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Chapter 1 – Introduction 

1.1 General Overview 

Lithium is a promising element that has been widely applied in various fields 

(electronics1, 2, medicine3, 4, ceramics and glass application5-7, etc.) in recent years. During 

the past decades, demand for lithium and its compounds has increased in the electronics 

industry application for lithium batteries and lithium-ion batteries (LIBs). The United 

States Geological Survey (USGS) estimated that the global consumption of lithium 

increased by 41% to about 134,000 tons of lithium content from 2021 to 2022. It also 

found that global lithium production increased from approximately 107,000 tons in 2021 

to approximately 130,000 tons in 2022 with the increasing market of lithium-ion 

batteries8. Although the current worldwide lithium production roughly balances the 

consumption, it has been estimated that the lithium consumption will be over the 

manufacturing amount in the future decades. Zhou et al.9 anticipated that annual global 

lithium-ion battery production capacity would achieve approximately 1500 GWh by 2025 

and 2500 GWh by 2030. However, Gordon10 estimated that the worldwide consumption 

of lithium-ion batteries will rise to 2722 GWh by 2030, exceeding the manufacturing 

capacity of the lithium-ion battery in that year. Also, the U.S. Department of Energy 

(DOE)11 estimated that the domestic demand for annual sales of electric vehicles is 

anticipated to exceed the capacity to produce 224 GWh of lithium-ion batteries by 2025 

(see Figure 1.). 
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Figure 1. Global lithium-ion battery manufacturing capacity by plant location in (a) 2020 

and (b) 202511. 

Considering the rising demand for lithium content, novel technologies for lithium 

extraction from identified aqueous sources such as geothermal brines, oil- and gas-

produced water (UOG), and rejected brines from seawater desalination (Desal) has gained 

increasing attention due to the decrease in land lithium resources12. Several lithium-

extraction methods have been developed from water resources, including precipitation, 

solvent extraction, sieves ion-exchange sorbent, membrane-based separation method, and 

electrochemical extraction method13, 14. The details will be introduced in Chapter 2. 

Previous studies implied that membrane surface hydrophobicity could play an 

important role in metal (such as lithium) extraction in membrane capacitive deionization. 

Sata et al. found that the permeation of certain ions passing through the membrane could 

be affected by the hydrophobicity of anion exchange groups15. The hydrophobic ionic 

liquids for supported liquid membrane preparation will enhance the transport of lithium 

ions16. Kong et al.17 noticed that polypyrrole-modified anion exchange membrane (AEM) 
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presented higher hydrophobicity than unmodified AEM. Additionally, polypyrrole-

modified AEM improves nitrate selectivity over both chloride and sulfate. 

This research focuses on the multi-valent CEMs modification by introducing 

polypyrrole-type coating on the commercial CEMs and the effect of surface hydrophobicity 

on lithium selectivity from Ca/Li solution and Na/Li solution. The hydrophobicity of 

polypyrrole-modified CEMs with different dosages and dopants was investigated. The 

water contact angle of the unmodified and modified CEM was characterized.  

1.2 Research Objectives 

The objectives of this thesis are to 

1) Develop procedures for modifying the commercial cation exchange membranes 

with polypyrrole coating.  

2) Investigate the influence of different dosages and dopants in polypyrrole-modified 

CEMs synthesis on the hydrophobicity of CEMs surface.  

3) Study the relationship between the CEMs' surface hydrophobicity and lithium 

selectivity.  

1.3 Summary of Thesis Organization 

This thesis focuses on the preparation of coating polypyrrole layer on the commercial 

CEMs and the effect of modified membrane surface hydrophobicity on lithium selectivity. 

Chapter 2 is the literature review of metal extraction technologies (especially for lithium 

extraction), CDI, and MCDI approaches for metal recovery. Chapter 3 describes detailed 

synthesis procedures for multi-valent selective CEMs modification, characterization of 
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CEMs, and MCDI cell structure. Chapter 4 and Chapter 5 show the results and discussion 

of the research and conclusions. Chapter 6 provides recommendations for future work.  
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Chapter 2: Literature Review 

2.1 Metal Extraction Technologies 

2.1.1 Precipitation 

Precipitation is the most traditional method for lithium extraction in industrial plants. 

The studies indicated that aluminum salts show the best performance among the 

precipitation agents for lithium extraction from geothermal brines18. It has been widely 

used in industry because of its high lithium recovery efficiency and suitability for lithium 

extraction from high Mg/Li mass ratio brines. However, with the aluminate precipitation 

processes, there are also concerns about the high cost of reagents and industrial waste 

disposal problems13.  

2.1.2 Solvent Extraction Method 

Solvent extraction of metal is another important technique used for metal extraction. 

The usage of traditional organic solvents is a big concern for environmental production. 

Ionic liquids as environmentally friendly novel extraction reagents improve selectivity and 

extraction efficiency because of their unique properties19, 20. Harvianto et al. achieved 65% 

of lithium extraction from seawater by using kerosene as the extraction reagent with the 

pretreatment of magnesium ion removal21. Researchers also found that they are tunable 

that they can be structurally modified in functional groups for different target ions22. 

Although ionic liquids extraction has the benefits of high selectivity and relatively simple 

equipment, the high cost of novel solvent and equipment maintenance is still a real problem 

that needs to be conquered13,20,23.  



6 
 

2.1.3 Sieves ion-exchange Sorbents 

Sieves ion-exchange sorbents exhibit excellent performance in recognizing and 

screening metal ions for extracting specific target ions24. Lithium ion-sieves can be used 

for lithium recovery from brines as it is non-toxic and chemically stable. Additionally, it 

has a high lithium uptake capacity for lithium extraction from brines. However, high 

operation costs, high requirements of ion-sieves production and regeneration, and energy 

consumption make it limited for industrial applications13,23.  

2.1.4 Membrane-based Extraction Method 

Membrane-based extraction technology includes nanofiltration membrane, liquid 

membrane, ion-imprinted membrane, and ion-sieve membrane. Nanofiltration (NF) for 

lithium extraction and recovery has been thoroughly investigated on the recovery 

efficiency, energy consumption, and economic efficiency25-27. It is relatively 

environmentally friendly and easy to operate in the continuous process, but the issue of 

membrane fouling and limitation of adsorption capacity also needs to be taken into 

consideration28.  

2.1.4 Electrochemical Extraction Method 

Electrochemical extraction is a promising technology for lithium recovery from 

aqueous sources with great advantages, such as its high lithium insertion capacity, green 

operation process, no additional chemical reagents, and no waste disposal. It includes 

electrodialysis (ED), electrolysis, capacitive deionization (CDI), etc. Several research 

papers have been done to study recovery efficiency. Table 1 summarizes the different 

electrochemical extraction technologies from various aqueous sources.  
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Table 1. Summary of electrochemical extraction technologies for lithium extraction from 

water resources.  

Recovery 

approaches 

Water 

resources 

Improvement 

Recovery 

efficiency 

References 

ED 

Geothermal 

brine 

Bipolar membrane >90% 29 

ED Seawater 

Impregnated membrane 

(PP13-TFSI) 

95% 30 

Electrolysis 

High Mg/Li 

ratio brine 

LiFePO4/FePO4 

(electrode) 

94.3% 31 

Electrolysis 

lithium-rich 

brine 

Reactor optimization >93.8% 32 

CDI 

Geothermal 

brine 

Cathode with spinel-type 

materials 

80% (within 

8 min) 

33 

 

2.2 Capacitive Deionization and Its Development 

Capacitive deionization (CDI) is a desalination process under an electric field with 

porous carbon electrodes that was first developed by Farmer, J.C. et al.34 in Lawrence 

Livermore National Laboratory (LLNL) in 1995. The experiment was set in a flow-through 

system with carbon aerogel electrodes to investigate the best voltage for salt removal in 

aqueous solutions of NaSO4, Na3PO4, and Na2CO3. During the CDI process, cations and 

anions were adsorbed to the cathode and anode, respectively, after polarization, and held 
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in the electro-double layers at the surface of the electrodes. They achieved the best 

performance at 1.2 V and 96% removal efficiency of Na2CO3
34. After that, capacitive 

deionization attracted more attention and underwent significant developments to be 

introduced the process from the laboratory scale to the industrial and agricultural scales35 

because of the increasing global need and the limitation of existing desalination 

technologies. Welgemoed, T., and C.F. Schutte36 developed an industrial type of module 

with low energy consumption and evaluated its energy consumption, treatment 

requirements (including pre and post treatment), ion storage capacity, operation and 

maintenance requirements, and fouling and scaling potential. Lu et al.37 used hierarchically 

porous carbon nanoflakes as electrodes for salt ions removal and achieved the salt 

adsorption capacity of 16.29 mg per gram. Zhang et al.38 modified the exfoliation approach 

of graphene/carbon nanotube (GR/CNT) electrodes to improve the specific capacity and 

stability of electrodes for higher adsorption capacity.  

Capacitive deionization involves two parallel plates of porous materials as electrodes, 

typically made of activated carbon, applying electric potential. Figure 2 illustrates the CDI 

cells and process mechanisms. During the operation, there are two main mechanisms 

involved: adsorption and desorption39. Adsorption is a step that target ions transferring and 

separating from the solution onto the porous electrodes. During this process, cations and 

anions are attracted onto the negative and positive electrodes, respectively. This step is to 

purify and deionize water by immobilizing ions on porous carbon electrodes40. Desorption 

is a back transfer process to release the ions adsorbed onto the electrodes back to the 

solution and regenerate the electrodes in the meanwhile. Theoretically, the desorption 

amount should be exactly the same as the adsorption amount39.  
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Figure 2. The 3D schematic diagram for the capacitive deionization device. Cations are 

adsorbed onto the negative electrode (cathode, the one on the top), and anions are attracted 

onto the positive electrode (anode, the red one at the bottom) while applying a voltage.  

In the past few decades, electrode materials and device structure design have 

significantly developed41. Carbon nanotubes, graphene, and other carbon-based 

composites have been developed as electrodes in a CDI system to improve the desalination 

performance42. The modification approaches include element doping, metal oxide 

modification, surface coating, and chemical treatment43. Heteroatom doping is to dope 

other ions or elements (such as N, P, S, and Cl) into carbon materials to break through the 

adsorption limitation of traditional carbon electrodes. Hu et al.44 doped nitrogen atoms onto 
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Co and Co3O4 nanoparticles and carbon nanotubes (Co-Co3O4/CNTs) and achieved a 

remarkable desalination capacity of sodium chloride at 1.4V. Alfredy et al.45 optimized the 

activated carbon electrodes with aluminum/ iron/ titanium oxides to improve fluoride ion 

selectivity in a temperature range of 23 ℃ to 27 ℃. Kim et al.46 modified carbon electrodes 

with TiO2 coating. They improved the desalination efficiency by two times, attributing to 

the high wettability of the modified electrodes that allows water and ions access facilely 

from the working solution to the electrode surface. Moreover, Faradaic materials have been 

introduced as effective CDI electrodes in recent years. Carbon electrodes were modified 

by Faradaic reaction, including anodic oxidation and cathodic reduction47. Intercalating 

material is a type of Faradic electrode with structure that enables it to store ions48, 49. 

Simultaneously with the development of electrodes materials, new types of CDI cells have 

been designed and developed, such as membrane capacitive deionization (MCDI)50, hybrid 

capacitive deionization (HCDI)51, and flow-electrodes capacitive deionization (FCDI)52, 53.  

2.3 Membrane Capacitive Deionization and Its Mechanism 

Membrane capacitive deionization is a water desalination method using ion exchange 

membranes (IEMs, including cation exchange membranes and anion exchange 

membranes) to enhance the performance of capacitive deionization.40, 54, 55. Figure 3 is the 

schematic diagram of the MCDI cell that illustrates the mechanism of the MCDI process 

that ions are removed from the feeding solution through the IEMs and stored on the 

electrodes’ internal surface area resulting in the effluent of deionized water in the 

adsorption stage. IEMs are an essential component for membrane capacitive deionization 

to separate ions from aqueous solution56. They can selectively allow counter-ions ions (ions 

with opposite charge sign to the electrodes) to pass through. The place of the ion exchange 
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membranes set is important. They act as barriers that are placed in front of the electrodes 

to prevent the interruption of co-ions (ions with the same polarity as the electrodes) into 

the electrostatic double layers (EDLs) inside porous carbon electrodes54, 57, 58. Spacers are 

placed between cation and anion exchange membranes to prevent a short circuit from 

occurring.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The schematic diagram for the membrane capacitive deionization device. The 

cell is similar to the conventional CDI cell with the addition of a cation exchange 

membrane and an anion exchange membrane placed in front of the cathode (the electrode 

on the top) and anode (the electrode at the bottom), respectively.  

      Negative Electrode 

Cation Exchange Membrane 

Anion Exchange Membrane 

      Positive Electrode 

Current Collector 

Current Collector 
+ 

+ 
+ 

- 

+ 
- 

- 

- 

- 

+ 

- 
- - 

Feed Water 

Fresh Water 

Spacer Channel  

Power Supply 

- 

+ 

- + 
anions cations 



12 
 

Owing to the existence of covalent bonding groups such as sulfonate or quaternary 

amines, ion exchange membranes present a high internal charge that enables counter-ions 

to get through the membrane and reject co-ions to access40. In the CDI process, the lower 

desalination efficiency is caused by the existence of co-ions in the spacer channel. The 

process of ion adsorption and desorption simultaneously takes place in the porous 

electrodes59. In contrast, IEMs blocked the co-ions expelled from the micropores and 

macropores, which significantly improved desalination performance. Figure 4 is the 

structure scheme of the porous electrode for the MCDI device57. 

 

Figure 4. The structure scheme of two-porosity model for the MCDI electrode57. 

The MCDI system, in which IEMs were additionally placed to a CDI system, was first 

used to evaluate the desalination performance in power plant wastewater by Lee et al.60 at 

the Korea Electric Power Research Institute in 2006. They compared the desalination 

capacity between MCDI and conventional CDI and found that an MCDI system presents a 

higher salt removal rate of up to 19% more than a CDI system60. Continuously, Ryu et al.61 

introduced the MCDI system in lithium recovery as the MCDI process is more 

Ion-exchange Membrane 
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Channel 

 

Carbon particles, 

microporosity 
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environmentally-friendly and economical than traditional lithium recovery systems with 

the addition of acidic solutions. The results showed a pioneering discovery that MCDI is a 

feasible alternative. In the desorption stage of the MCDI process, target ions (such as 

lithium) are released from porous electrodes resulting in the effluent with a high 

concentration of target ions (such as lithium concentrated water) while applying 0 V or 

reversing the charge.  

 

Figure 5. Schematic diagram of Li+, Na+, K+, Mg2+, Ca2+ with hydration enthalpies and 

ionic and hydrated radii at 25˚12, 62. 

MCDI presents several merits in lithium recovery, and studies have been conducted on 

lithium extraction from mono-valent aqueous sources. However, extraction from a multi-

valent solution is still a great challenge at present. Permeate competition of lithium with 

other mono-valent ions (such as sodium ion and potassium ion) is one of the concerns of 

lithium extraction via the MCDI process. The permeate sequence of cations through 

membranes is significantly associated with hydrated ionic radii63. Figure 5 shows the 

hydration enthalpies and ionic and hydrated radii of cations (Li+, Na+, K+, Mg2+, and Ca2+). 

The sequence of them permeating the IEMs is opposite to the hydrated ionic radius 

sequences, namely K+ > Na+ > Li+ > Ca2+ > Mg2+. During the adsorption process of the 

MCDI, dehydration and charge transfer take place in EDLs as the first stage of selectivity. 
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The second stage is the ion migration via IEMs and ion storage in internal spaces in porous 

electrodes. Therefore, mono-valent ions (such as Na+ and K+) are the competitor ions for 

lithium extraction in the MCDI process. Calcium and magnesium ions do not compete with 

lithium ions as they differ considerably in the hydration enthalpies (see Figure 5). However, 

they will affect the lithium selectivity due to the change of lithium’s charge transfer 

property12. Therefore, the extraction of lithium from multi-valent solutions attracts 

increasing attention and is widely studied. Shi et al.64 introduced mono-valent selective 

CEM in the MCDI system to separate lithium from magnesium. The lithium selectivity 

coefficient achieved 2.95 after optimization.  
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Chapter 3 – Methods  

3.1 Materials and Chemicals  

Iron (III) chloride hexahydrate (FeCl3⋅6H2O, ≥ 99.0%), lithium chloride (LiCl, ≥ 

99.0%), sodium chloride (NaCl, ≥ 99.0%), sodium p-toluenesulfonate (STS, C7H7NaO3S, 

≥ 95.0%), and sodium dodecyl sulfate (SDS, NaC12H25SO4, ≥ 99.0%) were supplied by 

Sigma Aldrich. Calcium chloride (CaCl2, dried powder, ≥ 97%) was purchased from Alfa 

Aesar. Nitric Acid (HNO3, 67 – 70%) was purchased from Fisher Chemical. Pyrrole (Py, 

C4H5N) was supplied by Acros Organics. Additionally, ultrapure water (Millipore, Milli-

Q, 18.2 MΩ cm resistivity at 25 ℃) was used for solution preparation. Also, the 

commercial AEM (AMI-7001) and CEM (CMI-7000) were supplied by Membranes 

International Inc. Finally, activated carbon electrodes (PACMM 203, thickness 251 

micrometers, size 3 cm × 3 cm) were supplied by Material Methods, LLC.  

3.2 CEMs Modification  

According to the methods reported in previous research17, 65, a layer of polypyrrole 

(PPy) was coated on the surface of CEMs by the polymerization method. In this study, we 

prepared three different types of polypyrrole-modified CEMs (PPy-type CEMs). The 

polymer structure of the commercial CEMs is the gel polystyrene cross-linked with 

divinylbenzene with the functional group of sulphonic acid.  

Polypyrrole is one of the most prominent conducting polymer coatings in the research 

world because of its high electrical conductivity and environmental stability owing to its 

conjugated aromatic structure66. Previous research has found that PPy doped with organic 

sulfonate anions (such as p-toluenesulfonate) presents high electrical conductivity67. SDS 
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is one of the most widely applied surfactants owing to its low toxicity, low price, and 

availability. Pernaut et al.68 noticed that PPy-DS (polypyrrole doped with dodecyl sulfate) 

present higher chemical stability and electroactivity than PPy introduced with other 

inorganic dopants. Syugaev et al. found that dodecyl sulfate-doped PPy coating presents 

high corrosion resistance69. Polypyrrole is also a common polymer that its hydrophobicity 

can be controlled by dopants and oxidization states. In this research, PPy was fully oxidized. 

The hydrophobicity of PPy coating was changed by dropping dopants. The structure of 

polypyrrole and the dopants (sodium p-toluenesulfonate and sodium dodecyl sulfate) is 

shown in Figure 6. 

Figure 6: The schematic structure of polypyrrole, sodium p-toluenesulfonate (STS), and 

sodium dodecyl sulfate (SDS). 

In order to introduce the polymer layer on the CEMs, we first immersed unmodified 

cation exchange membranes into 100 mL 0.72 M FeCl3⋅6H2O solution (or the mixture of 

FeCl3⋅6H2O and sodium p-toluenesulfonate or the mixture of FeCl3⋅6H2O and sodium 

dodecyl sulfate) and continuously stirring for 1 h. Then, directly drop 2 mL pyrrole into 
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the previous solution stirring overnight for the entire oxidization. Finally, dry the 

membranes for at least 12 h before use. Figure 7 demonstrates the procedure for PPy-type 

CEMs modification. However, the resulting CEMs are inhomogeneous with this procedure. 

The characterization will be discussed in Chapter 4 in detail. Therefore, we optimized the 

modification process. 

 

Figure 7. The schematic diagram for the PPy-type CEMs synthesis procedure. 

With the optimized procedure, similarly, we first immersed the unmodified cation 

exchange membranes into 100 mL 0.72 M FeCl3⋅6H2O solution overnight to convert the 

counter ion into Fe3+. Then, put the membranes into the mixture solution of 100 mL 0.1 M 

sodium dodecyl sulfate and 2 mL pyrrole after washing the membranes with ultrapure 

water. The stirring of the mixture was held for 24 h at room temperature. Finally, the 

modified CEMs were dried in a vacuum desiccator for at least 12 h before use. The 

resulting membrane was PPyDS CEM.  
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Figure 8 is the schematic diagram for PPyDS CEM preparation via optimized 

procedure. The PPyTS CEM was synthesized under a similar procedure, with a mixture 

solution of 0.05 M of sodium p-toluenesulfonate and 1mL pyrrole for polymerization. 

PPyCl CEM was modified without any other additional dopants. The preparation was the 

same at the beginning, and the CEMs were synthesized within 100 mL 0.143 M pyrrole 

solution. We also used different dosages of FeCl3⋅6H2O (0.72 M and 0. 36 M) and sodium 

dodecyl sulfate (SDS, 0.1 M and 0.05 M) in the polymerization to tune the surface 

hydrophobicity. 

 

Figure 8. The schematic diagram for the PPyDS CEM synthesis via optimized procedure. 

3.3 Membrane Characterization  

In this research, membrane characterization involved physical observation and surface 

hydrophobicity measurement. To measure the surface hydrophobicity of unmodified and 

modified membranes, we measured the water contact angle with a contact angle 

goniometer (ram´e-hart model 260).  

A contact angle goniometer is an instrument to measure the contact angle of a droplet 

on a surface. High contact angle values indicate a tendency of repelling liquid (normally 
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water), namely the surface hydrophobicity. In contrast, low contact angle values indicate a 

tendency of spreading liquid (normally water), namely the surface hydrophilicity70. It was 

first designed by Carangeot in 1783 and is continuously used for large rough crystal 

measurements at present. The sessile drop technique with digital image analysis is the 

primary method for contact angle measurement71, 72. The water contact angle is 

conventionally measured from the liquid side as the interfacial angle between the tangent 

to liquid-vapor and solid surface at the three-phase contact line73 (see Figure 9). 

 

Figure 9. Schematic diagram of water contact angle. θ is the water contact angle measured. 

3.4 MCDI Experiments  

The MCDI experiments were carried out using PPy-modified CEMs on the negative 

electrode and a commercial anion exchange membrane on the positive electrode. All 

experiments were conducted in the flow-by system, where the solution flows parallel to the 

electrode pairs. The carbon electrodes were pretreated with the working solution in a 

vacuum until the gas was exhausted and the pores were filled entirely with mixture 

solution. The working solution for the experiment was prepared as a mixture of 5 mM LiCl 

and 5 mM CaCl2 or a mixture of 5 mM LiCl and 5 mM NaCl. During the operation, the 
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binary solution constantly flowed through the MCDI cell at a flow rate of 2.5 mL per min. 

The experiments were conducted with constant voltage at a charging voltage of 1.4 V and 

a discharging voltage of 0 V. A potentiostat (BioLogic VSP) provided and recorded the 

constant voltage. Effluent samples were taken every 5 minutes, and the cation (Li+/ Na+/ 

Ca2+) concentrations were measured using an inductively coupled plasma-optical emission 

spectrometer (Agilent Technologies 5800 ICP-OES; Agilent Technologies SPS 4 

Autosampler).  

Inductively coupled plasma-optical emission spectrometer (ICP-OES) is one of the 

most powerful analytical instruments using inductively coupled plasma to determine the 

amount of curtain elements in a sample74. The ICP-OES was first devised by Fassel et al. 

at Iowa State University. The principle is based on the fact that ions and atoms are able to 

attract energy resulting in the movement of electrons from the ground state to the excited 

state. The basis of ICP-OES is the emission of light by target ions at a specific wavelength 

while transitioning. 
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Chapter 4 – Results and Discussion 

4.1 Characteristics of PPy-modified Membranes  

4.1.1 Physical observation 

This section demonstrated the physical surface changes in CEMs after modification 

with hydrophobic polymers. In this research, three different types of PPy coating with 

different inorganic dopants were introduced on the commercial cation exchange 

membranes, which are PPyCl, PPyTS (PPy dropped with p-toluenesulfonate), and PPyDS 

(PPy dropped with dodecyl sulfate). Initially, the commercial cation exchange membranes 

were observed as yellow (see Figure 10 (a)). It is thin and smooth based on physical 

observation and touch. After the synthesis of the polymer coating, the modified membranes 

were observed as dark black. It is thicker and rougher than before as the hydrophobic 

polymer (PPyCl, PPyTS, or PPyDS) based on physical observation and touch as well. From 

the direct observation, the color of PPy-modified cation exchange membranes (including 

PPyCl CEM, PPyTS CEM, and PPyDS CEM) was very uniform as shown in Figure 10 (b), 

(c) and (d), which preliminarily indicated that the CEMs polymerization is homogeneous. 

The failure polymerization via the initial CEM modification procedure will result in uneven 

color and white spots present on the modified CEMs’ surface that indicates inhomogeneous 

polymerization (see Figure 10 (e)). 
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Figure 10. Directly observation of (a) unmodified commercial CEM, (b) PPyCl-CEM, 

(c) PPyTS-CEM, (d) PPyDS-CEM, and (e) CEMs with failure modification. 

(e) 

(a) (b) 

(d) (c) 
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 4.1.2 Water contact angle 

The surface hydrophobicity of the unmodified commercial CEM and PPy-type 

polymer-modified CEMs were measured by the water contact angle with a contact angle 

goniometer (ram´e-hart model 260).  

Figure 11 presents the static water contact angle of PPyDS CEM (Figure 11 (a)) and 

PPyTS CEM (Figure 11 (b)) via the initial modification procedure. The water contact 

angles measured at different locations on the same modified CEM are significantly 

different. For PPyDS CEM, the water contact angles vary from 77.85 degrees to 98.25 

degrees. For PPyTS CEM, the water contact angles vary from 39.35 degrees to 84.75 

degrees. These two pairs of measurement results further indicate that the membrane 

polymerization is inhomogeneous via the initial modification procedure. 

 

 

98.25° 77.85° 

(a) 
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Figure 11. Water contact angle of (a) PPyDS CEM and (b) PPyTS CEM synthesized via 

initial modification process. 

Figure 12 presents the static water contact angle of unmodified CEM and PPy-modified 

CEMs via optimized modification process. The initial water contact angle of commercial 

CEM is 63.6˚ ± 2.7˚. The water contact angle of PPyCl-modified CEM is 73.0˚ ± 3.1˚. The 

water contact angle of PPyTS-modified CEM is 80.5˚ ± 4.4˚. The water contact angle of 

commercial CEM is 89.5˚ ± 3.5˚. As shown in Figure 12 (b), the PPyCl coating slightly 

improved the hydrophobicity of CEM, and its water contact angle merely increased by 

10.6˚. Figure 12 (c) is the measurement result for PPyTS-modified CEM that the polymer 

coating improved the water contact angle from 63.6˚ ± 2.7˚ to 80.55˚ ± 4.4˚. PPyDS CEM 

(see Figure 12 (d)) presented the relatively highest hydrophobicity among all modified 

membranes, whose static contact angle of water increased from 63.6 ̊  ± 2.7˚ for unmodified 

CEM to 89.5˚ ± 3.5˚. Therefore, the hydrophobicity trend (from high to low) of CEMs with 

and without modification is PPyDS CEM > PPyTS CEM > PPyCl CEM > unmodified 

commercial CEM. This trend does not comply with the hydrophobicity trend in the 

previous research65 that films with PPyTS coating exhibited the highest hydrophobicity 

compared to those with another polymer coating (PPyDS and PPyCl). This inconsistency 

84.75° 39.35° 

(b) 



25 
 

can happen because commercial CEM has its own unique structure (gel polystyrene cross-

linked with divinylbenzene) and functional group (sulphonic acid) on the membrane 

surface unlike films. 
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Figure 12. Water contact angle measurement of (a) unmodified CEM, (b) PPyCl-CEM, 

(c) PPyTS-CEM, (d) PPyDS-CEM, (e) PPyDS-CEM with half dosage 

(a) 

(e) 

(d) (c) 

(b) 
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To further investigate the relationship between the dosage of dopant and 

hydrophobicity of cation exchange membranes, we measured the static water contact angle 

of PPyDS-CEM, which is the most hydrophobic membrane we prepared, with 0.36M 

FeCl3⋅6H2O (half dosage). The result is shown in Figure 12 (e) that the water contact angle 

of PPyDS decreased from 89.5˚ ± 3.5˚ to 85.7˚ ± 5.9˚. This result indicates that the 

membrane hydrophobicity was affected by the dosage to a certain degree but not 

significantly affected, as the water contact angle only decreased by 3.8˚. Therefore, the 

dropped dopant for PPy coating is the central element in cation exchange membrane 

polymerization compared to dosage. 

4.2 Lithium recovery performance with PPyDS-modified CEM  

The selectivity performance of lithium in the modified CEM was evaluated by the 

membrane capacitive deionization experiment. We conducted the MCDI experiment of 

PPyDS-modified CEM, the most hydrophobic membrane that we modified, with 0.72 M 

FeCl3⋅6H2O, 0.1 M sodium dodecyl sulfate, and 2 mL pyrrole. The experiment continued 

in two cycles. The system provided 1.4 V in the adsorption step in the first 30 min and 

provided 0 V in the remaining half cycle.  



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 



29 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Lithium-ion separation performance with unmodified CEM and PPyDS-CEM. 

Ion concentration changes of lithium and sodium with (a) unmodified CEM and (b) 

(c) 

(d) 
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PPyDS-modified CEM; Ion concentration changes of lithium and calcium ions with (c) 

unmodified CEM and (d) PPyDS-modified CEM. The dash lines indicate the influent 

concentrations of 5 mM for each ion. 

Figure 13 (a) and (b) show that sodium transferred more than lithium through the 

unmodified CEM, and there is almost no improvement in the lithium selectivity for the 

PPyDS-CEM. This result is reasonable because lithium has larger hydrated radii and higher 

hydration energy than sodium (see Figure 5). Sodium ion is the competitor that will 

compete with lithium ion with the storage space in the porous electrodes (activated carbon 

electrodes). In this case, the selectivity performance of lithium over sodium will not be 

affected by changing the surface hydrophobicity of the cation exchange membranes. Figure 

13 (c) indicates that calcium was selected more than lithium by unmodified commercial 

CEM to cross through the membrane. More calcium migrated back into the solution in the 

desorption step. This is bound to happen and indicates that there are no extracted ions 

remaining in the electrodes’ internal space. The ranges of concentration for both lithium 

and sodium are narrowed because of the existence of polymer coating on the cation 

exchange membrane surface that changes the electronic conductivity and the resistance of 

the membrane. Figure 13 (d) shows that PPyDS-CEM has approximately even selectivity 

of Li and Ca. As we expected, the hydrophobic CEM exhibits better performance in lithium 

extraction over calcium. The lithium selectivity of PPyDS-CEM in Li/Na and Li/Ca is 

discussed in the next section. 
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4.3 Lithium selectivity with PPyDS-modified CEM  

The ion selectivity (P) value was calculated from the MCDI experimental data 

(Figure 13) via the equation 1:  

𝑃𝑗
𝐿𝑖+ =

∫ 𝑄(𝐶𝐿𝑖+,𝑖𝑛𝑓 − 𝐶𝐿𝑖+,𝑒𝑓𝑓)𝑑𝑡/𝐶𝐿𝑖+,𝑖𝑛𝑓
𝑡

0

∫ 𝑄(𝐶𝑗,𝑖𝑛𝑓 − 𝐶𝑗,𝑒𝑓𝑓)𝑑𝑡/𝐶𝑗,𝑖𝑛𝑓
𝑡

0

 

Where Q is the flow rate that ions pass through the MCDI cell, 𝐶𝐿𝑖+,𝑖𝑛𝑓 is the influent 

concentration of lithium ion,  𝐶𝐿𝑖+,𝑒𝑓𝑓 is the influent concentration of lithium ion, 𝐶𝑗,𝑖𝑛𝑓 is 

the influent concentration of j ion, 𝐶𝑗,𝑒𝑓𝑓 is the effluent concentration of j ion, t is the 

duration of a half cycle. 

The selectivity value of lithium over sodium and calcium was calculated based on 

equation 1, where j ion is the concentration of sodium ion or calcium ion. Figure 14 presents 

and compares the lithium-ion selectivity performance with unmodified CEM and PPyDS 

CEM, which are the most hydrophilic cation exchange membrane and the most 

hydrophobic cation exchange membrane in this experiment. As shown in Figure 14 (a), Li 

selectivity over Na stays from 0.60 ± 0.03 to 0.64 ± 0.02. This result is consistent with what 

was expected and the MCDI results in the previous section that there is almost no 

enhancement of the lithium selectivity over sodium in both the adsorption and the 

desorption stages in two cycles. This result complies with our expectation because the 

hydrated radius of sodium ion is smaller than lithium ion, and the selectivity will not be 

changed by modifying the surface hydrophobicity of CEMs. The selectivity performance 

of lithium over calcium increases from 0.58 ± 0.06 to 0.99 ± 0.07 (see Figure 14 (b)). This 

increase is consistent with previous studies15, 16 that ions having weaker hydration energy 

(such as lithium ion) prefer to transfer through hydrophobic membranes. It also complies 
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with our hypothesis that the selectivity of lithium over other multi-valent ions (calcium 

ions) can be improved by optimizing the hydrophobicity of the cation exchange membrane 

in the MCDI process.  

 

  

 

 

 

 

 

 

 

 

 

Figure 14. Lithium-ion selectivity performance with unmodified CEM and PPyDS-CEM. 

(a) Lithium selectivity over sodium before and after PPyDS modification. (b) Lithium 

selectivity over calcium before and after PPyDS modification. Error bars indicate the 

standard deviation of duplicate measurements.  

(a) (b) 
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Chapter 5 – Conclusions 

In this thesis, we focused on studying the lithium selectivity performance with the 

hydrophobic polymer-modified CEMs. We successfully modified commercial cation 

exchange membranes with different polymer layers to investigate how the surface 

hydrophobicity affected the selectivity of lithium in Li/Na solution and Li/Ca solution. A 

polypyrrole layer was successfully formed onto CEMs with different dopants (PPyCl, 

PPyTS, and PPyDS) and dosages based on the procedures that we developed. In addition, 

the hydrophobicity of PPy-modified CEM can be optimized by the dosages and/or dopant 

in a polymerization process. PPyDS CEM presents the highest hydrophobicity than other 

modified membranes. In comparison, dopant type is more significant for CEMs 

modification with PPy coating than dosage. Moreover, the MCDI experimental results 

showed that the optimization of surface hydrophobicity of CEMs would not impact the 

lithium selectivity over sodium due to their hydrated radii. It also indicated that 

hydrophobic CEMs select more lithium ions than calcium ions, which complied with the 

previous theory and our hypothesis. 
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Chapter 6 – Future work 

Our research investigated the vital role of hydrophobicity of the cation exchange 

membrane for lithium extraction and provided the modification procedures for CEMs with 

polypyrrole coating with different dopants and dosages. However, the hydrophobicity 

changes were confirmed by only measuring the water contact angle in this experiment. 

Therefore, future work will include characterizing the surface structure of original and 

modified CEMs using scanning electron microscope (SEM) and Fourier transform infrared 

spectroscopy (FTIR) to further discover and confirm the surface thickness and roughness 

and functional groups on the membrane surface.  

Lithium selectivity performance in Li+/ Mg2+ solution systems also needs to be 

evaluated in the future. There is only one pair of multi-valent ion (Ca2+) and lithium ions 

studied in this experiment which is insufficient and unconvinced for the conclusion that 

hydrophobicity improvement of CEMs can enhance the selectivity of lithium ions over 

other multi-valent ions. Therefore, Li+ and Mg2+ pair is necessary. Moreover, lithium-rich 

salt lake brine usually has a high ratio of Li+/ Mg2+75. Therefore, further discovering the 

lithium selectivity performance in Li+/ Mg2+ solution systems with hydrophobic CEM has 

practical significance in lithium recovery. 
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