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RESUMO EXPANDIDO

O objetivo principal deste trabalho de doutorado foi a preparacao de carvfes ativados
de alta performance para a dessalinizacdo de aguas salobras por meio da tecnologia de
deionizacdo capacitiva (DIC). Os precursores para a preparagao dos carvoes ativados foram a
polianilina e a lignina. A polianilina, além de ser facil de se sintetizar, seu mondmero é de baixo
custo, enquanto a lignina possui custo ainda mais baixo e ndo requer nenhum pré-tratamento
adicional. A escolha destes precursores foi baseada na composicdo elementar, estrutura
molecular e disponibilidade. Apds a obtencdo dos carvBes ativados, estes materiais foram
utilizados para a preparacao dos eletrodos empregados no processo de dessalinizacéo. Estudou-
se também diferentes configuracbes desses eletrodos (simétricos, assimétricos e com
membrana) e formas de operacao (single-pass e batelada). O desempenho na dessalinizacéo foi
avaliado aplicando-se diferentes potenciais de célula. Os materiais e eletrodos obtidos foram
caracterizados quanto as suas propriedades texturais, grupos superficiais e capacitancia, e
avaliados quanto ao seu desempenho na dessalinizacdo por meio da capacidade de

eletrossorcdo, eficiéncia de carga, cinética e consumo energeético especifico.

Os eletrodos preparados com carvéo ativado de lignina (LK) apresentaram elevada
area superficial especifica (ASE) e volume de micro/mesoporosos que proporcionaram uma
elevada capacitancia em solucéo de sal concentrada. Contudo, quando esses eletrodos foram
dispostos de forma simétrica constatou-se uma reducdo da capacidade de dessalinizacdo ao
longo dos ciclos de eletrossorcdo/dessorcdo. Este comportamento foi associado a degradacéo
do eletrodo positivo e revelou a importancia do potencial de carga zero, associado a presenca
de grupos funcionais nos eletrodos. Desta forma, utilizou-se duas estratégias baseadas na
assimetria de eletrodos para estabilizar a capacidade e a eficiéncia de carga do eletrodo:
assimetria de massa e assimetria de material. A primeira forma de assimetria foi capaz de
estabilizar o eletrodo, porém causou uma reducdo da capacidade de eletrossorcdo. Por outro
lado, a assimetria de material ndo sO estabilizou a capacidade e a eficiéncia de carga dos
eletrodos por mais de 100 ciclos, mas também maximizou a capacidade de eletrossor¢do
aplicando-se um potencial de célula menor do que o usualmente utilizado, o que teve um

impacto na reducdo do consumo energético.

Os carvdes ativados de polianilina foram denominados PAC e foram preparados
partindo-se do polimero dopado com diferentes anions (CI, p-toluenosulfonato,

dodecilbenzenosulfonato e poliestirenosulfonato), os quais tiveram impacto sobre as



viii

propriedades texturais, grupos superficiais, e desempenho eletroquimico do carvdo ativado
obtido. Demonstrou-se que é possivel customizar o PAC em termos de ASE, volume de poros,
condutividade e capacitancia através do emprego de diferentes anions dopantes. Os eletrodos
de PAC foram empregados com sucesso na dessalinizacdo por DIC, atingindo elevadas
capacidades de eletrossorgdo e proporcionando um baixo consumo energético especifico. O
PAC que apresentou melhor desempenho foi aquele obtido a partir da polianilina dopada com
p-toluenosulfonato (PAC/PTS), o qual foi empregado posteriormente na otimizacdo da
configuracdo dos eletrodos. Para tanto, duas técnicas foram aplicadas: modificacdo quimica da
superficie do eletrodo e utilizacdo de membrana ion seletiva. Apesar da primeira técnica ter
causado uma reducdo do consumo energético de dessalinizacdo, a capacidade de eletrossor¢ao
também diminuiu devido a reducdo da ASE do material de eletrodo. Por outro lado, a utilizacéo
da membrana ion seletiva além de aumentar a capacidade, reduziu o consumo energético

especifico.

Neste trabalho, prop6s-se também uma nova metodologia de analise da capacidade de
dessalinizacdo levando em conta ndo somente a capacidade, mas também as cinéticas de
eletrossorcdo e dessorcdo do sistema. Demonstrou-se que, apesar da capacidade de
eletrossor¢do ser uma condicdo necessaria para a dessalinizacéo, ela ndo é suficiente para
garantir o sucesso do processo. Eletrodos com capacidades baixas, mas com cinéticas rapidas,
podem proporcionar uma capacidade de dessalinizacdo maior, uma vez que mais ciclos de

eletrossorcdo podem ser operados em um mesmo intervalo de tempo.

Visando aumentar ainda mais a capacidade de eletrossor¢do do PAC/PTS, descobriu-
se que a temperatura de carbonizacdo da polianilina, que é uma etapa anterior a sua ativacdo,
exerce grande influéncia sobre as propriedades texturais e capacitivas dos materiais. Juntamente
com temperatura de carbonizagdo estudou-se os efeitos da proporcdo de KOH e precursor de
carbono e a temperatura de ativacdo. Demonstrou-se que baixas temperaturas de carbonizagédo
(<600 °C) causam um aumento surpreendente da ASE e de volume de poros e um mecanismo
de carbonizacao/ativagéo foi proposto com base em diversas caracterizagdes estruturais. Uma
condicdo de sintese otimizada do PAC/PTS levou & maximizacdo tanto da ASE quanto do
volume de poros, o que se refletiu na obtencdo de um valor elevado de capacitancia e uma
capacidade de eletrossorcdo dentre as maiores ja relatadas na literatura de deionizagéo

capacitiva para um eletrodo simétrico de carbono.

Palavras chave: deionizacdo capacitiva, eletrossorcao, dessalinizacdo, polimero condutor,

lignina, carvao ativado.



ABSTRACT

The main aim of this PhD thesis was the preparation of high performance activated
carbons employed as electrodes for water desalination by capacitive deionization technology
(CDI). The precursors used for the activated carbon preparation were lignin and polyaniline
(PAni). Besides being easily synthesized, PAni is obtained from a low-cost precursor, while the
lignin is a no-cost precursor and demands no treatments prior activation. The choice of these
precursors were based on their elemental composition, molecular structure, and availability.
After the activated carbon synthesis, they were prepared as electrodes for the desalination
process. Different configurations (symmetrical, asymmetrical, and with membrane) and
operational conditions (single-pass and batch) were studied. The desalination performance was
evaluated under different cell potentials. The materials and electrodes were characterized in
terms of their textural properties, functional surface groups, and capacitance, and then the
desalination performance was evaluated in terms of electrosorption, charge efficiency, kinetics,

and specific energy consumption.

The electrodes prepared with lignin activated carbon (LK) had high specific surface
area (SSA) and micro/mesoporous volume, providing high capacitance values in concentrated
salt solution. However, when these electrodes were employed for water desalination in
symmetrical configuration, it was observed a reduction on the desalination capacity along with
the electrosorption/desorption cycle number. This behavior was assigned to the positive
electrode degradation and revealed the importance of the potential of zero charge (Erzc), which
is related to the presence of functional surface groups. Therefore, it was employed two different
strategies based on electrode asymmetry to stabilize the capacity and charge efficiency of the
electrodes: asymmetry of mass and material. The asymmetry of mass was capable of stabilizing
the electrode, but caused a reduction on the electrosorption capacity. On the other hand,
asymmetry of material not only stabilized capacity and charge efficiency for more than 100
cycles, but also maximized the electrosorption capacity applying a cell potential (Ecen) lower

than the typical values, which had an impact on the specific energy reduction.

The polyaniline activated carbons were labeled as PAC, and were obtained from the
polymer doped with different anions (CI-, p-toluenesulfonate, dodecylbenzenesulfonate, and
polystirenesulfonate), which had a strong effect on the textural properties, functional surface
groups, and electrochemical performance of the PAC. It was demonstrated that it is possible to
customize PAC in terms of SSA, pore volume, conductivity, and capacitance by employing

different doping anions. The PAC electrodes were successfully used as electrodes on the CDI



desalination process, reaching high salt adsorption capacity (SAC) and low specific energy
consumption. The PAC derived from polyaniline doped with p-toluenesulfonate (PAC/PTS)
presented the best CDI performance, and its performance was optimized using different
electrode configurations. In this regard, two techniques were used: chemical electrode surface
modification, and use of ion exchange membranes. Although the first technique caused
reduction on the specific energy consumption, the SAC was also reduced due to the decrease
of its SSA. On the other hand, the use of ion exchange membrane increased SAC, and reduced

the specific energy consumption.

In this work, a new method to analyze the desalination capacity was proposed taking
into account not only SAC, but also electrosorption/desorption Kinetic. Despite SAC is a
necessary condition for desalination, it was demonstrated that it is not enough to assure the high
desalination performance. Electrode with low SAC, but with fast electrosorption/desorption
Kinetic, can provide high desalination capacity since more desalination cycles may be carried

out at the same time interval.

In order to enhance even further the SAC of PAC/PTS, we found out that carbonization
temperature, which is the stage right before the carbon activation, plays a fundamental role on
the textural and capacitive properties of the electrode material. It was also studied the effect of
the activation temperature and KOH/carbon weight ratio. We showed that low carbonization
temperatures (<600 °C) cause remarkable increase on the SSA, and pore volume. A
carbonization/activation mechanism was proposed based on several structural
characterizations. An optimized synthesis condition for PAC/PTS led to the maximization of
both SSA, and pore volume, resulting in high capacitance values, and a SAC value among the

highest presented on CDI literature for symmetrical electrodes.

Keywords: capacitive deionization, electrosorption, desalination, conducting polymer, lignin,

activated carbon.
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CHAPTER 1

INTRODUCTION

1.1. Broad context

The XXI century has been known not only by the scientific and technological
breakthroughs, but also by many environmental challenges. One of them is the access to
drinkable water, which has become a serious problem even in countries that had never suffered
of water scarcity. While the Fortune Magazine declared that water will possibly be as important
for the XXI century as petroleum was in the XX century, the United Nations reported that
around 4 billion people are potentially water scarce, and this number may rise up to 6 billion
until 2050.[1,2]

The access of water is not only important for providing water for human consumption,
but also plays a fundamental role on the human development, since agriculture and industry
depends on fresh water for their development. Indeed, agriculture and industry represent ~69%
and ~20% of the total water consumption, respectively.[3] Therefore, the only alternative to
develop many regions suffering with water scarcity is the use of different technologies to
provide water.

Although there are plenty of water reservoirs on Earth, the water distribution is still
the main drawback. It is estimated that 97.5% of water is stored in the oceans, while the 2.5%
left is divided in glaciers/snow covers (1.72%), groundwater (0.75%), lakes and rivers
(0.0075%), and soil/air water (0.023%).[4] Only this 2.5% is fresh water and can be used direct
for human and animal consumption or agricultural and industrial purposes, since the high salt
concentration in seawater demands high energy consumption for desalination.

The most accessible fresh water reservoirs are groundwater, lakes, rivers, and soil/air
water. Despite of groundwater be more abundant than the other water sources, it is usually
contaminated with low salt concentrations (brackish water). An example is underground of the
Brazilian semi-arid region, which it is estimated that it can provide 19.5 m¥/year of water
without risk of exhaustion. However, the presence of brackish due to the long exposure of water
to the crystalline rocks [5] demand new desalination technologies to provide drinking water for
human, animal, and agricultural consumption, thus contributing to the economic and social

development of the semi-arid.
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1.2.  Desalination technologies

The most well established technologies employed for water desalination are the multi-
stage flash distillation (MFD), reverse osmosis (RO), and electrodialysis (ED). Among these
technologies, RO is still the most used all over the world, and many advances regarding
reduction on energy consumption, and improvements on water recovery were achieved. In the

next sections, it will be described the main characteristics of these desalination technologies.
1.2.1. Multiple stage flash distillation (MFD)

Flash distillation is a thermal process in which heat is used at low pressure to evaporate
concentrated salt water, and then condensate it again to yield pure water. A more advanced
distillation technique is the multiple stage flash distillation, in which the condensation energy
is reused to reduce the overall energy demand. Semiat (2008) estimates that the MFD energy
consumption is between 15-58 kKWh/m3.[6]

The MFD is based on the flash distillation process. The seawater is evaporated by
reducing the pressure and increasing the water temperature. The reduction on the energy
consumption is achieved by the back warming of the feedwater provided by the heat of the
evaporated water that is condensing. Therefore, the temperature of the incoming water
increases, reducing the energy required to evaporate it.

The distillation has been employed in large-scale plants to desalinate seawater.
Advances in the technology, such as the use of membrane distillation may prolong the life time
of this technology, however, its high energy requirements turns this technology only feasible in

countries where the energy cost is not a hindrance, such as Saudi Arabia.
1.2.2. Reverse 0Smosis

Reverse osmosis is one of the most used desalination technologies in the world, being
largely employed in countries such as the United States of America, Spain and Israel.[7-9] It is
based on a pressure-driven separation process in which an external pressure, higher than the
osmotic, forces the saline stream to flow through a water permeable membrane, resulting in
brine and purified water streams. Although RO is a recognized high demanding energy process,
recent advances on minimizing fouling and concentration polarization, and maximization of
permeate flux and energy recovery reduced RO energy consumption from 12 kWh/m3 in the
1970s to less than 2 kWh/m3 in 2006.[10,11]
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On the other hand, problems such as membrane fouling is still a drawback regarding
to this technology. Moreover, the water obtained after the desalination process is extremely
diluted, and unhealthy. Hence, after desalination, the water has to be hardened to make it
drinkable. The water recovery for RO, which is the ratio between pure water and brine, may
reach 70-80% for brackish water (salt concentration < 10 g/L of water) and 35-60% for

seawater.

In the Brazilian context, in accordance with the Association of Brazilian Geographers,
in 2004 there were more than 3000 RO units in the semiarid region of Brazil employed for
water desalination. Unfortunately, most part of the systems were not working properly due to

bad use and lack of maintenance.
1.2.3. Electrodialysis

The reverse electrodialysis (RED) is also a membrane-based separation process,
however, in this case, the driven force for ions separation is an electric field developed when a
high voltage is applied between two electrodes in a desalination cell, as show in Fig. 1.1.
Hydronium and hydroxyl are formed on the anode and cathode, respectively, and based on the
principle of electroneutrality, a counterbalance must be established, forcing the chloride
through the anion exchange membrane (AEM) to the anode chamber, while sodium cations
move through the cation exchange membrane (CEM) to the cathode chamber. Pure water is
obtained in the middle chamber.

FEED SOLUTION

ANODE CATHODE
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Figure 1.1. Scheme of the water desalination using ED. (Source: The author)




Chapter 1 — Introduction

The ED is effective for water desalination achieving 75-98% of TDS removal.
Furthermore, by reversing the polarity (reverse ED), it is possible to clean the membranes
reducing fouling and incrustation. The water recovery in this system may be as high as 94%.[7]
However, the upper concentration limit to operate ED is around 5000 mg TDS/L. Beyond this
concentration, the energy consumption is high (> 2.5 kwWh/m?) and do not compete with other
technologies.[12]

1.3. CDI technology

In the beginning of this century, a new technology called capacitive deionization (CDI)
emerged as an alternative for water desalination. Although Caudle et al. (1966) and Johnson
and Newman (1973)[13,14] introduced its main concept a long time ago, its ascension occurred
in the middle of 1990s due to the work of Farmer et al. (1995) using carbon aerogels as CDI
electrodes.[15] This technology presents some advantages over their competitors, such as low
energy consumption, ease assembly and maintenance, and use of environmentally friendly
materials. Furthermore, CDI fills the gap of being a cost-effective technology for small systems
where the salt content is low. There are different situations in which a small unit easy to
reallocate is required. For instance, to prevent transportation costs in rural areas for agriculture,
the water treatment has to be carried out on site, where usually electricity is not available. That
is the case for brackish groundwater desalination in rural areas.

CDI is based on the same concept of the electric double layer capacitors (EDLC), in
which a pair of electrodes are polarized and the ions present in an electrolytic solution are
attracted and stored in the electric double layer (EDL). Unlike the EDLC, the CDI interest is on
the outflow solution obtained after the electrodes polarization. Fig. 1.2 shows a scheme of the
desalination process using CDI. The electrolytic solution is fed to the CDI cell, and a cell
potential (Ecen) is applied between a pair of electrodes. Cations are attracted to the negatively
charged electrode, and are stored on the EDL, while the same happens with anions on the
positively charged electrode (Fig. 1.2A). After a while, the electrode becomes saturated and
must be regenerated (Fig. 1.2B). This is easily accomplished by short circuiting the electrodes
(Eo), or by applying an inverse regeneration cell potential (Ecell-regeneration) (typical values are in
between -0.1 V to -0.4 V).[16,17]

The low energy consumption of CDI results from the low Ecen required for water

desalination when high charge efficiencies are achieved. The charge efficiency is the ratio
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between the total charge supplied and the amount of ions removed. Therefore, as close as unit
the charge efficiency is, the more effective is the desalination process. Besides, as CDI is a
capacitive technology, part of the energy used for the electrosorption process can be recovered,
which reduces even more the total energy consumption.[18,19] On the other hand, it has also
been demonstrated that there are many sources for energy losses, such as by ohmic resistance,
electrode degradation, water splitting, and irreversible faradaic reactions.[20,21] Having this in
mind, many researchers follow investigating new electrode materials and new cells designs to

optimize the CDI process.

Figure 1.2. Scheme of the CDI water desalination. (Source: Zornitta et al.[17])
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The challenge of finding electrode materials that fulfills all the requirements for the
CDI process is still on course. Most part of the works on CDI literature is based on studying
new materials, and finding new correlations between the electrode material properties and CDI

performance. The main requirements for a good CDI electrode are:[22,23]

(1) High specific surface area (SSA) available for electrosorption. Although there is a
relationship between SSA, and salt adsorption capacity (SAC), it was demonstrated
that the surface area accessible for electrosorption is much lower than the actual
surface area;

(2) Good chemical and electrochemical electrode stability, since the electrodes must run
for thousands of cycles;

(3) Fast electrosorption/desorption kinetics, which can be limited by the pore size and
electrode thickness of the electrode (other operational variables, such as electrolyte

concentration are not considered here);
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(4) Good wettability (or hydrophilicity), which is closely related to the presence of polar
surface groups on the electrode;

(5) High conductivity of the electrode material, ensuring low potential drop across the
electrode, and low energy dissipation, which could reduce the electrode charge
efficiency;

(6) Low-cost, abundance, and environmentally friendly materials are desired for large-

scale desalination plants.

Taking into account those characteristics, carbon electrodes have been largely used for
CDl since it fulfills most part of these requirements. Different forms of carbons have already
been employed as electrodes for water desalination, such as carbon nanotubes,[24]
graphene,[25,26] carbon cloths,[27] carbon sponges,[28] activated carbons,[29] carbide-
derived carbons,[30] and carbon aerogel.[31] Most of these materials present promising results
in terms of SAC, but many are not cost-effective, such as carbon nanotubes and graphene,
besides they are not easy to synthetize, which hinders their use in large-scale applications.

Recently, new approaches for CDI emerged, such as hybrid CDI (HCDI), which aims
to overcome one of the main drawbacks in CDI desalination: the oxidation of the positive
electrode, which is the main impeditive for long-term operations of CDI cells. Although cells
potentials lower than 1.23 V may prevent water splitting, they can cause irreversible reactions
occurring on the carbon surface.[32] Therefore, the employ of more stable positive electrode
materials has been proposed, such as battery electrode materials.[33,34] Unlike the capacitive
process, in which the ions are adsorved on the EDL, battery electrodes undergo faradaic
reactions in which ions are intercalated inside of the material structure. The main advantage of
this process is the high selectivity for cations or anions, which avoids the waste of charge used
for co-ions repulsion, instead of using it for counterion electrosorption. This approach is even
more interesting if one consider that the effect of co-ion repulsion is much more pronounced as
the concentration increases.[35] The results presented so far showed remarkable desalination
capacity, reaching values far higher than pure CDI. For instance, some authors reported a
desalination capacity as high as 120.0 mg/g using Prussian blue (FeFe(CN)s) as anode in a CDI
cell, with low energy consumption.[34]

On one hand, the HCDI shows much higher desalination capacity than usual activated
carbon electrodes, but on the other hand, one of the great advantages of using capacitive systems
is the fast response to the desalination process. Indeed, the main difference between a

supercapacitor and a battery is their specific power and specific energy. While batteries have
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higher specific energy, supercapacitors can deliver much higher power rates.[36] This is also
of paramount importance since CDI desalination is carried out in cycles of electrosorption and
desorption and the faster the cycle, more salt can be removed.

As a counterpart for battery electrode materials, improvements using low-cost
activated carbons may provide very high SAC, high electrosorption/desorption kinetic and
long-term stability. For instance, the use of ion selective membranes not only is reported to
prevent co-ions repulsion, but also hinders electrode oxidation caused by dissolved oxygen
present in the electrolyte solution.[32] In this context, ion selective membranes can both
improve charge efficiency and electrode stability of carbon electrodes. The CDI process in
which membranes are employed is known as MCDI.

Typically, most of the low-cost CDI electrodes are prepared from activated carbon
derived from low-cost precursors, such as activated carbon derived from sugar cane bagasse fly
ash,[37] starch,[38] silk cocoon,[39] cotton,[28] biomass,[40,41] and plenty of commercial
activated carbons.[17,29,42] However, when used without any modification (e.g. nitrogen or
hydrogen treatment, post CO; activation, etc.) these materials do not perform well, and typical
values of SAC are lower than 10 mg of salt removed per g of carbon. Therefore, the cost of
preparation of these carbons still do not compensate their SAC. In this scenario, it is still
important to search for low-cost CDI electrodes with improved desalination capacity, low
energy consumption, and long-term stability.

1.4. Thesis outline

As discussed so far, there is still a search for new high-performance and low-cost
materials for CDI. This thesis focuses on developing new activated carbons to be employed as
electrode based on the low-cost of the precursor (aniline and lignin), simplicity and efficacy of
the activation method, high SSA and pore volume, and high capacitance. Simultaneously, it
was also investigated some strategies (asymmetry and membrane) to improve the electrode
performance, by reducing the co-ion repulsion effect, electrode degradation, and optimizing the
desalination performance by taking into account the electrosorption/desorption Kinetic.

In Chapter 2, lignin is introduced as a low-cost precursor for activated carbon since it
is an abundant waste from cellulose plants. We also estimate that the amount of lignin can
grows significantly with the advent of the second-generation ethanol production. Considering
that lignin (Fig. 3) is mostly composed by carbon (>60 wt.%), and oxygen (>30 wt.%), it a good
candidate as precursor to obtain activated carbon. Lignin activated carbon is known by the high
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SSA and capacitance in the EDLC literature.[43] In this work, lignin activated carbon (LK) is
used as electrode for CDI and compared with commercial activated carbon electrodes.

In Chapter 3, aniline is used to synthesize the PAni, which is employed as precursor
to prepare activated carbons. PAni-derived activated carbon has been reported as electrode
material for supercapacitors due to its high SSA, large pore volumes, and high nitrogen content,
thus providing high capacitance. The main advantages of PAni is the low-cost of the monomer,
easy preparation, high nitrogen content (~15 wt.%), and the possibility of modifying the

precursor by changing the doping anion used for the PAni synthesis.

Figure 1.3. One of the possible structures for lignin (Source: Norgren and Edlung [44])
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The use of PAni dopants as templates is another interesting characteristic of this
precursor. It have already been demonstrated that carbonized PAni develops unique pore size
distribution (PSD), and electric properties depending on the anion used as dopant.[45] In
Chapter 3, dopant anions are not only used as templates for the carbonized carbon but instead
for the activated carbon. The advantage of the activation is to enlarge the carbon pores
increasing the SSA, and pore volume. Therefore, the characteristics of the activated carbons are
investigated in a CDI desalination process.

In Chapter 4, the PAC desalination performance (SAC and charge efficiency) are
further improved by employing ion exchange membranes or chemical surface modification.
Both techniques are intended to reduce the deleterious effect caused by co-ion repulsion.
Furthermore, it is introduced a new methodology to evaluate the carbon performance, by taking
into account not only the SAC, but also electrosorption/desorption Kinetic.

In Chapter 5, it is carried out a comprehensive study of the PAni doped with p-
toluenesulfonate (PANi/PTS) activation, taking into account the carbonization and activation

temperatures (Tc and Ta), and the KOH/carbon weight ratio (K/C). Unlike the investigation
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carried out in Chapter 3, in which Ta, Tc, and K/C were maintained constant, in this chapter
these variables are deeply investigated for PAC/PTS, and a new mechanism for
carbonization/KOH activation is proposed. The desalination performance is correlated with the
PAC/PTS properties in order to better understand the role of textural properties and surface
groups on the electrosorption process.

In Chapter 6, a general discussion about the results obtained in this thesis is provided.
It is enlightened the specific characteristics of the carbon materials, and their influence on the
electrodes performance for CDI desalination. Suggestions for future works are also provided in

this chapter.
1.5. Objectives

The aim of this work is to obtain high performance electrodes for water desalination
by capacitive deionization. In order to accomplish this aim, the following specific objectives

are established:

(1) Preparation of low-cost electrodes using as activated carbon precursor the lignin. Lignin
activation carbon (LK) is prepared using KOH as activation agent, which is known to
develop high SSA, and pore volume. Aiming to improve electrode stability and
desalination performance, different electrode configurations were studied (Symmetry
and asymmetry of mass and material).

(2) In order to obtain activated carbon with high SAC, it is studied the use of PAni as
activated carbon precursor, and the effect of their doping anions on the obtained
activated carbons. Their performance as CDI electrodes is investigated through
desalination process.

(3) The carbonization and activation temperature, as well as the KOH/carbon weight ratio
are studied in order to maximize the specific surface area, pore volume, and nitrogen
content on the PAC, and to improve their electrode performance in a CDI desalination
process.

(4) Aiming to reduce the effect of co-ion repulsion, and reduce electrode degradation on
the desalination process, it is studied the use of ion exchange membranes, and the
surface chemical modification of the PAC materials.

(5) A new metric for CDI desalination performance is studied in which the electrode

capacity, and the electrosorption/desorption kinetic are taken into account.
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CHAPTER 2

CHARGE AND POTENTIAL BALANCING FOR OPTIMIZED
CAPACITIVE DEIONIZATION USING LIGNIN-DERIVED, LOW-COST
ACTIVATED CARBON ELECTRODES

Lignin-derived carbon is introduced as a promising electrode material for water
desalination by using capacitive deionization (CDI). Lignin is a low-cost precursor that is
obtained from the cellulose and ethanol industries, and we used carbonization and subsequent
KOH activation to obtain highly porous carbon. CDI cells with a pair of lignin-derived carbon
electrodes presented an initially high salt adsorption capacity but rapidly lost their beneficial
desalination performance. To capitalize on the high porosity of lignin-derived carbon and to
stabilize the CDI performance, we then used asymmetric electrode configurations. By using
electrodes of the same material but with different thicknesses, the desalination performance was
stabilized through reduction of the potential at the positive electrode. To enhance the
desalination capacity further, we used cell configurations with different materials for the
positive and negative electrodes. The best performance was achieved by a cell with lignin-
derived carbon as a negative electrode and commercial activated carbon as a positive electrode.
Thereby, a maximum desalination capacity of 18.5 mg/g was obtained with charge efficiency
over 80% and excellent performance retention over 100 cycles. The improvements were related
to the difference in the potential of zero charge between the electrodes. Our work shows that an
asymmetric cell configuration is a powerful tool to adapt otherwise inappropriate CDI electrode

materials.

2.1. Introduction

Capacitive deionization (CDI) is a promising technology for the treatment of brackish
water (<10 g/L). The CDI process is based on the concept of the electric double layer (EDL)
developed by applying a cell voltage (typically 1.0-1.2 V) to polarize a pair of parallel
electrodes.[1] If a solution containing ions flows along the electrodes, cations and anions are
attracted to and immobilized by the charged electrodes; as a consequence, the ion concentration
of the out-flowing water stream decreases.[2] CDI consumes less energy than other

technologies, and it offers the possibility of recovering parts of the invested energy for
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electrosorption through electrode regeneration.[3, 4] To achieve high-performance
desalination, the CDI electrode material should present a large pore volume accessible for ion
electrosorption, high electrical conductivity, hydrophilicity, and chemical stability.[5] Usually,
CDI electrodes are carbon-based materials, which have been explored in the forms of carbon
nanotubes,[6, 7] mesoporous carbon,[8-10] and microporous carbons such as carbon felts,[11]
carbide-derived carbon,[12] and carbon beads.[13] Some of these materials are expensive, and
their synthesis may involve environmentally unfriendly procedures; for instance, the synthesis
of carbide-derived carbons requires the use of halogens.[14]

The search for new low-cost precursors for the synthesis of electrode materials and
carbon activation by simple methods is important to reduce the costs of CDI systems. Various
low-cost precursors for CDI electrodes have been explored, including cotton-derived carbon
sponge,[15] sugar cane bagasse fly ash,[16] polyaniline-derived activated carbon,[17] phenolic-
resin derived activated carbon cloth,[18] and commercially available activated carbons.[19]
Despite the improved salt adsorption capacity (SAC) and charge efficiency of these materials,
few authors have investigated the long-term performance stability. A highly attractive candidate
for a new low-cost precursor is lignin, which is obtained from natural sources and extracted
during the manufacturing of cellulose by the Kraft process.[20] With the rise of biofuels, lignin
has become available on an industrial level in large production because it is a byproduct of
second-generation ethanol from the sugarcane bagasse.[21] Activated carbons derived from
lignin have already been demonstrated to be attractive electrodes for supercapacitors,[22, 23]
and hard carbon derived from lignin has been shown as an effective anode for lithium-ion
batteries.[24] For the best of our knowledge, lignin-derived activated carbons have not been
explored as an electrode material for CDI applications.

Two key performance metrics for the performance of CDI electrode materials are the
desalination capacity and the corresponding charge efficiency.[25] Both parameters benefit
from counterion electrosorption but not from co-ion electrodesorption. Therefore, the
desalination process is strongly affected by the chemical charge of the surface functionalities at
the interface between the carbon electrode and electrolyte. Whereas a positive chemical charge
of the surface groups may enhance the desalination performance of the positive electrode, it
lowers the performance if the material is used as the negative electrode.[26, 27] During long-
term CDI operation, faradaic processes such as electroxidation may further modify the electrode
chemical charge; therefore, such processes must be considered upon evaluating the

performance stability.[28] The presence of chemical charges may shift the potential of zero
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charge (Epzc) of the electrode, causing co-ion expulsion and, consequently, reduce the ion
removal capacity of the electrodes.[29] Different approaches have been employed to adjust the
chemical charge, including electrochemical and chemical treatment of the electrode
material[30] and the addition of conducting polymers with tailored surface charges.[31]

In this work, we introduce lignin-derived activation carbon as an attractive electrode
material for CDI and demonstrate the importance of an asymmetric electrode configuration to
optimize the performance and the long-term operation stability. The first approach for the
asymmetric configuration varies the electrode thickness to reduce the potential of the positive
electrode. Thereby, we discuss the potential distribution of the individual electrodes, the shift
in the potential of zero charge, and the resulting performance stability. The second approach
adopts carbon electrode materials with different Epzc values to minimize co-ion expulsion and
electrode oxidation on the positive electrode. We show enhanced desalination performance by
controlling the potential distribution between the CDI electrodes composed of commercial

activated carbon and our lignin-derived activated carbon.

2.2.  Experimental description
2.2.1. Materials

Lignin was obtained from a pilot plant of the delignification process of sugar cane
bagasse used for second-generation ethanol production at the Brazilian Bioethanol Science and
Technology Laboratory (CTBE), located in Campinas, Brazil. The commercial activated carbon

MSP-20 was purchased from the Kansai Coke and Chemical sand is denoted “AC”.

2.2.2. Lignin activation

Lignin was activated following a procedure adapted from Yu et al.[22] First, around
10 g of lignin was carbonized at 10 °C/min to 600 °C and kept at this temperature for 2 h in a
vertical tubular furnace (Thermal Technology) under an argon atmosphere. The carbonized
material is denoted “LC”. The material was then mixed with KOH pellets (Sigma—Aldrich) in
a proportion of 1:3 (LC/KOH), mixed with a small amount of distilled water, and dried in an
oven at 105 °C overnight. The dried material was then activated at 800 °C for 2 h at a heating
rate of 10 °C/min. The resulting activated carbon material was neutralized with 0.5 M HCI
(Sigma—Aldrich), washed with distilled water until neutral pH, and dried at 80 °C for 24 h. The

activated carbon from lignin is denoted “LK”.
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2.2.3. Electrode preparation

The electrodes of activated carbon were prepared by mixing 95 mass% activated
carbon and 5 mass% polytetrafluoroethylene as a binder (PTFE, 60 mass% solution in water
from Sigma—Aldrich). First, the activated carbon was mixed with ethanol (Sigma—Aldrich) until
a homogeneous slurry was obtained. After adding PTFE, the mixture was kneaded until it
became paste like and was then rolled out by a rolling machine (MTI HRO1, MTI Corp.) to
obtain free standing carbon electrode films with a thickness of (200£20) um. The electrode
films were dried in an oven filled with air at 2.0 kPa and 120 °C for 24 h. The CDI electrodes
were prepared by punching carbon film discs with a diameter of 2.54 cm with corresponding
masses of (54+2) mg and (65+3) mg for LK and AC, respectively. The electrodes for general
electrochemical characterization had a diameter of 1.2 cm with corresponding masses of
(12.2+0.3) mg and (14.52+0.4) mg for LK and AC, respectively.

2.2.4. Materials characterizations

The morphology of the carbon materials LC, LK, and AC was characterized by
scanning electron microscopy (SEM) by using a JEOL JSM 7500F microscope operating at
3 kV. Nitrogen gas sorption at -196 °C was performed by using a Quantachrome iQ system to
obtain the specific surface area (SSA) and pore size distribution (PSD). Prior to the
measurements, the samples were dried at 250 °C for 10 h under vacuum conditions. The DFT
SSA and PSD were calculated by using the ASiQwin software with quenched-solid density
functional theory (QSDFT) assuming slit-shaped carbon pores.[63] The BET SSA was
calculated by using the Brunauer—Emmett—Teller equation (BET) in the linear region of the
isotherm (i.e., the relative pressure range of 0.05 to 0.30). The total pore volume (Viota) Was
obtained from the cumulative pore size distribution, and the average pore size (dso) corresponds
to the pore size in which the volume adsorbed is half of Viotal.

Elemental analysis (CHNS) was performed with a Vario Micro Cube system from
Elementar Analysensysteme. The reduction temperature was 850 °C, and the device was
calibrated with sulfanilamide. Quantitative analysis of elemental oxygen was performed by
using a rapid OXY cube oxygen analyzer at 1450 °C (Elementar Analysensysteme GmbH).
Raman spectra were recorded with a Renishaw inVia microscope by using an Nd-YAG laser
(wavelength: 532 nm; grating: 2400 lines/mm; spectral resolution: 1.2 /cm; numeric aperture:

0.75; power on the sample: 0.2 mW). The surface groups of the activated carbon samples were
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also investigated by using thermogravimetric analysis in a mass spectrometer (STA449F3
Jupiter and QMS 403C Aéolos from Netzsch) under an inert atmosphere (argon; purity: 5.0).

2.2.5. Electrochemical characterization

Cyclic voltammetry (CV) and galvanostatic charge/discharge cycling with potential
limitation (GCPL) were performed in an aqueous 1 M NaCl solution in a three-electrode cell
with carbon as the counter electrode and the working electrode. The mass of the counter
electrode was three times larger than that of the working electrode. Ag/AgCl was used as a
reference electrode in all experiments. For all electrochemical measurements, we used a
VSP300 potentiostat from Bio-Logic. Cyclic voltammograms were recorded at scan rates (v)
of 5 to 500 mV/s within a potential window of 0 to 0.6 V (vs. Ag/AgCIl). The specific
capacitance (Cs [F/g]) and the average capacitance (Ccv [F/g]) of the electrodes were calculated
by using Equations (2.1) and (2.2):

Co =L 2.1)

V2 1av
v, (2.2)

T vm(Va-Vy)

in which I is the current, V is the voltage, m is the mass of the active material in the working
electrode, and V1 and V- are the upper and lower values in the potential window. The GCPL
measurements were performed with a specific current ranging from 0.1 to 10 A/g. The specific

capacitance obtained by GCPL was calculated by using Equation (2.3):

_ IqAt

Cop = 1422 2.3)

in which Iq is the discharge current, Az is the discharge time, and AU is the potential difference
after discharge, subtracting the ohmic drop (IRdrop). The lower and upper potentials limits were
0 and 0.6 V (vs. Ag/AgCl), respectively. The potential of zero charge (Epzc) was determined
from electrochemical impedance spectroscopy (EIS) in potentiostatic mode by using 10 mm
NaCl, a low frequency (10 mHz), and a 30 mV amplitude. A step potential of 50 mV was
applied starting from -0.3to+0.5V. The capacitance (Ceis) was calculated by using
Equation (2.4), in which w is the angular frequency and Z* is the imaginary component of the

EIS spectrum. The values were normalized by the lowest measured capacitance.
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2.4)

Electrode stability was evaluated through S-value analysis.[47] We used data from the
CV scans recorded at 1 mV/s in 1 M NaCl by varying the vertex potential in 50 mV increments.
Scans towards positive potentials started at -0.1 V, finished at the vertex potential of +1.2 V.
Scans towards negative potentials started at + 0.1 V, and finished at the vertex potential of -
1.8V. The S-value was calculated for the positive and negative window by using
Equations (2.5) and (2.6), in which Qpos and Qneg are the positive and negative charges provided
to the electrodes. The second derivative (d?S/dV?2) was used as an indicator of electrode
stability, by which the electrode was considered stable if d?S/dV?<5%.

__ Qpos _
Spos = == 1 (25)
Sneg = 228 _q (2.6)
neg Qpos '

2.2.6. Desalination experiments

The CDI experiments were performed in a quasi single-pass process, the setup of
which was previously described elsewhere.[19, 48] In short, the desalination unit was composed
of two acrylic plates to which graphite current collectors were attached. The electrodes were
placed on graphite current collectors and separated by a porous filter paper. The cell was tightly
sealed by rubber gaskets. An Ag/AgCI reference electrode was placed close to the working
electrode. During the desalination process, a peristaltic pump (Masterflex L/S Cole-Parmer)
maintained the constant flow of a deaerated aqueous solution (10 mM NaCl) at 10 mL/min. A
VSP300 potentiostat (Bio-Logic) provided a constant cell voltage (1.0, 1.1, or 1.2 V) during the
electrosorption process and a set value of 0 V during the desorption. A conductivity probe
(Metrohm) and a pH probe (WTW Multi 3510 IDS) continuously monitored the outlet stream
of the CDI cell. The conductivity value was corrected by using the pH data [Eq. (2.7)] and the
temperature and was then converted into salt concentration [mM] by using Equation (2.8)
obtained prior to the experiment. Each experiment was performed until electrode saturation was

reached.

pH 10—14—
(10PH.Ny. Dyyyor + 2o Ny Doyt~ ) @.7)

10-PH

e2

On = Om ~ 31—
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1
en = (22)" — 013 (2.8)

121.29

in which on is the corrected conductivity [mS/cm], om is the measured conductivity, kB is the
Boltzmann constant (1.38.10%2 m?/kg.s>K), Na is the Avogadro constant (6.022.10"% mol?),
Dy, 0+ is the diffusion coefficient of a hydronium ion (9.3.10° m?%s), and D,,_ is the diffusion
coefficient of a hydroxyl ion (5.3.10° m?/s). The salt adsorption capacity (SAC), charge
efficiency, rate of desalination, and energy consumption were calculated by using Equations
(2.9), (2.10), (2.11), and (2.12).

. t
VMNacl ftf c(t)at

SAC = - (2.9)
Charge ef ficiency (%) = 100 - ZF}’;fij (2.10)
Rate = C“f“—:t’y (2.11)
By = eciEeel et (2.12)

in which V" is the flow rate of the electrolytic solution, Mnaci is the molecular mass of NaCl
(58.4 g/mol), C is the variation in the salt concentration with time, t1 and t> are the
electrosorption time intervals, me is the mass of active material in the electrodes, z is the ion
charge, and F is the Faraday constant (96485 C/mol). The current (le) from Equation (2.10) is
the total current measured during the electrosorption process, that is, in our experiments, the
leakage current was not subtracted. This condition must be considered

2.3. Results
2.3.1. Material characterization

The morphologies of lignin, lignin-derived carbon (after carbonization; LC), and
activated LC (labeled LK) are granular with particle sizes in the range of a few micrometers
(Figure 2.1).Before carbonization, however, lignin has a rough surface and agglomerated
particles (Figure 2.1a). After carbonization and activation, the surface of the particles is
smoother with macropores similar to lignin-derived activated carbon reported in the literature
(Figure 2.1b, ¢).[32] Commercially available activated carbon (AC) chosen for our study shows
slightly larger primary particle sizes of approximately 10-15 um (Figure 2.1d).

Table 2.1 shows the elemental analysis and the yields after carbonization (Yc), after
activation (Yac), and the total yield (Y1). The contents of carbon and oxygen in lignin are
relatively high (61 and 33 mass%, respectively), as lignin is an organic compound rich in

oxygen-containing functional groups such as carbonyl, phenolic hydroxy, ether, and methoxy
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groups.[33] After carbonization of lignin, we see a large mass loss (64 mass%) caused by the
decomposition of the oxygen groups at high temperatures.[34,35] The carbon content of LC
increases to 84 mass% and to approximately 90 mass% after activation (LK), whereas the
hydrogen and oxygen contents decrease. The total yield of LK (~21 mass%) is comparable to

that of other activated carbons derived from lignin by using different activation techniques and

pore-structure development (Y1=13-35 mass%).[36]
Figure 2.1. Scanning electron micrographs of (A) lignin, (B) LC, (C) LK, and (D)
commercial AC (MSP-20)

Table 2.1. Elemental analysis and yield of the carbon samples (all values in mass%)

Lignin LC LK AC
Carbon 61.0+0.3 86.1+0.1 88.2+2.2  95.8+0.6
Nitrogen 0.7+£0.1 0.9+0.1 0.2+0.1 0.3+0.1
Hydrogen| 5.9+0.1 3.0£0.1 1.1+0.1 0.5+0.1
Oxygen 32.5+1.3 10.04£0.3 10.5+0.1  3.4%0.1

Yc =365 Yac=57.0

Yield (%) 208
T =20
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Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) was
performed under an inert gas atmosphere (argon) to evaluate the surface groups present in LK
and AC. The results from TGA correlate well with those obtained by elemental analysis. After
heating to 1000 °C, the mass losses are approximately 10 and 5 mass% for LK and AC,
respectively (Figure 2.2a). At such a high temperature, the oxygen and hydrogen surface groups
are released from the material.[34, 37] Analysis of LK by TGA-MS (Figure 2.2b) demonstrates
that thermal degradation of the carboxylic groups occurs between 200 and 400 °C and that of
the lactone groups occurs between 600 and 700 °C. Above 800 °C, the CO: signal (m/z=44) is
reduced owing to the reaction with carbon, the formation of carbonyl groups, and the release of
CO (m/z=28).[38, 38] The presence of oxygen groups on the surface of LK agrees with the high
content of oxygen groups of lignin (Table 2.1). No variation in the O signal (m/z=32) is
observed in the range of the analysis, which indicates that most of the decomposed oxygen
reacts with carbon to form CO». Analysis of AC by TGA-MS shows the release of CO2, which
can also be ascribed to thermal degradation of carboxylic groups (m/z=44; see Figure A2.1 in

the Appendix).

The carbon structures of LK and commercially available AC were further
characterized by using Raman spectroscopy (Figure 2.2c¢). For LK and AC, the D and G modes
are located at Raman shifts of 1350 and 1593 cm™, respectively. The D-mode indicates the
presence of disordered carbon, whereas the G-mode is related to sp?-hybridized carbon atoms.
The degree of carbon ordering can be estimated by the relative intensity of the D and G bands
(Io/1g).[22] The Ip/lg values for LK and AC are almost identical (~0.90), which indicates that
both materials have a similar degree of ordering of the incompletely graphitic carbon
structure.[40, 41]

Nitrogen gas sorption analysis was performed to obtain the DFT specific surface areas
(SSAs) and pore size distributions (PSDs) of LC, LK, and AC (Table 2.2). The type | isotherms
for both carbons (Figure A2.2) are characteristic of microporous materials.[42] The cumulative
PSD reveals that most pores are micropores (<2nm) with a small contribution of
mesopores.[43] The successful KOH activation of LC is demonstrated by the large increase in
the pore volume from 0.13 g/cm?® for LC to 1.04 g/cm? for LK and the large increase in the DFT
SSA from 256 m?/g for LC to 1937 m%g for LK.
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Figure 2.2 (A) Thermogravimetry of LK and AC in an argon atmosphere. (B) Coupled TGA-
MS plotting the ionic current vs. temperature for m/z: 28, 32, and 44 of LK. (C) Raman
spectra of LK and AC. (D) Cumulative pore size distribution of LC, LK, and AC obtained

from nitrogen gas sorption at -196 °C. The corresponding isotherms can be found in the

Appendix
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Table 2.2. SSA, total pore volume (Viotar), micropore volume (Vmic), and average pore

diameter (dso) of LC, LK, and AC obtained by nitrogen gas sorption at -196 °C

DFT-SSA  BET-SSA Vil Vimic dso
(m?g) (mfg)  (cm’fg)  (cm®g)  (nm)
LC 256 249 0.13 0.09 0.85
LK 1937 1860 1.04 0.94 1.09
AC 1883 1838 0.82 0.79 0.80

Chemical activation of carbon by KOH to enhance the electrochemical performance is

well known because of the high surface area and pore volume.[44] The reaction between the

precursor and KOH is ascribed to the reaction of hydrogen carbonate present in LC with KOH

to produce KO and H,. Consequently, there is a decrease in the hydrogen content rather than
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a decrease in the oxygen content, as observed from LC to LK (Table 2.1). Other reactions, such
as the reactions of K,COs; and K>O with carbon, may also occur and contribute to the

enhancement in the porosity per Equations (2.13), (2.14), and (2.15).[45]

4KOH(s) + CHZ(S) i KZCO3(S) + KZO(s) + 3H2(g) (213)

2.3.2. Basic electrochemical characterizations in aqueous 1 M NaCl

Electrochemical characterization [cyclic voltammetry (CV) and galvanostatic
charge/discharge cycling with potential limitation (GCPL)] of LK and AC was performed in
1 M NaCl. This high salt concentration was chosen to avoid issues associated with ion depletion
during the measurements.[19] The cyclic voltammograms (Figure 2.3a) show that both
materials present quasi rectangular CV shapes, which are indicative of capacitive materials.
Upon increasing the scan rate from 5 to 100 mV/s (Figure 2.3b), the capacitance of LK
decreases from 192 to 130 F/g (~32%) and that of AC decreases from 154 to 94 F/g (~39 %).
The fact that the capacitance of LK is higher than that of AC aligns well with the increased pore
volume and surface area of the former (Table 2.2). The triangular GCPL profiles confirm near
ideal behavior of an electrical double-layer capacitor (Figure 2.3c). In agreement with the CV
data, from the GCPL data we obtained specific capacitances of 196 F/g for LK and 154 F/g for
AC at 0.1 A/g with a coulombic efficiency of almost 100% for both electrodes. At a specific
current of 10 A/g, although there is a significant increase in the ohmic drop (Figure A2.3), AC
and LK retain 72% (111 F/g) and 68% (134 F/g) of their initial capacitance values, respectively
(Figure 2.3d). The capacitance values of LK are promising if compared with other activated
carbons from the literature.[46]

We then determined the electrochemical stability (S-value) window of the carbons
(Figure 2.4). The basis for analyzing the S values was the CV data recorded at 1 mV/s at
different potential limits.[47] Commonly, CDI experiments employ a fixed maximum cell
voltage of 1.2 V; yet, each carbon may have a different onset for the electrochemical
decomposition in the anodic and cathodic regimes. In the cathodic regime, both LK and AC
present almost the same stability. Using the stability criterion of d?S/dV? (V=electrical
potential) of Weingarth et al.,[47] the S-value varies only slightly, and the value of dS/dV?

remains below 5% at negative potentials from 0 to -0.5 V versus Ag/AgCI (region |, Figure 2.4).
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At more negative values of -0.5 to-1.2 V (vs. Ag/AgCl), we observe a small linear increase in
the S-value, which corresponds to reversible hydrogen formation and possible energy storage
(region 11, Figure 2.4).[48] The reversibility is finally lost below -1.2 V (vs. Ag/AgCl), and the
d?S/dVv? values exceed 5% (region I11, Figure 2.4).[49] During positive polarization, the second
derivative of the S-value exceeds the critical value of 5% at +0.65 and +0.80 V (vs. Ag/AgCl)
for LK and AC, respectively. The increased irreversible faradaic charge loss aligns with
oxidation reactions of the carbon electrodes and reactions of surface functional groups.[50-52]
The slightly lower potential limit of LK aligns with the fact that its oxygen content is larger

than that of AC (Table 2.1), in agreement with our previous work with heteroatom carbons.[53]

Figure 2.3. Electrochemical characterization of LK and AC in agqueous 1 M NaCl. (A) Cyclic
voltammograms at 5 mV/s and (B) corresponding capacitance values at 5-500 mV/s. (C)
Galvanostatic charge/discharge profiles and (D) corresponding capacitance values at specific
currents of 0.1-10 A/g
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Figure 2.4. Electrochemical stability limits for LK and AC in aqueous 1 M NaCl (S-value

analysis)
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2.3.3. Desalination performance in aqueous 10 mM NaCl: Symmetric electrode configuration

We characterized the desalination performance and stability by using deaerated
aqueous 10 mM NaCl through electrosorption/desorption experiments at cell voltages of 1.0,
1.1, and 1.2 V at ambient temperature. The first experiments were performed by using a
symmetric electrode configuration, for which positive and negative electrodes with the same
mass, size, and material were used. Figure 2.5a shows that regardless of the applied cell voltage,
the salt adsorption capacity (SAC) and charge efficiency of the LK electrode decrease with the
number of cycles. In contrast, AC electrodes provide stable desalination performance
(Figure 2.5b). Figure 5c shows the conductivity profile of the 10th cycle for the LK electrode
at cell voltages of 1.0 and 1.2 V. The presence of an inversion peak indicates that co-ions are
repelled during electrode polarization. This effect relates to the positions of the Epzc, which is
strongly affected by the chemical charge of surface groups and the short-circuit potential (Eo)
at the positive and negative electrodes.[26, 27]

To understand better the difference in the performance and stability of LK and AC, in
addition to the total cell voltage we must also consider the potential distribution of each
electrode. Figure 2.5d plots each electrode potential and the short-circuit potential during
electrode polarization for the LK electrode. We use the term “symmetrical electrodes” for cell
configurations in which the electrodes have the same capacitance, area, mass, and Epzc. This
definition is important, as even electrodes of the same material with the same area and mass
can present a different Epzc value after electrochemical treatment. Upon applying a cell voltage

of 1.0 V, the maximum working electrode potential (Ewe) starts at approximately +0.59 V (vs.
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Ag/AgCI) for the initial cycle and increases to +0.61 V (vs. Ag/AgCl) after 25 cycles. The same
behavior is observed for the Eo potential (+0.11 to +0.15 V vs. Ag/AgCl). During constant
voltage operation, the counter electrode potential (Ecg) increases from -0.42 to -0.39 V (vs.
Ag/AgCl) to balance the cell voltage of 1.0 V. After 25 cycles of operating the cell at 1.0 V, the
cell voltage was increased to 1.1 V, and the potential over the working electrode is even higher
starting at +0.68 V (vs. Ag/AgCl) and reaches +0.69 V (vs. Ag/AgCl) after 25 cycles. The
maximum potentials of the positive electrode at each cycle are higher than the potential limits

that we determined by analyzing the S-values.

Figure 2.5. Salt adsorption capacity (SAC) and charge efficiency varying with cycles at
different cell potentials for (A) LK and (B) commercial AC. (C) Conductivity profile for the
10" cycle at 1.0 V and 1.2 V and (D) electrode potential distribution for the sample LK. WE:

working electrode; CE: counter electrode; Eo: short-circuit potential
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High electrode potentials are known to cause electrode and performance degradation,

water splitting, and carbon oxidation.[10, 50] There are several possible oxidation reactions of
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carbon and surface groups (Ri; i=1, 2) that are relevant to the symmetrical LK configuration
[Egs. (2.16), (2.17), (2.18), (2.19), (2.20), (2.21),(2.22)]:[51, 54, 55]

(RC0),0 = 2R + CO + CO, + 4e~, E® = 0.25 V vs. SHE (2.16)
R,COCOR, = Ry + R, + 2CO + 4e~,E°® = 0.25 V vs. SHE (2.17)
C +2H,0 - CO, + H* + 4e™,E® = 0.7 — 0.9V vs.SHE (2.18)
C|+H,0 - C| = 0 + 2H* + 2e~ (2.19)
C|l+H,0 > C|—0+H"+e” (2.20)
C|+2H,0 - C| = 0 + 4H* + 4e™ (2.21)
Cl+e~ 4+ H,0 » C|—H +O0H" (2.22)

The oxidation reactions of the surface functional groups [Egs. (2.16) and (2.17)] occur
at low electrode potentials, which aligns with the low stability of LK at positive electrode
potentials. Equations (2.18)—(2.22) show that oxidation of the carbon electrode is accompanied
by pH changes during the desalination process, as observed for the symmetrical LK operation
(Figure A2.5). A detailed analysis of the electrochemical reactions possibly occurring in CDI
operation without membranes can be found in Refs. [50, 56].

Finally, upon applying a cell voltage of 1.2 V, the working electrode potential is
already very high (0.75 V vs. Ag/AgCl) and exceeds 0.8 V (vs. Ag/AgClI) after only 16 cycles.
After this point, we observe large pH fluctuations and the desalination capacity of the electrode
decreases by more than 80%. Clearly, CDI operation with these cell parameters yields poor
performance stability.

To illustrate further the differences between LK and AC, we show in Figure 2.6 the
influence of Epzc of the negative and positive electrodes in the context of co-ion expulsion
(which does not contribute toward desalination) and counterion electrosorption.[57-59]
Figure 2.6a depicts the case in which symmetrical electrodes have higher Epzc values than Eop
values (positive window). In this case, part of the charge at the positive electrode is used for
electrosorption of the counter ions (anions), whereas some of the charge is also consumed for
co-ion expulsion. For the negative electrode, most of the electrical charge contributes toward
electrosorption of the cations (counter ions). In the scenario shown in Figure 2.6a, the value of
Epzc is higher than the value of Eo and the same behavior can be observed if the Epzc value of
the electrodes is lower than the Eq value (negative window). The only difference, in this case,

is that the expulsion is caused at the negative electrode by anion expulsion. In Figure 2.6b, we
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show the situation for asymmetrical electrodes with different values of Epzc. The negative
electrode has an Epzc value within the negative window, and the positive electrode has an Epzc
value within the positive window. In this case, during electrode polarization, part of the charge
at both electrodes will be consumed for co-ion expulsion. This asymmetrical configuration is
the least desirable for the CDI process. In Figure 2.6¢, the electrodes with different Epzc values
are placed more favorably: the electrode with an Epzc value in the positive window is placed
on the negative side, and the electrode with an Epzc value in the negative windows is placed on
the positive side. In this case, most of the potential is beneficial for electrosorption of the

counter ions during electrode polarization.

Figure 2.6. Scheme of the co-ion effect when Epzc is on the negative potential window (A),
the negative and positive electrodes present Epzc on their potential window (B), and the
negative and positive electrodes present the Epzc out of the potential window (C). Epzc values
obtained from the lowest capacitance value using EIS measurement for LK and AC electrodes
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To determine the Epzc position for LK and AC, we performed electrochemical
impedance spectroscopy (EIS) measurements at different electrode potentials. The
corresponding capacitance was calculated from the EIS data by using Equation (2.4).

Figure 2.6d shows the normalized capacitance values for LK and AC with a potential step of
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50 mV. We used a low-frequency regime (10 mHz) to provide sufficient time for EDL
formation. A low salt concentration of the solution (10 mM NaCl) was chosen, as the Epzc value
becomes more evident owing to the higher potential drop across the diffuse layer and because
it corresponds with the target application of brackish water desalination.[26] As can be
observed, the capacitance values are strongly influenced by the electrode potentials, forming a
V-shaped curve in which the lowest capacitance value represents the Epzc. The lowest
capacitance value indicates that the entire surface charge of the electrode is compensated if the
Eprzc potential is applied. We identified Epzc values of +350 and+50 mV (vs. Ag/AgCl) for LK
and AC, respectively.

The case depicted in Figure 2.6a aligns with the configuration of symmetrical
electrodes of LK (Figure 2.5d) that show the presence of an inversion peak due to co-ion
expulsion, whereas with AC the inversion peak is not observed. In the case of the AC material
that we used, the Epzc value is close to the Eo value, and negligible co-ion expulsion occurs
(Figure A2.4). Co-ion expulsion commonly reduces the charge efficiency and the
electrosorption capacity of the electrode. At the positively polarized LK electrode, oxidation
reactions align with the measured performance deterioration. The higher potential stability of
AC (Figure 2.4), however, effectively prevents an escalating performance decay within the cell
voltage range up to 1.2 V. These data clearly show that the common use of a cell voltage of
1.2V in the CDI community cannot be generalized for all carbons and all electrode
configurations. The performance stability of symmetric and asymmetric CDI cell
configurations remains an important research topic. It is important to investigate the long-term
performance considering the electrochemical properties of electrodes after having reached a

steady state.

2.3.4. Desalination performance in agueous 10 mM NaCl: Asymmetric electrode configuration

CDI with a symmetric arrangement of the LK electrodes yielded poor desalination
performance. To capitalize on the promising porosity and specific capacitance of the material,
we investigated the performance upon using an asymmetric cell design. To do so, we first used
the same material but with different electrode thicknesses. This strategy was previously
investigated by Porada et al. regarding desalination capacity, efficiency, and kinetics but not
considering performance stability.[60] The authors observed that the best CDI configuration
for their carbon electrodes (PACMM 203) was a symmetric cell.[60] For our experiments

labeled 1LK:2LK, we used two layers of the positive electrode, whereas on the negative
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electrode, we only used one layer. The use of the higher thickness and consequently higher
mass on the positive electrode provides a larger interface for ion electrosorption; therefore, the
same amount of accumulated charge is afforded by a lower potential. The latter can be tailored
in such a way that the maximum potential remains below the onset of electrode oxidation.
Clearly, the electrochemical properties of the carbon (especially the Epzc value) must be
carefully considered for the cell design of a CDI system.[53]

Figure 2.7a shows the variation in the SAC along with the number of cycles for
1LK:2LK by using different cell voltages, and the performance values are provided in
Table 2.3. The SACs at 1.0 and 1.1 V are practically constant throughout the cycles with values
of 14-16 mg/g and corresponding charge efficiencies of 72—74 %. Compared to operation at a
cell voltage of 1.1V, the use of a cell voltage of 1.2 V yields more unstable and poorer
performance with reduced charge efficiency (~62 %). Therefore, 1LK:2LK cells provide the
most favorable desalination performance for a cell voltage of 1.1 V. Figure 2.7b shows the
evolution of the potential distribution with the cycles during the electrosorption process.
Compared to the symmetrical configuration (Figure 2.5d), we now observe a narrower potential
window for the positive electrode, which explains the higher stability of the electrode during

cycling.

Figure 2.7. Data for the 1LK:2LK electrode configuration in aqueous 10 mM NacCl. (A) Salt

adsorption capacity and charge efficiency. (B) Electrode potential distribution for several CDI
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Table 2.3. Charge efficiency with and without leakage current, energy consumption, and salt
adsorption capacity (SAC) for LK and AC electrodes with different configurations. For all

data, the discharge half cycle was carried out at 0 V

Energy
Cell voltage Charge efficiency (%) consumption SAC
Setup (V) (mglg)
Without leakage ~ With leakage (kT) (kJ/9)
current current
1.0 53 47 60 2.5 13.38
LK:LK 11 27 17 184 7.8 5.38
1.2 19 10 295 12.5 3.18
1.0 90+3 7412 53+1  2.2+0.1 14.0+0.8*
1LK:2LK 1.1 85+2 72+1 60+1 2.6+0.2 16.0+0.2*
1.2 76+2 62+2 76x2  3.2+0.1 14.7+0.6*
1.0 96+2 88+3 44+2  1.8+0.1 18.5+1.0*
LK:AC 11 86x3 764 56x3 2.4+0.1 16.7x1.2*
1.2 97+1 78+1 60+2 2.5+0.1 15.3+0.5*
1.0 92+3 80+2 48+1  2.0#0.1 15.3+0.5*
AC 1.1 98+1 80+1 54+1  2.3+0.1 16.8+0.4*
1.2 - 75+1 62+1  2.6+0.1 16.8+0.3*

8§ Last value measured during the desalination process.
* Average for 100 cycles.
* Average for 25 cycles.

Despite improved electrode stability and charge efficiency by using the 1LK:2LK
configuration, the SAC was still below what the initial tests of the symmetric cell had indicated
with initial SAC values up to 19 mg/g. Therefore, we explored a second type of asymmetric
cell design: the use of different materials for the positive and negative electrodes. By combining
LK and AC, our goal was to capitalize on different values of Epzc without having to apply
further chemical modifications to LK as previously explored, for example, by Omosebi et
al.,[26] Gao et al.,[30] and Avraham et al.[57] Owing to the position of Epzc, the most favorable
configuration in alignment to Figure 2.6 uses AC for the positive electrode and LK for the
negative electrode. We investigated varying the desalination capacity (Figure 2.8a) and charge
efficiency (Figure 2.8b) with the number of cycles by using LK:AC and AC:LK (negative and
positive electrodes, respectively) at different cell voltages. For all cell voltages, LK:AC showed
consistently high desalination capacities and charge efficiency values of 16.7-18.5 mg/g and
76-88%, respectively (Table 2.3). The stable performance with attractive desalination values
of LK:AC aligns with the stable and beneficial potential distribution, as can be seen from
Figure 2.8c. Yet, after 25 cycles, the charge efficiency for LK:AC at 1.2 V is the lowest among

all three tested cell voltages with values below 80%. The performance of AC:LK at the same
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cell voltages is much lower, with desalination capacities of approximately 6-12 mg/g and
values for the charge efficiency of approximately 35-60 %. This reduction in capacity and
charge efficiency is related to the unfavorable position of Epzc+ and Epzc- in this configuration,
which negatively impacts the effect of co-ion expulsion and reduces the ability of the system to
adsorb counter ions effectively.

Having identified the asymmetric configuration LK:AC as the most promising setup,
we further quantified the performance stability thereof. Figure 2.9 shows the desalination
capacity and charge efficiency obtained for a long-term experiment performed at 1.0 and 1.1 V.
Long-term experiments with a cell voltage of 1.2 VV were not performed because of the lower
charge efficiency seen from Figure 2.8b. Over 100 cycles at 1.0 VV (Figure 2.9a), the average
SAC of the electrodes remains at 18.5 mg/g with a charge efficiency higher than 80%. This
value for the charge efficiency also contains the leakage current; upon removing the latter, the
average charge efficiency would be 96% (Table 2.3). This is a very high value of the SAC and
is comparable to the SACs of the best carbon electrodes in the CDI literature (Table A2.1).
Upon increasing the cell voltage to 1.1 V, both the SAC and charge efficiency decrease during
long-time operation. The final SAC in the 100th cycle after switching to 1.1 V is 15.4 mg/g.
The performance stability is significantly improved by lowering the cell voltage. The potential
distribution (Figure 2.9b) also remains practically constant throughout the cycles for 1.0 and
1.1V, showing a stronger modification during the first cycles until an equilibrium is
approached. A small inversion peak is observed upon using a cell voltage of 1.1 V (Figure 2.9c)
possibly because the Eq value approaches the Epzc value (+50 mV vs. Ag/AgCl) of the AC
electrode.

We also observe a change in the desalination kinetics of the electrodes during the
electrosorption process. Figure 2.9d shows the kinetic plot in which the rate [Eq. (2.11)] and
the SAC are plotted on the x and y axes, respectively. Thereby, Figure 2.9d provides
information about the characteristic time for maximum electrosorption performance. This
analytical approach is a practical tool to characterize the desalination kinetics in the constant-
potential mode, which can be achieved by one single experiment. Thereby, the kinetic plot
differs from the so-called Kim-Yoon plot (also known as the CDI Ragone plot).[61] The graph
also gives direct information on the half-cycle time that yields the maximum desalination rate
and the corresponding desalination capacity. Using the diagonal lines in Figure 2.9d as a time
reference, we see a significant change in the optimal operation point of the CDI electrodes. In

the 10th cycle for a cell voltage of 1.0 V, the best operational time is close to 10 min, which
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provides an adsorption capacity of approximately 11 mg/g at a rate of 1.3 mg/g.min. After 90
cycles, this time decreases, and the optimum point provides a desalination capacity of 7.5 mg/g
at a rate of 1.4 mg/g.min. Using a cell voltage of 1.1 V, the best operational time increases (~15
min), with an adsorption capacity of 9 mg/g at a rate of 0.7 mg/g.min. Therefore, not only are
the desalination capacity and charge efficiency affected by the higher cell voltage but the
desalination rate is also affected. This characteristic is important, as CDI desalination operates
in cycles and should be carefully designed to optimize the amount of salt removal during long-

term operations.[62]

Figure 2.8. (A) Salt adsorption capacity, (B) charge efficiency, and (D) potential distribution

for the asymmetric LK and AC electrodes
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Figure 2.9. Data for the LK:AC electrode configuration at 1.0 V and 1.1 V in aqueous 10 mM
NaCl: (A) Long-term SAC and charge efficiency. (B) Potential distribution. (C) Conductivity

profile. (D) Kinetic plot
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The correlation of the conductivity profile (Figure 2.9c) and the kinetic plot
(Figure 2.9d) is exemplified in Figure 2.10. During the beginning of the electrosorption process
(points 1 and 2), the adsorption capacity and rate increase with time. This initial process occurs
quickly (close to 1 min), and soon the rate reaches a maximum (point 3). From this time
forward, the electrosorption process effectively slows down until electrode saturation is
approached (point 4). The path between points 3 and4 takes more than half of the
electrosorption time and corresponds to an increase in salt adsorption capacity from
approximately 9 to 17 mg/g. The same pattern is observed for the desorption step, however with
a faster rate. The faster desorption kinetics (maximum desalination rate is approximately two
times faster) aligns with the high ion concentration inside the pores of the fully charged
electrodes and the corresponding high ion mobility.

Finally, we calculated the energy required per NaCl ion removal (Exr) by using

Equation (2.12) (Table 2.3). The energy consumption [kJ/g] was also calculated by multiplying
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the Equation (2.12) by RT/Mnaci, and the values are also provided in Table 2.3. For a cell
potential of 1.0 V, the averages of Exr over100 cycles are (44+2) and (56+3) kT for 1.1 V and
(60£2) KT for 1.2 V. The increase in the energy consumption per removed ion at higher cell
voltages shows that, in general, it is desirable to operate CDI at lower voltages if the
desalination capacity is sufficiently large. Values for Exr using the LK:AC configuration are

lower than those using AC as the positive and negative electrodes at 1.0 V (Table 2.3).

Figure 2.10. Kinetic data analysis for CDI half-cycles. (A) Conductivity profile and (B) the
corresponding kinetic plot for adsorption and desorption data
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2.4. Conclusions

In this work, we introduced lignin-derived activated carbon (LK) with a high surface
area as an electrode material for capacitive deionization. Although providing a high specific
capacitance, symmetric cells with LK as both the positive and negative electrodes showed poor
performance stability. Therefore, we explored two ways to design an asymmetric cell, for which
LK showed more beneficial performance. The first type of cell asymmetry varied the thickness
of the positive and negative electrodes upon using LK for both electrodes. Thereby, the potential
of the positive electrode was reduced and was maintained below values that would cause
escalating electrode degeneration. Using this configuration, we obtained a desalination capacity
of 14-16 mg/g and corresponding charge efficiency values of 62-74 %. The second type of
asymmetric cell design used different electrodes materials, which showed a different potential
of zero charge. For that, we combined commercial activated carbon as a positive electrode with
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LK as the negative electrode. This configuration yielded an improved charge efficiency
(>80%), a high desalination capacity (~18.5 mg/g), and excellent performance stability over
100 cycles at a cell voltage of only 1.0 V. The desalination performance and the observed
stability over 100 cycles are very encouraging, but commercial applications of CDI systems
will require benchmarking of the long-term performance over significantly more cycles.

Our data show that CDI cell asymmetry (either by using different electrode masses or
different electrode materials) is a powerful way to achieve improved desalination performance.
The exact knowledge about the potential of zero charge and the electrode potential development
during cell operation are crucial for the design of CDI systems with good performance stability.
The widespread use of a cell voltage of 1.2 V for CDI, therefore, should not be blindly used,

because this voltage window may already exceed the stability limit of one of the two electrodes.
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APPENDIX

Table A2.1. SAC obtained using different carbon materials in CDI literature

Cell

Authors Material [NaCl] (mg/L) voltage SAC (mg/g)
Liu etal. N-doped carbon nanospheres 500 1.2 13.7
Porada et al. Salt-templated heteroatom-doped 300 19 15.0

carbon
Xu et al. N-doped graphene sponge 500 1.2 21.0
Zhao et al. Hollow carbon nanospheres 500 14 13.0
Lietal. Cotton-derived carbon sponge 500 1.2 16.1
Li et al. Copolymer derived porous carbon 500 1.2 13.8
Xu et al. Carbon spheres 500 1.2 15.8
Aslanetal. ~ Commercial activated carbon 300 12 13.1
Zornittaet al.  Polyaniline-derived activated carbon 600 1.2 143
This work Lignin activated carbon and 585 10 185

commercial activated carbon

Figure A2.1. Coupled TGA-MS plotting the ionic current vs. temperature for m/z: 28, 32, and
44 of AC (MSP-20)
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Figure A2.2. Nitrogen gas sorption isotherms of LK, LC, and AC recorded at -196 °C
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Figure A2.3. Galvanostatic charge/discharge profiles for LK and AC at 10 A/g
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Figure A2.4. Electrode potential distribution for the sample AC. WE: working electrode; CE:
counter electrode; Eo: short-circuit potential; Epzc: potential of zero charge
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Figure A2.5. pH values measured during the desalination experiment using symmetrical LK
electrodes at a cell potential of 1.0V, 1.1V and 1.2 V
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CHAPTER 3

HIGH-PERFORMANCE ACTIVATED CARBON FROM POLYANILINE
FOR CAPACITIVE DEIONIZATION

Activated carbons prepared using polyaniline (PAni), a N-containing precursor, doped
with different anions were successfully employed in this work as electrode materials for
capacitive deionization. The aim of this research was to investigate the effect of chloride (CI),
p-toluenesulfonate (PTS"), dodecylbenze-sulfonate (DBS") and polystirenesulfonate (PSS) as
PAnNI dopants on the textural and electrochemical properties of PAni activate carbon (PAC) and
evaluate their performance for desalination. It was demonstrated that textural PAC properties
such as microporosity could be properly tuned, resulting in a suitable proportion of micro- and
mesoporosity by using different doping anions. Furthermore, it was observed that the higher
the oxygen content the higher the electrode hidrophilicity due to introduction of surface polar
groups, as identified by XPS. These groups were found to be the most important variable
influencing on the PAC electrosorption capacity and energy efficiency. The highest specific
adsorption capacity (14.9 mg/g), along with the lowest specific energy consumption, was
obtained using the PTS-doped PAC electrode. Considering its high capacity, low-cost and ease
of synthesis, PAC/PTS seems to be a promising electrode for CDI.

3.1. Introduction

Water scarcity as result of population growth and industrialization has become one of
the major issues of the 21% century. Despite the large reserves of water still available on earth
(e.g. seawater and groundwater), great part of this water does not meet quality standards for
human consumption mainly due to the high concentration of salts. To make water drinkable,
reverse osmosis (RO), electrodialysis (ED), and multi-effect distillation (MFD) can be
employed for water desalination, although these technologies demand high energy consumption
in large-scale applications.[1,2] In this context, CDI has emerged in the last few years as a low-
cost technology that can be used to remove ions from brackish water (~10,000 mg/L), but
consuming less energy than its main competitor, the RO.[2] CDI is based on the concept of
charge storage in the electric double layer (EDL) developed when ions are attracted to a pair of

porous carbon electrodes when an external voltage is applied. The low energy consumption of
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CDI comes from the low voltage needed for the electrosorption process (typically 1.0 - 1.4 V)
and the low required pressure when compared to RO. [3-5] After electrode saturation, the
regeneration of the electrodes is achieved by short-circuiting the cell.[4,6] Another possibility
is to invert the cell potential repelling the electrosorbed ions, thus reducing the time needed for
electrode regeneration (Figure A3.1).[5]

Despite the advantages presented by CDI relative to other well-established
technologies like RO and ED, there are still challenging issues, such as electrode material, to
be overcome in order to make this technology feasible for large-scale applications. The
electrode material for CDI must have fast electrosorption kinetics and high adsorption capacity.
A good candidate for electrode material to be used for CDI must have high specific surface area
(SSA) available for electrosorption, high conductivity, good wettability, fast response to
polarization, and chemical stability.[7] Carbon materials fit most of these requirements and
have been intensively used as CDI electrodes, e.g., carbon aerogels, [3,8,9] mesoporous
activated carbon,[4,10] microporous activated carbon,[11] carbon felts,[12] carbon fibers,[13]
carbon nanotubes[14,15] and their modification using oxides[16,17] and conducting
polymers.[18,19] Although there are many studies related to electrode materials for
symmetrical membraneless CDI, the carbons showing the best performance, such as nitrogen
doped graphene, are still too expensive and in many cases their preparations are not
environmental friendly.[20]

Recently, nitrogen-doped activated carbons (N-doped AC) have been reported to
enhance CDI electrode performance[21-24] mainly due to the (i) introduction of defects and
distortion in the carbon matrix, facilitating the ion access to the surface area and increasing
charge accumulation, (ii) enhancement of charge density due to the presence of nitrogen, which
facilitates the charge-transfer process,[24,25] and (iii) introduction of surface groups
responsible for pseudocapacitance.[21] CDI materials reported to exhibit the highest specific
adsorption capacity (SAC) are N-doped graphene (21.9 mg/g),[21] N-doped graphene sponge
(21 mg/g),[25] and N-doped cotton-derived carbon sponge (16.1 mg/g).[24] The most common
approach to introduce N-groups into the carbon structure is the post-treatment with ammonia at
high temperatures. However, this technique leads to a low nitrogen content and poor thermal
stability.[26] Moreover, this process could become too expensive considering the precursor
preparation followed by the activation with ammonia.

Nitrogen-containing  precursors such as glucosamine hydrochloride,[23]

polyacrylonitrile,[27] PANi[28-30] and polypyrrole[31] have become a low-cost alternative to
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obtain N-doped AC dispensing the post-treatment. Among these materials, PAni find
applications in different fields such as supercapacitors,[32] cation exchange,[33] and as additive
to improve AC capacitance in CDI.[19,34] PAni presents high nitrogen-content (~15 wt.%), it
is inexpensive, easily synthetized, and has a structure similar to graphite, which could facilitate
the introduction of nitrogen-containing active sites inside the carbon matrix at high
temperatures.[30,35] Furthermore, the PAni properties can be easily customized by varying the
doping anion during the polymerization process.[36] The use of PAni as AC precursor has
already been reported for different applications such as adsorption,[37]
supercapacitors,[29,30,36,38-45] electrocatalysts,[35,41] and batteries;[45] however, to the
best of our knowledge, PAC has never been used for CDI applications.

PAC has been considered a promising material for electrochemical applications due to
its distinguished structural and textural characteristics. Recent studies have shown that
depending on the precursor synthesis and activation method, PAC presents extremely high
SSA,[37,44,45] high mesopore volume,[40] high capacitance,[29,43] good wettability[43], and
long-term stability.[29,30] The presence of quaternary nitrogen in the carbon matrix can
enhance the charge-transfer, thus improving the CDI electrode conductivity.[24,25] Moreover,
the presence of pyridine- and pyrrole-like nitrogen groups is recognized as being responsible to
create pseudocapacitance [21] and also to improve carbon wettability due to the redox reaction

with water according to:[25,46]

—CH =NH +2e” + H,0 = —CH — NHOH

In this scenario, the application of PAC as CDI electrodes seems to be promising and
was the aim of this investigation. To the best of our knowledge, the use of PAC for CDI using
PAnNI doped with different anions is reported for the first time. PAni was used as N-containing
precursor to obtain a N-doped AC. Furthermore, the effect of the large (dodecylbenzene-
sulfonate, DBS", and polystirenesulfonate, PSS’) and small dopant anions (CI- and p-
toluenesulfonate, PTS") on the textural properties of the obtained PAC was compared.

In order to understand the effect of different anions on the PAC electrode performance
for desalination, PACs were characterized regarding to their SSA, pore size distribution (PSD),
morphology, surface functional groups, electrochemical capacitance and charge-transfer
resistance. The desalination performance was evaluated in terms of electrosorption kinetics,

SAC, charge efficiency and specific energy consumption. The results confirmed the great
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potential of this novel approach to explore the properties of PAni to obtain tailorable N-doped
activated carbons for CDI electrodes.

3.2.  Experimental
3.2.1. Materials

The monomer aniline (99% Sigma-Aldrich) was distillated prior to use for
polymerization and maintained in amber bottle at low temperatures (< 3 °C) to prevent
oxidation. Anion sources used as counter ions for polyaniline were hydrochloric acid (HCI,
36.5-38%, J.T. Baker), p-toluenesulfonic acid monohydrate (HPTS, >98.5%, Sigma-Aldrich),
sodium dodecylbenzene-sulfonate (NaDBS, Sigma-Aldrich) and poly(4-styrenesulfonic acid)
(HPSS, 18 wt.% solution in water, Sigma-Aldrich). The oxidant used for polymerization was
ammonium persulfate (98%, Sigma-Aldrich). Polyvinylidene fluoride (PVDF, Sigma Aldrich)
and n-methylpyrrolidone (NMP, 99.5%, Synth) were used as binder and solvent, respectively,
for electrode preparation. Commercial activated carbon (CAC) YP-80F was purchased from

Kuraray Corp., Japan.

3.2.2. Polyaniline Synthesis

PAni was chemically synthesized using the optimized conditions adapted from Jelmi
et al.[47] Briefly, 10 mL of aniline (0.21 mol/L) was added at low temperature (~3°C) and
constant stirring to 500 mL solution containing 0.30 mol/L of the doping compounds (HClI,
HPTS, NaDBS and HPSS). The polymerization started adding 85.9 mL of the oxidant solution
((NH4)2S20g 1.0 mol/L), dropped slowly into the monomer solution. The mixture was left to
react for 24 h under stirring. After polymerization, the precipitated PAni doped with CI- and
PTS" were filtered, washed with acid solution (HCI and HPTS, respectively) and dried in oven
at 60 °C for 24 h.[43] Regarding to PAni doped with DBS", 750 mL of acetone (99.5%, Synth)
was added to the polymerization solution to precipitate the polymer particles, followed by
filtration and washing with plenty of water and dried in oven at 60 °C for 24 h.[48,49] The
particles of PAni doped with PSS~ were separated by leaving the polymerization solution in an
oven for 24 h at 60 °C to evaporate the solvent.[50] The samples of PAni doped with the
different anions were referred as PAni/CI, PAni/PTS, PAni/DBS and PANI/PSS.

3.2.3. Polyaniline carbonization and activation
PAnNi was activated according to the procedure adapted from Yan et al.[29]. In this

procedure, PAni was firstly carbonized in a tubular furnace (Thermo Scientific Lindberg Blue
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M) at 850 °C at a heating rate of 10 °C/min for 2 h under N2 atmosphere (150 mL/min). After
carbonization, the samples were activated with KOH in a proportion of 1:4 (polymer:KOH,
wi/w) followed by heating at 850 °C for 1.5 h using the same heating rate and N2 flow conditions
of the carbonization process. The ratio 1:4 (w/w) of carbonized carbon to KOH was chosen
based on previous studies reporting an increase of 41% of the SSA when the activation agent
KOH was increased from 1:2 to 1:4.[43]

After carbonization, the activated carbon was washed with HCI 0.5 M and warm water
until constant pH and then dried at 105 °C for 24 h. The samples were referred as PAC followed
by the doping source of the PAni precursor: PAC/CI, PAC/PTS, PAC/DBS and PAC/PSS.

3.2.4. Preparation of the CDI electrodes

Carbon electrodes were prepared by mixing 10 wt% of PVDF previously dissolved in
NMP and 90 wt% of activated carbon. The slurry was kneaded and poured into a mold
containing a graphite substrate. The mold was then placed into an oven at 80 °C for 12 h to
remove all the solvent and form the carbon film.[5] The mass of the active material in the

electrodes used in the desalination experiments was ~0.64 g.

3.2.5. Material Characterization

Doped PAni was characterized by Fourier transform infrared spectroscopy FTIR
(Bruker Vertex 70 spectrophotometer) using the KBr pellet technique. Activated carbon
morphology was analyzed by scanning electron microscope (SEM, JEOL JSM-840) using high
voltages (20-25 kV) and depositing a gold layer to increase conductivity. SSA and PSD were
investigated through N2 adsorption/desorption at -196 °C using an Omnisorp 100cx (Coulter).
The samples were prior outgassed for at least 8 h at 150 °C. The volume of micropores and the
SSA were calculated from the N2 isotherm using t-plot method and the Brunauer-Emmett-Teller
(BET) equation, respectively. The mesopore volume was determined by the difference between
the total pore volume of N2 adsorbed at P/Po = 0.95 and the micropore volume. The PSD
between 1-20 nm was calculated using the density functional theory (DFT) method. X-Ray
photoelectron spectroscopy analysis (XPS) was performed using a 5700C model Physical
Electronics apparatus with Mg Ka radiation (1253.6 eV). This technique was used for a
quantitative analysis and determination of the chemical bonding structure of the PAC samples.

The spectra were fitted without placing constraints using multiple Voigt profiles using the



52
Chapter 3 — High-Performance Activated Carbon from Polyaniline for Capacitive Deionization

CasaXPS software. The ultimate analysis of the samples were performed in a Leco CHNS-932
system, being the oxygen content calculated by difference.
3.2.6. Electrochemical characterization

Cyclic voltammetry (CV), galvanostatic charge-discharge, and electrochemical
impedance spectroscopy (EIS) were performed in NaCl 0.2 mol/L using a three-electrode cell
with carbon electrodes as working (2.5 cm x 2.5 cm) and counter electrode (2.5 cm x 3.0 cm).
The reference electrode was Ag/AgCl in saturated KCI. A potentiostat Autolab PGStat 204 was
used in all measurements.

CV was carried out at different scan-rates (v): 1, 5, 10, 50, and 100 mV/s, in a potential
window between -0.2 V and 0.5 V, which was previously determined to prevent redox reactions.
The specific capacitance (Cs) and the total specific capacitance (Ccv) of the electrode (F/g),
was calculated using Equations 3.1 and 3.2, respectively, where 1 is the current, m is the mass

of the working electrode (g) and E: and E> are the low and high values of the potential window.

E; d
Je, 14V (3.2)

~ vm(Ez—E;)

The galvanostatic charge-discharge experiments were carried out at + 0.4 mA/cm?. In
this case, the specific capacitance (Ccp) was calculated from the slope of the discharge curve
using Equation 3.3, where Iq4 (A) is the discharge current, Az (s) is the discharging time, and AU
is the potential drop during discharging (excluding IRdrop). The inferior and superior electrode

potential cutoffs used in these experiments were 0 V and 0.6 V, respectively.

IqAt
CCD = ﬁ (33)
EIS measurements were carried out in the frequency range between 1 mHz and 100
kHz applying a potential of 0.0 VV and an AC amplitude of 10 mV. Specific capacitance obtained
from EIS (Ceis) was calculated using Equation 3.4, where w is the angular frequency and Z” is
the imaginary part of the impedance spectrum. The fitting for the equivalent circuit was

performed using the Metrohm Autolab NOVA v1.11 software.
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3.2.7. Electrosorption experiments

The CDI experiments were used to evaluate the desalination performance in a batch
experimental system. A detailed description of the CDI cell can be found in our previous
work.[5] Briefly, the electrosorption unit cell consisted of two acrylic plates where carbon
electrodes with dimensions of 10 cm x 5 cm were placed on titanium sheets used as current
collectors. Two plastic meshes placed between the carbon electrodes provided a gap of 1.8 mm
necessary for ensuring the electrolyte flow and preventing short circuit. Rubber gaskets sealed
up the cell and all the components were assembled by nuts and bolts.

During desalination, a volume of 25 mL of NaCl 600 mg/L solution was pumped
through the CDI cell using a peristaltic pump (Masterflex L/S Cole-Parmer) at a constant flow-
rate of 26 mL/min. A potentiostat Autolab PGStat 204 supplied the constant cell potential (1.2
V or 1.4 V) during electrosorption and 0 V during desorption. The solution conductivity was
measured online at the exit of the cell and it was recorded every 30 s using a conductivity meter
(Mettler Toledo SevenCompact Conductivity). The conductivity was then converted to salt
concentration using a linear relationship obtained prior to the experiment. Each
electrosorption/desorption experiment was performed until no apparent conductivity variation
was observed.

Salt adsorption capacity (SAC), charge efficiency (Qe) and specific energy
consumption (7) were calculated using Equations 3.5-3.7, respectively, and used to evaluate the
performance of the electrode in the desalination process.

_ (Co=Cr)V

sAC =@t (3.5)
A

Qs = 100720 (3.6)

p = Zelidt (3.7)

In these Equations, Co is the initial salt concentration (mg/L), C: (mg/L) is the salt
concentration at time t, V is the volume of electrolyte (L), me is the mass of active material in
both electrodes, z is the ion charge, F is the Faraday constant (96485 C/mol), Ecen is the cell
voltage during electrosorption (V), Meem is the mass of ions removed. The current (le) in
Equation 3.6 is the effective current used for electrosorption (subtracting the leakage current)

while the current (1) in Equation 3.7 is the total current applied to the cell.
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3.3.  Results and Discussion
3.3.1. Polymerization and Activation

Table A3.1 shows the polymerization yield (Ypani) calculated from the ratio of
polyaniline/aniline (wt./vol.) for the solutions containing the different anions. The highest yield
was achieved using PSS followed by DBS™ and PTS". This result can be explained by the high
molecular weight of PSS~ (~ 75,000 g/mol), followed by DBS™ (348.5 g/mol) and PTS™ (172.2
g/mol). As the size of the anion gets smaller, the PAni final mass also decreases, reaching the
lowest value for PAnNI/Cl. The polymerization process was adapted from the best yield
conditions obtained by Jelmy et al.,[47] although the doping anion used in their work was the
methanesulfonate. Nevertheless, it was possible to observe a high Ypani considering that for
most of the experiments the final mass of PAni was close or even higher than the mass of aniline
used for polymerization. For comparison, John et al.[51] synthesized PANi/PTS and obtained a
Ypani of 91.4% with respect to aniline which is fairly close to the 82% achieved is this work.

Another way to estimate Ypani is to consider the ratio of the mass of the conducting
polymer and the total mass of aniline plus the doping anion. In this case, the PAni/DBS yield
only 26.7%, which is much lower than the 92.3% obtained by Shreepathi,[48] but this author
used acidic DBS instead of the sodium salt used in this work. A possible explanation for the
lower Ypani observed for PANni/DBS might be the high pH of the salt solution. The lower the pH
the more protonated the PANi[52] and, consequently, there will be more doping sites for DBS
. Therefore, it can be concluded that Ypani can be further optimized using different
polymerization conditions.

After polymerization, the PAni powder was first carbonized and in a second step
activated according to the methodology adapted from Yan et al.,[29] which describes the
preparation of high SSA PAC/CI for high performance supercapacitor. Table A3.2 displays the
mass yield for the different materials obtained after carbonization (Y¢), activation (Yac), and
the overall yield (Yo). It is interesting to notice that the sequence of Yo for carbonization and
activation is the opposite of the polymerization yield (Table A3.1). This could suggest that most
part of the doping anion had been released during the carbonization or activation processes;
therefore, the highest mass loss was obtained after the activation process of the PAni doped

with the highest molar weight anion.
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3.3.2. Characterizations
3.3.2.1. FTIR

Prior carbonization and activation, FTIR was performed to investigate if PAnI
polymers have been successful doped and also to understand the bonding of PAni with the
different anions.

Figure 3.1a shows the FTIR spectra. Despite of some similarity, each spectrum showed
typical peaks related to the dopant structure. In all cases, PAni presented N-H stretching at
~3440 cmt, N-H bending in the range of 1560-1640 cm™, C-C stretching at ~1100 cm, C-C
twisting at 1235 cm™, C-N stretching of the benzenoid at 1300 cm™ and 1407 cm™, C=C
stretching of the benzenoid ring in the range of 1477-1490 cm™, C=C stretching of the quinoid
ring in the range of 1585-1599 cm™ and the N-H out-of-place deformation at 800 cm™.[51-54]
The small peak observed between 735-758 cm™ for PAni/Cl indicates the presence of N-
Cl,[55,56] confirming the PAni was doped by CI". For PAni/PTS, PAni/DBS and PAnI/PSS the
peaks between 513-560 cm™ and 1130-1140 cm™ indicate the presence of SO3’, also confirming
the doping.[51,53,54]

Figure 3.1a-d confirmed the PAni doping by different anions after polymerization.
During oxidation, the nitrogen atoms between quinonoid and benzenoid rings are protonated
and a positive charge emerged in the polymer backbone, which is compensated by the negative
charge of the anion, characterizing the polymer doping. Depending on the polymerization
conditions, PAni may be more or less oxidized, varying from leucoemeraldine (fully reduced)
to pernigraniline (fully oxidized). Nevertheless, the emeraldine state (approximately 50%
oxidized) is commonly obtained for the most of the synthesis conditions reported in
literature.[48] The presence of quinonoid and benzenoid rings determined by FTIR is an
evidence that the polymer has oxidized and reduced units, thus indicating an intermediate
oxidation state between leucoemeraldine and pernigraniline. The oxidation state probably plays
an important role on the polymerization yield because the doping level directly depends on the
oxidation state. The higher the oxidation state the higher the doping. Moreover, the anion

volume may cause steric hindrance and have influence on the doping process.[48]
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Figure 3.1. Infrared spectra of PAni doped with different anions (A) and schematic
representation of the anion doping: (B) CI, (C) PTS", (D) DBS’, and (E) PSS
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3.3.2.2. Morphology

The different morphologies obtained for doped PAni after carbonization and activation
are shown in Figure 3.2. The size and shape of the AC particles varied according to the dopant
employed. The PAC/CI particles (Fig. 3.2a) were smaller and presented an irregular granular
shape, similar to the morphology reported by Yan et al.[29]. The morphology of PAC/CI retains
the original morphology of the precursor PAni/C1.[29] PAC/PTS and PAC/DBS (Fig. 3.2b and
3.2c) particles were larger and smoother than those of PAC/CI, presenting also small cavities
and sponge-like shape. PAC/PSS (Fig. 3.2d) also presents smooth surface, but unlike PAC/PTS
and PAC/DBS, no cavities were observed. Similarly to PAC/CI, the PAC/PSS also retains the
same precursor morphology after carbonization and activation.[37] It is important to point out
that the PAni morphology strongly depends on the method and solvent used for the synthesis
[57] and the PAC characteristics depends directly on its precursor.[29]
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Figure 3.2. SEM images of (A) PAC/CI, (B) PAC/PTS, (C) PAC/DBS, and (D) PAC/PSS
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3.3.2.3. Elemental analysis and surface groups

Elemental analysis and surface composition near the surface region (< 5 nm) obtained
by guantitative XPS analysis, are presented in Table 3.1, including as reference one sample
prepared without KOH activation, referred to PC/CI. It can be observed that the PACs are
mainly composed by carbon and oxygen. As expected, the oxygen content increased after
activation with KOH since the hydroxyl ion present in KOH is a strong oxidant.[44]

The deconvoluted XPS core-level spectra of C 1s, shown in Figure 3.3, indicate that
about 70% of the carbon is present in form of aromatic structures (component at 284.4 eV,
~60% of the peak area) and aliphatic C-H groups at 285.3 eV (~10%). The introduction of
oxygen surface groups in the carbon matrix was reported to be beneficial for the process of
electrosorption mainly due to the increase of wettability[58] and the displacement of the

potential of zero-charge (Epz) of the electrode.[59] The analysis of the fitted C 1s and O 1s
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spectra showed that surface oxygen groups of carboxylic acid (-COOH), found at 289.3 eV for
C1sand 533.7 eV for O 1, were present in all materials, however to a lower extent in PAC/DBS
(Fig. 3). On the other hand, phenolic (C-OH) and/or ether (C-O-C) groups at 286.4 eV (C 1s)
and 532.3 eV (O 1s) were most abundant in PAC/PTS and PAC/DBS, while carbonyl groups
(C=0) at 287.9 eV (C 1s) and ~531 eV (O 1s) were present in all materials.[30,36] Finally,
chemisorbed water was detected in all samples at about 535.5 eV (O 1s).[43] It has been
suggested that carbonyl groups are electrochemically inert and their main effect is in the shift
of the Epz.[60] In contrast, phenolic and carboxylic acid groups are responsible for a polar and
thus hydrophilic behavior of the electrode.[61] Oxygen polar surface groups were observed in
different amounts in PAC/PTS (7.3 at.%), PAC/PSS (6.1 at.%), PAC/DBS (5.6 at.%), and at
lower level at PAC/CI (4.9 at.%). These polar groups are important because they enhances
hydrophilicity and wettability, which has a direct impact improving the electrode capacitance
and performance for CDI since the access of water and ions to the active sites of the electrode
will be facilitated, hence allowing better EDL formation.[58]

The presence of nitrogen surface groups in PAC introduced by the presence of nitrogen
in the PAnI precursor must also be considered due to the reasons aforementioned. However,
according to Table 3.1, the content of nitrogen after activation was relatively low (<1 at.%). As
an attempt to understand why the concentration of nitrogen was drastically reduced after
activation, a XPS analysis of PAni/Cl after carbonization (PC/CI) was performed. Table 3.1
indicates that the amount of nitrogen was significantly higher prior activation, indicating that
KOH is probably eliminating N groups from the carbon matrix at high temperatures. This result
is in accordance with those obtained by Zhu et al.,[44] which observed that during the pre-
carbonization step at 500 °C the N groups were firstly released. Studying the activation at 700
°C and increasing the ratio of carbon and KOH from 1:2 to 1:4 (wt./wt.) these authors observed
drastic reduction of the N content from 5.3 at. % to 0.9 at.%, which is a similar value found in
this work. On the other hand, when the ratio of carbon and KOH was reduced to 1:1 (wt./wt.),
Zhu et al.[44] observed an increase of the N content from 0.9 at.% to 5.3 at.%, indicating that
KOH reacts preferentially with C atoms. Zhang et al.[43] also observed a reduction in N content
when the ratio of carbonized PAni and KOH was increased from 1:2 to 1:4 during activation.
It seems that the amount of KOH employed during the activation step plays an important role
to control the amount of N-groups in the AC structure. On one hand, increasing the amount of
KOH leads to high SSA and pore volume, [43,44] while it seems to eliminate N-groups.
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The fitted N1s spectra (Fig. 3.3) shows that the most intense component of the PAC/CI,
PAC/PTS and PAC/PSS samples, located at 400.1 eV, is related to pyrrole and pyridine sites,
while PAC/DBS presents pyridinic-like nitrogen structures (C=N-C) at 398.2 eV as the
strongest contribution.[21] Furthermore, the high-energy tail of the N 1s spectra indicates the
presence of traces of -N"O7/CI" structures at ~532 eV, O-N=0 groups (~405 eV) and possibly
also quaternary nitrogen reported to be located at 401.4 eV. The first one is related, according
to Figure 3.1, to a residual contribution of PAni doping sites, identified also in the Cl 2p (198.1
eV)and S 2p (168.7 eV) spectra (Fig. 3.3), while the O-N=0 groups are probably formed during
the KOH activation process. Evidence for the presence of traces of potassium in the samples
was found in the tail of the C 1s spectra, showing the presence of the K 2ps/2 / 2p1/2 spin-orbit
pair at 293.3 eV and 295.7 eV, respectively. At this point, it is important to note that compared
with other materials the PAC/PTS electrode showed the highest fraction of phenolic and/or
ether groups (C 1s), pyrrole and pyridine nitrogen groups and residual —-N*O" sites (N 1s), as
well as the highest proportion of chemisorbed water (O 1s), suggesting a distinct nature of this

material.

Table 3.1. Elemental analysis and atomic composition of the near surface region obtained by
XPS for PAC doped with different anions

Elemental analysis (at.%0) Surface elemental composition (at.%o)

C H N S O Cls N 1s O1s S2p Cl2p

PAC/CI | 879 066 088 0.08* 10.48| 904 0.6 8.6 0.1 0.3
PAC/PTS| 839 152 101 038 13.19| 87.6 0.8 10.7 0.8 0.1
PAC/DBS| 81.6 059 0.68 0.80 16.33| 88.7 0.8 9.8 0.5 0.2
PAC/PSS | 88.8 0.33 0.69 0.46 9.72 | 89.7 0.9 8.9 0.5 0.2

PC/CI - - - - - 86.4 5.5 7.8 0.1 0.2

* Under the precision of the equipment

Graphitic (or quaternary[21]) nitrogen is formed at high temperatures in a process that
replaces carbon by nitrogen atoms in the activated carbon matrix, thus leading to an
enhancement of the conductivity which could be improve the electrosorption process.[21,25,62]
On the other hand, pyridine- and pyrrole-like nitrogen are located at the edge of the carbon
matrix and are responsible for the pseudocapacitive effect which improves the total capacitance

of the electrode and increases the SAC of the electrode.[62] Furthermore, the introduction of
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N could generate defects inside the carbon matrix, such as the identified residual doping sites,
which would increase the SSA and improve the ability of charge-transfer inside the carbon
matrix.[22] In conclusion, it seems that the main contribution of nitrogen groups for all PACs
would be the introduction of pseudocapacitance due to the presence of pyridine- and pyrrole-
like nitrogen.
Figure 3.3. Deconvoluted high resolution XPS C 1s, O 1s, N 1s, Cl 2p and S 2p spectra of
PACI/CI, PAC/PTS, PAC/DBS and PAC/PSS
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3.3.2.4. Textural properties

Figure 3.4a shows the N2 adsorption-desorption isotherms for the different PACs. All
activated carbons have a type I isotherm according to IUPAC classification,[63] indicating the
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predominance of microporous structure. The type H4 hysteresis of PAC/CI and PAC/DBS at
higher pressures (P/Po > 0.5) indicates a considerable contribution of mesopores.

The pore size distribution (PSD) is shown in Figure 3.4b. In accordance with the
isotherms, PAC/DBS showed most part of pores with diameters larger than 2 nm, confirming
the predominance of mesopores in this material. According to the IUPAC classification,
micropores are related to pore diameters lower than 2 nm, mesopores as pores between 2-50
nm, and macropores as pores beyond 50 nm.[63] Thus, PAC/DBS was the only material that
could be classified as a mesoporous material while all other PACs present their main pore

contributions under 2 nm.

Figure 3.4. (A) Isotherms of N2 adsorption-desorption; (B) PSD. Inset: Relative cumulative

pore volume distribution (V/V7)
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Table 3.2 displays the textural properties determined from nitrogen adsorption-
desorption isotherms shown in Figure 3.4a. As previously hypothesized, the use of different
dopants for PAni preparation had a strong effect on SSA, micropore (Vmic) and mesopores
(Vmes) volumes of the PACs.

The PAC/CI presented not only the highest value of SSA (2652 m?/g), but also the
highest volume of pores (1.38 cm?d/g) and 23% of mesopores. This value of SSA was even
higher than that obtained by Yan et al.[29] (1976 m?2/g) using PANi/Cl synthetized under higher
acid (1.0 mol/L) and lower oxidant (0.25 mol/L) concentrations. The value of SSA obtained in
this work for PAC/CI was also very close to that obtained by Qiu et al.[65] (2923 m?#/g) for a
composite of PAni/CIl and carbon nanotubes prepared under the same activation conditions.

This high SSA could be ascribed to pores generated by CI volatilization in the carbonization
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step at high temperature (850 °C), which was confirmed by the low content of chloride after
carbonization (PC/CI) or activation (PAC/CI) (Table 3.1). The pore volume was further
increased by the KOH activation, resulting in large SSA.

Table 3.2. Textural properties of the PAC doped with different anions, including the
commercial activated carbon reference (CAC)
SSABeT (Mm?/g) VT (cm?/g)  Vmic (cM¥g)  Vmes (CM3/g)  %0Vmes

PAC/CI 2652 1.38 1.06 0.32 23
PAC/PTS 1484 0.64 0.59 0.05 8
PAC/DBS 2041 1.05 0.44 0.61 58
PAC/PSS 1268 0.53 0.50 0.03 6

CAC 2107* 1.07 - - -

* Data obtained from Aslan et al. [64]

Large SSA was also observed for PAC/DBS, however with a considerably higher
mesopore volume fraction (~60%) which could be related to micelle formation during
polymerization,[48] which would induce the formation of large pores after carbonization.
Unlike the other anions used in this study, DBS" is a voluminous molecule with polar and non-
polar sites, which allows micelle formation according to Figure 3.5. These micelles would act

as a template for mesopore formation after carbonization.

Figure 3.5. Scheme of micelle formation prior to PAni/DBS polymerization
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Differently of PAC/CI and PAC/DBS, PAC/PTS and PAC/PSS showed lower SSA
with a higher contribution of micropores. Although PTS™ and especially PSS are also large
molecules, they are not likely to form a micelle structure and, consequently, high mesopore
formation was not expected. These results emphasize the importance of PAni dopants as

template agents defining the textural characteristic of activated carbons. Although Gavrilov et
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al.[36] have studied carbonized PAni doped with 3,5-dinitrosalicylic and 5-sulfosalicylic acid
for supercapacitors,[36] their influence as a template for activated carbons have yet not been
explored. Moreover, in contrast with this work, the values of SSA obtained by Gavrilov et
al.[36] (300-500 m?/g) were significantly lower, which demonstrates the importance of the
activation step. Even so, Gavrilov et al. also observed the important effect of the dopants on the
pore structure, SSA and nitrogen content of the carbonized PAni.

3.3.2.5. Electrochemical characterizations

As a first attempt to compare the different electrodes, cyclic voltammetry experiments
were performed in order to analyze the capacitance and kinetics of the carbon electrodes. In this
case, a more concentrated electrolyte was used in order to prevent any ion diffusion limitation
and allow the comparison with other results reported in literature. Figure 3.6a shows the CVs
measured at 1.0 mV/s in NaCl 0.2 mol/L, which is the typical concentration used in CDI
literature for electrochemical characterizations. At this scan rate, the CVs for PAC/CI,
PAC/PSS and CAC showed a quasi-rectangular shape, characteristic of capacitive and easily
polarized materials.[8,66] This characteristic could also be observed for PAC/PTS and
PAC/DBS, however with some resistivity indicated by the distortion of the CV curve.[66] Table
3.3 displays the specific capacitance (Ccv) values calculated using Equation 3.2. Surprisingly,
all PACs exhibited similar capacitances (85-90 F/g), although the carbons presented
distinguished characteristics. For instance, despite the highest SSA and percentage of
mesopores of PAC/Cl and PAC/DBS, the electrode capacitances were quite similar to PAC/PTS
and PAC/PSS, which are mostly composed by micropores. In this case, the surface groups
probably played the most important role determining the capacitance of the electrodes.
PAC/PTS and PAC/PSS had the major contribution of oxygen polar surface groups (phenol,
ether and carboxylic groups), which probably enhanced the electrode wettability. In addition,
PAC/PSS had major contribution of pseudocapacitive nitrogen surface groups. On the other
hand, the CAC presented the lowest value of capacitance despite of its good capacitive
behavior. It is also important to point out that the highest capacitance obtained in this study was
very close to those obtained by other authors in literature. For instance, using similar electrolyte,
Rasines et al.[6,67] obtained values of capacitance at 0.5 mV/s of 84 F/g and 97 F/g using
nitrogen-doped carbon aerogel and carbon black-modified mesoporous, respectively. These
values were very close to 90 F/g obtained for PAC/PTS at scan-rate of 1.0 mV/s.
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Table 3.3. Capacitance values determined from CV curves, charge-discharge and EIS

measurements
Ccv (F/[g) Ccp (F/ig) Ceis (F/g)
PAC/CI 87 69.3 121.5
PAC/PTS 90 121.0 122.9
PAC/DBS 89 118.6 125.0
PAC/PSS 88 108.4 113.9
CAC 69 84.5 80.0

Figure 3.6. (A) Cyclic voltammetries of PAC and CAC electrodes. Scan-rate: 1.0 mV/s;

electrolyte: NaCl 0.2 mol/ L; (B) capacitance as a function of the potential scan rate
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CV:s at different scan-rates were also carried out in order to observe the effect of mass
transfer for different electrodes (Fig. 3.6b). As expected, the faster the scan rate the lower
capacitance due to a diffusion limited ion transfer to the electric double layer.[8] The
capacitance drop for PAC/CI, PAC/PSS, and CAC was less pronounced when compared to the
sharp drop in capacitance observed for PAC/PTS and PAC/DBS. Besides the mass transfer
resistance, another possible explanation for this trend could be the higher surface conductivity
of PAC/CI, PAC/PSS, and CAC electrodes, which have a direct effect on the electric field
developed in the polarized electrode. Accordingly, the higher the electrode resistivity the lower
the electric field; therefore, the lower the capacitance when the scan rate is faster. Consequently,
PAC/PTS and PAC/DBS, which were the most resistive electrode, showed the highest
capacitance drop.

Galvanostatic charge-discharge experiments were performed applying a current

density of 0.4 mA/cm? (or ~0.13 A/g). The charge-discharge curves (Fig. A3.2) displays that
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PAC/PSS and CAC showed a very triangular shape which indicates good reversibility and low
IRdrop (0.02 V for both electrodes).[21,68] PAC/PTS and PAC/DBS showed the highest IRdrop
(0.09 V and 0.12 V, respectively) compared with PAC/CI (0.06 V). These results are in
agreement with conclusions obtained from the CV analysis regarding to the shape of the
voltammograms and confirm that PAC/PSS and CAC can be easily polarized, while PAC/DBS
is the most resistive electrode. The IRaqrop IS @ combination of different resistances in series
including the contact between electrode and current collector, solution resistance, electrode
resistivity and diffusion resistance.[68] Considering that all charge-discharge measurements
were performed in the same three-electrode cell, it can be concluded that the difference in the
IRdrop results from the major contribution of the electrode resistivity and ion diffusion resistance
in the carbon matrix.

Although the capacitance determined from charge-discharge (Ccp) experiments were
higher than the calculated from Ccv (except for PAC/CI), the trend in capacitance observed for
the different electrodes using the two techniques was the same. As in the CV experiments,
PAC/PTS showed highest capacitance, followed by PAC/DBS and PAC/PSS. This result
indicates that PAC/PTS would be the best material in terms of charge storage.

Differently of the other techniques, EIS measurements allow to evaluate both
capacitance and series resistances in the electrode cell. The Nyquist plots obtained using EIS
measurements for PACs and CAC are displayed in Figure 3.7a. The shape of the curves are
typical of electrochemical supercapacitors [69] and present two main regions: (1) the charge-
transfer region that is ascribed to the double-layer capacitance, represented by the semi-circle
observed at high-frequencies and limited by the material conductivity and electrosorption
kinetics and (2) mass-transfer controlled region, represented by the linear line obtained at low-
frequencies.[70] Using the Nyquist plot, it is possible to measure the electric contact resistance
(Re) of the electrode (current collector and electrolyte resistances) and the charge-transfer
resistance (Rct), which is an intrinsic property of the AC electrode. The value of Ro and Rcr
are obtained from the first and second intersection of the semi-circle with the abscissa,
respectively.[70] The values of the resistances are displayed in Table 3.4. As expected, all
values of Ro were very similar because the same three-electrode cell was used for all EIS
measurements. On the other hand, the values of Rct were quite different and express the
differences in textural and electrochemical properties of the electrode materials. For instance,
the Rct for PAC/DBS was 11-times higher than PAC/PSS. This trend is in agreement CV and
charge-discharge results. Thus, despite the high SSA and mesoporosity of PAC/DBS, these



66
Chapter 3 — High-Performance Activated Carbon from Polyaniline for Capacitive Deionization

properties were not enough to compensate the effect of its low conductivity. In contrast,
PAC/PSS had the lowest SSA and mesopore ratio, and even so, presented a capacitance similar
to other PACs. Similar trends were also observed by Xiong et al.[71] studying a PAni composite
for supercapacitors.

Comparing the Rcr values in Table 3.4 with those reported in literature, e.g., 4.58 Q
for a N-doped copolymer,[62] it can be verified that the values obtained in this work are
relatively high, except for PAC/PSS (2.3 Q).

Figure 3.7. Nyquist plot (A) and capacitance as a function of the frequency (B) for PAC and
CAC electrodes. (C) Modified Randle equivalent circuit. Electrolyte: NaCl 0.2 mol/L;
potential: 0.0 V; AC amplitude: 10 mV
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Table 3.4. EIS parameters from the Nyquist plot and the modified Randle equivalent circuit

Ro(2) Rer () Ac(mS) Q° (uSs¥) N Cc (mF/g)  Cq (Flg)

PAC/CI 0.71 14.7 260 1.23 0.86 0.02 162.0
PAC/PTS 0.95 16.5 790 226 0.82 2.10 1747
PAC/DBS 0.86 25.1 1000 139 0.84 1.64 156.3
PAC/PSS 0.79 2.3 2170 320 0.75 0.58 125.7

CAC 0.80 4.0 1520 484 0.65 0.59 82.0

*Cc was calculated based on the values of Rcr, Q% and N
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A method widely used to describe the resistive and capacitive components of carbon
electrode is the equivalent circuit fitting the Nyquist plots. The modified Randle equivalent
circuit shown in the Figure 3.7c was successfully used to fit all plots of Figure 3.7a, as can be
verified in Figure A3.3. The values of Re and Rct were identical with those already presented
in Table 3.4. The CPE element was used because in double layer capacitors a perfect semicircle
ascribed to an ideal capacitor is seldom observed. The non-ideality of the double layer capacitor
is typical of electrochemical charging processes and may be related to the non-uniformity of
electrode thickness, variation of the microscopic charge-transfer rate, adsorption processes, or
surface roughness.[72] The values of Q° and N were obtained from the CPE impedance
described by Equation 3.8, which is a modification of the Equation 3.4:

1
Jw)NQ°

(3.8)

In this Equation, j is the imaginary number, N is a constant in the range of 0 <N <1
and Q° (S.sN) has the numerical value of admittance at ® = 1 rad s*. When N = 1, Q° = Cgs and
the Equation 3.9 becomes exactly the same Equation 3.4. However, as can be observed in Table
3.4, N was always lower than unit, reaching the lowest value for CAC. In order to obtain the
capacitance associated to the CPE (Cc), Equation 3.9 [73] was used in which mwe is the mass
of the working electrode.

oL (a-nN)
N N
CC — (Q ) (RCT) (39)

mwe

The Cc is the capacitance at the interface -electrolyte/electrode at high
frequencies,[74,75] while the capacitance of the capacitor element (Cq) in the equivalent circuit
is associated to the capacitance developed inside the micropores of the carbon electrode.[74,76]
According to Table 3.4, it can be observed that PAC/PTS has the highest values of Cc and Cqg
among the electrodes studied; which Cq represents the main contribution to the total electrode
capacitance.

Another component used to describe the EIS spectra is the Warburg element (W),
which is a diffusion element used to describe the effect of ion migration in the interior of pores

of the carbon film.[74,77] The Warburg element was associated in series with the Rct because
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the Warburg region is located between the semicircle and the spike in the Nyquist plot.[78] The
element Ao displayed in Table 3.4 was obtained from the circuit fitting for the Warburg element
and represent the admittance, which is the inverse of the Warburg impedance. The higher Ao
the higher the conductivity for the ion diffusion inside the pores. According to Table 3.4, while
PAC/PSS showed the highest admittance (or the lowest Warburg resistance), PAC/CI showed
the lowest values.

Figure 3.7b shows the capacitance obtained using EIS measurements as function of
frequency. At high frequencies, there was a predominance of the ohmic resistance, and the
capacitances of the electrode materials were very low. This is expected since the ions do not
have enough time to reach the pores and be stored in the EDL. As the frequency decreases they
are able to reach the micropores, thus increasing significantly the capacitance, which reaches a

maximum value at the lowest frequency.[79]

3.3.3. Electrosorption experiments

Desalination experiments were performed in a batch operational mode at different cell
voltages (Ecen). The electrode performance at 1.2 V and 1.4 V (Fig. 3.8a and b, respectively) is
displayed in terms of specific adsorption capacity (SAC) against time for PAC and CAC
electrodes. It can be observed that an increase of the applied voltage from 1.2 Vto 1.4 V led to
an increase of the SAC for PAC/PTS, PAC/PSS, and CAC electrodes. This enhancement can
be ascribed to an EDL thickness reduction at higher voltages, which prevents the EDL to
overlap, and consequently, increases the ions storage in the micropores.[80] In contrast, for
PAC/CI and PAC/DBS electrodes, SAC decreased applying 1.4 V, what could suggest the
occurrence of Faradaic reactions that interfere in the conductivity measurement due to the
release of new ionic species (Fig. 3.8b).[5] The generation of protons due to water electrolysis
or carbon electrode oxidation has been often reported in the CDI literature.[81-86] In addition,
the occurrence of certain species such as H2O0> or ClOs has been also identified in
electrosorption experiments. In these studies, the likelihood of inducing Faradaic reactions has
been demonstrated to rise with the increase of the applied cell potential. Moreover, higher
concentrations of these species were found when higher cell voltages were applied, producing,
as a consequence, a more disruptive effect on the conductivity measurements.[87]

The different response of these electrodes to the application of relatively high voltages
(1.4 V) could be attributed to two main causes: (i) the cell setup could introduce a series of

resistances between the pair of electrodes such as the electric contact current between
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collector/substrate, flowing channel, and electrolyte resistivity. These resistances could be
responsible for a potential drop throughout the cell and this would reduce the electrode potential
preventing in this fashion the occurrence of faradaic reactions.[25,88] (ii) Another hypothesis
is based on the electrode electrochemical stability and the shifting of the electrode potential due
to the presence of certain surface groups that might avoid or promote the occurrence of faradaic
reactions.[5] In this sense, Cohen et al.[84] and Lado et al.[87] showed how the presence of
surface oxygen groups shifted the anode potential of the carbon electrodes inducing the
oxidation of the carbon electrode, proton generation and pH drop.

In the present study, all the experiments were performed using the same CDI cell
configuration and, consequently, cell resistances were always the same. Therefore, considering
that PAC/PTS, PAC/PSS and CAC showed higher electrochemical stability at higher cell
voltages, the authors attribute the differences in SAC to the potential shifting that induced the
occurrence of faradaic reactions.

Comparing the values of capacitance shown in Table 3.3 with SAC values from
Table 3.5, it can be observed that only the charge-discharge technique was able to predict the
electrosorption trend in terms of SAC, i.e., Ccp, pts > Ccp, pss > Ccp, pes > Ccp, cac > Ccep, ci
and, consequently, SACpts > SACpss > SACpss > SACcac > SACci. These results suggest that
this technique would be rather used to predict the performance of the carbon electrodes for CDI.
Although CV capacitance (and Ceis as well) has been frequently used to predict the electrode
performance in CDI, in this case this technique failed. Surprisingly, PAC/CI had the worst
electrosorption performance despite its high surface area (Table 3.2), which can be explained
by the lower content of polar oxygen groups (Table 3.1). As discussed in section 3.3.2.3, polar
oxygen groups play a paramount influence on the electrode wettability and, consequently, on
the electrode performance.

The kinetic constant of pseudo first order (ki) of the process carried out using the
different electrodes was evaluated by the fitting of the electrosorption curves (Fig. 3.8). PAC/CI
was by far the electrode that showed the lowest SAC but with fast electrosorption kinetics,
which can probably be ascribed to its high conductivity (Table 3.4), and large exposed area
(Fig. 3.2a). This same trend was also observed for CAC, which presented the highest
conductivity among all ACs and displayed the highest k; at 1.2 V. On the other hand, the lowest
value of SAC observed for PAC/CI can be attributed to the deficiency of polar surface groups
(phenol, ether and carboxylic), which increases hydrophobicity (low wettability) and thus

prevent the access of ions to the micropores. Furthermore, its lowest pyrrole- and pyridinic-
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like nitrogen content (Table 3.1 and Fig. 3.3) prevents pseudocapacitive processes, which would
contribute to the lowest value of SAC of PAC/CI. All other PAC electrodes showed similar
values of SAC ranging from 12 to 15 mg/g. It is interesting to note that despite the high SSA
and mesopore ratio of PAC/DBS, the highest content of polar and pseudocapacitive surface
groups of PAC/PTS and PAC/PSS, respectively, seems to provide easy access to the
electrosorption sites, which resulted in the best performance of these electrodes in terms of
SAC.[58] In the case of PAC/PTS, a clear evidence of its hydrophilicity is the high proportion
of chemisorbed water demonstrated by its O1s XPS spectra. Therefore, the synergetic effect of
different material characteristics such as active surface groups, electric properties and texture

might be responsible for determining the electrode performance.

Figure 3.8. SAC of PAC and CAC electrodes for desalination at 1.2 V (A) and 1.4 V (B)
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Table 3.5. Electrosorption parameters Qg, n, SAC, and ki, of the PAC and CAC electrodes
Ecen  Electrode SAC (mg/g) ki (x103s?) Qe (%) n (J/mg)

PAC/CI 5.8 3.3 44.5 6.9
PAC/PTS 14.3 2.6 81.3 3.8

1.2V PAC/DBS 12.6 2.1 74.1 7.6
PAC/PSS 131 2.7 86.2 4.1

CAC 8.9 4.4 69.7 4.2

PAC/CI 5.1 5.2 32.8 12.0
PAC/PTS 14.9 3.8 89.6 4.2

1.4V PAC/DBS 11.7 3.9 71.5 5.1
PAC/PSS 13.7 2.3 84.5 5.2

CAC 10.9 4.1 73.0 4.7




71
Chapter 3 — High-Performance Activated Carbon from Polyaniline for Capacitive Deionization

The electrosorption kinetics is another important characteristic that influences the
operation of a CDI cell. As the desalination process presupposes several electrosorption and
regeneration cycles, the water recovery is directly affected by the time required for sorption and
desorption. CDI Ragone Plot is widely applied as important tool to evaluate simultaneously the
kinetics and electrosorption capacity by using the average salt adsorption rate (ASAR) and
SAC, respectively. According to Figure 3.9, PAC/PTS presents the highest values of SAC
compared to CAC. The points displayed in Figure 3.9 represent a complete electrosorption
cycle indicating how SAC and ASAR varied with time. The curves displaced in the upper-right
corner of the Ragone plot indicates the better electrode performance.[89] Although both
electrodes display slightly similar electrosorption kinetics, PAC/PTS outperforms CAC in
terms of capacity, especially at 1.4 V. The optimized condition using PAC/PTS was achieved
for SAC 9.9 mg/g and ASAR 0.033 mg/g.s at 1.4 V, after 5 min of the beginning of the
electrosorption process.

Figure 3.9. ASAR vs. SAC for PAC/PTS and CACat1.2and 1.4V
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Besides SAC and the Ragone plot, the desalination process was also evaluated
regarding to charge efficiency (Qg) and specific energy consumption (), which are parameters
that indicate whether the charge supplied to the CDI system has being effectively used for the
electrosorption process and how much energy is required per mass of salt removed (Equation
3.7), respectively. In order to properly evaluate Qg, only the current effectively used for

electrosorption was used in Equation 3.6, i.e., the leakage current, which is a parasitic process
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commonly associated to redox reactions, was subtracted from the total current.[23,58,90] In the
case of 7, the leakage current was considered since it contributes to the overall energy
consumption.

Table 3.5 shows the values of Qe and # obtained for the NaCl electrosorption at
different cell voltages using the PAC and CAC electrodes. In all cases, the values of Qe were
lower than the 100% valid for an ideal system in which the entire charge supplied by the external
source is used for ion separation of monovalent salts such as NaCl. However, due to energy
losses, faradaic reactions,[91] and the presence of co-ions,[92] this value hardly reaches more
than 90%.

Interestingly, PAC/PTS showed an increase in Qe when Ecen Was increased from 1.2
V to 1.4V, confirming a minor contribution of faradaic reactions to the total current of this
electrode. PAC/PSS and PAC/DBS had only a small drop in Qe (2-3%), in contrast with the
PAC/CI that showed a strong decrease (12%). The charge efficiency drop observed for PAC/CI
Is in accordance with the decrease of the SAC values when the applied voltage was raised from
1.2t0 1.4 V and it supports the hypothesis that faradaic reactions is the main process explaining
the SAC reduction. In addition, the CDI process carried out using PAC/CI at 1.4 V demanded
almost twice more energy than at 1.2 V, which can be attributed not only to faradaic reactions
but also to resistive dissipation (heat loss).[93]

Surprisingly, PAC/DBS showed a simultaneous decrease of Qe and » when the cell
voltage was increased. One could think that a charge efficiency drop would lead to the increase
of the energy consumption, however, higher values of leakage current were measured at 1.2 V
(11.2 mA) than at 1.4 V (6.4 mA), which explains the reduction of the energy consumption
when the cell voltage was increased. On contrary, for CAC electrode, Qe and 7 increased with
the cell voltage, indicating that despite of the efficient use of the supplied charge to remove
ions, the increase of the leakage current at 1.4 V (from 3.2 mAat 1.2 Vto 3.9 mA at 1.4 V)
lead to an increase of 5. Concerning PAC/PTS, only a slight increase of # was observed at 1.4
V, suggesting an improved stability of this electrode material.

Another way to analyze the effect of the cell voltage on the electrode performance was
proposed by Kim et al.[94] (Equation 3.10). Using this method, the capacitance can be obtained
from charge-discharge experiments to estimate the highest value of SAC (Dc). The ratio
between the values of SAC, determined from the electrosorption experiments, and Dc is referred

as capacitance efficiency ().

Ccp -Ecell.M,,

D, = 1000
4.F

(3.10)
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In Equation 3.10, D¢ is in mg/g and My is the molecular weight of NaCl (58.5 g/mol).
As can be observed in Table A3.3, the capacitance overestimate the SAC values in all cases,
what was expected since the experiments of charge-discharge were carried out in a more
concentrated solution (0.2 mol/L NaCl). Moreover, capacitance measurements consider that
all current have been effectively used for electrosorption, excluding the leakage current. The
same reason supports the increase of D. values when the applied voltage was boosted due to
since the negative effect of the faradaic reactions on charge efficiency and SAC values were
not considered by this parameter. This argument was clearly appreciated in the case of PAC/CI
electrodes, where the increase of the cell voltage led to contradictory trends. Thus, while D¢
values accompanied the applied potential increment, the drop in SAC values are supported by
the previous results that suggested the occurrence of faradaic reactions as the cause of the salt
electrosorption decay. These factors led to the lowest € value displayed by PAC/CI (45.9% at
1.2 V and 34.6% at 1.4 V). The same trend was observed for PAC/DBS, which exhibited low ¢
at 1.4 V (46.4%), indicating the occurrence of faradaic reactions at this cell voltage. On the
other hand, PAC/PSS and PAC/PTS showed a good correlation between D¢ and SAC (58-67%).
Regarding PAC/PSS, the values of SAC seems to be boosted by its high conductivity (low RcT)
and pseudocapacitive surface groups, therefore this material achieved almost 70% of the value
of predicted by the capacitance (Dc).

Interestingly, except for CAC, in all cases the application of 1.4 V resulted in lower &,
even for PAC/PTS. Despite the higher values of SAC observed using PAC/PTS at 1.4 V, this
enhancement was not proportional to the difference estimated by Dc. This suggests that despite
of SAC enhancement after increasing the voltage from 1.2 V to 1.4 V, the values of SAC were
still underestimated, probably due to a minor contribution of faradaic reactions. As a final
remark, CAC, unlike the other electrodes, experienced a capacitance efficiency improvement
at 1.4 V, suggesting that CAC presents higher electrochemical stability at high cell voltages
than the PAC electrodes. The results suggest that capacitance efficiency analysis seems to be a
useful tool for estimating the faradaic reactions effect on the CDI performance at different cell
voltages.

In summary, PAC/PTS gathered most of the best results required for CDI: high salt
electrosorption capacity (14-15 mg/g), high charge efficiency (81-90%), and low energy
consumption (3.8-4.2 J/mg). Finally, Table 3.6 compares PAC/PTS with values of SAC
obtained by other authors employing different electrode materials (most of them, N-doped

carbon) under similar operational conditions. The comparison reveals that PAC/PTS is among
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the best electrodes regarding the electrosorption capacity, although the SAC reported for N-
doped graphene electrodes surpasses the PAC/PTS; however, PAni can be easily prepared and
the low-cost of the monomer with respect to the graphene materials makes PAC/PTS a

promising material for CDI applications.

Table 3.6. SAC obtained using different carbon materials in a CDI process

Salt concentration

Cell

i SAC (mg/
Authors Electrode material (mg/L) voltage (V) (mg/g)

Guetal., 2014[21]  N-doped graphene 500 2.0 21.9
: N-doped nanofiber 11.6

Liu etal., 2015[22] graphene 500 1.2
: N-doped carbon 13.7

Liu etal., 2015[95] nanospheres 500 1.2
Poradaet al., i - 15.0

2015[23] N-doped biomass 300 1.2
Xuetal., 2015[25]  N-doped graphene 500 1.2 12.8
N-doped graphene 21.0

Xu et al., 2015[96] sponge 500 1.2
Xuetal., 2015[97]  Graphene sponge 500 1.2 14.6
Kumar et al., 10.5

2016[9] Carbon aerogel 500 1.2
Hollow carbon 13.0

Zhao et al., 2016[68] nanospheres 500 1.4
, N-doped carbon 16.1

Lietal., 2016[24] sponge 500 1.2
Lietal., 2016[62]  N-doped copolymer 500 1.2 13.8
: Three-dimensional 500 12 124
Shi et al., 2016[98] graphene 500 L6 171
600 1.2 14.3

This work PAC/PTS

600 1.4 14.9

3.4.  Conclusions

In this study, new activated carbon materials have been prepared using PAni doped
with different anions as precursor. By the best of our knowledge, this was the first time that
different dopant anions were used as template to prepare high-performance electrodes for CDI.
Structural analysis of the PAC characteristics such as morphology, SSA, conductivity and
surface groups were highly dependent on the anion used for PAni doping.

Although one of the initial ideas of using PAnI as precursor was to obtain an activated

carbon with high nitrogen content, the activation using KOH at high temperature removed most
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part of it. On the other hand, the high oxygen content in the PACs, mainly in PAC/PTS, seemed
to play the most important role improving the PAC wettability by the introduction of surface
polar groups such as phenolic and carboxylic groups.

Regarding to electrosorption process, PAC/PTS, PAC/PSS, and PAC/DBS showed
similar removal efficiencies, while PAC/CI presented by far the lowest value of SAC. Although
PAC/PTS presented low specific surface area and mesopore ratio among the electrodes, the
values of SAC (14.3 mg/gat 1.2 V and 14.9 mg/g at 1.4 V), Qe (81.9% and 89.6% at 1.2 V and
1.4 V, respectively), and # (3.8 J/mg at 1.2 V) outperformed those for all the other electrodes
due to its high polar surface group content. Considering simplicity and low-cost preparation of
PAC/PTS, it can be considered as very promising candidate for large-scale CDI applications.
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APPENDIX

Table A3.1. Polymerization yield for PAni doped with different anions

MPAni (g) Vaniline (mL) Y PAni (gPAni/mL aniIine)

PAnNI/CI 7.11 10 0.71
PANI/PTS 8.21 10 0.82
PAni/DBS  16.63 10 1.66
PANI/PSS 17.60 5 3.52

Table A3.2. Yield of pre-carbonization and activation of PAni doped with different
anions

Yc (%) Yac (%) Yo (%)
PAC/CI 32.7 48.0 15.7
PAC/PTS 37.9 32.3 12.3
PAC/DBS 31.3 29.9 9.4
PAC/PSS 23.4 31.4 7.4

Table A3.3. D. based on the charge-discharge experiments

Ecen Ccp(F/g) Dc(mg/g) SAC (mg/g) ¢ (%)

1.2 12.6 5.8 45.9

PAC/CI 69.3
1.4 14.7 5.1 34.6
1.2 22.0 14.3 64.9

PAC/PTS 121.0
1.4 25.7 14.9 58.0
1.2 21.6 12.6 58.4

PAC/DBS 118.6
1.4 25.2 11.7 46.4
1.2 19.7 13.1 66.4

PAC/PSS 108.4
1.4 23.0 13.7 59.5
1.2 154 8.9 57.9

CAC 84.5

1.4 17.9 10.9 60.7
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Figure A3.1. Scheme of a CDI device: (A) electrosorption and (B) regeneration[1]
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Figure A3.3. Circuit fitting for the PAC doped with CI- (A) PTS (B) DBS" (C) PSS (D) CAC (E)
and the equivalent circuit used for the fitting (F)
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CHAPTER 4

SIMULTANEOUS ANALYSIS OF ELECTROSORPTION CAPACITY
AND KINETICS FOR CDI DESALINATION USING DIFFERENT
ELECTRODE CONFIGURATIONS

Capacitive deionization (CDI) offers an affordable technology for the reduction of salt
concentrations in brackish water. However, there are still drawbacks concerning electrode
capacity and energy consumption, compared to other well-established technologies such as
reverse osmosis or electrodialysis. This study investigates high-adsorption electrodes based on
polyaniline-activated carbon, applying different configurations (symmetric and asymmetric
electrodes, and membrane CDI) to optimize electrosorption capacity and energy consumption. A
new approach called OSR (optimized salt removal) is proposed, based on simultaneous analysis
of the electrosorption capacity and the adsorption/desorption Kinetics. This technique was used to
evaluate different electrode configurations. The best performance was obtained using MCDI,
which improved the electrode capacity from 14.9 to 20.0 mg/g, while reducing the specific energy
consumption by 21%. It was demonstrated that the performance of the electrode depended on
both the specific adsorption capacity (SAC) and the electrosorption/desorption kinetics. Fitting
the electrosorption and desorption curves using a pseudo-first order kinetic model and applying
the OSR method showed that the best desalination was achieved using MCDI at 1.2 V. This
configuration did not present the highest SAC or the fastest electrosorption/desorption kinetics,

but a good balance was obtained between these two variables.

4.1.  Introduction

Capacitive deionization is a low-cost technology that can be used for the desalination
of brackish water (with salt concentration lower than 10 g/L). Recent advances in electrode
materials and energy efficiency make CDI competitive with other well-established technologies
such as reverse osmosis or reverse electrodialysis [1]. The main advantage of CDI is the low
energy consumption resulting from the use of low cell voltages (1.2-1.4 V) for desalination [2].
This process employs the electric double layer (EDL) formed inside the pores of carbon
electrodes for ion storage when a potential bias is applied. Therefore, properties of the material
such as specific surface area (SSA), pore size distribution (PSD), and conductivity have

important effects on desalination performance [3]. In addition, the electrode wettability, which
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is highly dependent on the surface groups of the material, plays a crucial role in the electrode
capacity, since greater hydrophilicity of the electrode enables easier access of water to the pores
[4,5].

The development of new low-cost electrodes is still challenging. Several electrode
materials have already been studied in attempts to increase desalination capacity and the
kinetics of electrosorption, while reducing energy consumption. Nitrogen-doped activated
carbons (N-doped AC) offer high performance electrode materials, due to the high specific
adsorption capacity (SAC) attributed to surface nitrogen groups, which promotes pseudo-
capacitance and increases conductivity [6]. For example, N-doped graphene and N-doped
graphene sponge presented SAC values of 21.9 and 21.0 mg/g, respectively, while a value of
16.1 mg/g was obtained using N-doped carbon sponge derived from cotton [6-8]. Although
these capacities are impressive, the cost of these electrodes, related to the high activation
temperature and nitrogen doping with ammonia [8], means that they remain too expensive for
large-scale applications. Another procedure to obtain N-doped AC is the use of precursors
containing nitrogen atoms, avoiding the expense associated with doping using NHz. To this
end, glucosamine hydrochloride [9], polyacrylonitrile [10], polyaniline (PAni) [11-13], and
polypyrrole [14] have been investigated as N-doping precursors.

Although the search for materials with high electrosorption capacity has intensified in
the CDI field, the electrode kinetics has been little explored. Despite the paramount importance
of the electrode SAC, the electrosorption and desorption Kinetics can be decisive, since this
influences the number of cycles possible in a given operational time. For instance, an
inexpensive electrode with poor or moderate SAC can achieve good desalination performance
if the electrosorption and desorption Kinetics are sufficiently fast. Therefore, optimization of
the electrosorption time could enable a greater number of adsorption/desorption cycles in the
same operational time, resulting in the electrode performance being comparable to that of an
electrode with higher SAC.

The modified Ragone plot proposed by Kim and Yoon [15] provides an important tool
for simultaneous evaluation of the electrosorption capacity and the kinetics of the process, but
it only considers the average salt adsorption rate (ASAR), without taking the desorption time
into account. To the best of our knowledge, the present work is the first to describe a new
approach, called OSR (optimized salt removal), for analysis of CDI electrode performance,
simultaneously considering both the electrosorption capacity and the electrosorption and

desorption kinetics. Instead of a plot, this method considers an optimized value for the mass of
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salt removed during a given operational time. The OSR method was used to evaluate different
electrode configurations, facilitating their comparison and providing an easy way to identify
the most promising desalination process.

Desalination was carried out with an N-doped AC electrode previously prepared using
a PAni precursor. The AC derived from PAni (PAC) was chosen due to the advantages of PAni
as an AC precursor, including low monomer cost, ease of synthesis, and high nitrogen content
(~15 wt.%), as well as the similarity of its structure to graphite, which facilitated the insertion
of nitrogen into the carbon matrix. In a previous study,[16] Zornitta et al. successfully
synthesized PAC derived from PAni doped with different anions (PAC) and obtained high-
performance electrodes for CDI desalination. Using PAni doped with p-toluenesulfonate as
precursor, the AC electrodes (PAC/PTS) showed high electrosorption capacity (14.9 mg/g at
1.4 V). The electrodes were modified by surface treatment and were used in symmetric and
asymmetric configurations and in membrane CDI. The best electrode configuration was
determined considering the desalination performance in terms of OSR per day.

Recent studies have found that the use of asymmetric electrodes improves desalination
performance for two main reasons: (i) shift of the Ep,c of the electrodes, which maximizes the
effective electrode potential used to adsorb ions [17,18]; and (ii) introduction of additional
attractive forces that act to remove the ions from the electrolyte solution [19]. This strategy has
been reported to optimize SAC, even in long-term experiments [18]. Another strategy widely
employed to enhance CDI performance is the use of ion-selective membranes (MCDI) to
improve charge efficiency [20]. In a typical CDI process, most of the electrosorption occurs
within the carbon particles (in the micropores and mesopores), while the contribution of the
macropores to the EDL is negligible [21]. During electrode polarization, co-ions (ions with the
same charge as the polarized electrode) are repelled from the micropores, but are inhibited from
leaving the electrode due to the presence of the membrane. Hence, these co-ions remain stored
in the macropores in order to maintain electroneutrality, and more counter ions are removed
from the electrolyte. Therefore, part of the charge that would be wasted in eliminating the co-
ions is compensated by the use of the macropores as reservoirs of counter ions. Different to
conventional CDI, in which the charge efficiency is far from unity due to the elimination of co-
ions, MCDI usually presents high charge efficiency values [20,21].

In summary, in this study, symmetric and asymmetric CDI and MCDI were employed
along with PAC electrodes in an attempt to maximize charge efficiency, increase electrode

capacity, and reduce energy consumption. The different configurations were evaluated in a
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desalination process, employing a new methodology for simultaneous analyses of SAC,
electrosorption kinetics, and desorption Kinetics.

Simultaneous analysis of electrosorption capacity and Kinetics

In a CDI process operating under real conditions, both electrosorption and desorption
processes must be considered when selecting the best electrodes for desalination, with the
electrode kinetics and capacity being most important in terms of electrode performance. In the
CDiI field, electrode capacity is commonly evaluated using the salt adsorption capacity (SAC),
which is the amount of salt removed per active mass of the carbon electrode. The kinetics of
electrosorption can be evaluated using techniques such as the CDI Ragone plot [15] and pseudo-
first or second order models [22—30]. The CDI Ragone plot provides information about SAC,
ASAR, and the electrosorption time, with optimization of both parameters obtained from the
top-right position in the plot. The fitting of electrosorption data using pseudo-first and second
order kinetic models provides numeric information from the kinetic constant. It is widely
accepted that this way of evaluating kinetics provides accurate information (high correlation
coefficients) and is a straightforward technique for comparison of electrode kinetics.

Here, equations were developed in order to maximize electrode capacity by optimizing
the electrosorption time, considering both capacity and kinetics. It has been widely reported
that pseudo-first order kinetics provides good fits to CDI electrosorption data, so the
development of the equations was based on fitting using the pseudo-first order kinetic model
(Equation 4.1). Nevertheless, it is also possible to use other fittings, such as the pseudo-second
order kinetic equation, as shown in the Appendix.

Co = Coexp(—kt) 4.2)

In order to describe both electrosorption and desorption using an exponential
relationship, the variation of the electrode capacity in terms of SAC was modified using
Equation 4.2:

SAC'(t) = SAC,, — SAC(t) (4.2)

In this equation, SAC’(t) is the difference between the maximum SAC (SACn) and SAC
at a given time t.

Figure 4.1 illustrates a typical SAC’(t) curve fitted to Equation 4.1. In order to provide
both electrosorption and desorption curves in the same figure, Equation 4.1 was rewritten as
Equations 4.3 and 4.4, where t(t) was replaced by SAC’(t) and SDC(t) (salt desorption
concentration), respectively, Co was replaced by SACn, and te and tqg are the electrosorption and

desorption times, respectively.
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SAC'(t) = SAC,,exp(—k,t,) (4.3)
SDC(t) = SACexp(—kgaty) (4.4)

Figure 4.1. Electrosorption/desorption curves described by the pseudo-first order model for
the PAC-PTS electrodes (20 mg/g SACm and pseudo-first order constants of ke = 0.0055 s

and kg = 0.0090 s for electrosorption and desorption, respectively)
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In order to properly compare the different materials and electrode configurations, an
operational time (top) was established for calculation of the amount of salt that could be
removed. This was important, because CDI operates in cycles, and the more cycles performed
in a given period of time, the greater the quantity of salt that can be removed. Calculation of

the number of cycles (Ncycies) considered both te and tg, as shown in Equation 4.5:

— _ton_ (4.5)

N cycles totty

where tq can be calculated according to Equation 4.6, considering pseudo-first order Kinetics:

—In(SREW

)

The numerator in Equation 4.6 can be estimated considering 99% desorption
(Equation 4.7).

—1n(0.01)
tg=—— (4.7)

Considering that the amount of salt removed in a full cycle is the salt removed only in
the electrosorption step (desorption does not contribute to salt removal), the mass adsorbed in

one cycle (mq) can be calculated using Equation 4.8.
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Mpe = (SAC,, — SAC'(t)) - mg (4.8)

Replacing SAC’(t) from Equation 4.3 in Equation 4.8, and tq from Equation 4.6 in

Equation 4.5, the amount of salt removed (SDC) during time to, can be calculated using

Equation 4.9.

to _
Mg = Neycles " Moc = tTfom) "mgSACL(1 —e kete) (4.9)
e kd
Considering that in Equation 4.9, the only variable is te, SDC may be maximized with

respect to te by deriving Equation 4.9 and making it equal to zero (Equation 4.10).

e kete—opt _4

Tnoon T kee_kete_om =0 (4.10)
kq

te—opt—

Equation 4.10 can be easily solved to obtain the optimized electrosorption time (te-opt),
which is the time that maximizes SDC, thus giving the value of the optimized salt removal,
called OSR (Fig. 4.2a). It is interesting to note that SAC does not appear in Equation 4.9, as
expected since the number of cycles is only dependent on the electrosorption/desorption
kinetics. On the other hand, SAC depends on te (Equation 4.2), so consequently it is also
optimized by Equation 4.9. Figure 4.2b compares the electrosorption values obtained using te-
opt and the electrosorption time corresponding to 99% salt removal (te-a9%). It can be seen that
use of the optimized time (te-opt) enabled many more cycles to be achieved, which, together with

the SAC, provided the maximum value of m.qp.

Figure 4.2. (A) Plot of msr against te (top = 5 h), and (B) SAC comparison considering te-gov
and te-opt in a simulated CDI process lasting 5 h. Parameters: SACm = 20 mg/g, ke = 0.0055 s,
and kg = 0.0090 s’
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4.2.  Experimental
4.2.1. Materials

Aniline monomer (99%, Sigma-Aldrich) was distilled prior to use for polymerization
and was kept in an amber bottle at low temperature (<3 °C) to prevent oxidation. The anion
source used as counterions for polyaniline was p-toluenesulfonic acid monohydrate, HPTS
(>98.5%, Sigma-Aldrich). Ammonium persulfate (98%, Sigma-Aldrich) was used as oxidant
to promote polymerization. Nitric acid (70%, Sigma-Aldrich) and ethylenediamine (>99%,
Sigma-Aldrich) were used for surface treatment of the activated carbon in order to obtain
asymmetric electrodes.

Polyvinylidene fluoride (PVDF, Sigma-Aldrich) and n-methylpyrrolidone (NMP,
Synth) were used as binder and solvent, respectively, for electrode preparation. Cationic (CMI-
7000S) and anionic (AMI-7001S) membranes were purchased from Membranes International

Inc. and were maintained in 5% NaCl solution prior to use.

4.2.2. Polyaniline synthesis

Aniline (10 mL) was added at low temperature (~3 °C), under constant stirring, to 500
mL of a solution containing 0.30 mol/L of HPTS. The polymerization process was started by
adding 85.9 mL of the oxidant solution (1.0 mol/L), dripped slowly into the monomer solution.
The mixture was left to react for 24 h. After polymerization, the precipitated PAni/PTS was

filtered, washed with water, and dried in an oven at 60 °C for 24 h.

4.2.3. PAC/PTS preparation and surface treatment

A detailed description of the PAC preparation has already been provided in a previous
paper.[16] Briefly, PAni was firstly carbonized in a tube furnace (Lindberg Blue M, Thermo
Scientific) at 850 °C, with heating at a rate of 10 °C/min, for 2 h under an atmosphere of N>
(150 mL/min). After carbonization, the sample was activated with KOH, in a proportion of 1:4,
followed by heating at 850 °C for 1.5 h, using the same heating rate and N> flow conditions.
The activated carbon was washed with 0.5 mol/L HCI, followed by washing with warm water
until the pH of the wash solution approached neutral. The PAC was then dried at 105 °C for 24
h.

Surface treatment was carried out using a procedure adapted from Gao et al. [31].
Firstly, the PAC was mixed with HNOg in a proportion of 1:13 (w/w) for 24 h, washed with
plentiful warm water until the pH approached neutral, and dried in an oven at 105 °C for 24 h.

The acid-treated PAC was then mixed with ethylenediamine in a proportion of 1:13 (w/w) in a
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round bottom flask, heated to 105 °C using a thermal blanket, and maintained under reflux for
5 h. After that, the reflux system was removed and heating was continued until complete
evaporation of the ethylenediamine. The surface-modified PAC (mPAC) was washed with
warm water until the pH approached neutral, and was then dried in an oven at 105 °C for 24 h.
The PAC particles were large, smooth, and presented small cavities and a sponge-like
shape. Textural analysis revealed that the PAC/PTS was predominantly microporous (the total,
micropore, and mesopore volumes were 0.64, 0.59, and 0.05 cm?®/g, respectively). The BET
surface area was 1484 m?/g.[16]
The PAC and mPAC were further characterized in terms of zeta potential, using a
Zetasizer Nano ZS system (Malvern Instruments).

4.2.4. Electrode preparation and characterization

Carbon electrodes were prepared by mixing 10 wt.% of PVDF, previously dissolved
in NMP, and 90 wt.% of activated carbon. The slurry was mixed and poured into a mold
containing a graphite substrate. The mold was then placed in an oven at 80 °C for 12 h to remove
all the solvent and form the carbon film.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
evaluations of the electrodes prepared using PAC and mPAC were performed in 0.2 mol/L
NaCl, using a three-electrode system with carbon electrodes as the working (2.5 cm x 1.0 cm)
and counter (3.0 cm x 1.0 cm) electrodes. Two electrode configurations were used in the
electrochemical characterizations: 1) symmetric electrodes, with the working and counter
electrodes being composed of the same material (PAC || PAC and mPAC" || mPAC™); 2)
asymmetric electrodes, with an mPAC working electrode and a PAC (mPAC™" || PAC") counter
electrode. Ag/AgCl in saturated KCI was used as the reference electrode. An Autolab PGStat
204 potentiostat was used for all the measurements. CV was carried out at different scan rates
(v): 1, 5, 10, 50, and 100 mV/s, in a potential window between -0.2 V and 0.5 V, which was
previously found to prevent redox reactions. The specific capacitance (Cs) and the total specific
capacitance (Ccv) of the electrode (F/g) were calculated using Equations 4.11 and 4.12,
respectively, where 1 is the current, m is the mass of the working electrode (g), and E1 and E>

are the lowest and highest values of the potential window.

=L (4.12)

(4.12)
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4.2.5. Electrosorption experiments

The electrosorption cell consisted of two acrylic plates, where carbon electrodes with
dimensions of 10 cm x 5 cm were placed on titanium sheets employed as current collectors.
Two plastic meshes placed between the carbon electrodes provided a gap of 1.8 mm necessary
to ensure the flow of electrolyte and prevent short circuit. The cell was sealed with rubber
gaskets, and all the components were assembled using nuts and bolts [2]. The nomenclature
adopted for the symmetric and asymmetric electrodes was as follows: ~ Electrodesurface charge
(cathode) || (anode) Electrodesi™ce charee - Accordingly, the symmetric configuration using PAC
electrodes was denoted PAC(-) || (+)PAC". For the asymmetric electrodes, two different
configurations were evaluated: (1) PAC(-) || (+)mPAC™" and (2) mPAC*(-) | (+)PAC". In the
MCDI experiments, anionic and cationic membranes were placed on the positively and
negatively charged electrodes, respectively, and a plastic mesh of 0.9 mm was used to ensure
electrolyte flow.

During desalination, a 25 mL volume of 600 mg/L NaCl solution was pumped through
the CDI cell using a peristaltic pump (Masterflex L/S, Cole-Parmer) at a constant flow rate (26
mL/min). An Autolab PGStat 204 potentiostat supplied constant cell potential (1.2 V or 1.4 V)
during electrosorption and 0.0 V during desorption. In the MCDI experiments, desorption was
performed at -0.3 V. Biesheuvel et al. demonstrated that the use of reverse potential during
desorption improves the electrode capacity, due to the repulsion of co-ions [32]. The solution
conductivity was measured online at the exit of the cell and was recorded every 30 s, using a
conductivity meter (SevenCompact, Mettler Toledo). The conductivity was then converted to
the salt concentration using a linear relationship obtained prior to the experiment. Each
electrosorption/desorption experiment was performed until no conductivity variation was
observed.

The salt adsorption capacity (SAC), charge efficiency (Qg), and specific energy
consumption (#) were calculated according to Equations 4.13, 4.14, and 4.15, respectively, and
were used to evaluate the performance of the electrode in the desalination process.

SAC = G-2Y (4.13)
E
FVAC
Qs = 1OOZerdt (4.14)
n= E,:—f'dt (4.15)

In these equations, Co (mg/L) is the initial salt concentration, C (mg/L) is the salt

concentration at time t (s), V (L) is the electrolyte volume, me is the mass of active material in
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both electrodes, z is the ion charge, F is the Faraday constant (96485 C/mol), Ecen is the cell

voltage applied for electrosorption (V), and mrem is the mass of ions removed. The current le

(Equation 4.14) is the effective current used for electrosorption (not considering the leakage

current), while the current | (Equation 4.15) is the total current applied to the cell.

4.3. Results and Discussion
4.3.1. Activated carbon characterization

Figure 4.3a shows the zeta potentials of the untreated and treated PAC in the pH range
2-12. The untreated PAC exhibited a negative net surface charge at all pH values, due to its
high content of carboxylic groups, as previously found by Zornitta et al. [16]. Treatment with

EDA [31] led to a positive charge, and mPAC showed both positive and negative net surface

charges, with an isoelectric point at pH = 6.

Figure 4.3. Zeta potential as a function of pH for PAC and mPAC
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4.3.2. Electrochemical characterization

Cyclic voltammetry characterization of the electrodes in different configurations was
performed at different scan rates in order to analyze the electrode capacitance, resistivity, and
mass transfer effects. The voltammograms obtained for the mPAC™ || mPAC* and PAC™ || PAC
configurations (Fig. 4.4a) showed quasi-rectangular shapes, characteristic of highly capacitive
and conductive electrodes, while PAC || PAC displayed some distortion, indicative of higher
resistivity [33]. The specific capacitance calculated at 1 mV/s was similar for all electrodes and

configurations, indicating that the capacitance was not affected by the surface treatment of the
mPAC.
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Figure 4.4. (A) Voltammograms for the PAC™ and mPAC™" electrodes at 1 mV/s, and (B)
capacitance as a function of the scan rate. Electrolyte: 0.2 mol/L NaCl
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In order to evaluate the electrode conductivity and mass transfer resistance, the
capacitance values were calculated for different scan rates (Fig. 4.4b). For all the electrodes
tested, higher capacitance values were obtained at the lowest scan rate, indicative of slow
charging processes and resistance to penetration of the ions into the carbon structure at fast scan
rates. The mPAC™ || mPAC™ combination presented the lowest mass transfer resistance, which
could have been due to a combination of higher conductivity and a larger pore diameter,
compared to PAC" || PAC". The quasi-rectangular shape of the curves (Fig. 4.4a) was indicative
of higher conductivity of the mPAC™ || mPAC" configuration [33]. It has been reported
previously [34] that modification of PAC using EDA decreases the specific surface area and
promotes pore enlargement, hence facilitating ion diffusion and EDL formation, even at high
scan rates, and improving the charge storage capacity [35].

The fastest capacitance depletion rate was observed for PAC" || PAC", which could be
explained by the narrow micropores of PAC,[16] which hindered ion diffusion, delayed EDL
formation, and consequently reduced the capacitance. In the case of mPAC" || PAC,
intermediate behavior was observed for capacitance depletion according to scan rate, as
expected since the limitations imposed by PAC and the improvements introduced using mPAC

were still present.

4.3.3. Electrosorption
The desalination performances of the symmetric, asymmetric, and MCDI electrodes

were compared in terms of electrosorption capacity, electrosorption Kinetics, and energy
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efficiency. The CDI performance achieved using asymmetric electrodes depends on the
positions of the cathode and anode, related to the electrode surface charge. Figure 4.5 compares
the electrosorption carried out using the symmetric and asymmetric electrodes. In the
asymmetric configuration, the mPAC and PAC electrodes were positively and negatively
polarized, respectively (PAC(-) || (+)mPAC"). The opposite configuration (MPAC™(-) ||
(+)PAC") was also evaluated, with the mPAC™ and PAC" electrodes being negatively and

positively polarized, respectively.

Figure 4.5. (A) Electrosorption and desorption performances of PAC(-) || (+)PAC", PAC(-) ||
(+)mPAC, and mPAC*(-) || (+)PAC" in 600 mg/L NaCl at 1.2 V, and schematic representations
of co-ion repulsion and counterion adsorption for symmetric (B) and asymmetric configurations
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There was a clear influence of the surface charges of PAC and mPAC on SAC and the
electrosorption kinetics of the asymmetric electrodes. The 34% higher SAC observed for the
mPAC*(-) || (+)PAC" configuration, compared to PAC(-) || (+)mPAC", could be attributed to

the less pronounced effect caused by repulsion of co-ions during the electrosorption process.
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Prior to electrode polarization, the positively charged surface of mPAC promoted the repulsion
of solution cations, while a repulsion of anions occurred at the negatively charged surface of
PAC. As shown in Figure 4.5c, when the electrosorption started and a potential bias was
applied, the greatest portion of the electrode potential was used for adsorption of cations and
anions on the cathode (mPAC*(-)) and anode ((+)PAC"), respectively, instead of for the
expulsion of co-ions from the EDL. Consequently, this type of asymmetry provided better ion
removal. Using the opposite configuration (Fig. 4.5d), with PAC™ and mPAC" as the cathode
and anode, respectively, part of the charge applied for counterion adsorption was used to repel
the co-ions from the PAC or mPAC EDL.[17] This becomes more evident considering the
energy efficiency; while mPAC*(-) || (+)PAC" displayed a high Qe (82%), a substantially lower
Qe (61%) was observed for the PAC(-) || (+)mPAC* configuration, indicating that 39% of the
charge supplied was probably used for repulsion of co-ions, instead of electrosorption. The
same trend was observed for #, with the PAC™(-) || (+)mPAC" configuration presenting the worst
energy efficiency among the electrode configurations analyzed, which could be explained by
part of the applied Ecen being used to counterbalance the charge of the co-ions.

Figure 4.5a also provides a comparison of the asymmetric and symmetric
configurations. Although the values of SAC for PAC(-) || (+)PAC™ were higher than for the
asymmetric CDI, the electrosorption kinetics was slower. Table 4.1 displays the values of the
pseudo-first order electrosorption kinetic constants. In all cases, the kinetic constants showed
good fits to the electrosorption curves (R? >95%). The faster kinetics observed for mPAC*(-) ||
(+)PAC" could be ascribed to faster electric double layer development, since co-ions repulsion
was minimized and most of the charge provided to polarize the electrode surface was effectively
used for electrosorption. In addition, the better electrode conductivity identified during the
voltammetric characterization probably contributed to the faster kinetics. On the other hand,
surface modification reduced the SSA and enlarged the pores [34], which also contributed to
the faster kinetics of the asymmetric electrodes, but resulted in lower SACn values. It is also
interesting to note that although the Qe values obtained for PAC(-) || (+)PAC™ and mPAC*(-) ||
(+)PAC were almost the same, the first configuration outperformed the second configuration
in terms of #, which could be attributed to a lower leakage current (usually ascribed to faradaic
reactions) in the case of PAC(-) || (+)PAC".

Chemical treatment of the PAC with EDA was used to provide surface charge in order
to promote asymmetry between the electrodes, hence hindering co-ion repulsion during the

electrosorption. The effect of co-ion repulsion during the electrosorption process is usually
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responsible for loss of electrode capacity; hence, the minimization of this phenomenon is
important for optimization of the CDI operation. Although the surface treatment acted to
improve the electrode kinetics and conductivity, it probably had a deleterious effect on the SSA,
as already reported elsewhere [34], hence leading to lower SAC values.
Table 4.1. SAC, kinetic constants, Qg, and » for CDI carried out using different PAC and

mPAC electrode configurations and applied voltages

Configuration Ecel (V) SAC (mg/g) ke (x1073) (s1) ka (x103) (s1) Qe (%) # (J/mg)

PAC(-) || (+)PAC: 1.2 14.3 2.6 4.6 81 3.8
PAC(-) || (+)PAC 1.4 14.9 3.8 48 90 4.2
MPAC*(-) || (+)PAC" 1.2 12.5 3.9 5.2 82 4.1
PAC(-) || (H)mPAC* 1.2 8.3 4.8 6.5 61 55
MCDI 1.2 15.3 3.4 5.6 81 2.8
MCDI 1.4 20.0 2.9 4.0 81 33

Another procedure widely employed to improve CDI by preventing co-ion repulsion
IS the use of ion-selective membranes. Figure 4.6 shows a comparison of the CDI and MCDI
electrosorption processes carried out applying 1.2 V and 1.4 V. As expected, the selective
membranes enhanced both SAC (by 7% at 1.2V and 34% at 1.4 V) and the energy efficiency of
the electrodes (Table 4.1). The effect of the membranes on SAC could be ascribed to: (1)
prevention of co-ion repulsion, which improved the electrode charge efficiency; (2) a high
concentration of co-ions in the electrode macropores, which provided a driving force for
attraction of counter ions; and (3) prevention of oxidation in the anode by reduction of the
concentration of dissolved oxygen.[17,36,37] It is interesting to note that the membrane had a
much greater influence on SAC improvement when 1.4 V was applied, rather than 1.2 V. This
could be explained by the resistance introduced by the membrane (<40 ohm/cm?; Membranes
International Inc.), resulting in a greater potential drop throughout the cell [17,24,37].
Considering that the membrane represented a series resistance within the cell, the effective
potential used for electrosorption was lower than in a CDI process with application of the same
Ecel.

The same trend was observed for energy efficiency. Although the SAC values were not

significantly different for symmetric CDI and MCDI at 1.2 V, the values of » were lower (by
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26%) for MCDI. As pointed out before, at the same applied Ecen, the electrode potential in
MCDI is lower than in CDI [37], so the leakage current associated with faradaic reactions is
consequently suppressed, resulting in lower values of # [38]. Accordingly, the value of » was
higher at 1.4 V than at 1.2 V, because the greater electrode potential resulted in a higher leakage
current. Nevertheless, the value of » for MCDI at 1.4 V was still the second lowest among all
the electrodes. Therefore, the use of selective membranes seems to be promising for CDI, since

it not only improves electrode capacity, but also reduces the energy requirement.

Figure 4.6. Plot of SAC against time for the MCDI and symmetric CDI, carried out at 1.2 V
and 1.4V in 600 mg/L NaCl
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In summary, different strategies were studied in order to improve CDI desalination
using PAC doped with PTS. The introduction of asymmetry in the electrodes only improved
the electrosorption/desorption kinetics (Fig. 4.5a), while use of MCDI significantly improved
the desalination capacity (Fig. 4.6). However, these results did not consider both
electrosorption/desorption kinetics and capacity together, which will be analyzed below using
the OSR method.

4.3.4. Simultaneous analysis of SAC, ke, and kd using the OSR approach

The previous sections present two important techniques employed to improve
electrode capacity, preventing co-ion repulsion in order to maximize electrode performance for
CDI. The highest SAC was obtained using MCDI at 1.4 V, while the fastest electrosorption
kinetics was achieved using PAC(-) || (+)mPAC™ (Table 4.1). Although it is usually more
intuitive to suppose that the electrode with the highest SAC is the best for the CDI operation,
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the Kinetics is also of great importance, since it determines the number of adsorption/desorption
cycles. In this section, it is shown how these two electrode properties can be simultaneously
evaluated using the OSR method, in order to determine the best electrode configuration for
desalination. Equations 4.8 and 4.9 were used to calculate the values shown in Table 4.2 and
Figure 4.7, illustrating the effects of the electrosorption capacity and kinetics on the final
performance of the electrodes, considering an operational time of 24 h (top = 86400 s or 1 day)
andme=1.00.

Table 4.2. Parameters used to calculate OSR for the different electrode configurations,

considering an operational time of one day

te-opt OSR
Electrode Ecen (V) td-99% () Neycles Me-opt (mg)
(s) (mg/day)
12 639 1001 53 11.6 610
PAC(-) || (+)PAC
14 493 959 60 12.6 750
MPAC*(-) || ())PAC- 12 472 886 64 105 669
PAC(-) || (})mPAC* 12 381 708 79 7.0 552
1.2 501 822 65 12.5 817
MCDI
14 626 1151 49 16.8 814

Figure 4.7. Plots of msr against te-opt for the symmetric and asymmetric CDI and MCDI

m,, (mg)
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There are three different relations between capacity and kinetics that could be
expected: 1) the electrode with highest SAC would also have the highest OSR. This is usually
true when the electrosorption/desorption Kinetics of the electrodes are very similar and their
SAC values are different. This was the case of the mPAC*(-) || (+)PAC and MCDI at 1.2 V,
which showed almost the same numbers of cycles, but very different SAC values, with the
MCDI outperforming the mPAC™(-) || (+)PAC; ii) the electrosorption kinetics may enhance the
electrode performance, even for low SAC values. For instance, mPAC™(-) || (+)PAC" presented
faster electrosorption than PAC(-) || (+)PAC™ at 1.2 V, achieving 64 cycles, while the latter
only achieved 53 cycles. Despite the higher SAC of PAC(-) || (+)PAC", the faster kinetics of
mPAC™(-) || (+)PAC  enabled it to outperform PAC(-) | (+)PAC" in terms of OSR; and iii) an
electrode with very high SAC, but slow kinetics. This was the case of MCDI at 1.4 V, which
presented the highest SAC but the lowest electrosorption/desorption kinetics. Although the
capacity played a very important role in maximizing the mass of salt removed, the slow kinetics
of MCDI at 1.4 V resulted in lower OSR.

Evaluation of the desalination process in terms of OSR is very simple and provides
valuable information about the electrode performance. Although few studies have provided data
about desorption during CDI, Table 4.3 shows values of OSR estimated from different studies
published in the literature. Under similar electrosorption/desorption conditions, the OSR
obtained in this work was satisfactory, compared to previous work. Table 4.3 also shows
situations in which the CDI electrodes presented very high SAC but very slow kinetics, such as
in the case of the three-dimensional graphene, which achieved a capacity of 17.1 mg/g, with
the electrosorption/desorption Kinetics having the greatest influence on decreasing the OSR
value.

In summary, comparison of all the electrodes evaluated in this study clearly demonstrated
that the use of membranes enhanced electrode performance not only in terms of SAC, but also
in terms of energy efficiency, resulting in the lowest values of » (Table 4.1). Although the use
of asymmetric CDI improved the electrosorption/desorption kinetics, it was not sufficient to
compensate for the loss of capacity caused by modification of the electrode surface. Therefore,
although MCDI still faces challenges such as fouling and scaling, its high SAC (20 mg/g) and
low energy consumption suggest MCDI as one of the best candidates for large-scale
applications. The high OSR obtained using MCDI revealed that PAC electrodes are among the

best electrodes for CDI. Moreover, although selective membranes add to the cost of CDI
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equipment, the use of inexpensive PAC electrodes may make MCDI a competitive

configuration for brackish water desalination.

Table 4.3. OSR values reported for different electrode materials.

stud [NaCl] Ecell SAC ke (x1073 kq (x10°3 OSR
u
Y (mg/L) (V) (mg/g) min?) min?) (mg/day)

Rasines et al.

1462.5 1.5 8.2 0.4 0.4 38
[39]
Rasines et al.

1462.5 1.5 10.3 0.4 0.5 53
[40]
Lietal. [8] 500 1.2 16.1 4.2 5.7 939
Shi et al. [41] 500 1.6 17.1 1.6 0.7 163
Lado et al. [5] 600 1.2 53 1.7 1.4 86
Zhang et al.

200 1.2 2.4 2.3 3.0 76

[42]
Ma et al. [43] 200 1.2 10.7 1.6 3.1 300
This work 600 1.2 15.3 34 55 817

4.4, Conclusions

A novel approach called optimized salt removal (OSR) was employed to evaluate CDI

electrodes, taking into account both capacity and kinetics. Different techniques were employed

to enhance desalination performance by the reduction of co-ion repulsion and the use of

asymmetric electrodes and MCDI, and this new method was evaluated for selection of the best

electrode material and configuration.
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Although the use of asymmetric electrodes improved the electrosorption/desorption
Kinetics, the electrode capacity decreased, relative to untreated electrodes. Nevertheless,
application of the OSR method revealed that due to the enhanced kinetics, these electrodes
outperformed symmetric electrodes (with non-treated material), since it was possible to perform
many more cycles in the same operational time. In the case of MCDI, although the
electrosorption/desorption kinetics became slower, the highest SAC value (up to 20 mg/g) was
achieved using this configuration and applying 1.4 V. Hence, MCDI presented the highest OSR
values among all the electrodes. However, comparison of the use of different cell voltages in
MCDI showed that despite the lower SAC obtained at 1.2 V, the faster kinetics made this
operational condition preferable to the use of higher cell voltages.

Application of the OSR approach revealed that an electrode exhibiting the highest SAC
is not necessarily the best option for CDI, since kinetics can impose limitations. In the present
case, use of MCDI at 1.2 V not only increased the OSR value, but also made the desalination
process more energetically efficient. The findings showed that the OSR technique can be used
for simple and straightforward evaluation of the performance of different CDI electrode

configurations.
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APPENDIX

The pseudo-n order kinetics equation for n>1 (Equation A4.1) is shown adjusted for

electrosorption and desorption in Equations A4.2 and A4.3, respectively.

1 1
" cnt

= —k,t (A4.1)

1 1
SAC,™Y  sAc'(pn1t

= —k,t, (A4.2)

1 1
SAC,,™'  spc(t)n-1

= _kndtd (A43)

Considering the number of cycles, calculated using Equation A4.4, and 99%

desorption, Equation A4.3 may be rewritten as Equation A4.5.

to

Ncycles = te_:;d (A4.4)
1 —

tha = W(loon 1-1) (A4.5)

The mass of salt removed in one cycle is expressed by Equation A4.6.
My = (SAC,,, — SAC'(t)) -mg (A4.6)
Replacing tng in Equation A4.4, and inserting Equation A4.2 in Equation A4.6, the

value of OSR for a pseudo-n order process can be calculated using Equation A4.7.

" = topMESACm ( SAC? )
ST o b———1 (1007 1-1) L+kneteSACK L
kngSACY:

(A4.7)

Deriving Equation A4.7 in terms of te, and making it equal to zero, gives Equation
A4.8.
kakot,(SACukot, — 2)SACE™™D 4 (2k kot ,SAC, — ko, 100"t — kg + k,)SACT +
SACp kg =0 (A4.8)

Considering pseudo-first order kinetics, with n = 2, Equation A4.7 becomes:

OSR — topr;lgE . ( SAkazete ) (A49)
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By deriving Equation A4.9 in terms of te, and making it equal to zero, teopt is obtained
according to Equation A4.10.

¢ _ 99
e=OPt ™ || kyek2aSACE,

(A4.10)
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CHAPTER S5

OPTIMIZED POLYANILINE-DERIVED CARBON ELECTRODES FOR
CAPACITIVE DEIONIZATION

Capacitive deionization (CDI) emerged as new a water desalination technology in
which ions are removed from brackish water by flowing between two polarized electrodes.
Cations and anions move and are stored in the negatively and positively charged electric double
layer (EDL), respectively. One of the most important components of the CDI cell is the
electrode material, which affects other fundamental parameters such as the salt adsorption
capacity (SAC), conductivity, desalination Kinetics, and energy consumption. Typically, the
CDaI electrodes are carbon-based materials, fulfilling requirements as high specific surface area
(SSA), chemical stability, and conductivity. Here, we make a comprehensive study of the
variables involved in the polyaniline activated carbons (PAC) preparation. A new mechanism
is proposed to explain how the carbonization/activation conditions have influence on textural
properties (SSA and pore volume) of PAC. We found that carbonization at temperatures <
600 °C are mandatory to provide more KOH-reactive carbon intermediates due to their
turbostratic structure. After activation at 850 °C, remarkable pore volume (2.30 cm?3/g) and
SSA (~3600 m?g) was achieved, which has direct influence on promoting high electrode
capacitance (213 F/g, in 0.2 M NacCl), and SAC (22.2 mg/g, in 600 mg/L NaCl, 1.2 V). This
SAC is among the highest values reported for CDI desalination using carbon electrodes. This
work enlightens the mechanism to achieve high performance activated carbons, and provides a

promising electrode material for CDI desalination.

5.1. Introduction

According to the United Nations, the access to potable water affects around 4 billion
people living in areas of water scarcity, and this number could grow up to 6 billion until 2050.[1]
In this context, water desalination is a feasible way to provide drinking water using well known
technologies such as reverse osmosis,[2] electrodialysis,[3] and multistage flash distillation.[4]

In the last decade, capacitive deionization (CDI) has emerged as a promising
technology for desalination. CDI is a low-cost technology employed mainly for brackish water
desalination (salt concentration < 10000 mg/L). Based on the same principles of
supercapacitors, the electric double layer (EDL) storages ions when the electrodes are polarized
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at typical cell potentials ranging from 0.9V to 1.2 V. In a simple CDI cell, the salt solution
flows through a pair of charged electrodes, which attract and store the ions in the EDL. Once
finished the electrosorption cycle, when the electrode saturates, a desorption cycle starts by
short-circuiting the electrodes or inverting their polarization. In both cases, the ions are released
back into a rinsing solution. This regeneration step can also be carried out before saturation in
order to optimize the rate of salt removal in a full electrosorption/desorption cycle.[5]

Carbon has been widely studied as promising electrode material for CDI desalination
since it encompasses desirable properties, such as: 1) high SSA and pore volume; 2) high
conductivity; 3) easy polarization; 4) amphoteric behavior; 5) environmentally friendly
material; 6) stability in different electrolytes.[6] Different forms of carbon with high salt
adsorption capacity (SAC) and charge-efficiency have been investigated as electrode materials
for CDI, such as: sponge,[7] cloth,[8] nanotubes,[9] graphene,[10,11] carbide-derived
carbon[12], and activated[13,14]. However, despite of their good performance, most of these
materials are still very expensive for an effective application.

Recently, we demonstrated that polyaniline-activated carbon (PAC) can be
successfully applied as electrode for CDI desalination.[15] Besides the low-cost of the
monomer, easy synthesis, and customization by varying the doping anion during the
polymerization process, the high nitrogen content of polyaniline (PAni) (~15 wt%.), may
provide pyrrolic- and pyridinic-groups which enhances the carbon capacity and wettability due
to their redox reactions.[16] It has also been observed changes in the PAC properties
(conductivity, surface groups, and pore structure) when PAni had been doped with different
anions. The highest SAC (14.3 mg/g) was achieved using the activated carbon derived from
PAnNI doped with p-toluenesulfonic acid (PANi/PTS). The SAC was further improved by using
ion selective membranes, reaching the value of 20.0 mg/g.[5,15] In these investigations, PAni
was activated and carbonized at 850 °C, but we recently realized that the CDI performance
improves as the carbonization temperature (Tc) employed for PAC synthesis decreases, since
Tc plays a very important role on the PAC properties. Therefore, in this work, we systematically
investigate the effect of Tc on the electrode properties and CDI performance, along with the
activation temperature (Ta) and KOH/carbon PAni weight ratio (K/C).

Few works explored the carbonization and activation temperature of PAni-activated
carbons. Lin et al.[17] studied the carbonization, activation, and KOH/precursor ratio during
the preparation of activated carbon used for CO, adsorption. These authors concluded that the

carbonization and activation at 200 °C and 700 °C, respectively, and K/C 2/1 provide the
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highest specific surface area (SSA) (2720 m?/g) and pore volume (1.68 cm?/g). They state that
the low carbonization temperature would not be enough to melt the KOH, and mix thoroughly
with carbon, leading to a poor structure development. Zhang et al.[18] found that the
carbonization and activation of PAni at 200 °C and 800 °C, respectively, and K/C 2/1 results in
the highest SSA (3768 m?/g), but the highest pore volume (2.85 cm®/g) is achieved increasing
K/C to 3/1. These authors suggest that PAni cross-linking at 200 °C increases the SSA of the
carbonized material, thus promoting a more homogeneous activation and leading to this high
surface area. They also report that carbonization at temperatures higher than 200 °C reduces the
SSA, but the effect of the doping anion on the PAniI cross-linking is not taken into account. On
contrary, Silvestre-Ribeiro et al.[19], during their studies about the effect of Ta and Tc (K/C
3/1) using SOs*-doped PAni, obtained the highest SSAger (4240 m?/g) after carbonization and
activation at 550 °C and 800 °C, respectively. They suggest that the reactivity is ascribed to the
amount of hydrogen on the carbon surface; however, they do not provide any evidence on this
regard. In this scenario, the mechanisms of PAni carbonization and activation remains unclear,
therefore demanding more experimental evidences to understand the role of Ta and Tc on the
textural properties of the resulting activated carbon.

In this work, we present a comprehensive study about the influence of different
activation conditions, bringing an insight on the role of carbonization/activation mechanism.
PAC/PTS was chosen for this study since it is promising material for CDI. Here, we also present
further evidences of the importance of PTS as doping anion on the properties of PAC. At first,
the carbonization temperature was evaluated maintaining the same activation temperature and
K/C. Then, the best carbonization temperature was applied to further investigate the activation
temperature and K/C. All the materials were fully characterized by different techniques in order
to provide the experimental background to understand the carbonization/activation
mechanisms. The as obtained activated carbons were finally evaluated as electrodes for CDI.
The desalination performance was evaluated in terms of SAC, electrosorption/desorption
Kinetics, and energy efficiency. Yet, a fully discussion on the role of the electrode properties
and electrosorption behavior is provided in order to understand the entire process (from carbon

properties up to desalination) and finishing with process optimization.

5.2. Experimental
5.2.1. Materials

The aniline monomer (99% Sigma-Aldrich) was distillated prior to polymerization and

maintained in amber bottle at low temperature (< 3 °C) to prevent oxidation. P-toluenesulfonic
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acid monohydrate (HPTS, > 98.5%, Sigma-Aldrich) was used as doping anion source. The
oxidant used for polymerization was the ammonium persulfate (98%, Sigma-Aldrich).
Polyvinylidene fluoride (PVDF, Sigma-Aldrich) and n-methylpyrrolidone (NMP,

99.5%, Synth) were used as binder and solvent, respectively, for electrode preparation.

5.2.2. Polyaniline synthesis, activation, and electrode preparation

PAnNi was chemically synthesized using the best yield conditions adapted from Jelmi
et al.[20]. Briefly, 10 mL of aniline was added at low temperature (~3 °C) and constant stirring
to 500 mL solution containing 0.30 M HPTS. The polymerization started by adding 85.9 mL of
the oxidant solution (1.0 M), dropped slowly into the monomer solution. The reaction was
carried out for 2 h. After polymerization, the PTS-doped PAni was filtered, washed with
deionized water and dried in oven at 60 °C for 24 h.[21] The polymer was labeled as PANi/PTS.

The PANI/PTS samples were carbonized at different temperatures (200 °C, 400 °C,
500 °C, 600 °C, and 850 °C) in a tubular furnace (Thermo Scientific Lindberg Blue M), at a
heating rate of 10 °C/min for 2 h, under N> atmosphere (150 mL/min). These samples were
labeled as Cx, where X stands for the carbonization temperature divided by 100; for instance,
the sample carbonized at 500 °C was labeled as Cs. After carbonization, the samples were
activated (PAC) using KOH pellets (Sigma-Aldrich) (K/C 4/1), followed by heating at 850 °C
for 1.5 h using the same heating rate and N> flow conditions as in the carbonization step. A non-
carbonized PANI/PTS sample was activated under the same conditions. For a posterior study,
samples carbonized at 500 °C were activated varying the activation temperature (650 °C,
750 °C, 800 °C, and 900 °C). Two samples carbonized at 500 °C were activated at 750 °C and
850 °C, using K/C 2/1.

The as-obtained activated carbons were washed with HCl 0.5 M and warm water
(60 °C) until constant pH and then dried at 105 °C for 24 h. The activated carbons were labeled
as CxAvKz, where X is the carbonization temperature divided by 100, Y the activation
temperature divided by 10, and Z the K/C. For instance, the sample carbonized at 500 °C, and
activated at 850 °C with K/C 4/1 was labeled as CsAgsKa.

The carbon electrodes were prepared by mixing 10 wt.% of PVDF previously
dissolved in NMP and 90 wt% of activated carbon. The slurry was kneaded and poured into a
mold containing a graphite substrate. The mold was then placed into an oven at 80 °C for 12 h
to remove all the solvent and form the carbon film.[22]

5.2.3. Material Characterization
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The carbon morphology was analyzed from images obtained in a scanning electron
microscope (SEM, JEOL JSM-840) using high voltages (20-25 kV). SSA and pore size
distribution (PSD) were determined from the N2 adsorption/desorption isotherms at -196 °C
using a Micrometics ASAP-2420. The samples were prior outgassed at 90 °C for 30 min, and
then 300 °C for 240 min. The specific surface area was calculated using Brunauer-Emmet-
Teller (BET) equation (SSAget) in the linear regime between 0.01-0.30 P/Po, following the
criteria proposed by Rouquerol et al.[23] The 2D-NLDFT Heterogeneous surface model was
employed to calculate the pore size distribution,[24] total pore volume (Viotal), and DFT specific
surface area (SSAprt) using the SAIEUS (Solution Adsorption Integral Equation Using Splines)
software. The pore size corresponding to the half of Vi Was assumed as the average pore size
(dso). The mesopore volume was determined by the difference between the total pore volume
of N2 adsorbed at P/Po > 0.95 and the micropore volume (pores < 2 nm). The structure of the
synthesized materials was characterized by X-ray diffraction (XRD) with CuKa = 1.5406 A
radiation and scanned for 20 values from 5-70 ° using Shimadzu XRD-6000 diffractometer.

The carbon composition was determined from thermogravimetric analysis (TGA) and
its derivative (DTG) using a TA Instrument, model TGA Q500. The measurements were
performed in a platinum pan in temperatures up to 900 °C, heating rate of 10 °C/min, in N2
atmosphere (60 mL/min). The surface functional groups were identified by Fourier transform
infrared spectroscopy FTIR (Bruker Vertex 70 spectrophotometer) using the KBr pellet
technique and quantified using X-ray photoelectron spectroscopy analysis (XPS) using a
Thermo Scientific instrument, model K-Alpha, with Al Ka radiation source (1486.6 eV).
Elemental analysis (CHNS) was performed with a Fisons — EA-1108 CHNS Element Analyzer
(Thermo Scientific) at 1020 °C, calibrated with BBOT. The oxygen content was calculated by

difference.

5.2.4.Electrochemical characterization

Cyclic voltammetry (CV) was recorded at different scan-rates in 200 mM NaCl using
a three-electrode cell with carbon electrodes as working (1.0 cm x 1.0 cm) and counter
electrodes (1.0cm x 2.5cm), and Ag/AgCI in saturated KCI as reference electrode. The
potential window between -0.2 VV and 0.5 V vs. Ag/AgCl was previously determined to prevent
redox reactions. A potentiostat Autolab PGStat 204 was used for all measurements.

The specific capacitance (Cs) and the average specific capacitance (Ccv) of the

electrodes (F/g) were calculated using Egs. 1 and 2, respectively, where | is the current, m the
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mass of carbon in the working electrode (g), and E1 and E> are the low and high values of the

potential window.

Cs = — (5.1)

Cov = 72— 52)

The converted deionization capacity (Dc) was calculated using Eq. 3, in which Ecei is
the applied cell potential (V), F the faraday constant (96485 C/mol), and My the molecular
weight of NaCl (58.5 g/mol).

Mw
D¢ = 1000. Cey. Ecoyy 7 (5.3)

The potential of zero charge (Epzc) was determined by electrochemical impedance
spectroscopy (EIS) in 10 mM NaCl, applying an amplitude of 10 mHz and step potential
(100 mV) starting from -0.3 V up to +0.6 V vs. Ag/AgCI. The capacitance (Ceis) was calculated
using Eq. 4, in which o is the angular frequency and Z” the imaginary component of the EIS

spectrum. Cgis was normalized considering the lowest value of capacitance.

(5.4)

5.2.5. Electrosorption

The desalination performance was evaluated using a recirculating batch setup
previously described in Zornitta et al.[22] Briefly, the cell consisted of two acrylic plates with
two titanium sheets (current collectors) in contact with the carbon electrodes (5 cm x 5 cm). A
plastic mesh separated the electrodes providing a gap of 1.8 mm for the electrolyte to flow.
Rubber gaskets sealed up the cell and all the components were assembled by nuts and bolts.

During desalination, an aqueous solution containing 600 mg/L NaCl (35 mL)
recirculated through the CDI cell at a constant flow-rate (26 mL/min) using a peristaltic pump
(Masterflex L/S Cole-Parmer). A potentiostat Autolab PGStat 204 applied a constant cell
potential of 1.2V (electrosorption) and 0V (desorption). The solution conductivity was
measured online at the exit of the cell and recorded every 30 s using a conductivity meter
(Mettler Toledo SevenCompact Conductivity). The conductivity was converted to salt
concentration using a linear relationship obtained prior to the experiment.

Salt adsorption capacity (SAC), charge efficiency (Qe) and specific energy
consumption () were calculated using Egs. 5-7, respectively, and used to evaluate the

performance of the electrode in the desalination process.

(Co=Cp).V
mg

SAC = (5.5)
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z.F.V.AC

Q= 100 x Z—=0

(5.6)

n= M (5.7)

Mrem

In these Equations, Co is the initial salt concentration (mg/L), Ct¢ (mg/L) the salt
concentration at time t, V the volume of electrolyte (L), me the mass of active material in both
electrodes, z the ion charge, and mrem the mass of ions removed. The current (l¢) in Eq. 6 is the
effective current used for electrosorption (subtracting the leakage current) while the current (1)
in Eq. 7 is the total current.

The electrosorption and desorption kinetics were investigated through the optimized
salt removal (OSR) technique, adapted from our previous work.[5] The electrosorption kinetics
was fitted according to a pseudo first (Eg. 8) or pseudo second (Eq. 9) order models. The
desorption Kkinetics was evaluated using the desorption time corresponding to the full
regeneration of the electrode. The optimized electrosorption time (te-opt) Was calculated by
deriving the amount of salt removed (ms) (Egs. 10 and 11 for pseudo 1% and 2" order,

respectively) and making it equal to zero. Replacing teopt in Eq. 10 or 11 provides the OSR
(mg/day).

SAC' = mSAC.exp(—k;.t) (5.8)
SACI — mSAC (59)
1+MSAC kye.te
top.mg.mSAC _
Mgry = = tj—td (1 —e7Hete) (5.10)
__ lop-mg.mSAC _ mSAC"—2
Msr2 = tet+ty ( 1+kne-te.mSACn‘1) (511)

In these equations, mSAC is the highest value of SAC (mg/g), SAC’ = mSAC — SAC(t),
top the operational time (day), me the mass of both electrodes (g), te the electrosorption time, tq

the desorption time, and kne is the pseudo n-order electrosorption kinetics.

5.3.  Results and Discussion

Table 5.1 displays the yield of carbonized PAni (Ycp) and PAC (Ypac) obtained under
different carbonization and activation conditions. Raising Tc, Ycp decreases since more volatiles
are released. Accordingly, the lowest carbonization yield (35.2%) is obtained applying 850 °C.
Surprisingly, the activation of the PAni carbonized at temperatures <400 °C led to the full
consumption (reaction) of the precursor (Y1 = 0), thus indicating its high reactivity with KOH.
Considering the same activation condition, it is interesting to notice that the higher Tc the higher
the Y7, evidencing that KOH is more reactive with PAni carbonized at low temperatures.
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Maintaining Tc at 500 °C and K/C at 4/1, the higher Ta the lower Yt since more carbon
reacts with KOH, which can be explained by the fact that most of the activation reactions
displayed in Egs. 12-20 occur only at high temperatures.[25-27] Therefore, at low Ta (e.g.
650 °C), the activation is less effective since the reactions involving CO: (Eg. 18) and H.O
(Eq. 20) do not occur and, consequently, the values of Yt are higher (24.8 wt.%). On the other
hand, at high Ta, such as 900 °C, all the reactions in Egs. 12-20 occur simultaneously, leading
to a reduction of Yt (11.4 wt.%).

4KOH g + CHy(s) = K,CO3(5) + Ky0(5) + 3Hy(gy 600 °C < T < 850 °C (5.12)
6KOH ) + Cs) = 2K(5) + 3Hy(s) + 2K,C05(5); T > 630 °C (5.13)
K,0s) + Cs) = 2K(5) + €Oy, ;650 °C < T < 800 °C (5.14)
K,CO3(5) + 2C(s) = 2K(s) +3C0(gy; T = 760 °C (5.15)
K,CO3(5) + Cs) = 2K(s) + CO(gy + COy4y ;600 < T < 800 °C (5.16)
K,C03(5) = K205y + €Oy ; T = 760 °C (5.17)
Cs) + COyq) 2 2C0gy; T > 700 °C (5.18)
2KOH gy = K,0(5) + Hy0y ; T = 500 °C (5.19)
Cesy + H20(g) = COgy + Hy(g) ;700 °C < T < 800 °C (5.20)

The activation process was further investigated varying Ta from 750 °C to 850 °C, but
maintaining Tc at 500 °C and K/C at 2/1. As Ta increases, Y1 diminishes, but this trend is more
sensitive using K/C 2/1. Besides, the low values of Ypac at high Ta is an indicative of high SSA
development since the activation is more effective and the reaction products removal is
facilitated. On the other hand, the use of high temperatures also have a deleterious effect on the
SSA, such as pore collapsing and shrink.[28]

According to Egs. 12-17, activation with KOH is mostly influenced by the presence of
potassium. In order to compare its influence on the activation, Cs was activated at 850 °C using
K2COs (sample CsAgsKC). The weight ratio of K2COs to carbon (4.95:1) was chosen to provide
the same KOH/carbonized PAni ratio used to obtain CsAssKa. The highest Yt observed for this
sample (34 wt.%) is attributed to the less effective reaction between carbon and potassium due
to the reduction of K>O and K (Egs. 12 and 13), and the lack of carbon reaction with H20O,

since reactions in Eqgs. 19 and 20 do not occur.
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5.3.1. Characterizations

Figure 5.1a displays a micrograph of PAni/PTS after the chemical synthesis, revealing
the typical coral-like morphology with interconnected rods with diameters ranging from 200-
300 nm.[29] After carbonization at 500 °C (Cs) (Fig. 5.1b) the rods melted (melting point of
PAni =330 °C), but the coral-like morphology is preserved. The rod diameters grow up to 450-
850 nm. The same morphology is observed for C4 and Cgs, but the rod size is larger when Tc
increases (Fig. Ab.1a and b).

After activation, the morphologies are completely distinct, e.g. CsAssKa (Fig. 5.1¢) has
a smooth surface which results from the complete melting of Cs. The large cavities (0.8-2 pum)
probably results from the strong reaction between the precursor and KOH, which releases large
amounts of volatiles during the activation. The surface becomes smoother, compact, and with
few cavities when Tc is higher than 850 °C, e.g. CssAssK4 (Fig. 5.1d).

The XRD pattern of PAni/PTS and carbonized samples are shown in Figure 5.2a. The
reflections for PANI/PTS refers to the typical PAni structure.[30] After carbonization, the
diffraction profiles for C4 and Cs exhibit a broad band centered at 20.7 °, which is assigned to
the amorphous carbon structure composed of microcrystalline carbon fragments (turbostratic
structure) (Fig. 5.2b).[31] The disordered arrangement of the graphite basal planes in the
turbostratic structure provides an open framework with more spaces between the planes. Yet,
the surface groups formed at the edges of the carbon structure provide higher chemical
reactivity, when compared to graphitic carbon.[32] Interestingly, Css shows two broad
diffraction bands at 25° and 43° assigned to graphitic structure (Fig. 5.2c), indicating that this
carbon has a more developed and organized structure then the carbonized at low temperatures.
In addition, the formation of the graphitic structure decreases the mesopore volume and
promotes a change in morphology, as confirmed by the SEM images (Figs. 5.1 and A5.1), and
TEM micrographs (Fig. A5.2).[33,34]

In order to further understand the reactivity of the carbonized PAni with KOH, the
carbons were characterized by elemental analysis, TGA, and FTIR. Table 5.2 shows the
elemental composition of PANi/PTS and the carbonized and activated materials. Considering
that PAni is composed only by carbon, nitrogen and hydrogen, the presence of sulfur in the
samples is assigned solely to the presence of the doping anion PTS. Based on the sulfur and
nitrogen content, the later present in the in the polymer backbone, the oxidation state of PAnI

was estimated by atomic balance. The doping level was calculated as 43.4 wt.%, giving an
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oxidation state of 0.47, which means that almost half of the polymer is formed by quinone units,
which corresponds to the protonated emeraldine salt.[35]

Figure 5.1. SEM images of the PANi/PTS (A), Cs (B), CsAgsK4 (C), and Cgs5Ag5K4

Figure 5.2. (A) XRD patterns for PAni/PTS, Ca, Cs and Cgs samples, (B) turbostratic
structure, and (C) graphitic structure
Table 5.2. Elemental analysis of PANi/PTS and their carbonization and activation products,
weight percentage of PTS, and ratio between the oxygen from PTS and total oxygen content

(Oprs/0)
¢ H N S © OrpT1s/O
wt.%
PANi/PTS 56.3 4.6 7.5 8.1 23.5 0.53
Cs 64.2 4.1 10.1 2.2 195 0.17
Cs 66.5 41 10.0 1.7 17.8 0.14
Css 78.3 3.2 6.4 2.0 10.1 0.30
CsAssKa 78.3 4.5 5.2 0 12.0 0
CsAssKa 87.7 3.7 1.6 0 7.0 0
CsAK? 83.6 3.8 2.1 0 10.5 0

CsAgsKC  71.6 1.8 1.3 1.0 24.3 0.06

Figures 5.3a and b show the TGA and dTGA, respectively, for PAni/PTS, C4, and Cs.
In the range between 50 °C and 105 °C, all samples presented a small mass loss (~5 wt.%) due
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to the release of physisorbed water. The presence of water explains the oxygen content not
assigned to the dopant in PANI/PTS (7.7 wt.%). From 280-320 °C there is an expressive mass
loss for PANI/PTS, commonly attributed to the release of carboxylic, lactone and/or anhydride
groups.[36] Considering that non-doped PAni is oxygen-free, the weight loss rate observed at
300 °C confirms the release of oxygen from the PTS. This trend agrees well with other
studies.[37] As expected, no mass loss at 300 °C is observed for C4 and Cs since both samples
have been carbonized at high temperatures. The elemental analysis also reveals that the sulfur
content decreases 5.9 wt.% when PANI/PTS is carbonized at 400 °C. On the other hand, not all
oxygen released during the carbonization comes from the dopant, as estimated by the Opts/O
ratio.

Figure 5.3. TGA (A), and dTGA (B) of PAni and their carbonization products
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Since the PAni decomposition occurs between 450-600 °C,[37] two thermal events in
this regard are identified in the dTGA of PANI/PTS at 474 °C and 550 °C, while only one is
observed for C4 at 512 °C and Cs at 600 °C. This difference is attributed to the partial
decomposition of the carbon during the carbonization step prior to the TGA analysis. Although
the elemental analysis revealed that the oxygen content decreases as Ta increases, the amount
of oxygen released assigned to PTS (Orrs) is different for samples C4 and Cs and, consequently,
the ratio Opts/O decreases (Table 5.2). These results suggest that although some compounds
assigned to PTS decomposition have been released, other compounds still remain in the Cgs
structure. Therefore, carbonization at high temperature (Cgs) increases the content of carbon.
Taking into account the elemental analysis, the thermal events at 725 °C (C4 and Cs) and 757 °C
(PANI/PTS) were ascribed to the elimination of some nitrogen groups at high-temperatures,
which reduces the content of nitrogen, while the percentage of sulfur remains practically the
same, indicating that the content of sulfur in the carbon structure is stabilized at 500 °C. No

evident trend between Tc and the hydrogen content in the samples is observed. After reaching
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850 °C, the remaining mass of PAni is ~32 wt.%, which is in good agreement with Ycp for
Css5AgsK4 (Table 5.1) and aligns well to other values found in literature.[37,38]

The absence of sulfur in the activated carbons is due to desulfurization reaction
promoted by the KOH, as already demonstrated elsewhere.[39] Low carbonization and
activation temperatures led to a high nitrogen content (5.2 wt.% for CsAesKa), but even at high
activation temperatures the nitrogen content is not negligible (1.6 wt.% for CsAgsKs). The
presence of nitrogen in some surface groups is important for electrochemical applications, since
they can carry out redox reactions. Activation using K>COz led to an oxygen-rich material,
indicating a more oxidized surface.

FTIR analysis was carried out to obtain information about the surface groups in
PANI/PTS and their carbonization products. According to Figure 5.4a 4A, all samples present
absorbance at 3470 cm™, 1630 cm™, and 1384 cm™, characteristic of the stretching and
deformation vibrations of water and C-N stretching, respectively.[40-42] The absorbance
bands observed for PANi/PTS at 491 cm™, 685 cm™, 815 cm™, and 1182 cm™ are assigned to
out-of-plane C-H bending of the benzenoid ring. For the carbonized samples, the C-H bending
are slightly displaced to different positions: 669 cm™, 741 cm™, 810 cm™, and 1163 cm* for
Cs, and 695 cm?, 745 cm™, and 813 cm™ for Cs. Only a very weak band at 1163 cm™ is
observed for Cg5.[43-47] For PANI/PTS, the bands at 1041 cm™ and 1130 cm™ are ascribed to
the presence of HSO4/SOs" in the sulfonated aromatic ring due to PTS", while the vibrations at
1298 cm™ and 1479 cm™ are assigned to C-N and C=C ring vibration of the benzenoid ring,
respectively.[42,48] The band at 1444 cm™ for Csis ascribed to the C=C bending vibration.[49]

FTIR reveals the diminution of surface groups as Tc increases. Groups assigned to C-
H bonds are present in all samples, with a slightly decrease in the samples carbonized at higher
temperatures. This aligns well with the elemental analysis, in which the variation of the
hydrogen content in the carbonized is negligible, and shows that the amount of hydrogen per
se does not explain the higher reactivity of the Cs with KOH than Cgs as suggested by other
authors.[19] To further understand the higher reactivity of C4 compared with Cs, both materials
were characterized by XPS (Fig. 5.4b). Although the carbon content is higher in Cs, the nitrogen
content decreases as Tc increases (Table A5.1). The N-groups in both materials are assigned to
pyridinic (~398.1 eV) and pyrrolic (~399.8 eV) groups (Fig. A5.3). Although similar oxygen
content has been determined for C4 and Cs, there are differences in oxygen bonding groups.
The O1s spectra for C4 reveals the presence of C=0 (~530.5 eV), and C-O (~532.0 eV) groups
(63.0 at.%), while Cs is mainly composed by the O-C=0 (~533.2 eV) (52.4 at.%). The sulfur
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content is negligible in both cases. These results evidence the influence of the carbonized
temperature on the carbon surface properties and suggest that the presence of different oxygen

surface groups can induce to different reactivity during the carbonization step.

Figure 5.4. FTIR of PAni and their carbonization products (A), and high resolution
deconvoluted O1s XPS spectra of C4 and Cs (B)
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Indeed, oxygen surface groups such as aldehydes/ketones (C=0),
alcohol/phenol/epoxy (C-O), and carboxylic acid/ester (O=C-O) reacts with KOH before and
throughout the activation; however, at room temperature, aldehyde undergo nucleophilic
substitution reaction (Cannizarro Reaction) in concentrated KOH (Eqg. 21), forming carboxylic
potassium salt and alcohol.[50] Other reaction involving alcohol dehydration in basic media
(EQ. 22), have also been reported.[51] Reactions of KOH with the precursor may also play an
important role on the mechanism of carbon activation. Chunlan et al.[52] suggested a
mechanism in which KOH reacts with surface groups forming C-O-K intermediates which
react at high temperature with the carbon surface to form K.COsz: and KO
(Egs. 12, 13, 17, and 19). Posteriorly, the potassium compounds are deoxidized forming
metallic K, which intercalates in the d-space of the carbon layers. Therefore, the reactions in
Egs. 21 and 22 represent intermediate steps in the activation mechanism. Other authors also
suggested that potassium and oxygen present in the surface groups might cause the lamellae
separation by oxidation of the crosslinking carbon atoms during activation.[53]

o

(o]
oK
" KOH pellet OH
2 +

R'—OH+K*OH™ = R'— 0 K* + H,0 (5.22)

(5.21)
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As the mixture of the carbon precursor and KOH are heated up during the activation
step, H2 is formed according to reactions in Egs. 12, 13, and 20. During the activation, the
oxygen content diminishes due to the reaction of hydrogen with oxygen groups, such as the
carboxylic acid anhydride, according to Eq. 23.[56-58] Despite of the low oxygen content on
the C4 and Cs surfaces (Table A5.1), the elemental analysis has evidenced a greater amount in
the bulk (Table 5.2). Comparing the elemental analysis for Cs before and after activation
(CsAssK4, CsAssKs, and CsA7sK»), the oxygen content decreases due to carbon conversion to
CO and COg, according to Eq. 23.

xH, +0=()—0—-(C)=0-CO+CO,+2x(C)H (5.23)
5.3.2. Mechanism of activation of the carbonized precursors

Based on the characterization results, we propose a new mechanism for the KOH
activation of the carbonized PANi/PTS precursor obtained at different temperatures. The
mechanisms proposed in prior studies[18,19] does not explain our results since no activation
occurs for the samples carbonized at Tc < 400 °C (the precursor is totally consumed in the
reaction with KOH) and no variation on the hydrogen content is detected. According to our
experimental evidences, the role of Ta on the activated carbon is based on two mechanisms
occurring simultaneously: Facilitated-K intercalation and surface groups reactivity.

We propose that the reactions expressed by Eqs. 21 and 22 take place prior the
activation process, forming —C-O-K as intermediary. Considering the commonly accepted
activation mechanism for KOH activation, as the carbon precursor and the activating agent are
continuously heated up during the activation step, K2COs and K>O are formed according to
Egs. 12, 13,17,and 19.  Simultaneously, the hydrogen released during activation
(Egs. 12, 13, and 20) reacts with the oxygen groups according to Eq. 23, and the potassium
oxides are deoxidized to form metallic K, which intercalates in the carbon structure.

According to our X-ray analysis (Fig. 5.2), the turbostratic structure is formed when
PAnI is carbonized at 400 °C or 500 °C. The open framework of this structure facilitates the K
intercalation, thus promoting more effective activation, resulting in the CsAgsK4 morphology
(Fig. 5.1c). The turbostratic structure is also characterized by many functional groups at the
edges of the basal planes which further improves the reactivity of C4 and Cs with KOH.
According to the XPS analysis (Table A5.1), these groups are mainly composed by oxygen
(C=0, C-0O, and O=C-0). This trend also explains why Cj4 activation did not result in any
activated carbon. In this case, the partial decomposition of PAni during the carbonization step
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(Fig. 5.3aand b), the turbostratic structure and the oxygen-rich precursor (Table A5.1)
promoted a remarkable reactivity with KOH, leading to the total carbon consumption,
consequently, Yt = 0.

On contrary, when PAniI is carbonized at 850°C, the graphitic structure (Fig. 5.2)
hinders the access of the metallic potassium, reducing its reactivity with carbon.
Simultaneously, the reactivity decreases due the minor content of oxygen surface groups
(Table A5.1), which are volatized at high temperatures, thus preventing the intermediate
reactions in Eqgs. 21-23. This trend is also corroborated by the more compact morphology
exhibited by CgssAssK4 (Fig. 5.1d).

The comprehension of these mechanisms of carbonization/activation is extremely
important since they influence the textural and electrochemical properties and, consequently,
affects the electrosorption/desorption Kinetics and ion storage capacity of the activated carbon

used for CDI purposes.
5.3.3. Textural properties

Figure 5.5a displays the N2 adsorption/desorption isotherms for the carbons prepared
under different activation conditions. CsAgsKa and CeAsgsK4 present type 11 isotherms while the
other activated carbons present type I isotherm according to IUPAC classification.[56] The high
N2 uptake at low pressures (P/Po < 0.01) for all carbons indicates the presence of micropores
(pore width <2 nm). The steady increase in the N2 uptake for CsAgsKas, CeAgsK4, and CsAgoKa
up to P/Po = 0.5 and the less pronounced H4-type hysteresis loop are attributed to mesoporosity
(pore width >2 nm). The PSD (Fig. 5.5b) determined from the isotherms confirmed the
presence of mesopores occupying 66%, 65%, and 63% of the total pore volume for CsAgsKa,
CsAssKa, and CsAgKs respectively (Table 5.3). It is important to notice the remarkable values
of SSAger for CsAssKs and CeAgsKa: 3653 m?/g and 3539 m?/g, respectively. More realistic
values of specific surface area were calculated using the 2D-NLDFT method (SSAprt) and are
compared with SSAget in Table 5.3.[24,56] Notwithstanding the values of SSAprr are lower
than SSAgeT, they are still very high compared to other activated carbons found in literature.

As seen in Table 5.3, the activation process is mandatory to obtain high SSA, but Tc
has an expressive influence on the textural properties of the activated carbons. Accordingly,
when Tc raises from 500 °C (CsAssK4) to 600 °C (CsAssKa) or 850 °C (Cg5AgsK4), maintaining
the same activation conditions, the SSAprr decreases 7.2% and 20.0%, respectively. This trend
aligns well with the observed for Ypac (CssAssKs > CsAgsKa > CsAgsKa). Indeed, this reinforces

our hypothesis which states that higher reactivity between the precursor and KOH occurs when
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PAni is carbonized at low Tc. Furthermore, as Tc decreases from 850 °C to 500 °C, the total
pore volume of the activated carbon increases 45% due to the pore enlargement (Table 5.3). It
is noteworthy that in our previous study,[15] the SSAget of the sample Cg sAgsKa was 59% lower
than the obtained in this work, just because the KOH-impregnation method was different. In
our previous work, the carbonized material was mixed with KOH and immediately activated at
850 °C. In this work, the impregnation lasted 24 h, suggesting that the contact between the
carbonized material and the KOH play an important role on the pore development, especially
on the light of the proposed carbonization/activation mechanism.
Figure 5.5. Nitrogen adsorption-desorption isotherms (A), and PSD (B) of polyaniline

activated carbon obtained under different activation conditions. The isotherms and PSD for Cs

and Cgs are shown in Figure A5.3
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Table 5.3. SSAget, SSADFT, total volume of pores (Viotar), Volume of micropores (Vmic),
percentage of mesopores (%Vmes), and average pore diameter (dso) obtained from the N

adsorption/desorption isotherms

Material S(an;gE)T SSAorr (M?/g) (C\r/;";;*'g) Vinic (€M¥G)  %6Vimes  dso (M)
Cs 158 106 0.08 0.07 20 1.6
Css 332 467 0.16 0.16 0 0.7
CsAssK4 3649 2470 2.30 0.78 66 25
CsAssK4 3539 2291 2.12 0.74 65 2.4
Css5A8K4 2617 1978 1.14 0.90 21 1.2
CsAssK4 1687 1175 0.71 0.59 17 1.3
CsAsK4 2725 2059 1.21 0.92 24 1.4
CsAaKa4 2945 2361 1.96 0.72 63 2.5
CsA7K2 3063 2353 1.30 1.10 15 1.1
CsAgsKC 2329 1881 0.93 0.87 6 1.0
Css5As5K4” 1484 - 0.64 0.59 8 -

*Csg5As5K4 obtained for immediate contact of KOH with precursor.[15]
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The reduction of the activation temperature from 850 °C to 650 °C decreases
dramatically the SSAprt (48%), impacts the PSD, and increases Ypac (27%) for CsAssKa. At
650 °C, the temperature is not enough to promote all the activation reactions between the carbon
precursor and KOH. CsAesK4 is mostly microporous due to the lack of physical activation
reactions involving CO2 and H,O (Egs. 18 and 20), which are known to promote pore
enlargement.[28,57] Although activation at 750 °C ensures pore development (CsA75Ka), it is
not as effective as the activation at 850 °C. Comparing activations at 750 °C and 850 °C at the
same Tc and K/C, the SSAprt decreases ~17 % (decreasing Ta) and an expressive reduction of
mesoporosity (42%) is observed, thus indicating that pore enlargement takes place at
temperatures higher than 750 °C, probably promoted by the reactions involving CO2 (Eg. 6). A
further increase of Ta to values up to 900 °C reduces both, SSAprr and pore volume, but the
mesoporosity remains, probably due to the pore collapsing. As K/C reduces to 2/1 (CsA75K2),
the SSAprr increases ~14%, while the mesopore volume reduces 9% compared to CsA7sKa.
This trend is well aligned to other works in literature,[58,59] and is attributed to the over-
activation caused by the higher KOH weight ratio.[60]

Activation using K.CO3z promotes mainly the development of micropores in CsAgsKC
(94%), with negligible presence of mesopores. Furthermore, the SSAprr of CsAgsKC is 23%
lower than CsAgsK4, evidencing the mild reactivity between K>.CO3 and the precursor.

5.3.4. Electrochemical characterization

CV experiments were carried out to evaluate the conductivity and capacitance of the
electrodes in 200 mM NaCl. This concentration was employed to prevent limitations imposed
by mass transfer. Figure 5.6a displays the voltammograms run at 1 mV/s for the electrodes
prepared using the activated carbons carbonized at different temperatures. The quasi-
rectangular shape is characteristic of capacitive materials with low resistivity.[61] The CVs for
the other carbon electrodes show the same pattern (Fig. A5.5). The highest capacitance
(213 F/g) calculated by Eq. 2 is achieved for CsAgsK4. Although this value is very high, it is
still lower than the capacitance obtained using expensive materials, such as N-doped graphene
(~287 F/g).[7] As shown in Table 5.4, the high capacitance observed for PAni activated carbons

are very dependent on the carbonization and activation conditions.
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Figure 5.6. (A) Cyclic voltammetries recorded at 1 mV/s and (B) capacitance at different

>

400

300

Capacitance (F/g)

-300

-400

scan-rates. Electrolyte concentration: 200 mM NaCl

1——CeAg Ky
200
100 -

-100 +
-200 +

Gt 213 F/g

— CysAg5Ky

/ 186 F/g
163 Frg

T T T T T T T T
-03 02 -0.1 00 01 02 03 04 05 0.6

E (V vs. Ag/Ag(C])

=~

250

Capacitance (F/g)

N
=]
1

—=—CAgK,

——CeAgsKy
—— CysAgKy
-+ CsArnK,
— v -C.AKC

Scan-rate (mV/s)

Table 5.4. Capacitance calculated from the cyclic voltammograms at 1 mV/s in 200 mM

NaCl, and converted deionization capacity (D).

C (F/g) Dc(mg/g)
CsAssK4 213 38.7
CesAsgsKa 186 33.8
Cs5As5K4 162 29.5
CsAs5Ka4 88 16.0
CsAsKa 142 25.8
CsAsKa 132 24.0
CsA9K4 211 38.4
CsAK:2 178 32.4
CsAssK2 181 32.9
CsAssKC 83 15.1

An evident trend is observed between the capacitances and the textural properties

shown in Table 5.3, since the higher the SSA the higher the capacitance. The values of D¢

calculated by Eq. 3 indicate that if the capacitance is completely converted in SAC, remarkable

values of salt electrosorption, among the highest already reported for CDI, would be achieved

(Table A5.3). However, in diluted solutions, the SAC seldom matches D¢ due to ohmic losses,

faradaic reactions, and ion transport limitations. Nevertheless, it has been reported that SAC

usually corresponds to 50-60% of Dc,[62] which is, for most of the materials shown in

Table 5.4, a high value of predicted SAC.



131
Chapter 5 — Optimized Polyaniline-derived Carbon Electrodes for Capacitive Deionization

The trend between capacitance and scan-rate shown in Figure 5.6b is an indicative of
the ion diffusion kinetics in the electrode. As the scan-rate increases, the capacitance decreases
due to the sluggishness of ion diffusion, thus affecting the EDL formation. The capacitance
drop is usually less sensitive for mesoporous materials since the mesopores behave as large
avenues for ion diffusion, thus facilitating the access to the pores.[63] However, despite of the
mesoporosity observed for CsAgsKs, (Table 5.3), no evident kinetics improvement has been

achieved compared with the microporous carbons, e.g. CsAgsKC.

5.3.5. Desalination
5.3.5.1. Influence of carbonization conditions

Electrosorption experiments were carried out to evaluate the performance of PAC
electrodes for desalination. The performance of the carbonized samples (Ca, Ce, and Csgs) were
also investigated, but negligible salt removal was achieved (Fig. A5.5) due to the poor pore
structure development.

The SAC kinetics of electrosorption and desorption shown in Figure 5.7a reveals the
influence of the Tc on the desalination performance. The maximum value of SAC (mSAC) was
achieved using CsAgsKs and CsAgsKs after ~15 min, and CgsAgsKs after ~19 min, indicating
that the open pore structure of the PAni carbonized at low temperatures (Table 5.3) enhances
the desalination kinetics. The remarkable mSAC achieved using CsAgsKa4 is among the highest
values reported for CDI using carbon electrodes (Table A5.3). According to Tables 5.3 and 5.5,
as Tc increases, mSAC decreases due to the small pore volume and less favorable PSD (e.g.
Css5AgsKs). The values of mSAC in Figure 5.7a aligns well with those of capacitance and
correspond to 50-60% of D (Table 5.4).

A linear trend between the mSAC and SSAget is observed in Figure A5.7, except for
CsA7sKa, demonstrating that, in this case, high SSAger is mandatory in order to achieve high
electrosorption uptake, although it has been reported that the most important variable
determining mSAC is the pore volume distribution.[64] In this regard, the results obtained using
CsAssKs and CeAgsKy also aligns well to literature since they present the highest pore volume,
mainly associated to mesopores (Table 5.3), which improves the electrosorption kinetics
according to Table A5.2.

Theoretical SAC values (tSAC) were calculated from a model taking into account the
pore size distribution of the carbon material.[64] Despite the different values of mSAC and tSAC
(Table 5.5), they follow the same trend for CsAgsKa, CsAgsKas, and CgsAgsKa, in which the

values of tSAC correspond to ~82% of the experimental. Furthermore, the nitrogen content of
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CsAsgsKs4 (Table 5.2) probably is associated to pyrrolic and pyridinic surface groups, which are

recognized to provide pseudocapacitance and enhance electrosorption.[16]

Figure 5.7. SAC (A) and ms (B) against time obtained using the electrode materials prepared
at different values of Tc. Desalination conditions: 600 mg/L NaCl, 1.2 V
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Table 5.5. mSAC, OSR, charge-efficiency and specific energy consumption for the activated
carbon electrodes in 600 ppm NaCl. Ecen = 1.2 V. tSAC was calculated for 5 mM NaCl
Electrode mSAC (mg/g) OSR (mg/day) Qe (%) n (JI/mg) tSAC (mg/g)

CsAssK4 22.2 1517 81 4.2 18.4
CeAssK4 20.6 1207 88 3.9 16.9
Cs.5A85K4 15.1 646 78 5.0 12.6
CsA5K4 7.2 1136 38 8.4 12.2
CsAs0K4 17.3 1235 70 4.2 -

CsAgKa4 19.3 1501 77 4.5 16.4
CsAsK2 19.6 1503 84 4.0 14.4
CsAssK2 17.6 1418 82 4.4 -

CsAssKC 12.0 1137 74 5.4 11.3
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Figure 5.7b shows the optimal salt removal (OSR) for the activated carbon electrodes
prepared at different Tc. The OSR combines simultaneously the effects of mSAC and electrode
kinetics (adsorption and desorption) and has been proposed by Zornitta and Ruotolo[5] as an
attempt for an overall evaluation of the electrode used in the desalination process. The
electrosorption kinetics and desorption times used for the OSR calculations are presented in
Table A5.2. The effect of the carbonization temperature on the OSR desalination performance
is clear. According to Table 5.5, CgsAgsKs has less than half of the OSR of CsAgsKs4 and
CeAsgsKa, despite of its mSAC be slightly low. The superior OSR for CsAgsKa is attributed to the
faster kinetics promoted by the large pore volume, which improves the ion diffusion in the
pores.

Among the electrodes in Table 5.5, the highest Qe and lowest # are achieved using
CeAssKs, suggesting a minor effect of co-ion repulsion in the micropores, as already evidenced
in our previous work.[65] Interestingly, although lower Qg is observed for CsAgsKs compared
to CsAgsKs, the values of # are very similar due to the fact that for # calculation the leakage
current is taken into account, i.e., the ohmic drop and faradaic reactions are considered. In the
case of the electrodes CssAssK4 and CsAssKs, although they have similar Qg, the first one has
higher # due to the lower mSAC, despite of the leakage current observed for this electrode be

lower (not shown).

5.3.5.2. Influence of the activation conditions

The effect of different activation conditions (Ta and K/C) on the electrode performance
are displayed in Figure 5.8. High mSAC is achieved using CsA7sK2 and CsAgKa, with
practically the same electrosorption/desorption performance. However, the mSAC for these
materials is still lower than the CsAssKs4 (Table5.5). On the other hand, the fast
electrosorption/desorption kinetics observed for CsA7sK2 and CsAgoKs led to practically the
same OSR for CsAgsK4 (Fig. 5.8b).

Interestingly, using CsAesKs (Fig. A5.8) and CsA7sK4 a different desalination trend is
observed. While CsAssK4 behaves as inverse CDI (iCDI),[66] the mSAC for CsA7sK4 is much
lower than the other electrodes. These trends cannot be explained by the textural properties,
since the tSAC calculated from the PSD predicts a value higher than the experimental and mSAC
for CsA7sK4 is out of the linear trend shown in Figure A5.7. Therefore, the unexpected

performances of these electrodes was ascribed to the presence of functional surface groups.
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The effect of the surface groups can be indirectly estimated from the potential of zero
charge (Epzc) of the electrode,[65] which was determined from the differential capacitance
obtained by EIS for the activated carbons prepared at different values of Ta (Fig. A5.9a). The
Epzc decreases from 0.4V to 0.3V and 0.2V vs. Ag/AgCl as the activation temperature
increases from 650 °C to 750 °C and 800 °C, respectively. This trend indicates that the surface
of CsAesKs is more acid than the other electrodes, which means that the electrode surface is
negatively charged.[65,67] As Ta increases, the surface groups responsible for the negative
chemical charge are released during activation, thus reducing Epzc for CsA75Ka, and stabilizing
at 0.2 V at temperatures higher than 800 °C.

Figure 5.8. SAC (A) and ms (B) against time for the electrodes prepared with carbons
activated at different conditions. 600 mg/L NaCl, 1.2 V
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Another important variable required to analyze the effect of co-ion repulsion is the
short circuit potential (Eo), usually employed as the electrode potential during the regeneration
step. For the positive electrode, the higher the difference between the values of Eo and the
positive Epzc, the stronger the effect of co-ion repulsion.[5] Table A5.4 reveals that as Ta
increases, Eo remains at 0.12-0.19 V vs. Ag/AgCI. The highest Epzc — Eo differences are justly
observed for CsAssKs, followed by CsA7sKas. Thus, the effect of Epzc on the co-ion repulsion
explains the low values of mSAC and Qg, and the high » observed for CsA7sKa. Indeed, D¢ and
tSAC predictions based on the capacitance and PSD for CsA7sK4 by far overestimates the real
value of mSAC.

Interestingly, although the mSAC for CsAsoK4 is much higher than that for CsA7sKa4
(140%), the OSR is only ~9% superior due to the its slow electrosorption and desorption kinetics
(Fig. 5.8b). A similar trend has already been reported in our previous work,[5] and highlight

the importance of taking into account not only the sorption capacity, but also the kinetics to
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evaluate the electrode performance. The highest value of mSAC is obtained for CsAgsK4 and,
despite its slow electrosorption and desorption kinetic (Table A5.2), it has the highest OSR
among the studied electrodes. As Ta increases to 900 °C (CsAqK4), mSAC decreases, although
its OSR remains similar to the obtained using CsAgsKs. This mSAC agrees well with the values
predicted by capacitance and PSD i.e., ~ 83% tSAC and D, between 50-60%.

Higher mSAC is achieved reducing K/C, but maintaining Ta at 750 °C (CsA7sK?2),
compared with CsAzsKa. This trend is explained by the higher SSA and large pore volume. On
the other hand, the narrow pore size (dso) of CsA7sK2 is responsible by the poor electrosorption
and desorption kinetics observed for this electrode, which results in low OSR. Activating at
850 °C, the opposite trend is observed, i.e., the mSAC for CsAgsK? is lower than for CsAgsKa,
and the kinetics is slower as well. This result suggests a synergetic effect between K/C and Ta

on the electrode properties and, consequently, on the desalination performance.

5.3.5.3. Influence of the activating agent

The desalination performance of the electrodes prepared with carbons activated with
KOH and K>COs (CsAgsKC) are compared in Figure 5.9a. The superior performance of
CsAsgsKs is evident and well aligned with its the pore structure (Table 5.3) and electrochemical
characterization (Table 5.4). KOH activation provides activated carbons with higher SSA, pore
volume, and electrosorption capacity (Table 5.5). The electrosorption and desorption kinetics
for CsAgsKC are very fast (Fig. 5.9b) and fits well to the pseudo second order model
(Table A5.2), thus having a strong impact on the OSR calculation. The OSR is high, despite its
low mSAC, but still inferior than the observed for CsAsgsKa. Interestingly, the mSAC for
CsAgsKC aligns well with tSAC and achieves ~80% of D. due to the predominance of
micropores. Considering that K>COs is easier to handle than KOH, and the treatment after
activation is facilitated, activation using K>.COz could be a feasible alternative to provide

activated carbon electrodes for CDI.
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Figure 5.9. SAC (A) and OSR (B) against time for CsAssKs and CsAgsKC. 600 mg/L NaCl,
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5.4. Conclusion

Capacitive deionization is a promising technology typically used for water
desalination. The achievement of a material with high desalination capacity, low energy
consumption, and fast desalination kinetics is still one of the challenging issues for the effective
use of CDI. In this work, we presented an optimized activated carbon, PAC/PTS, with
remarkable properties such as very high specific surface area, large pore volume, and high
nitrogen content, which provided high capacitance and desalination capacity.

A new mechanism for PTS-doped polyaniline (PAni/PTS) carbonization/activation
was proposed, enlightening how the preparation conditions affects the pore development of
the activated carbon. Low carbonization temperatures (500 °C < Tc <600 °C) provides oxygen-
rich carbons with a turbostratic structure which improves their reactivity with KOH during
activation at temperatures higher than 700 °C, leading to remarkable values of SSA (3649 m?/qg)
and pore volume (2.30 cm?3/g) at optimized conditions (Tc = 500 °C, Ta = 850 °C, and K/C 4/1
- CsAssKy). Activation at Ta < 650 °C lead to a poor pore structure PAC, with high oxygen and
nitrogen content which indicates the presence of surface groups. Although activation at high Ta
(900 °C) resulted in a well-developed pore structure, pore shrinkage and collapsing diminish
the pore volume and SSA.

CsAsgsKs electrode provided the highest capacitance (213 F/g) and SAC (22.2 mg/g),

which is ascribed not only to its textural properties, but also to the pseudocapacitive effect
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ascribed to the presence of nitrogen heteroatoms. This SAC is among the highest values

reported for CDI desalination using carbon electrodes.
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Table A5.1. Surface elemental composition obtained from the XPS survey and surface groups

determined from the deconvoluted O1s high resolution XPS

Cls O1s N1s S2p C-O C=0 0-C=0 H20

at.% at.%
Ca 84.6 4.6 10.1 0.7 1.8 1.1 1.3 0.4
Cs 87.2 4.2 8.3 0.3 0.8 0.8 2.2 0.4

Table A5.2. Electrosorption kinetics constant and desorption time (tp)

Material ke x103(s?)  kex103(L/sg)  to(S)

CsAgsK, 6.4 - 780
CeAssKy 6.1 - 960
CssAsK4 4.3 - 1290
CsAK, 14.2 - 330
CsAgKy 4.8 - 630
CsAwK4 55 - 600
CsAsK2 5.3 - 600
CsAsK:2 55 - 570
CsAgKC - 8.1 600

Table A5.3. mSAC of different electrode materials for water desalination using CDI

NacCl
Material ?r]nsgﬁg(; concentration Ecn (V) Reference
(mg/L)
N-doped carbon nanorods 17.6 500 1.2 [1]
N-doped graphene sponge 21.0 500 15 [2]
Carbon spheres 15.8 500 1.2 [3]
Commercial activated carbon 13.1 300 12 [4]
Activated carbon cloth 16.0 300 12 [5]
Porous carbon nanosheets 15.6 500 11 [6]
Coconut shell derived carbon 20.9 585 1.0 [7]
Lignin activated carbon 18.5 585 1.0 [8]
N-doped mesostructured carbon 20.6 585 12 [9]
Polyaniline activated carbon 22.2 600 12 This work
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Table A5.4. Values of Eo and Epzc for the activated carbon electrodes

Eo Epzc
Material

(V vs. Ag/AgCl)
CsAesKs  0.18 0.4
CsAnsKs 019 0.3
CsAsoKs  0.12 0.2
CsAssKs  0.14 0.2
CsAoKs  0.18 0.2
CsAnsK2  0.15 0.2
CsAssK2  0.14 0.2

Figure A5.1. SEM images of C4 (A) and Css (B)
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Figure A5.2. TEM micrographs of C4 (A), Cs (B), Cgs (C), CsAgsKa (D), and CgsAssKa (E)
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Figure A5.3. XPS survey spectrum for C4 (A) and Cs (B), deconvoluted high resolution XPS
C1s for C4 (C) and Cs (E), and N1s for C4 (D) and Cs (F)
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Figure A5.4. Nitrogen adsorption-desorption isotherms (A), and PSD (B) for Cs and Cgs.
Observation: The open isotherm observed for Cs was reproducible, including using different
equipment, and was ascribed to the presence of very narrow slit pores or bottle shaped pores.

In this case, N2 molecules at 77 K move very slowly that the adsorption is Kinetically limited
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Figure A5.5. CVs recorded at 1 mV/s in 200 mM NaCl for the electrodes prepared with the

activated carbons obtained under different activation conditions
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Figure A5.6. Conductivity profile for the electrodes prepared with PAni carbonized at

different temperatures
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Figure A5.8. Conductivity profile and Ecen vs. time for CsAesK4. Concentration: 600 mg/L
NaCl
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Figure A5.9. Normalized capacitance vs. electrode potential for PAC electrodes obtained at
different activation temperatures (A), and low K/C (B). The values of capacitance were
measure in 600 mg/L NaCl by EIS at 0.01 Hz
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CHAPTER 6

GENERAL DISCUSSION, CONCLUSIONS, AND SUGGESTIONS FOR
FUTURE WORKS

In this work, it was demonstrated how different types of activated carbons may be
employed as electrodes for water desalination through CDI technology. In this chapter, it is

discussed the main remarks of the materials investigated.
6.1.  Specific surface area, pore volume, and pore size distribution

Considering that the EDL formation is a surface phenomenon, it would be expected
that the higher the SSA the higher the SAC. However, this trend is not always true. It has been
demonstrated that low values of SAC even for materials with low SSA, as in the case of PAC/CI,
in which the most important role is played by functional surface groups on the electrode surface.

An improvement is obtained by correlating SAC and pore volume, which is directly
determined from the N isotherm at high relative pressures, but it should be considered that
there is a lack of information about the contribution of micropores or mesopores to the total
pore volume. The EDL is more effectively developed in the micropores rather than in the
mesopores. This trend is observed for the CsA7sK2 and CsAgoK4 (Chapter 5, Table 3), in which
the latter presents higher pore volume, despite of its low micropore volume. Therefore, the SAC
of both materials was practically the same.

In this context, it seems that the most reasonable way to correlate the SAC with the
textural properties is using the PSD. In this fashion, both information concerning to the total
pore volume and the contribution of differential pore size, which accounts the micro and
mesopores, are considered in the analysis. A model considering these aspects is found in the
CDlI literature to predict SAC and agrees well with our experimental data.[1] However, one
should be careful using this a model since the surface groups present on the carbon surface are
not accounted and may change the electrochemical behavior of the electrode, as in the case of

CsA75Ks, in which, despite of its good pore structure, it presents poor desalination performance.
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6.2.  Surface groups

Importantly, the stability of the electrode material must be taken into account, as in the
case of the LK electrode. Using symmetric electrodes, despite of the suitable SSA and PSD of
LK, the mSAC decreases after 5 cycles due to the loss of oxygen surface groups.

The presence of functional surface groups is as important as PSD, or even more, to
determine the electrode performance in terms of mSAC and charge efficiency. Most of the
models reported in literature was developed considering carbon materials without any chemical
surface charge and perfect surface distribution of the ionic charge. This is usually true for
activated carbons with a very high carbon content (>97 wt.%) in which heteroatoms and surface
groups are negligible. However, carbons with high content of oxygen, nitrogen, phosphorous,
sulfur, and other heteroatoms, may shift the potential of zero charge of the electrode in neutral
solution (e.g. NaCl solution) causing the co-ion repulsion effect in symmetrical electrode
configuration. Furthermore, usually the surface groups reduce the electrode stability, e.g. LK
electrode, and may also reduce the overpotential for water splitting.

On the other hand, in asymmetrical electrode configuration, these surface groups
introduce surface charges that may enhance the electrode electrosorption capacity due to
introduction of pseudocapacitance (ascribed to nitrogen and oxygen surface groups), and
reducing the co-ion repulsion. We demonstrated that using LK electrode and low Ecen (1.0 V)
it is possible to achieve high SAC (18.5mg/g) and charge efficiency (88%) when the

appropriate electrode configuration is used.

6.3. Asymmetry vs. MCDI

lon selective membranes have similar effect as modifying the electrode surface (Epzc)
regarding to hinder the co-ion repulsion phenomena. The use of membranes implies in positive
and negative aspects. Besides the effect on co-ion repulsion, MCDI also avoids electrode
degradation due to dissolved oxygen, but increases in ohmic drop and Ecen are introduced.
Additionally, fouling issues still remains.

Instead using membranes, co-ion repulsion can be avoided by changing the chemical
surface charge of the carbon electrode. For instance, the insertion of amide groups (positively
charged) was presented in Chapter 4 to avoid cations repulsion on the positive electrode.
Although the chemical treatment introduces surface charge, it also has a deleterious effect on
the specific surface area and PSD, as observed for mPAC".

In summary, ion selective membrane still seems more effective enhancing the CDI

performance, since it does not affect the electrode material. Nevertheless, two electrodes with
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different surface charges and desired textural properties may consist in an alternative to
membranes since their electrochemical stability have been proven, which was the case of using
LK and MSP-20 as negative and positive electrodes, respectively (Chapter 2).

6.4. Materials development

The materials developed in this work were exclusively tested as electrodes for CDI,
but their textural and electrochemical properties qualify them for many other applications in
which high SSA, micro/mesoporosity, high conductivity, and presence of functional surface
groups are desired.

As examples of such applications, CsAgsKC (Chapter 5) can be used for CO>
adsorption due to its predominant microporosity.[2] Although desirable, CDI usually does not
require a high conductive electrode since the electrolyte conductivity is limited by the dilute
concentration of salt, which limits the electrosorption.[3] However, the conductivity of PAC e
LK electrodes, besides their high capacitances, meets the desirable values for applications in
EDL supercapacitors, in which the ionic strength of the electrolyte is high. Additionally, for
this application, the electrode conductivity is usually improved using additives such as
acetylene black, graphite, or graphene. In this regard, the PAC/PSS electrode (Chapter 3) is a
promising candidate due to its high conductivity and capacitance.

6.5. Metrics for CDI evaluation

Although mSAC is commonly used to evaluate the electrode performance for CDI, this
information is not complete since it does not provide information about the
electrosorption/desorption kinetic. As CDI is an intermittent process, the faster the
electrosorption/desorption kinetic, more cycles are performed and, consequently, more salt can
be removed considering the same time interval.

In this sense, in Chapter 4 we introduced a new method to evaluate the electrode
performance, called optimized salt removal (OSR), which takes into account the electrosorption
capacity and Kkinetics. We observed that electrodes with high mSAC but slow
electrosorption/desorption kinetic could be overcome by electrodes with lower mSAC but very
fast sorption kinetics. This method was further successfully employed in Chapter 5 for other

electrode materials.

6.6. Summary
This thesis enlightened some important aspects of CDI desalination. It was

demonstrated that low-cost materials can reach high desalination performance when correctly
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employed. Therefore, even an initially undesirable activated carbon can be improved using
simple techniques such as increasing electrode mass, or using different electrode materials as
positive and negative electrodes. Furthermore, it was demonstrated that using a simple
activation technique, such as KOH activation, it is possible to obtain activated carbons with
functional surface groups able to enhance the electrosorption capacity.

In terms of textural properties, remarkable SSA (~3600 m?/g) and pore volume
(2.30 cm?/g) were achieved only by controlling the carbonization/activation temperature during
PAC preparation. A new mechanism of activation using KOH, specific for PAni doped with
PTS, was proposed taking into account the structure of the carbon and the presence of surface
groups. This high SSA and pore volume translated into one of the highest SAC values
(~22 mg/g) reported in the CDI literature for symmetric electrodes using activated carbons.
This high SAC value is promising for large-scale applications. The materials developed in this
thesis can also find applications in other fields in which high SSA and conductivity, and

nitrogen or oxygen functional surface groups are required.

6.7. Suggestions for future works
One more step towards the achievement of high performance materials has been
achieved in this thesis. However, further searches must be carried out to improve and optimize
the desalination capacity and performance for long-term and large-scale experiments. On this

regard, the following suggestions are proposed for future works:

e LK electrode showed remarkable performance for a low-cost electrode in long-term
experiments. It is suggested to employ this electrode for desalination of more
concentrated solutions, and evaluate its performance in multicomponent solutions.
These will provide good insight about energetic demand on a real system using this
electrode;

e PAC electrodes showed very high SAC, along with high SSA and pore volume. The
performance of this electrode must be evaluated in long-term experiments. In case of
lack of performance, the same techniques (asymmetry and Ecen reduction) employed for
LK could be applied.;

e Nowadays, one of the major drawbacks to be overcome to make CDI effective for
application is related to the effect of co-ions repulsion and degradation of the positive

electrode. The development of new strategies to stabilize the positive electrode using
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low-cost electrodes is probably the most exciting area to be explored in capacitive

deionization.
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