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H3eneuenue numus uz npupooHsIX 600HBIX PACMEOPO8 KAK A/IbHMEPHAMUBHO20 UCMOY-
HUKA IMO020 XUMUYECKO20 INeMeHma CIMAHOBUMCA AKMYAIbHOU U 60CMPef08anHOIl 3adaueil.
Cpeou mnoxcecmea u3eeCHHbIX MEMOO08 UOHOOOMEHHAA AOCOPOYUA CHUMACMCA Yeecoodpas-
HOIl KAK ¢ MOYKU 3PDEHUA YUCHMOMbl KOHEUHO020 NPOOYKMA, MAK U ¢ MOYKU 3PeHUs IKOHOMUYe-
cKoil Ihhekmuenocmu mexunonozuueckux onepayuii. CoeOuHeHUA co cAOUCMON U MYHHETbHOIL
CMPYKIYPOIL AGNAIOMCA NEPCHREKMUBHBIMU UOHO0OMEHRbIMU Mamepuanamu. B oannoit pabome
6 Kauecmee adcopbenma uonoe Li* uccnedyemca wacmuuno npomonupoeanilii noiumumanam
Kanus. Imo amopnoe sewecmeo xumuuecxkozo cocmasa Ki3Ho1Tiz 109 cunmesuposano nymem
obpabomku penmzenoamoprozo cioucmozo nonumumanama kanua K;O-nTiO, (n =4,1) 6 pac-
meope neopeanuueckoii kuciomol. Memopanst na ocnose IIB/I® u nopowka K13Ho7Ti2109 uzzo-
moenensvt memooom pazoeoit ungepcuu. C ucnonb3oeanuem KuHeMu4ecKux mooeeii u u3omepm
adcopouuu NOKa3ano, 4mo Mooens nceedonepeozo nopaoka (q. = 0,5 mo/cm?; ki = 0,014 mun™) u
uzomepma aocopoyuu Ppeitnonuxa (Kr = 0,028 " m2)*Yem?; n = 1,595) Jyuuie ecezo noo-
X00Am 071 ONUCAHUSA 83AUMOOCHCIEUS NOTIYUEHHBIX MEMOPAH ¢ uonamu aumus. Paccuumannsie
napamempul a0copoOyUOHHOU emKocmu, KoIgpuyuenma pacnpedenenusn (Ky), koagpgpuyuenma
pazoenenus (a) u koagppuyuenma xonyenmpayuu (CF) noomeepiicoaiom 6viCOKyI0 celeKmue-
HOCMb uccnedyemozo uOHO0OMEHHO20 KOMRO3ZUMA NO OMHOWEHUIO K UOHAM JTUMUA 8 NPUCYM-
cmeuu uonoe nampusa u kanua. Illonyuennvie pezynomamol noKazpléarom, Ymo memopana Ha oc-
Hoee IIB/[® c wacmuuHo npOmoHUpO6aHHbIM NOJTUMUMAHAMOM KATUA A81AEMCA XOPOUWUM KAH-
oudamom 071 CeneKmuGHO20 U361e4eHUsA TUMUS U3 NPUPOOHBIX 6OOHBIX PACMEOPOE.
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Extraction of lithium from natural aqueous solutions as alternative source of this chemical
element becomes the actual and demanded task. Among the variety of known methods, ion ex-
change adsorption is considered to be suitable both in terms of the final product purity and eco-
nomic efficiency of the technological operations. Compounds with layered and tunnel structures
are promising ion-exchange materials. In this study, the partially protonated potassium polytitanate
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is investigated as the Li" ions adsorbent. This amorphous substance characterized with the
K13Ho7Ti2109 chemical composition is synthesized by acid treatment of X-ray amorphous layered
potassium polytitanate K.O-nTiO, (n = 4.1). The PVDF-based membranes filled with the
K13Ho7Tiz109 powder are prepared by the phase inversion technique. Using the kinetic and isotherm
technique, it is shown that a use of the pseudo-first order model (ge = 0.5 mg/cm?; ki = 0.014 min™) and
the Freundlich adsorption model (Ke = 0.028 (L)*"(mg)**"/cm?; n = 1.595) are the best models to
describe the interaction of the obtained membranes with lithium ions. The calculated parameters
of the adsorption capacity, distribution coefficient (Kq), separation factor (&) and concentration
factor (CF) confirm a high lithium ions selectivity of the investigated ion-exchange composite in
the presence of sodium and potassium ions. The obtained results show that the PVVDF-based mem-
brane with partially protonated potassium polytitanate is a good candidate for selective lithium

extraction from natural aqueous solution.

Key words: potassium polytitanate, protonation, poly (vinylidene fluoride), membrane, ion exchange,
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INTRODUCTION

Lithium is widely used in various applications
[1-5] and especially in lithium-ion batteries for porta-
ble electronic devices as well as emerging electric and
hybrid electric vehicles [1, 5]. Both lithium-containing
minerals and salt-lake brines are the main natural
sources of lithium, however, currently, new sources of
Li such as seawater and other natural water resources
are being actively investigated. A low concentration
of lithium in the natural aqueous solutions (less than
300 mg (Li*)/dmd), as well as a complicated chemical
composition (co-existing with Na*, K*, Mg?*, Ca?") [6],
are the key factors to select the effective techniques to
extract lithium. Among the most common methods, the
evaporative crystallization method is too time-consum-
ing and costly due to a use of large amount of car-
bonates [7]; the co-precipitation method [8] is pH and
temperature sensitive; the solvent extraction method
causes undesirable environmental pollution and corro-
sion of equipment [9]. Based on the above, the ion ex-
change adsorption with a high lithium selectivity is the
most cost-effective and environment-friendly ap-
proach. Nowadays, some ion-exchange materials such
as protonated complexes of manganese oxides
(HMn2O4, H133Mn16:04 (HsMn5012), and HisMn1604
(HaMn20s) as well as crystalline layered titanates
(H4Ti5012 and HoTi03) are recommended for these pur-
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poses [10-14]. Besides high efficiency (theoretical lith-
ium-ion exchange capacity is up to 127 mg (Li*)/g) and
selectivity, the main advantages of titanate-type mate-
rials, in comparison with manganates, are: stable struc-
ture in lithiation-delithiation processes, good acid re-
sistance, lower dissolution loss of Ti, relatively stable
adsorption performance, and multiple recycling [15].
However, a use of powdered sorbents, especially in in-
dustry, is inconvenient in terms of separation of ion ex-
change material and lithium containing solution after
their interaction. Various technologies and methods in-
cluding foaming [16], granulation [17], use of mem-
branes [18] and fiber non-woven and fabric materials
[19] have been developed to solve this problem. For
example, Zhang et al. prepared granular lithium-ion
sieves based on composite materials of polyvinyl bu-
tyral (PVB)-H,TiO; with Li* uptake of 25 mg/g from
LiOH solution with 200 mg (Li*)/L after 3 h [20]. Lim-
juco et al. incorporated H,TiOs particles in poly(vinyl
alcohol) (PVA) matrix, the obtained composite foam
was characterized by Li* uptake of 13.54 mg/g from
LiCl solution with 7 mg (Li*)/L after 12 h [21].
Lawagon et al. used polyacrylonitrile (PAN) as poly-
mer matrix for H.TiOs nanofibers to create membranes
and determined Li* uptake of 32 mg/g from LiCl +
LiOH solution with 70 mg (Li*)/L after 25 h [22]. Wei
et al. prepared porous lithium ion sieves nanofibers
based on H4TisO12 and polyvinylpyrrolidone (PVP)
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with Li* uptake of 50 mg/g from LiCl + LiOH solution
with 1000 mg (Li*)/L after 12 h [23]. Lin et al. synthe-
sized granular polyporous lithium-ion sieves consist-
ing of H,TiOs, polyvinyl chloride as a binder and pol-
yethylene glycol (PEG-6000) as a porogen [24]. The
adsorption capacity of the developed material was
12.84 mg/g from the model geothermal water after 12 h
of extraction.

In this work, the alternative titanate-type ion
exchange material obtained by acid treatment of X-ray
amorphous layered potassium polytitanate (PPT) with
the general chemical formula K;O-nTiO2-mH20 (n =
= 3.8-6.0, m = 0.5-3.0) is investigated. Unlike H>TiO;
and H4TisO12 as well as manganite structure, no lith-
ium-containing precursors are used for this synthesis,
so the target product is low-cost. Potassium polytitan-
ate layers are formed by chains of TiOg; octahedrons
stabilized by potassium cations, hydronium cations and
water molecules replaced in the interlayer space. The
atomic structure of the potassium polytitanates has no
long-range order, hence the mutual arrangement of
structural units varies, a value of the interlayer distance
is much higher of this one typical for the crystalline
H.TiO3 and H4TisO12 and varies widely in the range
from 0.2 to 1.1 nm. Quasi-amorphous potassium
polytitanate particles represent nanoscale flakes form-
ing larger agglomerates of various irregular morpholo-
gies [25]. Due to its well-developed outer and inner
surface, potassium polytitanate is prone to adsorption
and ion exchange processes. These characteristics of
the PPT powders allow considering their protonated
forms as promising to use in the field of lithium extrac-
tion from aqueous solutions. Adsorption is a wide-
spread method for the extraction of ions from aqueous
solutions [26, 27], that is why, in this research, a spe-
cial attention is paid to the kinetics and the adsorption
isotherms of the ion exchange processes, taking place
in the PPT based systems. This data is necessary to es-
timate the rate constant and the adsorption capacity and
important to develop the technological process of lith-
ium extraction from different lithium containing natu-
ral waters.

The membrane technology as energy con-
sumption, simple preparation and superior industrial
application method is chosen to produce ion exchange
composites in this research. Poly (vinylidene fluoride)
(PVDF) was used as a polymer binder as a wide-range
membrane material characterized with a good heat re-
sistance, high mechanical strength and relatively low
cost [28].

Thus, the aim of this study is to produce the
porous composite membranes based on partially proto-
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nated potassium polytitanate and poly (vinylidene flu-
oride) and to investigate the kinetics and mechanism of
the ion-exchange extraction of lithium from the model
aqueous solution.

EXPERIMENTAL SECTION

Preparation of protonated potassium polyti-
tanate and PVDF-based membranes

Partially protonated potassium polytitanate
powder was obtained by acid treatment of initial potas-
sium polytitanate K2O-nTiO2 (n = 4.1) or KzTi410
according to the method in the literature [29]. Some
quantity of the rest of potassium in the obtained par-
tially protonated PPT support a large interlayer dis-
tance among the layers and supports ion-exchange pro-
cesses in the product.

The PVDF-based membranes were obtained
by the following procedure: 4 g PVDF power (Sigma
Aldrich, Mw~530,000, St. Louis, MO, USA) was dis-
solved in 20 ml N, N-Dimethylformamide (DMF,
CsH/NO, analytical grade, Ekos-1, Moscow, Russia)
and then 2 g protonated potassium polytitanate was
added into the polymer solution. This mixture was
magnetically stirred at room temperature for 24 h until
homogenization and then was spread on a glass plate
using a doctor knife methodology followed by an im-
mersion into distilled water. A use of higher contents
of polymer in the composite reduces an availability of
the ion exchange material for lithium ions, resulting in
lower efficiency; lower PVDF amounts reduce a sta-
bility of the composite in the aqueous solution.

Water uptake and ion exchange capacity
measurement

Before a measuring the water uptake parame-
ter, the 1.5x1.5 cm samples of the obtained membrane
were dried in an oven at 60 °C for 48 h and weighted
(Wary, g) was measured. The membranes were then
washed with distilled water and introduced into the
LiCl solution for 48 h. Further, a weight of the samples
was measured again (Wwet, g). A water uptake was cal-
culated by equation (1).

Water uptake (%) = W -100% (1)
ry

An ion-exchange capacity (IES) of the PVDF-
based membrane was determined using the titration
method. The sample was immersed in LiCl solution for
24 h for complete release of H* by exchange with Li*.
The released H* was titrated with NaOH solution
(0.01M) using phenolphthalein as an indicator. The ion-
exchange capacity was calculated with equation (2):

IEC,mmol/g = —moola}VNaOH, (2)
d

where C is a concentration of the NaOH solution,
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mol/dm?, Vaon is a volume of the NaOH solution con-
sumed in titration, L, Wy is a weight of the dried mem-
brane, g.

Lithium adsorption kinetics and isotherms
study

Studies of the adsorption capacity for Li* were
carried out by stirring of 2x2 ¢cm PVDF-based mem-
brane with partially protonated potassium polytitanate
in various solutions containing 50, 80, 100, 150, and
175 mg/dm?® LiCl for 20, 40, 60, 120, and 180 min at
pH ~ 7.0. The concentration of Li* was recorded by the
potentiometric method using a laboratory ion-meter I-
160MP (Gomel Plant of Measuring Instruments, Bela-
rus) with a lithium-selective electrode ELIS-142L.i (Iz-
meritelnaya Tekhnika, Russia).

The adsorption capacity was determined by
equation (3):

Q.mg/em? = =% )
where Co and C; are the initial Li* concentration and at
time t in the solution, mg/L, respectively; V is the vol-
ume of the solution, L; S is the geometric area of the
PVDF-based membrane containing partially proto-
nated potassium polytitanate, cm?,

The study of the adsorption process Kinetics
with calculation of the adsorption rate constant and
equilibrium adsorption capacity was carried out using
pseudo-first-order (equation (4)) and pseudo-second-
order (equation (5)) models [29-33].

ltn(qe - qt)t= Inqe — kyt 4)

w rE i ®)
where g and g; are the adsorption capacity at equilib-
rium and at time t, mg/cm?, respectively; ki, min* and
kz, cm?/mg-min are the rate constant of pseudo-first-
order and pseudo-second-order models, respectively.

The study of the adsorption process equilib-
rium and the mechanism of the Li* ions interaction
with the membrane active sites was carried out using
the Langmuir (equation (6)) and Freundlich (equation
(7)) isotherms [34].

Co 1 Ce

Qe - QmKL  Qm (6)

InQ, = InKy +—InC, )
where Q. and Qm are the adsorption capacity at equi-
librium and the maximum adsorption capacity,
mg/cm?, respectively; C. is the equilibrium Li* concen-
tration, mg/L; K. is the Langmuir constant, L/mg;
whereas, K, (L)Y"(mg)*¥"/cm? and n are the Freun-
dlich constants.

Adsorption selectivity study

The adsorption selectivity of the PVDF-based
potassium polytitanate containing membranes for Li*
was determined by stirring of 2 cm? membrane samples
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into two mixed solutions with 100 mg/L of LiCl and
NaCl as well as LiCl and KCI. After reaching the equi-
librium the metal ions concentrations were determined
by a potentiometric method using a lithium-selective
electrode ELIS-142Li (Izmeritelnaya Tekhnika, Rus-
sia), a sodium-selective electrode ELIS-112Na (lz-
meritelnaya Tekhnika, Russia) and a potassium-selec-
tive electrode ELIS-121K (lzmeritelnaya Tekhnika,
Russia). The distribution coefficient (Kg), separation
factor (a) and concentration factor (CF) were calcu-
lated by the equations (8)-(10):

Ka=¢ ®)
_ Ka(L)

"~ Ka(Me) ©)
_ Qe(Me)

" Co(Me) (10)

where Me = Na and K.
RESULTS AND DISCUSSION

The potassium polytitanate powder obtained
by acid treatment and used in the experiments is char-
acterized by X-ray amorphous structure without pro-
nounced reflexes in the XRD pattern. Its particles have
a flake-like morphology have a trend of agglomeration
and, according to the energy dispersive analysis (EDS)
data, correspond to the Ki3Ho7Tis109 chemical com-
position [29].

The photograph of the dried PVDF-based pol-
ymer membrane filled with potassium polytitanate
powder and micrograph of its surface are shown in Fig. 1.
The PVDF-based membranes filled with partially pro-
tonated potassium polytitanate have porous structure.
A water uptake (adsorption capacity) was applied as a
parameter characterizing their porosity.

Water uptake values are typically used to indi-
cate the diffusion process availability. The water
(aqueous solution) uptake values, estimated with dis-
tilled water and 0.1% LiCl aqueous solution, corre-
spond to 14.8% and 25.4%, respectively. IEC as the in-
dication of the number of ion exchangeable sites is
0.922 mmol/g. Both parameters are in good agreement
with the same parameters of analogs [35-37].

The ion-exchange capacity (IEC) of the
PVDF-based composite membranes have been investi-
gated to consider the prospects of the obtained func-
tional materials application in the lithium ion extrac-
tion from aqueous solutions.

The adsorption kinetics has been analyzed to
investigate the adsorption rate and rate-controlling
mechanism of the adsorption processes. The pseudo-
first-order (Fig. 2a) and pseudo-second-order models
have been used to study the kinetics of Li* adsorption
by the obtained PVDF-based composite membranes.
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Fig. 1. The samples of P\VDF-based membranes containing proto-

nated potassium polytitanate (a) and SEM image of their surface (b)

Puc. 1. O6pa3upr MmemOpan Ha ocHoBe [1BJI®, coxeprxarmux mpo-

TOHUPOBAHHBIA HoyMTUTAaHAT Kanus (a), 1 COM n3o0pakeHue ux
nosepxHoctH (b)

0 50 100 150

y=-0.014x - 0.694
-1 1 ... R2=0.996

-0.1 A

-0.2 1
y=0.627x-1.559 ,P

R?=0.991 /
=04 A

0.5 1 K
-0.6 1 /
0.7

O 0.3 1

lgC,

Fig. 2. Fitting curves of pseudo-first-order equation
(@) (Co(Li*) = 150 mg/L) and Freundlich model (b) (t = 180 min)
Puc. 2. AMPOKCHMAIHOHHBIC KPHBBIE YPaBHEHHS TICEBIOTIED-
Boro nopska (a) (Co(Li*) = 150 mr/n) u mogenu @peiinmmnxa
(b) (t = 180 mumn)
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According to the determination coefficients
(R?) (Fig.2, Table 1) of these two kinetic models, the
adsorption process is better followed by the pseudo-
first-order equation with R = 0.996, consequently lith-
ium adsorption by the composite PVDF-based mem-
brane is limited by ion diffusion: external in solution
or internal in the membrane and in the structure of pro-
tonated potassium polytitanate. However, also the high
fit of the experimental data to the pseudo-second-order
model does not exclude chemisorption as a rate-limit-
ing step of the investigated process [30]. The kinetic
parameters of lithium adsorption by the PVDF-based
membrane are shown in Table 1.

Table 1
Kinetic parameters of lithium adsorption by the PVDF-
based membrane filled with partially protonated potas-
sium polytitanate
Tabnuya 1. KnneTn4eckue napamMeTpsbl a1cOPOLMH -
THSA MeMOpaHo¥i Ha ocHoBe [IB/JI® ¢ yacTH4YHO NMPOTO-
HUPOBAHHBIM MMOJUTUTAHATOM KaJUs

Pseudo-first-order model | Pseudo-second-order model

qEv ) 2 qEv k21 2

mg/cm? ki, min™ R mg/cm? | cm¥mg-min R
0.500 | 0.014 |0.996| 0.750 0.015 0.989

The value of g. calculated from the pseudo-
first-order model is closed to the experimental data.
This fact confirms that this kinetic model better de-
scribes the investigated ion-exchange process.

A plotting of the adsorption isotherms allows
assuming the mechanism of interaction between the
adsorbent and adsorbate, as well as estimating an ad-
sorption capacity. The most common Langmuir and
Freundlich models (Fig. 2b) are used for this purpose.

Experimental data with a higher determination
coefficient (R?) fit the Freundlich model (Table 2).
Consequently, ion-exchange adsorption of lithium ions
occurs on the heterogeneous surface of the investigated
PVDF-based composite membranes characterized with
the adsorption sites of different binding energy. The
Langmuir isotherm, which implies adsorption on ho-
mogeneous sites and an absence of interaction between
adsorbed particles, poorly describes the results ob-
tained with R? = 0.934. The equilibrium parameters of
lithium adsorption by the composite PVDF-based
membranes are shown in Table 2.

A value of n in the Freundlich isotherm equa-
tion depends on heterogeneity of the surface and is
about of 1.6, which indicates favorable adsorption. A
value of the Freundlich constant K is related to the ad-
sorption capacity. The maximum adsorption capacity is
estimated from the equilibrium parameter of the Lang-
muir isotherm and reaches a value of 1.081 mg/cm?.
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Table 2
Equilibrium parameters of lithium adsorption by the
PVDF-based membrane filled with partially protonated
potassium polytitanate
Tabnuya 2. PapHOBecHbIe TApaMeTPhI acOPOIUH JIN-
TUsI MeMOpaHoii Ha ocHoBe [IBI® ¢ yacTU4YHO MPOTO-
HUPOBAHHBLIM IMOJUTUTAHATOM KaJIUs
Langmuir model Freundlich model

Qm. KL. Rz KF, (L)lln(mg)l-l/nlcmz n RZ

mg/cm?| L/mg
1.081 | 0.009 0.028 1.595{0.991

0.934

A correspondence of the pseudo-first order
model to the investigated process can be explained by
the membrane structure of the ion-exchanger, for
which diffusion processes are of paramount im-
portance. The Freundlich isotherm describes well the
adsorption occurring in the system protonated potas-
sium polytitanate powder — lithium salt solution, and is
suitable to describe similar processes for a PVDF-based
membrane using the same active component [38].

Considering a presence of other cations be-
sides lithium ions in natural waters, there is a need to
investigate a selectivity of the prepared PVDF-based
composite membranes. To estimate selectivity of Li*
adsorption, the adsorption capacity, distribution coef-
ficient (Kg), separation factor (o) and concentration
factor (CF) were determined using the mixed aqueous
solutions containing either Li* and Na* or Li* and K*
ions (Table 3).

Table 3

Adsorption selectivity of Li* by the investigated PVDF-

based composite membranes in the mixed solution con-

taining either Li* and Na* or Li* and K*

Tabnuya 3. CenektuBHOCTH agcopounu Li* ucciaeno-
BAaHHBIMHA KOMIIO3UTHBIMH MeMﬁpaHaMl/I Ha OCHOBE

MB/JI® B cMemaHHOM pacTBope, coaepaxamiem Li* u Na*

wm Li* n K*

Metal

ions Ce, mg/L | Qe, mg/g| Kg, L/g o CF, L/g
Li* 41.9 500.9 11.95 1.0 5.01
Na* 92.2 67.2 0.73 16.4 0.67
Li* 52.3 411.2 7.86 1.0 4.11
K* 92.7 62.9 0.68 11.6 0.63

According to the Table 3, the adsorption ca-
pacity of Li* for the investigated PVDF-based compo-
site membranes is higher compared to the two impurity
cations at the same initial concentrations. A value of
the distribution coefficients for these metal ions also
reduces in the order of Li+ > Na*~ K*. The separation
factor values for Li* to Na* and K* are much greater
than 1 and equal to 16.4 and 11.6, respectively. The
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concentration factor for lithium also significantly ex-
ceeds that for the other two ions. The values of the cal-
culated parameters confirm high selectivity of the ad-
sorption of Li* by the PVDF-based membranes, filled
with partially protonated potassium polytitanate, in a
presence of sodium and potassium ions. This result
may be explained with some structural features of par-
tially protonated potassium polytitanate used as the ac-
tive component of the investigated composite material,
such as varied interlayer distance. A variable interlayer
distance in the potassium polytitanate particles makes
the internal sections of their interlayer space more ac-
cessible to Li* ions, which have a lower ionic radius in
comparison with the ions of other alkali metals [38].

CONCLUSIONS

The composite ion exchange membranes were
prepared using poly (vinylidene fluoride) (PVDF) as a
binder for the partially protonated potassium polytitan-
ate (Ki3Ho7Tis109) powder used as an active filler.
Pseudo-first and pseudo-second order kinetic models
were used to investigate the kinetics of Li* extraction
from the LiCl model aqueous solution by the PVDF-
based composite membranes obtained. It was found
that the adsorption kinetics was fitted pseudo-first-or-
der with the calculated equilibrium sorption capacity
e = 0.5 mg/cm? and rate constant k; = 0.014 min*, The
equilibrium of the ion exchange process was studied
using the Langmuir and Freindlich isotherms. The
adsorption isotherm was fitted Freundlich model
with calculated equilibrium parameters of Kr =
= 0.028 (L)Y"(mg)**"/cm? and n = 1.595. It was
shown, that the investigated PVVDF-based composite
membranes had high selectivity for Li* ions in the
aqueous solutions containing other alkali ions (Na* and
K*). These characteristics allow considering the com-
posite ion-exchange material, produced and investi-
gated in this work, as a promising adsorbent to extract
lithium from natural Li* containing waters, taking into
account also it’s relatively low-cost.
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