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During the master’s thesis work the capacitive deionization system was 

constructed and the removal efficiencies at different concentrations for several 

rare earth elements from water solutions by capacitive deionization method were 

obtained using seven different electrode materials in the CDI-system. The 

electrode materials were fabricated based on the porous carbon. Each electrode 

material consists of the different porous carbon components and has different 

properties. The tested electrode materials were characterized using various 

characterization methods: Fourier-Transform Infrared Spectroscopy Analysis, 

Cyclic Voltammetry Analysis, Surface Area and Pore Size Analysis (BET-

analysis), Scanning Electron Microscopy Analysis. 
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Removal efficiency, electrosorption kinetics and electrosorption isotherms 

for electrosorption of metal ions by various electrode materials used in the process 

were studied here to examine each electrode material and to select the best one for 

the separation of each studied rare earth metal individually at different applied 

voltage in the system. 

The differential capacitance and thickness of electric double layer at the 

electrodes were calculated and compared to each other according to the certain 

parameters including the rare earth metal ions used during separation, applied 

potential and initial concentration of the metal ions in the solution.   

Some methods for improvement of separation efficiency as well as the 

future research ideas were suggested.    
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1 Introduction 
 

1.1 Goal of work 

 

The purpose of this work is to construct the capacitive deionization system 

in order to perform the separation experiments and measure the separation 

efficiency for several rare earth elements using different electrode materials. 

 

1.2 Capacitive Deionization 

 

Capacitive deionization is the electrochemical method for the removal of 

ions from the solutions by applying an electric potential difference over two 

electrodes of the CDI cell resulting in the attraction of cations and anions to the 

cathode and anode respectively while the deionized water is coming out from the 

cell via outlet [1]. 

The currently available amount of pure (fresh) water on the Earth is 

limited. Using CDI-technology it is possible to overcome the lack of the pure 

(fresh) water. This technology can produce huge amounts of fresh water within 

short time periods, compared to other technologies used currently in the industry 

worldwide. Thanks to CDI-technology it is possible to remove certain ions from 

the contaminated water resulting in production of deionized water in certain 

degree and even 100% deionized water. 

The future research in the area of capacitive deionization is also aimed to 

the production of pure chemical elements/substances by electrosorbing them from 

solutions on to the surfaces of cathode and anode and further getting the highly 

concentrated solutions of separate ions following to the complete extraction of 

them from water and finally getting the dried chemicals. 

Currently the researchers in capacitive deionization are also trying to 

produce different electrode materials which may result in the higher separation 

efficiency and faster removal of certain ions from water solutions. It is also 

needed to determine the most optimal conditions for separation procedure which 
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may result in the higher efficiency, less energy consumption, less materials 

consumption. Moreover, the utilization of CDI-technology for the separation and 

recovery of rare earth elements has been studied so far.  

 

1.3 Membrane Capacitive Deionization 

 

Membrane Capacitive Deionization is a capacitive deionization separation 

method enhanced with polymeric cation-exchange and anion-exchange 

membranes for higher removal efficiency of ions from aqueous solutions.  

Addition of special (polymeric) membranes by coating of the electrodes can 

significantly increase the separation efficiency of the cell. In MCDI-cell the 

cathode and anode are covered by special cation-exchange membrane (CEM) and 

anion-exchange membrane (AEM) respectively. The CEM and AEM facilitate the 

capture of the cations and anions respectively on their surfaces due to the certain 

properties. The surfaces of CEM and AEM have certain pores allowing the ions to 

pass through them and be kept there resulting in to higher separation efficiency of 

the CDI-system.   

Just for comparison, the removal efficiency of the CDI system (for certain 

ions), without the use of the membranes, is about 40%, while for the MCDI 

system the removal efficiency can be reached up to 70% or even to 100% 

depending on the type of the membrane [2, 3]. 

Synthesized Aminated Polysulfone (anion-exchange membrane) and 

Sulfonated Poly(phenylene oxide) (cation-exchange membrane) can give the 

overall removal efficiency up to 100% for desalination of aqueous solutions of 

certain compounds according to the data reported in the earlier research [2, 3]. 

 

1.4 Rare Earth Elements 

 

It is a group of chemical elements which includes Lanthanides, namely 

Lanthanum, Cerium, Praseodymium, Neodymium, Promethium, Samarium, 
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Europium, Gadolinium, Terbium, Dysprosium, Holmium, Erbium, Thulium, 

Ytterbium and Lutetium, and also Scandium and Yttrium. 

The lanthanides are the elements from Lanthanum to Lutetium. They are 

included into one small subgroup of elements because they have quite similar 

chemical properties to each other. However all of them are differing by the order 

number and atomic mass. Among the lanthanides, the lanthanum has the strongest 

reactive properties while the lutetium is the weakest. Their reactive properties are 

decreasing in order from Lanthanum to Lutetium.  

The rare earth elements (REEs) are extracted from the certain ores. The 

certain ores containing certain rare earth elements are produced using open pit 

mining, or underground mining or in-situ leaching mining techniques. The 

extraction of the certain rare earth elements from the certain ores can be 

performed using various acidic or alkaline routes depending on the ores contents. 

The acidic route for extraction is the most common and the most commonly used 

rather than alkaline one [4].  

Separation of the REEs from solutions is performed using several 

methods. The fractional crystallization and fractional precipitation are the 

methods which were used in the past century. Nowadays, the ion-exchange and 

liquid-liquid extraction are the most commonly used for the separation of the rare 

earth elements from solutions. The ion-exchange separation method is used for the 

purposes when high-purity of the final product is required and for the solutions 

with low concentrations of REEs. The ion-exchange method is based on the use of 

the ion-exchange resins where the oppositely-charged ions are attracted and 

adsorbed on the surfaces of the oppositely-charged particles of the resins, and then 

desorbed from the resins to the pre-concentrated solution. The liquid-liquid 

extraction is based on the use of the various extractants, e.g. tributyl phosphate, 

versatic 911, versatic 10, etc. During the process, two immiscible liquids are 

mixed together, after what the dissolved rare earth elements compounds are 

separated between two liquid phases (aqueous and organic). Finally the REEs 

compounds are collected on the surface of the extractant (immiscible), after what 
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it can be easily separated from each other thanks to the immiscibility of extractant 

and their huge density difference [5].    

The rare earth elements have many important applications. They are used 

much in the chemical industry, in metallurgy, glass manufacturing, petroleum 

industry (as catalysts), different alloys production, pigments and paints 

fabrication, in mechanical engineering (for various purposes), manufacturing of 

electronic devices, and so on [6, 7].   

There is currently not so many literature sources available about the 

toxicity of the rare earth elements to the human body. Depending on the extraction 

methods for rare earth elements from certain ores, which require special treatment 

with other toxic chemicals, it can be caused the toxicity and pollution in the area 

of the extraction of the rare earth elements due to certain waste generated after 

interaction of ores with toxic chemicals. One of the rare earth elements 

promethium (Pm) is radioactive and requires certain techniques for use and 

utilization. Breathing the air containing certain rare earth elements’ and their 

compounds’ dust can cause health problem. When working with the rare earth 

elements and their compounds the safety rules should be followed including the 

use of the protection gloves, mask and glasses, and avoiding the contact with skin.  

(Source: [7, 4, 8]). 

  

1.5 Characterization methods for electrodes in (membrane) capacitive 

deionization 

 

Electrode materials can be characterized by several analytical methods to 

obtain the information about their pore size, electrical conductivity, the presence 

of certain chemical bonds between the electrode material components if any 

reactions were proceeded. The data gotten from these analyses help to describe 

and compare the electrosorption properties of the certain electrode materials.  
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1.5.1 Cyclic Voltammetry 

 

Cyclic Voltammetry (CV) is the electrochemical analysis method used to 

obtain the information about the electrochemical properties of certain electrode 

materials depending on the electrolyte used during the operating. The results from 

cyclic voltammetry analysis can be plotted as the electric current response vs. 

applied potential of certain limit (for example from 0 V to 10 V). 

CV analysis helps to observe the electrical conductivity of the certain 

electrode material with certain electrolyte used in the circulation system between 

electrodes [9, 10, 11].   

CV analysis gives the possibility to determine the capacitance of the 

electrodes. The specific capacitance is a capacitance value per gram of the 

electrode material, and it is expressed in F/g. The specific capacitance can be 

calculated according to the following formula (using the cyclic voltammetry 

analysis results data): 

𝐶 =
∙

                                                           (1) 

where I = electric current response of the electrode (expressed in [A]), S = 

constant scan rate used during the CV analysis (expressed in [V/s]) and m = mass 

of one electrode (expressed in [g]). As it can be noticed from the above presented 

formula in equation (1), the specific capacitance is dependent on the electric 

current response. The highest reached value of the electric current response during 

the cyclic voltammetry analysis corresponds to the highest specific capacitance 

value of electrode material [12]. 

   

1.5.2 Fourier-Transform-Infrared Spectroscopy 

 

Fourier-Transform-Infrared Spectroscopy (FTIR) is the analytical method 

used to get an infrared spectrum of absorption or emission for the substances. The 
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results from FTIR-analysis can be, for example, the plot of transmittance values 

vs. wavelength number values. The certain peak values can be identified among 

all the wavelength number values, which prove the presence of the certain 

chemical bonds of separate functional groups between the molecules in the 

mixture of substances, what finally can give the information about the possible 

reactions proceeded between the molecules [13]. 

 

1.5.3 Surface area and pore size analysis (BET-analysis) 

 

BET-analysis is the analytical method, based on the adsorption of nitrogen 

gas molecules at the certain temperatures by the surface of the materials, with help 

of which it is possible to measure directly the BET specific surface area and pore 

size and volume for the substances. This method can give information about pores 

size distribution of the certain material. The information obtained from BET-

analysis can help to explain the possible reasons for sorption/ electrosorption 

properties of certain adsorbent/ electrosorbent (electrode material), which 

normally depends on the BET surface area and pores size and volume values [14]. 

 

1.5.4 Scanning Electron Microscopy  

 

Scanning Electron Microscopy (SEM) is the analytical method used to 

obtain the certain images of very high resolutions for the surface of materials, up 

to 1 nm size samples pictures and even less.  

The SEM-images of the surface help to characterize the material 

properties, help to understand the capacity of certain materials surfaces for 

adsorption/ electrosorption of certain substances/ ions [15]. 

 

1.6 Electric Double Layer Theory 
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When the electrode is immersed in electrolyte solution, the specific layer is 

formed at its surface. The formed layer around the electrode surface is called the 

Electric Double Layer (EDL). 

The electric double layer formed at the surface of the electrode mostly 

consists of the ions surrounded by the water molecules and closely attached at the 

electrode surface. 

The figure 1 illustrates the schematic view of the electric double layer 

phenomena. There are shown two oppositely-charged electrodes which attract 

oppositely-charged ions to their surfaces respectively (cations are attaching to 

cathode and anions are attaching to anode). On the surface of every electrode the 

layer of oppositely-charged ions is formed due to the electricity. These layers 

formed on the electrodes’ surfaces are called electric double layers.  

 

 
Figure 1: Schematic view of the electric double layer (source: [16]). 

 

1.7 Helmholtz model 

 

It is the simplest model for the electric double layer. The oppositely-

charged electrodes attract the oppositely charged ions to their surfaces so that the 

layer of one ion thickness consisting of the certainly charge ions (only cations or 
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only anions) is kept on the surface of electrodes at some distance l=d/2 limited by 

the radius of the attracted ions (=d/2) and the layer of solvation at every ion. Such 

distance between the electrode surface and ions is called “Outer Helmholtz Plane” 

(OHP). The region within the Outer Helmholtz Layer is the electric double layer. 

The figure 2 illustrates the schematic view of the Outer Helmholtz Plane 

phenomena according to Helmholtz model. 

The capacitance of the electric double layer per unit area is defined by 

𝐶 =                                                      (2) 

with  

𝜀 = 𝑣𝑎𝑐𝑢𝑢𝑚 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 8.854 ∙ 10  𝐹/𝑚, 

𝜀 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑤𝑎𝑡𝑒𝑟)  = 78.5, 

𝑙 =  𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝐷𝑜𝑢𝑏𝑙𝑒 𝐿𝑎𝑦𝑒𝑟. 

(Source: [17]). 

 

 
Figure 2: Helmholtz model principle (source: [17]). 

 

1.8 Gouy-Chapman Model 

 

In the Gouy-Chapman theory, there is additionally thermal motion of ions 

is present near the charged surface. Due to that, the diffuse double layer (DDL) is 

formed. The DDL consists of the multiple counter-ions attracted to the surface of 
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electrode and to opposite ions. The figure 3 illustrates the schematic view of the 

Diffuse Double Layer phenomena according to Gouy-Chapman model. 

 
Figure 3: Gouy-Chapman model principle (source: [17]). 

 

The Boltzmann distribution equation describes the distribution of ions: 

𝑛 =  𝑛 exp ( )     (3) 

with  

𝑧 = 𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑜𝑛 "𝑖"  

(e.g. for any rare earth element ions, for example for La3+ ions, i = 3) 

𝜑 = 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 

𝑘 = 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 =  
𝑅

𝑁
=

8.315 
𝐽

𝑚𝑜𝑙 ∙ 𝐾

6.023 ∙ 10
1

𝑚𝑜𝑙

= 1.3805413 ∙ 10
𝐽

𝐾
 

𝑇 = 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑖𝑛 𝐾 

𝑒 = 𝑡ℎ𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑟𝑦 𝑐ℎ𝑎𝑟𝑔𝑒 (𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) = 1.60218 ∙ 10 𝐶   

𝑛 = 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝒊 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛   

The total charge density for all the ions is computed by the following way: 

𝜌(𝑥) = ∑ 𝑛 𝑧 𝑒 = ∑ 𝑛 𝑧 𝑒 exp    (4) 

In Gouy-Chapman model the differential capacitance is computed as 

follows: 

𝐶 =  
⁄

cosh     (5) 
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(Source: [17, 18]). 

 

1.9 Thickness of electric double layer 

 

Thickness of electric double layer is the same as the Debye Hückel length 

and it is calculated according to the below presented formula: 

κ = 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝐸𝐷𝐿 = 𝐷𝑒𝑏𝑦𝑒 𝐻ü𝑐𝑘𝑒𝑙 𝐿𝑒𝑛𝑔𝑡ℎ   

κ =  ( )        (6) 

𝑛 = 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 "i" 𝑖𝑜𝑛𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑖𝑛 [1/𝑚 ]   

𝜀 = 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 

𝜀 = 𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑣𝑎𝑐𝑢𝑢𝑚 

(Source: [17, 19]). 

 

1.10 Stern Model 

 

Stern combined the previous models of Helmholtz and Gouy-Chapman 

and suggested more realistic description for behavior of the ions at the interface of 

the electrodes. 

When the electricity is applied to the electrodes and solution, the ions 

forming the Outer Helmholtz Plane (OHP) layer is formed at the interface of the 

electrode surface. After the Outer Helmholtz Plane the Diffuse Double Layer 

(according to Gouy-Chapman theory) is formed, which is continued to the bulk 

solution. 

The figure 4 illustrates the schematic view of the Stern model principle. 
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Figure 4: Stern model principle (source: [17]). 

    

In Stern model the differential capacitance is calculated using the 

following formula: 

=  +              (7) 

where  

𝐶 = 𝑡ℎ𝑒 𝑑𝑖𝑓𝑓𝑢𝑠𝑒 𝑙𝑎𝑦𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑎𝑐𝑐𝑜𝑟𝑑𝑖𝑛𝑔 𝑡𝑜 𝑡ℎ𝑒 𝐺𝑜𝑢𝑦

− 𝐶ℎ𝑎𝑝𝑚𝑎𝑛 𝑇ℎ𝑒𝑜𝑟𝑦 

𝐶 = 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑢𝑡𝑒𝑟 ℎ𝑒𝑙𝑚ℎ𝑜𝑙𝑧 𝑝𝑙𝑎𝑛𝑒 (𝑂𝐻𝑃) 𝑙𝑎𝑦𝑒𝑟 

After expressing, the direct formula calculating the Stern Differential 

Capacitance is: 

𝐶 =            (8) 

(Source: [19]). 

 

1.11 Multiple options for electrode material based on earlier research 

studies 

 

There is plenty of options for electrode materials used in capacitive 

deionization cell systems. Different electrode materials, depending on their 

electrochemical properties, give various resulting separation efficiencies for 
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removal of multiple ions from the aqueous solutions. The electrodes must be able 

to conduct the electricity during the process. 

According to the multiple scientific literature sources, the activated carbon 

or its various modifications is the most commonly used as the main constituent of 

the electrodes for the removal of metal ions as well as various inorganic salt 

compounds from the aqueous solutions due to their extremely high specific 

surface area, high porosity and good electrical conductivity. Different examples of 

electrode materials are presented in the table 1 below indicating the electrode 

content. All of these electrode materials mentioned in the table 1 are used for the 

removal of various metals and inorganic salts (consisting of the metal ions) from 

the aqueous solutions as informed in the references. 

 

Table 1: Multiple options for electrode materials (main constituents). 

Main Constituent of 

Electrode 

Reference 

Activated carbon [20] 

Mesoporous carbon [20, 21] 

Nano-porous carbon [20] 

Carbon Nanotube: 

-Multi-Walled carbon 

nanotube 

-Single-Walled 

carbon nanotube 

-Double-Walled 

carbon nanotube 

[20, 22, 23] 

Activated carbon cloth [20] 

Graphene [20, 24, 25, 26] 

Graphene Oxide [20, 27] 

Electrospun Carbon 

Webs 

[28] 
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Polyaniline as conducting 

polymer (PANI) 

 

[20] 

Composite: Carbon 

nanotube – Carbon 

nanofiber (CNT-CNF) 

 

[20] 

Carbon Aerogel 

Electrodes (various 

types) 

[20, 12, 29, 30, 31] 

Fullerene 

 

[24] 

Zinc oxide nanorods 

modified activated 

carbon 

[32] 

 

1.12 Electrodes sorption efficiency test 

 

Different electrode materials have different electrosorption efficiencies. 

The electrode materials’ efficiencies can be described by their electrosorption 

capacities, removal efficiencies, pseudo-first-order and pseudo-second-order 

electrosorption kinetics, different electrosorption isotherms, for example, by 

Freundlich, Langmuir, Temkin, Dubinin-Radushkevich isotherms, and some other 

isotherm models as well.  

 

1.12.1 Removal Efficiency 

 

The removal efficiency for the ions from solution is calculation as follows, 

and it is expressed in per cents: 
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𝑹𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =  
𝑪𝒐 𝑪𝒆

𝑪𝒐
∙ 𝟏𝟎𝟎                       (9) 

 

1.12.2 Electrosorption capacity 

 

The electrosorption capacity for the cathode means the molar amount of 

the certain ions (positively-charged ions) electrosorbed on the surface of the 

cathode per one gram of the cathode material during the CDI-treatment. And it is 

calculated according to the following formula:  

𝒒𝒆 =
(𝑪𝒐 𝑪𝒆)𝑽𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏

𝒎𝒄𝒂𝒕𝒉𝒐𝒅𝒆
                   (10) 

(Source: [33, 34]). 

 

1.12.3 Sorption Kinetics 

 

1.12.3.1 Pseudo-First Order Sorption Kinetics 

 

Pseudo-First Order sorption kinetics for the sorbents is described by the 

below presented equation (non-linear and linear forms): 

Non-Linear form of Pseudo-First Order Sorption equation: 

𝒒𝒕 = 𝒒𝒆 𝟏 − 𝒆𝒙𝒑(−𝒌𝟏𝒕)     (11) 

Linear form of Pseudo-First Order Sorption equation: 

𝒍𝒏(𝒒𝒆 − 𝒒𝒕) = 𝒍𝒏(𝒒𝒆) − 𝒌𝟏𝒕                  (12) 

In the non-linear form, the time-dependent sorption capacity is plotted as 

the function of time according to the above-mentioned equation. It describes how 

the sorption process is proceeding during the time. It describes first-order sorption 

process [33, 35]. 

 

1.12.3.2 Pseudo-Second Order Sorption Kinetics 
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Pseudo-Second Order sorption kinetics for the sorbents is described by the 

below presented equation (non-linear and linear forms): 

Non-Linear form of Pseudo-Second Order equation: 

𝒒𝒕 =
𝒒𝒆

𝟐𝒌𝟐𝒕

𝟏 𝒒𝒆𝒌𝟐𝒕
                         (13) 

Linear form of Pseudo-Second Order equation: 

𝒕

𝒒𝒕
=

𝟏

𝒌𝟐𝒒𝒆
𝟐 +

𝒕

𝒒𝒆
                           (14) 

In the non-linear form, the time-dependent sorption capacity is plotted as 

the function of time according to the above-mentioned equation. It describes how 

the sorption process is proceeding during the time. It describes second-order 

sorption process [33, 35]. 

 

1.12.4 Sorption Isotherms 

 

There are different sorption isotherm models which can be applied to 

characterize the electrodes’ sorption capacity depending on the type and extent of 

the sorption process.  

 

1.12.4.1 Freundlich Sorption Isotherm 

 

Freundlich sorption isotherm describes the extent of the multilayer surface 

sorption for the certain ions/ molecules giving certain constants related to the 

certain sorbent and certain sorbate at the certain conditions.  

Non-linear form of Freundlich equation: 

𝒒𝒆 = 𝑲𝑭𝑪𝒆
𝟏 𝒏⁄                 (15) 

Linear form of Freundlich equation: 

𝒍𝒏 (𝒒𝒆) = 𝒍𝒏(𝑲𝑭) +
𝟏

𝒏
𝒍𝒏 (𝑪𝒆)               (16) 

(Source: [33, 34, 35]). 
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1.12.4.2 Langmuir Sorption Isotherm 

 

Langmuir sorption isotherm describes the extent of the monomolecular 

layer sorption of the certain ions/ molecules on the surface of the sorbent (extent 

of sorbent surface coverage) giving certain constants related to the certain sorbent 

and certain sorbate at the certain conditions.  

Non-linear form of Langmuir equation: 

𝟏

𝒒𝒆
=

𝟏

𝒒𝒎𝑲𝑳𝒄𝒆
+

𝟏

𝒒𝒎
              (17) 

 

Linear form of Langmuir equation: 

𝒄𝒆

𝒒𝒆
=

𝟏

𝒒𝒎
𝒄𝒆 +

𝟏

𝒒𝒎𝑲𝑳
              (18) 

(Source: [33, 34, 35]). 

 

1.12.4.3 Temkin Sorption Isotherm 

 

Temkin sorption isotherm, compared to Freundlich and Langmuir 

isotherms, describes the sorption process considering also the interactions.   

Temkin Sorption Isotherm describes also the heat of the sorption process 

as the function of the absolute temperature and gives the certain constants related 

to the certain sorbent and certain sorbate at the certain conditions. 

Non-Linear form of Temkin equation: 

𝒒𝒆 =
𝑹𝑻

𝒃𝑻
𝒍𝒏(𝑨𝑻𝑪𝒆)             (19) 

Linear form of Temkin equation: 

𝒒𝒆 = 𝑩𝒍𝒏(𝑨𝑻) + 𝑩𝒍𝒏(𝑪𝒆)                   (20) 

𝑩 =
𝑹𝑻

𝒃𝑻
               (21) 

(Source: [34]). 
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2 Materials and Methods 
 

2.1 System 
 

System is composed of the CDI cell unit (main component), power supply 

device, connection electric wires, peristaltic pump and connection hoses with 

additional hose for closed-loop circulation. The electricity is applied to the CDI-

cell via the electric wires, which can be connected/disconnected easily to/from the 

cell. All of these components are connected together as it is shown schematically 

in the figure 7 below. More detailed description of the CDI-system and its 

components is presented further. 

 

2.1.1 CDI-cell unit and its components 

 

 
Figure 5: CDI-cell unit after assembly (with inlet at the cathode and outlet at the anode). 

 

The figure 5 shows the CDI-cell after assembly. The electric wires are 

connected to the cell via the graphite current collectors of the cathode (-) and 

anode (+). Thanks to the acrylic isolation plates the CDI-cell electrodes are 
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electrically isolated from the environment (the connection bolts, washers and nuts 

are only in the contact with the isolation plates).   

 

 
Figure 6: Components of CDI-cell unit: (a) Isolation (cover) plates – acrylic plates; (b) Electrodes (graphite 

current collectors covered by electrode layers with thickness ~ 500 µm): Cathode from left, anode from right. 

Dimensions of electrode layer: 6cm x 6cm x 500 µm; (c) Spacer (2). Material: Glass Microfibers filter, 691, 

fast filtration rate, particle retention 1.6 µm. Dimensions of spacer: 6cm x 6cm x 100 µm; (d) Rubber gasket. 
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External dimensions: 6cm x 6cm x 3mm. Internal dimensions: 5cm x 5cm x 3mm; (e) Connection bolts (8), 

washers (8) and nuts (8). 

 

 The figure 6 shows the components of CDI-cell unit from (a) to (e). The 

CDI-cell consists of two isolation (cover) plates, which have also the inlet and 

outlet, two electrodes (main part) – cathode and anode, which are the layers 

composed of the porous carbon material mixtures attached on the internal surfaces 

of the graphite current collector plates, two glass microfiber paper filters placed 

on the surfaces of the electrode layers (also play the role of the spacers) in order to 

protect the solution from any powder or dust, which can come from the electrode 

layers (the glass microfiber paper filters allow the solution to pass through 

themselves), the special rubber gasket (also plays the role of the spacer) placed 

between the electrodes in the cell in order to make the certain cavity between the 

electrodes allowing the treated solution to pass through the cell and to prevent the 

direct contact between the cathode and anode and finally connection bolts (8), 

washers (8) and nuts (8), which connect the isolation plates to each other. 

 After the assembly, the CDI-cell unit has the view as shown in the figure 5. 

During the CDI-system operating, the treated solution is pumped through the cell 

in the direction from the cathode to the anode. The solution is firstly getting in to 

the contact with the cathode, and then with the anode, after that it is coming out 

from the cell via outlet. The flow is coming from down to up, because inlet 

locates at the bottom of the cell and outlet is at the top (during operation the CDI-

cell is placed vertically as it is shown in the figure 5). The circulation is continued 

for the certain amount of treatment time. 

 

2.1.2 CDI-system overview 
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Figure 7: Schematic view of CDI-system 

 

 Figure 7 shows the schematic view of the CDI-system. Prior to starting the 

system, the 200 ml solution with the certain rare earth element ions was prepared. 

Then, the 200 ml solution is pumped into the system completely, and, just after 

last milliliter of the solution was taken in, the pumping was stopped in order to 

connect the inlet circulation hose of the peristaltic pump to the outlet of the 

additional hose for closed-loop circulation in order to perform the closed-loop 

circulation. Further the solution was circulated during the certain treatment time 

(30 min) inside the system. Then the solution has been pumped out of the system 

into the glass beaker completely. Finally the 7 ml samples were taken into the 

ICP-tubes from every treated solution for further analysis of the concentration 

with help of the Inductively Coupled Plasma analyzer (as well as before the 

treatment procedure). After the treatment procedure, the system was firstly 

cleaned, and then, after disassembly of the cell, the electrodes have been 
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regenerated. The detailed procedure of the system cleaning and electrodes 

regeneration will be explained in the next subchapter-2.1.3.   

 

2.1.3 Regeneration of electrodes and system cleaning 

 

1)   After every separation experiment by CDI system, the cell was 

disassembled. The cathode and the filter paper (spacer) after the process are 

shown in figure 8. The surface of the cathode and filter paper (spacer) were 

covered with the gel-type sediment, which must be consisting of the compound 

produced when rare earth element ions have bound with chlorine ions (after 

electrodes were disconnected from electricity) and some other elements 

compounds which have come from the solution as the impurities during the 

electrosorption process. This phenomena of the sediment indicates that the 

chemical compounds presented in the solution were gathered on the surface of the 

cathode (in the electro-neutral state) after the electrodes were disconnected from 

the electricity (while, when the electrodes were connected to the electricity, the 

anions were attracted and kept on the surface of the anode, and the cations were 

attracted and kept on the surface of the cathode).    

   

 
Figure 8: Image of the cathode surface and glass microfiber filter paper after 30 min treatment of 200ppm 

solution of La3+. The separated from the solution sediment (lanthanum compound) is visible here. 
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2)   The regeneration of the electrodes was done by placing the electrodes into 

the deionized water completely and kept there during 24 hours to allow for all the 

electro-adsorbed ions to migrate into the deionized water from pores of porous 

electrodes. Before placing into the deionized water, the electrodes were 

individually rinsed in the deionized water, and especially the surface of the 

cathode was cleaned from the gel-type sediment in order to free the external 

surface of electrode layer. The regenerated electrodes were stored in another 

portion of deionized water before actual reuse. 

 

3)   After every experiment all the other contaminated cell components (rubber 

gasket, isolation plates and joint elements) were also cleaned and rinsed in the 

deionized water and then properly dried before next use. 

 

4)  Before starting next separation experiment, about 100 ml of deionized water 

was pumped through the system only one cycle without applying the electric 

current in order to wash the piping of the system, to get rid of the previously 

circulated solution traces. 

 

2.2 Fabrication of electrodes 
 

The electrode materials with differing contents from each other were 

fabricated (electrode material 1-7) in order to test and compare their separation 

efficiencies and electrosorption capacities at different conditions for the removal 

of the certain rare earth elements from the water solutions. All the electrode 

materials were prepared mainly using the porous carbon-based components 

differing by certain properties from each other. Below is presented the table 2 

with the description of content for every electrode material. The step-by-step 

fabrication procedures for all electrode materials are presented in the subchapter 

2.2.1. 
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Table 2: Content of electrode materials 1-7. 

 Content 

Electrode material-1 AC (16 wt.-%), PVDF (2 wt.-%), NMP (82 wt.-%). 

Electrode material-2 Mesoporous carbon (1.4 wt.-%), AC (9.8 wt.-%), PVDF 

(2.8 wt.-%), NMP (86 wt.-%). 

Electrode material-3 CNT multi-walled (1.035 wt.-%), AC (8.3 wt.-%), PVDF 

(5.6 wt.-%), NMP (85.065 wt.-%). 

Electrode material-4 CNT double-walled (1.6 wt.-%), AC (12.82 wt.-%), 

PVDF (3.2 wt.-%), NMP (82.38 wt.-%). 

Electrode material-5 Fullerene C60 (13 wt.-%), AC (13 wt.-%), PVDF (2.4 wt.-

%), NMP (71.6 wt.-%). 

Electrode material-6 Graphene Oxide (6.71 wt.-%), AC (13.42 wt.-%), PVDF 

(4 wt.-%), NMP (75.87 wt.-%). 

Electrode material-7 Fullerene C60 (10.1 wt.-%), Graphene Oxide (10.1 wt.-

%), PVDF (4 wt.-%), NMP (75.8 wt.-%). 

 

2.2.1 Step-by-step preparation procedure for electrodes 

 

2.2.1.1 Electrode material-1 

  
1) Firstly 2 wt.-% of poly(vinylidene fluoride) was added to 16 wt.-%. of  

activated carbon. 

2) Then 82 wt.-% of N-methyl-2-pyrrolidone (NMP) was added to the 

mixture with help of pipette. 

3) And, firstly the mixture was stirred using the glass stirrer for about 2 min, 

and after that the mixture was stirred using the magnetic stirrer for 12 

hours. 

4) After that the mixture was left in the hood for the deaeration during 12 

hours in order to let all the air bubbles to escape the mixture and let the 

solution to acquire the homogeneous consistency.  
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5) After the mixture was deaerated and became homogeneous, the prepared 

thick mixture was casted directly on to the graphite current collector plates 

to the thickness of approx. 500 𝜇m so that the electrode layers acquire the 

required shape and thickness.  

6) Next, the graphite plates with casted electrode layers were dried in the 

dryer oven at the 80 degrees Celsius temperature during 4 hours. 

(Source is partly from: [36, 37, 38, 39]). 

 

2.2.1.2 Electrode materials 2-7  
 

The electrode materials 2-7 were prepared according to the prescription as 

mentioned in table 2 (for each electrode material) and using the similar 

preparation procedure as in case of electrode material-1 

Before the stable electrode materials 2 and 3 (composite materials) were 

produced, different proportions of their components were tried for the preparation 

of each electrode material, which were failed after the drying because of the 

cracking of the materials. Finally there were determined the optimal ratios 

between other components which have given the stable materials.  

The electrode materials 3-7 have no brittleness problems. 

 

2.2.2 Masses of electrodes used during separation treatment by CDI-system 
 

Below in the table 3 the masses of all the electrodes are mentioned. 

 

Table 3: Approximate masses of electrodes (cathode and anode) used during separation treatment by CDI-
system. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 EM-7 

Mass of cathode, [g] 0.412 0.383 0.446 0.456 0.452 0.419 0.391 

Mass of anode, [g] 0.412 0.383 0.446 0.456 0.452 0.419 0.391 
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2.3 Fabrication of cation exchange polymer film (membrane) for MCDI 
       

Preparation procedure: 

1) 1g of Poly(vinyl alcohol) (PVA) was mixed with 9ml of Ultra-Pure Water 

to get the 10-wt.% solution of PVA 

2) Preparation of 10ml of 30-wt.-% water solution of SSA from 70-wt.% 

SSA solution: 

Mass of contained SSA in solution-1 = Mass of contained SSA in solution-2. 

Mass of required for preparation of 70-wt.-% SSA solution: 

𝑚 = =
. ∙  

.
= 4.286 𝑔            (21) 

Volume of required for preparation of 70-wt.-% SSA solution:                      

𝑉 = =
.

.
= 2.981 𝑚𝑙     (22) 

𝑚 .%  = 𝑚 .%  +  𝑚     (23) 

𝑚 .%  = 10𝑔 =  4.286 𝑔 + 5.714 𝑔              (24) 

 

3) Addition of 10 ml of 30wt.-% solution of SSA to the mixture of PVA 

while stirring at the room temperature, and the mixture have been stirred 

for 48 h before casting.  

4) Coating the cathode surface with the thin layer of the polymer mixture. 

5) Drying of the coated cathode at 60°𝐶 for 1 hour. 

6) Heating the coated cathode at 130°𝐶 temperature to allow to proceed the 

reaction between PVA and SSA for membrane formation at the external 

surface of the porous carbon electrode. 

(Source: [36, 40]). 
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3 Characterization of Electrode Materials 
 

3.1 Cyclic Voltammetry Analysis 
 

For the fabricated carbon-based electrodes the cyclic voltammetry 

measurements were done using Autolab Potentiostat/galvanostat device in order 

to check and analyze the electric current response of the electrode materials at 

different values of applied potential ranging from 0 to 10 V. 

 

3.1.1 Cyclic voltammetry analysis results for electrode materials 1-7 
 

 
Figure 9: Cyclic voltammetry analysis results for all the electrode materials 1-7 using Er3+ ions solution as an 

electrolyte. 

 

The above presented figure 9 shows the cyclic voltammetry analysis 

results for the electrode materials 1-7. The plots of potential from 0-10 V vs. 

electric current response in amperes are shown here for every electrode material 

using the ~25 ppm Er3+- solution, prepared from Er(NO3)3 x 5H2O, as electrolyte 

solution circulating through the CDI cell continuously during the CV analysis. 
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Figure 10: Plot of specific capacitance of electrode vs. potential for every electrode material 1-7. 

 

The above presented figure 10 shows the plot of specific capacitance of 

each electrode material vs. applied potential during the cyclic voltammetry 

analysis. The specific capacitance was calculated manually according to the 

formula presented in equation (1), which is dependent on the electric current 

response during the changing of applied voltage at the electrodes. As it can be 

noticed the specific capacitance values for every electrode material in comparison 

with the values of electric current response have similar dependence on the 

applied voltage for every electrode material, however their curves are stretched 

along the y-axis, as specific capacitance values are bigger, compared to the curves 

of electric current behavior.   

It follows from the above-presented plots that among all the electrode 

materials only the electrode material-2 gives the highest electric current response 

7.11 x10-2 A and the highest specific capacitance value of 1.855 F/g at the applied 

potential ~ 5.73 V during the analysis using the Er3+- solution as electrolyte 

compared to the other materials, while electrode material-7 among others gives 
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the lowest electric current response 1.72 x 10-2 A and the lowest specific 

capacitance of 0.44 F/g at the applied potential ~9.94 V only. 

These results also show that the best electrical conductivity has EM-2 

while the lowest belong to EM-7. 

The electrical conductivities as well as the specific capacitance of all the 

electrode materials are in the following order (from the highest to the lowest one): 

EM-2, EM-1, EM-3, EM-5, EM-4, EM-6 and EM-7.  

In the further separation experiments of several rare earth elements 

presented in this work, it was detected that mostly EM-2 gives the highest 

electrosorption capacity among others, while EM-7 showed the lowest one. It can 

be also explained that one of the main influencing factors for electrosorption 

capacity of electrodes is the electrical conductivity and specific capacitance 

during the CDI separation process. The higher electrical conductivity and specific 

capacitance of the electrode material results in the higher electrosorption capacity 

for electrode material.  

One of the reasons why the electrode material has the highest 

electrosorption capacity is the highest electrical conductivity and specific 

capacitance among other electrode materials. However the electrical conductivity 

and specific capacitance are not the only influencing factors for indicating the 

level of capacity. There should be also taken into consideration the BET-surface 

area and volume and size of pores (all these factors are quite high for EM-2).    

 

3.2 Scanning Electron Microscopy Analysis 
 

3.2.1 Electrode materials’ SEM-images 
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Figure 11: SEM-image (X500 enlargement) of the surface of (a) electrode material-1 (b) electrode material-2 
(c) electrode material-3 (d) electrode material-4 (e) electrode material-5 (f) electrode material-6 (g) electrode 
material-7 
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The figure 11 contains the images (a)-(g) made by the scanning electron 

microscope in X500 enlargement which show the surfaces of different electrode 

materials from first to seventh. The surfaces of different electrode materials differ 

from each other. The surfaces of electrode materials 1-4 are the most non-smooth 

and the roughest (having many bulging parts on their surfaces) compared to the 

materials 5-7, what can be explained also by the lowest amount of pores in 

materials 5-7. 

 

3.2.2 SEM-images of cation-exchange membrane and electrode covered by it 
 

 
Figure 12: (a) SEM-image of polyvinyl alcohol and sulfosuccinic acid based cation-exchange membrane (b) 
SEM-image of the surface of electrode (electrode material-1) covered by the PVA-SSA based cation-
exchange membrane. 

The figure 12 shows (a) the SEM-image of the surface of the cation-

exchange membrane based on PVA&SSA which is used to cover the surface of 

cathode for enhancing the CDI performance during the removal of cations 

(positively-charged ions) from treated solution; (b) the SEM-image of the surface 

of the cathode made of the electrode material-1, the surface of which is covered 

by the cation-exchange membrane based on PVA&SSA which is used for 

enhancing the CDI performance during the removal of cations (positively-charged 

ions) from the treated solution.  
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3.3 Fourier-Transform Infrared Spectroscopy Analysis 
 

The fabricated electrode materials were analyzed for the presence of 

different functional groups between molecules of components in the mixture. If 

the significant data peaks are shown on the result graphs of the FTIR-analysis that 

assures about the proceeded chemical reaction (presence of the chemical bonds) 

between the molecules of different substances in the electrode material mixtures. 

 

3.3.1 FTIR-analysis results for electrode materials 1-7 
 

 
Figure 13: FTIR-analysis results. Transmittance plot vs. Wavenumber for electrode material 1-7. 

 

The above presented plots of the Wavenumber values (in cm-1) vs. 

Transmittance values (in %) for electrode materials 1-7 (in the figure 13) indicate 

that several data peaks for every electrode material were detected which 

correspond to certain chemical bounds between several functional groups and 

other atoms in the mixtures. 
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For electrode material-1 the most significant peaks are 871.78 and 2354.54 

cm-1 which are corresponding to the functional groups =C-H bending and 𝐶 ≡ 𝐶 

stretching vibrations, respectively. 

For electrode material-2 the most significant peaks are 872.05 and 2361.26 

cm-1 which are corresponding to the same functional groups, as for electrode 

material-1, =C-H bending and 𝐶 ≡ 𝐶 stretching vibrations, respectively. 

For electrode material-3 the most significant peaks are 872.94 and 2387.03 

cm-1 which are corresponding to the same functional groups, as for electrode 

materials 1-2, =C-H bending and 𝐶 ≡ 𝐶 stretching vibrations, respectively. 

For electrode material-4 the most significant peaks are 872.35 and 2386.93 

cm-1 which are corresponding to the same functional groups, as for electrode 

materials 1-3, =C-H bending and 𝐶 ≡ 𝐶 stretching vibrations, respectively. 

For electrode material-5 the most significant peaks are 522.92, 540.76 and 

572.09 cm-1 (peaks with the highest intensity compared to all other peaks of all the 

electrode materials) which are corresponding to the same functional group C-Br, 

and 873.93 cm-1 which is corresponding to the functional group =C-H bending, 

and 1179.47 cm-1 which is corresponding to the functional group C-OH stretch 

and 1426.35 cm-1 which is corresponding to the functional group C=C aromatic.    

For electrode material-6 the most significant peak is 871.76 cm-1 which is 

corresponding to the functional group =C-H bending. 

For electrode material-7 the most significant peaks are 519.63 and 536.22 

cm-1 which are corresponding to the same functional group C-Br, and peaks 

detected at 866.66 and 897.36 cm-1 which are corresponding to the same 

functional group =C-H bending, and 1177.82 cm-1 which is corresponding to the 

functional group C-OH stretch and 1424.95 cm-1 which is corresponding to the 

functional group C=C aromatic. 

 Almost all of detected peaks, beside at the electrode material-5 (at 519.63 

and 540.76 cm-1 is the highest intensity), have low intensity. It indicates that the 

chemical bonds at above mentioned functional groups with other atoms are 

present in the materials in a rather small degree because these detected peaks have 

weak intensity. The presence of bonds between such functional groups as C-Br in 
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electrode materials 5 and 7, which includes the bromine atom in itself (according 

to the FTIR-analysis) which should not be contained in the electrode materials 

according to the preparation procedure, indicates that perhaps some of 

components used during the fabrication procedure have such impurities 

containing the bromine atoms. It probably can be the Fullerene C60 which might 

contain some bromine impurities, as it is contained in both electrode materials.     

(Discussions are based on the: [41, 42, 43, 44]). 

   

3.3.2 FTIR-analysis results for PVA&SSA based CEM 
 

 

Figure 14: FTIR-analysis results. Plot of Transmittance vs. Wavenumber for PVA-SSA-based cation-
exchange membrane. 

 

The above presented plot of the Wavenumber values (in cm-1) vs. 

Transmittance values (in %) for cation-exchange membrane based on PVA&SSA 

(in the figure 14) indicates that the following peaks corresponding to the certain 

functional groups in membrane were detected: 1702.67 cm-1 with high intensity 

which is corresponding to the functional groups Aldehyde C=O Stretch and 

Ketone C=O Stretch, 1034.03 and 1145.88 cm-1 with high intensity which are 
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corresponding to the functional group C-OH Stretch, 514.88 cm-1 with low 

intensity which is corresponding to the functional group C-Br, 610.82 and 707.26 

cm-1 with low intensity which are corresponding to the functional groups C-Br 

and C-Cl, 838.74 cm-1 with low intensity which is corresponding to the functional 

group =C-H bending, 1406.30 and 1490.34 cm-1 with low intensity which is 

corresponding to the same functional group C=C aromatic. (Discussions are based 

on the: [41, 42, 44]). 

The functional groups detected by the peaks with high intensity are present 

in the membrane in significant degree, compared to the ones detected by peaks 

with low intensity. 

 

3.4 Surface Area and Pore Size Characterization of Electrodes (BET-

analysis) 

 

 The surface area and pore size analysis (BET-analysis) for all the electrode 

materials was performed. During the analysis, the samples were degassed at 120 

°𝐶 for 12 h. After the analysis, the certain results were combined in the 

comparison table and additional characterization of sorption properties for every 

material was presented in the graph form (plot of “quantity adsorbed’ vs. ‘relative 

pressure”) below. 

 

3.4.1 Comparison table for all the electrode materials 
 

Table 4: Comparison table for all the electrode materials by different parameters including surface area, pore 

volume, pore size. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 EM-7 

BET Surface Area, 

[m²/g] 

95,97 

 

59,07 47,79 

 

133,39 

 

19,08 

 

101,82 

 

13,97 

 

BJH Adsorption 

cumulative volume of 

pores, [cm³/g] 

 

0,251 

 

0,218 

 

0,132 

 

0,371 

 

0,087 

 

0,236 

 

0,085 
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BJH Desorption 

cumulative volume of 

pores, [cm³/g] 

 

0,271 

 

0,220 

 

0,138 

 

0,388 

 

0,091 

 

0,252 

 

0,094 

 

BJH Adsorption 

average pore width 

(4V/A), [Å] 

 

109,92 

 

150,06 

 

114,49 115,56 

 

173,59 

 

101,66 

 

271,60 

 

BJH Desorption 

average pore width 

(4V/A), [Å] 

 

96,79 

 

121,05 

 

88,38 

 

101,46 

 

119,18 91,48 

 

230,38 

 

 

According to the BET-analysis results, mentioned in the table 4, the 

electrode materials 1, 4 and 6 have quite high surface area (EM-4 has the highest 

surface area as well as the biggest pore volume). The average widest pores are at 

the electrode material-7, while its adsorption capacity (presented in the further 

experimental results) is the lowest among all the electrode materials. 

 

3.4.2 Relative pressure vs. adsorbed quantity (in mmol/g) plot for electrode 
materials 1-7 
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Figure 15: Relative Pressure vs. Quantity Adsorbed (mmol/g) plot for electrode material 1-7. 

  

The above presented plots in the figure 15 from BET-analysis describe the 

nitrogen adsorption capacity for every electrode material. From the plots of 

Relative Pressure (p/po) vs. Quantity Adsorbed (mmol/g) it can be observed that 

the highest nitrogen adsorption capacity has EM-4 with value ~11.3 mmol/g and 

the lowest one has EM-5 with value 2.75 mmol/g. 

The order of the electrode materials with the nitrogen adsorption capacity 

from the highest to the lowest: EM-4, EM-1, EM-6, EM-2, EM-3, EM-7, EM-5. 
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4 Trial separation experiments 
 

4.1 Testing of the system: Experiments 1-7 
 

The parameters: 

𝑇 = 24.2 °𝐶 (= 297.35 𝐾) 

𝑉 =  200 𝑚𝑙  

𝑈 =  12.3𝑉  

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 25 𝑅𝑃𝑀             

𝑡 = 4.1𝑚𝑖𝑛  

𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 =  =
 

( ∙ ) 
= 48.78      (25) 

 

4.1.1 Experiment-1 
 

La3+-ions were separated from the solution with the initial concentration of 64.11 

ppm by passing through the CDI cell while the electric current was applied to the porous 

carbon electrodes. 

 

Total Removal Efficiency = 91.72%   

See the figure 16 below with the experiments’ results. 

 

4.1.1.1 Regeneration 
 

The regeneration of the electrodes was performed by passing one liter of 

the ultra-pure water through the CDI cell unit without access to the electric 

current in order to allow the ions to be separated from the electrodes’ surface and 

pores (Source is partly from [45]). 

 

4.1.2 Experiment-2 
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La3+-ions were separated from the solution with the initial concentration of 

26.82 ppm by passing through the CDI cell while the electric potential (12.3 V) was 

applied to the porous carbon electrodes. 

𝑉 =  200 𝑚𝑙 

 

Total Removal Efficiency = 77.92% (reached at 14th cycle 80.04%) 

See the figure 16 below with the experiments’ results. 

 

4.1.3 Experiment-3 

 

Er3+-ions were separated from the solution with the initial concentration of 

23.25 ppm by passing through the CDI cell while the electric potential (12.3 V) was 

applied to the porous carbon electrodes.  

  

𝑉 =  200 𝑚𝑙 

 

Total Removal Efficiency = 96.69% 

See the figure 16 below with the experiments’ results. 

 

4.1.4 Experiment-4 
 

Ce3+-ions were separated from the solution with the initial concentration of 

23.80 ppm by passing through the CDI cell while the electric potential (12.3 V) was 

applied to the porous carbon electrodes.  

 

Total Removal Efficiency = 95.08% 

See the figure 16 below with the experiments’ results. 

 

4.1.5 Experiment-5 
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Y3+-ions were separated from the solution with the initial concentration of 29.73 

ppm by passing through the CDI cell while the electric potential (12.3 V) was applied to 

the porous carbon electrodes. 

 

Total Removal Efficiency = 91.25% 

See the figure 16 below with the experiments’ results. 

 

4.1.6 Experiment-6 
 

Using Cation-Exchange Membrane based on PVA & SSA 

Er3+-ions were separated from the solution with the initial concentration of 21.91 

ppm by passing through the CDI cell while the electric potential (12.3 V) was applied to 

the porous carbon electrodes where cathode was coated by cation-exchange membrane 

based on PVA & SSA. 

 

Total Removal Efficiency = 99.24% 

See the figure 16 below with the experiments’ results. 

 

4.1.7 Experiment-7 
 

4-Electrodes System 

In 4-electrodes system, 4 electrodes were inserted into the cell, while only 

side electrodes (closed to the isolation plates) were connected to the “+” and “–“ 

poles. Three rubber gaskets with 4mm thickness were inserted between the 

electrodes in total.  

Er3+-ions were separated from the solution with the initial concentration of 

9.86 ppm by passing through the 4-electrodes-CDI-cell while the electric potential 

(12.3 V) was applied to the external porous carbon electrodes (two another 

electrodes have been getting the current only in some time after the start of 

experiment, when solution got in touch with electrodes). 

 

Total Removal Efficiency = 98.82% 
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See the figure 16 below with the experiments’ results. 

 

 
Figure 16: Results from experiments 1-7: Plot of the Removal efficiency vs. Number of circulation cycles. 

 

The above-presented figure 16 shows the results for experiments 1-7 for 

removal of different rare earth elements. It can be noticed that if more cycles the 

solution was circulated in the CDI-system, the higher separation efficiency 

becomes, and it can be even reached to about 100% as in case of experiment 6 and 

7. Sometimes separation efficiency goes down by the end of the experiment, if the 

solution was recirculated in the system where electrodes were not regenerated 

(after previously performed experiment) before the start of treatment as in case of 

experiment-2, where, by the end of the treatment the electrodes became fully 

loaded with electrosorbate (cations), and partial desorption was happening there.  
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5 Results from several separation experiments: Removal 

Efficiency, Electrosorption capacity, Electrosorption Kinetics and 

Electrosorption Isotherms 

 

The certain separation experiments were performed by the constructed CDI-

system using different electrode materials for the removal of the following 

elements: 

1) Removal of La3+ from aqueous solutions (LaCl3 x 6H20 compound was 

dissolved in water),  

2) Removal of Lu3+ from aqueous solutions (LuCl3 x 6H20 compound was 

dissolved in water),  

3) Removal of Y3+ from aqueous solutions (YCl3 x 7H20 compound was 

dissolved in water),  

4) Removal of Sc3+ from aqueous solutions (ScCl3 x XH20 compound was 

dissolved in water).  

After the experiments were performed, the initial and final concentration 

values for different elements separately in the treated solutions were gotten using 

Inductively Coupled Plasma equipment (ICP-equipment). 

Then the certain graphs of the removal efficiency, electrosorption capacity, 

pseudo-first and pseudo-second order electrosorption kinetics and several 

electrosorption isotherm models were plotted at different concentrations for 

different electrode materials in order to observe their efficiencies dependency for 

the different tested elements at different applied voltage values during CDI-

treatment of the solutions.  

The coefficients for the equations of the isotherms and kinetic study graphs 

were obtained using the least square method with help of Microsoft Excel 

software. Firstly linear forms of the isotherms’ equations and pseudo-first and 

pseudo-second order sorption equations were plotted, and then coefficients of 
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these equations were obtained using least square method. After that, the computed 

coefficients were reported separately in the subchapter 5.6. 

Then, using the already gotten coefficients, the non-linear forms of the 

previously-mentioned graphs were plotted in order to perform the detailed 

characterization of each electrode material with help of the graphs. 

Experimental Parameters: 

𝑉  = 200 𝑚𝑙 

𝑈 = 11.3 𝑉 

𝑈 = 6.3 𝑉 

𝑈 = 1.3 𝑉  

𝑃𝑢𝑚𝑝𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = 48.78  (𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒)  

30 min Treatment Procedure (~7.3 cycles) 

After the initial 200 ml solution was pumped firstly into the CDI cell and 

then to the additional hose (the following connected after CDI-cell) for closed-

loop circulation, the inlet and outlet tubes of the circulation system were 

connected to each other in order to make the continuous closed-loop circulation.  
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5.1 Removal of Lanthanum (La3+) from water solutions 

 
5.1.1 U = 11.3 V, (Removal of La3+ by EM 1-7) 

 

Figure 17: Results after separation experiments of La3+ at 11.3 V applied potential for every electrode 
material (a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model 
behavior (d) Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption 
capacity behavior during 30 min treatment procedure of La3+ 100 ppm solution (200ml solution) (g) Pseudo-
Second Order electrosorption capacity behavior during 30 min treatment procedure of La3+ 100 ppm solution 
(200ml solution). 
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Figure 17 shows the results after separation of La3+-ions from water 

solutions at 11.3 V applied potential. The results are shown for every electrode 

materials 1-7, which were tested separately during separation experiments. The 

electrodes have been regenerated after every 30 minutes CDI-treatment of the 

solution, and every batch of the electrodes was reused only three times in order to 

get the best possible electrosorption efficiency (because if reusing the electrodes 

more than three times, their electrosorption efficiency starts decreasing). 

From the figure 17 (a) results it is possible to observe, that the separation 

efficiency for every electrode material is increasing with increase of the initial 

concentration of the treated solution at 11.3V applied potential. For electrode 

materials 1-6 the separation efficiency at concentrations 20-100 ppm is in the 

range of 90-100%, while for EM-7 is lower. When the concentration is below 20 

ppm, the separation efficiency varies for every electrode material in range of 40-

100%. For the concentrations higher than 100 ppm, the separation efficiency is in 

range of 80-95% for electrode materials 1-6, while for electrode material-7 the 

efficiency is 60% and lower. 

From the figure 17 (b) it is possible to notice that the electrosorption 

capacity is increasing with increase of the initial concentration of the treated 

solution for every electrode material. Electrosorption capacity of electrode 

material-7 is the lowest among others especially at the high concentrations.  

According to the Freundlich electrosorption isotherm graphs (non-linear 

forms), presented in the figure 17 (c), which describes the extent of the multilayer 

surface electrosorption of the lanthanum ions to the surface of different 

electrosorbents (electrode materials 1-7) at the presented conditions, the 

Freundlich electrosorption capacity “qe” is increasing with the increase of the 

equilibrium concentration (final concentration) of the treated solution for every 

electrosorbent (electrode material). It means that the extent of the multilayer 

surface electrosorption of the lanthanum ions to the surface of every 

electrosorbent is increasing with the increase of the equilibrium concentration of 

the solution. The Freundlich model equation coefficients calculated at the certain 
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conditions for the removal of the lanthanum ions from water solutions are 

presented in the subchapter 5.14. 

According to the Langmuir electrosorption isotherm graphs (non-linear 

forms), presented in the figure 17 (d), which describes the extent of the 

monomolecular layer sorption of the certain ions (extent of sorbent surface 

coverage) at the presented conditions, the Langmuir electrosorption capacity is 

increasing with the increase of the equilibrium concentration of the treated 

solution for every electrosorbent (electrode material). It means that the extent of 

the electrosorbent surface coverage is increasing with the increase of equilibrium 

concentration of the solution for every electrosorbent. The Langmuir model 

equation coefficients calculated at the certain conditions for the removal of the 

lanthanum ions from water solutions are presented in the subchapter 5.14. 

According to the Temkin electrosorption isotherm graphs (non-linear 

forms), presented in the figure 17 (e), which describes the heat of the sorption 

process as the function of the absolute temperature at the presented conditions, the 

Temkin electrosorption capacity is increasing with the increase of the equilibrium 

concentration of the treated solution for every electrosorbent (electrode material). 

It means that the heat of the sorption process is increasing with the increase of the 

equilibrium concentration of the solution for every electrosorbent. The Temkin 

model equation coefficients calculated at the certain conditions for the removal of 

the lanthanum ions from water solutions are presented in the subchapter 5.14. 

The figure 17 (f) shows the graphs of pseudo-first order electrosorption 

capacity behavior, while figure 17 (g) shows the graphs of pseudo-second order 

electrosorption capacity behavior. For both graphs the time-dependent value of 

electrosorption capacity “qt” is increasing during the 30 min treatment time 

period.  

The further figures 18-28 show the results for the separation experiments 

of La3+ at 6.3 V and 1.3 V; for Lu3+, Y3+ and Sc3+ at 11.3V, 6.3V and 1.3V. The 

comparison characteristics are presented after figure-28. 
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5.1.2 U = 6.3 V (Removal of La3+ by EM 1-6) 

 

Figure 18: Results after separation experiments of La3+ at 6.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of La3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of La3+ 100 ppm solution (200ml 
solution). 
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5.1.3 U = 1.3 V (Removal of La3+ by EM 1-6) 

 

Figure 19: Results after separation experiments of La3+ at 1.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of La3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of La3+ 100 ppm solution (200ml 
solution). 
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The figures 17-19 show the removal efficiency behavior, electrosorption 

capacity behavior, Freundlich-, Langmuir- and Temkin electrosorption isotherms 

(non-linear forms) behavior, Pseudo-First Order electrosorption capacity and 

Pseudo-Second Order electrosorption capacity (non-linear forms) behavior graphs 

for the separation experiments of the La3+-ions from the water solutions at 

different applied voltages to the CDI-system.  

 As it can be noticed from the graphs, the removal efficiency is decreasing 

with the increase of the concentration, and is increasing with the increase of the 

applied voltage for every electrode material.  

 Electrosorption capacity is increasing with the increase of the concentration, 

and is increasing with the increase of the applied voltage for every electrode 

material. 

 The similar logic is for the isotherms as for the electrosorption capacity 

behavior with the increase of the applied electric voltage. The values of each 

isotherm are different from each other, because each isotherm describes certain 

sorption property of the electrosorbents. The rates of the isotherms’ changes are 

differing from each other. 

 The Pseudo-First Order and Pseudo-Second Order electrosorption capacities 

are increasing every minute during the 30 min treatment time period. The rates of 

the increase and the values are different for both graphs. With the increase of the 

applied voltage these values of PFO- and PSO electrosorption capacity are 

increasing. 

 It can be concluded from the figures 17-19, that, when the applied voltage to 

the CDI-system is increasing, the removal efficiency, electrosorption capacity and 

other parameters indicating mainly the separation efficiency are increasing. The 

removal of the La3+-ions occurs faster, than at the lower voltage.  

The Lanthanum values of the PFO electrosorption capacity at 11.3 V applied 

voltage the highest reached value is 118 mg/g (for EM-1), which is bigger than for 

all other tested rare earth elements at these conditions. At 6.3 V applied voltage is 
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50 mg/g (for EM-2), which is bigger than all other tested rare earth elements. At 

1.3 V the highest reached PFO-qt-value is less than for other tested rare earth 

elements and is equal to 7.5 mg/g (for EM-5) at these conditions.  

The Lanthanum values of the PSO electrosorption capacity at 11.3V and at 

the 1.3V are less than for Lu3+, but bigger than for others at the same conditions. 

At 11.3 V the highest reached PSO-qt-value is 50 mg/g (for EM-2), at 6.3 V the 

highest qt-value is 47 mg/g (for EM-2), which is higher than others at the same 

conditions, and at 1.3 V the highest reached PSO-qt-value is 11.5 mg/g (for EM-

5).  
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5.2 Removal of Lutetium (Lu3+) from water solutions 

 
5.2.1 U = 11.3 V (Removal of Lu3+ by EM 1-6) 

 

Figure 20: Results after separation experiments of Lu3+ at 11.3 V applied potential for every electrode 
material (a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model 
behavior (d) Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption 
capacity behavior during 30 min treatment procedure of Lu3+ 100 ppm solution (200ml solution) (g) Pseudo-
Second Order electrosorption capacity behavior during 30 min treatment procedure of Lu3+ 100 ppm solution 
(200ml solution). 



68 
 

5.2.2 U = 6.3 V (Removal of Lu3+ by EM 1-6) 

 

Figure 21: Results after separation experiments of Lu3+ at 6.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of Lu3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of Lu3+ 100 ppm solution (200ml 
solution). 
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5.2.3 U = 1.3 V (Removal of Lu3+ by EM 1-6) 

 

Figure 22: Results after separation experiments of Lu3+ at 1.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of Lu3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of Lu3+ 100 ppm solution (200ml 
solution). 
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The figures 20-22 show the removal efficiency behavior, electrosorption 

capacity behavior, Freundlich-, Langmuir- and Temkin electrosorption isotherms 

(non-linear forms) behavior, Pseudo-First Order electrosorption capacity and 

Pseudo-Second Order electrosorption capacity (non-linear forms) behavior graphs 

for the separation experiments of the Lu3+-ions from the water solutions at 

different applied voltages to the CDI-system.  

 As it can be noticed from the graphs, the removal efficiency is decreasing 

with the increase of the concentration, and is increasing with the increase of the 

applied voltage for every electrode material.  

 Electrosorption capacity is increasing with the increase of the concentration, 

and is increasing with the increase of the applied voltage for every electrode 

material. 

 The similar logic is for the isotherms as for the electrosorption capacity 

behavior with the increase of the applied electric voltage. The values of each 

isotherm are different from each other, because each isotherm describes certain 

sorption property of the electrosorbents. The rates of the isotherms’ changes are 

differing from each other. 

 The Pseudo-First Order and Pseudo-Second Order electrosorption capacities 

are increasing every minute during the 30 min treatment time period. The rates of 

the increase and the values are different for both graphs. With the increase of the 

applied voltage these values of PFO- and PSO electrosorption capacity are 

increasing. 

 It can be concluded from the figures 20-22, that, when the applied voltage to 

the CDI-system is increasing, the removal efficiency, electrosorption capacity and 

other parameters indicating mainly the separation efficiency are increasing. The 

removal of the Lu3+-ions occurs faster, than at the lower voltage.  

The Lutetium values of the PFO electrosorption capacity at 11.3V and at 

6.3V are lower than the similar values for La3+ separation. At 11.3 V applied 

voltage the highest PFO-qt-value is 56 mg/g (for EM-2) and at 6.3 V applied 
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voltage the highest PFO-qt-value is 39 mg/g (for EM-6). At the 1.3 V the highest 

reached PFO-qt-value is bigger than for Lanthanum and is equal to 9 mg/g (for 

EM-3).  

The Lutetium values of the PSO electrosorption capacity at 11.3V and at 

1.3V are higher than for La3+ separation. At 11.3 V applied voltage the highest 

PSO-qt-value is 59 mg/g (for EM-2) and at 1.3 V applied voltage the highest qt-

value is 13 mg/g (for EM-6). At the 6.3 V the highest reached PSO-qt-value is less 

than for Lanthanum and is equal to 34 mg/g (for EM-5).  
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5.3 Removal of Yttrium (Y3+) from water solutions 
   

5.3.1 U = 11.3 V (Removal of Y3+ by EM 1-6) 

 

Figure 23: Results after separation experiments of Y3+ at 11.3 V applied potential for every electrode 
material (a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model 
behavior (d) Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption 
capacity behavior during 30 min treatment procedure of Y3+ 100 ppm solution (200ml solution) (g) Pseudo-
Second Order electrosorption capacity behavior during 30 min treatment procedure of Y3+ 100 ppm solution 
(200ml solution). 
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5.3.2 U = 6.3 V (Removal of Y3+ by EM 1-6) 

 

Figure 24: Results after separation experiments of Y3+ at 6.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of Y3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of Y3+ 100 ppm solution (200ml 
solution). 
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5.3.3 U = 1.3 V (Removal of Y3+ by EM 1-6) 

 

Figure 25: Results after separation experiments of Y3+ at 1.3 V applied potential for every electrode material 
(a) Removal efficiency behavior (b) Electrosorption capacity behavior (c) Freundlich model behavior (d) 
Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First Order electrosorption capacity 
behavior during 30 min treatment procedure of Y3+ 100 ppm solution (200ml solution) (g) Pseudo-Second 
Order electrosorption capacity behavior during 30 min treatment procedure of Y3+ 100 ppm solution (200ml 
solution). 

 



75 
 

The figures 23-25 show the removal efficiency behavior, electrosorption 

capacity behavior, Freundlich-, Langmuir- and Temkin electrosorption isotherms 

(non-linear forms) behavior, Pseudo-First Order electrosorption capacity and 

Pseudo-Second Order electrosorption capacity (non-linear forms) behavior graphs 

for the separation experiments of the Y3+-ions from the water solutions at different 

applied voltages to the CDI-system.  

 As it can be noticed from the graphs, the removal efficiency is decreasing 

with the increase of the concentration, and is increasing with the increase of the 

applied voltage for every electrode material.  

 Electrosorption capacity is increasing with the increase of the concentration, 

and is increasing with the increase of the applied voltage for every electrode 

material. 

 The similar logic is for the isotherms as for the electrosorption capacity 

behavior with the increase of the applied electric voltage. The values of each 

isotherm are different from each other, because each isotherm describes certain 

sorption property of the electrosorbents. The rates of the isotherms’ changes are 

differing from each other. 

 The Pseudo-First Order and Pseudo-Second Order electrosorption capacities 

are increasing every minute during the 30 min treatment time period. The rates of 

the increase and the values are different for both graphs. With the increase of the 

applied voltage these values of PFO- and PSO electrosorption capacity are 

increasing. 

 It can be concluded from the figures 23-25, that, when the applied voltage to 

the CDI-system is increasing, the removal efficiency, electrosorption capacity and 

other parameters indicating mainly the separation efficiency are increasing. The 

removal of the Lu3+-ions occurs faster, than at the lower voltage.  

The Yttrium values of the PFO electrosorption capacity at 11.3 V applied 

voltage the highest reached value is 69 mg/g (for EM-2), which is less than for 

La3+, but at the same time bigger than for Lu3+ separation at these conditions, and 
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at 6.3 V applied voltage is 27.5 mg/g (for EM-2), which is less than for La3+ and 

Y3+ separation. At the 1.3 V the highest reached PFO-qt-value is bigger than for 

Lanthanum and is equal to 8 mg/g (for EM-6).  

The Yttrium values of the PSO electrosorption capacity at 11.3V, 6.3V and 

at the 1.3V are less than for La3+ and Lu3+, but at the same time is bigger than for 

Sc3+ at the same conditions. At 11.3 V the highest reached PSO-qt-value is 

11.5mg/g (for EM-1), at 6.3 V the highest qt-value is 5 mg/g (for EM-5) and at the 

1.3 V the highest reached PSO-qt-value is 2.7 mg/g (for EM-2).  
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5.4 Removal of Scandium (Sc3+) from water solutions 
 

The figures 26-28 show the removal efficiency behavior, electrosorption 

capacity behavior, Freundlich-, Langmuir- and Temkin electrosorption isotherms 

(non-linear forms) behavior, Pseudo-First Order electrosorption capacity and 

Pseudo-Second Order electrosorption capacity (non-linear forms) behavior graphs 

for the separation experiments of the Sc3+-ions from the water solutions at 

different applied voltages to the CDI-system.  

 As it can be noticed from the graphs, the removal efficiency is decreasing 

with the increase of the concentration, and is increasing with the increase of the 

applied voltage for every electrode material.  

 Electrosorption capacity is increasing with the increase of the concentration, 

and is increasing with the increase of the applied voltage for every electrode 

material. 

 The similar logic is for the isotherms as for the electrosorption capacity 

behavior with the increase of the applied electric voltage. The values of each 

isotherm are different from each other, because each isotherm describes certain 

sorption property of the electrosorbents. The rates of the isotherms’ changes are 

differing from each other. 

 The Pseudo-First Order and Pseudo-Second Order electrosorption capacities 

are increasing every minute during the 30 min treatment time period. The rates of 

the increase and the values are different for both graphs. With the increase of the 

applied voltage these values of PFO- and PSO electrosorption capacity are 

increasing. 

 It can be concluded from the figures 26-28, that, when the applied voltage to 

the CDI-system is increasing, the removal efficiency, electrosorption capacity and 

other parameters indicating mainly the separation efficiency are increasing. The 

removal of the Sc3+-ions occurs faster, than at the lower voltage.  
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The Scandium values of the PFO electrosorption capacity at 11.3 V and 6.3 

V applied voltage are the lowest reached values, and they are 13 mg/g (for EM-2) 

and 10 mg/g (for EM-4) respectively. At 1.3 V the highest reached PFO-qt-value 

is bigger than for Lanthanum, but at the same time less than others at these 

conditions, and is equal to 8 mg/g (for EM-1).  

The Scandium values of the PSO electrosorption capacity at 11.3V, 6.3V and 

at the 1.3V are less than for La3+ and Lu3+, but bigger than for Sc3+ at the same 

conditions. At 11.3 V the highest reached PSO-qt-value is 7.5mg/g (for EM-1), at 

6.3 V the highest qt-value is 2.1 mg/g (for EM-1) and at the 1.3 V the highest 

reached PSO-qt-value is also 2.1 mg/g (for EM-1).  
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5.4.1 U = 11.3 V (Removal of Sc3+ by EM-1, 2, 4) 

 

Figure 26: Results after separation experiments of Sc3+ at 11.3 V applied potential for electrode material 1, 2 
and 4 (only electrode materials 1, 2 and 4 were tested)  (a) Removal efficiency behavior (b) Electrosorption 
capacity behavior (c) Freundlich model behavior (d) Langmuir model behavior (e) Temkin model behavior 
(f) Pseudo-First Order electrosorption capacity behavior during 30 min treatment procedure of Sc3+ 100 ppm 
solution (200ml solution) (g) Pseudo-Second Order electrosorption capacity behavior during 30 min 
treatment procedure of Sc3+ 100 ppm solution (200ml solution). 
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5.4.2 U = 6.3 V (Removal of Sc3+ by EM-1, 4) 

 

Figure 27: Results after separation experiments of Sc3+ at 6.3 V applied potential for electrode materials 1 
and 4 (only electrode materials 1 and 4 were tested)  (a) Removal efficiency behavior (b) Electrosorption 
capacity behavior (c) Freundlich model behavior (d) Langmuir model behavior (e) Temkin model behavior 
(f) Pseudo-First Order electrosorption capacity behavior during 30 min treatment procedure of Sc3+ 100 ppm 
solution (200ml solution) (g) Pseudo-Second Order electrosorption capacity behavior during 30 min 
treatment procedure of Sc3+ 100 ppm solution (200ml solution). 
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5.4.3 U = 1.3 V (Removal of Sc3+ by EM-1) 

 

Figure 28: Results after separation experiments of Sc3+ at 1.3 V applied potential for electrode material-1 
(only electrode material-1 was tested) (a) Removal efficiency behavior (b) Electrosorption capacity behavior 
(c) Freundlich model behavior (d) Langmuir model behavior (e) Temkin model behavior (f) Pseudo-First 
Order electrosorption capacity behavior during 30 min treatment procedure of Sc3+ 100 ppm solution (200ml 
solution) (g) Pseudo-Second Order electrosorption capacity behavior during 30 min treatment procedure of 
Sc3+ 100 ppm solution (200ml solution). 
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According to the above plotted results, presented in the figures 17-28, the 

electrosorption capacity as well as the removal efficiency for every electrode 

material for all the tested rare earth elements is increasing with the increase of the 

applied voltage to the system. 

The rate of the change of the removal efficiency for all the tested rare earth 

elements by different electrode materials is increasing also with the increase of the 

applied potential during 30 minutes treatment of the solution. 

The main conclusion from the results, presented in the subchapters 5.1.1-

5.12.4, at different concentrations including removal efficiency, electrosorption 

capacity, electrosorption isotherms (Freundlich, Langmuir, Temkin) and pseudo-

first and pseudo-second order electrosorption kinetics graphs the electrode 

material-2 gives the highest separation efficiency in the most of the cases at 

different voltages (at higher voltage the electrosorption capacity increases) for the 

separation of all the tested rare earth elements from the water solutions excluding 

scandium, for separation of which the best electrode material-1 is. The reasons 

why the electrode material-2 gives the best separation efficiency in the most of the 

cases are the highest electrical conductivity among other electrode materials 

(according to the cyclic voltammetry analysis), the presence of the large amount 

of the pores and quite big pore volume (the 4th biggest among all the electrode 

materials) and width (the 3rd widest among others). 

The lowest efficiency is obtained by electrode material-7, what can be 

precisely explained by the smallest BET-surface area among other materials, the 

smallest pore volume and the lowest electrical conductivity. However it has the 

widest pores among others. From SEM-image it can seed that its surface is the 

least porous. 

The lanthanum ions were separated from water solutions the best 

compared to other tested rare earth elements, because it has the highest chemical 

reactivity properties among all the rare earth elements. 

The scandium ions were separated from the water solutions the worst 

compared to other tested rare earth elements. 
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The second best separation efficiency was reached for lutetium and the 

third one is for yttrium.  

 

5.5 Electrosorption capacities comparison  
 

 
Figure 29: Dependency of the electrosorption capacity (the highest reached values) at 200 ppm initial 

concentration of La3+ in the treated solution vs. applied potential for all the electrode materials. 
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Figure 30: Dependency of the electrosorption capacity (the highest reached values) at 200 ppm initial 

concentration of Lu3+ in the treated solution vs. applied potential for all the electrode materials. 

 

 
Figure 31: Dependency of the electrosorption capacity (the highest reached values) at 200 ppm initial 

concentration of Y3+ in the treated solution vs. applied potential for all the electrode materials. 
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Figure 32: Dependency of the electrosorption capacity (the highest reached values) at 100 ppm initial 

concentration of Sc3+ in the treated solution vs. applied potential for all the electrode material-1 (tested only 

for electrode material-1). 

  

The figures 29-32 show the electrosorption capacity behavior at different 

values of the applied electric potential to the CDI-system for all the tested 

electrode materials during the separation process of the several rare earth elements 
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the separation process of all the tested elements for all the electrode materials. The 

highest electrosorption capacity was observed for lanthanum ions during the 
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 One of the reasons, why the lanthanum was separated from the water 

solutions the best of all, is because the lanthanum itself has the highest chemical 

reactivity among all the tested elements and among all the rare earth elements, 

what increases its electrosorption activity on the porous electrodes’ surface, 

compared to other tested elements.  

 The separation of scandium ions was the worst because of the scandium’s 

specific properties among other tested elements. One of the possible reasons for 

that is because among other rare earth elements scandium has the lowest atom 

radius and the lowest atomic mass, what possibly, with the combination of other 

factors, can indirectly identify its level of the electrosorption reactivity.  

 As it can be noticed from the figures 29-32, the electrode material-2 gives 

the highest electrosorption capacity for the removal of La, Lu and Y. The 

electrode material-2 works the best for the separation of these elements from 

water solutions, because it has significantly high BET-surface area and pore size 

and pore volume, the highest electrical conductivity and the highest specific 

capacitance among all the electrode materials. The combination of these 

influencing factors gives the highest performance to the electrode material-2 

among other materials.  

  

5.6 Coefficients Comparison Tables 
 

Coefficients with their units: 

1) Pseudo-First Order Sorption Kinetics: 

𝑘 , [
1

𝑚𝑖𝑛
] 

𝑞 , [
𝑚𝑔

𝑔
] 

2) Pseudo-Second Order Sorption Kinetics 

𝑘 , [
𝑔 ∙ 𝑚𝑖𝑛

𝑚𝑔
] 
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𝑞 , [
𝑚𝑔

𝑔
] 

3) Freundlich Sorption Isotherm: 

𝐾 , [
𝑚𝑔

𝑔
] 

𝑛, − 

4) Langmuir Sorption Isotherm:  

𝑞 , [
𝑚𝑔

𝑔
] 

𝐾 , [
𝐿

𝑚𝑔
] 

5) Temkin Sorption Isotherm: 

𝐵, [
𝐽

𝑚𝑜𝑙
] 

𝐴 , [
𝐿

𝑔
] 

𝑏 , − 

 

5.6.1 Coefficients for the removal of La3+ from aqueous solutions 
 

Table 5: Removal of La3+ at U=11.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 EM-7 

PFO k1 0.5107 0.1236 0.075 0.0454 0.1347 0.0657 0.0645 

qe 112.123 64.451 20.584 33.46 19.78 53.107 24.747 

PSO qe 47.847 55.866 45.249 64.103 44.643 126.58 45.455 

k2 0.0138 0.0053 0.0049 0.0013 0.0106 0.0002 0.0014 

Freund-

lich 

KF 36.5 23.234 22.258 28.726 24.614 17.747 3.295 

n 3.3727 5.3940 3.7965 4.2090 7.0373 26.666 1.781 

Lang-

muir 

qm 82.645 140.85 77.520 81.301 100.00 65.790 185.19 

KL 3.4600 0.0655 0.4243 1.1495 0.1650 0.0475 0.0048 

Temkin B 8.8739 8.6561 8.0639 8.4388 6.5741 4.4071 11.695 

AT 448.24 82.886 67.198 170.83 473.11 928.45 0.4833 
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bT 279.2 286.22 307.28 293.63 376.91 562.25 211.87 

 

Table 6: Removal of La3+ at U=6.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.0718 0.0921 0.097 0.091 0.0442 0.1055 

qe 25.827 51.004 29.568 43.27 21.37 44.465 

PSO qe 42.553 172.414 50.000 98.04 43.48 74.627 

k2 0.00145 6.97E-5 0.0013 0.00021 0.00195 0.00054 

Freund-

lich 

KF 2.532 7.997 0.7997 4.207 2.692 13.334 

n 1.851 3.016 1.183 2.14 2.403 5.152 

Lang-

muir 

qm 31.646 70.423 117.65 113.64 1666.67 49.261 

KL 0.048 0.0191 0.00434 0.00643 0.00015 0.0387 

Temkin B 5.088 6.155 11.546 8.221 5.581 3.331 

AT 1.7784 5.211 0.1984 1.086 0.772 327.824 

bT 486.963 402.510 214.583 301.36 443.914 743.86 

 

Table 7: Removal of La3+ at U=1.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.121 0.1474 0.124 0.116 0.046 0.052 

qe 6.217 7.246 7.191 7.415 9.996 8.469 

PSO qe 10.152 7.553 12.66 10.811 19.608 15.528 

k2 0.01599 0.0124 0.00185 0.0052 0.0023 0.00496 

Freund-

lich 

KF 0.7541 0.9663 0.171 0.946 0.223 0.213 

n 1.76 2.0008 1.173 1.997 1.364 1.3373 

Lang-

muir 

qm 16.53 20.284 60.976 23.042 42.373 92.593 

KL 0.0194 0.0093 0.00162 0.0084 0.0019 0.00086 

Temkin B 2.6553 4.7354 4.687 3.843 4.0265 3.818 

AT 0.463 0.1565 0.0917 0.192 0.0898 0.0913 

bT 933.067 523.202 528.583 644.748 615.317 648.919 
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 The tables 5-7 show the coefficients of the isotherm models equations and 

the pseudo-first order- and pseudo-second order model equations calculated for 

every electrode material after the separation of the La3+-ions from the water 

solutions at different voltage including 11.3V, 6.3V and 1.3V. Because the 

separation efficiency and the electrosorption capacity are changing at different 

voltage applied to the CDI-system, the coefficients for the mentioned model 

equations are also differing. The coefficients for lanthanum separation are also 

differing from other rare earth elements’ coefficients. 

 

5.6.2 Coefficients for the removal of Lu3+ from aqueous solutions 
 

Table 8: Removal of Lu3+ at U=11.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.0824 0.0743 0.0774 0.0803 0.077 0.082 

qe 41.829 63.39 58.833 59.883 57.679 55.451 

PSO qe 78.125 357.143 526.316 833.333 196.078 166.666 

k2 0.00043 1.84E-5 6.55E-6 2.48E-6 6.07E-5 8.443E-5 

Freund-

lich 

KF 12.73 41.792 28.98 20.943 37.218 23.248 

n 2.220 3.346 3.6311 14.620 3.235 3.5100 

Lang-

muir 

qm 84.746 86.96 66.225 107.53 73.53 70.922 

KL 0.1006 5.000 2.904 0.044 6.476 0.5803 

Temkin B 7.806 10.21 7.832 4.698 8.481 7.951 

AT 25.992 230.32 169.024 1570.81 303.433 74.791 

bT 317.385 242.661 316.336 527.401 292.146 311.625 

 

Table 9: Removal of Lu3+ at U=6.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.085 0.066 0.0923 0.0811 0.0923 0.0824 

qe 22.792 31.795 21.676 28.208 29.539 41.829 

PSO qe 36.364 78.125 33.333 51.0204 45.045 37.4532 
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k2 0.00134 0.00026 0.0014 0.00082 0.0025 0.0012 

Freund-

lich 

KF 3.624 4.363 3.527 21.432 6.649 3.224 

n 2.332 1.952 3.330 6.223 2.398 2.0263 

Lang-

muir 

qm 21.277 53.476 45.249 49.261 48.544 50.505 

KL 0.3294 0.043 0.0054 0.177 0.067 0.0209 

Temkin B 3.6932 9.197 3.298 3.375 6.9496 7.313 

AT 4.609 0.849 2.124 4655.21 3.0264 0.682 

bT 670.847 269.398 751.144 734.182 356.506 338.804 

 

Table 10:  Removal of Lu3+ at U=1.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.0752 0.1133 0.0772 0.097 0.0471 0.0411 

qe 8.2623 6.398 10.0674 8.31 10.555 8.92 

PSO qe 20.576 9.141 19.16 13.23 19.9601 17.73 

k2 0.00152 0.0087 0.0018 0.00293 0.0027 0.0051 

Freund-

lich 

KF 0.692 1.724 6.212 2.101 1.57 0.949 

n 1.885 2.862 6.5232 3.561 2.22 1.775 

Lang-

muir 

qm 7.943 13.48 16.835 12.516 12.469 14.286 

KL 0.0912 0.023 0.0484 0.0225 0.11 0.0482 

Temkin B 1.8074 2.182 1.3532 1.703 2.84 3.3873 

AT 0.738 0.640 144.304 1.146 0.733 0.396 

bT 1370.79 1135.67 1830.9 1455.08 872.63 731.43 

 

The tables 8-10 show the coefficients of the isotherm models equations and 

the pseudo-first order- and pseudo-second order model equations calculated for 

every electrode material after the separation of the Lu3+-ions from the water 

solutions at different voltage including 11.3V, 6.3V and 1.3V. Because the 

separation efficiency and the electrosorption capacity are changing at different 

voltage applied to the CDI-system, the coefficients for the mentioned model 
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equations are also differing. The coefficients for lutetium separation are also 

differing from other rare earth elements’ coefficients. 

 

5.6.3 Coefficients for the removal of Y3+ from aqueous solutions 
 

Table 11: Removal of Y3+ at U=11.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.2003 0.1409 0.092 0.0498 0.0406 0.152 

qe 14.95 70.232 27.636 31.381 13.066 49.5014 

PSO qe 25.773 80.645 46.948 78.74 36.765 54.054 

k2 0.024 0.00062 0.00142 0.00027 0.0064 0.0023 

Freund-

lich 

KF 9.933 12.272 10.466 10.463 13.994 19.397 

n 2.42 2.135 2.464 3.0534 2.698 2.8201 

Lang-

muir 

qm 47.393 91.743 61.728 65.790 75.19 67.568 

KL 0.1904 0.090 0.107 0.035 0.095 0.351 

Temkin B 6.1293 12.318 8.655 6.705 8.282 9.590 

AT 16.239 4.0733 4.843 10.299 14.863 20.357 

bT 404.218 201.134 286.31 369.539 299.162 258.363 

 

Table 12:  Removal of Y3+ at U=6.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.069 0.079 0.0613 0.075 0.0411 0.0674 

qe 12.024 29.651 23.715 20.235 11.452 29.892 

PSO qe 23.26 147.059 119.05 62.112 28.82 95.24 

k2 0.0063 4.46E-5 5.95E-5 0.0002 0.0063 0.00014 

Freund-

lich 

KF 5.452 19.114 3.305 2.80051 4.53 4.416 

n 2.183 6.165 1.7912 1.877 2.034 2.0004 

Lang-

muir 

qm 50.761 42.92 52.0833 47.170 46.083 57.804 

KL 0.0444 0.118 0.02961 0.02242 0.054 0.032 

Temkin B 5.933 3.283 9.824 8.008 8.191 8.987 
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AT 5.304 1813.56 0.5472 0.487 0.9782 0.845 

bT 417.592 754.713 252.201 309.387 302.482 275.684 

 

Table 13: Removal of Y3+ at U=1.3 V. 

 EM-1 EM-2 EM-3 EM-4 EM-5 EM-6 

PFO k1 0.125 0.0412 0.081 0.08 0.0491 0.079 

qe 3.729 3.74 7.9622 6.647 6.9213 8.8844 

PSO qe 6.242 7.734 13.8313 11.481 18.8324 14.706 

k2 0.009 0.014 0.00323 0.0034 0.001 0.00299 

Freund-

lich 

KF 0.2981 0.4206 0.548 0.553 0.232 0.44233 

n 1.319 1.4211 1.483 1.511 1.157 1.392 

Lang-

muir 

qm 55.866 95.24 54.054 37.453 208.333 39.526 

KL 0.0021 0.00121 0.00313 0.00454 0.00067 0.005 

Temkin B 4.484 7.22 6.0541 5.966 6.706 5.3224 

AT 0.179 0.0914 0.1186 0.120 0.088 0.122 

bT 552.487 343.282 409.24 415.31 369.467 465.499 

 

The tables 11-13 show the coefficients of the isotherm models equations and 

the pseudo-first order- and pseudo-second order model equations calculated for 

every electrode material after the separation of the Y3+-ions from the water 

solutions at different voltage including 11.3V, 6.3V and 1.3V. Because the 

separation efficiency and the electrosorption capacity are changing at different 

voltage applied to the CDI-system, the coefficients for the mentioned model 

equations are also differing. The coefficients for yttrium separation are also 

differing from other rare earth elements’ coefficients. 

 

5.6.4 Coefficients for the removal of Sc3+ from aqueous solutions 
 

The below presented tables 14-16 show the coefficients of the isotherm 

models equations and the pseudo-first order- and pseudo-second order model 
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equations calculated for every tested electrode material (only some electrode 

materials were tested), after the separation of the Sc3+-ions from the water 

solutions at different voltage including 11.3V, 6.3V and 1.3V. Because the 

separation efficiency and the electrosorption capacity are changing at different 

voltage applied to the CDI-system, the coefficients for the mentioned model 

equations are also differing. The coefficients for scandium separation are also 

differing from other rare earth elements’ coefficients. 

 

Table 14: Removal of Sc3+ at U=11.3 V. 

 EM-1 EM-2 EM-4 

PFO k1 0.1444 0.086 0.058 

qe 11.561 13.84 13.622 

PSO qe 19.305 49.751 161.29 

k2 0.0171 0.0002 1.66E-5 

Freund-

lich 

KF 6.843 6.408 9.721 

n 2.641 4.285 6.523 

Lang-

muir 

qm 27.248 16.84 18.15 

KL 0.288 0.258 0.541 

Temkin B 3.5997 1.711 1.268 

AT 21.268 127.103 14129.6 

bT 688.272 1448.11 1953.77 

 

Table 15: Removal of Sc3+ at U=6.3 V. 

 EM-1 EM-4 

PFO k1 0.0541 0.0741 

qe 4.751 10.821 

PSO qe 8.937 24.155 

k2 0.0067 0.00092 

Freund-

lich 

KF 1.8914 3.599 

n 1.837 4.174 
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Lang-

muir 

qm 13.888 10.764 

KL 0.1024 0.1684 

Temkin B 3.353 1.214 

AT 1.8641 35.86 

bT 738.934 2041.51 

 

Table 16: Removal of Sc3+ at U=1.3 V. 

 EM-1 

PFO k1 0.079 

qe 8.8844 

PSO qe 3.059 

k2 0.0662 

Freund-

lich 

KF 0.265 

n 1.6912 

Lang-

muir 

qm 3.945 

KL 0.045 

Temkin B 0.7794 

AT 0.623 

bT 3178.82 

 

The tables 5-16 show the coefficients from Freundlich-, Langmuir-, Temkin 

electrosorption model equations and Pseudo-First Order and Pseudo-Second 

Order electrosorption capacity equations, which were calculated with help of the 

least square method in Microsoft Excel software. The coefficients are gotten for 

the separation of La3+, Lu3+, Y3+ and Sc3+ at all the values of the applied potential 

and for every tested electrode material. 

As it can be noticed from the tables 5-16, the values of the coefficients of the 

Freundlich model equation (KF, n) and Langmuir model equation (qm, KL) are 

mostly becoming bigger with the increase of the applied electric voltage to the 

CDI-system for every electrode material and for every rare earth element which 
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was separated from water solutions during this work. For the coefficients of the 

Temkin model equation (B, AT, bT), the B and AT are also mostly increasing with 

the increase of the applied electric voltage to the CDI-system for every electrode 

material and for every rare earth element, while the unitless coefficient bT is 

decreasing with the increase of the electric voltage. Only some single values of 

these coefficients sometimes deviate from the observed logic.  

The values of the coefficients of the Pseudo-First Order model equation (k1, 

qe) and Pseudo-Second Order model equation (qe, k2) follow the same logic as the 

coefficients of Freundlich- and Langmuir model during the increasing of the 

applied electric voltage to the CDI-system. Only some single values of these 

coefficients sometimes deviate from the observed logic.     
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6 Electric Double Layer Characterization 
 

6.1 Electric-Double Layer Parameters 
 

The below presented tables 17-21 show the electric double layer 

parameters, including thickness of electric double layer, differential capacitances 

and others, for the electrodes at certain conditions for every tested rare earth 

element. The parameters are the same for every electrode material as they are 

independent of the electrode’s content. The parameters are different for every 

tested rare earth element. 

 

6.1.1 EDL-parameters for La3+, 10 ppm & 200 ppm 200ml-solutions 
 

Table 17: Electric-Double Layer parameters of electrodes during treatment procedure for 10 & 200 ppm 

200ml-solutions of La3+. 

 c = 10 ppm c = 200 ppm 

 𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝒏𝒊
𝒐, [

𝟏

𝒎𝟑
] 

4.336E+22 
 

8.672E+23 
 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

3.834E-45 
 

0.000E+00 
 

0.000E+00 
 

7.668E-44 
 

0.000E+00 
 

0.000E+00 
 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

9.863E+31 
 

8.768E+160 
 

7.794E+289 
 

4.411E+32 
 

3.921E+161 
 

3.486E+290 
 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

5.866E-02 
 

5.866E-02 
 

5.866E-02 
 

2.623E-01 
 

2.623E-01 
 

2.623E-01 
 

𝑪𝑺, [
𝑭

𝒎𝟐
] 

1.705E+01 
 

1.705E+01 
 

1.705E+01 
 

3.812E+00 
 

3.812E+00 
 

3.812E+00 
 

𝛋 𝟏, [𝒎] 1.185E-08 1.185E-08 1.185E-08 2.650E-09 
 

2.650E-09 
 

2.650E-09 
 

 

The table 17 shows the EDL-parameters of the cathode during the treatment 

procedures for 200ml-solutions of La3+-ions at 10 & 200 ppm concentrations. As 

it can be noticed from the table, the EDL-thickness is decreasing with the increase 
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of the electrolyte concentration. At 10 ppm the EDL-thickness for La3+-solution is 

1.185∙10-8 m (=11.85 nm), but at 100 ppm it is 2.650∙10-9 m (=2.65 nm), which is 

4.5 times less than at 10 ppm concentration.   

The Gouy-Chapman capacitance is increasing with increase of the voltage 

and concentration. 

 The Helmholtz and Stern capacitances are independent of the applied 

voltage, but they are changing with the change of concentration. The Helmholtz 

capacitance is increasing with increase of the concentration, while the Stern 

capacitance is decreasing. 

 At 10 ppm the Helmholtz capacitance for La3+-solution is 0.05866 F/m2, but 

at 200 ppm it is 0.2623 F/m2. The Stern capacitance at 10 ppm for La3+-solution is 

17.05 F/m2, but at 200 ppm it is 3.812 F/m2. 

 

6.1.2 EDL-parameters for Lu3+, 10 ppm & 200 ppm 200ml-solutions 
 

Table 18: Electric-Double Layer parameters of electrodes during treatment procedure for 10 & 200 ppm 

200ml-solutions of Lu3+. 

 c = 10 ppm c = 200 ppm 

 𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝒏𝒊
𝒐, [

𝟏

𝒎𝟑
] 

3.442E+22 
 

6.885E+23 
 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

3.044E-45 
 

0.000E+00 
 

0.000E+00 
 

6.088E-44 
 

0.000E+00 
 

0.000E+00 
 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

8.788E+31 
 

7.812E+160 
 

6.945E+289 
 

3.930E+32 
 

3.494E+161 
 

3.106E+290 
 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

5.226E-02 
 

5.226E-02 
 

5.226E-02 
 

2.337E-01 
 

2.337E-01 
 

2.337E-01 
 

𝑪𝑺, [
𝑭

𝒎𝟐
] 

1.913E+01 
 

1.913E+01 
 

1.913E+01 
 

4.278E+00 
 

4.278E+00 
 

4.278E+00 
 

𝛋 𝟏, [𝒎] 1.330E-08 1.330E-08 1.330E-08 2.974E-09 2.974E-09 2.974E-09 
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The table 18 shows the EDL-parameters of the cathode during the treatment 

procedures for 200ml-solutions of Lu3+-ions at 10 & 200 ppm concentrations. As 

it can be noticed from the table, the EDL-thickness is decreasing with the increase 

of the electrolyte concentration. At 10 ppm the EDL-thickness for Lu3+-solution is 

1.330∙10-8 m (=13.30 nm), but at 200 ppm it is 2.974∙10-9 m (=2.974 nm), which is 

the same as for lanthanum ions 4.5 times less than at 10 ppm concentration.   

The Gouy-Chapman capacitance is increasing with increase of the voltage 

and concentration. 

 The Helmholtz and Stern capacitances are independent of the applied 

voltage, but they are changing with the change of concentration. The Helmholtz 

capacitance is increasing with increase of the concentration, while the Stern 

capacitance is decreasing. 

 At 10 ppm the Helmholtz capacitance for Lu3+-solution is 0.05226 F/m2, but 

at 200 ppm it is 0.2337 F/m2. The Stern capacitance at 10 ppm for La3+-solution is 

19.13 F/m2, but at 200 ppm it is 4.278 F/m2. 

 

6.1.3 EDL-parameters for Y3+, 10 ppm & 200 ppm 200ml-solutions 
 

Table 19: Electric-Double Layer parameters of electrodes during treatment procedure for 10 & 200 ppm 

200ml-solutions of Y3+. 

 c = 10 ppm c = 200 ppm 

 𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝒏𝒊
𝒐, [

𝟏

𝒎𝟑
] 

6.775E+22 
 

1.355E+24 
 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

5.991E-45 
 

0.000E+00 
 

0.000E+00 
 

1.198E-43 
 

0.000E+00 
 

0.000E+00 
 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

1.233E+32 1.096E+161 9.742E+289 5.513E+32 4.901E+161 4.357E+290 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

7.332E-02 
 

7.332E-02 
 

7.332E-02 
 

3.279E-01 
 

3.279E-01 
 

3.279E-01 
 

𝑪𝑺, [
𝑭

𝒎𝟐
] 

1.364E+01 
 

1.364E+01 
 

1.364E+01 
 

3.050E+00 
 

3.050E+00 
 

3.050E+00 
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𝛋 𝟏, [𝒎] 9.479E-09 
 

9.479E-09 
 

9.479E-09 
 

2.120E-09 
 

2.120E-09 
 

2.120E-09 
 

 
The table 19 shows the EDL-parameters of the cathode during the treatment 

procedures for 200ml-solutions of Y3+-ions at 10 & 200 ppm concentrations. As it 

can be noticed from the table, the EDL-thickness is decreasing with the increase 

of the electrolyte concentration. At 10 ppm the EDL-thickness for Y3+-solution is 

9.479∙10-9 m (=9.479 nm), but at 200 ppm it is 2.120∙10-9 m (=2.120 nm), which is 

the same as for lanthanum and lutetium ions 4.5 times less than at 10 ppm 

concentration.   

The Gouy-Chapman capacitance is increasing with increase of the voltage 

and concentration. 

 The Helmholtz and Stern capacitances are independent of the applied 

voltage, but they are changing with the change of concentration. The Helmholtz 

capacitance is increasing with increase of the concentration, while the Stern 

capacitance is decreasing. 

 At 10 ppm the Helmholtz capacitance for Y3+-solution is 0.07332 F/m2, but 

at 200 ppm it is 0.3279 F/m2. The Stern capacitance at 10 ppm for Y3+-solution is 

13.64 F/m2, but at 200 ppm it is 3.05 F/m2. 

                            
6.1.4 EDL-parameters for Sc3+, 5 ppm, 100 ppm & 200 ppm 200ml-solutions 
 

Table 20: Electric-Double Layer parameters of electrodes during treatment procedure for 5 & 100 ppm 

200ml-solutions of Sc3+. 

 c = 5 ppm c = 100 ppm 

 𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝝋 = 

𝟏. 𝟑 𝑽 

𝝋 = 

𝟔. 𝟑 𝑽 

𝝋 = 

𝟏𝟏. 𝟑 𝑽 

𝒏𝒊
𝒐, [

𝟏

𝒎𝟑
] 

1.340E+23 
 

1.340E+24 
 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

1.185E-44 
 

0.000E+00 
 

0.000E+00 
 

1.185E-43 
 

0.000E+00 
 

0.000E+00 
 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

1.734E+32 
 

1.541E+161 
 

1.370E+290 
 

5.482E+32 
 

4.874E+161 
 

4.332E+290 
 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

1.031E-01 
 

1.031E-01 
 

1.031E-01 
 

3.261E-01 
 

3.261E-01 
 

3.261E-01 
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𝑪𝑺, [
𝑭

𝒎𝟐
] 

9.699E+00 
 

9.699E+00 
 

9.699E+00 
 

3.067E+00 
 

3.067E+00 
 

3.067E+00 
 

𝛋 𝟏, [𝒎] 6.741E-09 
 

6.741E-09 
 

6.741E-09 
 

2.132E-09 
 

2.132E-09 
 

2.132E-09 
 

 

Table 21: Electric-Double Layer parameters of electrodes during treatment procedure for 200 ppm 200ml-

solutions of Sc3+. 

 𝝋 = 𝟏. 𝟑 𝑽 𝝋 = 𝟔. 𝟑 𝑽 𝝋 = 𝟏𝟏. 𝟑 𝑽 

𝒏𝒊
𝒐, [

𝟏

𝒎𝟑
] 

2.680E+24 

 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

2.369E-43 

 

0.000E+00 

 

0.000E+00 

 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

7.753E+32 

 

6.892E+161 

 

6.127E+290 

 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

4.611E-01 

 

4.611E-01 

 

4.611E-01 

 

𝑪𝑺, [
𝑭

𝒎𝟐
] 

2.169E+00 

 

2.169E+00 

 

2.169E+00 

 

𝛋 𝟏, [𝒎] 1.507E-09 

 

1.507E-09 

 

1.507E-09 

 

 

The tables 20-21 show the EDL-parameters of the cathode during the 

treatment procedures for 200ml-solutions of Sc3+-ions at 5, 100 & 200 ppm 

concentrations. As it can be noticed from the tables, the EDL-thickness is 

decreasing with the increase of the electrolyte concentration. At 5 ppm the EDL-

thickness for Sc3+-solution is 6.741∙10-9 m (=6.741 nm), but at 100 ppm & 200 

ppm is 2.132∙10-9 m (=2.132 nm) and 1.507∙10-9 m (=1.507 nm), respectively. At 

200 ppm it is the same as for lanthanum, lutetium and yttrium ions 4.5 times less 

than at 10 ppm concentration.   

The Gouy-Chapman capacitance is increasing with increase of the voltage 

and concentration. 

 The Helmholtz and Stern capacitances are independent of the applied 

voltage, but they are changing with the change of concentration. The Helmholtz 
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capacitance is increasing with increase of the concentration, while the Stern 

capacitance is decreasing. 

 At 10 ppm the Helmholtz capacitance for Sc3+-solution is 0.1031 F/m2, but at 

100 ppm and 200 ppm is 0.3261 F/m2 and 0.4611 F/m2, respectively. The Stern 

capacitance at 10 ppm for Sc3+-solution is 9.699 F/m2, but at 100 ppm and 200 

ppm is 3.067 F/m2 and 2.169 F/m2, respectively. 

 

6.2 Comparison of the Electric Double Layer Parameters for different 
elements 
 

6.2.1 EDL parameters for 200 ppm solution, U=1.3 V 
 

Table 22: Comparison table of certain EDL-parameters during treatment procedure of 200 ppm solutions of 

La3+, Lu3+, Y3+ and Sc3+ at 1.3 V applied potential. 

 La3+ Lu3+ Y3+ Sc3+ 

𝒏𝒊, [
𝟏

𝒎𝟑
] 

7.668E-44 6.088E-44 1.198E-43 2.369E-43 

𝑪𝑮𝑪, [
𝑭

𝒎𝟐
] 

4.411E+32 3.930E+32 5.513E+32 7.753E+32 

𝑪𝑯, [
𝑭

𝒎𝟐
] 

2.623E-01 2.337E-01 3.279E-01 4.611E-01 

𝑪𝑺, [
𝑭

𝒎𝟐
] 

3.812E+00 4.278E+00 3.050E+00 2.169E+00 

𝛋 𝟏, [𝒎] 2.65E-09 2.974E-09 2.12E-09 1.51E-09 

 

6.2.2 Gouy-Chapman differential capacitance for 200 ppm solutions  
 

Table 23: Comparison table of Gouy-Chapman differential capacitance in  (EDL parameter) during 

treatment procedure of 200 ppm solutions of La3+, Lu3+, Y3+ and Sc3+ at 1.3 V applied potential. 

 La3+ Lu3+ Y3+ Sc3+ 

U=1.3 V 4.411E+32 3.930E+32 5.513E+32 7.753E+32 

U=6.3 V 3.921E+161 3.494E+161 4.901E+161 6.892E+161 
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U=11.3 V 3.486E+290 3.106E+290 4.357E+290 6.127E+290 

 

From the above presented tables in the chapter-6 with the certain electric 

double layer parameters it can be noticed, that the thickness of the electric double 

layer decreases with the increase of the electrolyte concentration. The change of 

the applied potential does not influent to the thickness of the electric double layer 

presented at the electrodes. For every tested rare earth element the EDL-thickness 

decreases with the same ratio when the electrolyte concentration decreases. As the 

example, for every tested rare earth element ions La3+, Lu3+, Y3+ and Sc3+ the 

EDL-thickness for electrode decreases by the same factor of ~4.5 (4.47) when the 

concentration of electrolyte changes from 10 ppm to 200 ppm.  

The Gouy-Chapman Differential Capacitance is increasing rapidly with the 

increase of the applied potential. For different chemical elements their differential 

capacitance values (to the electrodes) are different: from scandium to lutetium 

they are slightly increasing if the applied electric voltage is unchanged. And it 

follows that at the higher Gouy-Chapman differential capacitance, as well as at 

the higher voltage, the separation efficiency increases for every rare earth element. 

However, based on the obtained results, there is no precise dependency between 

the removal efficiency by CDI and the Gouy-Chapman Differential Capacitance 

values for every rare earth element. 

 The Helmholtz- and Stern differential capacitances, as well as the EDL-

thickness, are independent of the applied electric voltage to the CDI-system. The 

Helmholtz capacitance is increasing with the increase of the electrolyte 

concentration. The Stern capacitance is decreasing when the concentration is 

increasing. In overall, based on the obtained results, there is no precise 

dependency between the removal efficiency by CDI and the Helmholtz- and Stern 

capacitance for every rare earth element.  

 The rare earth elements with the shorter atomic radius and the smaller atomic 

mass make the EDL at the electrodes thinner, while the elements with longer 

atomic radius and bigger atomic mass make the EDL thicker. 
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 For the behavior of the Gouy-Chapman- and Helmholtz capacitance the logic 

is opposite. The Gouy-Chapman capacitance increases with the decrease of the 

atomic radius and mass. However, for the Stern capacitance behavior, the logic is 

opposite to the Gouy-Chapman- and Helmholtz capacitances. 

 In the future research, related to this work, it is possible to perform certain 

observations and analysis for the dependency of removal efficiency between some 

other EDL parameters, which possibly may increase the removal efficiency for all 

the rare earth elements.      
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7 Improvement and optimization methods 

 

1) Using Cation-Exchange Membrane based on PVA & SSA resulting in the 

increased separation efficiency. 

2) Using Synthesized Aminated Polysulfone (as anion-exchange membrane) 

and Sulfonated Poly(phenylene oxide) (as cation-exchange membrane), 

can give the separation efficiency up to 100% (for several elements) 

according to the earlier published research articles.  

3) Trying to reduce the amount of plastic binder resulting in increase of 

electrical conductivity and removal efficiency. 

4) Trying to replace the plastic binder by electrically conductive binder 

resulting in increase of electrical conductivity and removal efficiency 

5) Trying to find new electrode material (with other content) which can give 

the higher efficiency. 

6) Trying to find other electrode regeneration methods to prolong electrodes’ 

lives resulting in the less consumption of the electrode material 

components for their fabrication. 

7) Test the efficiency of different electrode materials at different pH values, 

T and circulation rate what may result in higher separation efficiency. 

8) Trying to find the optimal distances between electrodes in CDI-cell what 

may result in higher efficiency 
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8 Conclusion 

 

After all the electrode materials were tested for the removal of several rare 

earth elements (La, Lu, Y and Sc) from aqueous solutions at different applied 

voltages, it was determined that at the higher voltage magnitudes the separation 

efficiency increases rapidly for all the electrode materials. As the result, at the 

highest applied voltage 11.3 V (corresponds to the highest Gouy-Chapman 

differential capacitance) the separation efficiency was several times higher than at 

1.3 V (corresponds to the lowest Gouy-Chapman differential capacitance). For 

seven different electrode materials there were noticed differences in the separation 

efficiencies for all the tested elements. For all the electrode materials the best 

separation efficiency was reached for La3+ removal, then a bit lower separation 

efficiency for Lu3+ removal, then for Y3+ is significantly lower and for Sc3+ the 

separation efficiency is the lowest among all of the tested rare earth elements what 

corresponds to their order of the chemical reactivity as Lanthanum has the highest 

reactivity and Scandium has the lowest reactivity among all the rare earth 

elements. Among all the electrode materials the electrode materials number Three, 

Five, Six and Seven are the most stable, because they have the least brittleness 

level compared to other ones which are extremely brittle. But with the best 

removal efficiency is the electrode material number Two (mostly). For removal of 

different elements the performances of the electrode materials are slightly 

varying.  

I suggest to use for the removal of the following elements from water 

solutions the following electrode materials according to their high electrosorption 

capacity values obtained during this work (the best is from left): 

La: EM-2, 4, 1; 

Lu: EM-2, 4, 3; 

Y: EM-2, 5, 6, 1; 

Sc: EM-1. 

In the future research it is possible to improve the electrosorption capacity 

and removal efficiency for electrodes by changing their content, trying to increase 
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the electrical conductivity, to enhance them with several types of cation/ anion 

exchange membranes which can give even higher removal efficiencies, trying to 

find the precise dependency between the removal efficiency and some other EDL-

parameters, etc.    
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