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materials using synthesized inorganic sorbents

!Kenzhaliyev B.K., *Karshyga Z.B., *'Yersaiynova A.A., 2Muhammad N.A.A., Yessengaziyev A.M.

1 Institute of Metallurgy and Ore Beneficiation JSC, Satbayev University, Almaty, Kazakhstan
2 Universiti Pendidikan Sultan Idris, Tanjung Malim, Perak, Malaysia

* Corresponding author email: a.yersaiynova@satbayev.university

ABSTRACT

This paper presents the results of a study on the physicochemical parameters of the lithium
sorption process from hydromineral raw materials using synthesized sorbents. The
physicochemical parameters of lithium sorption from brine, including the enthalpy change (AH,
kJ/mol), entropy change (AS, ki/mol-K), and Gibbs free energy (AG, kJ/mol), were investigated.
The enthalpy value AH = -0.698 kJ/mol indicates that the process is exothermic, as it is
accompanied by heat release. The positive value of entropy AS = 0.0122 kJ/(mol-K) indicates a
low degree of order and increased randomness at the interface between the manganese dioxide-
based sorbent and the brine during lithium absorption. The negative Gibbs free energy (AG)
values, ranging from -4.401 to -4.769 kJ/mol at temperatures of 303—333 K, confirm that the
lithium sorption process on the manganese oxide sorbent is spontaneous and can proceed
without external influence. Additionally, the activation energy value Ea = -0.592 kJ/mol suggests
a decrease in the sorption rate as the temperature increases. Using a modified Arrhenius-type
equation, the adhesion probability S* was determined to be 0.188. This value indicates the
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predominance of the chemisorption mechanism in the lithium sorption process.
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Introduction

Lithium is one of the key elements of modern
energy, widely used in the manufacture of
batteries, glass, ceramics, and pharmaceutical
products [[1], [2], [3], [4], [5]]. However, the
extraction of lithium from natural sources such as
salt lakes, oil brines, and seawater presents
significant technological challenges [6]. In recent
years, lithium-ion sieves (LIS) have emerged as an
innovative solution for the efficient extraction of

lithium from liquid media [[7], [8]]. Li-ion sieves are
characterized by high selectivity toward lithium
ions as well as environmental safety, making them
a promising tool for the sustainable development of
the lithium industry [[9], [10]].

Lithium-ion sieves (LIS) are specialized
adsorbents capable of selectively capturing lithium
ions (Li*) from aqueous solutions [[11], [12]]. Their
structure is based on porous materials containing
lithium, which is replaced by hydrogen ions (H*)
when interacting with the solution. The principle of
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operation of LIS is illustrated in Figure 1. The
synthesis of LIS involves several steps: preparation
of the precursor, its calcination, and acid treatment
of the precursor to obtain the sorbent. The vacant
sites in the crystal lattice formed during this
process are able to retain ions whose radius does
not exceed that of the target lithium ions.
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Figure 1 - Schematic representation of LISs process [13]

Among the many materials used in LIS,
manganese-based oxides are the most widespread.
From the precursors LiMn;0s, Li133Mn16704, and
Li1sMn4160a, scientists have developed manganese
oxide-based  sorbents such as  A-MnO,,
MnO,-0.3H,0, and Mn0;-0.5H,0 [[14], [15]]. These
sorbents exhibit excellent adsorption capacity. For
example, precursor sorbents have sorption
capacities of 39.9 mg/g for LiMn,04, 59 mg/g for
LizMns0O12, and a high capacity of 72.3 mg/g for the
Liz.sMny604 precursor sorbent [[16], [17]].

In previous papers, the results of studies on the
synthesis of inorganic sorbents based on
manganese oxide compounds were presented,
along with the results of lithium sorption from
formation brines of oil fields. Additionally, the
kinetic model of lithium sorption from hydro-
mineral raw materials on the synthesized sorbent
was determined, and the synthesized manganese
dioxide sorbent was studied after its saturation
with lithium from brine [[18], [19]].

To gain a more detailed understanding of
lithium sorption from brine and to increase the
completeness of sorption extraction, it is
particularly important to study the physicochemical
parameters characterizing the process.

Research methods

Experimental methodology. Experiments on
lithium sorption from brines were conducted in a
thermostated reactor with a capacity of 0.5 dm3,
equipped with a mechanical stirrer (VELP Scientifica
LS F201A0151, ltaly) operating at a fixed number of
revolutions. The temperature was maintained
constant using a LOIP LT-100 circulation
thermostat. A specific amount of brine was poured
into the reactor and heated to the desired
temperature. Once the target temperature was
reached, the required amount of sorbent was
added to the brine in the reactor, and stirring was
initiated. The start of the process was then
recorded. At the end of the experiment, the brine
was separated from the sorbent, and the lithium
content in the brine was analyzed.

Analysis methods. The quantitative content of
lithium in the initial brine and filtrates after
sorption was determined on an Optima 8300DV
inductively coupled plasma atomic emission
spectrometer and on a SHIMADZU AA-7000 atomic
absorption spectrophotometer (Japan).

Results and Discussion

The study of  the physicochemical
characteristics of the sorption process provides
important information regarding the Gibbs free
energy of the system and other thermodynamic
parameters during the sorption of lithium from
brine. This information can be used to determine
the type and mechanism of the process.

The physicochemical parameters of lithium
sorption from brine such as enthalpy change (AH,
kJ/mol), entropy change (AS, kl/mol-K) and Gibbs
free energy (AG, kl/mol) are calculated using the
following equations:

AG =-2,303 RT log Kq (1)

AS AH
2,303R 2,303RT

logKy = (2)

AG =AH-TAS (3)

where, K4 is the sorption equilibrium constant,
dm3/g; R is the universal gas constant, 8.314
J/(mol-K); T is the absolute temperature, K.
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Figure 2 - Graph of dependence of the logarithm of the equilibrium constant of lithium sorption
on manganese-oxide sorbent log K4 on the inverse temperature 1/T

By constructing a line graph in the coordinates
log Kq versus 1/T, in accordance with equation (2),
we can determine the values of the enthalpy
change (AH) and the entropy change (AS) from the
slope of the line and its intersection with the
ordinate axis, respectively.
The process of lithium sorption from brines with
initial lithium concentration of 5.477 mg/dm?3 under
the following conditions was studied: temperature
from 30 to 60 °C (step 10 °C); duration 24 h; ratio of
sorbent mass to brine volume = 1: 1000. According
to the obtained results, K4 values were calculated
and a graph in log K4 - 1/T coordinates was plotted
(Figure 2). The parameters calculated from the
graph of Figure 2 are shown in Table 1. The
negative value of Gibbs energy (AG) indicates that
lithium sorption on manganese oxide sorbent
under these conditions can proceed spontaneously,
i.e. spontaneously. The negative value of the
enthalpy change (AH) indicates that the sorption
process proceeds with heat release. The positive
value of entropy change (AS) indicates a low degree
of order and indicates that randomness increases at
the manganese dioxide sorbent/salt interface
during lithium adsorption.

Table 1 - Physicochemical parameters for lithium
sorption process on manganese oxide sorbent

Parameters Temperature, K Value
303 -4.401
AG, kJ/mol 313 -4.528
323 —4.645
333 -4.769
AH, kJ/mol —-0.698
AS, kJ /(mol-K) 0.0122
Ea, ki/mol -0.592
S 0.188

The modified Arrhenius-type equation related
to surface coverage (8) is the sticking probability
(5*), which is a function of the
adsorbate/adsorbent system under consideration
and depends on the temperature of the system.
The value of S* is a measure of the ability of the
adsorbate to remain on the adsorbent indefinitely
[20]. The effect of temperature on the sticking
probability is estimated by calculating the surface
coverage at different temperatures and can be
expressed as [21]:

S*= (1—0)exp— (%) (4)

In(1 - 0) = InS* + % (5)
Ce

0=1- . (6)

where, 0 is the fraction of the sorbent surface
occupied by adsorbed lithium; E, is the apparent
activation energy, kJ/mol; Co and Ce are initial and
equilibrium concentrations of lithium in brine,
respectively, mg/dm3.

The probability of adhesion under optimal
conditions of the sorption process was evaluated as
a function of the degree of coverage of the sorbent
surface and temperature in the range of 303—333 K.
Based on the linear dependence plotted in the
coordinates of In(1-0) versus 1/T, it is possible to
determine In S* and E./R (Figure 3).

The calculated values of apparent activation
energy (E.) and sticking probability (S*) are
presented in Table 1. The sorption process in the
studied temperature range of 303-333K is
exothermic and proceeds with heat release. The
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Figure 3 - Graph of In(1-6) versus 1/T for lithium sorption on manganese oxide sorbent

negative value of activation energy shows that
sorption slows down with increasing temperature.
The sticking probability should lie in the range 0 <
S'<1 [21].

The sticking probability S* > 1 indicates the
adhesion of adsorbate from adsorbent (no
sorption), S° = 1 implies a linear dependence of
adhesion between adsorbate and adsorbent and a
mixture of physical and chemisorption mechanisms
is possible, S* = 0 means unlimited adhesion of
adsorbate to adsorbent in which the chemisorption
mechanism prevails.

Finally, in the region of values 0 < S*< 1 means
favourable adhesion of adsorbate to adsorbent
with  predominance of physical sorption
mechanism. The calculated value of S*, which is
0.188, is closer to 0 in the range of 0 to 1, indicating
the predominance of the chemisorption
mechanism [22].

Therefore, the physicochemical parameters
derived from both calculations and experiments
can be utilized for scientific research.

Conclusions

The study of the physicochemical parameters of
the lithium sorption process from hydromineral raw
materials was conducted. The physicochemical
parameters of lithium sorption from brine, such as
enthalpy change (AH, kJ/mol), entropy change (AS,
kJ/mol-K), and Gibbs free energy (AG, kJ/mol), were
calculated. The enthalpy change AH =-0.698 kJ/mol

indicates that the lithium sorption process is
exothermic, accompanied by heat release. The
entropy changes AS = 0.0122 kJ/(mol-K) suggest a
low degree of ordering and an increase in chaos at
the manganese dioxide sorbent/salt interface
during lithium adsorption. The negative values of
Gibbs free energy (AG), ranging from -4.401 to -
4.769 kJ/mol within the temperature range of 303—
333 K, demonstrate that the sorption of lithium on
the manganese oxide sorbent can proceed
spontaneously. A negative activation energy E, = -
0.592 klJ/mol, was obtained, indicating that the
sorption process slows down as the temperature
increases. The sticking probability S* = 0.188 was
calculated, which suggests the predominance of a
chemisorption mechanism.
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CuHTe3genreH copbeHTTEp KOMerimeH ruapoMuHepanabl WUKI3aTTaH AUTUALI
copbuunanay npoueciHiH, PU3MKa-XMMUANDBIK KOPCETKILUTEPIH 3epTTey
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TYRIHAEME

Byn KymbICTa cUHTe3aenreH copbeHTTepai KoMZaHa OTbIpbiN, TMAPOMUHEpPandpl LIKMKi3aTTaH
mTuiaai  copbumanay npoueciHiH,  GU3MKa-XMMUANBIK NapaMeTpaepiH 3epTTey HaTuKenepi
KentipinreH. Ty3abl epiTiHAiaeH nuTUnai copbumanayabiH GU3MKa-XMMUANBIK NapameTpaepi,
MbICasibl, SHTANbNUAHDBIH, ©3repyi (AH KOK/Monb), sHTpoNUAHbIH, e3repyi (AS, KOK/MoNb) KaHe
ImMb6cTiH, 60C aHepruscsl (AG, kx/monb) ecentengi. IHTanbnusa maHi AH = -0,698 kK / monb
NPOLLECTIH, by LUbIFapyMeH bipre »KypeTiHiH pacTaiigpl, 6yN OHbIH 3K30TEPMUANBIK CUNATbIH
KepceTeai. IHTPONMAHbIH, OH MaHI AS = 0,0122 kK / (Monb-K) mapraHew, AMOKCUA Heri3iHaeri
coOpbeHT neH NWUTUIAI CiHipy KesiHAe Ty3abl epiTiHAi apacbiHAafbl dasanblk MHTEpdeicTe
PeTTINIKTIH TOMeH [2peKecCiH XaHe PeTCi3AiKTIH KofapblnayblH Kepcetegi. 303-333 K
Temnepatypaga -4,401-peH -4,769 k[x/monb AManasoHbiHAa anblHFaH  TM66c  6oC
3HEPrUACbIHbIH, Tepic MaHAepi (AG) mapraHeu-oKcua, copbeHTiHaeri AnTuii copbumackl npoueci
©3[iriHEeH KYPETiHIH KaHe CbIPTKbl 9CepcCi3 Kypyi MYMKIH ekeHiH pactaingpl. Ea = -0,592
KOX/MONb  aKTUBTEHAIPY 3HepPruAcbiHbIH M3HI TemnepaTypa »KofapbliafaHga copbuus
KbINAAMAbIFbIHBIH, TOMEHAEWTIHIH KepceTedi. MoanduKauuanaHfaH AppeHnyc TUnTi TeHaeyai
KonAaHa oTbipbin, 0,188-re TeH, S* »abbiCy bIKTUMaNAbIFbI aHbIKTaNAbI, 6yn AuTHiAAi copbumnanay
npoueciHae XeMocopbLMANbIK MexaHU3MiHIH, 6acbiM eKeHAIrH KepceTea,.

TyiiiH ce30ep: nuTNN, GU3NKA-XUMUANBIK MapameTpaep, Xemocopbumsa, AUTUIN-MOHAbI efek,
rMAPOMUHEpPaNAb! LWKMKI3aT.
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AHHOTALUMUA

B paHHOM paboTe npeacTaBneHa pesynbTaTbl M3ydeHUA (GU3MKO-XMMUYECKUX MNapameTpoB
npouecca copbLuMmn AUTUA U3 TMAPOMMUHEPAsIbHOTO Cbipbsi C UCMO/b30BaHUEM CUHTE3UPOBAHHbIX
copbeHToB. PaccumTaHbl TepMOAMHAMUYECKME MapameTpbl COpbUMM AUTMA U3 paccona, Takue
KaK M3MeHeHue 3HTanbnuu (AH KOK/Monb), uameHeHue sHTponum (AS, kAx/monb-K) un

cBobogHan aHeprusa mb6ca (AG, kO/Monb). 3HayeHne aHTanbnum AH = —0,698 KK/Mosb
MNoctynuna: 26 mapma 2025 NOATBEPKAAET, YTO NPOLECC COMPOBOMAAETCA BblAENEHMEM Tenia, 4To YKasblBaeT Ha ero
PeueHsupoBaHue: 12 anpens 2025 3K30TepPMUUECKMI1 XxapakTep. MonoxuTensHoe 3HaueHue aHTponuu AS = 0,0122 k[x/(monb-K)
MpuHaTa B nevatb: 27 mas 2025 CBUAETENbCTBYET O HMBKOM CTENeHU ynopaL0YeHHOCTU U YBEIMYEHUN XaOTUYHOCTU Ha rpaHuLe

pasgena a3 mexay copbeHTOM Ha OCHOBE AMOKCMAA MapraHua U paccoaoM Npu NOrNOWEeHUN
nuTuA. MonyyeHHble oTpULaTeNbHble 3HaYeHUs cBoboaAHOM aHeprun MMb6ca (AG) B AnanasoHe
ot —4,401 po —4,769 kx/monb npu Temnepatypax 303—-333 K noaTBep:KaatoT, 4to npouecc
copbLmnn ANTUA Ha MapraHLEBO-OKCUAHOM COpPOEHTEe ABNAETCA CMOHTAHHBIM U MOXET NPOTeKaTb
6e3 BHelWHEro BO3AENCTBMA. 3HadeHuMe 3Hepruu aktmBaumm E. = —0,592 kOx/monb
CBUAETENbCTBYET O CHUMEHWUM CKOPOCTM copbumm ¢ poctom TemnepaTtypbl. C Mcnonb3osaHuem
MOANODULMPOBAHHOTO YypaBHEHUA Tuna AppeHuWyca onpejeneHa BennyMHa BEPOATHOCTU
npununanua S°, pasHas 0,188, KoTopas yKasbiBaeT Ha npeobnafaHuWe XemocopbLMOHHOro
MexaHu3ma npouecca copbuum nuTusa.

Knroyesbie cno6a: nUTUiN, GU3NKO-XMMUUYECKME NAPaMETPbl, XeMOCOPBLMA, MNTUIA-UMOHHOE CUTO,
rMAPOMMHEPaNbHOE Cbipbe.
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