameters. The S-ED pro-
cesses were conducted under the constant voltage of 2 V,
which aligns with the LCD, to evaluate the effect of feed con-
centration on S-ED performance. Fig. 6¢c depicts recovery rate
of lithium over time at 2 V for three different solution concen-
trations (1 M, 2 M, and 3 M) of different volume reduction
factors from MD. The data indicates a linear increase in
lithium recovery rate for all concentrations. Notably, the 1 M
solution demonstrates the highest recovery rate, reaching 5.1%
after 180 minutes. The 2 M solution follows with approxi-
mately 3.85%, while the 3 M solution has the lowest recovery
rate, at 2.45% after the same duration. This phenomenon can
be attributed to the increased ionic strength in the feed solu-
tion and the greater concentration gradient between the feed
and product chambers. As the feed concentration rises, both
cell conductivity and the number of transferred ions increase.

Effect of concentration. The
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However, the membrane’s capacity to transport ions is limited,
ultimately leading to a decrease in lithium recovery rates at
higher concentrations. Despite the higher number of lithium
ions transferred with increased initial feed concentration, the
overall recovery decreased due to the initially high lithium ion
count in the feed solution which is in agreement with
literature.®>°>%® The effect of feed concentration at constant
voltage on selectivity is illustrated by the Mg/Li ratio, as shown
in Fig. 6d. The data indicates higher selectivity at 3 M, with an
Mg/Li ratio of 3.96, compared to lower selectivity at 1 M, with
an Mg/Li ratio of 7.3. This shows that at higher feed concen-
trations at a constant voltage below LCD, the selectivity of the
membrane for lithium ions improved. This is likely because,
in S-ED, operating at higher current densities to 70% of the
LCD benefits the recovery ratio. It has been reported that
higher current densities can enhance counterion selectivity
across various resource recovery applications.’* %%

In the present study, the current density was maintained
near the LCD value. At increased current densities, the ion
concentration at the membrane-solution interface depletes
further due to the limitations in ion diffusion across the

4214 | Green Chem., 2025, 27, 4205-4221

boundary layer.’>°° This depletion results in a dilutive effect

that enhances counterion selectivity through Donnan exclu-
sion, thereby increasing the ion migration. The enhanced
Donnan exclusion of Mg”" is further magnified by the inher-
ently higher mobility of monovalent cations within the CEM,
leading to a more significant increase in the apparent mono-
valent selectivity factors."®°

3.3.3. Permeation performance of coexisting cations. In
the integrated MD-S-ED process, the presence of high concen-
trations of Na" and K" ions poses significant challenges on the
recovery of Li" from geothermal brine due to ion migration
alongside Li*. To better understand this phenomenon, the per-
meation sequence of Na*, K, lithium Li*, and Mg*" ions was
evaluated under a constant voltage of 2 V across varying molar
concentrations. As illustrated in Fig. 7a, distinct permeation
sequence was observed: Na* > K* > Li* > Mg”". Sodium ions
showed the highest recovery rates across all tested conditions.
The high permeation of Na' is attributed to its smaller
hydrated radius (0.358 nm) and lower hydration energy
(=406 k] mol™"), which enhance its interaction with the mem-
brane. Additionally, the high concentration of Na" in the brine

This journal is © The Royal Society of Chemistry 2025
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increases its competitive advantage, leading to substantial
migration through the membrane. In 1 M solutions, Na"
achieved a recovery rate of 57.08% after 180 minutes, while in
2 M and 3 M solutions, the recovery rates dropped to 18.61%
and 18.23%, respectively. This decline in recovery rates at
higher concentrations can be attributed to increased ion-ion
interactions and steric hindrance, which limit the mobility of
Na' ions as their concentration rises."”* K" ions exhibited a
similar but less pronounced trend, as shown in Fig. 7a. In 1 M
solutions, K" recovery increased from 6.85% at 30 minutes to
14.53% after 180 minutes. At higher molarities, K recovery
stabilized at lower values, with 6.55% in 2 M and 4.07% in 3 M
solutions, as illustrated in Fig. 7b and c. Despite having a
hydrated radius similar to sodium ions (0.331 nm) and a lower
hydration energy (—322 kJ mol™"), the lower concentration of
K" compared to Na" reduces overall its performance efficiency.
However, K" still permeates more effectively than Li" due to its
moderate hydration energy, whereas Li‘, with a higher
hydration energy (—520 kJ mol™), forms a stronger hydration
shell that hinders its transport through the membrane. These
characteristics make K™ more competitive in the ion migration
process relative to Li* under the tested conditions. Mg>", due
to their divalent nature, exhibited the lowest permeation rates
among all tested cations, highlighting the membrane’s selecti-
vity. Mg** recovery remained minimal, staying below 1.08%
even after 180 minutes in 1 M solutions, with similar low
recoveries observed at 0.48% and 0.28% in 2 M and 3 M solu-
tions, respectively. Mg>" has a much larger hydrated radius
(0.428 nm) and significantly higher hydration energy (—1922 kJ
mol ™) due to its divalent charge. These characteristics result
in strong electrostatic interactions and a robust hydration
shell, which create substantial resistance to permeation
through the monovalent selective membranes. Lithium ions,
although monovalent, exhibited lower permeation rates com-
pared to Na* and K'. Li* has a smaller ionic radius but forms a
very strong hydration shell, resulting in a larger effective
hydrated radius (0.382 nm) and high hydration energy

This journal is © The Royal Society of Chemistry 2025

(=520 kJ mol™"). These properties increase resistance to
migration through the membrane’s selective sites. The high
charge density of Li' leads to strong interactions with sur-
rounding water molecules, forming a stable hydration shell
that impedes ion transport. These findings demonstrate that
steric hindrance has played a significant role in the partition-
ing of the ionic species in the geothermal feed solution.

3.4. Current efficiency

Electrodialysis (ED) technology offers low capital expenses due
to its compact membrane stack design. However, a significant
factor in its feasibility is the operating costs. As an electro-
driven process, ED requires energy to counteract ion diffusion
resistance and the inherent resistance of both the solution and
the membrane. Achieving high energy efficiency during ED
operation is vital, as it plays a key role in determining the
overall effectiveness of the process. Among various metrics,
current efficiency stands out as a critical parameter for evaluat-
ing the operational efficiency of ED systems.'”” The current
efficiency is defined as the ratio of the electric charge contribu-
ted to the transport of the valuable target ion (typically Li" in
this study) to the total supplied electric charge. Average
current efficiency at a lower voltage of 1 V for the 1 M solution
was 12.9% over 180 minutes. However, as the voltage increased
to 4 V, the system dynamics shifted significantly; despite
achieving the highest lithium recovery rate, current efficiency
reduced to 0.13%, as shown in Fig. 8a. This trend of diminish-
ing returns with increased voltage was similarly observed in
solutions with higher ionic strengths. As shown in Fig. 8a, the
current efficiency drastically dropped from 9.95% at 1 V to
0.11% at 4 V for 3 M.

The reduction in current efficiency is primarily attributed to
the higher concentration of lithium in the concentrate solu-
tion chamber, resulting from the increased voltage. At higher
voltages, the supply of Li' ions from the diffusion boundary
layer to the membrane surface becomes insufficient to replen-
ish the transported ions. Consequently, secondary effects such

Green Chem., 2025, 27, 4205-4221 | 4215
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as concentration polarization and water splitting are ampli-
fied, contributing more to the current at higher current den-
sities, thus reducing the effective electric current available for
the transport of target ions.** Our results also follow a similar
trend observed in the literature.”®®° It can be concluded that
the increase in voltage is beneficial to promote ion migration
and thus increase the recovery ratio of lithium ions. The exces-
sive voltage also promotes the leaky migration of other coexist-
ing ions, thereby reducing the current efficiency of Li", which
is not conducive to the recovery of Li'. Over the course of
180 minutes, the average current efficiency declined from
2.65% for the 1 M solution to 2.36% for the 3 M solution at 2
V applied voltage. Notably, the 2 M solution demonstrated
optimal performance metrics, achieving the highest current
efficiency at 4.14% as shown in Fig. 8a.

3.5. Specific energy consumption

Specific energy consumption is a key parameter for evaluating
ED performance, reflecting the energy required to recover one
unit of ions. In this study, operating costs were assessed based
on specific energy consumption, defined as the ratio of total
electrical work to the mass of Li" ions transported. This metric
was used to quantify the electric energy consumed per gram of
lithium transported. Unlike current efficiency, SEC considers
both current and voltage, providing a more comprehensive
evaluation of the ED system’s operational efficiency.'® As
shown in Fig. 8b, the average SEC at a lower voltage of 1 V for
the 1 M solution was 0.013 kW h per g Li'. However, as the
voltage increased to 4 V, the SEC rose significantly to 3.11 kW
h per g Li". Clearly, this effect was attributed to the increased
energy required to transport coexisting ions at higher voltages.
SEC increased when the voltage increased for higher molari-

4216 | Green Chem., 2025, 27, 4205-4221

ties of solutions. As shown in Fig. 8b, the average SEC for the 3
M solution increased from 0.016 to 3.17 kW h per g Li". SEC is
directly related to the electrical potential difference generated
and the variations in electrical current over time, while it
decreases with the increase in the number of moles removed
from the feed compartment. Observations indicate that, with
higher applied voltage, the impact of the increased electrical
potential and the changes in electrical current over time
surpass the counteracting effects of the increased number of
moles removed from the feed compartment.'® During the
180 minute period, the average SEC increased from 0.053 kW
h per g Li" in the 1 M solution to 0.065kW h per g Li" in the 3
M solution at constant voltage of 2 V. The 2 M solution showed
the best performance, with the lowest SEC recorded at 0.04 kW
h per g Li" at 2 V applied voltage as shown in Fig. 8b.

Our results indicate that gains in monovalent selectivity at
a higher current density below the LCD are accompanied by
increase in SEC. This finding highlights a steep trade-off
between ion selectivity and energy efficiency in geothermal
brine lithium extraction, governed by the applied current
density. Foo et al. observed comparable patterns in hypersaline
salt-lake brines, where a 6.25-fold improvement in Li*/Mg**
selectivity was associated with a 71.6% rise in SEC when oper-
ating at high current density below LCD, attributable to inevi-
table entropy generation caused by Joule heating.'”® The
optimal performance metrics observed at 2 M concentration
can be attributed to a combination of reduced electrical resis-
tance, minimized side reactions, enhanced Donnan exclusion,
and the high mobility of lithium ions. The balanced ionic
strength at 2 M enhances ion transport efficiency while pre-
venting the membrane from being overwhelmed by excessive
ionic competition or saturation effects.

This journal is © The Royal Society of Chemistry 2025
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In contrast, the 1 M solution, despite displaying moderate
current efficiency, incurs higher SEC due to lower ionic
strength and increased resistance, which hinder efficient ion
transport. Conversely, the 3 M solution, although exhibiting
high selectivity for lithium ions, suffers from significant ionic
competition and membrane saturation, resulting in the
highest SEC and the lowest current efficiency. These findings
highlight the delicate balance required in ED processes: At
high current density below the LCD, higher feed concentration
can enhance selectivity via improved Donnan exclusion, but it
also introduces inefficiencies due to increased ionic compe-

Table 3 Comparison of Selectivity and specific energy consumption of
MD-S-ED with literature

Process Stimg SEC (kW h per g Li")
In this study 1-13 0.01-3.17
ED*? 8-10 0.02

S-ED®® 10-25 1-3

S-ED®° 4.6 0.2

S-ED'%° NA“ 0.07-0.57
ED'Y” 24.1-33.9 0.5

S-ED'%® NA 0.76-0.99
S-ED®° 14.7 0.012
S-ED'%° 4.82 NA

S-ED'%® 4-6 0.02-0.6
S-ED'*? NA 0.0019-0.5
ED*° 1-26 0.018
S-ED''? NA 0.02

S-ED** 20-33 0.0019
S-ED*® 9.8 0.0045
S-ED*’ NA 0.0056-0.12
ED''? 5.27 NA

ED'"? NA 0.02

“Not available.
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tition and saturation. Therefore, the 2 M solution stands out
as the optimal concentration, achieving both low energy con-
sumption and high current efficiency, underscoring its poten-
tial for more efficient and sustainable lithium recovery. Table 3
provides a comprehensive comparison of the selectivity index
(Sriymg) and SEC between our study and S-ED from previous
studies. The Syjng in this study ranged from 1 to 13, outper-
forming some S-ED studies such as,® which reported lower
selectivity of 4.6. Furthermore, the Sec for MD-S-ED is signifi-
cantly lower that of S-ED in most cases achieving better energy
efficiency.

Optimizing the synergy between MD and S-ED is essential
for achieving efficient and selective lithium recovery. By lever-
aging geothermal heat (40 °C), the MD stage operates without
external thermal energy input, significantly reducing STEC.
The concentrated brine from MD is then fed into the S-ED
stage, where lithium is selectively recovered under optimized
conditions. Maintaining VRF of 28.1 in MD (corresponding to
a 2 M lithium concentration) and applying an optimal voltage
of 2 V in S-ED ensures a balance between lithium recovery
efficiency, selectivity, and energy consumption. This inte-
gration optimizes energy utilization by minimizing the energy
consumption in MD and reducing electrical resistance in
S-ED, leading to a low SEC of 0.04 kW h per gram Li". The
energy compatibility between the two processes highlights the
potential of this hybrid approach for sustainable and efficient
lithium extraction from geothermal brines.

3.6. Long-term stability of ion exchange membranes in S-ED

A long-term stable operation of S-ED is a critical factor for its
successful commercial application. Fig. 9 shows the results
from the long-term stability tests of the S-ED process for a 24 h

a)1o : b) 12 12
2 M Geothermal Brine 2 M Geothermal Brine
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Fig. 9 Long-term performance evaluation of S-ED, showing (a) the recovery rates of Li* and Mg?* and (b) the selectivity and Mg/Li ratio in the con-
centrate stream over 24 h. Experiments were conducted with a 2 M geothermal brine feed under an applied voltage of 2 V to assess membrane
stability and separation efficiency.
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period performed under the optimal conditions of 2 M
geothermal brine and at an applied voltage of 2 V. Lithium
recovery exhibits a rapid initial increase (Fig. 9a), indicating
efficient ion transport in the early phase. However, the system
reaches a plateau after 20 h (at about 8% recovery) which
could be associated with the rise of the concentration polariz-
ation phenomenon or other mass transfer limiting effects like
back-diffusion of ions or electro-osmotic drag that could lead
to a near-steady ion recovery rate. In contrast, the Mg recovery
remains significantly lower, confirming good membrane
selectivity. However, the selectivity was observed to have a
slight decrease with time (Fig. 9b) from about 10 to 8, which
was accompanied by a gradual increase of the Mg/Li ratio from
3 to 5, suggesting a minor selectivity reduction calling for
further improvements, for instance, in terms of using a well-
tuned membrane resistant to transport limiting effects.

4. Conclusions

This study presents an innovative approach based on inte-
grated MD and S-ED system for sustainable lithium extraction
from geothermal brines, addressing the growing demand for
lithium while promoting energy-efficient resource recovery.
The MD process effectively concentrated geothermal water,
achieving high water recovery rates of up to 97.6% with VRFs
of 15.1, 28.1, and 43.1 for feed concentrations of 1 M, 2 M, and
3 M, respectively. By utilizing geothermal heat at 40 °C, the
MD stage eliminated external energy requirements, rendering
the process energy-neutral and reducing specific thermal
energy consumption to zero.

In the S-ED stage, lithium recovery and selectivity were
influenced by feed concentration and applied voltage. An
optimal voltage of 2 V demonstrated the best performance
across various feed concentrations, achieving a specific energy
consumption of 0.04 kW h per gram Li' and a current
efficiency of 4.1% at 2 M. Although higher feed concentration
enhances lithium selectivity due to improved Donnan exclu-
sion, it also intensifies ion competition and membrane satur-
ation, which in turn increases energy consumption and
reduces current efficiency. Experimental results indicate that
selectivity peaks at separation factors of 4.7 and 9.3 for 1 M
and 3 M solutions, respectively, before declining at higher vol-
tages due to the increased transport of competing ions. This
underscores the necessity of optimizing the trade-off between
selectivity and energy efficiency. In particular, precise control
of the applied voltage relative to LCD and dynamic current
adjustments are essential for mitigating ion competition
effects and preventing excessive energy losses.

The synergistic integration of MD and S-ED presents a
promising route for efficient and sustainable lithium extrac-
tion, though advancements in materials and process inte-
gration are crucial for its widespread adoption. Further optim-
ization of the integrated system requires targeted advance-
ments in materials and process development, along with a co-
ordinated approach to managing thermal and electrical energy

4218 | Green Chem., 2025, 27, 4205-4221
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demands. The development of high-flux, fouling-resistant MD
membranes, as well as photothermal enhancements combined
with S-ED membranes engineered for enhanced lithium
selectivity and reduced electrical resistance, is critical for
improving system efficiency. Ion-exchange membranes (IEMs)
with increased charge density or lithium-specific functional
groups can facilitate selective Li' transport while effectively
excluding competing cations such as Na' and K'. Energy
optimization can be achieved through dynamic current density
modulation while refined module design improves flow
dynamics and mass transfer, reducing energy losses associated
with concentration polarization other relevant effects. This can
be assisted by process modeling and optimization strategies
for minimizing energy consumption while maximizing lithium
recovery.
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