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ABSTRACT KEYWORDS

This study investigates the performance of Lewatit TP 260 ion Lithium(l); ion exchange
exchange resin for the efficient recovery of lithium (Li(l)) from resin; sorption; geothermal
geothermal water sourced from the Germencik Geothermal  Water Lewatit TP 260
Power Plant in Tirkiye. A series of batch sorption experiments

were performed to evaluate the influence of key parameters,

including resin dosage, solution pH, temperature, initial Li(l) con-

centration, and contact time, on the Li(l) recovery process. The

optimal conditions were determined to be a resin dose of 0.5 g

per 25 mL of geothermal water, pH in the range of 6-8, and a

temperature of 25°C. Under these conditions, the resin achieved a

maximum Li(l) recovery rate of 71% from the geothermal water.

Sorption isotherms were further analyzed using the Langmuir,

Freundlich, and Dubinin-Radushkevich (D-R) models. Among

these, the Langmuir model provided the best fit (R> = 0.9841),

suggesting a maximum sorption capacity (q,) of 4.31 mg/g.

Continuous recovery experiments conducted in column mode

confirmed the practical applicability of Lewatit TP 260, achieving

a total sorption capacity of 0.41 mg Li(l)/mL resin. The findings

exhibit the potential of this resin as a viable sorbent for sustain-

able Li(l) extraction from geothermal brines, supporting the

development of green energy technologies and contributing to

the circular economy.

Introduction

Lithium(I) (Li(I)) is a critical element that has garnered significant attention
due to its vital role in modern technology and energy storage solutions." As
a lightweight and highly reactive metal, Li(I) is integral to the production of
Li(I)-ion batteries, which power a wide range of electronic devices, including
smartphones, laptops, and electric vehicles. They are favored for their high
energy density, long cycle life, and lightweight properties. These batteries are
essential for portable electronics, grid storage solutions, and electric vehicles,
driving the green energy revolution.?~! Beyond batteries, Li(I) is used in the
manufacture of glass and ceramics, where it improves the thermal and
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mechanical properties of the final products.!®”) Furthermore, Li(I) com-
pounds are employed in the pharmaceutical industry for treating mental
disorders and in the aerospace industry for high-performance materials.’**’
The demand for Li(I) is projected to increase exponentially as the world
transitions towards renewable energy sources and electric mobility, highlight-
ing the need for efficient and sustainable Li(I) extraction methods.[10!2]

Li(I) can be extracted from two primary sources: Li(I)-bearing rocks (hard
rock mining) and Li(I)-rich brines (hydrometallurgy).[13] The primary sources
of Li(I) in hard rock mining are spodumene, petalite, and lepidolite."* The
extraction process involves conventional mining techniques followed by
crushing, grinding, and beneficiation to produce a Li(I) concentrate. This
concentrate is then subjected to a series of chemical processes to extract
Li(I) compounds, including roasting and leaching. However, hard rock mining
is energy-intensive and can have significant environmental impacts, including
habitat destruction and high carbon emissions.""> ¥ On the other hand, Li(I)-
rich brines are typically found in salt flats (salars) in arid regions, such as those
in the Li(I) Triangle (Argentina, Bolivia, and Chile).[*! The extraction from
brines involves pumping the Li(I)-rich brine to the surface and concentrating
it through solar evaporation. The concentrated brine is then processed to
precipitate lithium carbonate (Li,CO3) or lithium hydroxide (LiOH).!*"!
Brine extraction is less energy-intensive than hard rock mining but has its
own environmental concerns, including water usage and potential impacts on
local ecosystems and water tables.?!!

In recent years, geothermal water has emerged as a promising and sustainable
source of Li(I). Geothermal waters, often considered waste from geothermal
power plants, can contain significant Li(I) concentrations.'”>**! The extraction
of Li(IT) from geothermal water offers several benefits regarding sustainability as
it utilizes an existing resource, minimizing environmental disruption and redu-
cing the carbon footprint associated with Li(I) extraction and synergy with
renewable energy as it can be integrated with geothermal energy production,
providing a dual benefit of renewable energy and Li(I) recovery.

One of the innovative methods for extracting Li(I) from brines, such as
geothermal water and seawater, is the use of ion exchange resins. Diaion
HP2MG resin was impregnated with 1-phenyl-1,3-tetradecanedione
(C11phpDK) and tri-n-octylphosphine oxide (TOPO) for the selective
adsorption of Li(I) in aqueous chloride media. The resin absorbed 4.58
mg/g of each extractant, with maximum Li(I) adsorption of 4.17 mg/g,
nearly matching the extractant content.”*) In later studies, a column
packed with a synergistic solvent-impregnated resin (SIR) C11phBDK and
TOPO were also used for the selective recovery of Li(I) from spent Li(I)-ion
batteries.'*! So far, commercial ion exchange resins Lewatit K2629, TP 207,
and TP 208 have been utilized to recover Li(I) from real brines. The
sorption yield of Li(I) ranges from 30% to 55% and from 52% to 80%,
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depending on the type and amount of resin used. TP 208 demonstrated the
highest Li(I) sorption efficiency and loading capacity, while K2629 showed
the lowest sorption efficiency and loading capacity.’*® Ton exchange resins
exhibit varying selectivity coefficients based on their cation-exchange
groups. The primary factors influencing ionic selectivity are the nature of
the acidic functional group and the structural density, which is largely
dictated by the degree of cross-linking. For resins with strongly acidic
groups, such as sulfonic acid, the affinity for alkali ions typically follows
the order K >> Na > Li. In contrast, resins with carboxylic, phosphonous,
or phosphonic acid groups display an opposite selectivity trend, particularly
tavoring Li(I) ions. The ability of Lewatit TP 260, an aminomethyl phos-
phonic acid-containing chelating resin, to remove Li(I) from a simulated
Li(I) bearing solution was reported in the literature.!?”!

This research article aims to explore the potential of Lewatit TP 260 ion
exchange resin in recovering Li(I) from the geothermal water of Germencik,
Tiirkiye, for the first time as a practical application. Despite the classical nature
of the experiment, applying the commercial resin to actual geothermal brine
yields novel and significant findings that offer valuable engineering insights,
suggesting potential advancements in the practical use of this resin in geother-
mal brine systems. The principles of ion exchange technology and the perfor-
mance of the resin were investigated by assessing the batch mode process
parameters of resin dose, temperature, initial Li(I) concentration, pH, and
contact time, along with desorption and regeneration studies. To develop
a sustainable and efficient method for harnessing a critical resource in the era
of renewable energy and technological advancement, a column mode operation
was also conducted using the resin for Li(I) recovery from geothermal water.

Experimental
Materials

Hydrochloric acid (HCl, 37%), lithium chloride (LiCl, 99%), sodium chloride
(NaCl, 99%), sodium hydroxide (NaOH, 99%), and sulfuric acid (H,SO4, 95-97%)
were supplied from Merck. Li(I) selective Lewatit MonoPlus TP 260 ion exchange
resin was provided by LANXESS GmbH Production, Technology, Safety &
Environment, Germany. The characteristics of the resin based on the catalog are
given in Table 1.

Geothermal water obtained from the Germencik geothermal power plant,
Tiirkiye, was used in the experimental studies whose physicochemical proper-
ties at room temperature are given in Table 2. The temperature of the
geothermal fluid is around 90°C in the well; however, after sampling from
its source, the water was left to cool down to room temperature naturally and
brought to the laboratory for lab-scale experiments.
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Table 1. The physicochemical properties of Lewatit TP 260
ion exchange resin.

Matrix Cross-linked polystyrene
Functional group Aminomethylphosphonic acid
lonic form Na*

Total capacity 2.3 eq/L (H*-form)
Water retention 59 -61%

Bulk density 720 g/L

Bead size 0.4 -1.25 mm
Effective size 0.55 £ 0.05 mm

pH range 0-14
Storability —20°C - 40°C
Operating temperature max. 80°C

Table 2. Physicochemical properties of the geothermal water sample taken from
Germencik geothermal power plant, Tiirkiye, at room temperature.

Concentration Concentration
Cation species (mg/L) Anion species (mg/L)
a* 6.20 PHCO;™ 1264.10
2Na* 980.26 acr- 1254.99
K* 67.63 aF 9.37
2%t 20.34 ANO5~ *N.D.
Mg>* 2.70 250,>" 36.43
ANH,* *N.D. 2p0,> *N.D.
pH 8.94
9EC (MS/cm) 2.79
dsalinity (ppt) 15
Total alkalinity (mg/L as CaCOs3) 1036.15
“B (mg/L) 39.48
“As (ug/L) 110
fSi0, (mg/L) 152

“lon Chromatography (Thermo Scientific Dionex ICS-5000), bTitrimetric method, ‘pH meter (Thermo,
Orion Star A111), dMultimeter (YSI Model 30M), €ICP-OES (Agilent Technologies, 5110),
fSpectropho'(ometer (Hach-DR5000), *not determined.

Methods
Batch mode sorption/desorption studies

Batch sorption experiments were conducted to evaluate the efficiency of
Lewatit TP 260 ion exchange resin for Li(I) recovery from geothermal water.
The experiments were designed to assess the impact of various parameters,
including resin dose, pH, temperature, initial Li(I) concentration, and contact
time. Different doses of dry Lewatit TP 260 resin (0.05g, 0.1 g, 0.25g, 0.5g,
and 0.75 g) were added to 50 mL plastic bottles containing 25 mL of geother-
mal water, and the bottles were shaken in a water bath at 180 rpm for 24 h. The
effect of pH on Li(I) sorption was studied by adjusting the pH of the geother-
mal water to 2, 4, 6, 8, 10, and 12 using 0.1 M HCl or 0.1 M NaOH solutions,
with experiments conducted at the optimized dry resin dose at 25°C for 24 h.
Moreover, experiments were done at 25°C, 35°C, and 45°C to study the effect
of temperature using a temperature-controlled water bath. The influence of
initial Li(I) concentration was examined by preparing geothermal water sam-
ples with Li(I) concentrations ranging from 20 mg/L to 100 mg/L and
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conducting sorption experiments at the optimized dry resin dose with differ-
ent temperatures for 24 h. The impact of contact time (sorption kinetic) was
investigated using geothermal water spiked with LiCl containing 100 mg/L
Li(I) initially by allowing the sorption process at 20 g/L dry resin dose to
proceed for 1440 min with samples withdrawn at 0, 3, 6, 9, 12, 15, 20, 30, 45,
60, 90, 120, 180, 240, 360, 480, 1440 min time intervals to measure residual
Li(I) concentration. For each experiment, after the specified contact time, the
resin was separated from the solution by filtration, and the Li(I) concentration
in the filtrate was determined using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES). The recovery percentage and the amount
of Li(I) adsorbed by the resin were calculated based on the difference between
the initial and final Li(I) concentrations in the solution, as given in the
following equations:

R(%) = Co—Ce 100 (1)
Co
o = L=V @
m

where R(%) is the recovery percentage of Li(I) from geothermal water. C, and
C, are the initial and final equilibrium Li(I) concentrations (mg/L) in the
solution, respectively. g, is the amount of Li(I) adsorbed by the resin at
equilibrium (mg/g), V is the solution volume (L), and m is the dry resin
amount (g).

Regeneration of Lewatit TP 260 and desorption of Li(I) studies were con-
ducted using various desorption solutions. The exhausted resin obtained from
the kinetic test was washed with deionized water, dried at 40°C overnight, and
then subjected to desorption using 0.05 M, 0.1 M, and 0.5 M HCI, H,SO,, and
NaCl. Each desorption process involved agitating the resin (0.5g) in the
desorption solution (25mL) for 24 h at 25°C, followed by filtration and
measurement of Li(I) concentration in the desorption solution using ICP-
OES. The desorption efficiency was calculated as the percentage of Li(I)
removed from the resin.

Column mode sorption/desorption studies

Column mode experiments were conducted to evaluate the continuous sorp-
tion and desorption of Li(I) from geothermal water using Lewatit TP 260 ion
exchange resin. A glass column with an inner diameter of 0.7 cm and a height
of 12 cm was packed with previously wetted Lewatit TP 260 resin, maintaining
a bed height of 1.5cm (wet volume: 0.58 cm?®). For the sorption studies,
geothermal water with an influent Li(I) concentration of 6.2 mg/L was passed
through the resin column downward at a flow rate of 0.25 mL/min (SV: 25.8
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BV/h) using a peristaltic pump (SHENCHEN). Three milliliters of effluent
samples were collected regularly with the help of a fraction collector (BUCHI
C-660) and analyzed for Li(I) concentration using a flame photometer
(JENWAY PFP7). The breakthrough point, defined as the time when the
effluent Li(I) concentration reached 40% of the influent concentration, was
determined from the breakthrough curve, and the sorption capacity of the
resin was calculated based on the treated water volume and effluent Li(I)
concentration.

The bed volume (BV, mL of geothermal brine per mL of resin) was
determined using Eq. (3)128;

_
Vv
where Q represents the feed solution flow rate (mL/min), t is the operating

time (min), and V is the wet volume of the resin (mL). In addition, the space
velocity (SV, min~ " or h™") is calculated as the ratio of the feed solution flow

BV (3)

rate to the wet volume of the resin, as shown in Eq. (4).28
V=13 (4)

After the sorption process, the packed column was thoroughly washed with
deionized water. Then, desorption studies were conducted by passing 5% H,
SO, through the resin column at a flow rate of 0.12 mL/min until the Li(I)
concentration in the effluent approached zero. The total volume of desorption
solution used and the Li(I) concentration in the desorption effluent were
recorded, and the desorption efficiency was calculated as the percentage of
Li(I) recovered from the resin.

Results and discussion
The effect of resin dose

The effect of varying Lewatit TP 260 ion exchange resin doses on Li (I)
recovery from geothermal water was investigated. The percentage of Li(I)
recovery at each resin dose is presented in Figure 1. As shown in the figure,
Li(I) recovery increased with the resin dose. At a dose of 0.05g in 25mL
geothermal water, the Li(I) recovery was approximately 22%. Increasing the
resin dose to 0.1 g resulted in a recovery rate of about 35%. Further increments
in the resin dose to 0.25 g and 0.5 g yielded approximately 52% and 71% Li(I)
recovery rates, respectively. The highest dose tested, 0.75 g, achieved a Li(I)
recovery rate of around 79.5%. Notably, the recovery rate experienced a sharp
increase at lower doses, particularly between 0 and 0.25 g, attributed to the
abundance of available active sites on the resin. However, beyond 0.5 g, the
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Figure 1. Effect of Lewatit TP 260 ion exchange resin dose on the separation of Li(l) from
geothermal water.

increment in recovery rate began to taper off, indicating the approaching
saturation of the resin’s active sites. Based on the balance between recovery
efficiency and practical application, the optimum resin dose was identified as
0.5 g per 25 mL of geothermal water, achieving a substantial recovery rate of
approximately 71%. These findings align with theoretical expectations and
previous studies, highlighting the critical role of active site availability in ion
exchange processes.””?>**! The practical implications suggest that while
increasing resin dose enhances recovery, there is a point of diminishing
returns, making it essential to balance resin cost with desired recovery
efficiency.

The effect of pH

The impact of pH on Li (I) recovery from geothermal water using Lewatit TP
260 ion exchange resin, which contains an aminomethylphosphonic acid
functional group, was evaluated, revealing that Li(I) recovery efficiency
remained relatively stable across the pH range of 4 to 12. Figure 2 shows
that recovery rates were approximately 71% at pH 4, 66% at pH 6, 72% at pH 8,
68% at pH 10, and 71% at pH 12, indicating consistent resin performance
regardless of pH fluctuations. The stability of Li(I) recovery across this pH
range can be attributed to the aminomethylphosphonic acid functional
group’s ability to maintain its ion exchange capacity effectively despite the
protonation and deprotonation that occur at different pH levels. This resi-
lience suggests that the functional group’s structure provides sufficient buffer-
ing to handle pH variations without significant loss of binding efficiency,
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Figure 2. Effect of pH on Li(l) recovery from geothermal water using Lewatit TP 260 ion exchange
resin.

which is advantageous for practical applications by reducing the need for
stringent pH control. The results imply that the resin can be efficiently utilized
in diverse geothermal water conditions, simplifying the process and poten-
tially lowering operational costs. Although the optimal pH conditions for
maximum Li(I) recovery were identified at pH 8, achieving about 72% recov-
ery, a relatively wide pH range supports the resin’s suitability for broad
applications.

The effect of temperature and initial concentration

The effect of temperature on Li(I) recovery from geothermal water using
Lewatit TP 260 ion exchange resin was evaluated alongside the different initial
Li(I) concentrations. Sorption isotherms (q. vs. C,) at different temperatures
were plotted in Figure 3(a). The sorption capacity (q.) of the resin was
determined at three different temperatures: 25°C, 35°C, and 45°C, across
a range of equilibrium Li(I) concentrations (C.). The results indicate that
increasing temperature decreases Li(I) sorption capacity. The resin exhibited
higher sorption capacities at lower temperatures than at higher temperatures
across the entire concentration range. Specifically, the maximum sorption
capacity reached approximately 3.58 mg Li(I)/g resin at 25°C, 3.47 mg Li/g
resin at 35°C, and 3.23 mg Li(I)/g resin at 45°C for the highest tested equili-
brium concentration. This adverse effect of temperature on Li(I) recovery can
be attributed to the exothermic nature of the ion exchange process, where
higher temperatures reduce the resin’s affinity for Li(I) ions. The trend
suggests that lower temperatures favor Li(I) binding to the resin’s amino-
methylphosphonic acid functional groups, enhancing recovery efficiency. The
increased sorption capacity with higher initial Li(I) concentrations indicates
that the resin’s binding sites are progressively utilized with increasing Li(I)
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availability. This combined effect of temperature and initial concentration on
Li(I) recovery provides valuable insights for optimizing geothermal water
treatment processes using Lewatit TP 260 resin, highlighting the importance
of maintaining lower operational temperatures to maximize Li(I) recovery. On
the other hand, Figure 3(b) shows that the sorption isotherms obtained at
different temperatures had almost the same equilibrium pH values between 9.7
and 9.9 on average, which validates the sorption isotherms for the cation
exchange resin. As the resin was originally in the form of Na®, there was no
considerable pH change at equilibrium when Na" ions were exchanged with
Li(I) ions in the geothermal water, which shows neutral behavior in the
medium.

Sorption isotherms

The sorption isotherms of Lewatit TP 260 ion exchange resin for Li(I) ions
were mathematically represented by the Langmuir, Freundlich, and Dubinin-
Radushkevich (D-R) models. The experimental data align well with the
Langmuir (Eq. (5)),*" Freundlich (Eq. (6)),"**! and D-R (Egs. (7-9))"*"
isotherm models.

1 < 1 ) 1,1 (5)
e KLqm Ce dm
1

Ing, = InKp + " (InC,) (6)
ZHQe = ln% - kadssz (7)
RTIn(1+4 (8)

e = RTIn —

Ce

1

E= 9)

Vv 2kads

where ¢, is the maximum sorption capacity attributing to the maximum
monolayer coverage (mg/g); K;, is the Langmuir constant (L/mg). Kr ((mg/g)
(L/mg)"™) and  are the Freundlich constants related to sorption capacity and
intensity, respectively. g; is the theoretical isotherm saturation capacity (mg/g),
k.4 is the D-R isotherm constant (mol*/kJ?), E is the apparent energy of the
sorption (kJ/mol), R is the universal gas constant (8.314 kJ/kmol.K), and T is the
absolute temperature (K). With these, isotherms parameters useful for Li(I)
sorption system design for Lewatit TP 260 ion exchange resin were obtained and
reported in Table 3.



SOLVENT EXTRACTION AND ION EXCHANGE . 1"

Table 3. Isotherms models with associated parameters and values
for sorption of Li(l) on Lewatit TP 260 ion exchange resin.

Isotherm model 25°C 35°C 45°C

Langmuir 4.31 443 4.19
Amax (Mg g7 0.101 0.075 0.064
K (Lmg™) 0.9841 0.9805 0.9732
R2

Freundlich 0.747 0.605 0.524
Ke ((mg/g) (L/mg)"™) 2.325 2.119 2.086
n 0.9811 0.9795 0.9446
R2

D-R 0.0055 0.0062 0.0065
B (mol? k™) 9.55 8.99 8.76
E (kJ mol™) 8.79 9.45 9.01
s (mg g™ 0.9885 0.9857 0.9545
RZ

The maximum sorption capacity (q,,) and the constant related to the
binding energy of the sorption system (K;) estimated by Langmuir isotherm
with a relatively higher linear regression coefficient ranging from 0.9841 to
0.9732 for Li(I), have been determined to be in the range of 4.31-4.19 mg/g
and 0.101-0.064 L/mg, respectively, for the Li(I)-resin system. The other
Lewatit-type ion exchange resins, such as K2629, TP 207, and TP 208, exhib-
ited a maximum sorption capacity of 1.84, 2.54, and 1.23 mg/g, respectively.'>*!
The separation factor (Ry) has been derived from the Langmuir model using
the following equation:

1

R =—7--—
L 1+ K. Cy

(10)

The R; values were between 0 and 1 for the initial Li(I) concentration range
of 20 to 100 ppm at all studied temperatures, indicating favorable adsorption.

Freundlich isotherm fittings resulted in the sorption of Li(I) using Lewatit
TP 260 resin, with a linear regression coefficient ranging from 0.9811 to
0.9446. The Freundlich constants Ky and n are calculated to be 0.747-0.524
and 2.325-2.086, respectively. Since n lies between 1 and 10, the sorption of
Li(I) on the resin is considered favorable. In addition, 1/n is a heterogeneity
parameter; hence, a value smaller than 1 indicates greater heterogeneity in the
sorption process.

The experimental data fitted to the D-R isotherm model allow for the
determination of the nature (physical or chemical) of the sorption process
on the sorbent surface and can be used to calculate the mean free energy of
adsorption (E). The mechanism of adsorbate binding is inferred from the
value of this parameter: if E <8 k]J/mol, the sorption process is physical; if 8
<16 kJ/mol, the process is governed by ion exchange; and if 1640 kJ/mol,
chemisorption occurs.** Given that E values determined at different tem-
peratures to be in the range of 8.76-9.55k]J/mol, it is concluded that ion
exchange governs the mechanism of Li(I) sorption on Lewatit TP 260 resin.
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The g5 value (8.79-9.01 mg/g) indicates the porosity of the resin; a larger qs
value signifies more developed active binding sites. Above all, the Langmuir
isotherm fitted the experimental data better than the Freundlich and
D-R isotherms that describe Type-I sorption behavior for Li(I) and Lewatit
TP 260 resin.

Sorption thermodynamics

The investigation explored the sorption behavior of Li(I) ions across
a temperature range of 25°C to 45°C using Lewatit TP 260 resin. The max-
imum sorption capacities obtained from Langmuir revealed a decrease in
sorption capacity from 4.31 to 4.19 mg/g as the solution temperature rose,
indicating an exothermic sorption process of Li(I) ions onto the resin. This
decrease in sorption rate with temperature can be attributed to the weakening
of attractive forces between the active sites of the resin and the Li(I) ions and
between the neighboring molecules of the adsorbed phases.

The variation in sorption levels with temperature has been explained
through the analysis of thermodynamic parameters: the change in enthalpy
(AH®, kJ/mol), entropy (AS®, kJ/mol.K), and Gibbs free energy (AG®, kJ/mol.
K). These parameters were calculated using the following equations.

AG° = AH® — TAS® (11)

AG° = —RTInKp (12)
AS°  AH°

InKp = — 13

nikp R RT (13)

Ky — (1000K; MW ggsorbate) [Adsorbate]’ (14)
Y

Where Kp, is the equilibrium constant (dimensionless), y is the coefficient of

activity (dimensionless), [Adsorbate]’ is the standard concentration of the
adsorbate (1 mol L™"). MW, 4emate is the molecular weight of the adsorbate
(g mol™"). 1000 stands for converting L mg ™" into L g~

The negative AG°values (from -16.19 to —16.07 kJ/mol) confirm the
feasibility of the sorption process at various temperatures and indicate
its spontaneous nature, with an increasing preference for Li(I) onto
resin as the temperature rises from 25°C to 45°C. The AH° and AS°
parameters were derived from the slope and intercept of the Van’t Hoff
plot of InKp versus 1/T (see Equation. 13). The negative AH° value
—-17.97 kJ/mol) across the temperature range indicates the exothermic
nature of the sorption process. The relatively low absolute AH® value,
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below 20 kJ/mol, suggests the involvement of physisorption. Therefore,
the estimated AH° value lower than 20k]J/mol hints at a spontaneous
sorption mechanism likely involving physisorption, where chemical
bonds exhibit weaker or no energies. Furthermore, the negative AS°
value —5.97 J/mol-K) indicates a decrease in the degree of freedom of
the adsorbed species, suggesting a decrease in Li(I) concentration at the
solid-liquid interface and an increase in Li(I) concentration in the solid
phase. This behavior is typical of physisorption and is driven by van der
Waals interactions.!*”!

The effect of contact time

The separation efficiency of Li(I) over time, as analyzed from the collected
samples, is shown in Figure 4(a). The removal kinetics of the Lewatit TP
260 resin were remarkably fast, achieving almost 70% removal rate within
20 min. Understanding kinetic parameters is essential for predicting sorp-
tion rates and providing valuable insights for designing and modeling
sorption processes. Therefore, three widely used kinetic models - the
Lagergren pseudo-first-order model (Eq. (15)), the pseudo-second-order
model (Eq. (16)), and the Weber and Morris intraparticle diffusion model
(Eq. (17)) — were employed to analyze the experimental data related to the
sorption of Li(I) onto the resin.

In(q. — q¢) = Inq. — kyt (15)
t 1 1
—=——4—t (16)
A kg;  qe
qt = kitO'B + Ci (17)

where g, (mg/g) and g; (mg/g) are the amounts of Li(I) sorbed at equilibrium
and the amount of Li(I) sorbed at time t, respectively. t is the time (min), k; is
the constant rate of pseudo-first-order adsorption (min™"), k; is the constant
rate of the pseudo-second-order adsorption (g/(mg-min)), k; is the intraparti-
cle diffusion rate (mg/ (g-mino's )), and C; is the intercept. Figure 4(b,c) present
the plots for the pseudo-first order and pseudo-second order models to
examine the conformity between the experimental data and the models
using linear regression. From the slope and intercept of the plot of In(q.—q;)
vs. t, the first-order rate constant (k;) and the calculated equilibrium sorption
capacities (Qeca) Were determined. The correlation coefficient (R*) for Li(I)
sorption using the Lagergren equation was 0.9619. However, the experimental
equilibrium sorption capacity (qe,exp = 3.32 mg/g) did not match the calculated
Qe,cal Value (1.34 mg/g), suggesting that the sorption of Li(I) onto the resin
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under the studied conditions did not follow first-order kinetics. Conversely,
the second-order rate constant (k,) and the q. ., were determined from the
linear plot of t/q, vs. t. The kinetic sorption of Li(I) onto the resin was better
described by the pseudo-second-order model, as evidenced by a higher corre-
lation coefficient (R*=0.9995). Moreover, the calculated sorption capacity
(Qe,cal = 3.53 mg/g) based on the pseudo-second-order model was closely
aligned with the experimental value (qe exp = 3.32 mg/g).

The primary method for discerning sorption mechanisms involves
titting experimental data into the intraparticle diffusion model (Eq.
(17)) proposed by Weber and Morris in 1962.3¢ Many instances in
the literature have documented multi-linearity in the qt vs. t*° plot. As
shown in Figure 4(d), the sorption data of Li onto the resin can be
delineated by two straight lines. The initial curved segment of the plot
signifies external diffusion (boundary layer diffusion), while the

70 0.0
60 - 0.5 10 20
&\i 30 1 -1.0 A Pseudo-first order
s _ R2=0.9619
2 407 .15
(=) T
=
£ 301 = -2.0 1
g 20 - 25 -
A 10 1 3.0 ©
(a) (b)
0 T T T T T T _35 -
0 3 6 9 12 15 18 21 t (min)
time (min)
3.5
5.0
3.0 A
4.0 4 25 -
3.0 4 2.0 A intraparticle disffusion
= 1.5 -
2.0 A Pseudo-second order
R2=10.9995 1.0
1.0 1 0.5
c (d)
0.0 : © 0.0 T T . .
0 10 20 0 1 2 3 4 5
t (min) 5 (min®5)

Figure 4. (a) The effect of contact time on Li(l) separation efficiency, (b) Linear plot of pseudo-first
order model, () Linear plot of pseudo-second order model, and (d) Intraparticle diffusion kinetics
of Li(l) sorption on Lewatit TP 260 resin.
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Table 4. The calculated parameters and correlation coeffi-
cients of kinetic models determined for the Lewatit TP 260

resin.

Model Parameter Value
Pseudo-first-order R? 0.9619
kq (min~") 0.2197

qe,cal (mg/g) 134

Ge.exp (MY/Q) 3.32
Pseudo-second-order R? 0.9995
ka (9/(mg-min)) 0.2493

Je,cal (mg/g) 3.53

Geexp (MY/9) 3.32
Intraparticle diffusion R 0.9716
ki (mg/g min®?) 0.0845

G (mg/g) 294

subsequent linear portion represents intraparticle diffusion (diffusion
within the polymer network). However, the data points do not intersect
the origin, indicating that intraparticle diffusion is not the sole limiting
mechanism. Other factors, such as repulsion between Li(I) ions and/or
between the sorbent and dye molecules due to concentration density,
also contribute significantly. The intercept C; provides insights into
boundary layer thickness: a higher intercept suggests a more significant
boundary layer effect. The value of C; was found to be 2.94 mg/g.
Furthermore, the intraparticle diffusion rate constant k;, derived from
the latter portion of the gt vs. > plot, was determined to be 0.0845 mg/
g-min®”. Table 4 collects the parameters, correlation coefficients for
pseudo-first order and pseudo-second order models, and intraparticle
diffusion kinetics.

Desorption of Li(l) and regeneration of the resin

Figure 5 illustrates the desorption efficiency of Li(I) from Lewatit TP 260
ion exchange resin using various desorption solutions (NaCl, HCI, and H,
SO,) at different molarities (0.05M, 0.1 M, and 0.5 M). The results show
that NaCl was ineffective for desorbing Li(I), with desorption efficiencies
close to 1% across all tested molarities. In contrast, HClI and H,SO,
exhibited significantly higher efficiencies. At a concentration of 0.05M,
HCI achieved 62.5% desorption efficiency, whereas it was 99.9% for H,
SO,4. However, at higher concentrations of 0.1 M and 0.5M, both acids
demonstrated 99.9% desorption efficiency. These findings indicate that
while NaCl was unsuitable for Li(I) desorption from Lewatit TP 260,
both HCI and H,SO, are highly effective, particularly at higher molarities,
making them the preferred desorption agents for efficient Li(I) recovery
and regeneration of the resin.
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Figure 5. Li(l) desorption efficiency from Lewatit TP 260 ion exchange resin using various
desorption solutions (NaCl, HCI, and H2S04) at different molarities (0.05 M, 0.1 M, and 0.5 M).

Chromatographic separation and recovery of Li(l) from geothermal water

The chromatographic separation of Li(I) from geothermal water using Lewatit
TP 260 ion exchange resin is illustrated through the breakthrough and elution
curves in Figure 6(a,b), respectively. In the case of sorption, initially, C/C, is
close to 0, indicating effective adsorption. As BV increases, C/C, rises gradu-
ally, reaching approximately 0.9 at 250 BV, signaling the nearing saturation of
the resin. At 300 BV, C/C,, approaches 1, marking complete saturation. At the
breakthrough point, the breakthrough time is defined by the ratio of the
effluent concentration to the influent concentration. Specifically,

105
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Figure 6. (a) Breakthrough curve displaying the ratio of effluent to influent Li(l) concentration (C/
C0) vs bed volume (BV), (b) Elution curve depicting the concentration of Li(l) and other major
cations as a function of bed volume for the chromatographic separation of Li(l) from geothermal
water using Lewatit TP 260 ion exchange resin.
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a breakthrough time value of 0.05 is typically used as the threshold ratio in
tixed-bed operations to remove heavy metal ions from water. However, given
the focus on recovering a valuable metal, this study adopted a different
approach based on the literature where the breakthrough point was accepted
as the time required for the Li(I) extraction rate to decrease to 0.6.137:38
Therefore, the breakthrough capacity was 0.17 mg Li(I)/mL resin, and BV
was 43. While at the saturation point, the total capacity was found to be
0.41 mg Li(I)/mL resin with 320 BV. The degree of column utilization (break-
through capacity/total capacity) was estimated at 41.5%. The shape of the
breakthrough curve for Li(I) separation using Lewatit TP 260 ion exchange
resin deviates from the classic S-shape due to several influencing factors. The
presence of competing ions in geothermal water and variations in flow rate
and contact time contribute to this deviation. Moreover, mass transfer limita-
tions such as film and pore diffusion slow the adsorption process, resulting in
a more gradual increase in the C/C, ratio rather than a sharp transition typical
of an S-shaped curve. These combined factors lead to a breakthrough curve
that reflects the complexities of the actual adsorption process rather than the
idealized S-shape. Several strategies can be employed to enhance sorption
efficiency in dynamic column operations. Optimizing the packed column for
Li(I) recovery using Lewatit TP 260 resin involves refining key parameters
such as column configuration, flow rate, pH, and temperature, each critical for
maximizing efficiency. Adjusting the height-to-diameter ratio and resin pack-
ing density enhances contact time, improving ion exchange efficiency by
ensuring sufficient interaction between the resin and brine. Variable and
pulsed flow regimes optimize residence time, allowing more effective Li(I)
uptake, while precise pH control enhances Li(I) selectivity by favoring optimal
binding conditions. Temperature management accelerates ion exchange
kinetics, which is particularly beneficial in colder brines where reaction rates
are slower. Efficient resin regeneration protocols are essential to sustain
performance across multiple cycles, and real-time monitoring with automa-
tion ensures consistent recovery under varying operational conditions, thereby
maximizing the overall process efficiency and reliability.*”’

In the elution stage, a sharp peak of around 65 mg/L is observed at 10 BV,
indicating rapid and efficient Li(I) desorption. The concentration then sharply
declines, dropping below 10 mg/L by 15 BV and stabilizing around 0 mg/L
after 25 BV. These results demonstrate that Lewatit TP 260 resin can effec-
tively adsorb Li(I) from geothermal water up to around 250 BV and elute it in
a concentrated form, with most Li(I) recovered within the first 15 BV of the
eluting solution. Given that almost 100% elution efficiency was recorded, Li(I)
can be desorbed, and the resin can be regenerated easily. On the other hand,
there are other major cations, such as Na*, K*, Ca®*, and Mg*", in the product
elution solution. In the realm of Li(I) extraction from geothermal brine, the
concentration factor (CF) is crucial in assessing Li(I) selectivity against other
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dominant cations. The CF, defined as the ratio of the concentration of each
species in the sorbent phase to that in the initial solution phase (C;), serves as
a key metric in evaluating the performance of ion-exchange resins or adsor-
bents. A higher concentration factor reflects a more selective adsorption
process, wherein Li(I) ions are preferentially captured over competing cations,
thereby reducing the likelihood of contamination in the final product. The
total concentration of each cation in the sorbent phase or elution product
solution (C;, mg/L) was estimated using two peak points in the elution curve.
The equations used for determining the total concentration of each cation in
the sorbent phase and CF are provided below.

CiVii+ G iVa
Ci= LiV1i 1 82 Vo, (18)
Vii+ Vai
Ci,i
CF = — (19)
Co,i

where V;; and V,; are the fraction volumes (mL) of the two peak concentra-
tions of cation i on the elution curve.

CF for Li(I), Mg>*, Ca®*, K*, and Na" were calculated as 9.68, 4.90, 4.36,
0.19, and 0.09, respectively. Given that Li(I) is present in much lower con-
centrations in the geothermal brine than these other cations when compared,
the CFs of each cation showed that the selective separation was achieved for
effective recovery of Li(I). Moreover, Li(I) precipitation as Li,CO; from an
aqueous solution typically requires a sufficient concentration of Li(I) and
CO5* ions under controlled conditions. The solubility product (Kp) of Li,
COs5 is quite low (around 8.15 x 10~ * at 25°C), meaning it is not very soluble in
water. Therefore, in principle, concentrated Li(I) (ca. 60 mg/L) could be
sufficient for precipitation if the CO5>" concentration is adequately high and
the solution conditions are favorable.

Conclusions

The investigation of Lewatit TP 260 ion exchange resin for Li(I) recov-
ery from geothermal water has demonstrated significant potential for
efficient and sustainable extraction processes. Batch mode experiments
revealed that optimal Li(I) recovery is achieved with a resin dose of 0.5
g per 25mL of geothermal water, within a pH range of 6-8, and at
a temperature of 25°C. The maximum recovery rate recorded was 71%,
highlighting the resin’s effectiveness under these conditions. The
Langmuir isotherm model best described the sorption capacity, with
a maximum capacity of 4.31mg/g, while Cicek et al.?”! reported
a 13.65mg/g monolayer sorption capacity with a 5mg Li(I)/L LiCl
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Table 5. A comparative analysis of the studied sorbent (Lewatit TP 260 ion exchange resin) and
various other sorbents for Li(l) recovery from brines.

Sorbent Sorption capacity (mg/g) Equilibrium constant* Rate constant* Reference
UBK 10 cation exchange resin 0.067*° N.A. 40.08™° (401
Amberlite IR120 Plus resin 0.336 N.A. N.A. ot
Purolite C100 0.279

Purolite C150 0318

Purolite C160 0.437

Trilite SCR-B 0.336

Lewatit K2629 1.84" 0.108" 0.0600"C (261
Lewatit TP 207 2.54" 2.434" 0.1249™°

Lewatit TP 208 123 0.325" 0.2168"°

Li-imprinted polymer 2.10 N.A. N.A. 2l
Magnetic ion imprinted polymer 407" 0.092" 0.186"° 3]
Lewatit TP 260 resin 431" 0.101" 0.24937°  This work

*L: Langmuir; equilibrium constant, K (L mg’1); PSO: pseudo-second order, rate constant, k; (g mg’1 min~"); N.A.: not
available

solution for Lewatit TP 260 ion exchange resin. Although there is
a scant field for Li(I) recovery from brines using ion-exchange poly-
mers, the sorption capacities and kinetics of the applied sorbent, which
is Lewatit TP 260, and several others recently utilized, mostly featuring
commercially available ion exchange resins, are presented in Table 5.
Column mode studies further validated the practical applicability of
Lewatit TP 260 resin in continuous Li(I) recovery operations, with
a defined breakthrough point and efficient desorption using 5% H,
SO,. These findings support the feasibility of using Lewatit TP 260 for
Li(I) extraction from geothermal brines, offering a promising approach
to meeting the growing demand for Li(I) in the context of renewable
energy and electric mobility advancements.

Future work should explore the long-term operational stability and eco-
nomic viability of this method to further solidify its role in sustainable Li(I)
recovery technologies. Investigations into the regeneration and reuse of the
resin and the optimization of process parameters for large-scale applications
will be crucial. In addition, the environmental impact of the entire process,
from extraction to resin disposal, needs to be thoroughly assessed to ensure its
sustainability.
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