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RESUMO

Nesta tese foram estudadas as tecnologias de adsorcdo e de deionizacdo capacitiva para o
tratamento de &gua em diferentes abordagens usando materiais a base de carbono. Para tanto,
oOxido de grafeno magnético silanizado foi utilizado para a adsor¢éo de metais toxicos e carvao
ativado (CA) suportado em feltro de grafite (FG) foi utilizado para a dessalinizacéo de agua via
deionizacdo capacitiva (DIC). No primeiro estudo, compdsitos de magnetita e 6xido de grafeno
(MAG-GOy) foram modificados com grupos amino (MAG-GO:-NH2) para melhorar a
seletividade a cromo em uma solugdo multielementar contendo ions cAdmio e cobre. Técnicas
de caracterizacdo como infravermelho com transformada de Fourier, espectroscopia Mdssbauer
e espectroscopia de fotoelétrons de raios-X confirmaram o sucesso da sintese e evidenciaram
diferentes grupos a base de oxigénio e nitrogénio capazes de promover a adsor¢do dos metais.
Comparando os compositos ndo modificados com os silanizados, observou-se um aumento na
capacidade de adsorcdo de Cr(VI) em relacdo aos outros metais: MAG-GO;1-NH2 adsorveu
Cr(VI) 39.0 e 6.5 vezes mais que Cd(Il) e Cu(ll), respectivamente, enquanto MAG-GO;
adsorveu Cr(VI) 5 vezes mais que Cd(Il) e Cu(ll). Esse efeito foi atribuido as interacGes
eletrostaticas e do tipo duro-duro entre as espécies de carga negativa de Cr(VI) e os grupos de
carga positiva —NHs". Além disso, experimentos de reuso mostraram uma adsorcdo de
aproximadamente 100% de ions Cr(VI), em uma solucdo multielementar contendo
0,1 mmol L de cada metal, durante 5 ciclos, demonstrando uma boa estabilidade e capacidade
de adsor¢do do material modificado com grupos amino. No segundo estudo, estratégias simples
para melhorar o desempenho dos eletrodos FG-CA na DIC foram estudadas através da
modificacdo da espessura do eletrodo (2,0, 3,0 e 5,0 mm), da carga méassica de CA (32, 37 e
55 mg de CA por cm?) e da sua distribuicio sobre o FG. As caracterizagbes eletroquimicas
mostraram que, ao reduzir a espessura do eletrodo e aumentar a carga massica, melhoram-se a
capacitancia total (F) e a capacitancia especifica (F gca 1), respectivamente, resultando em
maiores capacidade de adsorcdo de sais (SAC) (de 2,7 mg g* para 7,9 mg g ) e reducio da
concentragéo de sal (Ac) (de 60,8 mg L para 95,3 mg L 1) nos experimentos de dessalinizagao.
Além disso, eletrodos com uma dispersdo mais homogénea de CA produziram superiores taxa
média de adsorc¢éo de sais (ASAR, 45%) e produtividade de dgua (P, 59%). Assim, 0S progressos
obtidos na otimizacdo da preparagéo de eletrodos utilizando FG através de simples estratégias

impulsionam os estudos de DIC a uma abordagem mais préatica e promissora.



Palavras-chave: tratamento de 4gua; metais toxicos; 6xido de grafeno magnético; deionizacdo

capacitiva; dessalinizacdo de &gua salobra.



ABSTRACT

In this thesis, the effectiveness of carbon-based materials for water treatment was studied
through the examination of adsorption and capacitive deionization technologies. For this
purpose, silanized magnetic graphene oxide (MAG-GO:-NH2) was used for toxic metal
adsorption and activated carbon (AC) supported on graphite felt (GF) was utilized for water
desalination via capacitive deionization (CDI). The first study focused on modifying
composites of magnetite and graphene oxide (MAG-GOy) with amino groups (MAG-GO1-
NH) to improve chromium selectivity in a multielement solution containing cadmium and
copper ions. Characterization techniques such as Fourier transform infrared, Mdssbauer
spectroscopy, and X-ray photoelectron spectroscopy confirmed the success of the synthesis and
evidenced the presence of nitrogen and oxygen-based moieties able to promote metal
adsorption. Adsorption studies showed improved Cr(VI) uptake in the silanized composites
compared to the unmodified ones: MAG-GO1-NHzadsorbed Cr(V1) at 39.0 and 6.5 times more
than Cd(Il) and Cu(ll), respectively, while MAG-GO; adsorbed Cr(VI) 5 times more than
Cd(I1) and Cu(ll). This enhancement is likely due to hard-hard and electrostatic interactions
between Cr(VI) and -NH3" groups that improve adsorption of chromium negative species. The
stability of the amino-grafted material was confirmed through reuse experiments, which
demonstrated that it could adsorb approximately 100% of Cr(VI) in a multielement solution
containing 0.1 mmol L™ of each ion over 5 cycles. In the second study, simple strategies were
studied to enhance the performance of GF-AC electrodes in capacitive deionization (CDI) by
modifying electrode thickness (2.0, 3.0, and 5.0 mm), AC mass loading (32, 37 e 55 mg of AC
per cm?), and its distribution over GF. Electrochemical characterizations revealed that reducing
electrode thickness and increasing mass loading resulted in improved total capacitance (F) and
specific capacitance (F gac ), resulting in higher salt adsorption capacity (SAC) (from 2,7
mg g~ to 7,9 mg g 1) and salt concentration reduction (Ac) (from 60,8 mg L™ to 95,3 mg L™?)
in desalination experiments. Electrodes with a more homogeneous dispersion of AC produced
significant enhancements in terms of average salt adsorption rate (ASAR, 45%) and water
productivity (P, 59%). These progresses on optimizing the preparation of GF composite
materials have paved the way for improving the electrochemical separation of ions and a more

practical approach to CDI studies using GF-based electrodes.



Keywords: water treatment; toxic metal; magnetic graphene oxide; capacitive deionization;

brackish water desalination.
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1 CHAPTER I -INTRODUCTION

Water demand has increased around the world mainly due to urban and industrial
growth, directly impacting freshwater supply. It is estimated that about 80% of industrial waste
is disposed of in the environment without any treatment, making access to drinkable water even
more difficult (UNITED NATIONS WORLD WATER ASSESSMENT PROGRAMME,
2017). Although approximately 71% of Earth’s surface is covered by water, only 2.5% of this
total corresponds to freshwater (rivers, lakes, groundwater, glaciers), while the other 97.5% is
saline water (seas and oceans). Besides, most of the freshwater is inaccessible for being in the
form of glaciers and permanent snow covers, which restrict its collection to limited sources as
groundwater. This one stands for 30% of all freshwater in the world (ELSAID et al., 2020).
Although Brazil is known as the country with the highest percentual of freshwater in the world
(12%), its distribution is poor and highly concentrated in the North, Midwest, and Southeast
regions. In fact, 80% of water flowing through Brazilian territory is located in the Amazonian
watershed.

In Brazil, the main uses for water withdrawals are for irrigation, animal use,
industry, and urban supply (Fig. 1), accounting for 92% of total consumptive water demand. In
consumptive uses, water is removed from the available sources and may not be returned to them
totally or partially. Over the past two decades, water usage for irrigation has increased from 640
to 965 m3s (50% of total consumptive water usage in 2020), and it is expected an increment
in approximately 42% by 2040 (AGENCIA NACIONAL DE AGUAS E SANEAMENTO
BASICO, 2022). Population expansion and industrial activities with intensive use of water are
the main responsible for the increase in water stress in Brazil, which affects most the Southern
region (where water is needed for human supply, irrigation, and industry) and South region
(where large rice fields are irrigated). The Northeastern semi-arid is also very impacted by low
hydric availability, due to low precipitation levels, high temperatures throughout the year, and
soils with low water storage capacity (AGENCIA NACIONAL DE AGUAS, 2019). Therefore,
considering the global shortage of quality freshwater, it is crucial to invest in public policies to
preserve water sources and optimize their use and reuse, such as by treating industry and

domestic waste, and brackish or saline water.
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Figure 1 — Total water consumption in Brazil in 2020.
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Source: adapted from reference (AGENCIA NACIONAL DE AGUAS E
SANEAMENTO BASICO, 2022).

1.1 Water treatment

The complexity of wastewater matrixes necessitates the use of multiple
technologies in wastewater treatment plants (WWTPs). For example, to achieve a drinkable
standard, the effluent requires treatments in terms of harmful microorganisms, persistent
organic pollutants, toxic metals, organic matter, and salinity. Consequently, a multi-stage
treatment process (categorized as primary, secondary, and tertiary treatments) is necessary to
fully treat the polluted water source (Fig. 2). The choice of the treatment method will be based
on a combination of technical, economic and socio-environmental factors, as well as the
sustainability of the process. This decision must also considers regulatory and governmental
aspects, as well as social and environmental concerns (ULLAH et al., 2020). Although some
methods are already well consolidated in WWTPs, there is still room for improvements and
advancement in the field.

It is important to highlight that the number of stages and technologies utilized for
treating a determined effluent depends on its source (municipal wastewater, river water,

tannery/textile industry) and its final destination (discharge into water streams, human



18

consume, or industrial use). The preliminary treatment step, which removes coarse solids
(plastics, papers, plant remains) and grits (sand, cinder, gravel) helps prevent damages to the
downstream equipment. However, the wastewater from this stage may contains settleable and
non-settleable solids, organic matter and microorganisms, thus demanding further treatment
(ULLAH et al., 2020).

Figure 2 — Typical water purification combining primary, secondary and tertiary
treatments with major technologies used respective to the application and class
of contaminants.
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Primary treatment typically includes cost-effective and simple methods, such as
microfiltration, centrifugation, sedimentation, chemical precipitation, coagulation, and
flocculation used to improve the overall water quality by removing a significant portion of the
organic and inorganic matter content. A secondary treatment is commonly used for organic
matter degradation and is based on the use of microorganisms through aerobic and/or anaerobic
processes, which convert contaminants into simpler components (such as CO2, new biomass,
biogas) (BOLISETTY; PEYDAYESH; MEZZENGA, 2019; ULLAH et al., 2020). Some
attempts have been made to extend the use of microorganisms for the production of safe
drinking water using biological processes to treat different water sources in terms of toxic
metals, organic matter, inorganic non-metallic matter, disinfection products, etc, using methods
such as sand biofiltration, biological activated carbon, trickling filter (fixed-film biofilm), and
membrane bioreactor (HASAN; MUHAMMAD; ISMAIL, 2020). However, there are
challenges in this approach, such as contamination by pathogenic microorganisms, selectivity
toward pollutants, maintaining and monitoring of the microbial community, consumers
acceptance, and implantation in developing countries. Further studies are necessary to address
these challenges.

Tertiary treatment is the final stage in wastewater treatment and involves the
removal of nutrients, such as phosphate and nitrate, as well as the removal of micropollutants
such as disinfection by-products, pharmaceuticals, pesticides, endocrinal disrupting
compounds. This stage comprises consolidated methods such as chemical oxidation,
adsorption, ion exchange, and membrane processes, and emerging methods such as advanced
oxidation processes, including photocatalysis, electrochemical oxidation, and Fenton/photo-
Fenton (BOLISETTY; PEYDAYESH; MEZZENGA, 2019; RIZZO et al., 2019). Although
widespread used in WWTPs, chlorination, ozonation and ultraviolet treatments showed to be
not ideal for persistent pollutants as they can form toxic organic reaction products (RI1ZZO et
al., 2019) and increase the risk of antibiotic resistance (AL-JASSIM et al., 2015). In this sense,
advanced oxidation processes are a promising alternative, as they can remove or convert to less
harmful products the organic matter through reactive hydroxyl radicals produced via a catalytic
process (WANG et al., 2016¢; ZHANG et al., 2016). Additionally, nanofiltration and reverse
osmosis (RO) are commonly used technologies in WWTPs to remove emerging contaminants,
disinfect water, reject particles, and reduce salinity (RO). Although RO is usually cost-intense,

it has been successfully implemented in countries such as United States of America, Singapore
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and Australia (RIZZO et al., 2019). Nevertheless, alternatives to diminish energy consume with
high pressure pumps and to overcome the problem of disposal of concentrated waste streams
should be further explored (SUBRAMANI; JACANGELO, 2015).

Hereupon, studies involving emerging technologies, particularly at pilot- and full
scale, must be encouraged to find solutions and new approaches to provide safe freshwater
supply. According to Soares (SOARES, 2020), the main drawback for implementing new
technologies is, surprisingly, the satisfactory service delivered by existing assets, which makes
replacements and major upgrades complex. The author also emphasizes that future works will
be focused on process intensification, resource recovery and engineering systems to provide
even higher quality water with net zero target at WWTPs. For example, the shortage of nutrient
supplies in some countries, especially phosphorus, can strongly affect agriculture productivity,
which has driven important advances in processes aimed at this problem, e.g., phosphorus
recovery from sewage sludge ash.

Therefore, this thesis aims to purify water focusing in two different approaches:
removal of toxic metals via adsorption and desalination of brackish water via capacitive

deionization, both using carbon-based materials for their purposes.

1.2 Toxic metals removal

Toxic metal contamination of the environment, caused by human activities such as
painting, mining, and tanning, is a major concern worldwide due to the potential health risks
posed by these highly toxic and cumulative species. Toxic metals are highly soluble, stable and
non-biodegradable, making them persistent in the environment and in organisms. They can lead
to problems such as organ damage, anemia, and hormonal disorder in humans, and inhibit
photosynthesis, decrease enzymatic activity, and reduce seed germination in plants
(SHERLALA et al., 2018; SIONG et al., 2021). Diverse techniques are nowadays available to
remove toxic metals from aqueous media, including chemical precipitation, ion exchange,
electrocoagulation, nanofiltration, and adsorption (SIONG et al., 2021). Fig. 3 displays the costs
of some of these technologies.

In chemical precipitation the pollutants are uptake in the form of solids that could
be recovered for other applications (LI et al., 2022b). This treatment demands simple equipment

and is easy to operate, however, it may generate large volumes of sludge and is not as efficient
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in removing low concentration ions. lon exchange, on the other hand, uses resins or membranes
in a nondestructive and efficient process that allows for selective ion removal (ZHU et al.,
2017), even so suffers from fouling by organic matter and particulates and is sensitive to pH
changes. Electrocoagulation uses sacrificial anodes (Al, Fe) to generate agents that cause
destabilization (AI(II1), Fe(ll)), which then agglomerate the contaminants. The main
challenging of this technology is to reduce electricity consumption and the cost with anode
replacement (SUN et al., 2018). Nanofiltration is used for its ability to retain high levels of
organic pollutants and remove moderate levels of inorganic species. However, the fouling of
membranes, which increases significantly the costs, and the limited flowrates are challenges for
membrane filtration processes (SOYEKWO et al., 2019). Adsorption is a worldwide recognized
treatment for wastewater, groundwater, industrial and domestic effluents, due to its flexible
operation, cost-effectiveness, and low energy demands (CAROLIN et al., 2017; MENDOZA-
CASTILLO; REYNEL-A, 2017). Therefore, since the selection of water treatment technology
must be based mainly on cost, removal efficiency, feasibility, operability, and environmental
impact (BOLISETTY; PEYDAYESH; MEZZENGA, 2019; MENDOZA-CASTILLO;
REYNEL-A, 2017), adsorption has become the preferred choice for removing toxic metals and
other contaminants (SIONG et al., 2021).
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Figure 3 — Cost (upper and lower) of technologies for water treatment.
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1.2.1 Adsorption

The concept of adsorption relies on the increase of concentration of a specie
(adsorbate) on the surface of a solid (adsorbent) through a mass transfer process. For water and
wastewater treatment purposes, this concept is used in the removal of pollutants on the surface
of several adsorbents that have been studied and developed over the years. Biosorbents (JAIN;
MALIK, 2016), industrial solid wastes (SOLIMAN; MOUSTAFA, 2020), inorganic materials
such as zeolites (HONG et al., 2019; RAD; ANBIA, 2021) and layered double hydroxides
(FENG et al., 2022), silica- (DA’NA, 2017), and carbon-based materials (BABY;
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SAIFULLAH, 2019) are examples of materials largely used for toxic metal removal in aqueous
media. Among them, carbon-based adsorbents, e.g., activated carbon, biochar, carbon
nanotubes, and graphene-like materials, stand out for their abundant sources and tunable
properties (surface area, porosity, morphology, surface groups) (MAHESH et al., 2022). No
doubt, activated carbon (AC) has been the most widely used adsorbent of toxic metals due to
its high surface area, significant stability, low cost, adjustable surface and structure, and high
surface reaction affinity (MAHESH et al., 2022). However, other adsorbents, particularly

graphene oxide, have also gained prominence in recent years.

1.2.1.1 Graphene oxide

Graphene oxide (GO) is a single-layer of interconnected carbon atoms in an
aromatic lattice, similar to graphene, containing oxygenated groups such as carbonyl, carboxyl,
epoxide, and hydroxyl. These moieties make GO much more hydrophilic than graphene and
allow for easy functionalization and processing, as well as for efficient adsorption of toxic
metals. Due to its properties such as high surface area, low cost, and large-scale production,
GO has found applications in areas such as drug delivery (OLIVEIRA et al., 2022), energy
storage (LUO; ZHENG,; HE, 2017), and desalination (WANG et al., 2021).

The first report of GO synthesis was by Brodie (BRODIE, 1859) in 1859, who
added potassium chlorate in a slurry of graphite and fuming nitric acid. In 1898, Staudenmaier
(STAUDENMAIER, 1898) improved the method by adding potassium chlorate in smaller
portions over the course of the reaction and using sulfuric acid, which resulted in a highly
oxidized GO. The most common method of producing GO today, known as the Hummers
method, was reported in 1958 (HUMMERS; OFFEMAN, 1958) and involves the use of sulfuric
acid, potassium permanganate, and sodium nitrate. Since then, several modifications have been
made to the Hummers method to improve its productivity and avoid the formation of toxic gases
such as NOz and N2Og4 (Fig. 4). Some of these modifications include the complete removal of
NaNQO3, pre-oxidation of graphite before adding KMnOa, and the use of other oxidants, e.g.,
K2FeOs and H3POs4 (YU et al., 2016). It is important to mention that after the oxidation of
graphite, water and hydrogen peroxide are usually added to stop the reaction, exfoliates the

product, and reduces the residual manganese ions in the form of permanganate and manganese
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dioxide. However, recent studies have shown that water can further oxidize the obtained slurry
(KANG et al., 2016a) and H20- can strongly affect the properties of GO (YOO; PARK, 2019).

Figure 4 — (a) Schematic synthesis of graphene oxide via modified Hummer’s
method and (b) images of graphene oxide synthesis.
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GO has demonstrated outstanding adsorption capacity towards toxic metals in both
single and multielement solutions. For instance, Sitko et al. (SITKO et al., 2013) investigated
the adsorptive properties of GO towards Cu(ll), Zn(Il), Cd(ll), and Pb(Il) and found the
maximum adsorption capacities of 294, 345, 530, and 1119 mg g%, respectively. The order of
affinity, Pb(11) >> Cu(ll) > Zn (1) > Cd(ll), was associated to the electronegativity of the metal

and the first stability constant of its associated hydroxide/acetate. However, separating GO from
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solution can be difficult due to its high stability and dispersion. To overcome this issue, the
preparation of magnetic composites has become the most promising strategy, offering the
benefits of easy and rapid separation with application of an external magnetic field and the
synthesis of materials with high adsorption capacities (DUBEY et al., 2022; KAUR; KAUR;
SINGH, 2019). Magnetic GO can be synthesized by a co-precipitation method, wherein a
mixture of GO and Fe(Il)/Fe(lll) precursors in water is heated (generally bellow 100 °C)
followed by addition of an alkaline solution to promote the precipitation and the formation of
the composite (DAHAGHIN; MOUSAVI; SAJJADI, 2017; DUBEY et al., 2022; SUN et al.,
2015). The hydrothermal approach can also be used to produce magnetic GO (VERMA et al.,
2020; WEI et al., 2015), which enables the production of uniform magnetic nanoparticles by
controlling size and shape (KEERTHANA et al., 2015). However, this method may reduce part
of the GO, leading to the formation of the reduced graphene oxide (rGO) (PENG et al., 2017;
WEI et al., 2015), thereby reducing the number of sites available for metal adsorption.
Modifications on GO surface are used to improve its selectivity, adsorption
capacity, and to decrease stacking of the sheets by attaching organic molecules containing
oxygenated, nitrogenated and sulfurized functional groups (KONG et al., 2021). Sitko el at
(SITKO et al., 2014) aminosilanized GO (GO-NHy>) for preconcentration of Pb(Il) and stated a
superior selectivity compared to bare GO, although the maximum adsorption capacity has
decreased from 364 mg g1 (GO) to 96 mg g~* (GO-NH,). Lee et al. (LEE et al., 2020) studied
the impact of primary and secondary amines on the removal of Cr(VI) by GO grafted with
silylation agents containing an increasing humber of amine groups. The authors observed a
maximum adsorption capacity following the order pN-GO (189.47 mgg™?) < psN-GO
(208.22 mg g1) < pssN-GO (260.74 mg g1), where p = primary, s = secondary, and N = amine.
They attributed the best performance of pssN-GO to the increased number of nitrogen atoms
on the structure and the easier protonation of secondary amines. Pirveysian and Ghiaci
(PIRVEYSIAN; GHIACI, 2018) synthesized a sulfur-functionalized GO that adsorbed Pb(Il)
(285 mg g1), Cd(11) (217 mg g1), Ni(ll) (175 mg g 1), and Zn(11) (196 mg g1), outperforming
previous materials. Although there are several studies for toxic metal adsorption using modified
GO, the use of magnetic functionalized GO composites is still in progress and demands further
investigation, especially when ion selectivity is desired, since GO exhibits high affinity for

diverse metallic species.
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1.3 Desalination

Desalination-based technologies are a potential solution for obtaining freshwater
from saline and brackish water, and are generally divided into two groups: one based on
membrane use, such as reverse osmosis (RO) and electrodialysis (ED), and the other one on
thermal energy for evaporation, such as multi-stage flash (MSF) distillation, multi-effect
distillation (MED), and vapor compression (VC) (AL-KARAGHOULI; KAZMERSKI, 2013).
These conventional desalination processes are known to require intense energy input, which is
related to several factors as the type of desalination process (RO, MSF, MED, etc.), feed water
quality, water salinity (saline or brackish water), plant dimension, and energy recovery capacity.
So, a significant impact on operating cost is expected in terms of energy demand (SEMIAT,
2008). It is also important to notice that the energy depends on the desalination process
employed, wherein membrane-based processes are electrical energy driven, while thermal-
based processes are electrical and thermal energies driven. By comparing these two
technologies, membrane desalination requires less energy than thermal desalination (ELSAID
et al., 2020). For example, MSF and MED plants demand more energy than RO plants, wherein
RO costs rely mainly on the replacement of onerous membranes; regarding these three
technologies, and considering the major types of desalination plants worldwide, RO produces
water at a lower cost (0.45 $ m~3for RO and 0.52 $ m~3 for MSF and MED) (ANDERSON;
CUDERO; PALMA, 2010).

In terms of water salinity, for membrane-based processes (RO, ED), desalination of
seawater demands more energy than desalination of brackish water, whereas distillation
processes (MSF, MED, VC) do not suffer from the influence of water salinity. In general, RO
has been demonstrated to be the most economical desalination technology due to the
development of membranes with longer life and lower pressure requirement. However, when
the process driven by thermal energy uses heat supplied by another source, e.g. by-product of
the electricity power plant, or when the feed water has a salt concentration over 60,000 ppm,
distillation processes are the best cost-saving technologies. Moreover, for desalination of
brackish water, with total dissolved solids (TDS) ranging from 3,000 — 10,000 ppm, both RO
and ED are economically viable: for a TDS from 5,000 to 10,000 ppm, RO is more cost-
effective; for lower TDS, or when high water recovery is demanded, ED is the best option (AL-
KARAGHOULI; KAZMERSKI, 2013).
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In this context, technologies that dispense the use of membranes and thermal energy
are essential to decrease the costs of freshwater production. Especially when it comes to people
more exposed to water scarcity, these efforts are highly necessary to facilitate the access to
quality water. Therefore, capacitive deionization (CDI) has emerged as a promising water
treatment technology attracting the attention of the scientific community (ANDERSON;
CUDERO; PALMA, 2010; CHOIl et al., 2019; LIU et al., 2021; PORADA et al., 2013; SUSS
etal., 2015).

1.3.1 Capacitive deionization

The “electrochemical demineralization of water” was first introduced in 1960 with
the work of Blair and Murphy (BLAIR; MURPHY, 1960), wherein ions would be removed
from solution when specific groups on the surface of carbon electrodes undergo either reduction
or oxidation reactions with consequent formation of ionized groups. Later, Murphy and co-
workers developed a desalination system that used activated carbon electrodes (MURPHY et
al., 1965) and described the desalination process based on a capacitive mechanism, through a
combination of mass balance and transport equations (MURPHY; CAUDLE, 1967). In the
early 1970s, Johnson et al. (JOHNSON; NEWMAN, 1971; JOHNSON et al., 1970) brought
important contributions to the fundamentals of CDI and proposed the theory of “potential-
modulated ion sorption”, currently known as Electric Double Layer Theory (EDL), as the
mechanism of ion removal. In the 1990s, the studies focused on the development of effective
carbon electrodes. A carbon aerogel prepared by Farmer et al. (FARMER et al., 1995), and used
for the first time in CDI, gained prominence due to its monolithic structure, large surface area,
good conductivity, and immobilization of the carbon matrix, dispensing the need for membrane
separators, which had previously been used to prevent carbon detachment. Despite starting
decades ago, CDI has only recently received more attention from the scientific community (Fig.
5), making its development relatively recent compared to other desalination techniques.
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Figure 5 — Number of publications per year by searching “capacitive
deionization” in Web of Science database (29/03/2023).
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In CDI, ions are removed from water via electrosorption by applying a low potential
difference or current to a pair of electrodes (or stacks of multiple pairs) placed opposite each
other (Fig. 6). The electrodes polarized force the ions to be removed and stored in the EDL
formed at the electrode/electrolyte interface, similar to what occurs in electrodialysis and using
the same concept of electrical capacitors. In summary, the EDL-model states that there can be
charge separation at the electrode/electrolyte interface, wherein the pores of the electrodes have
an excess of electronic charges locally compensated by counterions from the electrolyte. Once
the pores in the electrodes are saturated with electrosorbed ions and the storage capacity is
achieved, the ions are released by lowering or removing the applied potential. This restores the
removal capacity of the electrodes and, considering no side reaction, allows for long-term
operation (PORADA et al., 2013). Besides, since the technology is primarily based on a
capacitive mechanism, part of the energy dispended during electrosorption could be recovered
in electrode regeneration (ANDRES; YOSHIHARA, 2016).
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Figure 6 — Schematic representation of a capacitive deionization process.
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Considering energy aspects for process cost, CDI could directly compete with the
conventional desalination methods, since the energy could be partially recovered at each
adsorption/desorption cycle (capacitive behavior) and due to the possibility of a membrane-free
operation that results in a low-pressure process. Additionally, under determined conditions and
working in moderate to high round trip efficiencies (percentage of energy that can be recovered
from the charging process), CDI can be considered a candidate for RO replacement, especially
when it comes to brackish water desalination (ANDERSON; CUDERO; PALMA, 2010; LIU
et al., 2021; SHARAN et al., 2021). Other advantages is the water quality easily adjusted by
tuning potential, current and flow conditions, for example, (ZHAO; BIESHEUVEL; VAN DER
WAL, 2012) and the system less susceptible to fouling by biological growth and/or salt
incrustation (WANG; LIN, 2018).

1.3.1.1 Performance metrics

The evaluation of CDI desalination performance has been studied using different
parameters related to energy demand, throughput, and materials metrics. In a review article,
Hawks et al (HAWKS et al., 2019) discussed some important metrics to describe and compare

desalination processes, distinguishing them in performance metrics, related to generic
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desalination performance, and performance indicators, which provide insight into specific
performance metrics. Together, they are relevant when comparing different materials, cell
setups, and operational conditions to evaluate whether the device is suitable for CDI
application. These metrics should be calculated at the dynamic-steady state (DSS)
charge/discharge cycle, where the effluent conductivity begins and ends at the same value,
which can be achieved after few cycles under a given experimental condition. In the following
text, a brief overview of some of these parameters will be provided.

The most common variables used in CDI studies are salt adsorption capacity (SAC,
in mg g 1), average salt adsorption rate (ASAR, in mg g~ min?), salt concentration reduction
(Ac, mmol L), energy consumption per mol of salt removed (Em, J mol 1), energy normalized
adsorbed salt (ENAS, in umol J 1), and specific energy consumption (SEC%, in mg J™%) (HAN;
KARTHIKEYAN; GREGORY, 2015; HEMMATIFAR et al., 2016; OUYANG et al., 20183;
WANG; LIN, 2018). However, Hawks et al stated that the energy consumed per m? of treated
water (Ev, in Wh m~3) and the productivity (P, in L h ™t m~) should also be considered since
they are in function of the volume of treated water, which would be more important for practical
applications. Hereupon, energy consumption would impact on operating cost (expenses
incurred on the day-to-day operation of a device, of a business, etc.) and productivity would
impact on capital cost (fixed, one-time expenses incurred on the construction, enhancement, or
acquisition of assets). Therefore, these parameters would facilitate comparisons between CDI
and other desalting technologies. Except for SAC, the aforementioned variables were
considered as performance metrics (HAWKS et al., 2019).

Regarding performance indicators, SAC, capacitance (C, in F), specific
capacitance (Csp, in F gt or F cm™), charge efficiency (Acycle, in %), among others are used to
better understand the performance results obtained by different CDI configurations and
materials (HAWKS et al., 2019). Capacitance is the capability of an electrode to store charges
when a difference of potential is developed in parallel electrodes. In turn, the capacitance
normalized by the electrode mass or volume is the definition of specific capacitance. These
parameters can be calculated from cyclic voltammetry, galvanostatic charge/discharge curves
and electrochemical impedance spectroscopy measurements and can predict, or at least suggest,
whether the electrodes will exhibit a good performance in desalination (LADO et al., 2019a;
SHI et al., 2016; XU et al., 2015). Additionally, charge efficiency measures the percentage of

moles of salt removed in the CDI process related to the theoretical number of moles that should
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have been removed with the charge input during the charging step. In general terms, it evaluates
how the input charges are driven in the CDI process (HAWKS et al., 2018; HEMMATIFAR et
al., 2016; PORADA et al., 2013).

Although CDI would ideally work through a capacitive process, wherein ions are
accumulated in the EDL, in real-world conditions, the electrochemical cell is frequently
exposed to Faradaic reactions at the anode (Equations 1 and 2) (HE et al., 2016) and cathode
(Equations 3 and 4) (VANYSEK, [s.d.]). These Faradaic processes negatively impact the
charge efficiency and the life cycle of the electrodes (TANG et al., 2017). They consume part
of the energy input for desalination, that is, the electrons delivered to the system are consumed
by parallel reactions and more energy is necessary to perform the desalination (HEMMATIFAR
et al., 2016; QU et al., 2016). Depending on working conditions, such as applied voltage and
current (HEMMATIFAR et al., 2016), mode of operation (constant voltage or constant current
mode) (QU et al., 2016), flow mode (flow through or flow by) (REMILLARD et al., 2018a),
and level of dissolved oxygen in water (HE et al., 2016), the electrodes would be more or less

affected by these reactions.

02 + 4H* + 4" — 2H,0 E°=-1.23 VISHE (1)
CO2+4H" + 4« C + 2H,0 E%=-0.9 V/SHE (2)
2H,0 + 2¢" > Ha + 20H E° =-0.828 V/SHE (3)
02 + 2H20 + 26" > H202 + 20H  E°=-0.146 V/SHE (4)

Another factor influencing Acycle is co-ion expulsion. Co-ions are ions with the same
charge of a given electrode and counterions are ions with opposite charge of a given electrode.
Therefore, an anion is the counterion of the anode and the co-ion of the cathode. After electrode
polarization, there are two ways to balance the accumulated charges: by adsorbing a counterion
or expelling a co-ion. Thus, co-ion expulsion “consumes” input charges, decreasing Acycle and
affecting the overall performance of desalination. The use of ion exchange membranes
(membrane capacitive deionization, MCDI) can overcome this issue by using an anion
exchange membrane in front of the anode and a cation exchange membrane in front of the
cathode (Fig. 7). This prevents co-ions from leaving the electrode structure resulting in
accumulation in the macropores instead of being released into the spacer channel (as in CDI).

Thus, in order to maintain electronegativity, more counterions pass through the membranes and
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are stored in the macropores, which increases charge efficiency and enhances salt removal.
Reversing the cell potential in MCDI is also made possible as the ion exchange membranes
prevent re-adsorption of ions. This results in a faster desorption and greater release of adsorbed
counterions compared to CDI, where the cell must be discharged at zero volt (ZHAO;
BIESHEUVEL; VAN DER WAL, 2012).

Figure 7 — Schematic representation of charge/discharge processes in MCDI.
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CEM = cation exchange membrane.

Along with Faradaic reactions and co-ion expulsion, energy loss in CDI devices can
also occur through power dissipation in resistive components (ohmic losses), such as low
conductive electrolytes and resistive connections/current collectors (GARCIA-QUISMONDO
etal., 2013a). A detailed study of Hemmatifar et al. (HEMMATIFAR et al., 2016) suggests that
parasitic (Faradaic reactions) and resistive losses are the main contributors to energy loss in
CDI devices. The resistive losses were further categorized into series resistive loss (associated
with wires resistance, interfacial contact between electrodes and current collectors, ionic

resistance in spacers) and non-series resistive loss (associated with ionic resistance within the
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electrode pore). The study also observed that parasitic losses are more significant at high

potentials while resistive losses are more pronounced at high currents.

1.3.1.2 Electrode materials

Fundamental for the success of a CDI process, the materials used for electrode
preparation are certainly one of the most important factors affecting desalination. For an
electrode with high performance, one must take into account some characteristics the material
should exhibit, such as (i) large specific surface area (SSA), (ii) high stability over a large pH
and voltage range, (iii) interconnected pore structure allowing ion mobility, (iv) high electric
conductivity and wettability, (v) low cost, and (vi) good processability and scalability (OREN,
2008). In this sense, carbon-based materials such as activated carbon (JUCHEN et al., 2022;
LADO etal., 2019a; ZORNITTA et al., 2017), mesoporous carbon (DUAN et al., 2015a; L1 et
al., 2009), carbon nanotubes (LIU et al., 2014), graphene (LI etal., 2018a; WANG et al., 2016a),
and their composites (CHEN et al., 2012; LEE et al., 2018) have been extensively used as
electrodes for CDI purposes (JIA; ZHANG, 2016; LIU et al., 2015b) and energy storage devices
(CHEN; PAUL,; DAI, 2017). More specifically, AC has been widely studied in CDI field
because it meets many of these requirements (LADO et al., 2019b; SANTOS et al., 2018;
ZORNITTA; RUOTOLO, 2018), being the most commercially material used in water treatment
systems due to its relatively easy production (and in large scale) and to the several sources it
can be obtained (wood, coal, rice, starch, coconut shell, resins).

Although AC has advantages over other carbon-based materials, the dominant
presence of micropores on its structure hinders the effective access of the electrolytes to inner
pores. This issue makes ion diffusion difficult throughout the pore network (VAQUERO et al.,
2012), limiting the electrode capability of salt removal. Despite micropores are the mainly
responsible for providing high SSA and adsorption sites for deionization, the presence of larger
pores (meso and macropores) is desired to decrease the resistance to mass transfer, to allow ion
access to inner micropores, and to improve the kinetics of desalination (JUCHEN et al., 2022).
Under this perspective, materials with different pore size distributions are beneficial for CDI
applications (CUONG et al., 2021; OUYANG et al., 2018b; ZORNITTA et al., 2016).

Porosity in carbonaceous materials can be created through physical (using Oz, CO-

or steam) or chemical (using KOH, H3PO4, ZnCl;) activation, which generally results in
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materials with a narrow distribution of micropores (CUONG et al., 2021). Pore structure can
be adjusted by modifying some synthesis parameters, such as activation temperature, time of
activation, and the reactant-to-carbon ratio (during impregnation step in chemical activation)
(LI et al., 2022a), and it varies according to the carbon source (L1 et al., 2018b; ZHAO et al.,
2016). An interconnected structure can be designed through a templating method that uses
porous inorganic solid-state hard-templates, e.g. mesoporous silica, or soft organic materials,
e.g. block copolymers, to form self-assembled structures. Nevertheless, hard templating can be
challenging to scale-up and demands a post-synthesis extraction using corrosive chemicals (HF,
NaOH). Soft templating can be challenging to control the morphology and costly due to
expensive and non-renewable surfactants and copolymers used (CUONG et al., 2021). An
alternative is to combine commercially available materials with different pore structures, which
would enable the preparation of hierarchical electrodes. In this sense, the goal is to create an
electrode containing macro, meso and micropores instead of an hierarchical carbon material
itself (REALE; SMITH, 2018).

Recently, Wang et al. (WANG et al., 2019) successfully coated graphite felt (GF)
with AC for CDI applications, resulting in a stable and promising platform for large-scale CDI,
combining the macroporosity of GF and the high surface area of AC. GF is a macroporous
material, with a 3D pore network, high mechanical stability, outstanding electric conductivity,
and widely used for energy storage and environmental applications (HUONG LE;
BECHELANY; CRETIN, 2017). However, its use in CDI devices is scarce (LADO et al.,
2021a).

The study by Wang et al. did not investigated the effect electrode thickness or mass
loading of active material on CDI performance, which have been shown to be important factors
(KIMetal., 2014; LEE etal., 2018; WANG et al., 2011; ZORNITTA et al., 2016). For example,
Santos et al. (SANTOS et al., 2018) found that the capacitance in terms of volume (17 vs.
20 F cm™) did not depend significantly on electrode thickness (50 vs. 180 um). One could
expect a considerably increase in volumetric capacitance with electrode thickness, however the
thicker electrode had a much higher density of AC (451 vs. 212 mg cm™3), which limited ion
access to the inner pores, as the AC particles would be more compacted, and reduced the
number of sites for ion adsorption. Additionally, Liu et al. (LIU et al., 2017b) remark that
increasing the thickness of electrodes with high mass loading can increase internal resistance,

reducing specific capacitance and energy density due to a more packed structure that restricts
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electrochemically active surface area. However, they found a nonlinear dependence between
internal resistance and electrode thickness. By using a theoretical model and from experimental
data analysis, the optimized electrode thickness was determined to be 53.1 pum, wherein the
internal resistance would be minimal and capacitance maximum. In this sense, further studies
are needed to understand the effect of electrode thickness on CDI performance as the
relationship is not yet well understood (BASIRICO; LANZARA, 2012).

1.3.1.3 Operational modes

Over the decades, advances in CDI studies allowed the development of different
operational modes to optimize the desalination process. For example, CDI experiments can be
performed using either single-pass or batch-mode approaches to measure salt concentration
over time. In single-pass mode (Fig. 8a), a solution from a storage vessel is continuously
introduced into the cell and salt concentration is evaluated immediately at the outlet of the
device (LADO et al., 2021a; WANG et al., 2019). Initially, it is observed a decrease in effluent
concentration; then, after electrode saturation, the concentration of the exit solution starts to
increase until the level of the inlet solution. On the other hand, in batch-mode configuration
water is recirculated in a small vessel wherein ion concentration is evaluated (HAN et al., 2013;
WANG et al., 2016b). Once the electrodes reach full adsorption capacity, water salinity reaches
a minimum that remains virtually steady over time (Fig. 8b). In general terms, experiments
performed using the single-pass method would be more interesting, since they would be closer
to real conditions. Although batch-mode allows simpler analysis, recirculation makes the
process less efficient (PORADA et al., 2013).
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Figure 8 - Different operational modes used in capacitive deionization studies.
(@) Single-pass and (b) batch-mode methods, and (c) constant current and (d)
constant voltage modes.
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Another factor influencing CDI performance is how the electrodes are charged and
discharged, which directly affect adsorption and desorption processes, therefore parameters
such as adsorption capacity and energy consumption, for example. In summary, two modes are
employed in CDI studies, one involving constant voltage operation and the other constant
current operation (CC). In CC-mode, illustrated in Fig. 8c, the electrodes are charged using a
constant current, and a difference of potential is gradually developed until a pre-established
value. Otherwise, in constant voltage mode (Fig. 8d), a voltage is applied to the electrodes and
the current reaches a maximum with subsequent decrease until a nearly constant value.
Accordingly, for adsorption in CC operation, the effluent salinity diminishes and remains fairly

constant at a low level until electrodes saturation. For adsorption in constant voltage operation,
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the effluent concentration first decreases abruptly and then starts to increase again until the
water feed concentration level. After promoting the desalination, the CDI cell is short-circuited
(zero voltage) or discharged at constant current, leading to the release of ions as a discharged
brine (DYKSTRA etal., 2018; PORADA et al., 2013; QU et al., 2016; ZHAO; BIESHEUVEL;
VAN DER WAL, 2012).

Although CDI studies under constant voltage operation are more common in both
the academic and commercial areas, CC mode has increasingly gained space for its advantages
over constant voltage-CDI (DYKSTRA et al., 2018; KANG et al., 2014; KIM et al., 2015;
PORADA et al., 2013). Firstly, constant current operation leads to a nearly constant effluent
salinity that can be easily adjusted by changing the current value or the water flow rate (ZHAO;
BIESHEUVEL; VAN DER WAL, 2012). Secondly, energy consumption using CC mode is
lower (KANG et al., 2014; ZHAO; BIESHEUVEL; VAN DER WAL, 2012), since the cell
reaches the desired voltage at the end of the charging process, leading to a lower average cell
voltage (KIM et al., 2015). This can be also related to less power dissipation through resistive
components (ohmic losses) since the applied current is controlled. Moreover, the electrodes are
less exposed to the occurrence of parasitic (Faradaic) reactions (redox reactions on the surface
and within the electrodes). The losses associated with these two processes (ohmic and Faradaic)
are responsible for consuming part of the energy input for desalination (QU et al., 2016).
Furthermore, the energy stored during ion removal (charging step) can be recovered in ion
desorption (discharging step) (DEUGOLECKI; VAN DER WAL, 2013; GARCIA-
QUISMONDO et al., 2013b; KANG et al., 2016b; OYARZUN et al., 2020). It is reported that
energy recovery in CC-CDI is easier attainable and occurs in a higher extent than in constant
voltage-CDI (HAN; KARTHIKEYAN; GREGORY, 2015).
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1.3.1.4 Capacitive deionization: a versatile technique

Although an extensive number of CDI publications are centered on removal of salt
(NaCl) from brackish water, a recent review explores the possibilities of CDI application in the
treatment of wastewater and outlook some challenges for its use as an emerging technology in
WWTPs (KALFA et al., 2020). For example, CDI has the potential to remove and recover toxic
metals, which is desirable from both environmental and economic perspectives. However, since
the technique is based on the adsorption driven by electrostatic forces, the design of selective
electrodes is challenging. In this way, researchers have explored various strategies to promote
ion selectivity in CDI, including (i) the use of selective ion exchange membranes to promote a
preferential transport of ions (SHI et al., 2019), (ii) the use of intercalation materials such as
manganese oxides (LEONG et al., 2021) and MXene (CHEN et al., 2020), (iii) tuning the
micropore size of the electrode material (SUSS, 2017), and (iv) modifying the micropore
surface chemistry (GUYES; MALKA; SUSS, 2019). According to the authors of the review
(KALFA et al., 2020), investing in the design of selective ion exchange membranes for CDI
would be a more practical approach than designing selective electrodes, as the latter requires a
more complex production process to create the desired pore network.

The presence of micropollutants in wastewater is a major concern in WWTPs,
and there are several strategies for removing them, including nanofiltration, reverse osmosis,
advanced oxidation processes (as previously seen in section 1.1), and CDI. For example, the
concomitant removal of salts and trace of uncharged organic contaminants (TOrCs) was
performed by Lester et al. (LESTER et al., 2020) . In this work, the adsorption of bisphenol A,
carbamazepine, estrone, and pentoxifylline was based on the partition coefficient between the
solution and the electrode, and the removal increased with hydrophobicity (pentoxifylline <
carbamazepine < estrone < bisphenol A). Moreover, the electrosorption of the TOrCs was not
affected by the salt concentration.

It is known that, depending on the applied potential, Faradaic reactions can take
place in CDI systems, which could be used as strategy to direct or indirect electro-oxidize
contaminants, as well as to remove them through electrosorption (KALFA et al., 2020). Duan
etal. (DUAN et al., 2015b) used CDI to simultaneously remove organic pollutants (phenol) and
inorganic salts (NaCl) by combining electrochemical oxidation and electrosorption using AC

electrodes. Phenol removal occurred via different mechanisms, including indirect oxidation via
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chlorine species (CIO"), direct oxidation on electrode surface, and electrosorption, while NaCl
was removed via electrosorption. The occurrence of direct and indirect oxidation reactions was
possible due to the high potentials applied (2.0 V), which, on the other hand, caused the
performance of the cell to deteriorate. To overcome this, the authors applied a reverse potential,
which allowed for full recovery of the cell.

The main drawback to CDI setups used to treat water containing dissolved organic
matter is the fouling of membranes in MCDI fashion and the clogging of carbon pores in the
electrodes. As showed by Mossad and Zou (MOSSAD; ZOU, 2013a), the presence of humic
acid (measured by the total organic carbon (TOC) concentration) reduces the efficiency of
carbon electrodes due to fouling. For instance, the removal capacity toward inorganic salts
decreased after 17 h of operation with a feed stream containing 0.9 mg L~ of humic acid. On
the other hand, the efficiency of electrosorption remained at 87.7% during 30 h of operation
with a feed solution containing only NaCl. Moreover, increasing TOC concentration from 0.9 to
3.1 mg L gradually decreased the adsorption performance from 85% to 70.2% and reduced
the produced flow rate from 2 to about 1.25 L min~2. In this work, applying an opposite polarity
in the regeneration step was insufficient to promote organic matter removal from the electrodes,
while using an alkaline solution resulted to be effective, as confirmed by other authors
(HASSANVAND et al., 2019).

Over the years, CDI has shown to be a versatile technique with promising
application in different water treatment purposes beyond water desalting (Fig. 9). In view of
this, studies related to (i) energy recovery, (ii) long-term operational stability, (iii) the impact
of foulants agents and regeneration treatments on electrode performance, and (iv) scaling up
from laboratory to pilot- and full scale should further be explored aiming the competitive use

of this technology.
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Figure 9 — Possible uses of CDI technology for water treatment purposes.
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1.4 Objectives and thesis outline

In this thesis, carbon-based materials were used for water treatment purposes from
two perspectives: adsorption of toxic metals and capacitive deionization. The document was
organized into chapters for better presentation of results.

Chapter 11 focused on synthesizing magnetic graphene oxide composites with
different contents of GO and evaluating their ability to adsorb Cd(I1), Cu(ll) and Cr(VI) in a
multielement solution. Then, one of the composites was functionalized with amino groups to
enhance Cr(V1) selectivity. Characterization technigques and adsorption studies were performed
to understand the mechanism of adsorption and the selectivity of the final composite.

Chapter 111 investigates strategies to improve capacitive deionization performance
using 3D electrodes of activated carbon supported on graphite felt. For this purpose, the effect
of electrode thickness, mass loading, and AC distribution over GF was evaluated in terms of
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salt adsorption capacity, Kinetics, water production, and energy consumption. The results
highlight the crucial role that electrode preparation plays in desalination.

Chapter IV summarizes the main findings of the developed works. The scientific
production of the author during the doctorate period (Chapter V), appendixes and bibliography
are also included.
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2 CHAPTER Il - FUNCTIONALIZED MAGNETIC GRAPHENE OXIDE
COMPOSITES FOR SELECTIVE TOXIC METAL ADSORPTION

In this work, composites of magnetite and graphene oxide were modified with amino groups to
improve chromium selectivity in a multielement solution containing Cd(I1) and Cu(ll) ions. The
results achieved from characterization techniques such as Fourier transform infrared,
Mossbauer spectroscopy, and X-ray photoelectron spectroscopy, confirmed the effectiveness
of the synthesis and evidenced different moieties able to promote metal adsorption. Comparing
the unmodified composites with the silanized one, it was observed an enhancement in Cr(VI)
uptake of 86% relative to Cd(Il) and 23% relative to Cu(ll). This effect was attributed to the
hard-hard interactions between the Cr(VI) species HCrO4 and the NHs" groups, along with
electrostatic interactions, which improve the adsorption of negative chromium species. The
metal adsorption by the composites followed the Langmuir model and a pseudo-second order
kinetic, and the surface charge played an important role in the adsorption. Finally, reuse
experiments showed an adsorption of approximately 100% of Cr(\V1) over 5 cycles, underlining

the remarkable stability of the produced amino grafted material.

2.1 Introduction

The rapid growth of industrialization around the world has been accompanied by
several negative impacts, particularly in the area of wastewater management. One major
challenge is the disposal of toxic metals from industries such as fuel, paper, pesticides, and
metal plating, which poses a significant threat to human health and ecosystems due to their high
toxicity, persistence, non-biodegradability, and cumulative effect. The presence of toxic metals
in the human body can result in the disruption of cellular metabolism, loss of cognitive function,
weakness, and oxidative stress (SHERLALA et al., 2018).

To address the problem of toxic metal removal from aqueous media, various methods
have been developed, including electrochemical processes, chemical precipitation, ion-
exchange, filtration, and adsorption (CAROLIN et al., 2017). However, each of these methods has
its own limitations, such as high cost in the case of electrochemical processes, the generation

of sludge in chemical precipitation, limited ion removal in ion-exchange, and fouling of
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membranes in filtration. Despite its requirement for a desorption process, adsorption is cost-
effective, simple to operate, and offers a wide range of adsorbent options.

Activated carbon (HOANG et al., 2022), chitosan (HARIPRIYAN; GOPINATH; ARUN, 2022),
iron oxide (BHATERIA; SINGH, 2019), silica (DA’NA, 2017), and graphene-based materials (KONG
etal., 2021) are some of the materials that have been used as adsorbents for toxic metals. Among
graphene-based materials, graphene oxide (GO) has received significant attention from the
scientific community for its high potential in toxic metal adsorption (PENG et al., 2017). GO is a
non-toxic, environmentally friendly, low-cost material with a large surface area containing
oxygenated groups that makes it an ideal material for the removal of toxic metals from aqueous
solutions (KAUR; KAUR; SINGH, 2019; KUMAR et al., 2019; PENG et al., 2017). However, due to its
strong adsorption affinity for toxic metals, it exhibits low selectivity, making it difficult to
adsorb a specific target ion (GU; FEIN, 2015; SITKO et al., 2013).

Efforts have been made to improve the selectivity of GO, such as by incorporating
nitrogen-containing functional groups (SITKO et al., 2014) or mercapto groups (ZIAEI; MEHDINIA,;
JABBARI, 2014). More recently, the use of an ion-imprinted polymer has been explored as a
means of improving selectivity (CHI et al., 2021). However, these strategies have focused more
on improving the adsorption capacity rather than selectivity. Another limitation of GO is its
difficulty in being removed from aqueous solutions, which restricts its reuse. To overcome this,
researchers have synthesized GO composites containing magnetic nanoparticles, which can be
removed from solution using an external magnetic field (DAHAGHIN; MOUSAVI; SAJJADI, 2017;
DUBEY et al., 2022; KAUR; KAUR; SINGH, 2019; LIU et al., 2015a; SUMAN et al., 2022). An alternative
approach is the covalent bonding of GO to different supports, such as polystyrene (ISLAM et al.,
2014), amberlite resin (KUMAR et al., 2019), or cellulose (CHEN et al., 2022; SITKO et al., 2016). These
efforts aim to enhance the functionality of GO and broaden its range of applications in
adsorptive processes.

This work aims to investigate the use of a composite of GO and magnetite functionalized
with 3-aminopropyltriethoxysilane to improve the selectivity towards hexavalent chromium in
a multielement solution containing Cd(Il), Cu(lIl), and Cr(VI). The modified and unmodified
composites were characterized using various physico-chemical techniques, and batch
adsorption experiments were carried out to investigate the effect of GO content and amino
group grafting on Cr(VI) selectivity. The mechanism of adsorption was studied using

thermodynamic, isotherm, and kinetic models, and the reusability of the material was also
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evaluated. Our results demonstrate that the MAG-GO-NH2 composite has potential as a
selective adsorbent for Cr(VI).

2.2 Experimental procedure

2.2.1 Chemicals and solutions

All the chemicals utilized were of analytical grade and were used as recieved
without further purification. Potassium permanganate (KMnQOa, 90%, Dinamica), sulfuric acid
(H2S04, 95-99%, Vetec), graphite (98%, Synth), hydrogen peroxide (H202 30% v/v, Synth),
hydrochloric acid (HCI, Synth), nictric acid (HNOs, Synth), and (3-
aminopropyl)triethoxysilane (APTES, 95%, Sigma Aldrich). Stock solutions of single and
multielement ions (Cu(ll), Cd(ll), and Cr(\V1), 10 mmol L) were prepared in a buffer solution
of acetic acid (HAc)/sodium acetate (Ac") at pH 4.9. Copper nitrate, (Cu(NO3z)2-3H20, 99%,
Vetec), cadmium nitrate (Cd(NO3)2.4H20, 99%, Vetec), and potassium dicromate (K2Cr207,

99.9%, Merck) were used as metal precursors.

2.2.2 Materials synthesis

2.2.2.1 Graphene oxide

The synthesis of graphene oxide (GO) was performed through a modified version
of the Hummers method (HUMMERS; OFFEMAN, 1958). The process involved mixing 0.500
g of graphite and 12 mL of concentrated H2SO4 in a round bottom flask, which was cooled to
below 20 °C using an ice bath. Next, 1.500 g of KMnQO4 was slowly added to the mixture and
stirred overnight at room temperature. To stop the reaction, the mixture was diluted with milli-
Q water in two portions of 25 mL, separated by a one-hour interval. Afterwards, 2 mL of H20>
(30% v/v) was used to neutralize the remaining manganese ions. The resulting bright yellow
suspension was purified by washing with a 1:10 solution of HCI and milli-Q water. Finally, the

graphitic oxide was sonicated to obtain a dispersion of GO in water.
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2.2.2.2 Composites of magnetite and graphene oxide

The synthesis of composites of magnetite and graphene oxide was carried out using
the co-precipitation method (FREIRE et al., 2016). For this purpose, 1.080 g of FeClz-6H,0
and 0.732 g of FeSO4-7H20 (in a molar ratio of 2 Fe(l11) :1 Fe(Il)) were solubilized in 10 mL
of milli-Q water (with HCI 1 mol L) and added to a round bottom flask containing 100 mL of
dispersion of GO (1.0, 2.0 or 3.0 mg mL™) in the temperature range of 65 — 70 °C. Then, 4 mL
of NH4OH were added dropwise and the mixture was kept under vigorous mechanical stirring
for 60 min. After cooling the material to room temperature, it was washed with milli-Q water
until pH 5.0, dried in a vacuum desiccator, and ground with a mortar to obtain MAG-GOx (X =
1, 2, or 3) samples, where x represents the concentration of the GO solution used in the synthesis
of the composite. The same procedure was used to synthesize pure magnetite, however, 100 mL

of milli-Q water was used instead of a GO dispersion.

2.2.2.3 Functionalized composites of magnetite and graphene oxide

The synthesis procedure of functionalized MAG-GO: with amino groups was carried
out using APTES. First, 400 mg of the composite was dispersed in 60 mL of ethanol in a round
bottom flask and stirred vigorously at a temperature range of 60 — 65 °C. Then, 1 mL of APTES
dissolved in 20 mL of ethanol was added dropwise to the suspension. The reaction was allowed
to proceed for 24 h before the sample was cooled to room temperature. To remove any excess
of the silylating agent, the material was successively washed with water and ethanol. The
supernatant solutions were analyzed by UV-Vis spectrometry (Varian, Cary 1E model). The

resulting material was named MAG-GO1-NHo.. The synthesis procedure is illustrated in Fig. 10.
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Figure 10 — Scheme of GO, MAG-GOyx and MAG-GO:-NH2 syntheses.
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2.2.3 Materials characterization

X-ray diffraction (XRD) analyses were performed on a Rigaku-DMAXB
diffractometer, at room temperature, using a CuKa irradiation source of A = 1.5405 A, with step
increments of 0.5° min™%, and a 20 angular range from 10 to 90°. Fourier transform-infrared
(FTIR) spectroscopy was carried out using an IRTrace-100 (Shimadzu) instrument in a
wavelength range of 4000 to 400 cm™, with resolution of 4 cm™, using samples dispersed in

KBr. Thermogravimetric analyses were conducted using a Thermogravimeter Analyzer (TA
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Instruments Q50) under a synthetic air flow of 60 mL min%, with a heating rate of 10 °C min!
from room temperature to 850 °C. The morphology and surface aspects of the samples were
evaluated using scanning electron microscopy (SEM) with energy-dispersive X-ray
spectroscopy (EDS) on a Quanta 450 FEG — FEI. Zeta potential analyses were carried out using
a Zetasizer Nano ZS, with 5 mg of the material dispersed in 30 mL of HAc/Ac™ buffer solution
(pH 4.9 £ 0.1). Mossbauer spectra were collected using a °’Co(Rh) radioactive source in
standard transmission geometry at room temperature, and the data was evaluated using least
square fitting with the software package Normos. The isomer shifts (6) were reported relative
to a-Fe. Raman scattering spectra were obtained using a T64000 Jobin—Yvon spectrometer and
an Argon ion laser (514 nm) as the excitation source. All measurements were performed using
a long working distance plan-achromatic objective with a 50.000.3520.50 mm lens. X-ray
photoelectron spectroscopy (XPS) analyses were performed using a ThermoFisher Scientific
K-alpha+ spectrometer, with a monochromatic Al Ko excitation and a spot size of 400 pm, at
a pressure of 10~ Pa in the analysis chamber, and pass energy of 50 eV for high resolution

spectra.

2.2.4 Adsorption experiments

Typical batch experiments were conducted using 25 mg of the adsorbent suspended
in 10 mL metal ion solutions prepared in HAc/Ac™ buffer (pH 4.9 £ 0.1) in Falcon tubes.
Multielement solutions and single element solutions contained 0.1 mmol L™ of each specie
(Cd(11), Cu(ll), and/or Cr(\V1)). The experiments were performed at 25 °C using a Dubinoff
water shaker. Initially, the effect of GO content on metal ion adsorption was evaluated for both
single and multielement solutions in experiments of 60 min. After this period, the materials
were magnetically separated, and the solutions were filtered through microfilters (0.45u PTFE
membrane) to determine the ion metal concentration using flame atomic absorption
spectroscopy (FAAS) on a Varian SpectrAA 220FS model. Further studies were performed
using MAG-GO; and MAG-GO:-NHz. The adsorption kinetics were studied over a time
interval of 0 to 120 min, and the experimental data were fit to the pseudo-first order (S., 1907)
(Equation 5) and pseudo-second order (HO; MCKAY, 1999) (Equation 6) models.

In(qe — q¢) = Inq, — k4t (5)
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t 1 t

+— (6)

ac  k2q%2  qe

where e (mmol g1) and q: (mmol g?) are the adsorption capacity at equilibrium and time

t (min), respectively; ki (min™) and k2 (g mmol= mint) are the pseudo-first-order and pseudo-
second-order rate constants, respectively.

Adsorption isotherms were obtained using metal ion concentrations ranging from
0.02 to 2.0 mmol L™L. The experimental data were fit to the Langmuir (LANGMUIR, 1918)
(Equation 7) and Freundlich (FREUNDLICH, 1907) (Equation 8) models.

— AmaxKLCe (7)
1+K1Ce

de
where ge (mmol g?) is the adsorption capacity at equilibrium, gmax is the maximum adsorption
capacity considering the complete monolayer coverage, Ce (mmol L™?) is the ion concentration

at equilibrium, and Ky is the constant related to the free energy of adsorption.

ge = Kp + " ®)
where ge (mmol g1) is the adsorption capacity at equilibrium, K is the constant related to the
adsorption capacity and n is the constant related to the adsorption intensity.

The separation factor (R.) was calculated as an indicator whether the adsorption
process is favorable (0 < R. < 1), linear (RL = 1), unfavorable (RL > 1) or irreversible (R = 0)

according to Equation 9:

_ 1
1+K1Co

)

where K is obtained from the Langmuir model (Equation 7) and Cy is the initial concentration

R,

of the adsorbate.
Thermodynamic parameters AH (kJ mol™), AS (J molt K1), and AG (kJ mol™)

were calculated as described in Equations 10 and 11:

Ink =25 22 (10)
R RT

AG = AH — TAS (11)
The ion desorption capacity of 0.10 mol L™ HCI and NaOH solutions was
evaluated using 25 mg of the sample loaded with ions and 10 mL of the desorption solution.

After shaking in a Dubinoff bath for 10 min, the sample was magnetically separated, the
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supernatant was filtered, and the leached ions were quantified. The desorption capacity was
evaluated for each solution using a freshly loaded sample. Reuse assays were performed using
multielement solutions containing 0.1 mmol L™ of each analyte (Cd(I1), Cu(ll), and Cr(V1)).
After each cycle, the material was washed in the following order: 0.1 mmol L™ HCI, water,
0.1 mmol L™t NaOH, and finally with water (three times). The sample was then dried in a
vacuum desiccator. For each 25 mg of loaded sample used, 10 mL of desorption solution or

water was used.

2.3 Results and discussion

2.3.1 Structural characterization

The XRD patterns of magnetite, GO, and MAG-GOyx composites are presented in
Fig. 11a. GO exhibited broad peaks centered at 17.7 an 27.4°, which can be related to the

presence of oxygenated groups such as hydroxyl, carboxyl, carbonyl, and epoxy, on the graphite
surface after the oxidation process. This leads to a weakening of n—x interlayer interaction,
which increases the interlayer spacing of graphite sheets and results in what is known as
graphitic oxide (DIMIEV et al., 2012). The synthesized magnetite exhibited diffraction peaks
at 18.2, 30.1, 35.5, 43.2,53.5, 57.2, 62.7, 71.1, and 74.3°, indexed to (111), (220), (311), (400),
(422), (511), (440), (620), and (533) planes, which are typical of a FesO4 inverse spinel cubic
structure (ICSD, reference code 01-086-1340). MAG-GOx composites showed an increase in
background noise, with a consequent broadening and disappearance of some peaks related to
magnetite (mainly the peak indexed to (311)) with an increase in GO content. This effect may
be attributed to the reduction in magnetite particle size of (nucleation of nanoparticles in distinct
regions of GO) or an increase in the amorphous portion.
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Figure 11 — (a) XRD patterns and (b) TG curves of GO, Fe3z04, and MAG-GOx materials; ()
magnetic separation of MAG-GO1, MAG-GO; and MAG-GO3 from aqueous solution.
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Thermogravimetric analyses (TGA) were used to confirm the formation of the
composites and to quantify the relative amount of magnetite and graphene oxide as depicted in
Fig. 11b. The TGA of pure GO exhibited three significant mass loss events in the temperature
range of 25 — 850 °C: (i) loss of physisorbed water from 25 to 200 °C (21.2%), (ii) partial
decomposition of oxygen functionalities and carbon oxidation into CO and CO2 from 200 to
500 °C (19.2%) (ISLAM et al., 2014), and (iii) complete disruption of the carbon basal planes
of the GO structure from 530 to 630 °C (59.6%). Similar events were observed for MAG-GO
samples; however, the GO present in the composites was eliminated at lower temperatures (385,
372, and 484 °C for MAG-GO1, MAG-GO2, and MAG-GOs, respectively) due to the presence
of magnetite, which may have a catalytic effect on carbon oxidation (JIA; LI, 2014; JIANG;
LIU; MA, 2019). Moreover, the magnetite sample showed a total loss of 5.5 wt.% due to the

removal of free and physically adsorbed water. Consequently, the residual mass in the
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composites represents the percentage of FesOs and the total weight loss, discounting
physisorbed water, represents the percentage of GO. The content of GO in the samples was
13.4,18.9, and 26.3 wt.% for MAG-GO1, MAG-GO2, and MAG-GOs, respectively.

Figure 12 — Scanning electron microscopy images for (a) GO, (b) Fe3Oa4, (¢) MAG-GOq, (d)

Source: the author.
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SEM images (Fig. 12) were used to assess the morphological properties of GO,
magnetite, and MAG-GOx composites. Fig. 12a depicts that GO displays a crinkled surface
with clusters that are flattened across the entire surface area. In turn, magnetite is composed of
different-sized agglomerates (Fig. 12b), some of which appear to consist of flat layers. The
MAG-GOyx composites (Figs. 12c, 12d and 12e) are shown to have agglomerates of irregular
form and shape, which can be attributed to FesOs particles attached to small GO sheets.
Additionally, larger GO sheets are dispersed throughout the samples (highlighted in Fig. 12d).
As the GO content increases, the clusters on the surface of the agglomerates become larger and
less dispersed, as demonstrated in Fig. Al. EDS mapping (illustrated in Fig. A2) provides
further evidence for the presence of both magnetite and graphene oxide in the composites, and
supports the results of the TGA analysis, which showed that the weight percentage of iron is
exceeds that of carbon.

FTIR spectra of the synthesized samples are displayed in Fig. 13a. A broad band
present in all materials in the range of 3400 to 3000 cm™ is assigned to the O—H stretching
vibrations. The spectrum of GO indicates the presence of various oxygenated functional groups
on its structure. The absorptions at 1720 cm™* and 1568 cm™ can be assigned to C=0
(carbonyl/carboxyl) groups and C=C bonds (aromatic rings), respectively, while the vibrations
observed at 1176 cm *and 1070 cm ™ correspond to C—O stretching (GUO et al., 2016; LI1U et
al., 2019; SITKO et al., 2013). The presence of magnetite in the composites is confirmed by the
typical absorption at 584 cm™ corresponding to Fe—O stretching in the octahedral and
tetrahedral sites of FesO4 (FREIRE et al., 2016). Also, a shoulder at 629 cm~* and a small peak
around 430 cm™* suggest the presence of maghemite (y-Fe203), an oxidized form of magnetite
(STOIA; ISTRATIE; PA, 2016). The weak band at 1620 cm™ is assigned to the O—H bending
mode of H>O molecules adsorbed on the surface of the materials. Moreover, MAG-GOx
samples exhibit a broad band in the range of 1290 to 860 cm™, centered at 1196 cm™%, which

may correspond to different overlapping absorptions, including C=C and C—O vibrations.
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Figure 13 — (a) FTIR spectra of GO, magnetite, MAG-GOx materials, and MAG-GO:-NH>
composite; (b) Mdssbauer spectra of GO, MAG-GO1, and MAG-GO;1-NH..
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The success of the MAG-GO; grafting can be confirmed by the appearance of bands
in the FTIR spectrum of the MAG-GO1-NH>2 composite (Fig. 13a) that correspond to functional
groups of APTES. The higher intensity and narrowing of the broad band centered at 3420 cm™
can be associated to N—H stretching, while N-H deformation is suggested by the increased
intensity of the absorption band at 1626 cm™. These bands provide evidence of the presence of
free amine, therefore suitable for metal adsorption. Furthermore, the weak band at 2920 cm™
is assigned to the C—H stretching of —CH2 in aliphatic groups present in the structure of APTES.
The effectiveness of silanization is further demonstrated by the appearance of absorptions at
1100 cm™, 1014 cm™t, and 798 cm ™ corresponding to Si-O-C, Si—O-Si, and Si—O vibrations,
respectively. Although the formation of Fe-O-Si bonds is expected to be observed at 589 cm ™,
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this stretching may overlap with the strong Fe—O vibration (KARADE et al., 2021; LEE; KIM,
2020).

It should be noted that both magnetite and GO may undergo silanization during the
grafting procedure. In the case of GO, the reaction with APTES can occur via two major
mechanisms: (i) the displacement of alkoxy groups on APTES by hydroxyl groups on GO,
forming Si—O—C bond (as confirmed by the FTIR spectra in Fig. 13a), and (ii) the attack of
amine on the epoxy rings, leading to the formation of a hydroxyl group (LEE; KIM, 2020).
Meanwhile, magnetite and APTES can react via mecanism (i), which involves the attack of
hydroxyls present in FesOs4 and the formation of Fe—O—Si bonds.

Mossbauer spectra of Fe3O4, MAG-GO1, and MAG-GO:-NH: at room temperature
are shown in Fig. 13b, and the hyperfine parameters obtained from the fits of the experimental
data are reported in Table 1. The Mdssbauer spectrum of Fe3Os exhibits a characteristic
ferromagnetic sextet that was fit using the magnetic hyperfine field distribution model (blue
line). This result is expected for FesOa, as the Mésshauer spectrum shows the presence of Fe3*
in tetrahedral sites and Fe®*/Fe?* in octahedral ones. However, MAG-GO; and MAG-GO1-NH;
also show paramagnetic doublets (pink line) in addition to the ferromagnetic sextet (blue line).

The presence of doublets in Mdssbauer spectra suggests that the FesO4 particles
nucleated and grew independently of each other on the surface of GO sheets (AHLAWAT et
al., 2011; KOLEN’KO et al., 2014; ZELIS et al., 2013). This may be a result of the coordination
between Fe?*/Fe3* jons and oxygenated groups on the GO surface prior to the formation of
magnetic particles (NETO et al., 2017). The reduced particle size and increased interparticle
separation leads to a decrease in dipolar interactions between magnetic particles (FLEUTOT et
al., 2013; PAULY etal., 2012), as indicated by the greater calculated area of the doublet (~54%)
compared to the sextet (~46%). Furthermore, values of isomer shift () ranging from 0.335 to
0.353 mm s! suggest that the magnetic particles are composed of partially oxidized (likely due
to synthesis and air exposure) and nonstoichiometric Fe3Os, which is consistent with the
presence of y-Fe203 (5 = 0.32 mm s™) (NETO et al., 2017) as indicated by FTIR analysis.
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Table 1 — Mdsshauer parameters of Fe3Os, MAG-GO: and MAG-GO1-NHz samples
obtained from hyperfine fits.

Sample Mossbauer parameters
Fitting Bur (T) d(mms?) A(mms?) A (%)
Magnetite Sextet (blue) 45 0.335 -0.015 100
MAG-GO1 Sextet (blue) 46 0.350 —0.046 46.34
Doublet (pink) - 0.344 0.635 53.66
MAG-GO;:-NH:  Sextet (blue) 44 0.342 —0.048 46.94
Doublet (pink) - 0.353 —0.646  53.06

Source: the author.

Raman spectroscopy provides important insights into the structural characteristics
of carbon-based materials. The intensity ratio of the bands located at 1350 cm™ (D-band) and
1580 cm™ (G-band), i.e., Ip/lg, is a measure of the sp®sp? carbon ratio in the material.
Therefore, a higher Ip/lg ratio indicates a higher number of sp? — sp® transformations.
Regarding graphene oxide, this implies an increase in the number of carbon atoms from the
aromatic arrangement that are bonded to oxygen functionalities.

Therefore, the increase in Ip/lg ratio (Io/lc =2.00) observed in the MAG-GO:
sample (as depicted from Fig. 14) compared to pure GO (Ip/lg = 1.02) suggests that the GO is
attached to the magnetic particles through carbon atoms rather than oxygen atoms. Conversely,
the decrease in the Ip/lg value of MAG-GO1-NH: (Ip/lc = 1.51) compared to MAG-GO: can be
attributed to the bonding of APTES to magnetite and oxygenated groups of GO, which limits
the freedom of sp® carbons and, consequently, the relative intensity of the D-band (TAYYEBI
etal., 2015). The presence of Si—O—C and Fe—O-Si bonds in the FTIR spectrum of MAG-GO:-
NH: (Fig. 13a) supports this hypothesis.
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Figure 14 — Raman spectra of GO, MAG-GO1, and MAG-GO1-NHa.
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XPS analyses were carried out to provide further information about the elemental
composition and oxidation state of the atoms present in the samples. The survey spectra of
MAG-GO; and MAG-GO;-NHz>, as shown in Fig. A3, reveal the presence of C (~ 285eV), O
(~531eV), and Fe (~711eV), confirming the incorporation of magnetite into GO.
Additionally, the presence of N1s (~ 400 eV) and Si2p (~ 101 eV) peaks in the amino-grafted
material confirms the surface silanization process. High resolution spectra were acquired for
Cls, O1s, Fe2p, and N1s (Fig. 15) and Table A1 summarizes the obtained data.

The C1s spectra (Figs 2.6a and 2.6d) can be deconvoluted into five peaks assigned
to C—C/C=C (~284 eV), C-O (and C-N in MAG-GO1-NH; samples) (284-285 eV), C-O-C
(~285¢V), C=0 (~286 ¢V), and O-C=0 (~287 eV) (AL-GAASHANI et al., 2019; CHEN;
WANG; FANG, 2020). The XPS profiles of O1s electrons (Figs 2.6b and 2.6e) show peaks
around 529, 530, 531, and 532 eV that can be associated to O—C=0, Fe-O, C-OH, and C—
O/Fe-OH bonds (AL-GAASHANI et al., 2019; FREIRE et al., 2020; YOO et al., 2020). The
Fe2p spectra (Figs 2.6¢ and 2.6f) exhibit five doublets, corresponding to Fe2ps» and Fe2pi»
core level electrons. Characteristic peaks of magnetite at 710 and 724 eV can be assigned to
Fe?* and Fe* in octahedral sites, while the peak at 711 eV is attributed to Fe** in tetrahedral

sites. Other deconvolutions are ascribed to Fe?* and Fe® species as oxides and/or
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oxyhydroxides (FREIRE et al., 2020; RAJAN; SHARMA; SAHU, 2020; VINODHA; SHIMA,
CINDRELLA, 2019). The N1s spectrum for MAG-GO1-NH: (Fig. 15g) exhibits two peaks
with binding energies at 399.91 and 401.81 eV, corresponding to -NHz and -NH3", respectively
(ZHANG et al., 2018), suggesting the presence of free groups able to interact with analytes.

Figure 15 — (a,b,c) High resolution XPS spectra of MAG-GOyq; (d,e,f,g) High resolution
XPS spectra of MAG-GO1-NHa.
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2.3.2 Adsorption experiments using MAG-GOyx composites
Adsorptions assays were performed at pH 4.9 £ 0.1, where the predominant species

for Cd are Cd?" > Cd(CHsCOO)" > Cd(CH3sCOOH),, for Cu are Cu(CHsCOO)* > Cu?* >
Cu(CH3sCOOH);, and for Cr are HCrO4~ >> Cr07* > CrO4 (Fig. A4). For the purpose of
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simplification, the species of Cu, Cd and Cr will be referred to as Cu(ll), Cd(ll), and Cr(VI),
respectively.

Experiments were initially conducted in multielement solutions containing
0.1 mmol L of ions to evaluate the effect of GO on the adsorption capacity of the materials.
Fig. 16a shows that the amount of adsorbed ions increased as the GO:magnetite mass ratio
increased. The MAG-GO;, MAG-GO>, and MAG-GO3 samples removed 0.087, 0.099, and
0.095 mmol g* of ions, respectively, while pure GO and magnetite removed 0.085 and
0.067 mmol g%, respectively. Hence, the MAG-GOx composites combine the adsorption
capacity of both GO and magnetite, along with magnetic properties, to produce materials with
higher capacity to remove toxic ions and easy removal from aqueous media. Moreover, the
composites preferentially adsorb Cr(\V1) over Cd(11) and Cu(ll). This can be related to the higher
mass percentage of Fe3Oa in all the materials compared to GO (76 wt.% in MAG-GO1, 66 wt.%
in MAG-GO, and 53wt.% in MAG-GOz3). Zeta potential analyses reveal values of
+16.8 £ 0.4 mV and —24.4 + 1.0 mV for magnetite and GO, respectively, which explains why
magnetite preferentially adsorbs negative species (Cr(\V1)) and GO positive species (Cd(Il) and
Cu(Il), indicating an electrostatically driven adsorption process. The positive nature of
magnetite is associated with the formation of =Fe(II,III)OH>" species at acidic pH (SUN et al.,
1998), while the acidic nature of GO is due to the presence of carboxyl groups, incompletely
hydrolyzed sulfates (as shown in EDS mapping, Fig. A2), and vinylogous acids (DIMIEV et
al., 2012; DIMIEV; ALEMANY; TOUR, 2013).
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Figure 16 — (a) Relative amount of adsorbed ions and total
amount of adsorbed ions in multielement solutions of Cd(ll),
Cu(ll), and Cr(V1) by GO, Fe30s4, and MAG-GOx materials;
(b) Percentual of ions adsorbed in multielement solutions of
Cd(lr), Cu(ll), and Cr(VI) by GO, Fe3Os, and MAG-GOx
materials.
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Moreover, as shown in Fig. 16b, the adsorption of Cd(Il) and Cu(ll) increases with
the GO content. MAG-GO: adsorbs 8.4% and 55.3% of the initial Cd(ll) and Cu(ll),
respectively, whereas for MAG-GO3 these percentages rise to 22.6% and 83.3%. Conversely,
the adsorption of Cr(VI) decreases with the increase of GO content, falling from 93.0% (MAG-
GOy) to 87.7% (MAG-GOz3). This decline is primary attributed to the charge nature of the
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adsorbents. The zeta potential values were determined as follows: MAG-GO;
(+15.2+0.6 mV) > MAG-GO> (+5.9+ 0.6 mV) > MAG-GO3 (- 7.1 = 0.6 mV), which is
consistent with the percentage of GO in the samples, indicating that there will be an
improvement in the removal of positive species (i.e., Cu(CH3COOQ)*, Cu?*, Cd(CH3CO0)*, and
Cd?") and a decline, although to a lesser extension, in the uptake of negative ones (i.e., HCrO4~
and Cr,07%"). This same behavior is observed when 0.1 mmol L! monoelement solutions were
used (Fig. 17), where MAG-GO; adsorbed 17.8%, 65.8%, and 97.0% of the initial Cd(ll),
Cu(ll), and Cr(VI), respectively, while MAG-GOs removed 47.8%, 95.4%, and 86.9%,

respectively.

Figure 17 — Adsorption of Cd(Il), Cu(ll), and Cr(VI) in
monoelement solutions by MAG-GOx materials.
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When considering exclusively the total amount of ions removed, both MAG-GO:
and MAG-GOs could be suitable for surface modifications to improve Cr(V1) adsorption.
However, these materials exhibit low selectivity for these ions and low magnetization,
implicating on the removal of the adsorbents after removing the solutes from the aqueous
media. In fact, some of these composites remain in the solution after magnetic separation (Fig.
11c). Hereupon, due to its optimized features, such as higher adsorption capacity compared to
Fes0O4 and suitable magnetization, MAG-GO; was selected for functionalization with amino

groups to enhance Cr(VI) selectivity. At pH 4.9, the amino moieties are protonated (DOADRIO



61

et al., 2014) and considering that Cr(V1) is a hard acid (MIESSLER; FISCHER; TARR, [s.d.]),
it is feasible to hypothesize that the amino functionalization will make the material more

selective for Cr(V1) at the expense of the other metals.

2.3.3 Adsorption experiments using MAG-GO:-NH> composites

2.3.3.1 Adsorption isotherms

In order to understand the adsorption mechanism of Cd(ll), Cu(ll), and Cr(V1) by
MAG-GO; and MAG-GO1-NH>, Langmuir and Freundlich isotherm models were applied to
the experimental adsorption data. The nonlinear plots obtained from the adsorption equations
are shown in Fig. 18 and the calculated parameters are displayed in Table A2. For both samples,
the Langmuir model provided a better description of the experimental results, indicating that
the adsorption of each metal occurs as a homogeneous monolayer coverage in the correspondent
adsorption site. Although a decrease in adsorption capacity towards Cr(V1) has been observed
for MAG-GO1-NH: (0.57 mmol g!) compared to MAG-GOs (0.61 mmol g1), an enhancement
in Cr(V1) selectivity was obtained: MAG-GO:-NH; adsorbed Cr(V1) at 39.0 and 6.5 times more
than Cd(Il1) and Cu(ll), respectively, while MAG-GO: adsorbed 5 times more Cr(VI) than
Cd(II) and Cu(II). This effect is probably due to the presence of -NHz" moieties, which enable
electrostatic interactions with negative Cr(VI) species, and to the hard-hard interactions,
according to the Hard and Soft Acid and Base (HSAB) theory, between HCrO4~ (the main specie
at pH 4.9) and the -NH3" groups.



62

Figure 18 — Adsorption isotherms of Cd(ll), Cu(ll), and Cr(V1) using (a) MAG-GO: and (b)
MAG-GO:-NH2 composites at 298 K. Symbols represent the experimental data, solid lines
represent Freundlich model, and dashed lines represent Langmuir model.
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The thermodynamic parameters for the adsorption of Cd(ll), Cu(ll), and Cr(VI)
onto MAG-GO;1-NH> were determined using Van’t Hoff plot analysis (Fig. A5) based on the
adsorption isotherms data obtained at 298, 308, and 318 K (Fig. 19, Table A3 summarizes the
data). The calculated values of entropy, enthalpy, and Gibbs free energy are presented in
Table 2. The results indicated that the adsorption of Cu(ll) and Cr(VI) onto MAG-GO;1-NH2 is
spontaneous, as reflected by AG negative values, while the adsorption of Cd(Il) is non-
spontaneous, with positive AG values. Moreover, as the temperature increases, AG decreases
for the three toxic metals. The AH values show that the adsorption is endothermic, which
corroborates the lower values of AG with temperature. The positive values of AS suggest
possible structural changes or rearrangements in the adsorbate-adsorbent active complex.
Furthermore, the calculations of the separation factor (RL) at the studied temperature range
indicate that the adsorption of Cr(VI) and Cu(ll) is favorable (R values ranging from 0.01 to
0.71), while the adsorption of Cd(Il) is unfavorable (R values ranging from 1.01 to 5.56),
agreeing with AG values .
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Figure 19 — Adsorption isotherms of Cd(11), Cu(ll), and Cr(VI) by MAG-GO1-NH>
obtained at 298, 308, and 318 K. Symbols represent the experimental data, solid
lines represent Freundlich model, and dashed lines represent Langmuir model.
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Table 2 — Thermodynamic parameters of Cd(ll), Cu(ll), and Cr(V1) adsorption by MAG-GO:-

NHo2.
AG
AS AH
Metal (3 mol™)
(J mol' K1) (J mol™)

298 K 308 K 318 K
Cr 125.67 29770.49 - 7679.17 - 8935.87 -10192.57
Cu 163.13 46424.25 - 2188.49 - 3819.79 - 5451.09
Cd 64.93 21061.86 1702.28 1052.96 403.63

Source: the author.

2.3.3.2 Adsorption kinetics

The adsorption kinetics of MAG-GO:-NH: at different ion concentrations are

displayed in Fig. 20. It was observed that the adsorption equilibrium was reached within 20 min

for a 0.1 mmol L solution, 30 min for a 0.5 mmol L solution, and 60 min for a 1.0 mmol L*

solution. A significant increase in Cr(VI) adsorption was noted presented with the increase in
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ion concentration. For instance, with a multielement solution of 0.1 mmol L%, Cr(VI) removal
was about 0.050 mmol g1, while for a multielement solution of 1.0 mmol L™, the adsorption
increased to approximately 0.32 mmol g, representing a 6.4-fold increase. On the other hand,
the improvement in ion removal for Cu(ll) and Cd(Il) was estimated to be 3.3 and 4.5 times,
respectively, demonstrating an improvement in an Cr(V1) selectivity as the ion concentration
increases. In addition, the pseudo-first order and pseudo-second order models were employed

to fit the experimental data, and the kinetic parameters are summarized in Table A4.

Figure 20 — Adsorption kinetics of Cd(ll), Cu(ll), and Cr(VI) by MAG-GO:-NH: at
different ion concentration. Symbols represent the experimental data and lines represent
the theoretical values obtained from pseudo-second-order model.
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The best linear fit was obtained using the pseudo-second-order model for all ions at
the studied concentration range (Fig. 21). The calculated ge values from the pseudo-second-
order model were in close agreement with the experimental results, suggesting that the ion
removal is mainly controlled by chemical adsorption. It is important to highlight, however, that
electrostatic forces also play a role in the ion removal process, since the adsorbates are charged
species and their migration from the bulk solution is likely driven by electrostatic forces
(ZHANG et al., 2018).
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Figure 21 — Kinetic studies at different ion concentration: (a) pseudo-first
order, (b) pseudo-second order.
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The results of XPS analysis performed on MAG-GO:-NH; after one and five cycles
of ion adsorption/desorption are presented in Fig. 22. After one cycle of adsorption Cd, Cu, and
Cr were present in the adsorbent as weak signals in the high resolution spectra, indicating a
limited quantity of these species. However, after five cycles of adsorption, Cd was not detected,
whereas a weaker signal for Cu was found, and a stronger signal for Cr appeared. This is likely
due to the higher adsorption of Cr(VI) on MAG-GO;:-NH2. The deconvolution of Cr2p
(Fig. 22i) showed two doublets corresponding to Cr(l1l) (577.16 and 587.02 eV) and Cr(VI)
(578.39 and 588.25 eV), suggesting that a portion of the Cr(\V1) was reduced to Cr(l11), probably
due to the electron donation of the sp>-hybridized carbons in GO, as well as the presence of

magnetite, which enhances charge transfer through Cr(V1) adsorption (ZHANG et al., 2018).
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In addition, the N1s spectrum (Fig. 22h) displayed a single peak at 400.13 eV that might be
related to the presence of only -NH, suggesting full -NH3" neutralization with NaOH.

Figure 22 — (a,b,c,d) High resolution XPS spectra of MAG-GO;1-NH after the first cycle of
adsorption; (e,f,g,h,i) High resolution XPS spectra of MAG-GO:-NH; after the fifth cycle of
adsorption.
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Hereupon, the adsorption of the solutes by MAG-GO:-NH2 can be attributed to
different mechanisms due to the surface groups present, including (i) binding of metals with
oxygenated groups from Fe304/GO and amino groups from APTES (GUO et al., 2016; YOO
et al., 2020; ZHANG et al., 2018); (ii) formation of Lewis acid-base pairs, where GO act as a
Lewis base through delocalized m electron systems, while species of Cd(Il) (Cd?* and
Cd(CHsC00)*) and Cu(ll) (Cu?* and Cu(CH3COOQ),) act as Lewis acids; on the other hand,
negative Cr(VI) species (mainly HCrO4") can act as a Lewis base and -NHz" as a Lewis acid
(TAN et al., 2015); (iii) formation of hydrogen bonds between oxygenated/amino groups with
acetate complexes of cadmium (Cd(CHsCOO)" and Cd(CHsCOO)2) and copper
(Cu(CH3COO)* and Cu(CH3COOQ)y), and with chromium species (LIU et al., 2017a); and (iv)
partial reduction of Cr(V1) to Cr(l1I).
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2.3.4 Reuse and cyclability

Desorption experiments were performed using 0.10 mol L™ solutions of HCI and
NaOH. The use of HCI solution resulted in the desorption of cadmium (50.1%) and copper
(85.5%) and presented a lower capacity to desorb chromium (15.8%). This is related to the ion
exchange between protons and Cd(Il) and Cu(ll) species, and Cr(lll) ions (shown by XPS
analysis). A negligible amount of iron (< 0.5 wt.%) was leached due to the dissolution of
magnetite. On the other hand, the use of NaOH solution resulted in the desorption of only
chromium (84.6%), possibly due to the ion exchange between hydroxyl ions and Cr(V1) species
and the neutralization of -NHs" groups. Besides, the coprecipitation of cadmium and copper
may occur due to the high pH (12.9) of the NaOH solution, which also prevents their detection
by AAS analysis and also the leaching of iron. This allows for the separation/preconcentration
of only Cr(V1).

Fig. 23 displays the reuse of MAG-GO:-NH: over five adsorption/desorption
cycles. It is shown that the removal of Cr(VI) remains fairly constant at 100% with a slight
decrease in the 5" cycle. Meanwhile, the adsorption of Cu(l1) increases significantly, which can
be attributed to the small amount of iron leaching, which favors the adsorption of positive
species. Inturn, Cd(11) adsorption remains unchanged at about 12%. The preferential adsorption
of Cu(ll) over Cd(I1) can be associated with the electronegativity of the metals and the stability
constant of M(OH)* and M(Ac)" species (SITKO et al., 2013), probably formed through
complexation of M?* with —-COOH and —COH groups on GO. The electronegativity and the
stability constants increase as Cu?* > Cd?* (AD, 1999), which corresponds to the observed order

of preferential adsorption.
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Figure 23 — Experiments of reuse of MAG-GO1-NH>
towards Cd(ll), Cu(ll), and Cr(V1) adsorption.
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Source: the author.

2.4 Conclusion

A composite material of magnetite and graphene oxide grafted with amino groups
(MAG-GO:-NH) was successfully synthesized, showing promising results in the selective
adsorption of chromium. Experiments in multielement solutions containing Cd(ll), Cu(ll), and
Cr(VI) revealed that the content of GO in the composite impacts ion removal and selectivity,
as a result of the surface charge of the material. The adsorption behavior of MAG-GO; and
MAG-GO:-NH: followed the Langmuir model and displayed pseudo-second order Kinetics.
The adsorption capacity of MAG-GO; towards Cr(VI) was 5 times higher than for Cd(ll) and
Cu(ll), while for MAG-GO1-NHj> this value was improved to 39.0 and 6.5 times, respectively.
This improvement in Cr(VI) uptake can primarily be attributed to the presence of nitrogen
atoms and —NHs" groups, which allow for easy binding of negatively charged chromium
species. The thermodynamic parameters indicated that the adsorption of Cd(ll), Cu(ll), and
Cr(VI) onto MAG-GO:-NH, was a spontaneous and energetically favorable, while the
adsorption of was non-spontaneous and energetically unfavorable. Over the course of five
adsorption/desorption cycles, the amino grafted composite maintained preferential removal of
chromium, with adsorption levels around 100%. Therefore, MAG-GO:-NH> holds great

potential as a platform for selective adsorption of chromium species.
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3 CHAPTER I1Il — STRATEGIES TO BOOST CAPACITIVE DEIONIZATION
PERFORMANCE OF 3D ELECTRODES

Graphite Felt (GF) 3D composite electrodes are promising candidates for emerging
electrochemical water treatments such as capacitive deionization (CDI). In the present work,
simple strategies to improve their performance based on modifying electrode thickness,
activated carbon (AC) mass loading, and its distribution over GF were explored.
Electrochemical characterizations showed that by reducing electrode thickness and increasing
mass loading, increments of 45% in the case of total capacitance (F) and 70% in terms of
specific capacitance (F gAC™) could be achieved. CDI experiments demonstrate that values
of salt adsorption capacity (SAC) and concentration reduction (Ac) can be improved by more
than 200% when reducing GF electrode thickness from 5.0 mm to 2.0 mm. Additionally, by
using the thinnest electrodes and increasing AC mass loading, values of Ac over 50% higher
were reached in accordance with the electrochemical analysis. However, this achievement was
obtained penalizing SAC, ASAR, productivity (P) and, energy consumption (EV) mainly due
to the larger occurrence of Faradaic reactions. Moreover, microscopy images showed that the
AC was not uniformly distributed over the GF structure, just on the outer surface, impairing
the penetration of electrolyte inside the electrodes. Further research, focused on adjusting the
synthesis conditions, enabled us to prepare electrodes with a more homogeneous dispersion
of AC. These highly distributed GF composites produced a significant enhancement in terms
of ASAR (45%) and P (59%). This progress on optimizing the preparation of GF composite
materials by using simple strategies has paved the way for improving the electrochemical

separation of ions.

3.1 Introduction

Capacitive deionization (CDI) has emerged as a promising water treatment
technology attracting the attention of the scientific community (ANDERSON; CUDERO;
PALMA, 2010; CHOI et al., 2019; OREN, 2008; PORADA et al., 2013; SUSS et al., 2015;
WELGEMOED; SCHUTTE, 2005). In this technology, ions are removed from water via

electrosorption. By means of a low potential application, the electrodes are polarized forcing
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the ions to be removed and stored in the Electrical Double Layer (EDL) formed at the
electrode/electrolyte interface. Since the working principle is similar to the one used by
electrochemical supercapacitors, capacitive deionization is a perfect example of the Water-
Energy Nexus (ANDERSON; CUDERO; PALMA, 2010). After promoting the desalination,
the electrodes are short-circuited or discharged, leading to the ion desorption forming a brine.
Furthermore, the energy stored during the ion removal step can be efficiently recovered in this
ion desorption step in a similar way as in the discharging phase of a supercapacitor
(DLUGOLECKI; VAN DER WAL, 2013; GARCIA-QUISMONDO et al., 2013b; KANG et
al., 2016b; OYARZUN et al., 2020).

Carbon-based materials have been extensively used as electrodes for CDI
purposes (JIA; ZHANG, 2016) and energy storage devices (CHEN; PAUL; DAI, 2017).
Among them, activated carbon (AC) has been widely employed in CDI studies due to its low
cost, high specific surface area (SSA) and chemical stability (LADO et al., 2019b; SANTOS
etal., 2018; ZORNITTA; RUOTOLO, 2018). However, the dominant presence of micropores
on AC structure hinders the effective access of the electrolytes to inner pores. This issue makes
ion diffusion difficult throughout the pore network (VAQUERO et al., 2012), limiting the
electrode capability of salt removal. Although micropores are mainly responsible for
providing high SSA and adsorption sites for deionization, the presence of larger pores is
desired in order to decrease the resistance to mass transfer and to allow ion access to inner
micropores. Considering this perspective, hierarchical materials containing different pore size
distributions are beneficial for CDI applications, since meso and macropores facilitate ion
transport throughout the electrode (DUTTA et al., 2016; OUYANG et al., 2018b; ZHAO et
al., 2016; ZORNITTA et al., 2016).

Graphite felt (GF) is a macroporous material, with a 3D pore network, high
mechanical stability, outstanding electric conductivity, and is widely used for energy storage
and additional environmental applications (HUONG LE; BECHELANY; CRETIN, 2017).
Although the use of GF is still scarce on CDI devices (WANG et al., 2019), it has been widely
applied in the field of vanadium redox flow batteries (VRFB) (BANERJEE et al., 20193,
2019b; DAVIES; TUMMINO, 2018; PARK et al., 2014; SGL GROUP - THE CARBON
COMPANY, [s.d.]; WEI et al., 2016). For this purpose, improvements in the performance of
VRFBs have been achieved by increasing the compression of the felt, which has resulted in a
lower ohmic resistance within the cell (BANERJEE et al., 2019b; DAVIES; TUMMINO,
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2018; PARK et al., 2014). Moreover, it is important to highlight the fact that the thickness of
the electrode is considered to be one of the most important contributors to internal resistance
in battery fashion-like cells (QU et al., 2015). Accordingly, this parameter is considered to be
mainly responsible for the loss of specific capacitance and energy density (LI1U et al., 2017b).
In this sense, Wei et al (WEI et al., 2016) investigated the performance of GFs having different
thickness, 2.5 and 6.0 mm, observing lower ohmic losses for the thinner electrodes, similarly
to what was observed by increasing the compression of the felt.

In previous works, GF was successfully coated with AC for CDI application,
exhibiting good stability over cycling and emerging as a promising platform for large-scale
CDI (LADO et al., 2021b; WANG et al., 2019). The general scope of that research was to
fabricate a GF-AC composite that is easily scalable combining both macro porosity of GF and
the high surface area of AC. However, parameters such as electrode thickness or mass loading
of active material were not optimized in those studies. Since these parameters are considered
to be highly significant to the improvement of electrode materials for energy storage but also
for CDI applications (KIM et al., 2014; LEE et al., 2018; SANTOS et al., 2018; WANG et al.,
2011; ZORNITTA et al., 2016), it was decided to explore this approach further in this new
study.

In this work, the effect of electrode thickness on the performance of hierarchical
3D GF-AC electrodes in CDI application was evaluated. For this purpose, GFs with 2.5, 4.6,
and 6.0 mm of thickness were coated with AC and submitted to different charge/discharge
currents and potentials. Also, the effect of mass loading was evaluated by using the GFs of
2.5 mm thickness and differing mass loadings of AC. Our guiding hypothesis has been that
by decreasing the electrode thickness specific capacitance could be improved, resulting in
better CDI performance. In addition, by increasing the mass loading of AC, one expects an
increase in salt removal in absolute terms although penalizing other variables, such as the

kinetics of the CDI process.

3.2 Experimental Procedure

3.2.1 Materials and Methods
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3.2.1.1 Electrode preparation

The carbon slurry was prepared in a ball mill with 80% activated carbon
(PICACTIF SuperCap BP10 type, PICA France, specific surface area = 2400 m? g%,
hereinafter AC), 10% carbon black (acetylene, 100% compressed, > 99.9%, Alfa Aesar), 10%
Polyvinylidene Fluoride (PVDF, MTI) and isopropanol as a dispersive medium. The carbon
ink with a concentration of 14 g mL ! was mixed and homogenized for 30 min at 400 rpm.

Graphite felts (SGL carbon, Germany, hereinafter GFs) with different thicknesses
(2.5, 4.6, and 6.0 mm) were used as a support for the carbon slurry. Additional information
about the used GFs is displayed in Table 3. As received, GFs were treated in a furnace at
400 °C for 3 h, using a heating rate of 5 °C min~2, under air atmosphere, and were left to cool
naturally in the furnace. Next, these GFs were cut into pieces of 3.0 x 3.0 cm and immersed
in the AC carbon slurry by dip coating (after 10 s of immersion, the pieces were removed).
Subsequently, the GF-AC electrodes were dried in a vacuum furnace at 140 °C for 4 h
(hereinafter GF-AC, where X is the electrode thickness after cell assembling) and can be seen
in Fig. 24. Several electrodes (at least 4 electrodes of each thickness) were prepared and the
average mass loading obtained was 39.3 + 1.6 mg of AC cm2. Additional GF-AC electrodes
were prepared using the GF of 2.5 mm of thickness, however changing the mass loading of
AC (31.6 £ 2.1 mg AC cm 2 and 55.5 + 1.7 mg AC cm2). Moreover, to evaluate the effect of
AC dispersion on GF in terms of electrode performance, electrodes containing

32.7 + 1.8 mg AC cm2were prepared using a carbon ink with a concentration of 7. g mL™".

Table 3 — Material data for the graphite felts used in this work according to the manufacturer.

Typical properties Unit GFD25EA GFD46EA GFAGEA
Carbon fiber precursor PAN PAN Rayon
Bulk density gem 0.09 0.09 0.08
Nominal thickness mm 2.5 4.6 6.0
Area weight gm2 250 465 500
Open porosity % 94 94 95
BET surface area m2 gt 0.4 0.4 0.8
Electrical resistivity - Q mm <5 <5 <12
Electrical resistivity | Q mm <3 <3 <4
Total impurities % <0.05 <0.05 <0.1

Source: adapted from (SGL GROUP - THE CARBON COMPANY, [s.d.]).
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PAN — poliacrilonitrile; L vertical to longitudinal direction of felt; || parallel to longitudinal direction of felt

Figure 24 — GF-ACy electrodes prepared via dip coating.

Source: the author.

3.2.1.2 Electrode characterization

In order to evaluate the electrochemical performance of the electrodes, cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) techniques were used.
A KzSO4 solution 0.5mol L™ was used as electrolyte. CV and EIS experiments were
performed using a “T-type” Swagelok® cell in a three-electrode configuration, wherein GF-
ACy electrodes were cut into a circular-shape (0.785 cm?), a platinum mesh and an
AQ(s)|AgCls), Cl @g) (3.5 M) electrode were employed as working (WE), counter (CE) and
reference (RE) electrodes, respectively. A cellulosic separator was used between WE and CE.
The measurements were conducted using an electrochemical workstation (Biological VMP3
multichannel potentiostat-galvanostat) coupled with EC-Lab v10.44 software.

Analyses of CV curves were performed at different scan rates ranging from 200
to 1 mV s, in the voltage window of -0.2 to 0.8 V. It is important to highlight that the
electrodes were electrochemically conditioned using 100 CV cycles at 20 mV s™%, using the

aforementioned voltage window. Capacitance values were calculated from the CV curves
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using Equation 12 (WANG et al., 2019). In order to evaluate the stability of the system, EIS
experiments were conducted after finishing each CV analysis at determined scan rates, by
applying an amplitude sinusoidal perturbation of 10 mV at 0 V potential over a frequency
range from 200 kHz to 10 MHz at open circuit potential (WANG et al., 2019).

JyZiav
v-AV

C(F) = (12)
where i (A) is the current, AV (V) is the potential window, and v (V s™?) is the scan rate. To
calculate specific capacitance (Csp), C was divided by the electrode mass (g).

In addition, scanning electron microscopy (SEM) images were obtained using
a SEM Tabletop Microscope (TM-1000, Hitachi) to examine the surface of the electrodes.
The samples were cut with a blade and the images were acquired from the inner structure of

the materials
3.3.1 CDI system

CDI experiments were performed in batch mode using a flow cell (10 cm?)
consisting of two GF-AC electrodes, a microporous separator (Celgard®), titanium foils as
current collectors, and gaskets (Viton® rubber) of 1 and 2 mm thick. The cell was held
together using propylene carbonate pieces (Proingesa), steel plates, and screws (Fig. 25).
According to the number of gaskets used, the electrodes prepared using GFs of 2.5, 4.6, and
6.0 mm of thickness were compressed to 2.0, 3.0, and 5.0 mm, respectively, in the assembled
cell. A Masterflex Model 77521-47 pump fitted with a Masterflex pump head (Type 7518-00)
was connected to the CDI cell with Viton tubing via PTFE connectors. The flow rate was
adjusted to 1.8 mL s™*. Aqueous solutions 2000 mg L! of NaCl (pH 6.0 + 1.0) were freshly
prepared with Milli-Q water (18 MQ cm resistivity) and used as electrolyte. Typically, the
experiments were performed at 298 K, using 65 mL of the electrolyte solution.



75

Figure 25 — (a) Schematic CDI cell and its elements. (b) Pictures of the CDI cell
assembled and (c) the CDI system.

Propylene
piece

Stainless steel plate

a) N\

Gasket Separator

Electrodes

o

Outlet
solution

—>

Inlet feed
solution

Current

collector

Source: the author.

Electrochemical measurements were controlled and monitored by an
electrochemical workstation (Biologic VMP3) using EC-Lab v10.44 software. The variables
studied in this work are displayed in Table 4 (based on Hawks et al. (HAWKS et al., 2019))
and represented by Equations 13 — 18. Calculations were based on the average value of the
last three consecutive deionization/regeneration cycles (out of five cycles) conducted in the
assembled cell when steady-state had been reached. The experiments were conducted using
different charge/discharge currents (20/-10, 30/-15, 40/-20 mA) and maximum cell voltages
(1.0, 1.1, 1.2 V) under constant current mode. Conductivity, pH, and temperature were
monitored in a recycle vessel using an MM41 Kit, Crison, and the data were recorded on a
computer by LabView software. The correlation between conductivity and salt concentration
was determined according to a calibration curve (Fig. B1). Fluctuations in pH had been
observed during the CDI assays (maximum of 2.0 units of pH) and can be attributed to the

adsorption/desorption of HzO*/OH™ ions, since these changes are reversible (HAN et al.,
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2013). Their contribution to the conductivity values was considered neglectable for purposes

of calculations presented in this work.

Table 4 — Metrics of CDI performance.

Variable Description Unit
Ac Concentration reduction after desalination mg L™
aSAC Salt adsorption capacity in terms of active mass mg g+

Average salt removal rate in terms of active mass considering

ASAR the whole cycle mg g~ min~
Acycle Charge Efficiency %

bEy Energy consumption per cubic meter of solution Whm3

‘P Water production in terms of the electrode face area Lm2ht

Source: the author.
®mass of the active material of both electrodes was used for these calculations; "no energy recovery was

considered; °50% water recovery was considered

Ac = Cfeed — Cout (13)
SAC === (14)
AC
ASAR = == (15)
F-AcV
Acycle = dim (16)
Ein
Ey = v 17)
. Vsoy
P = A—face'At (18)

Wherein crees (Mg L) and cout (Mg L) are the feed and effluent concentrations,
V (L) is the volume of electrolyte, mac (g) is the mass of activated carbon in both electrodes,
At (min) is the time for the whole CDI cycle, F (96485 C mol™) is the Faraday’s constant, Ein
(Wh) is the total energy input during CDI charging process (considering no energy recovery)

and Vsos (L) is the volume considering 50% of water recovery.

3.4 Results and Discussion
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3.4.1 Electrochemical characterization

Fig. 26 shows the results of CV and EIS experiments of GF-AC electrodes of
different thicknesses (2.0, 3.0, and 5.0 mm) but with similar mass loadings (29.8 + 2.5 mg
of AC cm™). As depicted by the rectangular shape in CV profiles obtained at 10 mV st in
Fig. 26a, the electrodes exhibited the typical behavior of double layer capacitors, with a
noticeable increase in specific capacitance (F gac ) when decreasing electrode thickness
(Fig. 26b). The lower charge transfer resistance and higher ion penetrability associated with
thinner electrodes are the main reasons for this improvement (KIM et al., 2014). lon
penetrability evaluates the depth of ion penetration observed by alternating current, relative to
the average pore length, which is the mean distance an ion travels inside the electrode to reach
the EDL. Moreover, when it comes to thinner electrodes, the lower contact resistance with the
current collector and lower ionic resistance within the electrode itself contribute to the smaller
high-frequency results as shown in the EIS spectra (Fig. 26¢) (KUO et al., 2020; WANG et
al., 2019). These arcs, resulting from the aforementioned resistances, are related to the
equivalent series resistance (ESR), whose values for GF-AC2.0, GF-ACsz0 and GF-ACs o were
4.0 Qcm?, 6.1 Q cm? and 21.3 Q cm?, respectively. Therefore, based on these results, one
could hypothesize that GF-ACzo should exhibit the best performance in terms of salt
adsorption capacity (SAC), followed by GF-ACszoand GF-ACs.,.
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Figure 26 — Comparison of GF-ACyx performance using (a) CV analyses at 10 mV s 2, (b)
specific capacitance at different scan rates, and (c) EIS measurements. Performance evaluation
of GF-AC, with different AC mass loadings in terms of (d) capacitance and (e) specific

capacitance.
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Furthermore, the CV results indicate that the electrode thickness of the graphite

felt is mainly responsible for the observed losses in specific capacitance. This can be inferred

because the mass loading of activated carbon is essentially the same for all the materials, and
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the GF itself has a negligible contribution to ion storage, which is related to its low surface
area (0.4 — 0.8 m2g?), as previously demonstrated (WANG et al., 2019). Despite the
favorable electrical properties and open three-dimensional structure of the GFs, longer
pathways (as electrode thickness increases) contribute to hindering ion penetration and
thereby decreasing specific capacitance (KIM et al., 2014).

Our second hypothesis in this study relates to the impact of increasing the mass loading
on the ion storage capacity of the GF-AC. In an attempt to improve total capacitance (as an
indication of a potentially positive impact on the removal of salts), GF-ACa electrodes with
a higher mass loading of AC (39.8 mg AC cm™2) were synthesized and characterized by cyclic
voltammetry. Fig. 26d shows slightly higher capacitance (in Farads) for this material over the
whole range of scan rates. The difference between these two materials with different mass
loadings is more significant (23.3 and 30.8%) at higher scan rates (100 mV s and
200 mV s, respectively), while for scan rates below 50 mV s, the difference ranged
between 6.9% and 13.8%. Nevertheless, when normalized by the mass of active material
(Fig. 26e), the electrode with the lower mass loading (29.9 mg AC cm2) clearly outperformed
the electrode with the higher content of AC (39.8 mg AC cm™2). These conclusions are in
accordance with the results obtained using carbon film electrodes, wherein a larger capacity
(F) was obtained by increasing the mass loading, although with a decay in specific capacitance
(F gach) (KIM et al., 2014; SANTOS et al., 2018). These results reveal that, in terms of ion
electrosorption, an increment in the amount of activated carbon could enable a higher ion
removal (the higher the capacitance, the higher its capacity to store ions), although with a
lower SAC (the lower the specific capacitance, the lower its capacity to store ions per gram of
active material) (ZORNITTA et al., 2016) and ASAR (for the same scan rate, the electrode
with a higher content of active material resulted in a lower specific capacitance) (KIM et al.,
2014).

3.4.2 Effect of electrode thickness on CDI performance

3.4.2.1 SAC and ASAR

The effects of current rate and cell voltage on the variables SAC and ASAR using

the GF-ACy electrodes are displayed in Fig. 27. In general, increasing the voltage positively
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impacted the salt adsorption capacity of the electrodes. Based on Equation 12, the amount of
charges stored at the electrode/electrolyte interface can be defined as the product between the
capacitance and the applied voltage. Therefore, the charges stored and consequently the
amount of ions electrosorbed should increase with the cell potential. Additionally, the
enhancement of salt removal would be also explained by the thinner EDL formed within the
AC pores when applying higher potentials, which would increase the amount of active sites
available for ion adsorption (HAN et al., 2013; ZORNITTA et al., 2016). When working with
microporous materials, the EDL overlapping inside the pores is detrimental for the
electrosorption capacity and occurs in pores with a width smaller than a specific value, the
called cutoff pore width (YANG et al., 2001).

Figure 27 — Effect of electrode thickness on the performance of GF-ACy at different voltages
and currents in terms of (a) SAC and (b) ASAR at 1.2 V.
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On the other hand, increasing the current was detrimental for the removal capacity,
since high currents may not enable an effective ion diffusion throughout the electrode,
lowering the salt removal. In addition, Choi reported that as the current density increases, the
electrode potential is reduced and so is the adsorption of ions (CHOI, 2014). For example,
when the current density changed from 5.0 to 20.0 A m™, the final calculated electrode
potential reduced from 0.54 to 0.41 V, due to the increase in voltage drop in the solution. The
electrosorption is therefore proportional to the electrode potential instead of the cell potential.
Moreover, Reale and Smith stated that by examining CV curves, they found that the higher
the electrode thickness, the longer is the time for capacitance to be fully developed, thus
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explaining the substantial reductions observed here in the specific capacitance of thicker
electrodes (REALE; SMITH, 2018). Thereby, higher currents contributed to the drop in ion
adsorption, especially for thicker electrodes, wherein the longer period to develop the
capacitance also impacts the SAC values.

Based on the results shown in Fig. 27a, one might note that the effect of the current
and the potential on SAC was more pronounced for GF-AC:,0 and GF-ACs electrodes than
in GF-ACs.o. As previously observed when modifying the cell potential, SAC decreased as the
electrode thickness increased, reaching the maximum values of 7.9 mg gac ! (GF-ACz.), 6.6
mg gac ! (GF-ACsy), and 2.7 mg gac * (GF-ACsyg) at 1.2 V and charge/discharge currents of
20 mA/10 mA. This result correlates well with previous works that report that an increment
in the electrode thickness of carbon films does not necessarily increase the percentual of
usable mass of active material in the electrode (this is reflected in lower SAC values)
(AGARTAN et al., 2019; SANTOS et al., 2018; ZORNITTA et al., 2016). In our study the
mass loading of carbon is essentially the same for the three electrodes, so the increase in
thickness is not accompanied by an increase in the mass of active material, as in the case of
carbon films. However, the explanation for the drop in electrode performance by increasing
the thickness is still valid, wherein longer pore lengths of thicker electrodes diminish ion
penetrability and thus the amount of salt removed when normalized by the mass of active
material.

In terms of kinetics, Fig. 27b displays the values of ASAR at 1.2 V, where the
highest SAC values were obtained, and it was observed that the higher the current density, the
faster the salt removal (WANG; LIN, 2018). Also, as can be seen in Table B1, high voltages
improved the kinetics of adsorption, agreeing with previous studies employing activated
carbon electrodes (HEMMATIFAR et al., 2016; MOSSAD; ZOU, 2013b; ZHAO etal., 2016),
and moderately high levels of SAC were obtained (maximum of 7.9 mggac? at 1.2V,
20/10 mA) without sacrificing ASAR (0.22 mg g ! min™!). Additionally, GF-ACx electrodes
resulted to be competitive when compared to others using flow through architecture (Table
5), making the use of GF as support of active materials promising in terms of adsorption
Kinetics due to its more open three-dimensional structure (better electrolyte permeability).

Among the electrodes prepared in this work, GF-AC,0 was the most influenced
by the increment in current density with respect to adsorption kinetics (Table B1). A boost in

ASAR by 2.3 times (from 0.22 to 0.50 mg g~ min~!) was observed when the charge currents
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increased from 20 mA to 40 mA at 1.2 V. Regarding the thicker electrodes, it was noted that
they were also positively impacted, although experiencing a lower improvement in their
performance (from 0.16 to 0.24 mg g ! min~! for GF-ACs0and from 0.10t0 0.14 mg g~ ! min™!
for GF-ACs0). Additionally, the highest reduction in feed concentration (67.2 mg L ™) was
obtained for GF-AC..0, which is in accordance with the highest value of SAC observed (7.9
mg g 1). In this way, although electrodes with higher thickness could enable a higher
distribution of active material on its structure, the presence of longer pore lengths are

detrimental to both salt removal and kinetic of ion adsorption.

Table 5 — Comparative table with other carbon materials using flow through CDI.

. SAC ASAR Ac A cycle
Materials mggl  mgglmin’ mg L1 % Reference
Graphite felt coated ]
] 57-79 0.22-050 485-67.2 42-62 This work
activated carbon ?
(HAWKS et al.,
Carbon aerogel monoliths ® 1.7 0.17 4325 57
2019)
(HAWKS et al.,
Carbon aerogel monoliths © 4.2 ~0.43 ~233.8 ~80
2018)
Activated carbon cloths ¢ 10-16 - - 75-89 (KIM etal., 2017)
(ALGURAINY;
Activated carbon cloth® ~7.0 - 81.8 51
CALL, 2020a)
(REMILLARD et
Activated carbon cloth f 3.7 0.32 17.5 <20
al., 2018a)
(REMILLARD et
Carbon nanofoam f 2.9 0.18 11.7 <20
al., 2018a)
(GUO et al.,
TiO,@carbon nanofiber ¢ 12 - - ~50
2020)

aCfeed = 2000 mg L-l, Ece“ = 12 V; bcfeed = 1170 mg L—l, Ece“ = 09 V; CCfeed = 2925 mg L-l, Ece“ = 12 V;
dCfeed = 292 mg L—l, Ece“ = 12 V; ecfeed = 585 mg L-l, Ece" = 12 V; fcfeed = 292 mg L-l, Ece“ = 12 V; gcfeed = 2500
mg L_l, Ecell = 12 V
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3.4.2.2 Charge efficiency

Charge efficiency (Acycle) Was evaluated for the different GF-ACx electrodes to
provide additional information about the effectiveness of the CDI process (HAWKS et al.,
2019). Table B2 shows the values of Acycie for the GF-ACx electrodes at different voltages and
currents. GF-AC2 achieved values of Acycle from 42% to 76% by only modifying the current
rate and voltage, indicating more effective utilization of the input charges. These results are
higher than the average values reported elsewhere (ALGURAINY; CALL, 2020b; GAO et
al., 2014; HAWKS et al., 2018; LI et al., 2015; REMILLARD et al., 2018b), especially
considering that charge efficiency for CDI is typically below 80% (PORADA et al., 2013)
(values above 80% were achieved by implementing ion exchange membranes in CDI). On the
other hand, Acycle Substantially decreased to 13 — 39% when using thick electrodes. Overall,
the results show a drop in Acycle as the electrode thickness is increased and as the cell is charged
at higher potentials, likely due to resistive and Faradaic losses, respectively. Therefore, to
examine these results more closely, a comparison of the inefficiencies occurring at 1.2 V is

shown in Fig. 28.

Figure 28 — Effect of voltage and current on GF-ACx performance in terms of (a) Acycle,
(b) voltage drop and (c) estimated Faradaic loss at 1.2 V using different currents.
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In Fig. 28a, a drop in Acycle Was observed when increasing the thickness from
2.0 mm (42 — 62%) to 5.0 mm (27 — 37%) by considering the same conditions of current at
1.2 V. These results indicate that either resistive or Faradaic losses were more significant in
thicker electrodes. Figs. 3.5b and 3.5c illustrate these losses by measuring the voltage drop
and the impact of parasitic redox reactions, respectively (the details for the calculation of the
Faradaic losses are described in the Annex B).

Values of voltage drop plotted in Fig. 28b clearly indicate that it has a larger
impact of resistive losses for thicker electrodes. By increasing the current, the effect of the
ohmic processes i.e., series resistance, was even more relevant (higher voltage drop). On the
other hand, increasing the current minimize losses due to Faradaic processes (Fig. 28c) by
reducing the potential developed at the electrode (CHOI, 2014) and by shortening the period
that the electrodes experience higher voltages (HEMMATIFAR et al., 2016). Regarding the
thin electrodes, despite being the most affected by Faradaic reactions, they showed the lowest
impact due to ohmic losses. Since the highest values of Acycle Were achieved for the thin
electrodes, it can be inferred that the resistive process is the main responsible factor for the
drop in Aeycle (HEMMATIFAR et al., 2016).

In summary, thicker electrodes were more penalized by ohmic process and thinner
electrodes by Faradaic losses. Therefore, a balance between these two effects should be taken
into account when selecting the most suitable electrode thickness and operational conditions
for CDI applications. In our case, the thinnest electrode exhibited the highest Acycle, Which
enabled one to improve the CDI performance in terms of both SAC (2.2 — 7.9 mg gac ) and
Ac (19.3-67.2mgLY).

3.4.2.3 Energy and productivity

Productivity (P) and energy consumption (Ev) and are two important parameters
in CDI systems directly affected by the operational conditions used to run the desalination
process. While P is expected to have a strong impact on the capital costs, operational costs
will be influenced by Ev (HAWKS et al., 2019). When considering P, it is important to
consider that the experiments performed in this study were conducted in a batch mode using
the same constant flow rate for all the experiments with 50% of water recovery. Furthermore,

the calculation of Ev did not consider energy recovery during regeneration.
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Figure 29 — Effect of voltage and current on GF-ACx performance in terms of (a) productivity
and (b) energy consumption. The arrows indicate the increment of current or voltage.
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Results shown in Fig. 29a displayed the trend already observed in previous CDI studies
in which larger concentration reductions are associated to lower production and higher energy
demand (HAWKS et al., 2019). Thus, a clear tradeoff between P and Ev is observed. CDI
experiments using more time-consuming operational conditions, i.e., by employing lower
currents and higher potentials, achieved higher salt reductions (higher 4c) but also obtained a
lower production and required more of an energy input.

By comparing the three electrode thicknesses, one can notice the narrower range
of P for the GF-ACs g electrode (Fig. 29a). Along with this, 4c achieved a maximum value of
38.0 mg L *for this electrode, while GF-AC2.0and GF-ACs,o reached maximum values higher
than 58.4 mg L. Moreover, when considering, for instance, a 4c of ca. 35.1 mg L™, the
productivity of GF-AC20 was about double and triple of that attained for GF-AC30 and GF-
ACs., respectively. Regarding Ev (Fig. 29b), although similar ranges were obtained for the
three materials, when examining a similar value of 4c, ca. 35.1 mg L™}, the volumetric
energies demand increased when larger electrode thickness were employed: 17.9 Wh m™2
(GF-ACz2.), 26.1 Wh m™3 (GF-ACs.), and 47.3 Wh m~3 (GF-ACs.).

Since the thinnest material exhibited the best performance for this CDI application
under the different parameters and conditions studied, additional experiments were performed
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using GF-AC:electrodes. In this case, in a further attempt to increase ion removal, the effect
of the mass loading of active material was evaluated.

3.4.3.4 Effect of mass loading on CDI performance

The influence of the active material amount on the CDI performance was further
analyzed by preparing additional electrodes. Along with the GF-AC: electrodes already
tested (37.6+0.2mg ACcm™2), electrodes having two different mass loadings
(31.6 £2.1 mg AC cm 2 and 55.5 + 1.8 mg AC cm™2) were prepared and tested. In general
terms (Table B3), the maximum values of SAC achieved for the three different electrodes were
in the same range (7.5 mg g ! — 8.1 mg g ). These results imply that increasing the mass
loading do not proportionally increase the usable mass of active material for ion adsorption,
which agrees with the results obtained from specific capacitance measurements (Fig. 26e). A
higher mass loading can produce more packed electrodes, negatively impacting the electrolyte
access to adsorption sites (SANTOS et al., 2018).

The second hypothesis drawn from the electrochemical characterization was
related to the increment of total ion removal by increasing the mass loading. Although a clear
trend was not presented in terms of SAC (Table B3), when salt concentration reduction (Ac)
is considered, the highest removal (93.5 mg L) was obtained for those electrodes with the
highest mass loading (55.5 mg AC cm2), see Fig 30a. This result agrees with capacitance data
obtained from CV analyses (Fig. 26d), wherein an increment in total capacitance, although

small, was obtained by increasing the mass loading.
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Figure 30 — Evaluation of the effect of different mass loadings of activated carbon on the
performance of GF-AC: electrodes in terms of (a) salt removal (Ac) and (b) kinetics of salt
adsorption (ASAR).
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Regarding ion removal kinetics, a decline in the ASAR values was observed when
increasing mass loading of AC (Fig. 30b). This effect can be more clearly appreciated when
comparing the set of experiments performed with the electrodes containing 31.6 mg AC cm
and 55.5 mg AC cm™2. For example, the results obtained at 40 mA reached a maximum of
0.61mgg*min? for the 31.6 mg AC cm electrodes, decreasing to a maximum of
0.32 mg g~* min~* when 55.5 mg AC cm 2 electrodes were employed. These values of ASAR
seems to be in accordance with the ~48% of mass loading increment. One possible
explanation, suggested by the higher overpressure observed in the tubing during the
experiment performed with the highest mass loading, is that the GF outer structure resulted
overloaded of AC during the coating process. Thus, the access of the electrolyte to the internal
part of the GF would be hindered by the superficial deposits of AC. As a consequence, the
kinetics of adsorption would decrease in comparison with those electrodes with a lower mass
loading and a better active material distribution.

To confirm this hypothesis, SEM images were obtained for the electrodes with the
three different mass loadings (Fig. 31). The micrographs showed that the carbon ink, in fact,
did not properly penetrate the structure of the GF, remaining mainly on its outer surface.
However, the images did not allow one to clearly determine whether the increase of the mass
loading led to an increment of the carbon layer over the graphite felt. This is due to the fact

that some of the activated carbon particles situated on the surface ended up being detached
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from the electrode when preparing the samples for SEM analysis. This poses a problem of
properly evaluating the thickness of the carbon coating. Our supposition here is that the
increment of the mass loading, could either affect the thickness of the AC surface layer or
might increase the packing at the surface thereby hampering the flow of solution through the

electrode.

Figure 31 — SEM images of GF-AC: with different mass loadings.
31.6 mg AC cm

RIITH
e —

37.6 mg AC cm?

300pm
]

55.5mg AC em?

300pm
o

Source: the author.

In addition to this issue, it was observed that the increment of the amount of
activated carbon extended the charge/discharge cycles (Fig. 32a). This effect could be related
to two different contributions: first, due to the higher amount of active material, a higher salt
removal was observed, therefore a larger extension of the cycle was expected; secondly, due
to a higher leakage of current related to ohmic and/or Faradaic processes, consequently

hindering the electrode polarization and lowering the kinetics of salt removal.
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Figure 32 — Effect of current and cell potential on performance of GF-AC:o
electrodes with different mass loadings: (a) charge/discharge cycles at 1.0V,
30 mA/15 mA, (b) charge efficiency, and (c) charge/discharge cycles for GF-ACz.
55.5 mg AC g * under different currents and voltages.
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To further evaluate the extent of these processes, the values of voltage drop (iR)
for each one of the electrodes were measured when applying different current densities (Table
6). The results show that iR values are in a very narrow range when comparing electrodes with
different mass loadings at the same operational conditions, therefore ohmic losses are not the
main contributors to difficult electrode polarization. On the other hand, by examining the
influence of Faradaic processes in Fig. 29a, the cell potential plots show a higher inflexion of
the charging curve as the content of active material increases: the more the charging curve
moves away from linearity (that indicates an ideal capacitive behavior), the more evidenced
is the occurrence of Faradaic processes (CHOI, 2014; HEMMATIFAR et al., 2016; SANTOS
et al., 2020). This visual indication is supported by the reduction of charge efficiency values
(Fig. 32b), particularly at the highest mass loading. In addition, the performance of the
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electrodes with 55.5 mg AC cm™2 could not be assessed at 20 mA (Fig. 32c), since the
electrodes did not reach the desired potential due to the magnitude of Faradaic reactions at
this current rate. Those experiments clearly demonstrate the impact of the Faradaic process
on the extension of the charging cycles, being detrimental for CDI performance from two

points of view, kinetics and Acycle.

Table 6 — Voltage drop from charge/discharge curves of GF-AC2, electrodes with
different mass loadings (1.0 V —1.2 V).

iR drop
Ic/ 1q V
mA 31.6 mgACcm?2 37.6mgACcm?  555mgACcm?
20/10 0.08 +0.01 0.09 +0.01 -
30/15 0.12+0.01 0.16 + 0.02 0.11 +0.03
40/ 20 0.17 £0.01 0.19 +0.01 0.13 +0.02

Source: the author.

Regarding productivity and energetic demands (Fig. B3), a trend similar to the
one obtained for the electrodes with different thickness was obtained: tradeoff between P and
Ev, wherein higher values of 4c were achieved at the cost of productivity and energy demand.
Comparing the electrodes at a common value of salt elimination (~ 58.4 mg L 1), the sample
with 31.6 mg AC cm2 attained a productivity of 191 L m2h™2, while the other electrodes did
not surpass 160 L m~2h™. Once again, the slower salt removal kinetics of the high mass
loading electrodes negatively impacted water production. In terms of Ey, the values were
respectively 25.2 Wh m=3, 38.6 Wh m™3, and 49.6 Wh m~3 as mass loading increased. Here,
the Faradaic losses clearly raised the energy consumption when increasing mass loading.

Based on the results obtained with different amounts of activated carbon we could
conclude that, although it is possible to improve salt removal by using electrodes with high
mass loadings, parameters such as ASAR, P, and Ev will determine whether the process could
be commercial. Thus, if the goal would be to obtain a high level of desalination, high mass
loadings would be interesting, although at a cost of removal Kkinetics, affecting productivity,
and resulting in higher energy demand. Moreover, high mass loading led to increasing the
occurrence of Faradaic processes, which would be deleterious for the CDI performance,
especially under long-term operation (COHEN et al., 2013; LADO et al., 2015; TANG et al.,

2017). In this sense, the selection of these materials might lead to the necessity of replacing
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electrodes at shorter time intervals and consequently increasing process cost. By comparing
the electrodes in a similar range of salt removal (46.7 — 70.1 mg L™?), the ones having lower
amounts of activated carbon exhibited a better performance in terms of ASAR, Acycle, P, and
Ev. Furthermore, since these electrodes have less carbon, the costs to produce the electrode

would be lower.

3.4.3 Effect of the AC distribution on the GF structure

Considering the SEM results reported in the previous section and with the aim of
improving the AC distribution along the GF structure, electrodes were prepared using a carbon
slurry with reduced concentration (from 14 to 7 g mL™* by doubling the amount of isopropanol
used). As result, GF-AC electrodes containing 32.7 + 1.8 mg AC cm 2 with a more disperse
distribution of AC along the GF structure were produced, as it can be appreciated in the SEM

images (Fig. 33).

Figure 33 — SEM images of GF-ACz with more disperse distribution of AC.
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Source: the author.
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Additional CDI tests were performed with the highly disperse GF-AC electrodes.
As shown in the CDI Ragone plot (Fig. 34), these electrodes achieved a better performance
(SAC 8.1 — 9.1 mg g * and ASAR 0.21 — 0.32 mg g min™?) than the electrodes with a non-
homogenous AC distribution (SAC 5.7 — 7.5 mg g * and ASAR 0.13 — 0.22 mg g% min%).
Moreover, a charge efficiency of ~ 54%, a productivity of 103 L m2 h™! and a quite low
energy demand of 36.2 Whm™ were reached, along with superior Ac values (60.8 —
67.2 mg L%, high dispersed AC, versus 45.2 —59.3 mg L2, low dispersed AC). These results
show that a uniform distribution of the active materials improves the access of ions to the
active adsorption sites by reducing the packing of AC, thus leading to a superior
electrochemical performance (DELAPORTE et al.,, 2020; KOHLMEYER et al., 2016;
WOUTERS et al., 2016, 2018).

Figure 34 — CDI Ragone plot comparing the effect of AC
dispersion on the performance of GF-ACo electrodes.
Experiments performed at 1.0 V, using 20 mA/10 mA of
charging/discharging currents.
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Therefore, a brief analysis of the data reported herein demonstrated that, by

combining a suitable electrode thickness and mass loading with a proper dispersion of active
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material throughout the structure of the electrode, enable one to prepare an electrode with
higher and faster ion removal capacities, without sacrificing Ac.

3.5 Conclusion

In this work, electrodes of AC supported on GF were prepared in order to evaluate
the effect of electrode thickness, AC mass loading and its distribution on CDI performance.
The electrochemical characterization of the synthesized samples led to propose that increasing
specific capacitance (F g 1) by decreasing electrode thickness, one can improve SAC, and that
improving the capacitance (F) by using higher mass loading, one can enhance 4c.
Electrosorption experiments demonstrated that by decreasing the thickness of the GF-AC
from 5.0 mm to 2.0 mm, values of SAC (in some cases) 200% higher were achieved, which
proved our first statement, without sacrificing the kinetic of adsorption. In addition, GF-AC2.
exhibited superior productivity at lower energy demand by comparing similar values of Ac
(35.1 mg L1). Additional studies using GF-AC2, electrodes having different mass loadings
revealed that the electrode with the highest mass loading was able to improve Ac by ~ 50%,
supporting the electrochemical analyses. However, the boost in 4¢ was detrimental for ASAR,
reducing productivity, and led to more energy demand. Additionally, a higher mass loading
caused more Faradaic processes, thereby compromising long-term operational performance.
Finally, the study of the AC coating distribution showed that a good dispersion of the active
material inside the structure of the GF is fundamental to improve CDI performance. More
specifically, an enhancement in SAC, along with lower Ev demand, was observed, being
parameters linked to kinetics the most impacted variables.

To conclude, the results reported in this study show three different simple
strategies for modifying GF-AC 3D electrodes with the aim of enhancing the different aspects
of CDI performance (not just SAC and ASAR, but also Ev and P). These results pave the way
for the future use of GF in electrochemical ion separation technologies, having positive
implications for those processes involving water treatments and ion recovery. These topics

are extremely relevant nowadays when looking for a more efficient use of resources.



94

4 CHAPTER IV — GENERAL CONCLUSIONS

The first study reported on the successful synthesis of magnetic graphene oxide
modified with amino groups (MAG-GO:-NHz), which demonstrated promising results in
selectively removing Cr(V1) ions. The ratio of GO to magnetite showed to be crucial to ion
removal and selectivity due to changes in the surface charge of the composite. The modified
material showed improved performance in Cr(VI) adsorption in relation to Cd(ll) and Cu(ll)
species, which was mainly related to hard-hard and electrostatic interactions between
chromium and —NH3" groups that can easily bind negative charged chromium species.
Moreover, MAG-GO:1-NH> was stable and efficient in Cr(\VI) removal over 5 cycles of
adsorption/desorption, making it a potential platform for selective adsorption of this analyte.

The second study investigated the potential of using simple strategies of electrode
preparation to enhance the performance of GF-AC electrodes in capacitive deionization
(CDI). As indicated by electrochemical characterization, the electrode thickness and the mass
loading of active material played an important role in the capacity and kinetics of salt removal,
directly impacting water production and energy demand. In this sense, thinner electrodes with
optimal mass loading were capable to achieve higher removal of salts undergoing less
Faradaic reactions which are deleterious for long-term operation. This outcome mainly from
the lower equivalent series resistances and better electrolyte permeability promoted by the
thinner electrode. Additionally, better dispersion of activated carbon in the graphite felt
improved ion access to AC micropores throughout the electrode, further boosting CDI
efficiency. This study highlights the importance of electrode design and the potential of using
GF in electrochemical ion separation technologies, particularly in water treatment and ion

recovery.
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ANNEX A - FUNCTIONALIZED MAGNETIC GRAPHENE OXIDE COMPOSITES
FOR SELECTIVE TOXIC METAL ADSORPTION

Figure A1 — Scanning electron microscopy images for (a) GO, (b) FezO4, () MAG-
GOy, (d) MAG-GO:2 and (e) MAG-GO3 composites with magnification of 100 000x.
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Figure A2 — EDS mapping for (a) Fe3O4, (b) MAG-GO;,
(c) MAG-GO; and (d) MAG-GOs composites.

[

I Map Sum Spect

Source: the author.



119

Figure A3 — Survey spectra of MAG-GO: and MAG-GO;1-NHo.
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Table A1 — Summary of XPS data for MAG-GO; and MAG-GO:-NHa.

MAG-GO:1 MAG-GO:1-NH:
Element Binding  Atomic Group Binding Atomic Group
Energy  Fraction Energy conc.
(eV) (%) (eV) (%)
284.18 C-C/c=C 284.13 C-C/c=C
285.00 C-O0 284.75 C-0O
Cls 28574 6069 c-0-C 28546 05 coc
286.82 C=0 286.45 C=0
288.80 O-C=0 288.15 O-C=0
529.57 O-C=0 529.13 O-C=0
530.28 Fe-O 530.10 Fe-O
Ols 531.49 27.98 C-OH 530.88 3232 C-OH
532.86 C-O/Fe-OH 532.13 C-O/Fe-OH
710.31 Fe2+ oct 710.4 Fe?* oct
711.63 Fe3+ thd 711.67 Fe3* thd
Fe2pae 713.93 Fe3+ oct 713.68 Fe®" oct
717.88 717.79
720.69 720.52
731 O Fe2+ oct 7232 9.00 FeZ* oct
724.47 Fe3+ oct 724.59 Fe®* oct
Fe2py,  726.73 Fe3+ thd 726.62 Fe®" thd
730.68 730.59
733.49 733.83
399.91 —NH2
N1s 401,81 5.42 _NHs*

Source: the author.
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Figure A4 — Species distribution diagram for Cu(ll), Cd(ll) and Cr(VI). The free
softwares Medusa and Hydra were used to generate the species distribution diagrams.
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Figure A5 — Van’t Hoff plot for Cd(II), Cu(Il), and Cr(VI) adsorption by
MAG-GO:-NH> at 298, 308 and 318 K.
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In this study, five non-linear error functions were used to evaluate the adsorption

model that better fits the obtained data:
1. The Sum of Squares of the Errors (ERRSQ):

P
Z(qe,meas - Qe,calc)iz
i=1

2. The Sum of Hybrid Fractional Error Functions (HYBRID):

14 2
Z (Qe,meas - Qe,calc)
Qe meas

i=1

i

3. The Sum of Marquardt’s Percent Standard Deviations (MPSD):

p

i=1
4. The Sum of Average Relative Errors (ARE):

demeas — Ye,calc

14
=1

qe,meas

l

2
E (CIe,meas - CIe,calc)
qemeas i

Table A2 — Isotherms parameters for MAG-GO: and MAG-GO:-NH. materials at 298 K.

Cd(ln) Cu(ll) Cr(VI)
Material Isotherm
Parameters values
MAG-GO; Langmuir  Omax (mmolg?) 0.117+0.100 0.119+0.009 0.614 +0.091
KL 0.283+0.310 11.714+3.246 1.827 +0.595
R2 0.8755 0.9251 0.9602
ERRSQ 8.11x10° 8.96 x 10 7.18x 10
HYBRID 0.0096 0.0219 0.0832
MPSD 1.94 1.31 2.58
ARE 3.15 242 3.24
Freundlich Kr 0.0246 £0.133 0.119+0.012 0.407 £0.015
1/n 1.035+£0.158 0.301+0.065 0.587 +£0.048
R2 0.9450 0.8198 0.9784
ERRSQ 5.66 x 10° 0.037 0.061
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HYBRID 0.0079 0.47 0.49
MPSD 1.78 8.18 6.35
ARE 2.85 8.65 7.05
MAG-GOy-NH,  Langmuir  Gmax (Mmol g)  0.015+0.014  0.088 £0.007  0.574 + 0.055
KL 1.244+1764 3.198+0.668 18.528 + 7.425
R? 0.7879 0.9640 0.8937
ERRSQ 4.38x 10 1.48 x 104 0.0369
HYBRID 0.0012 0.0065 0.29
MPSD 0.52 0.60 447
ARE 1.56 1.59 5.10
Freundlich Kr 0.0092 +0.002 0.0692 +0.003  0.568 + 0.008
1/n 0.710£0.237  0.465+0.030  0.249 +0.009
R? 0.8044 0.9787 0.9950
ERRSQ 2.45x 10° 6.86 x 103 0.446
HYBRID 0.0061 0.184 1.48
MPSD 2.47 6.87 8.40
ARE 3.58 7.86 8.88

Source: the author.

ERRSQ: Sum of Squares of the Errors / HYBRID: Sum of Hybrid Fractional Error Function / MPSD: Sum of

Marquardt’s Percent Standard Deviation / ARE: Sum of Average Relative Errors



Table A3 - Isotherms parameters for MAG-GO:-NH: under different temperatures.
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cd(1n cu(l Cr(v1)
Temperature Isotherm
Parameters values
298 K Langmuir  Omax (Mmol g?)  0.015+0.014  0.088+0.007  0.574 + 0.055
KL 1.244+1.764 3.198+0.668  18.528 +7.425
RL 1.03-4.50 0.94-0.14 0.71-0.02
R? 0.7879 0.9640 0.8937
ERRSQ 4.38 x 10°® 1.48x 10* 0.037
HYBRID 0.0012 0.0065 0.29
MPSD 0.52 0.60 4.47
ARE 1.56 1.59 5.10
Freundlich Kr 0.0092 £ 0.002 0.0692 +0.003  0.568 + 0.008
1/n 0.710+0.237 0.465+0.030  0.249 + 0.009
R? 0.8044 0.9787 0.9950
ERRSQ 2.45x10° 6.86 x 107 0.45
HYBRID 0.0061 0.18 1.48
MPSD 247 6.87 8.40
ARE 3.58 7.86 8.88
308 K Langmuir  Qmax (Mmol g)  0.627 +0.582  0.202+0.015  0.309 + 0.033
Kv 0.1007 £0.107 2.498 +0.436  47.659 + 26.54
RL 1.01-1.20 0.87-0.19 0.26 -0.01
R? 0.9843 0.9760 0.7479
ERRSQ 1.10x 10* 4.30 x 10* 0.0202
HYBRID 0.0099 0.0052 0.20
MPSD 2.64 0.15 2.88
ARE 3.09 0.83 3.28
Freundlich Kr 0.056 +0.003  0.143 +0.008 0.323 £ 0.036
1/n 0.960+0.094 0.484+0.059  0.158 + 0.050
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R2 0.9810 0.9296 0.6560
ERRSQ 1.64 x 10 4.28 x 107 0.376
HYBRID 0.0048 0.44 154
MPSD 0.96 6.39 8.11
ARE 1.97 7.37 8.41
318 K Langmuir  Gmax (Mmol g)  0.178+0.063  0.237 £0.022  0.317 +0.015
Ki 2.257+1.400 10.588 +3.635 38.973 +10.596
R 1.14-556 0.61-0.05 0.30-0.01
R? 0.8562 0.9057 0.9386
ERRSQ 5.77 x 10 3.66 x 10 5.64 x 10-3
HYBRID 0.016 0.026 0.088
MPSD 0.88 0.22 2.02
ARE 1.46 1.04 2.33
Freundlich Ke 0.146+0.030 0.225+0.027  0.315+0.021
1/n 0.629 +0.169 0.311+0.0824  0.147 + 0.0402
R? 0.7817 0.7570 0.6912
ERRSQ 0.011 0.18 1.47
HYBRID 0.17 1.04 5.47
MPSD 3.20 8.08 22.31
ARE 4.26 7.96 12.40

Source: the author.

ERRSQ: Sum of Squares of the Errors / HYBRID: Sum of Hybrid Fractional Error Function / MPSD: Sum of

Marquardt’s Percent Standard Deviation / ARE: Sum of Average Relative Errors
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Table A4 - Kinetic parameters of MAG-GO1-NH; using 0.1, 0.5 and 1.0 mmol L
multielement solutions of Cd(I1), Cu(ll) and Cr(VI).

cd(il) cu(ll) Cr(VvI)

lon concentration Kinetic model
Parameters values

0.1 mmol L Pseudo-first- G = 0.0035 00167 N.A.
order (mmol g—)

ke 0.008 0010 N.A.

R? 0.8441 09253 N.A.

Pseudo- Ge 00031 00127 0.0517
second-order  (mmol g™)

ko 1145 870 -119.12

R? 0.9709 0.9666 0.9999

0.5 mmol L Pseudo-first- Ge 00073 0.0599 0.0402
order (mmol g™)

ke 0.027 0114 0.020

R? 0.7564 0.9518 0.9192

Pseudo- G 00028 00303 0.153
second-order  (mmol g™)

ke -103.80 4.43 435

R? 0.9445 0.9960 0.9992

10 mmol Lt Pseudo-first- G 00104 00615 0.0410
order (mmol g™)

ke 0011 0038 0.039

R? 0.7757 0.8715 0.9761

Psetido- Ge = 0.0106 0.0756 0.327
second-order  (mmol g™)

ke 4201 097 324

R? 0.9657 0.9802 0.9999

Source: the author.

N.A.: not applied



ANNEX B — STRATEGIES TO BOOST CAPACITIVE DEIONIZATION
PERFORMANCE OF 3D ELECTRODES

Figure B1 — Calibration curve of conductivity versus concentration of NaCl.
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Table B1 — Comparison of GF-ACXx electrodes performance in terms of Ac, SAC and ASAR.

GF-AC:20 GF-ACso GF-ACso
Ecen  Ic/ld Ac  SAC ASAR Ac  SAC ASAR Ac  SAC ASAR
\% mA mgL™? mgg? mgg'min? mgL? mgg! mgg'min?® mgL?' mgg! mgg'min

10 20/10 503 59 024 327 36 0.14 21.0 15 0.08
1.0 30/15 345 41 034 140 15 0.13 53 04 0.06
1.0 40/20 193 22 041 53 0.6 0.09 70 05 013

1.1 20/10 625 7.3 025 432 4.7 015 29.2 21 0.09
1.1 30/15 503 59 038 193 21 0.14 105 0.7  0.09
1.1 40/20 240 28 044 88 09 011 70 05 016

12 20/10 672 79 022 60.8 6.6 0.16 38.0 2.7 0.10
1.2 30/15 590 69 0.38 450 49 0.22 105 0.7  0.09
1.2 40/20 485 57 0.0 257 28 024 70 05 014

Source: the author.



Table B2 — Comparison of GF-AC electrodes performance in terms of #couand Aeyce.

Ecen Ic Id  Acycle GF-AC20  Acycle GF-AC3zo  Acycle GF-ACs
\Y mA mA % % %
1.0 20 10 54.8 38.3 31.7
1.0 30 15 58.6 38.9 17.4
1.0 40 20 75.6 12.7 28.7
1.1 20 10 524 36.4 35.3
1.1 30 15 62.2 27.6 26.6
1.1 40 20 59.8 16.5 355
1.2 20 10 41.7 35.9 37.2
1.2 30 15 58.9 37.9 26.6
1.2 40 20 62.0 33.8 31.2

Source: the author.
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FARADAIC LOSSES CALCULATION

Faradaic losses calculation: Faradaic losses (e.g. reduction of dissolved oxygen at 0.69 V
(vs. SHE) and oxidation of carbon electrode at 0.7 — 0.9 V) were estimated considering the
area under the experimental charging curves and the area under completely capacitive
charging curves (Fig. B2) (HEMMATIFAR et al., 2016).

Figure B2 — Representation of the areas under the charging curves of a capacitive process and

an experimental result.
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Considering a capacitive process, the theoretical time to perform the charging
process was extracted from the Equation B1 and applied on Equation B2 to calculate the area
under the charging curve (integral). The slope was calculated from the straight region of the
experimental charging curve (0.2 — 0.8 V for GF-AC20 and GF-AC3,, and 0.4 — 0.8 V for GF-
ACs).
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E..;.—E
slope (Vs™1) = %11 (B1)
E...u — E{) X At
Areal (V- s) = (Eceu 21) ! (B2)

Wherein Ece is the cell potential (V), E1 is the overpotential (V) and Aty is the time (S).
The area from the experimental charging curve was calculated from Equation B3.

Areall (V- s) = J. Vdt — E; X At, (B3)

Then, the estimated Faradaic loss was calculated considering the areas | and I by using
Equation B4.

Area Il — Area |
Area Il

Faradaic losses (%) = x 100 (B4)
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Table B3 — Effect of AC mass loading on GF-AC2, electrodes performance in
terms of 4c, SAC, and ASAR.
31.6 mg AC cm™

37.6 mg AC cm™

55.5mg AC cm™

Ecen Ic/ld 4dc  SAC  ASAR 4dc  SAC  ASAR 4dc  SAC  ASAR
V. mA mgL™ mgg" mgg'min? mgL" mgg? mgg'minT mgL" mgg? mgg”min™
1.0 20/10 637 75 0.22 50.3 59 024 - - -
1.0 30/15 555 65 0.37 345 41 034 485 41 0.8
1.0 40/20 608 7.1 0.61 18.7 22 042 573 48 0.29
1.1 20/10 573 6.7 0.20 619 73 0.25 - - -
1.1 30/15 608 7.1 0.32 50.3 59 0.38 678 56 0.15
1.1 40/20 608 7.1 051 240 28 044 882 75 032
1.2 20/10 485 57 0.13 672 79 022 - - -
12 30/15 538 6.3 024 590 69 0.38 748 6.1 0.12
1.2 4020 608 7.1 042 485 57 050 953 81 0.29

Source: the author.



Figure B3 — Effect of voltage and current on
performance in terms of productivity (a) and energy
consumption per m® of solution (b) when using GF-
AC2, electrodes.
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