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Abstract

This study investigates the selective recovery of lithium (Li) from geothermal brines using a chitosan-coated lithium manganese oxide composite
(CTS/LMO). Geothermal brines from Germencik and Tuzla in Tiirkiye, characterized by distinct physicochemical properties, were used to
evaluate adsorption performance. This study introduces a novel application of CTS/HMO adsorbent for selective lithium separation from real
geothermal water samples from the Germencik and Tuzla regions, marking the first such investigation. The Freundlich isotherm provided the
best fit for the adsorption data, indicating heterogeneous and multilayer adsorption, with maximum adsorption capacities of 3.622 mg/g for
Germencik and 3.556 mg/g for Tuzla derived from the Langmuir isotherm. Kinetic studies revealed that lithium adsorption followed a pseudo-
first-order model for Germencik (R2=0.992) and a pseudo-second-order model for Tuzla (R?=0.914). The intraparticle diffusion model identified
boundary layer diffusion as a significant rate-limiting step, with diffusion rate constants of 0.365 mg/g-h%5 for Germencik and 0.588 mg/g-h% for
Tuzla. Mechanistic studies demonstrated ion exchange as the dominant adsorption mechanism, supported by adsorption energy values of 8.64
kJ/mol for Germencik and 9.13 k]/mol for Tuzla. Optimal conditions yielded lithium recovery efficiencies of 95% for Germencik and 80% for Tuzla,
with the differences attributed to variations in salinity and ionic composition. CTS/LMO effectively retained Li up to 241 BV with 69.03%
efficiency, while desorption peaked at 43 mg/L at 9 BV, achieving 76% elution efficiency in column operation with a model solution. These findings
demonstrate the potential of CTS/LMO as an efficient and sustainable adsorbent for Li recovery from geothermal brines, contributing to the
growing demand for Li in renewable energy applications.
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1. Introduction

Earth

Lithium (Li) naturally occurs in various
environments, including igneous, volcanic,
sedimentary rocks, with concentrations ranging from 20
to 60 mg/kg [1]. It is also found in seawater at
approximately 0.18 ppm, brines and salt marshes
(sabkhas) at around 1000 ppm, and thermal fluids
ranging from 15 to 350 ppm [2]. The high volatile content
in late-stage magmatic fluids, combined with slow
magma cooling, promotes the formation of Li-rich
minerals in larger structures like pegmatites. These
pegmatites often contain minerals such as phlogopite,
tourmaline, spodumene (LiAlSi2Os), and zinwaldite (a
Li-bearing mica found in certain granites). Globally, an
estimated 31.1 million tons of Li are available from
natural sources, with the largest reserves in brines (21.6
million tons), followed by pegmatites (3.9 million tons)

and

[3,4]. Deposits of hectorite and jadarite account for about
3.4 million tons, while geothermal fluids contribute to 2
million tons [5]. Despite lower Li concentrations in
geothermal waters than in brines, they still represent a
significant source. Li concentrations in geothermal
waters vary by region [6-9]. In Tiirkiye, sediments
associated with thermal springs also have elevated Li
concentrations [10-13]. The rising demand for electric
vehicles has notably increased the need for Li, with
about 8 kg required for a 60 kWh Li-ion battery. Global
Li consumption, 280,000 tons in 2018, is expected to rise
significantly to 1.2-1.6 million tons by 2030. Given the
growing economic importance of Li, extracting valuable
metals from geothermal fluids has become crucial for
environmental and economic reasons [14-16].
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Extracting Li from brines remains one of the most
cost-effective methods and has been utilized for a long
time. Various techniques can be employed to recover Li
from aqueous sources. Namely, the precipitation of Li as
Li-aluminate has been documented, and the highest
yield was achieved at room temperature [17]. Traditional
liquid-liquid extraction methods, such as the beta-
diketone/trioctylphosphine oxide process and more
recent ionic liquid-based techniques, have also been
employed [18]. Membrane technologies, such as
electrodialysis with bipolar membranes and membrane
electrolysis, have proven effective for Li recovery [19,20].
In addition, membranes containing (2-ethylhexyl)-
diphenyl phosphate selectively separate Lit+ ions from
Mg2+ and Ca2+, while osmosis and
nanofiltration processes have shown 85% efficiency in

reverse

separating Mg from Li in brines [21]. On the other hand,
adsorption/ion exchange is emerging as a promising,
environmentally friendly method for Li extraction from
brines, geothermal water, and seawater, offering rapid
recovery despite the need for large volumes of eluent
and freshwater [22]. However, a major challenge in
adsorption lies in the lack of suitable adsorbents for
large-scale industrial applications, which limits its
effectiveness in practical settings. As a mostly studied
adsorbent type, Li-ion sieves (LISs) exhibit excellent Li
screening capabilities due to their stable molecular
framework, enabling efficient Li recovery from brines
with high rates and selectivity [23]. LISs are classified
into manganese-based (Mn-LIS) and titanium-based (Ti-
LIS) types [24]. Mn-LISs are popular for their higher Li
adsorption capacity, although they suffer from
manganese loss, which may affect their cycling
performance [25,26]. Xiao et al. synthesized a spinel-type
Li4Mn5012 through a solid-phase reaction, achieving a
Li adsorption capacity of 39.62 mg/g at pH 10.1 using a
LiCl-based model solution. Except for Mg2+, almost all
competitor ions were fully rejected. After 55 adsorption-
desorption cycles, the adsorption capacity remained at
2.78 mg/g [27]. In another study, Lil.6Mn1.604 was
synthesized, resulting in a Li adsorption capacity of 42.1
mg/g at pH 10.1. After six cycles, the adsorption capacity
decreased by 11.33%, from 28.36 mg/g to 25.15 mg/g,
while maintaining high Li selectivity [28]. Zhang et al.
synthesized LiMn204, which exhibited a Li adsorption
capacity of 16.9 mg/g at pH 9.19, with high selectivity for
Li+, followed by divalent ions (Ca?, Mg?), and then
monovalent ions (K+, Na+) [29]. Moreover, spinel-type
A-MnO2 was used to recover Li from the Balgova
geothermal water sample resourced from Izmir
province, Tiirkiye, by adsorption and
adsorption/ultrafiltration (UF) hybrid methods. The
maximum Li sorption capacity was reported to be
powdery and granulated A-MnO: at 31.55 and 30.42
mg/g, respectively. Also, the adsorption-UF hybrid
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system efficiently handled fine particles, making it a
favorable process for Li separation from geothermal
water [30-32]. As LISs are in powder form, their practical
use is limited due to poor fluidity, low permeability, and
high energy consumption from pressure drops [22,23].
To overcome this, methods like foaming [33], fiber
formation [34], and granulation [35,36] are employed,
with granulation being the most promising nanoparticle
Granulated LISs high water
permeability and mechanical and chemical stability.
Chitosan, a hydrophilic and stable binder, improves

modification. offer

adsorption capacity and reduces dissolution loss,
making it widely used in the granulation of LMOs
(LiMn20s, LisMnsOn2, and LitesMni.6604) [37].

This study presents the application of chitosan-
coated  hydrometallurgically = synthesized = LMO
(CTS/LiMn20s) as an innovative adsorbent for Li
extraction using geothermal brines from Germencik and
Tuzla Geothermal Energy Power Plants located in the
western Anatolia region of Tiirkiye coupling enhanced
ease of operation due to the chitosan coating. This study
also presents a novel approach by applying a previously
developed CTS/HMO adsorbent to real geothermal
water samples with varying characteristics from the
Germencik (Aydin) and Tuzla (Canakkale) regions for
selective lithium separation—marking the first such
application in the literature. While the experimental
framework approach, its
implementation in actual geothermal brine systems
yields significant and novel insights from an engineering
perspective. The findings provide valuable implications
for practical applications, particularly in advancing
lithium recovery strategies. Furthermore, using a

follows a classical

column method enhances the study’s relevance for
industrial-scale applications, reinforcing its potential for
large-scale implementation.

2. Experimental

2.1. Materials

CTS/LiMn20s (CTS/LMO) adsorbent was synthesized,
and the CTS/HMn20s (CTS/HMO) form of the adsorbent
was prepared using the same method described in the
literature [38]. A 1.0 mol/L manganese (II) nitrate
(Mn(NOs)2) solution (100 mL) was prepared by
dissolving 28.7 g of manganese (II) nitrate hexahydrate
(Mn(NO3)226H20) in deionized water, while 11.4 g of
ammonium peroxodisulfide ((NH4)25:0s) and 8.4 g of
lithium hydroxide monohydrate (LiOH-H20) were used
to prepare 0.5 mol/L (NH4)25:0s and 2.0 mol/L LiOH
solutions, respectively. The LiOH solution was
gradually added to the Mn(NOs)2 solution with vigorous
mixing, followed by 42.0 g of LiOH-H20 until a white
precipitate formed. The mixture was left at 25°C for 2 h,
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then heated to 80°C before (NH4)25:0s was added
dropwise over 10 h. The black precipitate was filtered,
washed, dried under vacuum at 120°C for 12 h, and
sintered at 600°C for 24 h. Finally, the Lil.6Mn1.604
(LMO) powder was ground.

To form the granulated adsorbent, 3 g of chitosan was
dissolved in 97 mL of 2% glacial acetic acid at room
temperature. After achieving a uniform solution, 2 g of
LMO was added and thoroughly mixed until a
consistent black mixture was obtained. This mixture was
then dispensed into a 1 mol/L NaOH solution using a
needle-tipped syringe, resulting in spherical CTS/LMO
granules. The granules were rinsed with deionized
water until the pH stabilized at 7 and then dried at 60°C
for 12 h.

To modify the adsorbent, 5 g of CTS/LMO was mixed
with 75 mL of deionized water containing 0.075 g of
NaCl and 0.35 mL of epichlorohydrin. After adding 0.3
g of KOH (dissolved in 2 mL of water) dropwise for 15
min, the mixture was stirred at 25°C for 16 h. The
resulting solid was filtered, washed with distilled water,
and dried overnight at 70°C.

CTS/HMO was prepared by shaking CTS/LMO in
0.25 M HCI for 12 h, replacing Li* with H* ions. This
process caused the adsorbent to develop a slightly dark
red/brown hue due to its manganese content. The
mixture was then filtered, rinsed with deionized water
until the pH stabilized at 4-5, and dried at 60°C for 12 h.
The final adsorbent exhibited a uniform spherical shape
with a diameter of approximately 1-2 mm.

Geothermal samples with different
physicochemical properties were collected from two
locations in the geothermal-rich western Anatolia region
of Tiirkiye: Germencik (Aydin) and Tuzla (Canakkale)
Geothermal Energy Power Plants. These water samples
were characterized using various analytical methods,
with detailed analysis results in Table 1.

water
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2.2. Methods

2.2.1. Investigation of the effect of adsorbent dosage on Li
recovery from geothermal waters

The effect of CTS/HMO composite adsorbent dosage on
Li recovery was investigated using water samples
collected from the Germencik and Tuzla geothermal
fields. Various amounts of adsorbent (0.05g,0.1g,0.2 g,
03 g 04 g and 0.5 g) were contacted with 25 mL
geothermal water samples at 25°C in a water bath shaker
operating at 180 rpm for 24 h. After 24 h, the adsorbent
was filtered out, and the concentrations of Li were
measured in the remaining solution using the ICP-OES
instrument. Li recovery or separation efficiency
percentages were calculated for each adsorbent dosage,
and the optimal adsorbent amount was determined. The
% Li separation efficiency was calculated using the

following equation:
Li Recovery (%) = [(Cy, — C,)/C,] X 100 (D

where Co represents the initial Li concentration in the
and C
equilibrium Li concentration after adsorption (mg/L).

geothermal water (mg/L), denotes the

The Li adsorption capacity (., mg/g) is calculated
using the equation:

qe = [(Co — Ce) xV]/m (2)

where V is the volume of the solution (L), and m is the
amount of adsorbent used (g).

Moreover, the findings obtained from these studies
were further analyzed using adsorption isotherms such
as Langmuir, Freundlich, and Dubinin-Radushkevich
(D-R), providing a theoretical explanation of the
adsorption behavior.

Table 1. The physicochemical properties of the geothermal water sample collected from Germencik (Aydin) and Tuzla (Canakkale)

Geothermal Energy Power Plants

Concentration Anion Concentration
Cation species (mg/L) . (mg/L)
Germencik Tuzla species Germencik Tuzla
eLi* 6.56 32.27 bPHCOs- 1264.10 132.19
eNa* 1178.95 16920.53 aCl- 1254.99 35170
eK+ 80.24 2121.71 af- 9.37 4.05
eCa2 14.75 2737.53 aNOs *N.D. 4.64
Mg?* 3.15 134.14 aSO42 36.43 205.43
aNH4* *N.D. 105.19 aPO43- *N.D. *N.D.
Germencik Tuzla
pH 8.94 6.71
dConductivity (mS/cm) 2.79 83.4
dSalinity (ppt) 1.50 58.6
bTotal alkalinity (mg/L as CaCOs) 1036.15 108.36
B (mg/L) 39.48 24.56
eAs (ug/L) 110 37.11
f5i02 (mg/L) 152 230

aJon chromatography (Thermo Scientific Dionex ICS-5000), bTitrimetric method, pH meter (Thermo, Orion Star A111), dMultimeter (YSI Model
30M), {ICP-OES (Agilent Technologies, 5110), ‘Spectrophotometer (Hach-DR5000), *not determined (below the detection limit)
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The Langmuir model postulates that adsorption
occurs at distinct, homogeneous sites within the
adsorbent, where each site can accommodate only a
single Li* ion. Once occupied, no further adsorption can
occur at that site. Additionally, the model assumes the
absence of lateral movement of adsorbed species across
the surface, leading to uniform adsorption energies
[39,40]. The Langmuir isotherm model is given in Eq. (3),
and to evaluate the favorability of adsorption for the
Langmuir isotherm, the effect of the adsorption isotherm
shape, was investigated wusing the dimensionless
constant 'R:', also known as the separation factor or
equilibrium parameter. The 'R:' value was calculated
using Eq. (4) provided below, and if the value is between
0 and 1, the adsorption is favorable.

e = [(qmaxKLCe)/(1 + KLCe)] 3)
R, =1/(1 +K,Co) “)

where gm (mg/g) is the maximum adsorption capacity
and Kt (L/mg) is the Langmuir constant related to the
affinity of the binding sites.

The Freundlich model is an empirical equation
describing adsorption as an exponential function, where
the adsorbate concentration on the adsorbent surface
increases with rising bulk-phase concentration. This
model suggests that adsorption initially occurs at the
highest-affinity ~binding sites, with subsequent
occupation of weaker sites as adsorption progresses. It
characterizes sorption on heterogeneous surfaces or
surfaces with sites of varying binding strengths [41]. The
Freundlich isotherm is described in Eq. (5) as follows:

qe = KpC,M™ 5)

where Kr (L/g) and n are Freundlich constants for the
adsorption capacity and adsorption intensity of the
adsorbent, respectively. The value of n also describes the
adsorption characteristics so that if n>1, the adsorption
is favorable.

The D-R isotherm [42], as given in Equations 6, 7, and
8, allows for determining the nature of the adsorption
process (physical or chemical) occurring on the surface
of the adsorbent and can be used to calculate the mean
free energy of adsorption (E). The value of this
parameter helps determine the adsorption mechanism.
If E<8 kJ/mol, the process is physical adsorption; if
8<E<16 KkJ/mol, the process is driven by ion exchange;
and if 16<E<40 kJ/mol, chemical adsorption occurs.

e = qSexP(_ﬂfz) (6)
e =[RTIn(1+1/C,)] @)
E=1/2p)°° (8)
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where f is the model constant (mol?/kJ?), and ¢ is the
Polanyi potential (kJ/mol). T is the absolute temperature
(K), and R (8.314 J/mol.K) is the related universal gas
constant.

2.2.2. Investigation of the effect of contact time on Li recovery
from geothermal waters and adsorption kinetics
The effect of contact time on Li recovery from
geothermal waters and adsorption kinetics was studied
by adding 3 g of adsorbent to 750 mL of geothermal
water (4 g/L) and continuously stirring at 250 rpm.
Samples of 5 mL were taken from the solution at specific
time intervals (0, 5, 10, 15, 20, 30, 45, 60, 90, 120, 180, 240,
360, 480, and 1440 minutes) to evaluate the adsorption
process.

The results obtained from the kinetic studies were
evaluated using pseudo-first-order, pseudo-second-
order, and intra-particle diffusion kinetic models.

The pseudo-first-order kinetic model [43] is given in Eq.
©):

In(ge — q¢) = Inq, — kqt ©

where g. is the adsorption capacity at equilibrium
(mg/g), q: is the adsorption capacity (mg/g) at time ¢ (h),
and ki1 is the rate constant of the pseudo-first-order
model (1/h).

The pseudo-second-order kinetic model related to
equilibrium adsorption [44,45] is expressed in Eq. (10):
t/qe = 1/(k,q2) + t/q. 10)
where k2 is the rate constant of the pseudo-second-order
model (g/mg-h).

Since the kinetic models above cannot describe the
diffusion mechanism, the intra-particle diffusion model,
proposed by Weber and Morris [46], is an empirically
derived functional relationship based on the theory
expressed in Eq. (11):
qe = kigt™® +C; (11)
where ki is the intra-particle diffusion rate constant
(mg/g-h%%), and Ciis a constant related to the thickness of
the boundary layer (mg/g).

2.2.3. Adsorption selectivity of the CTS/HMO in geothermal
waters

The selectivity of the adsorbent to Li*, Na*, K*, Ca?" and
Mg?* was investigated from the experiment where 0.5 g
of the CTS/HMO was contacted in 25 mL geothermal
water samples at room temperature for 24 h. The
distribution coefficient (K«), separation factor (ak,), and
concentration factor (CF) were calculated considering Co,

C., and qe through Eq."s 12 — 14 [28]:
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Kq = (Co = CV/(C.V) (12)
atte = Ka, /Koy, (13)
CF = Qqy,./Copye (14)

2.2.4. Li recovery studies in a continuous-flow dynamic
packed column system using a model solution

A glass column with a diameter of 0.7 cm and a height of
12 cm, packed with CTS/HMO, was used for the
chromatographic separation of Li from an aqueous
solution. A continuous-flow packed column system was
employed to investigate Li sorption using a solution
with an initial Li concentration of 10 mg/L. The solution
was fed from top to bottom at a flow rate of 0.25 mL/min
through a column with a bed height of 1.5 cm. Li
sorption experiments were conducted using a peristaltic
pump (SHENCHEN model) and a fraction collector
(BUCHI C-660), with 3 mL fractions collected, as
illustrated in Fig. 1. Li desorption experiments were
performed using a 5% (v/v) H2SOs solution at a flow rate
of 0.12 mL/min, with 2 mL fractions collected. The Li
concentration in the samples was also determined using
an ICP-OES instrument (Agilent Technologies, 5110).

4
. | | —
9.7 cm Peristaltic | L |/
pump
Li solution ‘;
12
Glass cm e
column 1.5 ==
cm

Fraction collector

CTS/HMO
adsorbent

Figure 1. Schematic illustration of chromatographic separation set-up

The breakthrough curves representing the performance
of fixed-bed column sorption were plotted as
normalized concentration (C/Co), defined as the ratio of
the effluent Li concentration (C, mg/L) to the influent Li
concentration (Co, mg/L), against the bed volume. The
bed volume (BV, mL solution/mL adsorbent) was
calculated using Eq. (15) [47]:
BV =Q.t/V (15)
where Q represents the feed solution flow rate (mL/min),
t is the operation time (min), and V is the wet volume of
the adsorbent (mL).

The breakthrough time (#) and breakthrough
capacity are critical parameters in column adsorption
processes, where the breakthrough time represents the

Turk J Anal Chem, 7(2), 2025, 140-153

operational lifespan of the adsorbent in a single
adsorption cycle. Typically, the breakthrough time is
defined based on the ratio of the effluent concentration
to the example, the
breakthrough time is commonly taken in heavy metal
removal when the effluent concentration reaches 5% of

influent concentration. For

the feed concentration (C/Co = 0.05). However, since this
study focuses on recovering a valuable metal, v is
defined based on the Li extraction efficiency, following
literature recommendations [48]. Specifically, the f is
taken as the time required for the Li extraction efficiency
to decrease to 60%, corresponding to an effluent
concentration of approximately 4 mg/L from an initial
feed concentration of 10 mg/L.

The total or stoichiometric capacity of the bed and the
usable capacity of the bed up to the break-point
(breakthrough) time # of the bed are calculated by Eq.
(16) and Eq. (17), respectively [49]:

te=J,"A-C/Cy)dt (16)

tp

ta=| (1—-c/cy)dt (17)
0

where t is the time equivalent to the total or
stoichiometric capacity, and f. is the time equivalent to
the usable capacity or when the effluent concentration
reaches its maximum permissible level. The value of t.is
usually very close to that of f». Numerical integration of
Egs. (16) and (17) was done using a spreadsheet.

The scale-up design method was applied to estimate
the length of bed used up to the breakpoint, Hs (Eq. (18)),
and the length of unused bed, Huns (Eq. (19)), for a total
bed length of Hr (Eq. (20)), simulating a full-scale
packed-bed tower [49].

Hg = (tu/tt)HT (18)
Hynp = 1- tu/tt)HT (19)
Hr = Hp + Hyng (20)

The Huns represents the mass transfer zone (MTZ),
primarily influenced by fluid velocity rather than the
total column length. To determine Huns, experiments can
be conducted in a small-diameter laboratory column
packed with the chosen adsorbent at the design velocity.
When scaling up to a full-scale adsorption system, the
total bed height (Hr) is calculated by adding the Huns to
the bed height required to achieve the desired
adsorption capacity at the breakpoint (Hz). This
approach allows for an efficient transition from
laboratory-scale testing to industrial-scale application
[49].
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(b) Tuzla
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Figure 2. The effect of CTS/HMO adsorbent dose on Li recovery and the adsorption capacity using (a) Germencik and (b) Tuzla geothermal waters

3. Result and discussion

3.1. Characteristics of the adsorbent

As we reported previously, the characteristics of the
synthesized adsorbent were discussed in detail [38]. For
example, EDX integrated with SEM analysis of
CTS/HMO confirmed the presence of C and O from the
raw chitosan structure and the uniform incorporation of
Mn into both CTS/LMO and the final CTS/HMO
product. The even distribution of Mn indicated a
homogeneous functional structure throughout the
composite. Additionally, the elemental composition—
31.22% C, 44.36% O, and 15.62% Mn—validated the
successful synthesis.

The FTIR spectrum of chitosan showed O-H and N-
H stretching (3250-3500 cm™) and peaks for —NH:
deformation (1650 cm™) and C-N stretching (1380 cm™).
LMO exhibited a Li-O absorption band at 530 cm™?, with
MnOgs and LiOs groups shifting the Mn—O peak from 633
cm? to 901 cm™. In CTS/LMO and CTS/HMO, reduced
peak intensity confirmed successful cross-linking. The
absence of Li-O vibrations (500-550 cm™) in CTS/HMO
indicated Li* to H* conversion. Lithium removal caused
spectral changes, producing peaks at 520, 495, 605, and
325 cm™, while cubic symmetry was maintained.

The XRD diffractogram of chitosan displayed broad
peaks at 26 = 10° and 20°, but in CTS/LMO and
CTS/HMO, the 10° peak disappeared, and the 20° peak
weakened, confirming chitosan's compatibility with
LMO. Diffractograms matched standard references,
verifying successful LMO synthesis. Characteristic peaks
at20 =18.69°, 36.40°, 38.10°, 44.29°, 48.66°, 58.73°, 64.55°,
and 67.83° corresponded to LiisMni¢Os crystal planes.
Cross-linking with epichlorohydrin reduced peak
intensities due to increased amorphicity, though LMO
spinel peaks remained. Acid-treated CTS/HMO showed
further intensity reduction,
chitosan coating on LMO.

indicating successful

The specific surface area of LMO was measured by
BET analysis at 8.410 m?/g. In contrast, the surface area

of CTS/HMO significantly dropped to 0.185 m?/g due to
increased particle size from LMO granulation with
cross-linked chitosan. This decrease is likely due to
reduced porosity caused by chitosan covering the lattice
and collapsing pores.

CTS/HMO
depends on the Li*/H* ion exchange and it is provided in

The adsorption mechanism of the

the chemical equation below:

Hi1sMn16Os + Lit & Lit.eMn16Os + H*

3.2. Determination of optimum adsorbent dose and
adsorption isotherms

The comparative graph of the Li recovery efficiency and
the static adsorption capacity against the adsorbent dose
for both Germencik and Tuzla geothermal waters is
shown in Fig. 2(a) and Fig 2(b), respectively. As the
adsorbent amount increased, the number of functional
groups available for Li adsorption also increased,
resulting in an enhanced Li recovery rate. For
Germencik, the Li recovery rapidly increased with the
rise in adsorbent dose, reaching over 90% recovery at a
dose of 8 g/L. However, with further increases beyond 8
g/L, the recovery rate slowed, and after 12 g/L, it
plateaued at around 95%. This indicates that adding
more adsorbent does not yield further benefits.
Therefore, the optimum adsorbent dose for effective Li
recovery from Germencik geothermal water was 0.2 g/25
mL of geothermal water (8 g/L). For Tuzla, Li recovery
started at lower levels and reached approximately 65%
at a dose of 12 g/L. After 12 g/L, the recovery rate
increased more slowly and approached 80% at a dose of
20 g/L. This indicates that more adsorbent is required for
Li recovery from Tuzla water. This is because, while
Germencik geothermal water contains 6.56 mg/L of Li,
Tuzla geothermal water has a higher Li concentration of
32.27 mg/L and a more saline characteristic than
Germencik. On the other hand, despite Germencik
having nearly one-fifth less Li, its softer characteristics
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Figure 3. The trend lines of the experimental data for the adsorption behavior of Li from Germencik and Tuzla geothermal water onto CTS/HMO

using Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) type isotherms

allow for a higher Li recovery of 95%, while the
aforementioned factors can explain the lower recovery
rate for Tuzla geothermal water. Furthermore, the
maximum static adsorption of lithium onto CTS/HMO
adsorbent was achieved for an adsorbent-to-solution
ratio of 2.0 g/L, as expected. It was found to be 1.84 mg/g
for Germencik geothermal water, while it was 3.51 mg/g
for Tuzla geothermal water.

Furthermore, the adsorption equilibrium is typically
characterized by an isotherm equation that describes the
affinity and surface properties of the adsorbent under
specific pH and temperature conditions. These equations
establish the relationship between the amount of
adsorbate bound to the adsorbent and the concentration

(a) Germencik
2.0 -
¢ Experimental ezt
1547 Langml%lr /l"
- | === Freundlich e
% .;9:"
E 10 4 P
& 4-#“‘";’
0.5 /0’
00 </ T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
C. (mg/g)

of the dissolved adsorbate in the liquid phase, which are
referred to as adsorption isotherms.

Adsorption isotherms help characterize any pollutant
removal or valuable metal recovery process using an
adsorbent and distinguish between physical/chemical
phenomena, favorable adsorption, adsorption energy,

and single-layer versus multi-layer adsorption
scenarios. These equations are generally used to describe
experimental and were developed by
Freundlich, Langmuir, and Dubinin-Radushkevich (D-
R).

Fig. 3 shows the linear fitting of isotherm models with
experimental data for Germencik and Tuzla geothermal
waters, providing information on the adsorption

isotherms

(b) Tuzla
25 1 ©O Experimental o
204 LangmLTlr ’___,.--
i Freundlich O,.-" (@]
1.5 .O"
g Q2>
1.0 1 &
P
¢
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Figure 4. Comparison of lithium adsorption isotherm fitting and experimental data using CTS/HMO for (a) Germencik and (b) Tuzla geothermal

waters
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behavior of Li* ions with CTS/HMO. Fig. 4(a) and
Fig. 4(b) are ge vs. Ce plots for the experimental and
theoretical data reproduced by Langmuir
Freundlich isotherms for recovery from
Germencik and Tuzla geothermal waters, respectively,
using CTS/HMO adsorbent. Table 2 includes the
isotherm model equations, associated parameters, and
their values.

and
lithium

Table 2. The values of the isotherm models and associated
parameters for Li adsorption from Germencik and Tuzla geothermal
waters using the CTS/HMO adsorbent

Isotherm Linear form Parameters Values

model Germencik Tuzla
c, 1 1 O (mg g1) 3.622 3.556

Langmuir — = et K Kr (L mg™) 0.358 0.073
¢ max Wmax—Ro 0969  0.842

1 Kr (L/g) 0.881 0.510

Freundlich Inq, = ;lnce + InKp n 1.350 2128
R2 0.992 0.895
[ (mol? kJ-2) 0.0067 0.0060

E (K] mol-) 8.64 9.13

bR Ing.=-pet+Ing; oo mss 733
R2 0.994 0.882

The experimental dataset shows strong compatibility
with the Langmuir model, but due to the higher
correlation coefficient of the graph plotted between Inge
and [nC,, it can be concluded that CTS/HMO adsorbent
exhibits Freundlich-type adsorption behavior for Li in
both Germencik (R? = 0.992) and Tuzla (R? = 0.895)
geothermal waters. The Freundlich constants, 1, and K,
were found to be 1.350 and 0.881 for Germencik
geothermal water and 2.128 and 0.510 for Tuzla
geothermal water, respectively. n values greater than 1
suggest that Li* ions are favorably adsorbed by the
adsorbent, and the adherence to the Freundlich isotherm
indicates that the adsorbent may have a heterogeneous
structure.

The Ce/ge vs. Ce graphs showing the adsorption of Li*ions
onto CTS/HMO adsorbent displayed linear relationships
with high correlation coefficients, confirming that the

1.0 —0-Germencik
—3Tuzla

0 3 6 9 12 15 18 21 24
Time (h)
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Langmuir model applies to the current study. The
monolayer maximum adsorption capacity (gme) and
Langmuir constant (Ki) values were found to be 3.622
mg/g and 0.358 for Germencik geothermal water and
3.556 mg/g and 0.0073 for Tuzla geothermal water,
respectively. Compared to the experimental equilibrium
capacity (g.) values (1.571 mg/g and 2.073 mg/g) under
specific conditions, the gmx values from the Langmuir
isotherm did not match closely. These findings suggest
that instead of Li* ions adsorbing in a monolayer
homogeneous configuration, a multilayer
heterogeneous adsorption process occurs on the
CTS/HMO surface, validating the Freundlich-type
adsorption behavior. Additionally, the effect of the
isotherm shape on the feasibility of adsorption was
investigated for the Langmuir isotherm. On the other
hand, the obtained R: values, which range between 0 and
1, confirm that the adsorption process is favorable for
both Germencik and Tuzla geothermal waters. This
result is also strongly supported by the 1/n values
obtained from the Freundlich isotherm.

According to the D-R isotherm model, the E value for
Li adsorption from Germencik geothermal water was
determined to be 8.64 kJ/mol, and for Tuzla geothermal
water, it was 9.13 kJ/mol. This suggests that ion exchange
governs the adsorption mechanism of Li* ions onto the
CTS/HMO adsorbent. The value of the gs parameter in
the model (22.88 mg/g for Germencik and 7.33 mg/g for
Tuzla) reflects the porosity of the adsorbent: the larger
this value compared to the equilibrium capacity, the
more developed the active binding sites are.

3.3. The effect of contact time and adsorption kinetics
The Li recovery efficiency from Germencik and Tuzla
geothermal water over time is illustrated in Fig. 5(a) as a
C/Co vs. time graph and in Fig. 5(b) as a e vs. time graph.
The adsorption kinetics for both geothermal waters
showed an initially rapid Li recovery rate, gradually
slowing down before reaching equilibrium for Li
adsorption onto the CTS/HMO adsorbent. With a 4 g/L

(mg/g)

=09 4

—0-Germencik
- Tuzla

0.3
0.0

0 3 6 9 12 15 18 21 24
Time (h)

Figure 5. The effect of contact time on Li recovery from Germencik and Tuzla geothermal waters in terms of (a) normalized concentration

(C/Co) vs. time and (b) adsorption capacity (qe, mg/g) vs. time
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adsorbent dose, equilibrium was achieved after 24 h,
with approximately 95% Li recovery efficiency from
Germencik geothermal water and about 25% from Tuzla
geothermal water. Despite a lower Li recovery
percentage for Tuzla water due to its high salt content,
the increased mass transfer caused by a stronger
concentration polarization effect resulted in a Li
adsorption capacity of 2.073 mg/g. In comparison, the
adsorption capacity for Germencik geothermal water
was determined to be 1.571 mg/g under given
conditions.

Table 3. The calculated parameters and correlation coefficients of the
kinetic models for Li recovery from Germencik and Tuzla geothermal
waters using the CTS/HMO adsorbent

Kinetic model Germencik Tuzla
R? 0.992 0.875
) e theo (mg/g) 1.460 1.638

P -f
seudo-first order ki (he) 0119 0185
qe exp (mg/g) 1.571 2.073
R2 0.898 0914
qe,theo (mg/g) 1.201 1.914

P .

seudo-second order ko (g mg- ) 0321 0.342
qe exp (mg/g) 1.571 2.073
Inrtaparticle diffuision R 0991 0868
apa b ki (g mg! h03) 0.365 0.588

Moreover, Fig. 6 presents the linear graphs of the
three kinetic models, as the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion models,
illustrating their alignment with the experimental data
for both Germencik and Tuzla geothermal waters. The
(R?)

demonstrate the compatibility. When the correlation

linear equations and correlation coefficients
coefficients of the pseudo-first-order and pseudo-
second-order kinetic models evaluated separately for the
CTS/HMO adsorbent in Table 3 are compared, it was
that Li
geothermal water fits the pseudo-first-order kinetic

determined adsorption from Germencik
model. In contrast, Li adsorption from Tuzla geothermal
water fits the pseudo-second-order model, as the
Additionally, the
each model

coefficients are higher. kinetic

parameters  for were calculated.
Furthermore, when the theoretical adsorption capacity
(qe, mg/g) was

experimentally determined adsorption capacity, it was

theoretical, compared with the
observed that the deviation was smaller for the kinetic
model, showing better agreement. The rate constants for
adsorption kinetics were calculated as 0.119 h-1 and
0.342 g mg-1 h-1 for Germencik and Tuzla geothermal
waters, respectively.

When data,
determining the rate-limiting step is crucial from a

interpreting experimental kinetic
mechanistic perspective. The transport of the adsorbate
to the adsorbent surface involves multiple stages. For

instance, in Li adsorption, three main steps are typically

Turk J Anal Chem, 7(2), 2025, 140-153

observed: transport of Li to the surface (film diffusion),
transport within the pores of the adsorbent (particle
diffusion), and adsorption onto the inner surfaces of the
pores. The final step is generally rapid and does not
determine the overall rate. The slowest step, which could
be either film diffusion or pore diffusion, dictates the
overall adsorption rate. However, the controlling step
can vary depending on the external mass transfer and
intraparticle diffusion mechanisms. External mass
transfer dominates in systems with poor mixing, low
adsorbate concentrations, small adsorbent particle sizes,
the adsorbent.
Conversely, intraparticle diffusion becomes significant

and high adsorbate affinity for

in well-mixed systems with larger adsorbent particle
sizes, higher adsorbate concentrations, and lower
adsorbate affinity for the adsorbent.

The most common method for distinguishing
adsorption mechanisms is fitting experimental data to
the intraparticle diffusion model proposed by Weber
and Morris in 1962 (Eq. (11)). In many cases documented
in the literature, multiple linearities have been observed
in the gt versus t0.5 plot. However, as shown in Fig. 6,
the adsorption data of Li onto CTS/HMO for Tuzla
geothermal water, despite some deviations, was
represented by a single straight line. This suggests the
dominance of external diffusion (boundary layer
diffusion). Nevertheless, the data points do not intercept
the origin, indicating that boundary layer diffusion is not
the sole limiting mechanism and that other factors, such
as repulsive forces between Li+ ions and the adsorbent
(due to concentration gradients), also significantly
contribute. The intercept, Ci, provides information about
the boundary layer thickness: a higher intercept
indicates a more pronounced boundary layer effect. The
Ci value was found to be 0.13 mg/g. Moreover, the
intraparticle diffusion rate constant, derived from the
slope of the qt versus t0.5 plot, was determined to be
0.365 mg/g h0.5 for Germencik geothermal water and

0.588 mg/g h0.5 for Tuzla geothermal water.

So far, the adsorption of Li from reverse osmosis (RO)
concentrate of geothermal water has been studied using
powdered and granulated forms of Li-selective spinel-
type manganese oxide (A-MnO2) adsorbents. The
interaction between Li+ ions and A-MnO2 was examined
through equilibrium and kinetic studies, focusing on
adsorption capacity and uptake rate. The Langmuir
isotherm model effectively described the adsorption of
Lit+ ions (gme: 33.44 mg/g and 27.40 mg/g), and the
pseudo-second-order kinetic model (k2: 0.2912 g/mg.min
and 0.0030 g/mg.min) best represented the lithium
uptake process by both forms of A-MnO: [50].
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Figure 6. The trend lines of experimental data for Germencik and Tuzla geothermal waters, investigating the adsorption behavior of Li onto
CTS/HMO, were analyzed using pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic models

3.4. Selectivity of the CTS/HMO adsorbent

The selectivity of the adsorbent toward Li* relative to
competing cations can be assessed by examining the
distribution coefficient (Kda) and selectivity coefficient
(akt,), while the concentration factor (CF) provides a
measure of Li enrichment efficiency and the obtained
results are given in Table 4. In the Germencik geothermal
water, the Ka value for Li* (1.166 mL/g) is substantially
higher than those of Na* (0.001 mL/g), K* (0.001 mL/g),
Ca? (0.002 mL/g), and Mg?* (0.003 mL/g), reflecting
strong preferential adsorption of Li* over these
competing ions. This is further supported by the high
Mg?/Li*

selectivity coefficient ( all(,,i;u = 380.66),

underscoring the minimal interference of Mg?* in lithium
uptake.

In contrast, the Tuzla geothermal water exhibits a
notably lower Ka for Li* (0.201 mL/g), with comparable
values for competing cations. Yet, the Mg?*/Li* selectivity
coefficient significantly declines to 58.88, indicating a
reduced capacity of the adsorbent to distinguish
between these ions under the given conditions. The CF
further substantiates these findings, with Germencik
exhibiting a higher lithium enrichment efficiency (CF =
47.943 L/g x 10%) than Tuzla (CF = 40.037 L/g x 103). The
relatively lower CF values for competing cations,
particularly Na* (0.610 L/g x 10-%) and Mg?+ (2.885 L/g x

Table 4. Adsorption selectivity of the CTS/HMO in Germencik and Tuzla geothermal water

C0 (mg/L) Ce (mg/L) qe (mg/g) CF (L/g x 10°%) Kd (mL/g) ak.
Ion  Germencik Tuzla Germencik Tuzla Germencik Tuzla Germencik Tuzla  Germencik Tuzla Germencik Tuzla
Li* 6.56 32.27 0.270 6.430 0.315 1.292 47.94 40.037 1.166 0.201 1.00 1.00
Na* 1178.95 16920.53 1164.57 15977.4 0.719 47.156 0.610 2.787 0.001 0.003 1887.33 68.08
K+ 80.24 2121.71 79.134 2060.53 0.055 3.059 0.686 1.442 0.001 0.001 1675.48 135.35
Ca2* 14.75 2737.53 14.079 2573.7 0.034 8.1915 2.281 2.992 0.002 0.003 487.66 63.13
Mg2 3.15 134.14 2.972 125.570 0.009 0.4285 2.885 3.194 0.003 0.003 380.66 58.88
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Figure 7. Concentration profiles for the packed bed column by CTS/HMO for Li (a) breakthrough curve (Co=10 mg/L, pHinitia=12, T=25°C, bed
height=1.5 cm, 9=0.25 mL/min) and (b) elution curve (5% H2SO4, $=0.12 mL/min, T=25°C)

103) in Germencik, suggest that the adsorbent operates
with greater specificity in this system. Conversely, in
Tuzla, the increased CF values for Na* (2.787 L/g x 109),
Mg?* (3.194 L/g = 103), and other cations point to a more
competitive adsorption environment, which may be
attributed to the elevated ionic strength and complex
geochemical composition of this geothermal brine.
Overall, the results demonstrate that while the adsorbent
exhibits a strong affinity for lithium in both geothermal
sources, its performance is significantly influenced by
the competing ion matrix, with Germencik offering a
more favorable environment for selective lithium
recovery.

3.5. Fixed-bed adsorption/desorption concentration
profiles and capacity of the column
The chromatographic separation of Li from aqueous
solution using CTS/HMO adsorbent was demonstrated
through breakthrough and desorption curves, as shown
in Fig. 7(a) and Fig. 7(b). During adsorption, the initial
C/Co value was close to zero, indicating effective Li
uptake. As BV increased, C/Co gradually rose, reaching
approximately 0.9 at 140 BV, signifying near-saturation
of the adsorbent. At 241 BV, C/Co reached 1.0, confirming
complete saturation. The breakthrough point, defined as
the time when lithium extraction efficiency dropped to
60%, resulted in a breakthrough capacity of 0.435 mg
Li/mL adsorbent at 67 BV. At saturation, the total
capacity was determined as 0.63 mg Li/mL adsorbent at
241 BV, with a column utilization efficiency of 69.03%.
A sharp peak of approximately 43 mg/L. was
observed during the desorption phase at 9 BV, indicating
rapid and efficient Li desorption. The concentration then
declined swiftly, falling below 10 mg/L at 22 BV and
approaching 1 mg/L after 43 BV. These results
demonstrate that the CTS/HMO adsorbent can
effectively retain Li up to 241 BV and subsequently
release it in a concentrated form. The majority of Li was
recovered within the first 17 BV of the elution solution,
with an elution efficiency of 76%. 0.25 M HCI could be

used instead of 5% H2SOs in batch desorption and
conditioning processes to enhance this efficiency.

On the other hand, the time equivalent to the usable
capacity was found to be 144 min, and the length of the
used bed was 1.02 cm. The total saturation time was 212
min, resulting in 0.48 cm of unused bed. Mass transfer
limitations, including film and pore diffusion, slowed
adsorption, leading to a gradual increase in C/C, rather
than a sharp transition. The particle size-to-column
diameter ratio also influenced bed porosity, further
impacting breakthrough curve behavior. Enhancing
adsorption efficiency in dynamic column operations
requires optimization of key parameters such as column
configuration, flow rate, pH, and temperature.
Adjusting the height-to-diameter ratio and adsorbent
packing density increases residence time, ensuring
effective interaction between the solution and adsorbent.
Pulsed or variable flow regimes optimize Li uptake by
extending residence time, while precise pH control
enhances Li selectivity [51]. Sustainable adsorption-
regeneration cycles and real-time monitoring improve
process efficiency and ensure consistent Li recovery
under varying operational conditions.

Table 5 summarizes key findings from this study,
including adsorption capacity, desorption efficiency,
and degree of column utilization (breakthrough
capacity/total  capacity)
conditions using CTS/HMO.

under the investigated

Table 5. Fixed bed column operation results for Li recovery using
CTS/HMO adsorbent

Breakthrough capacity, mg Li/mL adsorbent 0.435
Breakpoint time, to, min 144
BV at breakthrough capacity, mL solution/mL adsorbent 67
Total capacity, mg Li/mL adsorbent 0.630
Total saturation time, t;, min 212
BV at total capacity, mL solution/mL adsorbent 241
Degree of column utilization, % 69.03
Elution efficiency, % 75.72
Used bed length, Hs, cm 1.02
Unused bed length, Hung, cm 0.48
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Recently, electrolytic manganese dioxide (y-MnOz)
powder was tested as a sorbent for Li recovery from
geothermal water obtained from the Tuzla Geothermal
Power Plant (GPP). The sorption and desorption
behavior of y-MnO: was evaluated under various
conditions, including sorption at 360 K and 2 bars. The
highest sorption efficiency was achieved after 1 h of
treatment with Tuzla GPP brine. For desorption, acidic
solutions were used, and the average concentration of Li
in the desorption solution was 25 mg/L when 10 g of -
MnO: was added to 30 mL of the acidic solution. After
four cycles, the desorption process was repeated using
the same solution for cumulative Li recovery, reaching a
Li concentration of 230 mg/L [52]. Table 6 also compares
some adsorbents available in the literature regarding Li
source and adsorption capacity.

Table 6. Comparison of some adsorbents available in the literature
regarding lithium source their maximum adsorption capacity

Adsorbent Li source qmax (mg/g) Ref.
Li1.eMni1.604 Seawater 40 [53]
Powder -MnO2 RO concentrate of geothermal ~ 33.44 (50]
Granulated 2-MnO:2 water 27.40
Powder 4-MnO2 31.55
Granulated A-MnOs Balgova geothermal water 3042 [30]
HZnosMn1.504 Artifical seawater 33.1 [54]
LizeMn1.604 Qarhan Salt Lake brine 26.93 [55]
LiteMni1.6xCrxOs Lop Nor Salt Lake 25.5 [56]
L it TP-2
ewatit 60 Germencik geothermal water 431 [4]

ion exchange resin

CTS/HMO Model Li solution (Co=10 mg/L)  4.94 [38]
CTS/HMO Germencik geothermal water 3.62 This
Tuzla geothermal water 356  study

4. Conclusions

The study demonstrated the efficacy of the CTS/HMO
composite as a promising adsorbent for Li recovery from
geothermal brines, leveraging the distinctive
physicochemical properties of geothermal waters from
Germencik and Tuzla in the western region of Tiirkiye.
The adsorption process, underpinned by Freundlich-
type multilayer and heterogeneous adsorption behavior,
showcased the versatility of the material in
accommodating variable ionic compositions. Notably,
the kinetic studies revealed a distinct dependence of
adsorption dynamics on the brine source, with Li
adsorption aligning with pseudo-first-order kinetics for
Germencik geothermal water and pseudo-second-order
kinetics for Tuzla geothermal water. These differences
highlight the role of geothermal
characteristics, such as salinity and Li concentration, in
influencing adsorption mechanisms. The D-R model
provided insights into adsorption behavior, suggesting
ion exchange as the dominant mechanism, with
calculated energy values (E) between 8.64-9.13 kJ/mol.

The intraparticle diffusion model further elucidated the

critical water
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rate-limiting steps, identifying boundary layer diffusion
as a significant factor, especially in the case of Tuzla
water. The results also underscore the importance of
optimizing adsorbent dosage to balance recovery
efficiency and operational feasibility, with recovery
efficiencies reaching 95% for Germencik and 80% for
effective
chromatographic separation of Li using CTS/HMO
adsorbent was achieved with a total adsorption capacity
of 0.63 mg Li/mL adsorbent and a column utilization
efficiency of 69.03% for a model Li solution. The
desorption process was highly efficient, with a peak Li
concentration of 43 mg/L at 9 BV and an elution
efficiency of 76%. This work developed the potential of
CTS/HMO composites as efficient, eco-friendly solutions

Tuzla under optimal conditions. An

for Li recovery, paving the way for their application in
industrial-scale operations. Future research focusing on
regenerability, = economic feasibility, and the
environmental impact of this adsorbent can further
enhance its practical utility, especially in the context of
rising Li demands driven by the global transition to
renewable energy and electric vehicles.
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