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ABSTRACT

In this paper, we evaluate extraction of lithium chloride by membrane capacitive deionization system
composed of two electrodes: one prepared from lithium-selective adsorbent and one obtained
from activated carbon and coated with anion-exchange membrane. Lithium-selective sorbent was
prepared by solid-state reaction of lithium carbonate, manganese carbonates and titanium diox-
ide. The anion-exchange membranes were prepared by modifying poly(vinyl chloride) films with
ethylenediamine. The chemical structure of membranes was investigated by Fourier transform infra-
red spectroscopy. The following membrane properties were determined: water regain, ion-exchange
capacity, chloride and nitrogen contents. Taking into account the criteria of lithium sorption and
desorption, the most efficient selective separation system was selected. It was found that salt adsorption

capacity reached the average value of 34.2 mg/g
and 9.8 mg/g respectively.

electrode’

electrode

for LiCl, while for KCI and NaCl 8.6 mg/g,

electrode
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1. Introduction

Lithium is a raw and critical element used in the
production of: lithium ions batteries, glass, ceramics,
metal alloys and applied for polymer syntheses. It can be
acquired from two different sources: (i) extracted from
minerals, salt lakes or underground brines and (ii) recov-
ered from spent lithium ions batteries [1]. Almost 80% of
the lithium comes from brines of the South America Salars
where the weather conditions like solar radiation, low
humidity and low rainfall allow to apply an evaporation
method [2]. The process is based on pumping of brine into
series of shallow pounds where a sequential precipitation
of salts takes place. The whole process lasts 1-1.5 year [3].
Despite its simplicity, the technology suffers from the lack
of production elasticity due to long time of lithium salt
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manufacturing, large area of pounds, substantial water
consumption, production of large quantities of wastes and
strong impact on the environment. Hence, the search for
other separation methods has become critical and many
studies have been recently launched [4].

The following methods for lithium recovery have been
evaluated: adsorption [5-11], liquid-liquid extraction
[12-15], membrane electrolysis [16] and electrodialysis
[17], ion-pumping [18], sorption—-membrane hybrid pro-
cess [19] and capacitive deionization (CDI) [20,21]. Among
them the CDI [22,23], based on electrosorption of ions onto
surface of porous electrode with formation of electrical
double layer, has gained the growing attention. The stud-
ies on CDI efficiency have indicated the most important
material properties: pore size distribution and charge of
surface [24-27]. The effect of the charge has been inves-
tigated by coating of electrode with various oxides that
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can develop charges in aqueous environment [28-31]. The
use of chemically modified activated carbon for produc-
tion of the electrodes could be considered as an alterna-
tive approach [32,33]. The second way to raise the CDI
efficiency is to insert an ion-exchange membrane onto the
front of the electrode [23,34]. That process is called mem-
brane capacitive desalination (MCDI).

A few reports on the use of CDI/MCDI systems for
separation on lithium from aqueous solutions have been
published so far [20,21,35]. They were focused on the use of
lithium selective electrode prepared from spinel of manga-
nese oxide to collect lithium ions and carbon electrode for
anions capturing. Anion-exchange membrane was added to
that system to raise the separation efficiency. The evaluated
systems showed good reproducibility and durability during
the repeated adsorption/desorption cycles.

The goal of this paper is to show usefulness of the MCDI
system for extraction of lithium chloride. In this evaluation,
the system was composed of lithium capturing electrode,
carbon electrode and anion-exchange membrane. The sec-
ond goal of the paper was to show method for preparation of
anion-exchange membrane that could improve lithium chlo-
ride extraction.

2. Materials and methods
2.1. Materials

Lithium adsorbent was prepared from Li,CO,, MnCO,
and TiO, purchased from Aldrich-Sigma (Poznan, Poland).
The activated carbon, CWZ-22 delivered by Gryfskand
(Gryfino, Poland), was used to prepare electrode for anions
capturing. Membranes were prepared from poly(vinyl chlo-
ride) (PVC; Ongrovil® S-5167 with K value of 66-68) sup-
plied by BorsodChem (Katowice, Poland). Ethylenediamine
(EDA) was bought from Sigma. Cyclohexanone (CH), tetra-
hydrofuran (THF) and ethanol were delivered by Avantor
Performance Materials (Gliwice, Poland).

2.2. Synthesis of lithium inorganic adsorbent

Lithium adsorbent was prepared at 500°C by a sol-
id-state reaction of Li,CO,, MnCO, and TiO, powders. Li,CO,
to MnCO, weight ratio was kept as 1-3 for all syntheses.
Content of titanium dioxide was fixed at 10 wt%. Solid-state
reaction took place in a vertical furnace heated at the rate of
40°C/min. The total time of reaction was fixed to 1 h. After the
completion of the reaction, the precursor of lithium adsor-
bent was cooled to 25°C during 24 h and finally treated with
large volume of 1 M aqueous HCI. The process was carried
out for 24 h at room temperature. Finally, prepared sorbent
was washed with distilled water, dried and ground to parti-
cles of 50 pum size.

2.3. Preparation of electrode for capacitive deionization

All electrodes were prepared by mixing 90 wt% of lith-
ium adsorbent or activated carbon with 10 wt% of PVC dis-
solved in CH (3.5 wt% solution of polymer). The obtained
paste was stirred vigorously for 1 h at room temperature and
degassed under vacuum (10 min, room temperature). Finally,

the slurry was cast on a graphite foil and formed in 120 um
thick film. The evaporation of solvent was carried out over-
night at normal pressure and completed in vacuum for 2 h.
The electrodes were kept in deionization water (DI) water.

2.4. Preparation of PVC foils

Two types of PVC foil were prepared by means of wet
method. PVC films were cast from 10 wt% tetrahydrofuran
solution (10THF) or from 9 wt% cyclohexanone solution
(9CH) onto a glass plate and dried at room temperature over-
night. The thickness of obtained foils was 50 + 3 um.

2.5. Preparation of PVC membranes

Foils of PVC were kept in 10 mL of EDA for 7 d at
room temperature. The conditions for membrane modifi-
cation were selected previously [36]. After modification the
obtained membranes were washed with ethanol, ethanol/
water (1:1), water and alternately immersed in 1 M HCl and
1 M NaOH solutions.

2.6. CDI system

To study lithium sorption process, the Fumatech labora-
tory electrodialyzer FT-ED-100-4 was used. The stack con-
sisted of two electrodes and one anion-exchange membrane.
The scheme of the used CDI system is shown in Fig. 1.

To investigate the selectivity of the system, 10 mM aque-
ous solutions of LiCl, NaCl and KCI were used. The adsorp-
tion and desorption processes were carried out for 30 min at
25°C for all solutions. The cell was biased with voltage that
changed from 0.5 to 3 V. The voltage was kept at the same
value for adsorption and desorption with reversed polarity.
All measurements were performed in triplicate.

Salt adsorption capacity (SAC) was defined as follows:

_(G =€)V

m

SAC (1)

where C (mg/dm’) and C, (mg/dm?) are initial and final salt
concentration, V (dm?) is tfle solution volume and m (g) is the
mass of both electrodes.

2.7. Analytical section
2.7.1. X-ray diffraction analysis

The structure of crystalline phases of inorganic lithium
adsorbent was investigated by mean of X-ray diffraction
(XRD). The measurements were performed in 20 angle in
the range of 5°-120°, at room temperature with 0.02° step
and rate of 3°C/min. Philips X'Pert PW 3040/60 diffrac-
tometer (Ka = 1.5418 A) with Cu lamp (30 mA and 40 kV)
was used. To acquire crystal grain size, the quantitative
analysis of diffraction pattern with Scherrer equation was
applied:

L k-h
B-cos6, @
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Fig. 1. Scheme of MCDI stack in (A) adsorption process and (B) desorption process.

where k is a dimensionless shape factor, A is the X-ray wave-
length, B is the line broadening at half the maximum inten-
sity and O, is the Bragg angle.

2.7.2. Porosity of material

Porous texture of the materials was analyzed by N, sorp-
tion at 77 K using Autosorb IQ gas sorption analyzer. The
Brunauer-Emmett-Teller (BET) standard method was used
to calculate the specific surface area from adsorption data
when P/P changed from 0 to 1. Total pore volume of pores
was estimated from the amount of nitrogen adsorbed at
P/P,=0.95.

2.7.3. Fourier transform infrared spectroscopy

Prepared membranes were analyzed in the range of
4,000-300 cm™ by FTIR on the Vertex 70v vacuum spec-
trometer (Bruker Company, Coventry, England). In the
analysis, 64 scans were collected. Polymer samples were
prepared in KBr pellets.

2.8. Characterization of membranes
2.8.1. Contact angle measurement

Static contact angles of water droplets were measured
by goniometer PG-X (Fibro Systems Europe, Veenendaal,
Netherlands). The measurements were repeated 20 times.

2.8.2. Water regain

Water regain (WHZO) of membranes was determined
according to Eq. (3):

( w ,1)
W o e = ®

where m  is the weight of swollen membrane and m, the
weight of dry membrane.

2.8.3. Ion-exchange capacity

Ion exchange capacity (Z,,.) was estimated on the basis of
acid-base titration method and calculated according to Eq. (4):

=(Cbeb—CaxVu)xA

V4
" @

where C, and C, are molar concentration of NaOH and HC],
respectively, V, is the volume of NaOH taken to titration, V,
is the volume of HCI used for titration of NaOH solution, A
is the volume correction (in our case 5) and m, is the weight
of dry membrane.

2.8.4. Chloride content

Chloride content before and after modification was
measured by burning about 20 mg of dry sample in a flask
containing 3% hydrogen peroxide solution. The content of
chloride was determined by the Schoniger’s method [37].

2.8.5. Nitrogen content

Nitrogen content in polymer was measured by the
Kjeldahl’s method after mineralization of the sample (about
200 mg) in concentrated sulfuric acid containing copper sul-
fate and potassium sulfate [38].

3. Results
3.1. XRD analysis

The structure of inorganic lithium adsorbent was deter-
mined by XRD.

Fig. 2(A) shows the XRD patterns for inorganic lith-
ium adsorbent and Fig. 2(B) presents model of lithium
manganese oxide hydroxide available under reference code
01-089-0755. The most prominent peak is at 20 = 18.9°, which
corresponds to the reflection of (111) plane. The literature
shows that diffusion of Li ion takes place mostly into some
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octahedral sites and the (111) orientation allows lithium to
better penetrate sorbent [36]. Obtained diffraction peaks at
angle 20 = 36° and 44° are directly related to manganese
oxides form while peaks at angle 20 = 26°, 82° and 84° cor-
respond to titanium oxide. All reflections attributed to the
films correspond to Bragg positions for the spinel phase.
Additionally, based on peaks with (111) reflection it was
possible to calculate the mean size of crystalline domains.
They were estimated at 3.88 A. On the base of conducted
studies, we assumed that by sintering of lithium and man-
ganese carbonates with titanium dioxide, we obtained sor-
bent with homogenous morphology that was characterized
by the structure similar to H  Li ,Mn, O

1.72774°

3.2. Porosity and specific surface area of materials

The morphology and pore size of obtained materials
were determined by means of BET isotherms of N,. The data
are shown in Table 1.

As it is seen, the lithium selective sorbent had poorly
developed porous structure with low pore volume and small
pores in comparison with activated carbon. The properties
of CWZ-22 were typical for activated carbons used for the
preparation of CDI electrodes [23].

3.3. IR spectroscopy

By applying EDA, it was possible to incorporate
the ion-exchange groups into PVC films. However, the
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Fig. 2. XRD patterns for lithium inorganic adsorbent with 10 wt%
content of titanium oxide.

Table 1
Surface areas, pore volume and pore sizes of materials used for
electrode preparation

Samples Specific Pore Pore
surface volume, diameter,
area, m*/g cm’/g nm

Lithium adsorbent 47 0.091 1.1

Activated carbon CWZ-22 977 0.491 <2

conditions of modifications should be very gentle; oth-
erwise an undesirable crosslinking process might occur.
To follow the effect of modification, the properties of
unmodified and modified membranes were investigated
by means of Fourier transform infrared (FTIR) spectros-
copy that allowed to characterize the chemical composi-
tion of the obtained membranes. Fig. 3 shows the spectra.
The absorption bands attributed to N-H (primary amines
and secondary amines) groups were observed at wave-
lengths of 3,346 cm™ as a stretching vibrations and at 1,610
cm™ as bending vibrations. Strongly stretching vibration
at 2,900 cm™, corresponded to =C-H and =CH,, could
confirm the PVC dehydrochlorination with formation of
unsaturated bounds [39].

The analysis of spectra allowed us to conclude that mod-
ification of PVC films with EDA took place either for films
prepared from CH or films obtained from THF solutions and
that obtained membranes had amine groups incorporated
into the polymer structure.

3.4. Characterization of membranes

Modification with EDA caused the change of surface
energy. To monitor these changes the surface wettability
was evaluated by means of contact angle measurement. The
values of contact angles are given in Table 2. It could be noted
that modification improved water wettability manifested by
a significant decrease of contact angle.

For extended characterization of obtained membranes,
chloride and nitrogen contents, ion-exchange capacity and
water regain were determined. It was observed that water
regain increased for modified membranes and that aminated
membranes had lower amounts of chloride atoms. What is
more, both modified membranes had similar ion-exchange
capacity.
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Fig. 3. IR spectra of PVC, 9CH7 and 10THF membranes.

Table 2
Properties of obtained membranes

Sample Z Zy Zy WHZO eHZO

(mmol/g) (mmol/g) (mmol/g) (g/g) ()
9CH 0 15.5 0 0.5 75
9CH7 1.3 14.1 2.3 1.0 36
10THF 0 15.6 0 0.4 74
10THF7 1.4 14.2 2.4 1.1 35
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3.5. Capacitive deionization

To evaluate the efficiency of lithium extraction in the
presence of 10THF7 and 9CH7 membranes the MCDI process
was carried out. The development of salt adsorption capacity
with various voltage is shown in Fig. 4.

It can be seen that the highest value of electrosorption
was observed for 2.5 V. It was about critical value of 1.2 V
considered as the safe for CDI [23]. It seemed to us that the
drop of voltage on ion-exchange membrane decreased the
tendency of water to dissociate. What is more, carbon does
not catalyze water dissociation and for some cases the high
voltage does not generate hydrogen in the system [40]. This
case was not verified in our study and for simplicity we took
2.5V to run the sorption process in our MCDI stack.

Despite both membranes had similar ion-exchange capac-
ity, the maximum value of salt adsorption was observed for
10THEF?7. It looked that both membranes could have different
physical structure that could affect the transport of chloride
ions. Such effect was better seen when sorption/desorption

SAC [mg/g]|

Voltage [V]

Fig. 4. Salt adsorption capacity of lithium chloride in CDI and
MCDI stack with 10THF7 and 9CH?7 anion-exchange membranes
and without membrane. More details can be found in Table S1.
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processes of LiCl, NaCl and KCl were compared, as shown
in Fig. 5.

It can be seen that the MCDI stack with 10THF7 mem-
brane was able to adsorb more LiCl than the system with
9CH7 membrane. The kinetics of LiCl adsorption was the
fastest for both systems and maximum uptake of LiCl
reached 42.1 and 35.3 mg/g for stacks equipped with 10THEF7
and 9CHY, respectively. Other salts were extracted slower
and to the lower extent. Maximum salt adsorptions for stack
with 10THF7 and 9CH7 membranes were 8.6 and 23.9 mg/g
for KCl and 9.8 and 22.0 mg/g for NaCl, respectively.

The evaluation of electrode repeatability was conducted
for MCDI system with 10THF7 and 9CH7 membranes.
Fourteen cycle repetitions were carried out. The values of
lithium chloride adsorption are shown in Fig. 6. It could be
noted that the MCDI system kept adsorption capacity with
low fluctuation of that value. The average values of salt
adsorption were 34.14 and 26.86 mg/g LiCl for both evalu-
ated membranes, respectively.

SAC[mg/g]

Cycles ®10THF7 ®9CH?

Fig. 6. Salt adsorption capacity of lithium chloride for cyclic
process. Used voltage 2.5 V.
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Fig. 5. Salt adsorption capacity in sorption and desorption processes for stacks with 10THF7 and 9CH7 membranes. Sorption at 2.5 V

and desorption at 2.5 V. More details can be found in Table S2.
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ITt can be summarize that the stack with 10THF7 mem-
brane was more efficient for lithium ions extraction that stack
with 9CH7 membrane. The observed phenomenon gave a
chance to use the MCDI system to facilitate extraction of lith-
ium chloride from multicomponent mixtures.

4, Conclusion

The paper describes properties of new MCDI system
used for lithium recovery from aqueous solutions. The stack
consisted of non-coated electrode with lithium selective inor-
ganic adsorbent and activated carbon electrode wrapped with
PVC membrane modified with EDA. The best membrane for
the separation process was prepared from solution of PVC in
THEF followed by the film modification with EDA. By using
the MCDI system, it was possible to extract about 40 mg/g of
lithium chloride when sodium chloride was extracted on the
level of 10 mg/g.
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Table S1
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Salt adsorption capacity (SAC) of lithium chloride in CDI and MCDI stack with 10THF7 and 9CH?7 anion-exchange membranes and

without membrane

Voltage

SAC

SAC

SAC

, SAC SAC  SAC
V) (mg/g), 10THF7 (mg/g), 9CH7 (mg/g), without (mg/g), (mg/g), (mg/g), without
membrane 10THF7 ~ 9CH7  membrane
0.5 214 22.7 19.8 16.4 15.2 13.7 14.7 15.4 17.9 21.3 15.1 16.0
1 28.7 28.6 26.1 18.7 16.0 13.7 20.4 21.7 20.7 27.8 16.1 209
1.5 329 30.9 29.5 25.6 23.6 20.7 22 23.4 21.7 31.1 23.3 22.3
2 374 36.1 35.8 31.8 27.1 22.8 24.8 26.1 25.0 36.4 27.2 25.3
2.5 41.8 39.7 37.1 36.5 31.6 28.5 26.2 27.9 27.1 39.5 322 27.0
3 389 359 34.5 327 30.7 24.6 25.6 26.3 25.8 36.4 29.3 25.9
Table 52
Electrosorption capacity in sorption and desorption processes for stacks with 10THF7 and 9CH7 membranes
Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g)

Measurement solution: LiCl

Measurement solution: KCI

Measurement solution: NaCl

9CHY adsorption

0 0.000 0 0 0 0.000
8 0.649 4 0.216 34 1.486
18 0.811 13 0.432 40 14.595
29 0.973 28 0.649 132 15.946
41 1.135 43 0.757 193 16.486
58 1.297 50 1.189 225 16.892
84 1.946 60 1.514 260 17.162
90 5.189 72 2.054 438 18.378
97 6.811 80 2.595 515 18.784
102 8.432 98 4.757 638 19.189
108 10.054 111 6.378 826 20.000
114 11.676 126 7.459 1,143 20.676
131 13.297 135 8.000 1,360 21.081
142 14.919 145 8.541 1,586 21.486
151 16.541 168 9.622 1,800 22.027
163 18.162 190 10.703

174 19.784 230 11.784

188 21.405 260 12.865

204 23.027 300 14.486

231 24.649 320 15.027

268 26.270 353 16.108

301 27.081 403 17.189

346 27.892 495 18.270

398 28.703 546 18.811

466 29.514 597 19.351

540 30.324 680 19.892

(Continued)
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Time (s)

Temporary SAC (mg/g) Time (s)

Temporary SAC (mg/g)

Time (s)

Temporary SAC (mg/g)

Measurement solution: LiCl

Measurement solution: KCI

Measurement solution: NaCl

650 31.135 738 20.973

732 31.297 834 21.189

746 31.946 873 21.514

785 32.108 950 22.054

787 32.432 1,047 22.595

223 32.757 1,229 23.135

907 33.405 1,246 23.784

1,023 33.730 1,366 23.892

1,168 34.216 1,800 24.216

1,420 34.865

1,670 35.351

1,711 36.000

1,867 36.486

9CHY desorption

0 36.476 0 24.324 0 22.027
36 36.324 249 24.216 340 21.622
44 36.162 768 24.108 549 21.351
50 35.676 1,395 24.000 975 20.541
56 35.189 1,570 23.892 1,347 20.135
64 34.865 1,800 23.784 1,800 19.865
71 34.216

77 33.892

83 33.568

93 33.405

106 32.757

118 32.432

125 32.108

131 31.784

145 31.459

158 30.973

165 30.649

181 30.324

186 30.162

193 30.000

212 29.514

222 29.189

391 27.405

423 27.243

433 27.081

493 26.757

800 25.297

843 25.135

905 24.973

976 24.811

1,031 24.649

1,125 24.486

1,239 24.324

1,282 24.162

(Continued)
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Table S2 (Continued)
Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g)

Measurement solution: LiCl

Measurement solution: KCI

Measurement solution: NaCl

1,380 24.000
1,442 23.838
1,520 23.676
1,675 23.514
1,772 23.351
1,800 23.231
10THF7 adsorption
0 0.000 0 0.000 0 0.000
7 13.297 10 0.324 1 0.270
10 19.784 14 0.649 19 0.405
41 24.973 27 0.865 28 0.541
44 26.270 34 0.973 34 0.946
47 27.892 39 1.081 44 1.622
60 28.216 47 1.297 59 2.297
74 28.541 58 1514 67 2.973
84 28.703 64 1.622 89 3.649
91 29.189 68 1.946 120 5.000
110 29.514 71 2.270 175 5.676
129 30.324 89 2.595 210 6.351
175 31.135 111 3.027 243 6.622
221 31.946 147 3.351 286 6.757
271 32.757 194 3.568 379 7.027
354 34.054 256 3.676 501 7.162
482 34.703 289 3.892 782 7.432
583 35.189 356 4.108 912 7.703
610 35.351 380 4.432 1,059 7.973
687 36.000 429 4.757 1,100 8.378
929 37.622 510 5.081 1,376 8.919
1,088 39.568 759 5.514 1,496 9.459
1,177 40.541 920 5.730 1,670 9.730
1,225 40.865 1,150 5.622 1,800 10.135
1,540 42.162 1,276 5.838
1,800 41.838 1,380 6.270

1,450 6.595

1,564 7.351

1,623 7.892

1,689 8.432

1,740 8.649

1,800 9.081
10THF7 desorption
0 41.838 0 9.081 0 10.135
4 41.351 41 8.649 67 9.730
10 39.892 68 8.432 245 9.054
14 38.595 110 8.216 390 8.514
19 37.135 348 8.000 501 8.243
26 35.189 380 7.892 678 7.703
35 34.378 390 7.784 890 7.162
53 33.568 460 7.351 950 6.892

(Continued)
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Table S2 (Continued)
Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g) Time (s) Temporary SAC (mg/g)
Measurement solution: LiCl Measurement solution: KCI1 Measurement solution: NaCl
72 32.757 520 7.135 1,023 6.351
98 32.108 578 6.919 1,146 6.081
118 31.622 689 6.703 1,287 5.811
122 30.973 826 6.270 1,470 5.676
204 30.649 1,259 5.730 1,631 5.270
299 30.324 1,450 5.405 1,800 5.000
372 30.162 1,680 5.189
465 29.676 1,800 4973
550 29.514
705 29.189
939 28.703
1,237 28.541
1,800 28.378

Note: LiCl, KCI or NaCl in feeding phase. Sorption at 2.5 V and desorption at 0.5 V.





