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Abstract: The paper deals with extraction of lithium by means of two capacitive deionization systems: one composed of 
lithium selective electrode and second with electrode wrapped with Li-selective membrane. In the case of the first 
system, hybrid electrodes where obtained by mixing -MnO2sorbent with activated carbon .The best Li-capacity was 

determined for electrode with 20 wt.-% of manganese oxide. For larger amounts of -MnO2 the electrode capacity 
decreased significantly. The second system was composed of carbon electrodes wrapped with ion-exchange 
membranes. The lithium selective membranes were synthesized by plasma induced interpolymerization of (meth)acrylic 

monomersinpores of Celgard 2400 support. Two functional monomers, poly(di(ethylene glycol)methyl ether 
methacrylate) and poly(glycidylmethacylate modified with hydroxymethyl-12-crown-4) were copolymerized with acrylic 
acid. It was found that the extraction of lithium chloride was the best for membrane caring copolymers of acrylic acid and 

glycidyl methacrylate modified with crown ether, andit was better than for membranes with sole poly(acrylic acid).  
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INTRODUCTION 

Due to its robustness, energy efficiency and 

operation easiness, capacitive deionization (CDI) is 

being considered as an alternative method for water 

desalination [1-6]. The method is based on the use of 

electrostatic field between two porous electrodes and 

forcing the movements of ions to oppositely charged 

electrode. Ions are entrapped within the electrical 

double layer formed between bulk solution and 

electrode surface. When the electrical field is reversed, 

ions are released into the bulk solution and electrodes 

are regenerated to the next cycle. However, the 

majority of the CDI study was focused on water 

demineralization. The extraction of valuable ions from 

diluted solutions was of lower interest. Lately, few 

papers dealing with CDI-recovery of lithium from 

aqueous solutions have been published [7-9].  

A search for new technologies for lithium recovery 

has gained the special interest lately due to growing 

demands for that element and limited its resources. 

When the usefulness of lithium-ion batteries for energy 

storage is well recognized [10,11] the geographic 

distribution of lithium resources can cause some 

problems in the nearest future. It should be stressed 

that almost 80% of lithium it available in four countries 

only [12]. The largest amount of lithium appears in 

seawater, geothermal or brackish water and recovery 
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of lithium from these sources appeals for specific 

technologies [13-15]. One of them is selective sorption 

that bases on intercalation of lithium ions into structure 

of inorganic sorbents, among them manganese oxide 

spinels are used mostly [16]. Unfortunately, the 

process of sorption is very slow and takes several 

weeks. What is more, the recovery of lithium needs 

application of strong acid that partially destroys the 

sorbent structure. The obtained acidic brine has to be 

neutralized with strong base that causes additional 

environmental problems. 

The slow process of lithium adsorption on 

manganese oxide sorbents can be significantly 

accelerated by the use of electrical field. Ryu [7] has 

applied that approach to force cations to be absorbed 

by negatively charged lithium selective electrode. In the 

same time the second electrode, covered by anion 

exchange membrane, served to entrap the anions. The 

change of polarization caused desorption of ions and 

allowed to obtain concentrated solutions. The original 

paper of Ryu [7] did not mention about the use of any 

conducive additives in preparation of MnO2 electrodes. 

Hence, the elevated electrode resistance could be 

expected and, in consequence, a decrease of electrode 

capacity due to energy dissipation [2] could be 

predicted. Taking that into account, we tried to blend 

spinel of MnO2 with activated carbon to obtain more 

efficient electrodes. This approach is discussed in the 

Result section. 

When ion-exchange membranes wrap CDI 

electrodes, a significant improvement in desalination is 
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observed. Membranes allow counter-ions to be 

transported to electrode and block access co-ions. In 

the adsorption step counter-ions pass ion-exchange 

membranes and are entrapped in electrical double 

layer. In the desorption step ions are expelled from the 

double layer while their transfer to the second electrode 

is blocked by the ion-exchange membrane. 

Additionally, due membrane generated restriction of ion 

movements, the accumulation of co-ions takes place in 

the electrode macropores and its concentration 

exceeds ion concentration in the external solution. 

Hence, presence of membranes increases salt 

adsorption capacity of the system and the process is 

called membrane capacitive deionization, MCDI [2]. It 

is estimated that the use of ion-exchange membrane 

can duplicate the efficiency of salt removal [17]. In the 

case of use of selective ion-exchange membrane it is 

possible also to separate ions bearing the same sign. 

That phenomenon was observed for monovalent nitrate 

and chloride anions [18]. However, according to the 

best knowledge of the authors, there were no attempts 

to use selective membrane for separation of cations by 

means of the MCDI method. We have shown 

previously that it was possible to obtain membranes 

that can transport lithium ions preferentially [19, 20]. 

Hence, such membranes can be used for wrapping the 

CDI cathode to generate selective transport of lithium 

cations. It is the second approach discussed in the 

Result section.  

The goal of this paper was to compare two 

separation systems for capacitive extraction of lithium 

from aqueous solutions: one with Li-selective 

electrodes and second with Li-selective membranes. 

The comparison should point at the system that is 

worthy to be investigated deeply for harvesting lithium 

salts from diluted aqueous solutions.  

MATERIALS AND METHODS 

Activated Carbon 

YP-50F Kuraray Chemical Co. steam activated 

coconut carbon was used throughout this study. Its 

characteristic can be found on the manufacturer web 

page [21]. 

Manganese Oxide 

Spinel of MnO2 was prepared at Kitakyushu 

University according to procedure described in ref [22]. 

Before the use, sorbent was contacted with 1 M 

aqueous solution of HCl for 12 hr.  

Poly(vinyl Chloride) 

PVC, Ongrovil S5070, was used as the binder. Its 

properties can be found on the manufacturer’s 

specification available on the manufacturer webpage 

[23].  

Membrane and other Chemicals 

Celgard 2400 polypropylene membrane was used 

as the support. Acrylic acid (AA), glycidyl methacrylate 

(GLY), (di(ethylene glycol)methyl ether methacrylate 

(DEGMEM), ethylene glycol dimethacylate (EGDMA) 

were delivered by Aldrich.  

CDI System 

To study the efficiency of lithium extraction in both 

approaches, a Fumatech laboratory electrodialyzer, 

FT-ED-100-4, was used. The stuck was composed of 

two carbon electrodes divided by a spacer of 200 μm 

thickness. In all runs the anode was covered with 

Neosepta AMX membrane, while for evaluation of Li-

selectivity in MCDI process the selective membranes 

were fixed to cathode. In all runs 1.0 V was used. 

Lithium chloride solution, of total volume of 100 mL, 

was circulated in the system with an average speed of 

4 L/h. The electrosortion process was carried out for at 

least 24 hr. at room temperature.  

Preparation of Selective Electrode 

All electrodes were prepared by mixing 80% of 

activated carbon (or its blend with MnO2), 15% 

poly(vinyl chloride) and 5% of carbon black. Prior 

mixing the powdered activated carbon, or manganese 

oxide, was dried overnight at 105
o
C. The cooled to 

room temperature powder was added to PVC solution 

in cyclohexanone with carbon black and stirred 

vigorously for 3hr with a mechanical stirrer. The slurry 

was cast on graphite current collector and electrode of 

100 μm thickness was formed by a casting knife. 

Solvent was allowed to evaporate at room temperature 

for two days and the residual amounts of it were 

removed in a vacuum dryer.  

Preparation of Lithium Selective Membrane 

PAA/PEGMEM System 

Pore filled membranes with crosslinked acrylic 

acid/poly(di(ethylene glycol)methyl ether methacrylate) 

copolymer were prepared by plasma induced 

polymerization. For the purpose of this work mixture of 

1:1 monomers were used. The procedure consisted of 
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plasma activation of Celgard 2400 membrane, post-

reaction with oxygen and grafting of monomers to 

surface radicals activated by UV radiation. The 

membrane was placed into a dielectric barrier 

discharge reactor and treated with argon plasma. Both 

sides of the membrane were modified in the same way. 

After removal from the reactor, the samples were kept 

in air for 10 min and then they were immersed in 

20vol% aqueous solution of monomers. The solution 

was irradiated by UV radiation for 10 min. To remove 

polymers not covalently bound to the polypropylene 

surface, samples were washed with large volume of 

water. The detailed procedure of membrane 

preparation was described previously [20]. In this 

preparation EGDMA was used in the 5 vol. % amount 

with relation to other monomers.  

PAA/PGLY-Crown System 

Pore filled membranes with acrylic acid/poly 

(glycidylmethacylate modified with hydroxymethyl-12-

crown-4) were prepared similarly to procedure of 

PAA/PEGMEM membranes. However, to prevent 

opening oxirane rings the membrane grafting was 

carried out in mixture of liquid monomers (80 vol.% of 

glycidylmethactylate, 15 vol.% of acrylic acid and 5 

vol.% of ethylene glycol dimethacrylate). The activated 

membranes were immersed in that mixture and kept in 

it for 3 hr at room temperature. Then the membranes 

were surface dried, wrapped with poly(ethyl 

therephtalate) foil and placed in the drier at 60
o
C. The 

grafting was carried out for 12 h. The pore-filled 

membranes were rinsed with DI water and placed in 

10% aqueous solution of 2-hydroxymethyl-12-crown-4. 

The modification was conducted overnight at 60
o
C. The 

membranes were rinsed with large volume of DI water.  

Determination of Lithium Chloride Concentration  

Evaluation of LiCl concentration was carried out 

conductometrically. In some cases AAS analyses, 

Analyst 100 Perkin-Elmer, were performed. In all 

experiments lithium chloride concentration was set to 

10 mM. 

RESULTS 

Lithium Selective Electrode 

Blending of manganese oxide with activated carbon 

was used to improve the electrode conductivity. The 

following contents of manganese oxide were selected 

for preparation of electrodes: 0%, 20%, 40%, 60% and 

80 wt.%. The obtained electrodes were tested in CDI 

mode and total adsorption of LiCl was calculated after 

24 hr. of the process. The measured sorption capacity 

for evaluated electrodes is listed in Table 1. 

The presented data fit well to the general trend in 

adsorption capacity described by Suss [24] where 

regular CDI system is able to uptake up 15 mg of salt 

per one gram of carbon electrode while composite 

system (carbon electrode and metal oxide) takes up to 

20 mg per gram. In the case of spinel studied in this 

paper, its addition up to 20% was profitable but 

additional portion of the manganese oxide destroyed 

the electrode capacity. It was anticipated that two 

effects caused that phenomenon: a rapid drop of 

electrode conductivity caused by manganese oxide and 

redox reactions. When the first effect was certain the 

second one needed an additional explanation. We 

noted some brownish spots on the electrode surface 

that could indicate the oxidation processes. It was 

plausible that manganese reduced from +4 to +2 of its 

oxidation state while chloride anions oxidized to 

chlorine oxide ions that destroyed the components of 

the electrodes: activated carbon and/or polymer binder. 

Some indirect proofs of this process can be found in 

the paper of Ryu [8] where lithium hydroxide was used. 

It means the use of lithium chloride caused some 

problems in the process. In consequence we decided 

to not continue studies on preparation of lithium 

Table 1: Salt Adsorption Capacity of the CDI System Composed of Activated Carbon Anode and MnO2 Modified 
Cathode 

MnO2 content in cathode 

[%] 

Salt adsortion capacity 

[mg LiCl/g electrode] 

Remarks 

0 12.2 Smooth process  

20 16.7 Smooth process 

40 6.0 Conductivity slight instable  

60 4.7 Sudden changes of conductivity, brownish spots on the electrode surface 

80 0.48 Sudden changes of conductivity, brownish spots on the electrode surface 
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selective electrodes by blending manganese oxide and 

activated carbon. It is expected that preparation of 

stable CDI electrodes is possible by blending activated 

carbon with other lithium selective adsorbents.  

Lithium Selective Membranes – DEGMEM Case 

Our previous studies have shown that pore-filled 

membranes with copolymer of poly(acrylic acid-co-

di(ethyleneglycol methyl)ether methacrylate), P(AA-co-

DEGMEM), crosslinked with EGDMA were able to 

transport lithium more efficiently than membranes 

grafted with poly(acrylic acid) only [20]. What was more 

we noted that lithium transport process at elevated pH 

values was more facilitated than transfer of other ions. 

To check if these membranes could be applied for 

MCDI separation we evaluated the kinetics of 

electrosorption. The obtained relations are shown in 

Figure 1. 

 

Figure 1: Kinetics of LiCl adsorption in MCDI process with 
P(AA-co-DEGMEM) membrane. Effect of solution pH. The 
broken lines – electrodesorption curves.  

It is seen that system was able to adsorb more 

lithium chloride when carboxylic groups were in ionic 

form. Similar effect was observed in dialytic system 

studied previously [19]. On that base we concluded that 

rearrangement of polymer chains and formation of 

conductive tracks with –CH2-CH2-O- segments was a 

reason of lithium transport improvement. Hence, the 

described membranes can be used for lithium 

separation as most of natural sources of lithium have 

neutral or alkaline pH values.  

Evaluation of flux improvement, FI, for potassium, 

sodium and lithium chloride transport allowed to 

compared separation efficiency of membranes with 

both pore filled structures: crosslinked poly(acrylic acid) 

and crosslinked copolymer P(AA-co-DEGMEM).The 

effect of solution pH on flux improvement is shown in 

Table 2 [25]. 

Flux improvement was calculated as 

FI=(JPAA-co-DEGMEM-JPAA)/ JPAA 

where JPAA-co-DEGMEM and JPAA are fluxes through 

membranes with P(AA-co-DEGMEM)and PAA, 

respectively. 

Table 2: Salt Flux Improvement 

PAA-DEGMEM  

pH=5.5 pH=3.0 

KCl 67% 0 

NaCl 40% 0 

LiCl 90% 0 

 

It was noted that the flux of lithium chloride was 

almost duplicated when membrane contained 

DEGMEM units and when process was carried out in 

solutions with pH above dissociation constant of 

carboxylic groups. That improvement was not so 

evident for other alkaline chlorides.  

Lithium Selective Membranes – PGLY-Crown ether 
Case 

Here two-step synthesis route was applied. 

Monomer of glycidyl methacrylate was polymerized 

within the pores and the obtained polymer was 

modified with hydroxymethyl-12-crown-4. The plasma 

activated samples of Celgard membrane were swollen 

in the reaction mixture composed of AA, GLY and 

EGDMA. The swollen membranes were wrapped with 

poly(ethyl therephtalate) foils and polymerized at 

elevated temperature. Finally, the obtained membranes 

were modified with hydroxymethyl-12-crown-4. 

 The average increase of membrane weight for 

each step was as follows: PAA-128÷133%, PAA-co-

GLY 190÷192% and PAA-co-GLY-crown ether 

195÷199%. It meant some amounts of glycidyl 

methacrylate were grafted and its reactive oxirane 

groups were able to bind hydroxymethyl 12-crown-4 

ether.  
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The prepared AA-GLY-crown ether membranes 

were tested in the MCDI system in extraction of LiCl. 

To evaluate the process selectivity extraction of KCl 

was conducted also.  

 

Figure 2: LiCl and KCl adsorption in MCDI system with PAA 
and PAA-GLY-crown membranes. Solution pH 5.5, 
concentration of both chlorides 10 mM. 

It is observed similar relationship as for AA-

DEGMEM case: copolymer of PAA-GLY-crown was 

more efficient in transportation of lithium than PAA. It 

meant both kind of functional groups could interact in 

transportation of lithium. What is more, the comparison 

of adsorption capacity showed that the evaluated 

system could adsorb about 30 mg LiCl per 1 gram of 

activated carbon. It is three times more than uptake 

determined in the PAA-DEGMEM system. Hence, the 

membranes with 12-crown-4 ether ligands are more 

efficient in transportation of lithium than diethylene 

glycol groups.  

To check if PAA-GLY-crown retained its selectivity, 

the process of lithium sorption/desorption was repeated 

few times. Electrosorption kinetics for three cycles is 

shown in Figure 3.  

The studies showed that membrane did not change 

its ability for separation of lithium with repeated number 

of cycles. This finding is in line with Omosebi’s 

conclusion [26] that long term electrosortion capacity of 

MCDI does not change.  

CONCLUSIONS 

The studies have shown that the use of manganese 

oxide for formation of selective electrodes was not so 

profitable as expected. Electrodes prepared by 

blending manganese oxide with activated carbon 

adsorbed less lithium than electrodes without MnO2. 

The presence of manganese oxide accelerated 

formation of aggressive chlorine oxides that 

deteriorated the electrode surface. MCDI method with 

Li-selective membranes, facilitated the extraction 

process. Among two types of evaluated membranes, 

these bearing the crown-4 ether ligands were more 

efficient. What is more, the presence of carboxylic 

groups in the membranes improved the sorption 

capacity of the system. The use of MCDI configuration 

allowed to extract much more lithium salt than the 

regular CDI arrangement and separation process was 

stable in several repetition. Hence, the more 

perspective method for lithium recovery seems to be 

MCDI with lithium selective membranes.  
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