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Abstract 

Chronic and excessive fluoride consumption in drinking waters above the international 

standards has implications for human health. Electrosorption is an interesting option for 

water treatment and consists in the electrical polarization of a conductive adsorbent with 

high surface area and pore volume. This work first reports the effect of the pore-size 

distribution of two commercial activated carbons, a coconut-shell carbon (95% 

microporous) and a bituminous carbon (25% of mesopores). Electrosorption was evaluated 

at several potentials (Ecell = 1.2, 1.6, 2 and 2.4 V). The fluoride removal capacity and rate 

without polarizing was really low and increased at different degrees as a function of 

increasing the applied potential for both carbons. At 2 Vcell, the removal capacity of the 

carbons increased ~6 times, compared to that of conventional adsorption, while the removal 

rate of the bituminous carbon was ~4 times faster than that of the coconut-shell carbon at 

short times (<30 minutes) and at all potentials. Then, the bituminous carbon performed 

better as an electrode, which was attributed to the presence of mesopores, as they enhance 

the mass-transport and allow a better allocation of the electrical double-layer. 

Then, the bituminous activated carbon was impregnated with 3 La(III) percentages (w/w): 

La-0.5%, La-1.5% and La-2.0%. The formed La(III) clusters decreased the surface area and 

pore volume of the adsorbents, which also decreased their polarizable surface. In addition, 

the deprotonation of the hydroxyls provided by the La(III) clusters increased the input of 

negative charges on the carbon surface. Electrosorption was evaluated by applying 0.8 V 

(vs. Ag/AgCl/3M NaCl) in two profiles: (i) polarizing from the beginning and (ii) 

polarizing after the adsorption equilibrium. In situ information helped to explain and 

corroborate the processes taking place during both profiles. Further studies comprised the 

evaluation of fluoride desorption by depolarizing at the open circuit potential and by 

reversing the polarization at negative potentials, in which the surface of the carbons 

oxidized after each polarization. 

The last step comprised the evaluation of fluoride electrosorption in the presence of 

competing anions of environmental relevance (chloride, nitrate, sulfate, phosphate and 

arsenate) by La-0.5% and La-1.5% (w/w%) using equimolar initial concentrations (0.263 

mM of each studied anion) in both binary solutions (F- vs. competing anion) and in a 

complex mixture comprising all anions. For La-0.5%, the presence of nitrate and chloride 

did not significantly modify its fluoride removal, while these same anions decreased the 

fluoride removal of La-1.5% by half. In general, the divalent anions competed the most 

during the kinetics. The discussion of the results was not only centered in the charge and 

hydrated radius of the anions, but is was expanded to other thermodynamic parameters that 

also denote selectivity, as the hydration energies and mass-transport parameters.  
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Resumen 

El consumo crónico de fluoruro en agua por encima de estándares internacionales implica 

degeneración dela salud. La electroadsorción en un acercamiento interesante para el 

tratamiento de agua con bajas concentraciones de iones orgánicos e inorgánicos, tales como 

el fluoruro, y consiste en la polarización eléctrica de un adsorbente conductor con alta área 

específica y volumen de poro. 

Este trabajo reporta primeramente el efecto de la distribución del tamaño de poro de dos 

carbones activados comerciales, concha de coco (95% microporoso y 5% mesoporoso) y 

carbón bituminoso (25% de mesoporos). La electroadsorción se evaluó a diferentes 

potenciales (Ecelda = 1.2, 1.6, 2 and 2.4 V). La remoción de fluoruro sin polarizar fue 

realmente baja e incrementó en diferentes grados en función de incrementar el potencial 

aplicado. Al polarizar a 2 Vcelda, la capacidad de los carbones incrementó ~6 veces, 

comparado con la adsorción convencional, mientras que la velocidad del carbón bituminoso 

fue ~4 veces más rápida que la de concha de coco a tiempos cortos y a todos los 

potenciales. Entonces, el carbón bituminoso se desempeñó mejor como electrodo, lo cual se 

atribuyó a la presencia de mesoporos, ya que mejoran el transporte de masa y permiten un 

mejor acomodo de la doble capa eléctrica. 

Posteriormente, el carbón activado bituminoso se impregnó con 3 porcentajes de La(III): 

La-0.5%, La-1.5% and La-2.0%. Los clústers formados disminuyeron el área superficial y 

el volumen de poro de los adsorbentes, lo cual también disminuyó su superficie polarizable. 

Además, la desprotonación de los hidroxilos proporcionados por los clústers de La(III) 

incrementaron las cargas negativas en la superficie del electrodo. La electroadsorción se 

evaluó aplicando 0.8 V (vs. Ag/AgCl/NaCl 3M) en dos perfiles: (i) polarizando desde el 

inicio y (ii) polarizando después del equilibrio de adsorción. Información obtenida in situ 

ayudó a explicar y corroborar los procesos que tuvieron lugar durante ambos perfiles. 

También se evaluó la desorción de fluoruro por despolarización y por inversión de la 

polarización a potenciales negativos. 

En último apartado se estudió la electroadsorción de fluoruro en presencia de aniones de 

relevancia ambiental (cloruro, nitrato, sulfato, fosfato y arseniato) con los electrodos La-

0.5% y La-1.5% (p/p%). Esto se realizó utilizando concentraciones equimolares iniciales 

(0.263 mM de cada anión estudiado) en soluciones binarias (F- vs. anión de competencia) y 

en una mezcla compleja que contenía a todos los aniones de forma simultánea. Para La-

0.5%, la presencia de nitrato y cloruro no modificó de forma significativa su remoción de 

fluoruro, mientras que sí disminuyeron el desempeño de La-1.5% a la mitad. En general, 

los aniones divalentes compitieron mucho más durante las cinéticas. La discusión de los 

resultados no sólo se centró en la carga y el radio hidratado de los aniones, sino que la 

discusión se basó en otros parámetros termodinámicos que también denotan selectividad, 

como las energías de hidratación y parámetros de transporte de masa. 
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Outline 

 

Chapter One provides an theoretical background on several relevant topics on fluoride 

electrosorption, which comprise water pollution processes, water pollution with fluoride by 

overexploitation of groundwaters, although mostly centered in San Luis Potosí, México. 

Afterwards, topics involve electrosorption for water treatment, with special interest in the 

structure and (physical, chemical and electrical) properties of the electrode, carbon-based 

materials. Some practical aspects of the electrosorption cell are also discussed, especially 

those related to the surface charges of activated carbons and how their understanding 

provides an insight of the electrosorption performance. Afterwards, fluoride electrosorption 

is revised, the State-of-the-Art of activated carbons modified with metals and finalizing 

with the importance to consider lanthanum as a promising modifying agent even for 

electrosorption. 

In Chapter Two, fluoride electrosorption was evaluated by two commercial activated 

carbons (bituminous F-400 and coconut-shell) with a similar surface area (SBET), surface 

chemistry (pHPZC) and charging processes (current and charge profiles), but with 

significant differences in their pore-size distributions. Fluoride electrosorption was 

evaluated in sacrifice cells by polarizing at several potentials beyond that of water 

electrolysis (Ecell = 0, 1.2, 1.6, 2.0 and 2.4 V) to additionally address the effect of parasitic 

faradaic reactions during the electrosorption kinetics. Chapter Three centers in the 

fluoride electrosorption results of the bituminous activated carbon F400 impregnated with 

three La(III) percentages: La-0.5%, La-1.5% and La-2.0%. The textural, physicochemical 

and electrochemical properties of the materials were completely characterized and their 

electrosorption performances were extensively evaluated under different conditions. In 

addition, desorption and electrosorption cycles were studied with particular interest in the 

analysis of the stability of the electrode. 

Chapter Four described the fluoride electrosorption performance in the presence of 

competing anions for La-0.5% and La-1.5%. The studied competing anions were those of 

environmental relevance: chloride, nitrate, arsenate, sulfate and phosphate and the kinetics 

were performed using equimolar initial concentrations in both binary solutions (fluoride vs. 

anion) and in a complex mixture comprising all anions. The last sections of the thesis 

comprise Chapter Five, which provides a global discussion on the most relevant findings 

of the thesis, followed by the sections Final conclusions and Perspectives. 
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Introduction 
 

Pollution processes decrease the quality and finite quantity of water available for human 

consumption. For the specific case of areas located in arid and semi-arid zones, i.e., zones 

with important levels of hydric stress, over-exploitation of groundwaters is one of the main 

processes that simultaneously affects water quantity and quality. In groundwaters, water 

quality if a function of the depth, as depth will modify the temperature and thus, most 

chemical equilibria, such as the solubility of gases and of minerals, among others. Then, 

water quality could decrease when these minerals comprise hazardous components or ions 

in its structure, in which their higher solubility will increase their concentration in the water 

reservoir. In San Luis Potosí, our research area, fluoride highlights among these primary 

inorganic pollutants, as there is an abundance of minerals that contain fluoride. Fluoride, on 

the other hand, promotes important and undesired health implications, such as skeletal and 

odontological deformations. For this, international guidelines established that fluoride 

concentration in drinking waters should not exceed 1.5 ppm, while in Mexico, the guideline 

established a limit of only 1 ppm. Nevertheless, its concentration has been reported several 

times higher (~5 ppm) in the metropolitan area of San Luis Potosí and its suburbs than 

those previous recommended values, while farther regions could present even 20 ppm. 

Then, it becomes crucial to remove fluoride from these water sources for human 

consumption, although conventional water treatment processes lack selectivity and/or 

performance (removal capacity and velocity) towards this specific anion, especially in such 

low concentrations. Several processes and technologies have already evaluated fluoride 

removal in different conditions. Among them, electrosorption highlights as one excellent 

option, in which the performance of adsorbents with good electrical conductivity is 

enhanced by the imposition of an electrical stimulus by an external power source. In this 

sense, the State-of-the-Art is focusing on studying commercial activated carbon electrodes 

modified with metals, which not only increase the polarity of the surface and promote 

stronger interactions towards fluoride anions, but some metallic compounds can also 

increase the electrical conductivity of the new hybrid electrode. The main goal of this work 

was to impregnate a commercial activated carbon with lanthanum, as the physicochemical 

properties of lanthanum have been reported to increase the fluoride removal by a 

chemisorption mechanism, while lanthanum compounds have also shown important 

capacitive properties during a several hundredths of cycles, which could also retain fluoride 

by electrostatic interactions and directly correlates to the possible reusability of the hybrid 

lanthanum-carbon electrode for several cycles.  
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Chapter one: Background 

 

1.1 Stress on water quality and quantity 

Water is one of the most abundant substances in our planet. The first organisms appeared in 

an aqueous environment and the unique properties of this molecule had its implications in 

the development of life and its evolution through history. Even when water can be found 

naturally in three states of matter and it is an ubiquitous resource, organisms rely on 

drinkable water sources, i.e., water than can be consumed without any health implications. 

Then, the absence and limitations of drinking water will hinder the proper development of 

life in the planet. For this reason, the main (biotic) interest is to have access to this resource 

with a sufficient quantity and proper quality standards that do not limit the development of 

organisms nor its quality of life. Nevertheless, drinkable water sources are far more limited 

than other water sources and its quantity (and quality) is reduced every year due to several 

processes. For the aim of this manuscript, the discussion will be centered in environmental 

pollution, overpopulation and overexploitation, especially centered in groundwaters, to 

finally address groundwater pollution by the modification of the chemical equilibria due to 

groundwater exploitation. 

Pollution processes and the subsequent alteration of the ecosystems and ecological 

relationships is a problem associated to technological and industrial human development. 

This is of relevance as the physical, chemical and biological parameters to evaluate water 

quality have significantly increased over time, in conjunction with the increasing demand 

on their detection and quantification limits by analytical instruments. Regarding human 

health, one of the most severe impacts is the lack of sanitation and disinfection. This limits 

the access to drinkable water and affects directly to more than one third of the total 

population of the planet [1]. Biological hazards, such as cholera and typhoid, have killed 

millions of people in the past, promoting states of emergency in developing countries even 

nowadays [2]. 

Concerning non biological hazards, a common report on water quality for drinking water 

must provide information on 161 chemical agents [3]. This list comprises common species 

already present in natural waters, such as nitrate, phosphate and fluoride, heavy metals, 

pesticides and emerging pollutants. It is worth to highlight that these 161 agents do not 

include common derivatives and other isoforms of the chemical entities listed, for which 

the number is much higher. For example, some pollutants are reported as a comprehensive 

set, such as chlorophenols, chlorobenzenes, synthetic detergents, oils, products obtained 

from oil and polynuclear aromatic hydrocarbons, among others [3]. On the other hand, the 

hydrosphere is not a hermetic nor an isolated compartment from the other environmental 
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compartments (soil, air, organisms), but it is highly interconnected and presents a high 

degree of matter and energy exchanges [2]. Then, pollution processes should not be 

identified and studied only in water, as those occurring in air and soil and even in 

organisms could impact water quality. It is worth reiterating that hazardous entities could 

also be present naturally without any human intervention, although human intervention 

could increase their content and concentration, as will be addressed below. 

Over exploitation is another factor that has modified the ratio or balance between the 

density of organisms (per unit of area) and the quantity and quality of water in their 

environment. The decrease in water availability is related to overpopulation, in which 

higher population implies a higher consumption of the resource over shorter periods of 

time, which leads to over exploitation. Over exploitation reduces the time to recover the 

aquifer storage capacity above the annual average recharge [4], decreasing the access to the 

resource as a function of time, possibly reaching to its depletion. One third of the global 

population lives in high water stress situations [5], which promotes new problems and 

inconveniences related to water transport and storage from, most times, distant regions 

[6,7]. Over exploitation is not only related to a higher consumption due to overpopulation, 

as several industrial processes are highly dependent on significant amounts of the resource. 

Then, non-overpopulated industrial zones can present a high degree of hydric stress due to 

water overexploitation. 

It is also worth to highlight that the composition of groundwaters change as a function of its 

depth. As an example, the temperature of water and oxygen solubility decreases as a 

function of increasing the depth of the water reservoir, which modifies several chemical 

reactions and equilibria and thus, the presence and concentration of species [2,8,9,10]. 

Then, overexploitation of depth water reservoirs promotes that the water quality of the 

extracted liquid also changes as a function of time (i.e, as a function of the depth), which 

could increase the concentration of toxic species that were not present at more surface 

levels. In this regard, the presence of trace elements of natural origin derived from 

dissolution processes can be substantial in several regions, and their presence and impact 

are not always considered in the design and implementation of groundwater treatment 

processes [11]. This is of great interest as it reflects a correlation and interrelationship 

between overexploitation and pollution processes, which is totally unrelated to the 

anthropogenic input of toxic species reviewed above. This previous, the pollution of 

groundwaters as a function of over exploitation, event will be further addressed upon next 

for the specific case of fluoride. 
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1.2 Fluoride pollution 

1.2.1 Hydrogeochemistry and over exploitation of groundwater 

Arid and semi-arid zones present a high hydric stress due to the low or null margin of 

recharge or quantity of the resource [12,13]. Arid and semi-arid zones cover about 41% of 

the surface of the planet and more than 38% of the total global population is settled there 

[4]. Some particularities of these zones are a low productivity of vegetation, due to the low 

and erratic availability of rainwater, temperature fluctuations and an intense solar radiation 

[14]. Then, water is the most limiting resource for organisms in such regions, in general, 

and more than 250 million people are affected by water scarcity in arid and semi-arid zones 

located in developing countries [15,16]. 

Groundwaters represent an abundant resource for drinking water supply in arid and 

semiarid zones and their availability can be affected by the processes explained above. In 

addition, the rocks that hold water in these spaces strongly affect its quality, but also 

groundwater itself is responsible for the formation of several secondary minerals [2]. The 

geological framework, i.e., the lithology, hydrology and hydrogeochemistry, determines the 

specific conditions that controls and differentiates the aquifer [17]. Then, the contact of 

groundwater with nearby rocks, gases and biological metabolites determines the chemical, 

physical and biological processes occurring during water infiltration and thus, the final 

composition of this complex aquifer system [8]. For this same reason, research on 

groundwater quality represents a problem due to the heterogeneity and anisotropy of the 

media where water runs and deposits. In this regard, the presence of trace elements of 

natural origin derived from dissolution processes can be substantial in several regions, but 

their presence and impact are not considered in the design and implementation of 

groundwater treatment processes [11]. In Mexico, a great amount of groundwaters changed 

the chemical composition and quality of such waters mainly due to an inadequate 

exploitation policy, but also due to filtration of polluted water [9,11,18]. 

1.2 Fluoride pollution 

San Luis Potosí (SLP) is a State at the center of Mexico located in a semi-arid zone. The 

rain average is of 400 mm per year, which occurs primarily in the summer (from June to 

September), and with a mean temperature between 17 and 21 °C [19]. The capital city of 

SLP and its suburbs have presented a considerable urban and industrial growth in the last 

decades, which has promoted an intensive exploitation of groundwaters: 92% of the water 

used for urban development comes from groundwater sources. Exploitation of 

groundwaters has occurred between 180 m and 350 m, but the dejection of phreatic levels 

has promoted deeper perforation up to 700 and 1000 m [10]. 

This specific urban and geologic scenario of SLP combined with the specific 

hydrogeological precarious conditions due to the imbalance between charge and extraction 
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has caused many inconveniences of subsidence, failure and cracking in some zones in the 

suburbs [20]. Over exploitation in this region has mainly occurred due to an inadequate 

management and distribution of the liquid, as the concentration of wells in small areas 

produces their dejection, which promotes the ascension of regional fluxes of thermal water. 

Pollution is induced when non-controlled extraction of groundwater does not allow its 

recharge and thus, promotes the incorporation of fluorine [10]. 

Fluorine is one of the elements that enrich the groundwater in the volcanic zones where it is 

present in silicic minerals and hydrothermal solutions. In these volcanic zones, the 

concentration of fluoride is correlated with the temperature of groundwaters [17,19,21]. Its 

origin is linked to a natural source from the dissolution and lixiviation of riolitic rocks, such 

as fluorite and topaz, especially in thermal zones to the south and southwest of the city. 

Fluorite (pKs = 10.51), CaF2, is the most abundant mineral that contains fluoride in the 

region and it is usually found in hydrothermal reservoirs. In fact, the whole basin and the 

surroundings, are located in the fluorite belt. In addition, fluoride is also found in minerals 

from igneous or riolitic rocks, such as topaz and fluoroapatite. Topaz (pKs = 24.99), 

Al2SiO4(F,OH)2, and fluoroapatite (pKs = 59.6), Ca5(PO4)3F, also present a high percentage 

of fluoride in its chemical composition and represents another viable and strong source of 

fluoride to groundwaters [22,23]. For all previous reasons, high fluoride concentrations 

have been found in several water samples of the city of San Luis Potosí and its suburbs 

[11,21,24,25]. 

1.2.2 Health implications 

Fluorine absorbs mainly in the intestine, although it can also absorb significantly in the 

lungs and skin, according to the exposition. The degree of absorption of a compound with 

fluorine is correlated to its solubility. Relatively soluble compounds, as sodium fluoride, 

absorbs practically by depletion, while relatively insoluble compounds as cryolite 

(Na3AlF6) and fluorapatite (Ca5(PO4)3F) are absorbed to a much lesser degree [26]. 

Fluoride has been detected in all organs and tissues and is concentrated by deposition in the 

bones and teeth, as this element is a mitogen for osteoblasts and stimulates the formation of 

the bones [26]. The level of esqueletical fluoride is related with ingestion and age. The 

storage in a developing bone (growing) shows higher fluoride deposit than for mature 

mammals. Fluorine intake at low doses during the formation period of the teeth protects 

them against posterior teeth caries or cavities and the subsequent decay of the teeth. 

Fluorine does not fortifies the teeth, but rather suppresses dental caries, probably due to its 

deposition in hydroxyapatite crystals located in the teeth enamel. This hinders the action of 

different oligoelements that are necessary to activate the bacterial enzymes that produce 

dental caries [27]. 

Excessive fluorine consumption produces fluorosis, which manifests by mottled teeth, in its 

very mild condition, and can increase the size of the teeth and even of the bones [28,29]. As 
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mottled teeth are very resistant to dental caries, the structural force of the teeth is weakened 

considerably [27]. In human beings, the main manifestations of chronic fluorine ingestion 

are osteosclerosis and mottled enamel. Osteosclerosis is a phenomenon that increases the 

bone density due to a high osteoblastic activity and by the replacement of hydroxyapatite 

(Ca10(PO4)6(OH)2) by fluorapatite, which is denser. In its most severe form, it becomes a 

disabling condition. Mottled enamel is characterized by opaque areas scattered irregularly 

over the tooth. In more severe cases, brown stains resemble a corroded-looking appearance 

[26]. For all previous reasons, the World Health Organization [30,31] established a 

maximum concentration limit of 1.5 ppm in waters for human consumption. On the other 

hand, the USEPA’s enforceable standard in public water supplies is 4.0 ppm, with a 

secondary maximum contaminant level of 2.0 ppm in areas that have high levels of 

naturally occurring fluoride [32], while the Department of Health and Human Services 

recommends an optimal level of only 0.7 ppm. In Mexico, the limit of fluoride is of 1.5 

ppm, although a new regulation project states that the limit will be of 1 ppm [33]. 

1.2.3 Fluoride treatment in waters 

To date, several approaches have been developed and implemented to decrease the 

concentration of fluoride in drinking water to the acceptable limits [34,35], such as 

adsorption [36], coagulation [37], filtration [38], ion-exchange [39], electro flocculation 

[40], electrocoagulation [41], electrodialysis [42], among other processes. Of course, each 

approach presents a diverse set of advantages and disadvantages, according to several 

parameters. For example, it is always desired that the process presents a fast removal and 

with a high capacity, which mainly depends on the initial concentration of fluoride, the pH 

and temperature of the water, among other properties. Due to the discussion presented 

above, it can be inferred that the interval of concentrations to treat the desired water 

reservoir should be useful to discard processes. Several treatment processes are evaluated in 

much higher initial concentrations than those regularly found in water reservoirs. Of course, 

the water will also present other anions that could compete with fluoride removal. For this, 

the selective removal of specific pollutants is always desired in several processes, although 

it usually increases the costs. The viability of implementation comprise several aspects of 

the treatment process, such as if the water treatment plant was designed to, for example, 

add another adsorption column or an electrocoagulation step, to even acquire and transfer 

the reagents and/or materials to the plant. 

Regarding the previous discussion, the author of this work considers that it is not optimal to 

redesign water treatment plants to adjust to these “emergent pollutants” from natural 

sources and that new water treatment technologies that tackle such pollutants, as fluoride, 

should be easy to implement, comprising materials, equipment and reagents of easy access 

or even already acquired by the water treatment plant. As an example, water technologies 

based on nanotechnology present high, fast and efficient fluoride removal with high 

regeneration and even using low-cost materials, but very few water treatment plants around 
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the world are designed to implement such technology, especially regarding the 

impossibility to retain the nanomaterials inside the water treatment plant and the long-term 

effects of their possible liberation to the water stream. 

In summary: i) fluoride is a harmful ion in specific concentrations, above which removal is 

needed; ii) fluoride pollution can occur due to groundwater overexploitation processes, for 

which a specific water treatment plant could not be initially designed for its removal to the 

acceptable levels of consumption and; iii) as the reader notices, not all water treatment 

processes can be adapted to a water treatment plant that has been already designed and has 

been running for a certain amount of time, for which the treatment technologies should be 

easy to implement or should be based on already acquired materials. The next section will 

focus on describing a specific water treatment process that can comply as one excellent 

option for fluoride pollution and that could fully cover the third (iii) issue. 

1.3 Electrosorption 

Capacitive processes, such as electosorption or capacitive deionization, provide a treatment 

option for waters with even low amounts of either organic or inorganic ions or in water 

with a low ionic strength. This process involves in the electrical polarization of porous 

conductive solids (working electrode) with high surface area and good electrical 

conductivity [43–47]. Even when the process has been mainly implemented to deionize 

water, several efforts have been made to understand and attain the selective removal of 

specific charged species from complex solutions, which is known as electrosorption [43–

47]. 

 

Figure 1.1. A schematic representation of a section of an electrosorption cell [48]. 

Recently, capacitive processes have gained attention due to several advantages over more 

conventional water treatment processes. For example, the electrical polarization increases 

electrostatic interactions between the charged surface of the adsorbent and adsorbates 
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(ions). This is important regarding that adsorption is usually inefficient at low adsorbate 

concentrations, for which the removal capacity of such conductive adsorbents is enhanced. 

On the other hand, mass transport to the electrosorption sites is also enhanced due to the 

contribution of migration, as the diffusion of the adsorbate tends to be limited, which could 

increase the removal velocity [49–51]. Then, electrosorption can increase the performance 

of conductive solids, such as membranes, carbon-based materials, specifically activated 

carbons, some clays, among other solids used in conventional water treatment processes. 

Electrosorption also enables salt removal at low (sub-osmotic) pressures and room 

temperatures, with the primary input being a small cell voltage and an electric current 

whose magnitude depends on the system size. Thus, unlike reverse osmosis or distillation-

based desalination systems, electrosorption does not need to be coupled to high pressure 

pumps or heat sources, allowing for a facile system scaling [43]. Regarding chemical and 

other electrochemical processes, such as (electro)coagulation and (electro)flocculation, the 

addition of chemical species that promote the desired reactions is omitted and the energy 

input for electrosorption processes is usually much lower. 

The most common electrode material reported for electrosorption comprise activated 

carbons in their different forms and presentations, from bare commercially available 

activated carbons [43,46,49–53] to hybrid and modified ones [54–64]. This manuscript will 

mainly focus on the features and characteristics of carbon-based electrodes in capacitive 

systems, although some other parts of the electrosorption cell will also be briefly mentioned 

and discussed in the next sections. 

1.3.1 The working electrode: activated carbon 

1.3.1.1 Physical properties 

Carbon-based materials have gained importance and attention not only due to their 

impressive performance for highly specialized applications, but also due to their low costs 

and commercial availability in several presentations. For the specific case of capacitive 

processes, activated carbons highlight as the most common electrode reported in the 

literature because of their high surface area and pore volume, but also due to their highly 

tunable physicochemical and electrochemical properties. Activated carbons include a wide 

range of amorphous carbonaceous materials that are obtained by a complete or partial 

combustion or thermal decomposition of a variety of carbonaceous precursors. In the words 

of Marsh [65]: 

“An activated carbon can be considered as molecular space (i.e., the space 

occupied by a molecule usually in the liquid phase), this space being contained 

within a three-dimensional network of carbon atoms arranged in layers 

composed of rings structures joined together somewhat imperfectly. This network 
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is continuous in three dimensions with some layers being stacked, roughly 

parallel to each other, in groups of two, or three, probably not much more.” 

Although highly simple and somewhat ambiguous, this definition implies a clear 

understanding of the complexity of the actual structure of activated carbons, as no 

definition, mathematical or physical model can really denote the highly disordered graphitic 

layers, the wide pore-size distribution with irregular morphologies and tortuosity and the 

disordered molecular arrangements, which include the presence of vacancies and structural 

sp3 domains. 

All carbon-based materials present a degree of disorder, although there is no carbon-based 

material with a total or an absolute disordered arrangement. Within hexagonal graphite, the 

most ordered structure, the layers of hexagonal-honeycomb arrangements, described as 

graphene layers, do not lie immediately above and below each other but are displaced to 

form an ABABAB sequence. The distance between the layers is 0.335 nm and the distance 

between two bonded carbon atoms is 0.142 nm. Within the graphitic layers, the bonding 

presents trigonal sp2 with hybrid sigma-bonds with delocalized pi-bonds within the layers. 

As the interlayer spacing of 0.335 nm is larger than that of the C-C bond (0.124 nm), this 

indicates no chemical bonding between the layers and the forces of attraction are only 

limited to van der Waals forces. The random bonding together of these small defective 

polycyclic groups of carbon atoms, with linear carbon atoms, creates a space called 

porosity [65–69]. 

 

Figure 1.2. Representation of a graphitic lattice. Each lattice comprises a graphene layer, 

in which a displacement of the subsequent graphene sheet can be identified [65]. 
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Activated carbons have high values of surface area, between 800 and 1200 m2 g-1. The area 

of the activated carbons is given by a polydisperse capillary structure that includes pores of 

a wide size distribution and several shapes. The IUPAC [70] classifies the pores in 

macropores (> 50 nm), mesopores (2-50 nm) and micropores (< 2 nm), the latter 

additionally classified as supermicropores (07-2 nm) and ultramicropores (< 0.7 nm). The 

macropores and mesopores are the entrances of the adsorbate(s). In specific cases, macro 

and mesopores are also considered an interconnection to get to the adsorption sites, i.e., the 

micropores, although this only applies to hierarchical pore structures [65]. 

The micropores present the highest adsorption potential, which is related to the proximity 

of carbon atoms to each other and can retain adsorbate(s) mainly by dispersive (van der 

Waals) forces within the porosity. Even when any adsorbate can allocate at other 

preferential and closer adsorption sites (i.e., the macro or mesopores), the adsorption 

process is a reversible chemical reaction and that adsorbed molecules do not remain 

stationary at adsorption sites. This is related to thermal spikes that dislodge the adsorbed 

adsorbates [65]. The micropores present higher potential energy as this energy well deepens 

as a function of decreasing the pore size (Figure 1.3). Thus, as an adsorption process is 

initiated, sites of highest potential are occupied first, followed by sites of lower energy [65]. 

This has great coherence with the adsorption isotherm proposed by Frumkin that accounts 

for lateral interactions, which can be of a positive (attractive) or negative (repulsive) nature 

[71–73]. Then, adsorbates experience favorable positive interactions from the pore walls 

from several directions at the narrower pore walls. 

 

Figure 1.3. Energy peaks and distribution of the pores according to their size [65]. 

As can be concluded in general, the micropores are of utmost importance in activated 

carbons, since they represent the most energetic adsorption sites and contribute the most to 

the total surface area and pore volume. For the same reason, most surface chemical 
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properties can be associated to the surface chemistry of the micropores [68,69,74], which 

will be addressed upon next. 

 

1.3.1.2 Chemical properties 

The surface chemistry of carbon materials is a function of the presence of heteroatoms 

other than carbon, such as oxygen, nitrogen, hydrogen, sulfur, among others [66,67,75]. 

These heteroatoms are in the form of surface functional groups chemically bonded to the 

carbon of the structure of the graphene layer. Among the functional groups present on the 

carbon surface, oxygenated groups are the most common and abundant. They are 

represented by chemical functional groups, such as carboxyl, carbonyl, phenol, lactone, 

lactol, chromene, pyrone, quinone, and ether groups, distributed over the defects located on 

the basal plane or over the edges of the graphitic lattice [66–68,76–78]. Figure 1.4 shows 

the generalized structure of a graphene layer with the main oxygenated functional groups 

present on carbon surfaces, including the delocalized electrons from the basal planes and 

some sp3 domains. 

 

Figure 1.4. Conventional acid (left) and basic (right) groups comprising oxygen atoms on a 

graphene layer. The delocalized electrons of the aromatic honey-combs are also illustrated 

[66]. 

The graphitic layer and the functional groups provide specific chemical properties to all 

carbon-based materials. For example, a low oxygen content will decrease the polarity of the 

surface and thus, it will present a lower wettability or lower dispersion in aqueous solutions 

(the latter for the specific case of colloids). The surface chemistry also implies the 

development (or enhancement) of chemical reactions on its surface. For example, when 

immersed in an aqueous electrolyte, common reactions comprise protonation, 

deprotonation, coordination, ion-exchange and, of course, adsorption. Some of these 

reactions may promote static surface charges, which give acidic or alkaline properties to the 

surface, as a function of the properties of the electrolyte (e.g., the pH). 
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Functional groups such as carboxyl, phenol, lactol and lactone present an acid-Lewis 

character, which thus acidify the surface and contribute to the development of negative 

charges by their deprotonation at neutral and alkaline pH values [66,67,75]. Carbon basic 

surfaces is a subject that remains under investigation. Several authors have described that 

the basic character of carbon materials is associated with the presence of oxygen-containing 

functionalities as chromene, pyrone and quinone type [67,68,79]. However, it has been 

proposed that the main contribution to the basicity is by oxygen-free sites characterized by 

regions with π electron density on the carbon basal planes, which act as Lewis bases 

(electron donors), according to the reaction of protonation [68,69] 

      (equation 1). 

Therefore, the basic character of carbon has also been associated with the basal planes of 

the graphitic lattices with a high content of carbon atoms with sp2 hybridization, which 

mostly lack of oxygen-containing groups [66,67,76,79]. 

1.3.1.3 Electrical properties 

According to the conduction band model, electrons in a carbon material occupy a 

continuous range of free energies. The electron that is easiest to remove is at the top of the 

conduction band. This energy is termed the Fermi level energy and is approximately equal 

(and opposite in sign) to the work function, the amount of energy required to remove an 

electron from the bulk material into the vacuum. The work function is strongly dependent 

on the surface of the carbon-based material, such as the textural properties and surface 

chemistry, for which the electrical conductivity vary in orders of magnitude from one 

carbon material to another. Carbons with only (or mostly) sigma-bonds and sp3 

hybridization are generally insulators, while increasing π-bonds of carbon atoms with sp2 

hybridization promotes the delocalization of electrons, making them available as charge 

carriers [66,80–83]. 

The oxygen content is usually associated to an increase in the resistivity of the carbon 

surface. For this reason, heat treatments in oxygen-free atmospheres decrease the electrical 

resistivity and increases the conductivity of the material. This is related to a decrease in 

surface sp3 domains and the subsequent increase in the domains with sp2 hybridization, 

which lowers the barrier for electrons [66,80–83]. Mrozowski proposed a model to interpret 

such changes in chars (cokes): the removal of hydrogen, oxygen and low-molecular 

hydrocarbons (between 500 and 1200 °C) gives unpaired sigma-electrons in the peripheries 

of the condensed ring systems. The π-electrons jump from the π-band into the sigma state, 

forming a spin pair. This removes an electron from the π-band and creates a hole in the 

filled band, leading to a p-type conductivity. The large number of holes thereby created 

accounts for the great increase in electrical conductivity [81]. 
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For the specific case of granular carbon-based materials, the particle size and morphology 

also have a profound effect in the electrical conductivity, as higher contact implies a higher 

conductivity between particles, which clearly lowers the global resistance value of the 

assembled electrode [43]. Graphite can be obtained and assembled as an electrode in a 

single phase of specific dimensions and geometries (e.g., prisms or cylinders made only of 

graphite), while granular materials must be agglomerated. 

The presence of electrostatic charges on a surface in contact with a liquid promotes the 

formation of a complex electronic structure at such surface-electrolyte interface. 

Historically, this interface is known as the electrical double-layer, although most recent 

models consider the formation of multiple layers [LeonyLeon1993]. This is related to the 

fact that the implied layers promote changes in the inner potential of the electrode bulk as a 

function of increasing the distance from the charged surface. At this electrode-electrolyte 

interface, both ions and neutral species (solvent and other molecules) are distributed as a 

function of their thermodynamic properties and of the potential value of the surface. 

Although these models were first proposed to understand the interface of electrically 

polarized metals (electrodes) in liquid solutions, they can also describe other charged 

surfaces, as those of other heterogeneous systems, such as colloids and conventional 

surface charges that develop from chemical reactions (protonation, adsorption, etc.). 

The electrode surface is the first layer at which the value of the inner potential is modified. 

Although it is usually schematized as a perfect pristine and planar surface, all surfaces are 

irregular at a nanoscopic view (Figure 1.5), which promote changes not only in the 

diffusion fields [84], but also in the potential (energy) distribution [85]. Changes in the 

potential distribution is attributed to the formation of specular dipoles at surface due to 

specific adsorption [86], to physical valleys and peaks [85] and even to fractal energy 

distributions [87]. This also implies that the planes and layers allocated at this interface will 

present an irregular distribution, i.e., the same ion from the same plane can be allocated at 

different distances from the surface [88,89]. 
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Figure 1.5. [LEFT] a) Difference between the surface area and the geometric area of an 

electrode [84]. b) The roughness promotes changes in the energy distribution [85,90], but 

also c) in the diffusion profiles to the electrode surface [84]. [RIGHT] Schematic 

representation of electrical layers at positively charged surfaces [84–86,88–90]. 

The second layer comprises a monolayer of adsorbed (fixed) water molecules [86,91], 

whose dipoles must not be oriented according to the charge of the surface, as this only 

occurs at high polarization values [92]. Some simple water dimers [86,88] are also 

represented. In the same layer, specifically adsorbed ions can be present, which define the 

inner-Helmholtz plane, whose length is half the size of the adsorbed ion. The plane of the 

non-specifically adsorbed ions, known as the outer Helmholtz plane, is farther away from 

the surface [84,86,91]. 

Anions are more commonly located adsorbed at positive surfaces than cations at negative 

surfaces [93–95]. This is due to the smaller dehydration energies of conventional inorganic 

anions, compared to those of inorganic cations [96–98], which promotes their partial or 

complete dehydration. This, in addition, promotes their approach at a distance at which van 

der Waals attractions overcome electrostatic repulsions [99]. These last three planes (the 

adsorbent solvent monolayer and the inner and outer Helmholtz planes) define the compact 

layer or Stern layer. The second historic layer is the diffuse layer (Figure 1.5), which 

extends from the outer Helmholtz plane to the bulk of the solution. The diffuse layer is 

composed of partially oriented but mobile water molecules and both completely solvated 

anions and cations; the bulk of the solution corresponds to the end of the interface and the 

charge of the surface does not affect the electrolyte [86]. 

The previous electrical layers do not present a fixed allocation and distances for all charged 

surfaces in all possible systems. There are certain factors that influence the development 

and length of these layers, such as the ionic strength of the electrolyte and the charge of the 

surface. The electrolyte in natural waters is highly diluted while the applied potential of the 
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electrode surface is limited due to the development of faradaic reactions. Both parameters 

increase the thickness of the formed electrical layers. In addition, the model of the electrical 

layers has been proposed for regular and planar surfaces, which does not account for other 

highly irregular and disoriented systems, as porous 3-dimensional electrodes with a wide 

pore-size distribution (from <1 nm to pores in the order of micrometers). Below, some 

models related to the formation of the electrical layers in porous structures will be 

reviewed. 

At this point, some physical, chemical and electrochemical aspects of carbon-based 

materials have been briefly introduced and a first correlation between the increase in the 

oxygen content and the decrease of the electrical conductivity was stated above. A deeper 

correlation between the previous (chemical and electrical) properties consists in 

understanding the effect of the surface charges of these porous matrices in the 

electrosorption performance. Surface charges have been established as one of the most 

important factor to understand and even predict the performance of asymmetric 

electrosorption cells, which will be reviewed upon next. 

1.3.2 Surface charges and the electrosorption performance 

1.3.2.1 The point and potential of zero charge 

After reviewing that a charged surface promotes the formation of electrical layers at the 

electrode electrolyte interface, now it can be inquired how to efficiently modify such 

surface excess by several parameters related mostly to the electrode. The most direct 

approach is the value of the polarization, although it must be referred to other 

electrochemical parameters. As an example, there is a potential value at which the charge of 

the surface decreases or tends to zero [60,100,101], known as the potential of zero charge 

(EPZC). The EPZC dictates the real polarization and charging process of the electrode surface 

and thus directly affects the surface excess when polarized. At more negative potentials 

than the EPZC, the surface is negatively charged and the surface excess is mainly composed 

by cations; on the other hand, at more positive potentials than the EPZC, the surface is 

positively charged and the surface excess is mainly composed by anions [84,91,102]. 

Electrochemical impedance spectroscopy is an adequate technique to obtain the EPZC 

between an interval of potentials at only one frequency. Then, one must compute the 

capacitance from the imaginary part of the impedance spectra and graph the capacitance 

vs. the applied potential values. The EPZC is determined as a minimum in capacitance in the 

obtained “V-shaped” graphs (Figure 1.6). 
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Figure 1.6. Normalized differential capacitance curves obtained from electrochemical 

impedance spectroscopy for two carbons with positive EPZC values (red and green) and one 

carbon (blue) with a negative EPZC [101]. 

The EPZC is dependent on the electrical and electrochemical properties of a surface, but it is 

also highly dependent on the surface chemistry of the electrode, as it has been widely 

explored for carbon-based materials [49,50,60–62,100,103–105]. All of this reports have 

found that carbon-based materials with a high quantity of groups with a Brönsted-acid 

character increase the EPZC to more positive values, while the EPZC decreases to more 

negative values by a decrease in such functionalities and an increase of functionalities with 

a Brönsted-basic character. 

Figure 1.6 shows such correlation, in which a pristine commercial activated carbon 

presented a positive EPZC of ~0.45 V (shown in red). The oxidation of the pristine carbon 

with nitric acid increased the content of Brönsted-acid groups and, subsequently, its EPZC to 

a more anodic value of ~0.85 V (shown in green), while the impregnation of the pristine 

carbon with amine groups decreased the EPZC to the value of -0.75 V (shown in blue). 

Usually, the farther away from the EPZC implies a higher degree of electric polarization, for 

which there should be an agreement between the applied potential and the EPZC of the 

electrode, i.e., the surface chemistry. This is also related to the allocation of the electrode in 

the electrosorption cell, as anode and cathode, which will be addressed below. 

The EPZC is also an indicator of the thermodynamic properties of the electrolyte, as its 

adsorption can change the charge distribution of the carbon surface, which affects the EPZC 

value. Interestingly, the IUPAC [70] still defines the EPZC as a parameter in the absence of 

specific adsorption, although Grahame [95] demonstrated the effect of electrolyte 
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adsorption on this parameter more than a century ago. For instance, the EPZC of a mercury 

electrode varied as a function of the electrolyte in equimolar concentrations [95]: -0.472 V 

(NaF), -0.556 V (NaCl), -0.651 V (NaBr), -0.82 V (NaI) vs. the normal calomel electrode. 

The EPZC decreased as a function of increasing the ion size of the halogen, which directly 

correlates with a decrease in their hydration energy. This demonstrated that bigger species 

with the same charge can dehydrate easier [106], promoting higher adsorption onto the 

electrode surface. Their adsorption increased the negative charge input at the electrode 

surface, promoting a more negative value of the surface potential, which was also reflected 

as a more negative EPZC. 

As hydration also depends on the electrolyte concentration, the EPZC shifted to more 

positive potentials when decreasing the concentration (diluting) of a KI solution [95]: -0.82 

V (100 M), -0.72 V (10-1 M), -0.66 V (10-2 M), -0.59 V (10-3 M). Previous results indicated 

that the hydration energy of iodide increased with decreasing its molar concentration, thus 

dehydrating less and decreasing its adsorption onto the electrode surface. To summarize, 

the EPZC is an indicator of the density and charge of species at the interface, of the energy 

needed to modify the surface excess, of the electrode surface chemistry, of the 

thermodynamic properties of the evaluated electrolyte and also to the best allocation of the 

electrode in the electrosorption cell. 

On the other hand, activated carbons can develop charges due to several chemical reactions 

involving their surface functionalities without an external electrical stimulus. These 

reactions, as many others, are a function of the pH of an aqueous solution. One of the 

parameters that describe the charge distribution of a charged surface is the point of zero 

charge (pHPZC). The pHPZC is the pH value at which the surface has no net charge and it is 

also indicative of the content of proton donors (Brönsted-acid character) or acceptors 

(Brönsted-basic character) and of their dissociation energy [80]. The surface is considered 

acid when the contents of proton donors is higher than that of proton acceptors; the surface 

is considered alkaline when the contents of proton donors is lower than that of proton 

acceptors. In addition, when the pH is lower than the pHPZC, the surface is negatively 

charged; when the pH is higher than the pHPZC, the surface is positively charged (Figure 

1.7). In addition, a pH closer to the pHPZC of a material, neutralizes and decreases its 

surface charges; a pH farther from the pHPZC of a material, magnifies (increases) its surface 

charges. As the activated carbon surface contains a variety of acidic and alkaline functional 

groups with different pKa values, their pHPZC would correspond to an effective pKa, 

representing the average surface charge of all surface functionalities [80]. The pHPZC is also 

highly correlated with the surface chemistry of the electrode. The correct understanding of 

this parameter provides interfacial information and can aid in understanding and explaining 

such processes, such as evidencing a successful surface modification or proposing 

adsorption or electrosorption mechanisms, among other possible applications [36,107–109]. 
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Figure 1.7. (a) Proton binding curve or released ions as a function of pH.  

The pHPZC and the EPZC depend on the surface chemistry of the electrode, thus, there should 

be a correlation between them, but only few reports have evaluated such correlation. 

Bayram et al., [110] evaluated the surface chemistry of a commercial activated carbon after 

its electrical polarization at different potentials. They found that the pristine carbon 

presented a neutral (pHPZC = 7.4) and slightly positive (EPZC = 0.164 V vs. Ag/AgCl) 

surface. After the highest oxidation potential (5 V vs. references for 90 minutes in Na2SO4), 

the surface was acidified (pHPZC = 3.21) and became more anodic (EPZC = 0.355 V vs. 

Ag/AgCl). On the other hand, the reduction potentials did not present a significant effect on 

the pHPZC and the EPZC values, and thus, on the surface chemistry of the carbon. 

Another example is the one of Gao et al., [111], who induced two chemical modifications 

on a commercial activated carbon (pHPZC = 8.6 and EPZC = -0.22 V vs. SCE): i) a treatment 

with nitric acid and ii) an impregnation with ethylenediamine, an organic compound with a 

Lewis-basic character. The treatment with nitric acid promoted a decrease in the pHPZC to a 

more acidic value (5.5) and an increase in the EPZC to a more positive value (0.64 V), while 

the impregnation with amine-containing groups increased the pHPZC to alkaline values (9.8) 

and decreased the EPZC to a negative value (-0.38 V), compared to the values for the pristine 

carbon (pHPZC = 7.4 and EPZC = -0.13 V). 

A deeper understanding of the correlation between both parameters rely on the 

classification of the applied potential on the electrode-electrolyte interface. The electric 

potential of a charged surface can be divided in the inner potential, the surface potential and 

the outer potential (Figure 1.8). The inner potential is the potential difference between the 

bulk of two phases in contact and represents, for an electrode-electrolyte solution, the 

energy needed for a species to transport from the bulk of the solution to the electrode 

surface [84,86,91]. This movement can be divided in two steps: i) the drift from the 

electrolyte bulk up to the shear plane, represented by the outer potential, and ii) the drift 
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from the shear plane up to the electrode surface, represented by the surface potential 

[86,91]. 

Here, the outer potential is the relevant parameter in capacitive processes, as it becomes the 

true potential that will attract or repel certain ions located at the bulk. Then, the surface and 

inner potential should be in correct agreement to promote synergistic effects on the outer 

potential, rather than antagonistic effects. The surface potential is at the contact plane 

between the surface and the electrolyte, for which it is affected by the presence of static 

charges from functional groups, which thus affect the level of electrostatic interactions 

towards species at the interface, sometimes referred as the ‘surface excess.’ Then, the 

surface potential can be (qualitatively) inferred by measuring the EPZC or indirectly by 

measuring the pHPZC, also providing information on selecting the inner potential (the 

polarization of the electrode). This will be reviewed in more detail in the next section. 

 

Figure 1.8. Schematic representation of a charged solid-liquid interface to highlight 

different electric potentials, i.e., the inner, surface and outer potentials. 

1.3.2.2 The amphoteric Donnan model 

Figure 1.8 also presents a case in which both the inner and the surface potential are 

negative. This represents a synergistic effect in the electrostatic interactions towards 

interfacial species and, as was stated above, this enhances the electrosorption removal 

capacity and velocity. The opposite will occur with antagonistic charges (i.e., a positive 

inner potential and a negative surface potential), as the inner (applied polarization) and 

outer (surface chemistry) potentials tend to counter, decreasing the outer potential. 

Opposite fixed charges to the electric polarization of the surface present an antagonist 

effect on electrosorption performance: they repel the adsorbate, stabilize the co-ions, and 

can even block the entrances of narrower pores, hindering the diffusion of the adsorbate 

[62,103,112]. For this, higher potentials (higher energy) are needed to counter the effect of 

fixed surface charges, also increasing the probability of developing redox reactions and 

compromising the stability of the system. 
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The (conventional) Donnan model considers that the electrical layers are strongly 

overlapped along the pore surfaces. For example, one can compute the double-layer 

thickness from the Gouy-Chapman equation 

      (Equation 2) 

were k is the double layer thickness (cm-1), n is the concentration (mol m-3), z is the charge 

of the symmetric electrolyte, e is the charge of an electron (1.60219e-19 C), ϵ is the 

dielectric constant of the solvent (78.54 for water at 298 K), ϵ0 is the permittivity of free 

space (8.854188e-12 C2 J-1 m-1), κ is the Boltzmann constant (1.38066e-23 J K-1) and T is 

the temperature (K). The equation predicts a thickness of 18.67 nm (0.1 mM of a 1:1 

electrolyte, T = 25 °C, εwater = 78.54), which implies that the electrical layers overlap at the 

micropores and, at some degree, also at the mesopores [113–116]. Then, a single 

electrostatic potential and concentration in each micro-region is assumed. This electrostatic 

potential comprises the Gouy-Chapman-Stern potential and the Donnan potential, i.e., the 

potential difference inside and outside the overlapped pores, which it will be different for 

negative and positive regions [112,117–121]. This leads to an electrical double-layer model 

based on the Donnan concept, in which the electrical potential makes a distinct jump from a 

value in the space outside the carbon particles to another value within the carbon 

micropores, without a further dependence of potential on the exact distance to the carbon 

walls [116]. For this, the Donnan approximation is the mathematical limit of the mean-field 

Poisson-Boltzmann theory for overlapping diffuse layers, when the Debye length greatly 

exceeds pore size. In this limit, the exact pore geometry is no longer of importance, and 

neither is the surface area. Instead, only the pore volume matters. 

The amphoteric Donnan model is also a mathematical model based on the Donnan model 

(the Donnan potential of a porous electrode) developed to predict the salt adsorption 

capacity of desalination cells by porous electrodes. The feature of the amphoteric Donnan 

model makes it different from previous models based on the Donnan potential implying 

that porous electrodes (activated carbons) present both negative (acidic) and positive 

(alkaline) fixed chemical charges (functional groups) dispersed through their surface, which 

are not countered by each other. This, of course, is in excellent agreement with 

conventional data and knowledge of such porous matrices, previously addressed above. 

The model should be physically understood by analyzing the three parameters that denote 

the electric charge of the system, according to the equation 

      (Equation 3) 

where σionic is the charge of the ions, σelect is the charge of the polarization, σchem is the 

charge of the carbon surface and the subscript j denotes the positive or negative regions on 
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the carbon surface. Then, the mathematical model depends on experimental data rather than 

proposing or assuming mathematical parameters. As each micro-region is always 

electroneutral, the equation always equals zero, but data can be abstracted and modelled 

after obtaining specific information of the system. At 0 Vcell and at the pHPZC, the equation 

decreases to σionic,j = 0, i.e., the electrodes do not present any charge and thus, there is no 

ion removal by electrostatic interactions. At 0 Vcell and beyond the pHPZC, the equation 

reduces to σionic,j = -σchem,j, for which ion adsorption is only dependent on the surface 

charges from functional groups with Brönsted character; as a contrast, at the pHPZC and 

when electrically polarized, the equation reduces to σionic,j = -σelect,j, for which ion 

adsorption is only dependent on the surface charge derived from the electrical stimulus. 

The interesting case is the re-arranged global equation -σionic,j = σelect,j + σchem,j, at which the 

previously stated antagonistic or synergistic effect discussed in the previous section can be 

observed by a mathematical approach: when σelect,j and σchem,j present a different sign, σelect,j 

must first neutralize the surface charges before inducing an electrostatic interaction towards 

the ionic species in solution; when σelect,j and σchem,j present the same sign, both charges are 

additive, thus increasing the outer potential and the removal performance of the electrode 

pair. 

The application of the amphoteric Donnan model (Figure 1.9) implies that an electrode with 

a net positive charge (alkaline pHPZC and/or negative EPZC) should be polarized at positive 

potential values and an electrode with a net negative charge should be polarized at negative 

potentials (acidic pHPZC and/or positive EPZC). This has been mostly evaluated by 

measurements of the EPZC on activated carbon electrodes, which can greatly influence salt 

removal, charge efficiency and cyclic stability in capacitive deionization cells. For 

example, Omosebi et al., [100] studied the desalination of a pristine (Pr, EPZC= 0.2 V) and 

oxidized (Ox, EPZC= -0.2 V) activated carbon cloth in four cell arrangements: Ox+Pr-, 

Pr+Pr-, Ox+Ox-, and Pr+Ox-. The symbols represent the electrical polarization of these 

carbons in the desalination cell (+ is the anode and – is the cathode). When polarizing the 

positive carbon and the negative carbon as the positive and negative electrodes, 

respectively, the desalination increased 4.25 times, compared to the opposite configuration. 

This same tendency is observed directly or indirectly in other works [49,50,60–62,100,103–

105]. 
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Figure 1.9. Practical application of the amphoteric Donnan model. I) The properties and 

allocation of the electrode influence their performance [104]. II) The correct allocation of 

an electrode could increase the polarization limits of the electrosorption cell by distancing 

the EPZC from the applied potential [62]. 

In this section, a deep explanation of the effect of the surface charges in the electrosorption 

performance was established, by the understanding and correlation with the outer potential. 

In the next, several aspects of how to measure electrosorption performance will be revised. 

1.3.3 Performance in electrosorption 

The performance of an electrosorption cell corresponds to specific and tangible metrics, 

usually centered in the next aspects: costs of the process, removal capacity, removal rate, 

charge efficiency, selectivity, greener materials and process, stability and cyclability of the 

electrode, scalability, implementation of the technology, among others. Some of them will 

be addressed in this section, while others have been mentioned and discussed previously. It 

is also somewhat evident that cost could be the most important metric in water treatment 

processes, in general, for which most performance metrics are cost related. 

1.3.3.1 Charge efficiency 

Charge efficiency is a parameter that correlates the removed moles of adsorbate over the 

measured current during the kinetics, for which it is computed as 

      (Equation 3) 
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where Λ is the charge efficiency (adimensional), Γ is the removed moles of adsorbate 

(moles), F is the Faraday’s constant (C mol-1) and Q is the charge (C). As the ionic 

adsorbates are directly retained in the electrical double-layers formed on the porous 

structure, it provides information on these complex interfaces [43,116,122–124]. The 

charge-efficiency is also based on the Donnan concept, in which the electrical potential 

makes a distinct jump from a value in the space outside the carbon particles to another 

value within the carbon micropores, without a further dependence of potential on the exact 

distance to the carbon walls [116]. 

Theoretically, every electron provided to the carbon electrode by its electrical polarization 

should remove one adsorbate from solution. Nevertheless, the polarization and charging 

processes of the electrodes not only promote the insertion of counter-ions at the electrical 

layers, as co-ions also are mobilized during these processes. Then, the electrons not only 

attract counter-ions (i), but they also expel co-ions (ii, ion-swapping and co-ion expulsion) 

or can even develop faradaic reactions (iii) [43,122,123] (Figure 1.10). For this, the 

expected mathematical values of the charge-efficiency are between 0, in which there is no 

electrosorption, and 1, the ideal case in which every electron retains one ion from solution. 

 

Figure 1.10. Different effects of the electrical polarization of porous adsorbents during the 

electrosorption process: a) counter-ion adsorption, b) ion-swapping and c) co-ion 

expulsion [43]. 

Although the charge efficiency is very useful and non-empiric parameter that provides 

direct data of the electrosorption performance and thus cost-related information, it does not 

explains several aspects of the cell. As an example, it has been extensively reported that the 

charge efficiency greatly increases as a function of decreasing the ionic strength of the 

electrolyte [43] and this has only been explained as an increase in the leakage of the co-ions 

through the membrane (a reduced membrane selectivity) when using membrane capacitive 

deionization cells. Nevertheless, this same phenomenon occurs when evaluating cells that 

lack a selective ion membrane, i.e., for conventional capacitive deionization cells. On the 

other hand, it has also been stated that charge efficiency increases by increasing the applied 

potential [43], although this must be specific for certain electrodes and systems. In addition, 
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there must be, of course, a limit in which the charge efficiency stop increasing and even 

decreases as a function of increasing the applied potential due to the development of 

parasitic faradaic reactions, which has not been established to date. Finally, there is always 

a lack of comparison with appropriate adsorption blanks (without polarizing), to subtract 

the adsorption removal to the electrosorption removal. To assume that the electrodes (or 

even the membrane) do not present any ion removal without the electric stimulus has biased 

several results, discussions and interpretations, thus obtaining overrated charge efficiencies. 

1.3.3.2 Faradaic reactions 

The presence of faradaic reactions decreases the electrosorption performance of electrodes, 

as was previously described during the charge-efficiency discussion. This basically implies 

that such electrons are not used to retain ions at the interface, but are instead transferred to 

electroactive species at the interface. Here, a deeper discussion will be settled on 

conventional faradaic reactions and their viability in electrosorption cells. 

Regarding the applied potential and the limited polarization windows for such capacitive 

processes, most reports only evaluated potentials of 1.2 Vcell, i.e., below the thermodynamic 

potential difference of water electrolysis [43,125–128] 

     E° = 1.23 V vs. NHE    (Equation 4). 

Nevertheless, two inconveniences arise: i) such ideal and theoretical value does not 

consider resistances of the system (charge-transfer resistances of the electrode and the 

resistance of the electrolyte), which can increase the potential difference needed to the 

development of water electrolysis; and ii) this same potential does not give information on 

the kinetic limitations of the reaction over a specific electrode surface, i.e., a fast water 

electrolysis reaction may not be developing at the surface of activated carbon when 

polarized even above an overpotential, compared to certain metallic electrodes, such as 

platinum. Both previous reasons could imply that rapid water electrolysis could be 

occurring at a much higher potential difference than 1.23 V or that water electrolysis is not 

favorably fast at all on the studied activated carbon electrodes. 

In general, a more correct and systematic understanding of parasitic reactions should imply 

the correlation of cell potentials with the potential of a reference electrode. For example, if 

the open circuit voltage of an asymmetric electrode pair presents a value of 0 V vs. the 

normal hydrogen electrode (NHE) in a solution with a pH value of 7, the (theoretical and 

ideal) potential difference for water electrolysis decreases to 0.81 V, according to its 

Pourbaix diagram (Figure 1.11). In addition, if the open circuit voltage is lower than -0.42 

V or higher than 0.81 V vs. NHE (at pH = 7), water reduction and oxidation reactions, 

respectively, occur spontaneously without even polarizing the electrodes [105]. Then, water 

electrolysis is not only a matter of a potential difference, but also to the initial 
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electrochemical conditions of the system (open circuit voltage and potential of zero charges 

of both electrodes in the specific electrolyte).  

 

Figure 1.11 a) Pourbaix diagram of water. b) Three possible cases related to water 

electrolysis at pH 7 according to the open-circuit potential of the counter electrode. 

Other possible and more favorable reactions comprise the oxidation of the carbon surface 

[49–51,104,129–133], as they can occur at much lower potential differences than 1.2 Vcell. 

The most known and referenced electrochemical reaction is that of the quinone-type 

groups, although this has been mostly observed at low pH values [49,134]. Nevertheless, 

several functional groups on the carbon surface can be easily oxidized when electrically 

polarized [68,74]. 

It has actually been reported that activated carbons have increased its basal potential of zero 

charges when polarized at negative potentials [104,110], which directly relates to the 

oxidation of the surface and could imply that oxidation reactions are occurring immediately 

after immersion. In this regard, there are no standard potential values for the 

electrochemical reactions of the carbon functionalities [131] and clearly there is no 

Pourbaix Diagram for such groups on carbon-based materials. Desalination cells may 

induce the oxidation of chloride, for which this specific reaction must be considered in 

these systems, while the oxidation of fluoride is totally non-viable in aqueous solutions. 

Parasitic reactions not only decrease the electrosorption performance of the electrodes, but 

it also presents an effect in the pH of the solution. In electrosorption cells the pH usually 

increases depending on the type of electrode: capacitive electrodes present lower pH 

increases, while pseudocapacitive electrodes present higher pH increases [114,135]. On the 

other hand, this increases in the pH of the solution provide a first insight of the reactions 

taking place at the cell. The most common and experimentally demonstrated reaction in 

electrosorption cells is that of oxygen reduction and peroxide formation [125,128,131,136] 

    E° = 0.69 V/NHE     (Equation 5). 
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The development of this reaction explains the observed increase in the pH of the solution in 

electrosorption cells. On the other hand, more intuitive reactions, such as the 

electrochemical oxidation of water and of the carbon surface, should decrease the pH of the 

solution. Then, there is clear evidence that such reactions take place when carbon is 

electrically polarized, as was stated above. Nevertheless, it seems that such oxidation 

parasitic reactions only occur at longer times or after several polarization cycles 

[100,104,133,137,138], which reiterates the importance of establishing not only the 

development of the reaction and its oxidation potential, but also attaining kinetic aspects of 

each possible reaction. 

1.3.3.3 Regeneration and cyclic performance 

Cyclability or the cyclic performance of electrodes used for the electrosorption process is 

one of the main advantages over other processes. First-of-all, the regeneration provides two 

marked benefits: i) the decrease of the electrostatic interactions towards the adsorbate, thus 

promoting its stripping and ii) the regeneration of the carbon surface from the developed 

electrochemical reactions (e.g., the partial electrochemical reduction of the oxidized surface 

after its polarization). The first point could be achieved solely by depolarizing the carbon 

surface, i.e., by inducing a short-circuit at the open-circuit potential or voltage. This 

depolarization of course is more energy-efficient than by reversing the polarization of both 

electrodes, although sometimes the expelling velocity of the adsorbate is much slower. The 

second point is implies the long-term usage of the electrodes, as the oxidation reactions 

decrease their conductivity and thus, in their performance, which also promote marked 

changes in the pH of the electrolyte. 

Another feature of the regeneration of electrodes is that it can be performed in situ and 

without any special procedure. In contrast, other processes must induce a certain treatment 

of the activated carbons or membranes. For example, the regeneration of the adsorbents 

with chemisorbed species requires the immersion of these materials in concentrated 

solutions of salts, alkalis or acids, which also increase the generation of waste products. 

Other regeneration processes use a thermal treatment in specific atmospheres (N2, for 

example), which implies increasing the temperature and using special gases or reagents, 

thus increasing the cost of the regeneration process. The most complicated regeneration 

process in electrosorption is related to fouling, in which conventional retro-washing is used. 

1.3.4 Fluoride removal by electrosorption processes 

As stated previously, even when electrosorption has been mainly implemented in water 

desalination, it has been also implemented for the selective removal of specific ions. For 

this, there are already reports on the electrosorption of fluoride by activated carbon 

electrodes and some of them will be reviewed in this section. 
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Dong et al., [139] designed a porous biochar from waste cattail as electrodes, reaching a 

removal of 1.28 mg g-1, although the presence of competing anions promoted a decrease in 

fluoride removal. Li et al., [140] evaluated the electrosorption by a micropore-dominant 

activated carbon, decreasing by half the initial concentration (50 ppm F-). Although 

adsorption was not evaluated, the removal at the lowest applied potential of 0.4 Vcell was 

minimal, which increased as a function of increasing the potential up to 1.6 Vcell. At higher 

potentials, water electrolysis was visually observed. They obtained a charge efficiency, of 

0.98, near to the ideal theoretical value and this was attributed to the highly microporous 

structure which decreased the co-ion swapping and expulsion explained above. 

Gaikwad et al., [141] evaluated the simultaneous removal of Cr(VI) and F- in several initial 

concentrations (10, 25, 50 and 100 ppm F- and/or Cr(VI)). The (molar) removal of Cr(VI) 

was much higher than that of F- and the electrosorption cell presented much higher 

performance (removal capacity and rate) as a function of decreasing the initial 

concentration of the feed. A similar report was also published by Gaikwad et al., [142]. 

Tang et al., [143] developed a mathematical model to explain the effect of salinity (0, 5 and 

20 mM NaCl) in fluoride removal by single-pass constant-voltage with high accuracy with 

the experimental data at different potentials (Ecell = 0.9, 1.2 and 1.5 V) and different F- 

concentrations (1, 2 and 3 mM F-). A similar report was also published by the works of 

Tang et al. [144,145]. 

Similarly, to adsorption, the State-of-the-Art in fluoride electrosorption implies the 

modification of activated carbon electrodes with metal phases, to promote not only higher 

interactions towards the adsorbent by increasing the polarity of the carbon surface, but also 

due to an enhancement in its electrical conductivity. Li et al., [55] modified a commercial 

powder activated carbon with Ti(OH)4 (V = 50 mL, M = 50 mg, C0 = 50 ppm F-) and 

increased the removal capacity in 20% (q = 33.6 mg g-1) when polarizing at 1.2 Vcell. Wu et 

al., [57] modified a commercial powder activated carbon TiO2 (V = 160 mL, M = not 

stated, C0 = 10 ppm F-) and increased the removal capacity in 4.2 times (q = 1.56 mg g-1) 

when polarizing at 1.5 Vcell. 

The differences in the increase in removal compared to the adsorption without polarization 

between both modified carbons can be explained by the amphoteric Donnan model. 

Ti(OH)4 should present a higher deprotonation and thus, a highly negative charge at the 

studied conditions (pH = 7), promoting higher electrostatic repulsion towards fluoride, 

compared to TiO2. Nevertheless, characterization data were not reported, as the content of 

the metals in the modified carbon, surface charges or any information related to these 

parameters. Nevertheless, the capacity of modified activated carbon with metals can be 

enhanced by their electrical polarization. 
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1.4 Lanthanum(III) as a modifying agent 

1.4.1 Adsorption performance 

Lanthanum is the 57th element in the periodic table and presents an atomic weight of 158 g 

mol-1. Lanthanum is located among the lanthanide family, which present f electrons in its 

electronic configuration, and its conventional oxidation state is mainly La3+, as most 

lanthanide and actinide elements (4fn5d06s0 or 5fn6d07s0), although La2+ is also a relevant 

and stable cation. 

Lanthanum, due to its physical and chemical properties, classifies as a hard Lewis acid. 

Lewis improved the conventional theory on acids and bases by extending the definition to 

species that can accept or donate an electron pair, respectively, which was previously 

limited to accept or donate protons in aqueous solutions. Inorganic chemists have also 

extended the Lewis classification into hard and soft elements. Hard acids present a small 

ionic radii and strong solvation energy, a high charge, empty orbitals in their valence shell 

and high energy LUMOs, which makes them form strong and spontaneous complexes with 

hard bases. 

Hard bases, on the other hand, present small ionic radii, are highly electronegative, are 

weakly polarizable, present a strong solvation and have high energy LUMOs. This 

classification for Lanthanum implies that it will spontaneously and strongly bond to 

specific functional groups with a hard Lewis character, such as the oxygenated 

functionalities on an activated carbon surface (carboxylic and phenolic groups); and ii) after 

its immobilization, it will spontaneously bond and prefer to bond to the stronger Lewis 

bases and fluoride is one of the strongest bases in the periodic table. 

Hence, La(III) has been widely implemented for the adsorption of hard bases, such as 

fluoride [36,146–148]. For the scope of this manuscript, only data from the adsorption 

kinetics will be described. As an example, Rao et al., [149] removed more than 90% of 

fluoride by lanthanum oxide after one hour of contact in two different mass:volume ratios 

(V = 50 mL, C0 = 4 ppm). Sahu et al., [150] obtained approximately the same performance 

by modifying poly-o-toluidine with lanthanum phosphate by sol-gel polymerization (M = 

20-250 mg, V = 100 mL, C0 = 5, 10 and 20 ppm). Yu et al., [151] produced a carbon 

material from Sargassum, which was mixed with silica gel impregnated with La(III) and 

reached a capacity of 50 mg g-1 (M:V = 0.4 g L-1, C0 = 20 ppm, pH0 = 7). 

Then, La(III) presents not only high affinity and thus high adsorption capacities and 

velocities towards this anion, but it also performs efficiently at neutral pH values, with a 

high selectivity and with lower costs of implementation, compared to other rare earths, such 

as Sc(III), Ho(III), Sm(III), Ce(IV), Nd(III), Y(III) Pr(III,IV), among others [64,152–156]. 

In addition, La(III) presents low toxicity and bio accumulation [157,158], which depends 
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on the dose, the uptake forms (free cation or ion pair, cluster or crystal size, etc.) and its 

physicochemical properties [159–161]. 

Lanthanum has been previously immobilized on a commercial activated carbon for fluoride 

adsorption. This work, by Vences-Alvarez et al., [36] used the bituminous activated carbon 

F-400 and the impregnation process was experimentally optimized by evaluating several 

La(III) concentrations and contact times. The experimental optimization was based upon 

the fluoride removal by adsorption points, in which the optimum materials were 

impregnated in a 0.05 M La(III) solution for 2 days, in which the best modified adsorbent 

was impregnated with a 2.1% of La(III) (w/w). 

The materials with higher La(III) content decreased the textural properties of the activated 

carbon by blocking most of the micropores, for which their adsorption increased no further, 

which was also corroborated by SEM-EDS micrographs and mappings. The presence of the 

crystalline forms of La(OH)3 and La2O3 were confirmed by XRD analysis (M = 0.1 g, V = 

30 mL, pH0 = 7, C0 = 20 ppm). These forms favored a mechanism in which the fluoride 

was chemisorbed to the modified surface via a ligand-exchange with the exposed hydroxyls 

from the formed La(III) clusters, for which the pH increased substantially during 

adsorption. Finally, an analysis of the kinetics showed that the modified activated carbon 

removed 8 times more fluoride than the pristine carbon and the effect of co-existing anions 

only presented an effect when their initial concentrations were of 50 ppm, i.e., 2.5 times the 

initial concentration of fluoride. 

The development of the ligand-exchange mechanism was corroborated by analyzing the 

pKa distribution of conventional functional groups of carbon-based materials before and 

after fluoride chemisorption. The modified carbon presented an intense peak at the interval 

of pKas between 7 and 9, associated to hydroxyls groups [68], which was almost absent 

when performing the same analysis after fluoride adsorption. On the other hand, the 

capacity of the same modified carbon decreased when evaluated in real tap water samples, 

although its performance was still much higher than that of the adsorption blank, i.e., the 

pristine carbon in deionized water. 

1.4.2 Capacitive performance 

Considering that the graphitic structure of the modified carbon remains unaffected by the 

impregnation process, the modified activated carbon discussed previously could still 

present good electrical properties (conductivity) and could be electrically polarized to 

further increase its fluoride removal. Nevertheless, as the micropores represent the most 

conductive zones of the activated carbon, a lower range of La(III) contents should be 

studied. As stated above, the micropore volume decreased after the impregnation due to the 

formation of La(III) clusters. 



31 

 

On the other hand, the addition of La(III) to the activated carbon seems viable considering 

the capacitive properties and cyclability performance of several lanthanum compounds 

[162–170]. From the literature, lanthanum oxide has been reported the most, although there 

are other capacitive compounds. As an example, Yadav et al., [165] synthesized thin films 

of La2O3 with a microrod structure, which were grown over stainless-steel surface by 

hydrothermal method. Their electrode presented a specific capacitance of 250 F at a scan 

rate of 5 mV s-1. This material showed a stable cyclic performance during 1000 cycles, in 

which its capacitance was reduced by 19%. 

The work of Rajagopal et al., [168] on doped nanosheets of reduced graphene oxide with 

lanthanum oxide/hydroxide nanoparticles evaluated three different rations of the reagents 

substrates. The material with a lanthanum - graphene ratio of 1:2 presented the highest 

capacitance of 889.29 F cm2 compared to the other higher ratios and the pristine materials 

(lanthanum nanoparticles and reduce graphene oxide), which was only reduced by 16% 

after 1000 cycles. Zhang et al., [163] synthesized LaN via the calcination of La2O3 in NH3 

atmosphere, reaching a volumetric capacitance of 951.3 F cm-3 with 1 A g-1 of current 

density. The volumetric capacitance decreases in less than 1% after 1000 cycles at three 

different current densities. Then, the electrochemical properties of several lanthanum 

phases is worth to highlight. 

For all previous reasons, the incorporation of La(III) to an activated carbon and its 

subsequent polarization at positive potentials could provide beneficial capacitive properties 

to this matrix, similar to those observed in a double-layer capacitor reported above, thus 

increasing both the adsorption capacity (without polarizing) of the modified lanthanum - 

activated carbon matrix by chemisorption interactions with the La(III) clusters and the 

electrosorption capacity of the pristine activated carbon by its electric polarization. 
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Motivation of this research 

 

High fluoride concentrations in arid and semi-arid zones due to groundwater 

overexploitation promotes its consumption above the recommended national and 

international standards, negatively affecting human health. As most water treatment plants 

present an adsorption step with activated carbon and considering its electrical properties, 

activated carbons can be electrically polarized to enhance electrostatic interactions towards 

this highly polar anion, possibly increasing its removal capacity and even its removal 

velocity. Furthermore, due to their versatility, most carbon-based materials can be 

chemically modified by their impregnation with diverse compounds, in which the 

modification with specific metal phases could not only enhance the polarity of the surface 

and present a much higher chemical affinity towards fluoride, but also enhance the 

electrical properties of the whole matrix (metal - activated carbon hybrid). Regarding this, 

lanthanum highlights as both an excellent fluoride sorbent and a capacitive material in 

several of its forms, for which a hybrid La(III)-activated carbon can be expected to increase 

the removal capacity and velocity of fluoride when polarized, compared to conventional 

adsorption. 
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Hypothesis 

 

The electrical polarization of a commercial activated carbon impregnated with La(III) will 

increase the removal capacity and velocity towards fluoride, due to higher electrostatic 

interactions and migration effects. The performance of the modified electrodes will be 

better (higher and faster fluoride removal) than that of the pristine unmodified carbon and 

than the performance obtained by conventional adsorption. In addition, water electrolysis 

will not be thermodynamically nor kinetically favored in the studied system. 
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General objective 

 

The purpose of this work is to evaluate different lanthanum impregnation contents, 

polarization values and polarization profiles to identify the best conditions of fluoride 

removal capacity and velocity by the studied electrodes. Furthermore, evaluate the 

selectivity towards fluoride by electrosorption against other anions of environmental 

relevance. 

 

Specific objectives 

 

* To identify the effect of the pore-size distribution on fluoride electrosorption by two 

commercial activated carbons with standardized surface area, surface chemistry and 

polarization and charging processes. 

* To describe the effect of the applied potential in fluoride removal by the previous 

commercial carbons to corroborate that water electrolysis is not an impeding reaction on 

the electrosorption performance in the studied conditions. 

* To identify the effect of the La(III) loading, of the polarization value and of the 

polarization profile (polarizing from the beginning and after the adsorption equilibrium) of 

the modified carbons by batch experiments to provide the best conditions for fluoride 

electrosorption removal (capacity, velocity, cyclability and stability). 

* To establish the effect of competing anions of environmental relevance in equimolar 

initial concentrations in the electrosorption performance of fluoride. 
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Chapter two: Exploring the polarization window during fluoride 

electrosorption in activated carbons with differences in their 

pore-size distribution 

 

Adapted from the following published work: 

D.R. Martinez-Vargas, L.F. Chazaro-Ruiz, J.R. Rangel-Mendez, Exploring the 

polarization window during fluoride electrosorption in two activated carbons with 

significant differences in their pore-size distribution, Sep. Purif. Technol. 295 (2022) 

121360. https://doi.org/10.1016/j.seppur.2022.121360.  

 

2.1. Introduction 

Fluorine is an essential element at concentrations below 1.5 ppm in water for human 

consumption [30,31]. Nevertheless, its overexposure and chronic consumption above such 

limit promotes dental and skeletal fluorosis, an undesired condition spread worldwide 

[30,31]. Electrosorption is a treatment option for either organic or inorganic ions present in 

different water reservoirs at low concentrations [43]. The applied electric field not only 

increases the electrostatic interactions towards the adsorbate(s), but it also enhances the 

mass-transport to the electrode surface due to migration effects [49–51], thus, increasing 

the removal capacity and rate compared to a conventional adsorption process. 

Electrodes for electrosorption usually comprise porous adsorbents with good electrical 

conductivity and carbon-based materials have become one of the most common electrodes 

[43,46]. The electrosorption performance depends on several factors, as there should be a 

correct agreement between the properties of the adsorbate (charge, hydrated energy and 

hydrated size, etc.) and of the electrosorption cell (physicochemical and electrochemical 

properties of the electrode pair, polarization potential, cell configuration and architecture, 

flow rate, etc.) [43,46,123,171]. 

Most reports have mainly focused in increasing the electrical conductivity of the electrode 

pair and the available surface for the adsorbate(s), for which the effect of textural properties 

(surface area, pore volume and pore-size distribution) has been widely addressed for 

capacitive processes, in general [113,114,129,172–175]. On the other hand, our research 

group has identified that activated carbon electrodes can perform significantly different as a 

function of their surface chemistry without significantly altering their textural properties 

[49,50], i.e., alkaline surfaces with a net positive surface charge are better for the 

electrosorption of anions, such as arsenate [49] and fluoride [50]. Then, the surface 

chemistry should be ideally standardized between electrodes with marked differences in 

https://doi.org/10.1016/j.seppur.2022.121360
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their textural properties to better isolate and understand the effect of the latter on the 

electrosorption performance. Fluoride electrosorption has been widely addressed by several 

carbon-based electrodes [50,55,57,139–141,176–178], although there are no reports on the 

effect of the textural properties nor the surface chemistry nor the combination of both 

factors. 

Another situation comprises that most reports on capacitive processes have fixed the 

polarization potential below 1.23 V, the potential difference associated with water 

electrolysis and the most conventional Faradaic parasitic reaction assumed in 

electrosorption cells [43,125,128]. Nevertheless, water electrolysis and other faradaic 

reactions are probably occurring at higher potential differences due to conventional cell 

resistances in these diluted media, such as charge-transfer resistances and the resistance of 

the electrolyte, for which 1.23 V could not be the upper limit of an electrode pair in 

aqueous solutions. Furthermore, even when water electrolysis could thermodynamically 

occur at 1.23 V, the reaction could be kinetically limited on the surface of activated carbon 

electrodes. In this regard, some studies have reported an enhancement in the performance 

of their studied electrodes when polarizing beyond this potential limit of 1.23 V 

[50,57,125,140,144,174,177]. For this, we propose that the polarization potential is a 

parameter that should be experimentally evaluated and even optimized in every 

electrosorption cell and not just adjusted to the theoretical and ideal thermodynamic value 

of water electrolysis. 

This work centers in tackling both previous hypothesis in one experimental design. First, to 

evaluate the electrosorption of fluoride by two commercial activated carbons with 

significant differences in their pore-size distributions, but with alike surface chemistry, 

which should isolate the effect of the pore-size distribution and promote a better 

understanding of this parameter. The second aspect is to evaluate the effect of the applied 

potential on the electrode performance by selecting potentials beyond 1.2 Vcell, the most 

conventional polarization limit due to water electrolysis, which will be explored up to a 

potential at which the electrosorption performance increases no further. 

 

2.2. Materials and methods 

2.2.1 Material standardization and characterization 

Two granular activated carbons from different precursors were selected: a bituminous 

carbon (F-400, Calgon) and a coconut-shell carbon. Both carbons were ground and sieved 

to obtain particle sizes between 250 and 500 μm. Fine material was removed by rinsing 

with deionized water (18.2 MΩ) and the carbons were then dried overnight at 85 °C. 
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The textural properties were determined by N2 physisorption analysis at 77 K in a 

Micrometrics Accelerated Surface Area and Porosimetry Analyzer 2020. The point of zero 

charge was determined by potentiometric titrations: 0.1 g of the carbons were immersed 

overnight in 50 mL of a 0.1 M NaCl solution (Sigma Aldrich), previously adjusting the pH 

to 3 with 0.1 M HCl (J.T. Baker). Then, the solution was titrated with 0.1 M NaOH (J.T. 

Baker) by an automatic titrator (Mettler-Toledo T70) under inert N2 atmosphere. The 

released ions was then computed by the formula 

 

(Equation 6), 

where CHCl and VHCl are the concentration and the volume of the titrant (0.1 M HCl), CNaOH 

and VNaOH are the concentration and the volume of the added base (0.1 M NaOH), Vsol is 

the initial volume of the solution (50 mL), a is the activity of the species in the working 

solution (0.1 M), M is the mass of carbon (0.1 g) and the released ions are given in (mmol 

g-1. Finally, the released ion was graphed vs. the measured pH of the solution. The pKa 

distribution was obtained with the software SAIEUS-pk-Dist © (1994). 

For the electrochemical characterization, the carbons were packed in sacks made of 

stainless-steel mesh (#304), which served as the working electrode (1.32 cm2). The counter 

electrode consisted of a stainless-steel mesh (SSM) without carbon (1.32 cm2) and the 

reference electrode was Ag/AgCl/3M NaCl (ALS Co., Ltd). For further comparison, the 

potential difference of this electrode versus the normal hydrogen electrode is of 209 mV at 

25 °C. Both the working electrode and the counter electrode were assembled by placing a 

Teflon membrane between them to minimize their separation and avoid short-circuit. The 

electrode design is presented in Figure 2.1. The electrodes were then placed in boiling 

water to degas the pores. All three electrodes were then immersed in specific aqueous 

solutions and connected to a Potentiostat/Galvanostat (Bio-Logic VMP multichannel, 

controlled by the EC Lab software) for their characterization. 
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Figure 2.1. a) Schematic representation of the electrosorption cell. b) Photo of the 

assembled electrode pair (working electrode (WE) and counter electrode (CE) separated 

by a Teflon membrane). 

Afterwards, all three electrodes were immersed in specific aqueous solutions and connected 

to a Potentiostat/Galvanostat (Bio-Logic VMP multichannel, controlled by the EC Lab 

software) for their characterization. Cyclic voltammetry was carried out in 0.1 M K2SO4, 

scanning at different sweep rates between -0.25 and 0.25 V vs. Ag/AgCl/3M NaCl. The 

gravimetric capacitance was computed using the formula 

    (Equation 7), 

where C is the gravimetric capacitance (F g-1), Q is the charge (C), 𝛥E is the potential 

window (V) and M is the mass of carbon (g). Linear sweep voltammetry was performed in 

a 5 ppm F solution with constant stirring at 0.1 mV s-1, from -0.1 Vcell to 2.5 Vcell. For this 

experimental setup, two channels of the Galvanostat/Potentiostat were coupled to 

simultaneously measure the half-cell potentials of the working and counter electrode with 

different channels. By this, we could directly relate the potentials of the reference electrode 

(Ag/AgCl/3M NaCl) to cell potential values (Ecell), such as those selected during the 

electrosorption kinetics. The mass:volume ratio for all the characterization was fixed to 2:1. 

2.2.2 Kinetics 

Kinetics were performed using sacrifice electrosorption cells (C0 = 5 ppm F-, M = 50 mg, V 

= 25 mL, pH0 = 7, T = 25 °C) by polarizing at Ecell = 0, 1.2, 1.6, 2 and 2.4 V immediately 

after their immersion and with a constant stirring of 120-130 rpm. The initial concentration 

(C0 = 5 ppm F-) was selected to obtain an overlapping of the developed electrical double-



39 

 

layers for most of the micro and mesopores computed from the Gouy-Chapman equation 

(Equation 2). In addition, this concentration is similar to those found in real waters in the 

city of San Luis Potosí [179]. Finally, it is worth to highlight that fluoride oxidation is non-

viable even at such higher potentials, for which fluoride is also an adequate model pollutant 

for capacitive processes [125]. 

Each of the sacrifice cells were depolarized and disconnected at different time intervals, 

collecting the solution in 50 mL Falcon tubes to measure the fluoride concentration with the 

fluoride selective electrode (9409BN, Thermo Scientific) and the pH (ORION 

8156BNUWP ROSS), both connected to a potentiometer (Orion VeraStar Pro, Thermo 

Scientific). Fluoride removal capacity was determined by the equation 

    (Equation 8),  

where q is the fluoride removal capacity (mg g-1), [F]0 is the initial fluoride concentration 

(ppm), [F]i is the measured concentration of fluoride at different time intervals during the 

kinetics (ppm), V is the volume of the solution (L) and M is the mass of the carbons (g). 

The charge efficiency was computed using Equation 3. 

The evaluation of the cyclic performance was carried out inducing continuous 

electrosorption-desorption cycles in both carbons in the same previous conditions (C0 = 5 

ppm F-, M = 50 mg, V = 25 mL, pH0 = 7, T = 25 °C). A cycle consisted in the electric 

polarization of the electrodes at 2 Vcell for 1 hour; afterwards, the polarization of the 

electrodes were reversed to -2 Vcell. This procedure was repeated 4 more times to attain a 

total of 5 consecutive electrosorption cycles. 

 

2.3. Results and discussion 

2.3.1 Characterization 

Figure 2.1a and 2.1b show the textural analysis for both carbons from N2 adsorption-

desorption isotherms at 77 K and the cumulative pore volume, respectively, which is 

summarized in Table 2.1. The data indicates that both the bituminous and the coconut-shell 

carbon have a similar value of surface area (SBET-Bituminous = 905 m2 g-1 and SBET-Coconut = 

820 m2 g-1). The N2 isotherms (Figure 1a) particularly display a highly microporous 

structure at the first shoulder at low relative pressures [65,180], for which both carbons 

presented a very similar contribution of the micropores to their total surface area of ~80% 

(680 and 730 m2 g-1 for the coconut-shell and bituminous carbon, respectively). 
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Figure 2.2. a) Adsorption-desorption isotherms of N2 at 77 K. b) Cumulative pore volume 

obtained by non-linear density functional theory (Mic = micropores, Mes = mesopores, 

Mac = macropores, “X” axis in logarithmic scale). 

Table 2.1. Textural properties. 

Adsorbent SBET 

(m2 g-1) 

VTOTAL 

(cm3 g-1) 

VMIC 

(cm3 g-1) 

VMES 

(cm3 g-1) 

AVP  

(nm) 

Bituminous 905 0.447 0.338 

(75.8%) 

0.101 

(22.7%) 

2.1 

Coconut-

shell 

820 0.324 0.308 

(95.2%) 

0.014 

(4.4%) 

1.74 

After this shoulder in Figure 1a, the bituminous carbon further increased its N2 adsorption, 

which is associated with the completion of the adsorption monolayer and the beginning of 

micropore and mesopore filling (capillary condensation) [65]. This increase implies that the 

bituminous carbon also presented a percentage of mesopores, while the coconut-shell 

carbon practically lacks mesoporosity. This is in excellent agreement with the minimal 

increase in the cumulative pore volume (Figure 2.2b) at pore widths higher than 2 nm (i.e., 

the mesopore range). Then, the coconut-shell carbon is mainly microporous, as they 

represent 95% (0.308 cm3 g-1) of the total pore volume, while the bituminous carbon 

presents both micro (75%, 0.338 cm3 g-1) and mesoporosity (25%, 0.101 cm3 g-1), as 
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reported in Table 1. For this same reason, the average pore diameter is larger for the 

bituminous carbon, 2.1 nm, compared to that of the coconut-shell carbon, 1.71 nm. 

Surface chemistry was studied by obtaining the points of zero charge (pHPZC) and the pKa 

distribution of both carbons by potentiometric titrations [80]. Both pHPZC values were very 

similar: pHPZC-coconut = 8.3 and pHPZC-bituminous = 8.8 (Figure 2.3a). The alkaline pHPZC 

values of both carbons imply a higher content of functional groups with Lewis-basic 

character, for which both carbons will present a net positive surface charge in neutral and 

acid solutions and thus, favorable electrostatic interactions towards fluoride. 

 

Figure 2.3. a) Surface charge distribution and b) pKa distribution (in 0.1 M NaCl, M = 100 

mg, V = 50 mL, T = 25 °C, deaerated with N2). 

The pKa distribution (Figure 2.3b) showed a first insight of the slight difference in their 

pHPZC values. This analysis relies on the understanding that the surfaces of real solids are 

inherently complex and possess a continuous distribution of adsorption energies, rather than 

discrete adsorption energy values [181,182]. This promotes that the exact same functional 

group develops a sequential dissociation along a specific pH interval, for which the pKa 

distribution provides a semi-quantitative analysis of their concentration [80]. As can be 

observed (Figure 2.3b), both carbons present well-defined peaks of subset of functional 

groups with a similar dissociation energy, being the most energetic those at lower pKa 

values, i.e., the carboxylic groups (4 ≤ pKa ≤ 6 [80]). For this, the more acidic pHPZC for the 

coconut-shell carbon can be attributed to a higher content of carboxylic groups, as the 
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concentration of lactonic (7 ≤ pka ≤ 9) [80]) and phenolic (8 ≤ pKa ≤ 11 [80]) groups are not 

appreciably different. 

Cyclic voltammetry was performed to study the capacitive response of the carbons by their 

potentiodynamic polarization at different sweep rates. The voltammetric response at 1 mV -

1 resemble a double-layer capacitor (Figure 2.4a), being the capacitance of the bituminous 

carbon higher than that of the coconut-shell carbon. This is related to a higher and more 

accessible pore volume of the bituminous carbon in the evaluated electrolyte due to the 

presence of mesopores. The marked differences at the positive potentials were attributed to 

the significant differences in the hydrated radii (K+ = 0.331 nm and SO4
2- = 0.379 nm [96]) 

and the hydrated energy (K+ = -322 kJ mol-1 and SO4
2- = -1059 kJ mol-1 [183]) in this 

asymmetric electrolyte. For the bituminous carbon, the presence of mesopores helped to 

allocate the bulkier anion, for which the capacitance remained symmetric during the studied 

potential window; for the coconut-shell carbon, its asymmetric response is in excellent 

agreement with other voltammetric responses of highly microporous carbons in asymmetric 

electrolytes [184,185]. 

 

Figure 2.4. a) Cyclic voltammetry at 1 mV s-1 in the anodic direction and b) gravimetric 

capacitances at different sweep rates (‘x’ axis in log-scale). The reported voltammograms 

and the computed capacitances correspond to the 3rd cycle (in 0.1 M K2SO4, M = 50 mg, V 

= 25 mL, T = 25 °C, Ag/ACl/3M NaCl as the reference electrode and SSM as the counter 

electrode, undeaerated solution). 
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The gravimetric capacitance of both carbons decreased as a function of increasing the 

sweep rate (Figure 2.4b), which implies less ion accumulation in the narrower pores at 

higher sweep rates. At higher sweep rates, similar values for both carbons were observed, 

probably associated with the capacitance of the most exposed surface. The decrease in the 

gravimetric capacitance for the coconut-shell carbon was lower at higher sweep rates, 

reiterating that a percentage of its polarizable area was inaccessible to the electrolyte. 

2.3.2 Kinetics and the overlapping of the electrical layers 

Figure 2.5 shows the results from the adsorption and electrosorption kinetics by both 

carbons in 5 ppm F- solutions. Both carbons barely adsorbed fluoride, although their 

electrical polarization did increase the removal of the anion at different degrees. The low 

adsorption capacity of carbon-based materials towards fluoride has been widely reported, 

even at much higher initial concentrations of the anion, which can be related to the high 

polarity of fluoride and the slightly polar surface of the studied carbons. The F- adsorption 

capacity of the bituminous carbon was only of 0.0735 mg g-1 (C0 = 5 ppm F-, pH0 = 7), 

which increased to 0.147, 0.235, 0.431 and 0.445 mg g-1 when polarized at 1.2, 1.6, 2 and 

2.4 Vcell, respectively (Figure 2.5a). For the coconut-shell carbon (Figure 2.5b), its 

adsorption capacity was even lower than for the bituminous carbon, 0.047 mg g-1, which 

increased to 0.065, 0.098, 0.256 and 0.227 mg g-1 by its polarization at the same potentials, 

respectively. As can be observed, the more significant increases occurred at 2 Vcell, which 

were of a similar magnitude, ~6 and 5.4 times the capacity of conventional adsorption (at 0 

Vcell) for the bituminous and coconut-shell carbons, respectively. The comparison of the 

capacities is summarized in Figure 2.5c, in which it can be observed that the bituminous 

carbon achieved higher fluoride removal capacities. 
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Figure 2.5. Adsorption and electrosorption kinetics of fluoride for a) bituminous and b) 

coconut-shell carbon at different potentials (y-axis in different scale). c) Comparison of the 

capacities between both carbons at each of the applied potentials for the bituminous (gray) 

and coconut-shell (orange) carbon (C0 = 5 ppm F-, M = 50 mg, V = 25 mL, pH0 = 7, T = 

25 °C and 120-130 rpm, SSM as counter electrode). 

The electrical polarization had a more profound effect in the fluoride removal velocities. 

First, the bituminous carbon presented a more positive slope as a function of increasing the 

applied potential, compared to those of the coconut-shell carbon. This can be visually 

observed by comparing Figure 2.5a and 2.5b, and Table 2.2 comprises the results of the 

slopes computed at t = 25 min. To corroborate this, the ratio of the obtained capacities 

    (Equation 8) 

during the kinetics at each applied potential was computed and graphed (Figure 2.6). In 

general, the ratio is higher than 1, which reiterates that the capacity of bituminous carbon 

was higher than that of the coconut-shell carbon. In addition, the ratio from Equation 8 

presents its highest values at short times (~4 times) than at times near the equilibrium (> 30 

min). This corroborates that the removal rate of the bituminous carbon was faster, i.e., this 

carbon removed more fluoride at lower times due to an enhanced mass-transport promoted 

by the mesopores. 
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Figure 2.6. Fluoride removal ratio (qbit / qcoconut) during fluoride kinetics (C0 = 5 ppm F-1, 

M = 50 g, V = 25 mL, T = 25 °C, 120-130 rpm, SSM as the counter electrode). 

Table 2.2. Removal velocities by adsorption and electrosorption in mg g-1 hr-1 (obtained at t 

= 25 min, M = 50 mg, V = 25 mL, C0 = 5 ppm F-, pH0 = 7, rpm = 120-130, T = 25 °C). 

Carbon OCV 1.2 Vcell 1.6 Vcell 2 Vcell 2.4 Vcell 

Bituminous 0.1325 0.2106 0.3619 0.8021 0.8996 

Coconut-shell 0.0558 0.0525 0.135 0.1988 0.309 

As can be observed from Figure 2.5, the coconut-shell carbon increased to a lesser degree 

its fluoride removal when polarized at 1.2 and 1.6 Vcell and presented a more limited mass-

transport, compared to the bituminous carbon at these same potentials. On the other hand, 

both carbons presented a marked increase at 2 Vcell, while there were insignificant increases 

in removal between 2 and 2.4 Vcell. These results could be related to differences in the 

polarization processes of the carbons. Nevertheless, the current and charge profiles of both 

carbons (Figure 2.7a and 2.7b, respectively) presented similar values and a stable behavior 

during the whole polarization time, for most potentials. This is sufficient to establish that 

both carbons presented not only similar values of surface area (SBET) and surface chemistry 

(pHPZC), but also similar charging processes, which was also reflected in the similar 

increases in capacity during the kinetics. In addition, this suggests that the results from the 

kinetics could be solely attributed to differences in the pore-size distributions of the studied 

carbons, which will be addressed below. Finally, the current profiles (Figure 2.7a) showed 

a marked increase in the recorded current at short times when polarized at 2.4 Vcell, 

probably attributed to the development of fast faradaic reactions, which could explain the 

insignificant differences in the performance at 2 and 2.4 Vcell. Then, 2 Vcell was 

experimentally established as the polarization limit in the studied conditions. 
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Figure 2.7. Recorded a) current and b) charge, both normalized per carbon mass during 

the electrosorption kinetics. c) Charge efficiency (M = 50 mg, V = 25 mL, C0 = 5 ppm F-, 

pH0 = 7, rpm = 120-130, T = 25 °C). 

Figure 2.7c shows the charge efficiency computed for both electrodes at the evaluated 

potentials. As can be observed, the highest charge efficiency is obtained when polarizing at 

1.2 Vcell and decreased as a function of increasing the applied potential. As ion-swapping 

and co-ion expulsion usually occur at lower potentials [43], the decrease in the charge 

efficiency must be related to the presence of parasitic faradaic reactions. This was 

corroborated by performing linear sweep voltammetry (Figure 2.8) in the same conditions 

than the electrosorption kinetics (5 ppm F- solution and with constant stirring), in which 

significant increases in current were observed at ~0.5 Vcell. Even when there are no 

punctual studies that correlate the current increases observed in linear sweep voltammetry 

(or other potentiodynamic technique) and unstable current profiles in amperometry (a 

potentiostatic technique), there are reports that have addressed some correlations. For 

example, it is well-known that unstable current profiles are related to the development of 

faradaic parasitic reactions on the electrode surface, mainly, the oxidation of the carbon 

surface, which are observed after several electrosorption cycles [50,104,129]. 
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Figure 2.8. Linear sweep voltammetry for the studied electrodes in 5 ppm F-1 with constant 

agitation (v = 0.1 mV s-1, M = 50 g, V = 25 mL, T = 25 °C, 120-130 rpm, SSM as the 

counter electrode). 

The presence of micropores has been widely associated with better performances in 

capacitive process for water treatment [120], as they account not only for most of the 

surface area and pore volume in porous materials [80], but also because of their higher 

electrical conductivity [186]. Nevertheless, the micropores need to be reached by the 

hydrated adsorbates in solution. For this reason, the textural properties of the electrode 

should be in excellent agreement with the properties of the adsorbate (hydration energy and 

hydrated size, charge, etc.). On the other hand, several works have reported that the 

presence of mesoporosity enhances both the removal capacity and the mass-transport of 

adsorbates [129,172–175], mostly due to a better allocation of the electrical double-layers 

(EDLs) and the subsequent decrease in their overlapping at the micropores, which will be 

addressed upon next. 

An approximation using the Gouy-Chapman equation (Equation 2) computes a double-

layer thickness of 18.67 nm in the studied conditions (0.263 mM for a 1:1 electrolyte, T = 

25 ºC, εwater = 78.54), for which the EDLs are clearly overlapped at the micropores and 

most of the mesopores. On the other hand, recent models on the formation of the EDLs in 

nanometric spaces based on field-dependent permittivity propose that the EDL thickness is 

much narrower, compared to that computed from the Gouy-Chapman approximation [187], 

which is in excellent agreement with experimental and theoretical reports on the 

contribution of the micropores to the formation of the EDL [113,188]. Nevertheless, all 

models consider that the EDLs indeed overlap at the micropores and, even at some degree, 

at the mesopores [113,114], which decreases the available surface area and pore volume for 

the electrosorption of ionic species (Figure 2.9a). Then, if the evaluated carbons are 
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behaving as double-layer capacitors, it is reasonable to consider that the microporous 

coconut-shell carbon presented higher EDL overlapping, which can be translated as less 

available surface for fluoride removal. This can be observed from the minimal increases in 

fluoride removal at 1.2 and 1.6 Vcell for this carbon. For the bituminous carbon, the 

presence of mesopores aided in allocating the formed EDLs, for which its fluoride removal 

did significantly increase when polarized at these same potentials. 

 

Figure 2.9. a) EDL overlapping in a slit-shaped pore (Ψs = surface potential). b) Decrease 

of the EDL overlapping as a function of increasing the potential (Ψs). c) Allocation of the 

fluoride anions at the Stern layer in a microporous carbon. 

It is well-known that the EDL thickness decreases as a function of increasing the charge of 

the particle or of the electrolyte, the ionic strength of the electrolyte and the applied 

potential of the electrode (Figure 2.9b) [84,86,91,102,189,190]. Then, at the highest applied 

potentials of 2 and 2.4 Vcell, the EDLs became narrower, which may suggest that their 

overlapping also decreased, thus unblocking a portion of the pore volume (Figure 2.9c). 

This could explain or reflect the marked increases in fluoride removal for both carbons at 

these potentials and would be in excellent agreement with other works that have addressed 

this phenomenon [189–192]. 

A first quantitative approximation of the decrease of the overlapping was obtained by 

computing the projected area of the removed fluoride moles at the equilibrium (Figure 

2.5c), which were then contrasted to the available surface area above the theoretical EDL 

thickness of 18.67 nm. First, the surface area above a pore width of 18.67 nm was 

subtracted from the total surface area of the carbons (SBET in Table 2.1), as this value of 

EDL thickness should have blocked all the area provided from the carbon pores until this 
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width (i.e., the micropores and most mesopores). This corresponds to an available surface 

area of only 6.54 m2 g-1 and 0.79 m2 g-1 for the bituminous and coconut-shell carbon, 

respectively, according to the NLDFT analysis. At 2 Vcell, the projected area of the removed 

fluoride moles were 4 times higher than the available surface area for the coconut-shell 

carbon, while it was only of 83% of the total available surface for the bituminous carbon, 

which must be an indicator of the decrease in the EDL thickness. The surface area excess 

was added to the previous available surface area computed by the overlapping (0.79 m2 g-1), 

which corresponded to a surface area provided by a pore width of ~9.5 nm. By this, it is 

viable to propose that the overlapping decreased ~50% for this carbon, from an initial 

overlapping at 18.67 nm and down to 9.5 nm. Probably, the same was occurring for the 

bituminous carbon, although it was not appreciable due to its higher available surface. 

Even when the removal of fluoride by the formation of multilayers seems also a feasible 

explanation of this phenomenon, the surface potential practically fades at short distances 

(~1 nm) from the surface, for which most fluoride interactions must have been at very short 

distances. It is also worth to highlight that the projected surface area of the removed 

fluoride ions should be higher than that computed above, due to negative lateral interactions 

that forbids the allocation of the counter-ions at the electrical layers directly in contact and 

next to each other without any separation among them. That slight separation must also be 

considered and added to the projected area and the calculations performed above. In 

addition and as was stated above, the Gouy-Chapman approximation provides a more 

thicker EDLs than those observed by more recent molecular dynamics, for which probably 

fluoride anions reached even smaller pore widths. For these reasons, the approach here used 

must be solely suggestive in a quantitative form and it is reiterated that it was only used to 

demonstrate that the EDL thickness decreased as a function of increasing the applied 

potential, which unblocked the nanometric pores in the activated carbon electrode. 

Continuing with the previous idea, the EDL overlapping could also explain part of the 

restrictive mass-transport observed for the coconut-shell carbon. The formation of the EDL 

is considered an instantaneous process for planar surfaces, while, in porous electrodes, it 

depends on the transport and allocation of the counter-ions inside the pore. Then, the EDL 

formation in such narrower spaces is a function of the thermodynamic properties of the 

adsorbate, its transport, the length of the pore and the presence of convection [193]. Kwak 

et al. [194] demonstrated that the equilibrium of electrically polarized nanopores with 

significant EDL overlapping effects is established quite slowly, due to slow axial transport 

through the pore. Then, mass-transport limitations for the coconut-shell carbon, especially 

at short times, could be due to the slow allocation of fluorides while penetrating its highly 

microporous structure. 
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2.3.3 Polarization limits and parasitic reactions 

As stated above, the objective of evaluating several polarization potentials was to identify 

the polarization limit in the studied system, i.e., the potential at which the electrosorption 

performance increased no further. Most reports only evaluated potentials of 1.2 Vcell, below 

the thermodynamic potential difference of water electrolysis (Equation 3). Nevertheless, 

two inconveniences arise: i) such ideal and theoretical value does not consider the 

conventional resistances of the system (charge-transfer resistances of the electrode and the 

resistance of the electrolyte), which can increase the potential difference needed to the 

development of water electrolysis; and ii) this same potential does not give information on 

the kinetic limitations of the reaction over a specific electrode surface, i.e., a fast water 

electrolysis reaction may not be developing at the surface of activated carbon when 

polarized even above an overpotential, compared to certain metallic electrodes. Both 

previous reasons could imply that rapid water electrolysis could be occurring at a much 

higher potential difference than 1.23 V or that water electrolysis is not favorably fast at all 

on the studied activated carbon electrodes. 

Parasitic reactions not only decrease the electrosorption performance of the electrodes, as 

was observed in the charge efficiency of the carbons (Figure 2.7c), but they also present an 

effect on the pH of the solution. Nevertheless, in our studied system, pH fluctuations were 

minimal (ΔpHmax = +0.4 at Ecell = 2.4 V), which are typical increases of solely capacitive 

systems. The increase in the pH is a conventional phenomenon of the anode compartment 

[135] or of asymmetric cells in which the activated carbon is only present in the anode 

[114], although this is also dependent on the surface chemistry of the studied carbon-based 

materials. In addition to the previous discussion, the minimal fluctuations of the pH can 

also be attributed to the low mass:volume ratio used, to the pHPZC values close to neutrality 

and that fluoride electrosorption does not present a pH-dependent mechanism at the 

evaluated electrodes. On the other hand, this increases in the pH of the solution provide a 

first insight of the reactions taking place at the cell, addressed upon next. 

As was observed in Figure 2.8, current increases detected by linear sweep voltammetry 

occurred at a potential of ~0.5 Vcell, i.e., a potential difference much lower than 1.23 V. 

Nevertheless, as activated carbons and the current collector (stainless-steel mesh) are not 

ideal electrodes for water electrolysis, the increases in current should be associated to other 

faradaic reactions. The most common and experimentally demonstrated reaction in 

electrosorption cells is that of oxygen reduction and peroxide formation [125,128] 

(Equation 5), which occurs at 0.69 V vs. NHE (or ~0.49 V vs. Ag/AgCl/3M NaCl) and 

explains the increase in the pH of the solution. 

The main conclusion of this section seems to be that the polarization potential should not be 

fixed to a constant value below the theoretical potential of water electrolysis, but it must be 

evaluated and even optimized, according to the needs of every system (water quality, 
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energy efficiency, removal capacity and rate, etc.). The commercial activated carbon 

electrodes here evaluated can be polarized beyond 1.2 Vcell, increasing their fluoride 

removal capacity and rate. This is in good agreement with other reports in which the 

electrosorption performance was enhanced by polarizing beyond 1.2 Vcell 

[50,57,125,140,144,174,177]. On the other hand, there are also reports in which no 

significant enhancement beyond 1.2 Vcell was observed [49,51] which reiterates that there 

are still aspects to truly understand why and in which system water electrolysis will be 

promoted. In addition, water electrolysis is just one specific reaction that can occur in 

aqueous solutions, while there are other more viable reactions, such as oxygen reduction 

and the oxidation of the carbon surface, which are practically never taken into account 

when establishing polarization limits. 

2.3.4 Cyclic performance 

Figure 2.10 shows the cyclic performance of both carbons for 5 consecutive cycles. The 

first graphs (Figure 2.10a and 2.10b) comprise the removal capacities when polarized at 2 

Vcell and includes the subsequent regeneration of the carbon surface after fluoride 

desorption process by polarizing at -2 Vcell. As it is well-known, the system is considered 

stable if the removal capacity is relatively constant, which was the case for both the 

bituminous and coconut-shell carbon during the 5 cycles. Even when faradaic reactions 

were induced during this high polarization value, fluoride was efficiently expelled when 

polarizing at -2 Vcell (>90% regeneration for both carbons). 
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Figure 2.10. Electrosorption and desorption (a) and (b) and current profiles (c) and (d) 

during five electrosorption cycles for the bituminous and the coconut-shell carbon, 

respectively (C0 = 5 ppm F, M = 50 mg, V = 25 mL, pH0 = 7, T = 25 °C and 120-130 rpm, 

SSM as counter electrode). 

Figure 2.10c and 2.10d display the recorded current during the electrosorption cycles for 

both carbons to reiterate that the surface was correctly regenerated. Several works have 

already reported and discussed that stable and symmetric current profiles during 

electrosorption cycles are associated to a correct regeneration of the surface [100,104,129]. 

This is due to the oxidation of the carbon surface has implications in decreasing the 

electrical conductivity of the material. In a previous publication [50], the same bituminous 

activated carbon was depolarized, i.e., without reversing the polarization at negative 

potential and decreased its capacitive behavior at each cycle. Then, the most marked effect 

of the oxidation reactions taking place during the polarization were those related to the 

charge efficiency of the electrodes (Figure 2.7c) and not in the removal capacities. 

 

2.4. Conclusions 

The two commercial activated carbons selected for this study present a similar surface area 

(SBET), surface chemistry (pHPZC), and even similar current and charge profiles during their 

polarization. Nevertheless, the bituminous carbon presented five times more mesopore 
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percentage (25%), compared to the coconut-shell carbon (5%). During the kinetics, the 

bituminous carbon performed better as an electrode, as it presented a higher removal, 

although higher increases were observed in the removal velocity, being ~4 times higher at 

short times. 

The poor performance of the coconut-shell carbon at 1.2 and 1.6 Vcell was attributed to the 

overlapping of the EDLs in its highly microporous structure. This was not observed for the 

bituminous carbon, in which its higher mesopore content helped to allocate the EDLs. At 2 

Vcell, both carbons increased more their removal performance, which was explained by a 

~50% decrease in the EDL thickness, from ~18.67 nm to ~9.5 nm, which reduced their 

overlapping and increased the available pore space. Parasitic faradic reactions were 

developed at all applied potentials, although their effect was more significantly observed at 

2.4 Vcell. 

The applied potential in capacitive processes is a factor to evaluate and optimize. As has 

been here demonstrated and has been observed in other works, it is feasible to polarize 

beyond 1.2 Vcell and significantly increase the performance of some electrosorption cells. 

Nevertheless, this had a pronounced effect in one charge efficiency of the electrode. 

Finally, although water electrolysis is thermodynamically viable in these systems, it could 

not be developing due to kinetic limitations. 
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Chapter three: Fluoride Electrosorption by Hybrid Lanthanum-

Carbon Electrodes 

 

Adapted from the following published works: 

D.R. Martinez-Vargas, E.R. Larios-Durán, L.F. Cházaro-Ruiz, J.R. Rangel-Méndez, 

Correlation between physicochemical and electrochemical properties of an activated carbon 

doped with lanthanum for fluoride electrosorption, Sep.Purif. Technol. 268 (2021). 

https://doi.org/10.1016/j.seppur.2021.118702. 

D.R. Martinez-Vargas, J.R. Rangel-Méndez, L.F. Cházaro-Ruiz, Fluoride electrosorption 

by hybrid La(III)-activated carbon electrodes under the influence of the La(III) content and 

the polarization profile, J. Environ. Chem. Eng. 10 (2022) 106926. 

https://doi.org/10.1016/j.jece.2021.106926. 

 

3.1 Introduction 

Fluorine is an essential element for human health at low doses, but its excessive and 

chronic consumption promotes undesired health conditions, such as dental weakness and 

skeletal deformations [195,196]. For this, the World Health Organization established a 

maximum concentration limit of 1.5 ppm in waters for human consumption [195–197]. 

Electrosorption is an emerging treatment process for waters containing either organic or 

inorganic ions, even at low concentrations [52]. This process, also known as desalination or 

capacitive deionization, consists in polarizing adsorbents with high surface area and good 

electrical conductivity, promoting the migration of species to the electrode surface with 

opposite electric charge. The electrosorption performance depends on several parameters, 

mainly on the phyphysicochemicald electrochemical properties of the electrodes and of the 

adsorbate, the electrode configuration, the cell architecture, the applied voltage, the flow 

rate, among other parameters [43,46,53,123,131,171,198–201]. Nevertheless, the electrode 

design and their configuration in the cell have received higher attention, as observed in a 

higher number of reports solely on these topics. 

Carbon-based materials are commonly selected as electrodes for the electrosorption and 

desalination processes because of their high surface area, good electrical conductivity, and 

tunable physicochemical and electrochemical properties [43,46,52,53]. In addition, several 

reports have focused on the surface modification of commercial activated carbons to 

develop hybrid materials with higher capacity and rate removal towards different 

adsorbates. Some of the modifications comprise the addition of specific functional groups, 

as specific metal phases [54–59,202], but also, of larger chemical entities, as ssuch 

urfactants, polymers and ion-exchangers [60–64,103,203]. Regarding metals, certain metal 

https://doi.org/10.1016/j.seppur.2021.118702
https://doi.org/10.1016/j.jece.2021.106926
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phases present a higher electrical conductivity than carbon-based electrodes and their 

addition may also promote the removal of the desired species by conventional adsorption. 

For this, there are several reports on the modification of differentcarbon-basedd electrodes 

with several metal phases for water desalination [54,56,58,59,202], while on fluoride 

electrosorption there are only reports with Ti(IV) [55,57] and La(III) [50]. 

All reports on capacitive processes consider two polarization profiles: polarizing the 

adsorbents from the beginning and polarizing the adsorbents after conventional adsorption. 

Conventionally and to this day, insignificant differences have been observed in capacity by 

both profiles, while the removal rate does increase by polarizing the electrodes from the 

beginning [50,54,56], making this profile the most reported one. Nevertheless, polarizing 

after the adsorption equilibrium could be viable for electrodes in which significant 

interfacial changes occur after the adsorption process. In general and for carbon-based 

materials, several studies have already reported changes in the surface charge after the 

adsorption of different adsorbates [36,107–109] and, furthermore, surface charges have 

been established as a key parameter to increase the electrode performance in capacitive 

processes [61,62,103,104,112]. Then, a new electrode interface with more favorable 

properties for electrosorption could be developed after conventional adsorption, which 

could promote a better performance of the electrode. 

For the previous reasons, the objective of this research is to study fluoride removal on 

activated carbon electrodes impregnated with different La(III) percentages by both 

polarization profiles. Besides studying the effect on fluoride removal capacity and rate by 

the electrical stimulus of these modified matrices, the authors expect differences between 

both profiles for the electrodes of this study, as these electrodes undergo interfacial changes 

related to their net surface charge during the adsorption process. Such differences will be 

evaluated by several in situ characterization techniques before and after the adsorption of 

fluoride, as these techniques could also provide information on the processes and 

mechanisms taking place at the interface, according to the previously proposed mechanism 

[36]. Further analysis of the surface charge distribution and the interfacial changes that took 

place at such matrices include the recordings of the open circuit potentials and their 

correlation to the charging and polarization process. 

 

3.2 Materials and methods 

3.2.1 Material standardization and physicochemical characterization 

Granular activated carbon (F-400, Calgon) was ground and particles between 250 and 500 

μm were collected and rinsed with deionized water (18.2 MΩ) until fine material was 

removed. Then, the activated carbon was dried overnight at 85 °C. For the impregnation 

with lanthanum below 1% (w/w), 0.6 g of activated carbon was immersed in 100 mL of 
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0.15 M La(NO3)3 (Aldrich) solution for 2 days, at 25 °C and constant stirring (120-130 

rpm). For higher La percentages, 0.1 g of AC were immersed in 10 mL of either 0.3 or 0.5 

M La(NO3)3 solutions at the same conditions stated previously. The adsorbents were 

centrifuged, decanted, washed three times with deionized water and dried overnight at 85 

°C. All samples were storedinr N2 atmosphere until their use. 

The surface area, pore volume and pore-size distribution were determined by N2 

adsorption-desorption isotherms at 77 K in a Micrometrics Accelerated Surface Area and 

Porosimetry Analyzer 2020. The content of La(III) was quantified by digesting 20 mg of 

the carbons with 20 mL of HCl-H2SO4 molar ratio of 1:5 (Fermont) in a Microwave 

Advanced Digestion System (Milestone), from 25 to 150 °C in 10 minutes and maintaining 

that temperature during 35 minutes. The final solution was diluted to 50 mL with deionized 

water and La(III) was determined using inductively coupled plasma-optical emission 

spectrophotometer (Varian 730-ES) at 379.47 nm. Scanning electron microscopy and 

enenergy-dispersive-ray spectroscopy (Quanta 200) were performed to obtain the La(III) 

mapping of the carbons. X-Ray Diffraction (XDR SmartLab Rigaku) was implemented to 

obtain the crystallographic patterns and phases with a Cu Kα radiation λ = 1.546 Å, with a 

step time of 10 s and 2θ of 0.02°. The carbons were crushed before obtaining both the 

micrographs and diffractograms. 

The point of zero charge was determined by placing 0.1 mg of the adsorbents in 50 mL of 

0.1 M NaCl or inm NaF (Sigma Aldrich) and stirring for 14 hours. The pH was adjusted to 

11 with a solution of 0.1 M NaOH (J.T. Baker); then, the samples were titrated with 0.1 M 

HCl (J.T. Baker) by an automatic titrator (Mettler-Toledo T70) under N2 atmosphere. 

Afterwards, the released ions and the pKa distribution were obtained as was stated in 

Section 2.2.1. 

3.2.2 Cell arrangement and electrochemical characterization 

For the electrochemical characterization, the carbons were again packed in sacks made of 

stainless-steel mesh (#304), which served as the working electrode. The counter electrode 

consisted of a stainless-steel mesh (SSM) without carbon and the reference electrode was 

Ag/AgCl/3M NaCl (ALS Co., Ltd). The working electrode was deaerated in boiling water 

and a Teflon membrane was placed between the working and the counter electrode to avoid 

short-circuit. All electrodes were then immersed in specific aqueous solutions and 

connected to a Potentiostat/Galvanostat (Bio-Logic VMP multichannel, controlled by EC 

Lab software). 

Cyclic voltammetry was carried out in 0.1 M NaF, scanning between -0.5 and 0.5 V vs. 

Ag/AgCl/3M NaCl at different sweep rates. The gravimetric capacitance was computed 

using the Equa 7. The potential of zero charge was determined in a 20 ppm F solution, 

polarizing the carbons from -0.2 to 0.6 V (vs. Ag/AgCl/3M NaCl) in 0.05 V increments, 
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with a potential amplitude of 10 mV, using a frequency range from 100 kHz to 100 mHz 

and 10 points per decade. The capacitance was computed with the formula 

    (Equation 9),  

where C is the capacitance (F), f is the lowest value of frequency (Hz) and -Im is the 

imaginary component (Ω) and the pot,ential of zero charge was identified as the lowest 

value of capacitance among the applied potentials. Two sets of measurements were 

performed with freshly prepared electrodes: i) immediately after immersion and ii) after 

reaching the adsorption equilibrium. All values of capacitance were then graphed versus the 

polarization potential and the capacitance minimum was selected as the potential of zero 

charge. Linear sweep voltammetry was performed in a 20 ppm F- solution, i.e., the working 

solution, sweeping at 0.2 mV s-1 from -0.2 V to 1.2 V (vs. Ag/AgCl/3M NaCl). 

3.2.3 Kinetics 

For this specific chapter, the initial concentration was increased to 20 ppm F- mainly, due to 

the weight of the working electrode, which limited the amount of mass of carbon and thus, 

the thickness of the electrode and the dimensions of the projected area. 

For fluoride electrosorption, the cell (V = 0.5 L, pH0 = 7, C0 = 20 ppm F, 120-130 rpm) 

consisted of 0.25 g of activated carbon packed in a SSM (working electrode, 6.25 cm2 of 

projected area), a SSM without activated carbon (counter electrode, 25 cm2 of projected 

area) and Ag/AgCl/3 M NaCl as the reference electrode. The working electrode was 

deaerated in boiling water before its immersion in the electrolyte. Kinetics were first 

performed by polarizing only at 0.8 V (vs. Ag/AgCl/3M NaCl) in two polarization profiles: 

i) polarizing from the beginning and ii) polarizing after the adsorption equilibrium at the 

same potential value. This potential corresponds to ~1.1 Vcell and was selected according to 

the results of the potential of zero charge and due to the results of previous reports [49,50]. 

During the kinetics, the concentration of fluoride was measured with the fluoride selective 

electrode (Thermo Scientific) and the pH of the solution was measured with a 

potentiometer (Thermo Scientific Potentiometer) at different time intervals. Fluoride 

removal capacity (mg g-1) was calculated by Equation 8. The release of Lanthanum from 

the modified electrodes was determined by ICP-OES (Varian 730-ES) at 379.47 nm at the 

adsorption and electrosorption equilibria. 

Another set of electrosorption kinetics were performed by polarizing at 0.4, 0.8 and 1.2 V 

,(vs. Ag/AgCl/3M NaCl) and both previous polarization profiles: stepped-potential 

increases (including the open circuit potential (OCP)) and polarizing at a single value from 

the beginning. Desorption was evaluated by depolarizing the electrodes (at the OCP) and by 

reversing the polarization at -0.5 V and -1.0 V (vs. Ag/AgCl/3M NaCl). Electrochemical 

impedance spectroscopy was performed during the desorption experiments at the OCP to 
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track interfacial changes on the carbon surface. The technique was performed at the OCP 

using a perturbation of 10 mV of amplitude, in a frequency range from 100 kHz to 10 mHz, 

with 10 points per decade. The system was allowed to stabilize until attaining a ΔEOCP = 1 

mV h-1. 

 

3.3 Results and discussion 

3.3.1 Characterization 

3.3.1.1 Textural properties 

Table 3.1 shows the La(III) content in the carbon matrices, obtained from acid digestion, 

which confirms a successful impregnation of La(III) with significant differences in their 

w/w percentages. The labels of the carbons in this study were according to their lanthanum 

content: GAC, for the pristine carbon, and La-0.5%, La-1.5% and La-2.0% for the modified 

carbons. The textural analysis of the carbons (Table 3.1 and Figure 3.2a) shows a marked 

decrease in the surface area and pore volume as a function of increasing the La(III) content 

in the carbons. Lanthanum, as other metals, can anchor and agglomerate onto the carbon 

surface mainly due to their coordination with phenolic and carboxylic surface groups 

[204,205]. The decrease in the textural properties of the modified carbons can be attributed 

to the formed clusters that blocked some of the pores, especially the narrower ones [36]. 

Both the pristine carbon (905 m2 g-1 and 0.447 cm3 g-1) and La-0.5% (895 m2 g-1 and 0.438 

cm3 g-1) presented a similar surface area and pore volume, which is in good agreement with 

the low impregnation percentage of this modified carbon. On the other hand, the surface 

area and pore volume did significantly decrease for La-1.5% (802 m2 g-1 and 0.396 cm3 g-1) 

and La-2.0% (752 m2 g-1 and 0.375 cm3 g-1). These losses can be associated specifically to 

micropores (< 2 nm), as they decreased more than other pore sections (Table 3.1 and Figure 

3.1a). 
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Figure 3.1. Cumulative pore volume by N2 adsorption-desorption isotherms at 77 K, 

obtained by non-linear density functional theory (x-axis in logarithmic scale, Mic = 

micropores, Mes = mesopores and Mac =, macropores). 

Table 3.1. Textural, physicochemical and electrochemical properties of the studied 

carbons. 

Adsorbent %La 

(w/w) 

SBET 

(m2 g-1) 

Vmic 

(cm3 g-1) 

Vmes 

(cm3 g-1) 

Vtot 

(cm3 g-1) 
pHPZC 

EPZC 

(V vs. ref) 

GAC ND 905 0.338 0.101 0.447 8.5 0.0 

La-0.5% 0.52 895 0.331 0.099 0.438 4.91 0.1 

La-1.5% 1.58 802 0.302 0.087 0.396 4.68 0.45 

La-2.0% 1.96 752 0.281 0.088 0.375 4.43 0.55 

Scanning electron microscopy coupled to energy dispersive X-ray spectroscopy was 

performed to corroborate the formation of La(III) clusters and to evaluate their dispersion 

on the carbon surface by elemental mappings of the micrographs in sample Lathe -0.5%. As 

can be observed, lanthanum particles, represented in blue color (Figure 3.2a), indeed 

formed several clusters. The clusters are well-dispersed, but greatly differ in size, ranging 

from ~200 nm and up to ~3 µm. Nevertheless, the smaller clusters are more abundant in 

this sample. This difference in the clusters size was expected, since the activated carbon 

used in this study has a highly disordered and irregular pore structure [205,206]. Finally, 

due to the low content of lanthanum, no diffraction peaks were observed by X-ray 

diffraction (Figure 3.2.b), although, La2O3 and La(OH)3 phases were identified in [36]. 
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a) 

 

b) 

 

Figure 3.2. a) SEM-EDS mapping of Lanthanum (in blue color) for the modified carbon 

La-0.5% at 250x. b) Diffractograms of the adsorbents (Cu Kα radiation λ = 1.546 Å, step 

time = 0.02° every 10 s). 

3.3.1.2 Surface chemistry and surface charges 

The anchoring of lanthanum also promoted significant changes in the surface chemistry of 

the carbon. La(III) clusters provided a higher polarity to the surface because of the exposed 

hydroxyl terminations. These hydroxyls functionalities also changed the net charge of the 

surface, as they can deprotonate as a function of the solution pH, which was evaluated by 

the determination of the point of zero charge (pHPZC). For the pristine carbon, the pHPZC 
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was 8.5 (Table 3.1), implying a positive charge at neutral solutions. On the other hand, the 

pHPZC of the modified carbons decreased to acidic pH values as function of increasing the 

La(III) content (4.9, 4.68 and 4.43 for La-0.5%, La-1.5% and La-2.0%, respectively), for 

which their surface will present a negative charge at neutral solutions. Even when fluoride 

can present electrostatic repulsion towards the negative charges from the deprotonation of 

these surface hydroxyls, the presence of these groups promotes fluoride chemisorption by a 

ligand-exchange mechanism [36], which will be further addressed below. 

In addition, the direct effect of surface charges on an electrode for capacitive processes can 

be evaluated by the potential of zero charge (EPZC). The EPZC is the potential value with a 

minimum capacitance value and reflects the composition of ions at the interface, also 

termed as the surface excess: when E > EPZC, the interface will be composed mainly by 

anions; when E < EPZC, the interface will be composed mainly by cations. The pristine 

carbon presented the lowest EPZC, 0.0 V (vs. Ag/AgCl/3M NaCl), while the EPZC of the 

modified carbons increased to more positive values as a function of increasing the La(III) 

content (0.1, 0.45 and 0.55 V for La-0.5%, La-1.5% and La-2.0%, respectively). The 

increase in the EPZC for the modified carbons implies that they will require higher 

polarization values to change their surface excess and remove fluoride. Due to this result, 

0.8 V (vs. Ag/AgCl/3M NaCl or ~1.1 Vcell) was selected as the polarization potential for the 

electrosorption experiments, i.e., above the highest EPZC, but not high enough to promote 

the expulsion of lanthanum. 

3.3.1.3 Cyclic voltammetry 

One common approach for electrosorption is to study the capacitive properties of 

adsorbents. When polarized, capacitive electrodes accumulate charge as ions at the 

interphase. In addition, the decrease in surface area due to the occlusion of pores could also 

imply changes in the polarizable area of the modified carbons, as micropores provide 

higher area and can present higher electrical conductivity than other pore sections [207–

209]. For this, cyclic voltammetry was carried out to evaluate changes in the response by 

the potentiodynamic polarization of the carbons. All voltammetric responses (1 mV s-1, 

Figure 3.3) resemble a double-layer capacitor with a marked variation on the capacitance of 

the electrodes (the width of the response) between carbons. Again, insignificant differences 

were observed between La-0.5% and the pristine carbon, while the modified carbons with 

more La(III) decreased their capacitance as a function of increasing the La(III) content. 

Then, more occluded pores decreased the polarizable surface of the carbons, which 

decreased their ability to retain ions at the interface. This corroborates that lanthanum 

clusters blocked a significant part of the polarizable area of the modified carbons and that 

the polarizable area was located mainly at micropores. 
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Figure 3.3. Cyclic voltammetry in 0.1 M NaF, from -0.5 to 0.5 V a) at 1 mV s-1 for all the 

carbons (M = 0.025 g, V = 0.050 L, rpm = 120-130, T = 25 °C). The measurements 

correspond to the 3rd cycle. 

Figure 3.4 shows the voltammetric response of the modified carbon La-0.5% as a function 

of different sweep rates. As can be observed, the voltammetric response deformed at higher 

sweep rates, which also decreased the gravimetric capacitance of this electrode. This is 

related to insufficient time for the ions to enter into the narrower pores at faster sweep rates, 

which decreased the quantity of ions accumulated at the interphase, thus decreasing the 

capacitance. This same tendency, the deformation of the characteristic response of a 

double-layer capacitor and the marked decrease in the gravimetric capacitance by 

increasing the sweep rate, was similar for the other carbons, including the pristine carbon. 
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Figure 3.4. Gravimetric capacitances obtained from cyclic voltammetry in 0.1 M NaF, from 

-0.5 to 0.5 V at several sweep rates for La-0.5% (M = 0.025 g, V = 0.050 L, rpm = 120-

130, T = 25 °C). The measurements correspond to the 3rd cycle. 

3.3.2 Kinetics 

3.3.2.1 Conventional adsorption vs electrosorption 

Figure 3.4 shows the kinetics from conventional adsorption at the open circuit potential 

(OCP, i.e., without polarizing the carbons, Figure 3.4a), the electrosorption kinetics (Figure 

3.4b) and the comparison of the obtained capacities between both processes for all the 

electrodes (Figure 3.4c). Conventional adsorption kinetics at the OCP (Figure 3.4a) showed 

an increase in the adsorption capacity and velocity as a function of increasing the La(III) 

content. The pristine carbon presented the lowest capacity (0.77 mg g-1), while the modified 

carbons increased their adsorption capacity to 1.95 mg g-1, 6.13 mg g-1, and 7.86 mg g-1 for 

La-0.5%, La-1.5% and La-2.0%, respectively. When polarized from the beginning at 0.8 V 

(vs. Ag/AgCl/3M NaCl, Figure 3.4b), the pristine carbon increased its capacity to 1.23 mg 

g-1, while the modified carbons presented a capacity of 3.13 mg g-1, 6.21 mg g-1 and 6.56 

mg g-1 for La-0.5%, La-1.5% and La-2.0%, respectively. When comparing both processes 

(Figure 3.4c), it can be observed that the electrical polarization only benefited the pristine 

carbon and La-0.5%, compared to the removal at the OCP. On the other hand, the 

electrosorption capacity of La-1.5% presented no significant difference while the 

electrosorption of La-2.0% decreased, compared to their capacity at the OCP. Other 

differences were observed in the removal rates of both adsorption and electrosorption 

kinetics (Table 3.2). Finally, La(III) concentration was determined by ICP-OES at the 

equilibrium, but was only detected for samples from the electrode La-2.0%. This explains 

the decrease in the electrosorption capacity compared to conventional adsorption, as the 
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La(III) content decreased due to the electrical polarization, which also implies that this 

electrode is not suitable to be polarized, as even this minimal polarization from its EPZC 

(0.55 V) expelled La(III). 

 

Figure 3.5. Adsorption kinetics for the adsorbents a) without polarization and b) polarizing 

at 0.8 V. c) Comparison of the obtained capacities by both adsorption and electrosorption 

kinetics (M = 0.25 g, V = 0.5 L, C0 = 20 ppm F, pH0 = 7, rpm = 120-130, T = 25 °C). 

Table 3.2. Removal velocities by adsorption and electrosorption in mg g- h-1 (M = 0.25 g, V 

= 0.5 L, C0 = 20 ppm F-1, pH0 = 7, rpm = 120-130, T = 25 °C). 

Electrode 
Conventional adsorption 

(at the open-circuit potential) 

Electrosorption 

(0.8 V vs. Ag/AgCl/3M NaCl) 

GAC 0.615 1.32 

La-0.5% 2.863 4.714 

La-1.5% 9.785 7.61 

La-2.0% 17.169 8.928 
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Previous analysis helped to discern the real effect of the electrical polarization on these 

modified carbon matrices. The removal of fluoride at the OCP increased as a function of 

increasing the La(III) content, as the anchoring of La(III) increased the number of 

adsorption sites for fluoride on the modified carbons, i.e., the exposed hydroxyls from 

La(III) clusters [36]. On the other hand, the deprotonation of some of these oxygenated 

functionalities provided a net negative charge on the surface at our working system (C0 = 

20 ppm F, pH0 = 7), corroborated by a decrease in the pHPZC and an increase in the EPZC. 

These negative charges competed with the positive polarization of the carbon when 

polarized from the beginning. Opposite charges to the polarization of the electrode present 

an antagonistic effect by repelling the adsorbate (fluoride) and stabilizing cations such as 

sodium. 

As explained above, an electrode with a higher EPZC will need higher potentials (higher 

energy) to counter the exposed antagonistic charges and start electrosorbing fluoride. On 

the other hand, if the surface charges are of the same sign as the electrical polarization of 

the electrode, there is a synergy and the electrosorption capacity and rate is enhanced, as 

has been studied by the amphoteric-Donnan model [62,112,210,211]. For this reason, the 

carbons with the lowest EPZC increased more its removal capacity when polarized at the 

selected potential. Even due to all previous factors and discussion related to the correlation 

between the surface chemistry, the surface charges and the electrosorption performance, the 

performance of the modified carbons was significantly better compared to the performance 

of the pristine carbon, which reiterates the importance of the surface modification with 

metal phases in fluoride removal. 

 

3.3.2.2 The polarization profile and interfacial changes after adsorption 

Figure 3.5a shows the electrosorption results of the modified carbons La-0.5% and La-1.5% 

when polarized at 0.8 V vs. Ag/AgCl/3M NaCl after the adsorption equilibrium (filled 

figures). Previous electrosorption results (polarizing from the beginning, unfilled figures) 

were added to the graph to compare both processes. As can be observed for La-0.5%, there 

are no significant differences in the removal capacity as a function of the polarization 

profile, but the adsorption velocity did increase when polarizing from the beginning. On the 

other hand, the stepped polarization promoted a removal of 8.92 mg g-1 for La-1.5%, 

increasing the fluoride removal in 50%, compared to the adsorption and the electrosorption 

processes individually (~6 mg g-1). Before explaining the processes taking place at the 

stepped kinetics (polarizing after the adsorption equilibrium), the adsorption mechanism of 

fluoride into these matrices will be further detailed and experimentally verified upon next. 
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Figure 3.6. a) Comparison of conventional adsorption kinetics and stepped electrosorption 

kinetics for La-0.5% and La-1.5% (Epol = 0.8 V, M = 0.25 g, V = 0.5 L, C0 = 20 ppm F, 

pH0 = 7, rpm = 120-130, T = 25 °C). Shift in the b) pHPZC and c) EPZC due to fluoride 

adsorption. The filled figures correspond to the initial determination, before fluoride 

adsorption; the unfilled figures to the determination after fluoride adsorption (M = 0.025 g, 

V = 0.05 L, pH0 = 7, rpm = 120-130, T = 25 °C, Eamp = 10 mV). 

Fluoride chemisorbs onto the modified carbons by a ligand-exchange mechanism, in which 

the exposed hydroxyls of La(III) are involved [36]. This was observed by increases in the 

measured pH of the solution, FT-IR signals, analysis of the pKa distribution [36] and due to 

the absence of fluoride liberation when depolarizing the electrode [50]. Because some of 

these hydroxyls are exchanged by fluorides in solution, the input of negative charges on the 

carbon surface should decrease after the adsorption equilibrium. This was tracked and 

corroborated by measuring both the pHPZC and the EPZC after fluoride adsorption. The 

pHPZC (Figure 3.6b) of all carbons increased to more alkaline values (unfilled figures), even 

for the pristine carbon (pHPZC = 8.7, 8.2, 7.6, for La-0.5%, La-1.5% and La-2.0%, 

respectively), which is indicative of the change in the surface charge from negative to 

positive at our working conditions. The same tendency is observed in the EPZC (Figure 

3.5c), as the obtained values became less positive, compared to the values before fluoride 

adsorption (unfilled symbols), except for the pristine carbon. Then, the ligand-exchange 

mechanism was taking place and it promoted significant interfacial changes related to the 

surface charges after fluoride adsorption. 
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These changes in the net surface charge (from negative to positive values) could explain the 

better performance for La-1.5% when polarized after the adsorption equilibrium. According 

to the amphoteric Donnan model, a positive surface is better suited for anion 

electrosorption, due to a decrease in the energy needed to modify the surface excess (less 

co-ion expulsion) and higher electrode charging (higher potential difference from the EPZC), 

which translates as higher attraction of adsorbates towards the surface [62,118]. Previous 

statement should be understood as a synergy between the inner potential (the applied 

potential, 0.8 V vs. Ag/AgCl/3M NaCl) and the surface potential (associated to the surface 

chemistry of the electrode), i.e., the global attraction towards fluoride increases when both 

potentials are positive, as occurred when polarizing after the adsorption equilibrium. 

3.3.2.2.1 The electrical pore blockage of the micropores 

Independently from previous discussion, there is still a gap in understanding the differences 

between the two polarization profiles related to the available surface before and after 

fluoride adsorption. Formally, no differences in removal should be attained by both 

polarization profiles if the available surface and pore volume that interacts with fluoride 

remains the same. All the accessible functionalities and polarizable surface inside the 

narrower pores should have contributed to fluoride removal independently of the profile, 

although this was probably not the case. Then, it seems feasible to propose that there were 

not only changes in the net surface charges, but also in the available polarizable surface 

after fluoride adsorption. A fraction of the polarizable surface was unreachable at the 

beginning of the kinetics. The previous statement must be referred specifically to the 

micropores, as they present higher deployment of functionalities and are responsible for the 

alkaline or acidic surface characteristics of these materials, present higher conductivity and, 

of course, are more prone to be obstructed or unavailable to solvated species 

[36,74,80,209,212]. Then, as it has been widely reported, there is an unavailable micropore 

space in aqueous solution [213,113,114,214], compared to the reported values obtained by 

physisorption analysis. 

Due to this, it is here proposed that the narrower pores were not only obstructed physically, 

due to the presence and growth of La(III) clusters, but also electrically, due to the exposed 

antagonistic charges from deprotonated hydroxyl groups at their entrances (Figure 3.7), 

similar to a conventional electron-shielding effect in atoms. Then, the exchange of the 

hydroxyl groups decreased the concentration of negative surface charges, the micropores 

unblocked and the available micropore space increased, thus increasing the interaction 

towards fluoride and promoting higher fluoride removal for the modified carbon La-1.5%. 
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Figure 3.7. Schematic differentiation between a physical (left) and electrical (right) pore 

blockage. 

On the other hand, La-0.5% did not present significant differences between the two 

polarization profiles as its pores were less blocked, both physically and electrically. This 

can also be analyzed from its lower EPZC value (0.1 V), for which it was easier to counter 

the negative charges of the deprotonated hydroxyls when polarized at 0.8 V. All these 

results imply that marked improvements could be observed by selecting a stepped 

polarization profile (polarizing after the adsorption equilibrium) for electrodes that present 

significant interfacial changes related to their net surface charges after the adsorption 

process, as occurred for La-1.5%. Another approach consists in determining the EPZC and 

applying sufficient energy (polarization value) far from this value to overcome antagonistic 

surface charges, as occurred for La-0.5%. Even when both previous approaches should 

promote better performances, in the former, the removal capacities could be different 

according to the polarization profile; in the latter, the removal capacities for both processes 

should be similar. Nevertheless, the electrosorption potential presents energetic and 

efficiency limits, while the polarization profile is not limited by such aspects, although may 

be indeed limited by a slow or inefficient adsorption step. 

3.3.2.2.2 Polarization and charging processes 

If the observed differences in fluoride removal for La-1.5% are indeed attributed to changes 

in the available polarizable surface after the adsorption step, then the current and charge 

profiles should also present differences as a function of the polarization profile for this 

same electrode. First of all, the current profiles of porous conductive matrices present a 

high initial stimulus of current, which decreases as a function of time. Electrodes with 
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higher surface area and pore volume (or higher electrical conductivity) require higher 

current to be electrically polarized. Figures 3.8a and 3.8b show the measured current 

(polarization profile) and charge (charging process), respectively, of the studied electrodes 

La-0.5% and La-1.5% during the electrosorption kinetics by both profiles. As can be 

observed, La-0.5% presented insignificant differences in the measured current and charge, 

which can be correlated to a similar polarization process independently of the polarization 

profile, as was stated in the previous section. On the other hand, La-1.5% shows a marked 

increase in the measured current and charge when polarized after the adsorption 

equilibrium, compared to its polarization from the beginning and can be attributed to a 

more efficient polarization and charging processes. This could also be associated to the fact 

that the available polarizable surface for La-1.5% was different depending on the 

polarization profile, i.e., polarizing after the adsorption equilibrium there was a higher 

polarizable surface than at the beginning of the kinetics. 

 

Figure 3.8. a) Current and b) charge profiles for La-0.5% and La-1.5% during the 

electrosorption kinetics. The arrows indicate the difference between both polarization 

profiles by the same electrode. 

An additional analysis relies on the correlation between the EPZC and the open-circuit 

potentials (OCPs). Figure 3.9 shows the OCPs before agitating the solution, i.e., before 

adsorbing fluoride (OCP recordings) and during fluoride adsorption (without polarizing the 



70 

 

carbons). First of all, the OCP is another reported method to obtain the EPZC of porous 

electrodes [215]. The OCP of the pristine carbon was the lowest value, while the modified 

carbons increased their OCP as a function of increasing their La(III) content in a similar 

tendency as for the reported EPZC by electrochemical impedance spectroscopy in Table 3.1. 

The recordings before adsorbing fluoride indeed show a stable behavior, as practically no 

fluoride is being adsorbed at this stage. After starting to agitate the solution, the OCPs of 

the modified carbons increased to more positive values and reached a new steady state at 

~25 minutes. On the other hand, the pristine carbon increased its OCP at a much slower rate 

than the modified carbons, probably due to its less polar surface that promoted a slower and 

less spontaneous wetting process of this electrode. 

 

Figure 3.9. Recording of the open-circuit potential (OCP) values for the electrodes during 

a kinetics. 

Figure 3.10 represents a schematic illustration of the useful and non-useful polarization for 

the modified carbon La-1.5%, as a function of specific electrochemical values: the potential 

of zero charge, EPZC, the open circuit potential, OCP, and the polarization potential, EPOL. 

The EPZC, as discussed above, represents the value at which the electrode is uncharged and 

polarizing beyond this value promotes a specific charge (positive or negative) on the 

electrode surface. The OCP represents an electrodynamic equilibrium value of the 

electrochemical system and its importance is related to the difference between this value 

and EPOL (0.8 V vs. Ag/AgCl/3M NaCl). As can be observed, when La-1.5% is electrically 

polarized from the beginning, there is a potential difference of 0.5 V between the OCP (0.3 

V) and EPOL (0.8 V). Nevertheless, this electrode presents a positive charge at the EPZC 

(0.45 V), for which the real potential difference was only of 0.35 V. This implies that there 

is a non-useful polarization of ~0.15 V, probably related to the energy wasted in expulsing 

the co-ions and in counter the deprotonated surface functionalities. On the other hand, when 

this electrode is polarized after the adsorption equilibrium, the OCP increased to ~0.35 V, 

but the EPZC decreased down to 0.0 V, for which there is a potential difference of 0.45 V 
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between the OCP and EPOL The absence of non-useful polarization by this profile and a 

higher potential difference between the EPZC and EPOL also explains the higher performance 

by this electrode and by polarizing after the adsorption equilibrium, even when the potential 

difference between both profiles is rather small. This also correlates adequately with the 

better polarization and charging processes observed for this modified carbon (Figure 3.8). 

This same schematization of the electrochemical parameters for La-0.5% (before 

adsorption: EPZC = 0.1 V, OCP = 0.21 V; after adsorption: EPZC = 0.0 V, OCP = 0.33 V; 

EPOL = 0.8 V) would not show a significant difference by the obtained EPZC values, and 

thus, in its polarization and charging process. 

 

Figure 3.10. Schematic representation of useful and non-useful polarization using the 

values of the electrode La-1.5% I) before and II) after reaching the adsorption equilibrium, 

based on the electrochemical values of the potential of zero charge (EPZC), the open-circuit 

potentials (OCP) and the polarization potential (EPOL). 

3.3.2.2.3 Comparison to other works 

Even when there are a few reports on fluoride electrosorption by activated carbon 

electrodes modified with metals [50,55,57], only one polarized their electrodes after the 

adsorption equilibrium. For this reason and to observe the effect of the polarization profile, 

the performances of other activated carbon electrodes modified with metals applied to 

water desalination were analyzed and were added to the discussion. The reported capacities 

were obtained from the kinetics experiments, once at the equilibrium. As an example, 

Chang et al., [54], modified an activated carbon with TiO2 and increased its desalination 

~15 times by polarizing the electrode after the adsorption equilibrium, compared to its 

adsorption capacity (C0 = 500 ppm NaCl, 1.2 Vcell). Ryoo and Seo [56] modified an 

activated carbon with Si(IV), Al(III), Zr(IV) and Ti(IV), polarizing their adsorbents again 

only after the adsorption equilibrium. The lowest increase in desalination was of 2.78 times 

higher than the adsorption capacity (without polarizing the electrode), but the carbon 
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modified with Ti(IV) increased its removal ~15 times (C0 = 3.54 ppm NaCl, 1.0 Vcell). 

These two previous examples evidence the importance of the polarization profile on these 

hybrid matrices, although the other polarization profile, polarizing the electrodes from the 

beginning, was not evaluated. On the other hand, when polarized from the beginning, most 

carbon electrodes modified with metals only increased their removal less than ~2 times 

[54,58,59,202]. The exceptional case was observed in the work of Yasin et al., [58], in 

which an activated carbon electrode modified with TiO2 and ZrO2 increased its desalination 

2.11 times and its subsequent doping with nitrogen achieved an increase in 2.84 times the 

desalination capacity of the unmodified electrode (C0 = 50 ppm NaCl, 1.0 Vcell). It is also 

worth to highlight that those last reports on modified electrodes did increase their removal 

velocity by polarizing from the beginning. 

From previous reports, it can be observed that polarizing from the beginning is the most 

evaluated profile, but the few reports that evaluated the stepped polarization (polarizing 

after the adsorption equilibrium) showed better improvements in removal. Compared to our 

work, even when only an increase of 50% in removal was observed due to the polarization 

profile, our global removal is much higher than others reported for fluoride electrosorption. 

In addition, better results could also be obtained by controlling the La(III) cluster size, or 

by considering activated carbon-based electrodes with higher surface area, higher 

conductivity or a less heterogeneous surface. Again, this tendency is of special interest for 

porous electrodes modified with metals in which substantial interfacial changes related to 

surface charges occur after the adsorption process. In addition, this is not particular of 

fluoride and La(III), as the ligand-exchange mechanism has been observed between other 

anions and metals [153,216–219]. 

3.3.3 Electrosorption at other polarization potentials 

Another set of electrosorption kinetics by several stepped-potential increases (Figure 3.11a) 

were performed in order to evaluate the effect of the applied potential on fluoride removal, 

but only for the pristine carbon and La-0.5%. In addition, the potential value was extended 

to a higher value of 1.2 V (vs. Ag/AgCl/3M NaCl). All potential increases were 

standardized to the slowest equilibrium time observed for these set of kinetics, i.e., 3 hours. 

Results show that both carbons increased their removal capacities at each of the applied 

potentials. The adsorption capacity of the pristine carbon increased 3.9 times (from 1.12 to 

4.26 mg g-1) at the last polarization step of 1.2 V (vs. Ag/AgCl/3M NaCl), while La-0.5% 

increased its adsorption capacity 2.55 times (from 2.33 to 5.93 mg g-1). The graph bars at 

Figure 3.11b showed a clear effect of the addition of La(III) to the carbon surface, when 

compared between samples, but also the effect of the polarization on their removal 

capacities, obtaining a marked and significant increase in fluoride removal. 
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Figure 3.11. a) Stepped-potential kinetics for fluoride; b) capacities from OCP adsorption 

(gray) and electrosorption (orange) for the stepped-potential sequence; c) comparison of 

the capacities between both sequences for each of the applied potentials: stepped-potential 

(gray) and single-potential (orange) (C0 = 20 ppm F, M = 0.3 g, V = 0.5 L, pH0 = 7, T = 

25 ºC and 120-130 rpm). 

Now, the electrosorption kinetics by polarizing from the beginning at these same potentials 

(0.4, 0.8 and 1.2 V) will be discussed. When polarizing at 0.4 V (vs. Ag/AgCl/3M NaCl), 

the capacity of La-0.5% decreased, compared to the capacity from the stepped-potential 

profile, while the capacity of the pristine carbon was similar for both kinetics at this 

potential (Figure 3.11c). The first adsorption step (without polarization) in the stepped-

potential profile contributed to neutralize some of the deprotonated lanthanum hydroxyls 

due to the ligand-exchange mechanism [36]. This charge neutralization made possible a 

further increase in fluoride removal when polarizing at 0.4 V afterwards. When polarizing 

at 0.4 V from the beginning, the positive polarization of the surface competed with the 

deprotonated hydroxyls. These adsorption sites were not previously neutralized as in the 

stepped-increase kinetics. At this polarization potential, not enough energy was applied to 

repel the sodium cations adsorbed at the interface, thus diminishing the removal of fluoride. 

A larger potential value was needed to overcome this charge effect, as was observed at 

higher polarization values, explained upon next and as was explained above in section 

3.3.2.2.2. 
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When polarizing at 0.8 V (vs. Ag/AgCl/3M NaCl), the adsorption capacity of La-0.45% 

was the same for both single and stepped profiles, while for the pristine carbon was lower 

than for the stepped-potential profile and even lower than the capacity at 0.4 V. On the 

other hand, at 1.2 V, the adsorption capacities were similar to those obtained from the 

stepped-potential profile. The inconsistent adsorption capacity at 0.8 V for the pristine 

carbon could be due to competing faradaic reactions, observed in the linear sweep 

voltammetry (Figure 3.12a) and corroborated below (section 3.5.1). Probably, some of 

these faradaic reactions took place faster at 1.2 V, explaining why no significant differences 

in capacities were observed between different potential sequences at 1.2 V. Nevertheless, 

the current profiles (Figure 3.12b and 3.12c) obtained from these potentiostatic stimuli 

showed constant and stable measurements < 2.7 mA g-1 at all polarization potentials. 

Finally, the stainless-steel mesh, presented no visual oxidation when polarized at this 

potentiostatic regime. 

 

Figure 3.12. a) Linear sweep voltammetry at 𝜈 = 0.2 mV s-1. b) Current profiles from 

stepped-potential and single potential kinetics for the b) pristine carbon and c) La-0.5%. 

The black lines represent the current measured during the kinetics by stepped-potential 

increases. (C0 = 20 ppm F, M = 0.3 g, V = 0.5 L, pH0 = 7, T = 25 ºC and 120-130 rpm, 

SSM as the counter electrode.) 
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Due to previous results, the polarization window can be extended to 1.2 V (vs. 

Ag/AgCl/3M NaCl), for which this potential will be used for further characterization of the 

electrosorption cell in the next sections. 

3.3.4 Electrosorption cycles by depolarization 

3.3.4.1 Depolarization at the OCP 

A whole cycle of electrosorption (C0 = 20 ppm F, pH0 = 7) consisted in polarizing at 1.2 V 

for 3 hours, the time needed to reach the electrosorption equilibrium, and then depolarizing 

the carbon at the open circuit potential with constant agitation until reaching a constant 

fluoride concentration. This process was then repeated 5 more times. The modified carbon 

did not desorb fluoride when depolarized (Figure 3.13a), although desorption was feasible 

by reversing the polarization of the electrode, as will be discussed in section 3.3.4.2. After 

the 2nd cycle and further, the adsorption capacity increased ~23% for La-0.5% (q~1st 

cycle~ = 5.53 mg g-1 vs. q~2nd-6th cycles~ = 6.82 mg g-1). The lack of desorption at the 

open circuit potentials corroborated that fluoride was retained by a chemisorption process, 

even when polarized. The chemisorption process is attained by a ligand-exchange 

mechanism, in which fluoride is exchanged by the hydroxyl from the La(III) clusters [36]. 
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Figure 3.13. a) Electrosorption-desorption cycles (C0 = 20 ppm fluoride, M = 0.3 g, V = 

0.5 L, pH0 = 7, T = 298 K and 120-130 rpm, Ag/AgCl/3M NaCl as reference electrode, 

SSM as counter electrode, POL = polarization, OCP = open circuit potential). b) Point of 

zero charge values determined before polarizing or basal determination, after the 1st 

polarization and after the 6th polarization. c) Open circuit potential recorded before each 

polarization step. 

Probably, the increase in fluoride concentration at the electrode surface promoted further 

chemisorption to take place, as a conventional Le-Chatelier principle. The increases in 

capacity for the consecutive cycles could be associated to a purely capacitive retention 

inside the carbon pores, as fluoride continues to migrate when the carbons are polarized. On 

the other hand, the capacity of the pristine carbon decreased in each cycle, reaching a 60% 

decrease at the 5th cycle (0.27 mg g-1) and practically no electrosorption capacity at the 6th 

cycle. Then, the pristine carbon can only be polarized twice before losing most of its 

capacity. 
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During the polarization, interfacial changes were taking place for both carbons that can 

explain their difference in their performance, mainly, the oxidation of the surface and 

La(III) expulsion, the latter only for the modified carbon. Activated carbons oxidize when 

polarized [49,104,133], which can be confirmed by techniques that provide information on 

oxygen content or surface charges, as the pHPZC and the EPZC, among others. The pHPZC for 

the pristine carbon decreased from 8.9 to 7.1 after the 1st cycle, and to 4.1 after the 6th 

cycle (Figure 3.13b), which clearly demonstrates the oxidation of the carbon surface due to 

its polarization. The oxidation of the surface increased the density of oxygenated 

functionalities with an acid-Lewis character and, subsequently, the density of negative 

charges and the electrostatic repulsion after each cycle. Also, the oxidation of the surface 

implies a decrease in its graphitization and thus, in its conductivity. Both previous factors 

explain the decrease in the electrosorption capacity after each subsequent polarization. In 

addition to the oxidation of its surface, La-0.5% expelled lanthanum. 

For La-0.5%, its pHPZC increased from 4.9 to 7.4 while its La(III) content decreased to 

0.39% w/w after the 1st cycle. This is related to a decrease in the negative surface charges 

due to the expulsion of La(III) clusters. At the end of the 6th cycle, the pHPZC decreased to 

5.2, which is associated to the surface oxidation, while the La(III) content decreased to 

0.32%. Nevertheless, the fact that the pHPZC decreased after the 6th cycle to a lesser degree 

than for the pristine carbon implies that the presence of La(III) stabilized the oxidation of 

the modified carbon. This correlates adequately with the discussion of linear sweep 

voltammetry results (Figure 3.10), in which current increases were observed at higher 

potential values for the modified carbon. More detailed studies should take place to 

evaluate if lanthanum expulsion was due to the polarization potential, to consider lower 

potential value, or due to the polarization time. 

The open circuit potential (OCP), also reported as the immersion potential [215], can be 

used to obtain information about the surface chemistry of carbon electrodes. The OCP 

values of both carbons increased as a function of increasing the number of electrosorption 

cycles (Figure 3.13c). Globally, the pristine carbon increased more its OCP values, from 

0.13 V before the 1st polarization, to 0.57 V, after the 6th polarization; while the modified 

carbon increased from 0.26 to 0.51 V for these same polarizations. These increases in the 

OCP could be related to changes in the electrolyte composition, as the electrical 

polarization promoted the expulsion of adsorbed protons and of lanthanum. In addition, the 

surface oxidation increased the number of oxygenated functionalities that deprotonated at 

the working electrolyte, also changing the electrolyte composition at some degree. 

Nevertheless, these changes were minimal compared to the concentration of the working 

electrolyte (C0 = 20 ppm F ≈ 10-3 M F). 

On the other hand, the oxidation of the carbon surface decreased the number of functional 

groups that can oxidize, also decreasing the ratio of species that can be oxidized vs. the 

species that can be reduced. This ratio is directly related to the OCP values, according to 
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the Nernst equation. As can be observed, the pristine carbon increased had the highest 

increase in its OCP (0.57 V), compared to the modified carbon (0.51 V), which is 

equivalent to a higher oxidation of its surface. Then, this again corroborates that the 

presence of La(III) stabilized the oxidation of the modified carbon. It was observed that the 

electric polarization of the carbon surface promoted interfacial changes of the pristine 

electrode in contrast with the modified carbon. The pristine carbon decreased its electrical 

conductivity after the polarization by decreasing its graphitization while the presence of 

La(III) aided in stabilizing the surface chemistry, since it protects the surface from the 

oxidation process. 

3.3.4.2 By reversing the polarization at negative potentials 

Both carbons were polarized at negative potential values to study the desorption of fluoride. 

Figure 3.14 shows that desorption was achieved in only 1 hour when polarizing at -0.5 V. 

After reversing the polarization, 93.7% and 51.1% fluoride desorption was reached for the 

pristine carbon and La-0.5%, respectively. Nevertheless, the mesh oxidized at the second 

desorption cycle using this negative potential. At -1.0 V, the desorption rate was slightly 

faster, but this potential also increased the oxidation of the counter-electrode (SSM). 

Further experiments on desorption with a different counter electrode and in different 

electrolyte media should be considered for future desorption performance. 

 

Figure 3.14. Electrosorption-desorption cycle of fluoride by reversing the polarization of 

the working electrode (M = 0.3 g, C0 = 20 ppm F, V = 0.5 L, pH0 = 7, T = 298 K and 120-

130 rpm, Ag/AgCl/3M NaCl as reference electrode, SSM as counter electrode). 
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3.4 Conclusions 

The modification of a commercial activated carbon with different percentages of La(III) 

was achieved. The formed La(III) clusters partially blocked the entrances to narrower 

pores, promoting significant changes in their textural and capacitive properties, which 

correlated directly with their La(III) content. The addition of La(III) increased the number 

of sorption sites, increasing their adsorption capacity. Nevertheless, the electrical 

polarization of the modified electrodes promoted contrasting results. The electrical 

polarization of the modified activated carbons only benefited the carbon with the lowest 

La(III) content, increasing its removal capacity and kinetics, independently of the 

polarization profile. On the other hand, the other two carbons with higher La(III) content 

presented a similar or lower removal than that obtained by conventional adsorption 

(without polarizing the electrode). Even when La-1.5% presented a similar removal by 

conventional adsorption and electrosorption (polarized from the beginning), its polarization 

after the adsorption equilibrium promoted higher removal than by both processes 

individually. Due to these results, the polarization profile should be considered as a 

parameter to improve the electrosorption process in which the net surface charges of the 

electrodes change during the adsorption step, as in certain activated carbon electrodes 

modified with metals. 

The two fundamental determinations to understand the charge distribution at these 

interfaces are the point and the potential of zero charge. These two parameters 

demonstrated that fluoride was chemisorbed by a ligand-exchange mechanism and that the 

hybrid carbons presented changes in their surface charge distribution after fluoride 

adsorption. The determination of both parameters before and after adsorption provided 

sufficient evidence to deduce that La(III) clusters partially blocked the entrances to the 

narrower pores both physically and electrically (due to the presence of antagonist charges). 

The subsequent set of kinetics evaluated at other potential values showed that both the 

pristine carbon and La-0.5% could also be polarized at potentials beyond 1.2 Vcell (0.8 V vs. 

Ag/AgCl/3M NaCl), increasing their removal rate and capacity. The same capacity was 

obtained independently of the polarization profile used, although polarizing from the 

beginning increased the removal velocity for both carbons. The modified carbon 

chemisorbed fluoride by a ligand-exchange mechanism, even during its electrical 

polarization. Because of this chemisorption process, fluoride did not desorb after the 

depolarization of the electrode. On the other hand, the pristine carbon did release fluoride 

when depolarized and its adsorption capacity decreased down to less than 10% of the initial 

capacity after the 6th cycle. When reversing the polarization of the electrodes at -0.5 V, 

fluoride desorption was attained for the modified carbon and at a much faster rate. 

Nevertheless, the stainless steel mesh (the counter electrode) oxidized when polarized at 

such negative potentials, for which it is not suitable as a counter electrode material for the 

evaluating the cyclic performance of the carbons. 
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The polarization process promoted the oxidation of the surface of both carbons, which was 

observed by a marked increase in the point and potential of zero charge after each 

subsequent cycle. However, the presence of lanthanum stabilized the oxidation process at 

some degree. On the other hand, a certain percentage of this metal was released during the 

polarization process. Finally, electrochemical impedance spectroscopy provided was a 

useful indicator to track interfacial changes and processes occurring during the 

electrosorption cycles. 
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Chapter four: Fluoride electrosorption in the presence of 

competing anions of environmental relevance 

 

Under review in Electrochimica Acta. 

 

4.1 Introduction 

Excessive and chronic fluoride consumption is associated to severe health implications, 

such as dental weakness and skeletal deformations [30,31]. For this, international standards 

have established a limit of 1.5 ppm in drinking waters for human consumption [30,31]. 

Electrosorption is an option for waters containing either organic or inorganic ions [52], as 

the electrical stimulus enhances electrostatic interactions towards ions. Carbon-based 

materials are excellent electrodes for the electrosorption process due to their high surface 

area and pore volume [52]. In addition, carbon-based materials can be modified with 

different chemical entities to develop hybrid electrodes with a better chemical and electrical 

properties to increase the electrosorption performance [50,54–57,178]. For the specific case 

of fluoride, only Ti(IV) [55,57] and La(III) [50,178] have been used as a modifying agent 

for activated carbons. 

To date, there are some reports that have evaluated fluoride selectivity from different 

matrices against anions by capacitive processes [47,55,139,176,220,221]. In this regard, 

some works have fixed the concentration of the competing anions to resemble those of 

environmental conditions. Nevertheless, the concentration of species in natural 

environments can significantly vary in even small temporal and spatial lapses, for which 

such performance will be a function of the season, the temperature and any specific event 

that can promote concentration variations. Another approach consists in evaluating 

equimolar initial concentrations of the competing adsorbates to provide a first screening of 

the selectivity of a particular process or its conditions [47,55,176]. 

To best of our knowledge, there is only one report on fluoride electrosorption by a modified 

activated carbon with the metallic compound Ti(OH)4, which presented a remarkable 

selectivity in the presence of other anions in equimolar initial concentrations [55]. On the 

other hand, our research group has previously reported the impregnation of a commercial 

bituminous activated carbon with La(III) , which mainly agglomerated at the carbon surface 

in the form of La(OH)3. The modified matrices have significantly outperformed the 

performance of the pristine unmodified carbon in both adsorption [36] and electrosorption 

[50,178]. The hybrid matrices were completely characterized and their electrosorption 

performances were extensively evaluated under different conditions. From there, the next 
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and last step comprises to evaluate the selectivity of these electrodes towards fluoride in the 

presence of anions of environmental relevance. Some of their properties will be mentioned 

below during the discussion and experimentally corroborated by electrochemical 

impedance spectroscopy. 

 

4.2 Materials and methods 

4.2.1 Material standardization and modification 

Granular activated carbon (F-400, Calgon) with particle sizes between 250 and 500 μm 

were selected for the impregnation step. For the synthesis of La-0.5%, 6 g of activated 

carbon were immersed in 100 mL of La(NO3)3 0.15 M (Aldrich) solution for 2 days, at 25 

°C under constant stirring (120-130 rpm). For La-1.5%, activated carbon was immersed in 

0.3 M La(NO3)3 solution in the mass:volume ratio of 0.1g:10 mL at the same conditions 

stated previously. The adsorbents were centrifuged, decanted, washed with deionized water 

and dried overnight at 85 °C. 

4.2.2 Cell configuration and electrochemical characterization 

The cell configuration consisted of 50 mg of activated carbon packed in a stainless steel 

mesh (working electrode, 2.6 cm2 of projected area), a stainless steel mesh without 

activated carbon (counter electrode, 25 cm2 of projected area) and a Teflon membrane 

between the electrodes. The electrodes were placed in boiling water for 5 minutes before its 

immersion in the cell to release accumulated air in their pores and to increase its 

wettability. Then, the electrodes were immersed in the electrosorption cell and were 

connected to a Potentiostat/Galvanostat (Bio-Logic VMP multichannel, controlled by EC 

Lab software). 

Electrochemical impedance spectroscopy was carried out in two experimental sets. The first 

set was performed in 0.1 M NaF and 5 ppm F- (0.263 mM, the working solution) at the 

open circuit potential (vs. Ag/AgCl/3M NaCl), with a potential amplitude of 10 mV, using 

a frequency range from 100 kHz to 10 mHz and 10 points per decade. The diluted system is 

of interest as it is the working solution and could provide different and better information of 

the electrical processes when decreasing the ionic strength of the system. The results were 

analyzed by an equivalent circuit approach to characterize the resistivity and capacitive 

nature of the working electrode, using the Levenberg-Marquardt algorithm (Chi-squared of 

10-3). The second set was performed to obtain the potential of zero charge in the working 

electrolyte (5 ppm F- solution) by polarizing from -0.2 to 0.8 V (vs. Ag/AgCl/3M NaCl) in 

0.05 V increments, with a potential amplitude of 10 mV and a frequency of 100 mHz. The 

capacitance was computed with Equation 9. 
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The electrosorption kinetics were performed using sacrifice cells (M = 50 mg, V = 50 mL, 

pH0 = 7). The cells were depolarized at different time intervals and the solution was then 

collected in Falcon tubes (50 mL) for the determination of the anions. The solutions were 

binary mixtures (F- vs. anion) in equimolar initial concentrations (0.263 mM) of each anion 

(Sigma Aldrich): fluoride (from NaF), chloride (from NaCl), nitrate (from NaNO3), sulfate 

(from Na2SO4), phosphate (from Na2HPO4) and arsenate (from Na2HAsO4*7 H2O). 

Fluoride electrosorption was also evaluated in a complex mixture comprising all anions 

simultaneously in equimolar initial concentrations (0.263 mM of each anion). Considering 

the speciation, two different species of phosphate (HPO4
2- and H2PO4

-1) and of arsenate 

(HAsO4
2- and H2AsO4

-1) were present in the studied conditions (Figure 4.1) in a very 

similar proportion. 

 

Figure 4.1. Speciation diagrams of a) phosphate and b) arsenate. 

4.2.3 Analytical determinations 

Fluoride concentration was measured with a fluoride selective electrode (Thermo 

Scientific); nitrate concentration, by UV-VIS spectrophotometry (Aquamate 

Thermospectronic); chloride concentration, by means of a chloride selective electrode 

(ORION 9417BN); and As, P, S, Fe and La were determined by ICP-OES (Varian 730-ES). 

The analytical determination of iron and lanthanum concentrations in water were included 

to evaluate the stability of the electrochemical system, i.e., the oxidation of the stainless-

steel mesh (Fe) and the expulsion of the anchored La to the solution. The pH (ORION 

8156BNUWP ROSS) and the conductivity (cell ORION 013005MD) were measured with 

the potentiometer Orion VeraStar Pro (Thermo Scientific). 
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4.3 Results and discussion 

4.3.1 Characterization 

Both modified carbons were fully characterized in the previous chapter and were labelled 

as a function of their La(III) content in w/w%: GAC for the pristine carbon without 

lanthanum, La-0.5% contains a 0.5 w/w% of Lanthanum and La-1.5% contains a 1.5 

w/w%. Due to its lower La(III) content, La-0.5% developed smaller and well-dispersed 

clusters, which affected lesser its surface area (SBET = 895 m2 g-1) and pore volume (VTOT = 

0.438 cm3 g-1) compared to those of the pristine carbon (SBET = 905 m2 g-1 and VTOT = 

0.447 cm3 g-1). On the other hand, La-1.5% developed bigger clusters, which decreased 

these same parameters more significantly (SBET = 802 m2 g-1 and VTOT = 0.396 cm3 g-1). 

The formation of La(III) clusters provided terminal hydroxyls to the activated carbon 

surface, which not only increased in number as a function of increasing the La(III) content 

in the impregnation solution, but also increased the oxidation degree of the surface. These 

terminal hydroxyls presented a Lewis-acid character, i.e., they can deprotonate at neutral 

and alkaline pH solutions, for which they changed the net surface charge to negative values. 

This was directly observed in the acidification of the points of zero charge and the increase 

of the potentials of zero charge to more positive values. 

It was also previously observed that the interaction towards fluoride during both adsorption 

and electrosorption experiments was favored by the presence of Lanthanum hydroxyls, and 

for this reason La-0.5% increased more its fluoride removal due to a synergistic effect of 

chemisorption (by the presence of La(III) clusters) and of electrostatic interactions (by the 

polarization). This was attributed to its low potential of zero charge (EPZC) of only 0.1 V 

above that of the pristine carbon, while La-1.5% was 0.45 V above the EPZC of the latter. 

For this, La-0.5% needed lower energy to change its surface excess and start electrosorbing 

anions, which is in excellent agreement with the amphoteric Donnan model [62,178]. In 

contrast, La-1.5% possesses a higher number of sorption sites than La-0.5%, which was 

observed in a marked increase in its adsorption capacity without polarizing. Nevertheless, 

this carbon barely increased its removal capacity when polarized. For this, most interactions 

towards fluoride must be related to its chemisorption by the La(III) clusters [36]. 

The materials were further characterized using electrochemical impedance spectroscopy. 

Figure 4.2a and 4.2b present the Nyquist and Bode plots, respectively, of the modified 

carbons (La-0.5% and La-1.5%) in 0.1 M NaF, which are similar to others reported for 

comparable systems [49,222,223]. The pristine activated carbon without lanthanum (GAC) 

was added to the graphs for further comparison. Regardless the content of lanthanum, the 

Nyquist spectra showed a well-defined flat capacitive loop at high frequencies. Then, as the 

frequency decreased, the impedance responses describe the beginning of a second 

inconclusive loop, alluding the presence of an additional time constant. From a qualitatively 

analysis of Figure 1a, it is possible to observe that the Nyquist diagrams for GAC and La-
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0.5% had a similar behavior, i.e., the electrical nature of the substrate was not significantly 

modified at a low La(III) content. 

 

Figure 4.2. Electrochemical impedance spectroscopy at the open circuit potential of the 

studied activated carbons: a) Nyquist plots and b) Bode plots in 0.1 M NaF (f0 = 10 kHz, ff 

= 10 mHz, M = 50 mg, V = 50 mL, Eamp = 10 mV, Ag/AgCl/3M NaCl as reference 

electrode, SSM as counter electrode). For the Nyquist plots, the fitting model is represented 

by the continuous lines over the experimental data points. 

Accordingly, an equivalent circuit (Figure 4.3) was proposed to develop a quantitative 

analysis of each measured spectra. The equivalent circuit presents the Rs in series coupled 

with two non-ideal capacitances of the double layer (CPE1 and CPE2 associated with the 
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exponents n1 and n2, respectively) and one or two charge-transfer resistances (Rct1 and 

Rct2), depending on the electrode. The obtained results are shown in Table 4.1. 

 

Figure 4.3. Equivalent circuits used to fit the electrodes in a 0.1 M NaF solution for a) the 

pristine carbon and La-0.5% and b) La-1.5%. Rs: resistance of the electrolyte, CPE are 

capacitances of the electrical double-layer and Rct correspond to charge-transfer 

resistances. 

Table 4.1. Electrical parameters obtained from the fitting of the equivalent circuits for each 

electrode in 0.1 M NaF. 

Electrode 
Rs  

(Ω) 

Rct1  

(Ω) 

Rct2 

(Ω) 

CPE1  

(Ω s-(1-n)) 
n1 

CPE2 

(Ω s-(1-n)) 
n2 

GAC 9.62 113.6 319 6x10-4 0.80 2.41x10-2 0.59 

La-0.5% 2.89 103.2 455.5 4.76x10-4 0.83 3.31x10-2 0.52 

La-1.5% 11.91 107.5 --- 5.42x10-4 0.83 3.77x10-2 0.66 

First-of-all, the lowest value of the real component obtained at the highest frequency 

measured (10 kHz) is associated with a serial resistance, Rs, that involves the resistances 

either of the electrode or the electrolyte. Since in all cases, the concentration of the 

electrolyte remains constant, the observed changes in this value must be inversely related to 

the conductivity of each electrode. As can be observed, La-0.5% presented the lowest value 

(2.89 Ω), followed by GAC (9.62 Ω) and La-1.5% (11.91 Ω), for which La-0.5% presented 

higher electrical conductivity among the electrodes, as was observed in the previous 

chapter and resumed above [178]. This is also in good agreement with the signals from the 

Bode diagrams at high frequencies (Figure 1b), in which the phase angle shift and the 

lowest impedance magnitude signal was observed for La-0.5%, followed by GAC and La-

1.5%. 
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The impedance data showed the presence of one charge-transfer resistance for La-1.5% 

(Rct1 = 107.5 Ω), while GAC and La-0.5% presented two, Rct1 (113.6 and 103.2 Ω, 

respectively) and Rct2 (319 Ω and 455.5 Ω, respectively). These charge-transfer resistances 

must be related to spontaneous reactions on the carbon surface. The most conventional 

reactions in these systems are the spontaneous oxidation of the carbon surface [104], which 

comprise the formation of oxygenated functionalities and even the formation of CO2 from 

carbon atoms [131]; another common and highly reported reaction is that of oxygen 

reduction [131]. From current knowledge, it seems impossible to assign a specific faradaic 

reaction to each Rct value determined by electrochemical impedance spectroscopy. 

The values of CPE1 (0.6, 0.48 and 0.54 mF, for GAC, La-0.5% and La-1.5%, respectively) 

were associated to the capacitance of the most external area, probably to the macropores 

and the stainless-steel mesh, as the values were in the same order of magnitude to those 

previously measured for the stainless-steel mesh alone (0.313 mF [49]). In contrast, the 

values of CPE2 were two orders of magnitude higher (24.1, 33.1 and 37.7 mF, for GAC, 

La-0.5% and La-1.5%, respectively) and were associated to the capacitance of narrower 

pores, as they present higher conductivity [209]. It is also worth to highlight the difference 

in the exponents, in which CPE1 reached typical values for non-ideal surfaces, such as 

porous substrates [224]. This could be attributed, first, to an heterogeneous adsorption 

taking place [49], which is also in good agreement with proposing that the adsorption took 

place in different pore-size distributions (the macropores versus the meso and micropores). 

At the medium range of frequencies (~1-100 Hz), the time for ions to enter into the 

narrower pores of the carbon was higher, thus increasing the values of CPE2. This signal is 

usually attributed to diffuse-layer resistances due to the formation of the electrical double-

layer (large slope) or to limitations in the diffusion of ions in the electrolyte (small slope) 

[223], which is in good agreement with the n2 values of ~0.5. As can be observed, La-1.5% 

presented a more positive and shorter slope segment, while it also presented the highest 

value of n2 and it could translate as a less resistive (restrictive) mass-transport for this 

carbon. In contrast, the pristine carbon and La-0.5% presented a very similar slope and 

behavior and, consequently, similar values of n2, As the transport through the micropores is 

more restrictive. This is also in good agreement with the similarities observed in the 

micropore content for GAC and La-0.5%. 

The electrodes were also further characterized by electrochemical impedance spectroscopy 

(Figure 4.2c and 4.2d) in a 5 ppm F- solution (the working solution). The equivalent circuit 

(Figure 4.5) and the fitting parameters (Table 4.2) of all electrodes showed marked 

increases in the values of the impedances. This was due to a decrease in the ionic strength 

of the electrolyte for this set of impedance spectra, from 0.1 M to 0.263 mM NaF, which 

increases the resistance of the solution. The circuit presented the same components: an Rs 

in series with non-ideal capacitances of the double-layer (CPE1 and CPE2 associated with 
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the exponents n1 and n2, respectively), with a couple of charge-transfer resistances (Rct1 

and Rct2). 

 

Figure 4.4. Electrochemical impedance spectroscopy at the open circuit potential of the 

studied activated carbons: a) Nyquist plots and b) Bode plots in 5 ppm F- or 0.263 mM NaF 

(f0 = 10 kHz, ff = 10 mHz, M = 50 mg, V = 50 mL, Eamp = 10 mV, Ag/AgCl/3M NaCl as 

reference electrode, SSM as counter electrode). For the Nyquist plots, the fitting model is 

represented by the continuous lines over the experimental data points. 
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Figure 4.5. Equivalent circuits used to fit the electrodes in a 5 ppm F- solution. Rs: 

resistance of the electrolyte, CPE are capacitances of the electrical double-layer and Rct 

correspond to charge-transfer resistances. 

Table 4.2. Values of resistance and capacitances obtained from the equivalent circuits for 

each electrode in a 5 ppm F solution. 

Electrode 
Rs 

(Ω) 

Rct1 

(Ω) 

Rct2 

(Ω) 

CPE1 

(Ω s-(1-n)) 
n1 

CPE2 

(Ω s-(1-n)) 
n2 

GAC 67 15.07 1769 2.72x10-4 0.78 6.55x10-4 0.79 

La-0.5% 250 180.5 1767 2.56x10-4 0.69 3.15x10-4 0.84 

La-1.5% 476 222.4 794.1 2.77x10-4 0.73 3.92x10-4 0.80 

Regarding the component Rs, the lowest value was obtained by the pristine carbon (67 Ω), 

followed by La-0.5% (250 Ω) and La-1.5% (476 Ω), for which La-1.5% presents the lowest 

electrical conductivity, compared to the information obtained from the concentrated 

electrolyte. This was also observed in the Bode modulus diagram at high frequencies 

(Figure 1d). The elements CPE1 and CPE2 are related to non-ideal capacitances of the 

electrical double-layer and again showed a higher value for CPE2, although the values of 

CPE1 and CPE2 were in the same order of magnitude. This could be related to the 

overlapping of the micro and mesopores in this experimental conditions [113] (EDL 

thickness = 18.67 nm in C0 = 0.263 mM for a 1:1 electrolyte, T = 25 ºC and εwater = 78.54 

[84]), which reduced the available pore space and the value of the capacitance. 

For the charge transfer resistances, the values of Rct1 increased as a function of increasing 

the La(III) content (GAC = 15.1 Ω, La-0.5% = 180.5 Ω and La-1.5% = 222.4 Ω), while 

Rct2 was only substantially smaller for La-1.5% (794.1 Ω), but very similar between GAC 
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(1769 Ω) and La-0.5% (1767 Ω). Then, Rct1 increased as a function of decreasing the 

electrical conductivity of the electrodes in this diluted media. The similarities in the Rct2 

values between GAC and La-0.5% could be directly related to their higher pore volume, 

i.e., to a higher and probably more available surface of these electrode. In this same sense, 

La-1.5% presented a lower available polarizable surface to induce the charge-transfer 

reaction due to its occluded pore space, which explains its much lower value. 

Figure 4.6 shows the capacitance of both modified carbons at different applied potentials 

obtained from the second set of impedance in a 5 ppm F- solution to identify the potentials 

of zero charge (EPZC), which is marked with asterisks in the respective Figure. The 

modified carbons La-0.5% and La-1.5% presented a EPZC of 0.2 and 0.55 V vs. 

Ag/AgCl/3M NaCl (or ~0.5 and ~0.85 Vcell), respectively, which was more positive than 

that of the pristine activated carbon, of 0 V vs. Ag/AgCl/3M NaCl [178]. The EPZC is highly 

correlated with the surface chemistry of the electrodes [49,50,111,178], for which the EPZC 

values differ as a function of increasing the La(III) content. The La(III) clusters provided 

terminal hydroxyls that deprotonated at the working solution, increasing the input of 

negative charges and thus, changed the net charge of the modified carbons to negative 

values, as was previously corroborated by determining the points of zero charge of all 

electrodes [178]. According to the classical double-layer theory, the adsorption of anions is 

highly favorable at more positive potentials that both identified EPZC values [84], for which, 

1.2 Vcell was selected as the polarization potential for the electrosorption kinetics. 

 

Figure 4.6. Potentials of zero charge in 5 ppm or 0.263 mM F- (f = 100 mHz, M = 50 mg, V 

= 50 mL, Eamp = 10 mV, Ag/AgCl/3M NaCl as reference electrode, SSM as counter 

electrode). The asterisks denote the potential of zero charge for each electrode. 

To close this section, the information from the diluted electrolyte adjusted better to the 

results of the electrosorption kinetics and most characterization data obtained in the 

previous chapter. It is more useful to obtain information in the working solution. Then, 
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characterization techniques in diluted media could be more relevant to predict the 

electrosorption performance of electrodes, as has been already implemented for the 

potentials of zero charge [104]. Finally, there are other implications, such as those related 

to personal safety (if working with more toxic pollutants, such as arsenic or chromium) and 

to waste management and disposal. 

4.3.2 Electrosorption kinetics 

4.3.2.1 Binary solutions 

The black lines in Figure 4.7a and 4.7b show the electrosorption kinetics in the presence of 

fluoride alone at 1.2 Vcell in a 0.263 mM (~5 ppm) F- solution for the modified carbons La-

0.5% and La-1.5%, respectively. The response is a function of the La(III) content in the 

matrices, in which higher content promoted a higher and faster fluoride removal. The initial 

fluoride concentration decreased 15% (q = 19.25 µmol g-1) and 33% (q = 32.85 µmol g-1) 

for La-0.5% and La-1.5%, for which La-1.5% removed 2.2 times more fluoride than La-

0.5% at the equilibrium. Table 4.3 shows the removal velocities of fluoride and of fluoride 

in the presence of each competing anion. Again, the velocity of La-1.5% towards fluoride 

alone (1.82 µmol g-1 min-1) was higher compared to that of La-0.5% (1.223 µmol g-1 min-1), 

although it is only 1.5 times higher, compared to the ratio of capacities computed above. 

This is a direct evidence of the contribution of the electrical stimulus and subsequent 

enhancement of the mass-transport by migration effects to increase the removal velocity of 

the more conductive carbon La-0.5%. 
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Figure 4.7. Electrosorption kinetics of fluoride and of binary solutions comprising fluoride 

in the presence of several competing anions of environmental relevance (fluoride vs. anion) 

for a) La-0.5% and b) La-1.5%. c) Obtained capacities of fluoride electrosorption kinetics 

for each competing anion and for each carbon at t = 60 min. d) Obtained capacities for 

each competing anion for each carbon at t = 60 min (C0 = 0.263 mM of each anion, M = 

50 mg, V = 50 mL, Ecell = 1.2 V, pH0 = ~7, T = 25 °C and 120-130 rpm, SSM as counter 

electrode). 

Table 3. Electrosorption velocities of fluoride and of fluoride in the presence of competing 

anions of environmental relevance (binary solutions) for both carbons (at t = 10 min, in 

µmol g-1 min-1). 

Kinetics La-0.5% La-1.5% 

F 1.223 1.820 

F vs. Cl 1.277 1.240 

F vs. NO3
 0.940 1.203 

F vs. SO4
2 0.525 0.953 

F vs. HAsO4
-2 / H2AsO4

-1 0.410 0.158 

F vs. HPO4
-2 / H2PO4

-1 0.492 0.385 
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Regarding the anion competition and continuing with the analysis of the fluoride removal 

velocities (Table 4.3), the presence of chloride did not affect the removal velocity of 

fluoride of the electrode La-0.5% (1.277 µmol g-1 min-1), while La-1.5% decreased 32% its 

velocity (1.24 µmol g-1 min-1), compared to evaluating fluoride alone. Nitrate promoted a 

similar behavior than chloride for La-1.5%, although the velocity of La-0.5% decreased 

25% (0.94 µmol g-1 min-1). Finally, the divalent species, sulfate, phosphate and arsenate, 

decreased more than half the removal velocity, compared to that when evaluating fluoride 

alone. From these anions, arsenate produced the lowest decreases in velocities of 66% (0.41 

µmol g-1 min-1) and 91% (0.158 µmol g-1 min-1) for La-0.5% and La-1.5%, respectively. 

Figure 4.7c states the global comparison of the removal percentages for each competing 

anion and for each carbon. As can be observed, nitrate and chloride practically did not 

compete with fluoride for the modified carbon La-0.5% as its fluoride removal was not 

significantly affected by the presence of these anions. Nevertheless, the other anions 

decreased the fluoride removal for this same modified carbon to only 6.8, 4.6 and 4.2% in 

the presence of sulfate, phosphate, and arsenate, respectively. On the other hand, the 

modified carbon La-1.5% presented a significant decrease in its fluoride removal by all 

competing anions in these binary solutions, even in the presence of chloride and nitrate. 

These particular anions (chloride and nitrate) decreased its removal to 13.9% and 17.3%, 

compared to its 33% performance in the presence of fluoride alone. As with La-0.5%, the 

species with higher charge promoted higher competition and decreased its removal to 

13.6%, 9.5% and 4% in the presence of sulfate, phosphate and arsenate, respectively. 

As can be observed, there are no significant differences in the fluoride removal between 

both electrodes when competing with most anions, except for nitrate and phosphate. All 

these results show that La-1.5% was less selective towards fluoride. As La-0.5% presented 

both mechanisms (chemisorption by the La(III) clusters and electrosorption by its good 

electrical conductivity), it was less affected by the presence of competing anions, compared 

to La-1.5%, which removes fluoride mostly by chemisorption. 

Figure 4.7d shows the removal of each of the competing anions during the kinetics. Here it 

is reiterated that the species with higher electrostatic charge were removed more, compared 

to monovalent species. As can be observed, the anion with the lowest removal was 

chloride, attaining only 3% at most, for which chloride can be considered an indifferent 

anion to both chemisorption and physisorption processes and for both modified carbons. On 

the other hand, even when chloride was indifferent, its presence decreased the 

electrosorption performance for fluoride. The removal of nitrate was much higher than that 

of chloride and with significant differences between both carbons. The removal of the 

divalent species was higher for both carbons, which correlated adequately with Figure 4.7c, 

i.e., the removal of these species was far more favorable. Charge seems to be the most 

important parameter to explain the results, which is in good agreement with other reports 
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[141,225–227]. A more complete discussion on several parameters that are associated to 

selectivity will be addressed upon next. 

Table 4.4 presents different thermodynamic values associated to the selective removal of 

anions. Fluoride presents the higher size and stronger solvation energy of the monovalent 

anions. Then, as the dynamics of an ion in solution depends on the number of waters 

clinging to it, fluoride presents the lowest diffusion coefficient, ion mobility and ionic 

conductivity, compared to nitrate and chloride (Table 4). Slight differences in these same 

parameters can be appreciated between chloride and nitrate due to differences in their 

hydration energy, even when their hydrated radii are very similar. 

Table 4.4. Thermodynamic values of interest of the studied anions and of sodium cation. 

Ion 
Hydrated radius  

(nm) 

Hydration energy 

(KJ mol-1) 

Ionic conductivity 

(S cm2 mol-1) 

Ion Mobility 

(10-4 cm2 V-1 S-1) 

Diffusion 

coefficient 

(10-5 cm2 s-1) 

Na+ 0.358 -409 50.11 5.19 1.334 

F- 0.352 -515 55.4 5.7 1.475 

Cl- 0.332 -381 76.31 7.91 3.032 

NO3
- 0.335 -314 71.42 7.14 1.902 

SO4
-2 0.379 -1059 160 16.5 2.13 

HAsO4
-2 0.22 --- 34 --- 0.905 

HPO4
-2 0.327 --- 114 --- 1.518 

OH- 0.30 -460 198 20.5 5.273 

 

For the specific case of porous electrodes, ion transport (and the removal capacity) mostly 

correlates to the hydration energy, as less energetically hydrated species may detach from 

their hydration waters, drift faster and penetrate easier into a pore [98,228,229]. This 

information cannot be directly abstracted from the hydrated radii. Hydration also promotes 

the electrosorption (retention) of these monovalent anions at different distances from an 

electrically polarized surface. Nitrate and chloride can be allocated at closer distances and 

can even specifically adsorb to the electrode surface [46]. On the other hand, the specific 
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adsorption of fluoride is much less viable [95] as it is retained at longer distances. This 

could explain the lack of competition between the monovalent anions and fluoride. For La-

1.5%, this carbon presented a lower polarizable surface, for which the main mechanism to 

retain ions was reduced to their chemisorption to La(III), increasing the competition and 

decreasing the removal of fluoride. 

In this regard, the competition between the studied monovalent anions (F-, NO3
- and Cl-) 

has been widely reported with different outcomes and explanations in porous electrodes for 

capacitive processes. Some studies have observed a clear and marked competition between 

the monovalent anions [47,143–145], while other works found that were indiferent 

[176,220]. The authors of this work consider that both situations are plausible, as all 

evaluated electrodes and conditions are different among these studies. As a matter of fact, 

both results were obtained in this study: the monovalent anions were indifferent and did not 

affect the fluoride removal for La-0.5%, while decreased the fluoride removal by half for 

La-1.5%. 

More competition by the divalent anions was expected, not only due to their higher 

electrostatic interaction towards the polarized surface, but also due to their higher transport 

(diffusion coefficients, ionic conductivities and ionic mobilities) compared to that of 

fluoride. This correlates adequately with other studies in which the charge was the most 

predominant factor [141,225–227]. 

4.3.2.2 Complex mixture involving all anions 

Figure 4.8 shows the kinetics involving all the evaluated anions in one experimental set, all 

present also in equimolar initial concentrations (C0 = 0.263 mM F-, 0.263 mM of Cl-, 0.263 

mM NO3
-, 0.263 mM SO4

2-, 0.263 mM PO4
-x and 0.263 mM AsO4

-x). Here, the 

electrosorption removal of fluoride decreased to only ~2% and ~5% by La-0.5% and La-

1.5%, respectively. This is the lowest obtained removal for the electrode La-0.5%, while 

the removal of La-1.5% was insignificantly different from the removal observed when 

competing with arsenate. 
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*Figure 4.8. Electrosorption removal of each anion in the complex mixture (at t = 60 min) 

in equimolar initial concentrations by La-0.5% and La-1.5% (C0 = 0.263 mM of each 

anion, M = 50 mg, V = 50 mL, Ecell = 1.2 V, pH0 = ~7, T = 25 °C and 120-130 rpm, SSM 

as counter electrode). 

The highest removal achieved by the electrode La-0.5% was towards phosphate (11.7%), 

which has a high charge and the smallest hydrated radius (Table 4.4). Sulfate (5.1%) and 

arsenate (5.7%) presented a similar removal, while the monovalent anions presented a 

much lower removal, being that of fluoride the highest. For La-1.5%, sulfate (8.5%) and 

phosphate (8.7%) presented the highest removal, i.e., the anions with the highest ionic 

conductivity (Table 4.4). This could imply that these fastest anions reached sooner to the 

carbon surface. The removal of arsenate (3.8%) was somewhat similar to that of fluoride 

and nitrate for this same carbon. In this experimental set-up, charge again seems more 

relevant compared to other parameters (Table 4.4). 

It is worth mentioning to close this section of the electrosorption kinetics with some data 

related to the stability of the electrosorption cell. First, iron was not detected by ICP, for 

which the current collector (the stainless-steel mesh) was not oxidized during the 

polarization process. On the other hand, Lanthanum, was only detected in significant 

amounts in the samples containing phosphate, but only for La-1.5%, for which lanthanum is 

not being expelled at most of the studied conditions. 

4.3.2.3 pH and conductivity 

Figure 4.9a and 4.9b show measurements of pH during the electrosorption kinetics for the 

evaluated carbons. As can be observed, both carbons showed an increase in the pH of the 

solution during the electrosorption process. This was attributed to the chemisorption 
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mechanism occurring during both the adsorption [36] and electrosorption [50] processes, in 

which some of the exposed hydroxyls from the La(III) clusters are exchanged by anionic 

adsorbates in the solution. 

 

Figure 4.9. Measured changes in the pH (y-axis in different scale) during the 

electrosorption kinetics of binary solutions for a) La-0.5% and b) La-1.5%. (C0 = 0.263 

mM of each anion, M = 50 mg, V = 50 mL, Ecell = 1.2 V, pH0 = ~7, T = 25 °C and 120-130 

rpm, SSM as counter electrode). Due to space, phosphate and arsenate species are 

represented as PO4x- and AsO4x- 

On the other hand, the conductivity measurements (Figure 4.10a and 4.10b) did not vary for 

most samples, probably due to the low molar concentrations evaluated. As an example, 100 

𝜇S cm-1 corresponds to the lowest calibration standard of the conductimeter (~0.8 mM 

NaCl), which is higher than the concentration of the binary mixtures (0.526 mM). The 

electrosorption kinetics for fluoride alone presented the lowest conductivity. The addition 

of competing anions increased at least two-fold the conductivity of the solution, which is in 

good agreement with the two-fold increase in molar concentration of ionic species and the 

solution with sulfate presented the highest conductivity among all binary solutions. 
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Figure 4.10. Measured changes in the conductivity during the electrosorption kinetics of 

binary solutions for a) La-0.5% and b) La-1.5% (C0 = 0.263 mM of each anion, M = 50 

mg, V = 50 mL, Ecell = 1.2 V, pH0 = ~7, T = 25 °C and 120-130 rpm, SSM as counter 

electrode). Due to space, phosphate and arsenate species are represented as PO4
x- and 

AsO4
x-  

 

4.4 Conclusions 

Electrochemical impedance spectroscopy is mostly performed in concentrated electrolytes 

and several aspects of the spectra have been widely reported and identified to date. Here it 

is worth to highlight the information that derived from contrasting the same electrolyte in 

different concentrations (0.1 M and 0.263 mM NaF), in which the information obtained 

from the diluted electrolyte correlated at a major degree with the electrosorption 

performance of the evaluated electrodes. 

Fluoride removal when not competing with other anions reached 15% and 33% in the 

studied conditions, which is relevant considering the low initial concentration of adsorbate. 

The presence of chloride and nitrate in equimolar initial concentrations did not significantly 

affect the removal of fluoride for La-0.5%, but was decreased by half for La-1.5%. This 

was explained considering that La-0.5% presented a mixture of adsorption (well-dispersed 

La(III) clusters) and electrosorption (electrically polarizable surface) sites for allocating the 

monovalent anions at different distances and sites. The divalent anions presented higher 

competition towards fluoride, by both electrostatic interactions and chemisorption to the 

La(III) cluster. 

Here it was observed that charge was one predominant parameter to understand and explain 

the obtained results of selectivity between the evaluated anions. Hydrated radii also 

provided very useful information and has been extensively used for these purposes, 

although it presents some limitations. For this, there have been several efforts to correlate 
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the results with the hydration energies of ions instead. Finally, evaluating selectivity using 

equimolar initial concentrations in binary solutions allowed us to discern the anions that 

competed the most during fluoride electrosorption by the two modified carbon electrodes, 

which was different from the results obtained by the complex mixture. 
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Chapter five: Global discussion 

 

Electrosorption is a process for water treatment and it has been widely applied specifically 

for desalination processes. The most recurrent electrode used for capacitive processes are 

those that comprise carbon-based materials, especially those of activated carbon. Activated 

carbons are characterized for their porous and highly complex matrix, which contrasts to 

other more simple electrode materials (planar, non-porous and/or surfaces with an ordered 

porosity). As several research groups have addressed electrosorption in a conventional and 

monodisciplinar form, this has led not only to several dubious findings and conclusions, but 

also to a lack of proper discussion and understanding of the electrosorption cell, in general. 

As was observed in this word, the electrical polarization of the commercial activated 

carbons enhanced both the removal capacity and rate of fluoride, obtaining increases of ~6 

times, compared to the capacity obtained by conventional adsorption. In addition, the 

electrodes presented a desorption step by polarizing at negative potentials that was efficient 

(the regeneration ranged from ~60% to >90%, depending on the studied carbon), easy to 

implement (desorption was performed in situ), economic (without using concentrated 

solutions nor any other reagent) and fast (less than ~60 minutes). 

This thesis dedicated some experiments to understand the effect of the polarization 

potential in the performance of electrodes. , mostly limited to 1.23 Vcell. As was discussed, 

even when water electrolysis is thermodynamically viable, it could still present some 

kinetic limitations. There are indeed electrosorption systems that polarized beyond this 

potential and did not observe a significant increase in the removal capacity and rate of their 

system, while other systems did increase their performance at even much higher potentials, 

of up to 2 Vcell. 

The surface modification of activated carbon matrices with metals has also proven to 

increase the performance of the pristine adsorbent, especially towards highly polar species, 

such as fluoride. For the specific case of the studied electrodes, La(III) is an excellent 

modifying agent due to its (Lewis) acid hardness, which provides excellent affinity towards 

fluoride, a hard Lewis base. In addition, the oxyhydroxides of this metal increased the 

polarity of the surface, which accelerated the wettability of the surface, among other 

benefits. An specific effort was made to correlate most of the characterization data 

(textural, physicochemical and electrochemical), as the impregnation of La(III) had a 

pronounce effect in all this properties. 

Few electrosorption approaches have truly understood the correlation between the surface 

chemistry and the electrical properties of activated carbons. Regarding the surface 

chemistry and surface charges, the addition of La(III) promoted the acidification of the 
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point of zero charge and the anodization of the potential of zero charge. This works is also a 

pioneer in understanding and explaining the effect of the surface charges in the surface 

potential and thus, in the outer potential. The outer potential should also be in correct 

agreement with the applied polarization or the inner potential, which should be a more 

formal and correct understanding of the amphoteric Donnan model. 

Regarding the electrosorption performance, the main hypothesis of this thesis was 

corroborated and accepted, as the La(III) addition and the electric polarization were 

demonstrated to be synergistic in the global fluoride removal of the matrices, although 

some conditions aroused. In this aspect, the hybrid electrodes presented several effects in 

fluoride electrosorption as a function of the La(III) loading on the carbon, the polarization 

profile and the applied potential value. As was observed, La-0.5% could be polarized from 

the beginning or after fluoride conventional adsorption and reach the same concentration, 

although its polarization from the beginning increased its removal rate. This is in excellent 

agreement with the results of most published works, in which there has not be observed 

marked differences between both profiles. La-1.5% presented a faster and higher fluoride 

removal by conventional adsorption (without polarizing), but its polarization from the 

beginning did not present a significant effect in both fluoride removal capacity and rate. 

Nevertheless, its performance could be further increased by its electrical polarization after 

fluoride adsorption. 

Previous discussion is of interest as, first-of-all, there are practically no reports on 

contrasting both polarization profiles, for which it has not been previously reported and 

thus, evaluated. For this, an extensive discussion and evidences were displayed to provide 

evidence of the existence of the electrical blockage of the pores. The electrical blockage of 

the narrower pores can also be diminished by understanding the mechanisms taking place at 

the electrode-electrolyte interface, as was addressed when studying the polarization profile. 

This was tackled by conventional in situ techniques, the point and potential of zero charge. 

After this finding, it was concluded that that the electrosorption performance could be 

enhanced by selecting the most adequate polarization profile, specifically for electrodes that 

undergo significant changes in their surface charges after the adsorption equilibrium. 

This study also centered in evaluating the current profiles obtained during the 

electrosorption kinetics. The current profiles provide interesting information about the 

electrodes, such as the available polarizable surface, its electrical conductivity and its 

charging process in the studied electrolyte. Valuable information was also abstracted from 

linear sweep voltammetry bout the polarization window of each electrode. Future works 

should make an effort to correlate this data with other, for example, the current and charge 

profile during electrosorption, as current increases not always correlate by both methods 

(potentiodynamic and potentiostatic polarization). All the mentioned techniques and 

analysis are also valuable as they are performed in the working electrolyte, compared to 

other techniques performed in concentrated solutions. 
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The last part to discuss in this section is related to the study of selectivity. The approach 

used based in equimolar initial concentrations has been oddly observed in other reports. 

Nevertheless, this approach could be easier to compare to different systems (electrodes, 

adsorbates and concentrations) and more useful information could be abstracted from this 

experimental set-up. 
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Final conclusions 

 

The hypothesis of the thesis was confirmed, as the electric polarization of the activated 

carbons increased the fluoride removal capacity and rate of the adsorbents (with and 

without lanthanum). For the specific case of the unmodified activated carbons, the effect of 

the pore-size distribution was isolated from other variables. The presence of mesopores 

increased the mass-transport of fluoride and aided to allocate the electrical double-layers, 

for which the bituminous carbon performed better as an electrode. On the other hand, the 

polarization limit of the cells was not limited to that of water electrolysis reaction. Here, a 

thermodynamic explanation was included to justify the assumption that water electrolysis is 

probably not occurring in the system. 

The successful impregnation of the bituminous carbon with La(III) promoted the formation 

of clusters of different sizes, which blocked the pores, decreased the surface area and pore 

volume and thus, the electrical conductivity of the modified matrices. The modified carbon 

with the lowest La(III) content, La-0.5%, achieved the same removal capacity 

independently of the polarization profile, but its polarization from the beginning increased 

its removal rate. La-1.5% presented a similar removal by conventional adsorption and 

electrosorption (polarized from the beginning), but its polarization after the adsorption 

equilibrium increased its removal by 50% compared to both processes individually 

(conventional adsorption and electrosorption polarized from the beginning). Finally, La-

2.0% was unsuitable for electrosorption, due to its unstable behavior when electrically 

polarized. 

Previous phenomenon was explained by following interfacial information related to the 

surface charges of the surface by in situ techniques and information. This was attributed to 

an electrical blockage of the narrower pores by the excess of negative charges from the 

exposed hydroxyls from the La(III) clusters. The polarization profile should become a 

default parameter to improve the electrosorption process in which the net surface charges of 

the electrodes change during the adsorption step. 

The modified carbon chemisorbed fluoride by a ligand-exchange mechanism, even during 

its electrical polarization. Because of this chemisorption process, fluoride did not desorb 

after the depolarization of the electrode. The pristine carbon did release fluoride when 

depolarized but its performance decreased significantly after each cycle. When reversing 

the polarization of the electrodes at -0.5 V, fluoride desorption was attained for the 

modified carbon and at a much faster rate. Finally, the polarization process promoted the 

oxidation of the surface of both carbons. 

The studies of selectivity showed a high competition mainly against the species with higher 

charge, although La-1.5% decreased its fluoride electrosorption performance also in the 
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presence of chloride and nitrate, while La-0.5% was not affected by such anions. This was 

explained considering that La-0.5% presents a mixture of adsorption (well-dispersed La(III) 

clusters) and electrosorption (electrically polarizable surface) sites for allocating the studied 

anions at the studied conditions. 
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Perspectives 

 

* The optimization of La(III) addition could have been easily achieved using another 

impregnation technique, in which the La(III) content increases without negatively reducing 

the micropore:mesopore ratio. Other better modifications can include the impregnation of 

La(III) nanostructures by a microwave-assisted synthesis or even a cathodic protection of 

the micropores while impregnating. 

* Impregnate with more specific La(III) compounds or phases. The lanthanum oxide would 

provide much lower hydroxyls than the lanthanum hydroxide, for which the surface charges 

will tend to remain positive. Certain metallic oxide phases can protonate and thus increase 

the positive input of charges. 

* Then, the addition or a better allocation and size of the clusters that do not significantly 

decrease the micropores (less physical blockage) and favoring the formation of the 

lanthanum oxide that protonates and increases the positive surface charges (less electrical 

blockage) would present a highly synergistic effect in fluoride removal. 

* Regarding the effect of textures: i) an activated carbon comprising mainly mesopores; ii) 

activated carbons with ordered porosity and; iii) activated carbons from synthetic 

precursors, which present less tortuosity and higher electrical conductivity, iv) increasing 

the positive charges of the surface by thermal treatments in inert atmospheres, or by 

impregnating the surface with nitrogen-containing functional groups. 

* It has been widely addressed that hybrid membrane-capacitive electrodes present much 

higher and faster adsorbate removal, but also with much a higher charge-efficiency. In this 

cell configuration, the electrodes are spaced by anion and cathode-selective membranes at 

their respective electrodes. Of course, in the asymmetric cell here studied, both electrodes 

could be spaced by a fluoride-selective membrane. Regarding the cathode, this electrode 

could also comprise an alkaline activated carbon, thus increasing fluoride removal also by 

electrostatics. 
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