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Os Elementos terras raras (ETR), inseridos no grupo dos elementos criticos de
tecnologia, sao definidos pela nomenclatura IUPAC como os 15 lantanideos em
conjunto com o itrio e o escandio. Devido as suas propriedades Unicas, os ETR
podem ser utilizados em inGmeras aplicagdes de cariz tecnoldgico, o que tem
contribuido para um aumento continuo da sua procura. No entanto, a sua
extragdo e processamento € um processo dificil e dispendioso, causando
diversos problemas ambientais. Nesse contexto, uma alternativa, mais
econOmica e amiga do ambiente ao atual processo de obtencdo dos ETR,
podera passar pela sua recuperacéo de efluentes e rios, através de processos
de separagdo, nomeadamente adsorcdo (e/ou permuta idnica). Esta técnica é
bastante versétil, eficiente, simples e bastante adaptavel. Nos uUltimos anos, o
grafeno bidimensional, um dos mais recentes tipos de nanoestruturas de
carbono, tem sido amplamente explorado numa vasta gama de aplicacdes. No
entanto, o seu uso como adsorvente para recuperacdo de ETR tem sido pouco
investigado. Por outro lado, os materiais magnéticos apresentam propriedades
fisicas e quimicas Unicas, com especial foco na quimica de superficie.
Aproveitando os beneficios do grafeno e das nanoparticulas de magnetite, nesta
dissertacdo de mestrado serd abordada uma estratégia simples, baseada em
interacdes electroestéticas, para preparacdo de um nanocompdsito magnético
a base de grafeno (MG-bN). Apés a sintese, o nanocompésito foi estudado como
adsorvente para a remocao de trés dos mais importantes ETR, lantanio (La(lll)),
eurdpio (Eu(lll)) e térbio (Th(lll)), em solu¢gdes aguosas mono elementares e
ternarias através de experiéncias em descontinuo.

Os resultados revelaram que a adsorcdo de La(lll), Eu(ll) e Tb(lll) pelo
nanocompdsito é muito sensivel ao pH da solucéo e, as maiores percentagens
de remogéo ocorrem para valores de pH alcalinos. O nanocompdsito em estudo
apresenta uma rapida e elevada eficiéncia de adsorcéo, sendo que uma hora é
suficiente para remover 82 % de Tb(lll), 73 % de Eu(lll) e 59 % de La(lll) em
solugcBes mono elementares com uma concentracdo inicial de 0.1 mgL? e
utilizando apenas 50 mg L de MG-bN. J& para solugdes ternarias, a eficiéncia
de remoc¢&o € um pouco mais baixa (30-58 %).

A cinética do processo de adsorc¢édo foi estudada usando trés modelos cinéticos,
nomeadamente os modelos de pseudo-primeira e pseudo-segunda ordem bem
como o0 modelo de Elovich. O modelo de pseudo-segunda ordem foi o que
apresentou um melhor ajuste aos valores experimentais para solugbes mono
elementares (R? > 0.99 e AARD < 5 %). Para solugfes ternéarias tanto o modelo
de pseudo-segunda ordem como o de Elovich ajustam bem os dados
experimentais (R2>0.99 e AARD < 6%). Em todos os ensaios efetuados, o
equilibrio de adsorcao foi ajustado pelo modelo de Langmuir e pelo modelo de
Freundlich. A capacidade estimada do MG-bN para os elementos em estudo é
maior em comparacdo com os valores relatados na literatura para outros
adsorventes ja estudados na recuperacdo dos mesmos elementos. A aplicacao
do MG-bN para a adsorcao de lantanio, eurépio e térbio a partir de solucbes
aguosas confirma que este nanocompdsito tem potencial para ser usado em
sistemas de recuperacdo de elementos terras raras.
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Rare-earth elements (REE), also known as Technology-critical elements, are
defined by the IUPAC nomenclature, as the 15 lanthanides together with yttrium
and scandium. Due to their unique properties REE can be widely used in many
high-tech applications. The demand for REEs is continually growing, but mining
and processing these elements are difficult, expensive and originate
environmental issues. Due to their huge application, the presence of REE was
recently detect in waste waters and rivers. Under this context, a cheaper and
environmentally friendly alternative to obtain REE is the recovery of these
elements from effluents and/or rivers by adsorption (and/or ion exchange). This
technique is very versatile, efficient, has straightforward design and a wide
adaptability.

In recent years, two-dimensional graphene, one of the newest type of carbon
nanostructures has been extensively explored in a wide range of fields. However,
its use as an adsorbent for REE recovery has been less investigated. On the
other hand, magnetic materials are of considerable interest in material chemistry
because of their unique physical and outstanding surface chemistry properties.
Taking advantage of the combined benefits of graphene and magnetite
nanoparticles, in this research a simple strategy based on electrostatic
interactions, for preparing FesOas /graphene based nanocomposite (MG-bN) is
reported. The nanocomposite was then used as sorbent for the removal of
lanthanum (La(lll)), europium (Eu(lll)) and terbium (Tb(lll)), from single and
ternary solutions, by carrying out batch experiments. Results have revealed that
La(lll), Eu(lll) and Tb(lll) uptake by the nanocomposite is very sensitive to
solution pH and the highest efficiency occurs in alkaline media. The MG-bN
shows fast and high adsorption efficiency, and 1 hour is sufficient to remove ca.
82 % of Tb(lll), 73 % of Eu(lll) and 59 % of La(lll) from single solutions with an
initial concentration of 0.1 mg L and using only 50 mg L* of MG-bN. For ternary
lanthanides solutions, the removal efficiency was lower (30-58 %).

The adsorption kinetics of the lanthanides was modelled by pseudo first-order
Lagergren, pseudo-second order and Elovich models, three of the most well-
known and widely applied kinetic models. The pseudo-second order model was
the one that better describe the uptake process for unary solutions (R?2 > 0.99 e
AARD < 5 %). For ternary solutions both pseudo-first order and Elovich models
are the ones that better describe the uptake process (R? > 0.99 e AARD < 6%).
The adsorption equilibrium was fitted by Langmuir and Freundlich isotherms. The
estimated adsorption capacity of MG-bN for the lanthanides studied is higher
than the values reported in literature for the sorption capacity of other
adsorbents.

The application of the MG-bN for the uptake of lanthanum, europium and terbium
from aqueous solutions confirms that this nanocomposite has potential to be
used to recover rare-earth elements.
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1. Introduction
1.1. Technology-critical elements

In the past, there were a few trace elements that were considered just as laboratory
curiosities but nowadays are key components for the development of new technologies.
These elements are now called technology-critical elements and are of great relevance in the
development of emerging key technologies such as renewable energy, electronics, energy
efficiency or aerospace industry [1]. The name technology-critical elements (TCE) comes
from the increasing use and demand of these elements for high-technology advancements,
and at the same time due to their vulnerability to politically or economically driven
fluctuations in supply [1], [2]. Currently, there is an international concern about ensuring
their future supply, their costs, and the impacts this might have, so initiatives at all levels are
underway to guaranty their availability in the coming years [2].

Depending on the source, the list of elements considered as TCE is available [1], [2].
According to Filella[2], technology-critical elements are presented in Figure 1.1, and
include most of the rare-earth elements (REE), the platinum group elements, tantalum (Ta),

niobium (Nb), gallium (Ga), germanium (Ge), indium (In), thallium (TI) and tellurium (Te).
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Figure 1.1 - Technology-critical elements (in red) [2].



In this research, the target TCE under study are lanthanum, europium and terbium. These
three elements belong to the REE group. The concept of REE, their main chemical and
physical properties, their supply, demand and major applications as well as their production

and related issues will be discussed in the following sections.

1.2. Rare-earth elements

The rare-earth elements, now considered as TCE, have been recognised for a long time
as useful elements due to their distinctive chemical and physical properties [3]. The natural
occurrence of REE depends strongly on the geological environment, and only in a few
locations it is possible to find them in sufficient quantity and concentration, as well as in a
suitable form and setting to make their extraction and exploitation economically viable [3].

The International Union of Pure and Applied Chemistry (IUPAC) defined rare-earth
elements as the 15 lanthanides! from lanthanum to lutetium together with yttrium (Y) and
scandium (Sc) [4]. These two elements are also considered REE, since they exhibit similar
chemical properties to the lanthanides and tend to occur in the same ore deposits [5]. Rare-
earth elements can be analysed as a single group due to their similar properties, although,
various distinctions are often made. The most common is the division of REE in two
sections: the light-group rare-earth elements (LREE), usually defined as lanthanum through
gadolinium, and the heavy-group rare-earth elements (HREE), from terbium to lutetium,
including scandium and yttrium [5], [6]. The line between LREE and HREE is not consistent
among different authors, and sometimes the term ‘mid REE’ may also be used [7]. These
two groups have differences in chemical properties, such as electron configuration and
geological availability [5]. Rare-earth elements can also be divided according to the demand-
and-supply: critical (Nd, Eu, Th, Dy, Y and Er), uncritical (La, Pr, Sm and Gd) and excessive
(Ce, Ho, Tm, Yb and Lu) [8].

! Lanthanum (La), Cerium (Ce), Praseodymium (Pr), Neodymium (Nd), Promethium (Pm), Samarium (Sm),
Europium (Eu), Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er),
Thulium (Tm), Ytterbium (Yb) and Lutetium (Lu).



1.2.1. Chemical and physical properties

The unusual properties of REE are mainly attributed to their atomic structure, in
particular, to the configuration of their electrons, which is distinct from others elements [3].
Most of REE are lanthanides and have special electron configurations on the atomic level.
In all elements, the atomic cores are surrounded by electrons on several orbitals and as the
atomic number increases, protons, neutrons and electrons are gain. Usually, the electrons
attach to the outer orbitals, but in the case of lanthanides is not the outer shell that is filled
but instead a deeper lying orbital accommodates the new electron(s): the 4f orbital [7]. As
the inner orbitals do not have a great influence on the chemical properties, and the outer
orbital is the same for all lanthanides, the REE are chemically resemble [7]. On the contrary,
this fact does not have the same influence on the physical properties, and different REE
display different physical behaviours [7]. Another common characteristic of lanthanides is
their trivalent oxidation state (Ln®*, where Ln is the generic symbol for lanthanides).
However, some REE may show other states (Ln?* or Ln*"). The preferred stable states are
the ones that are attained by empty, half or full orbitals (e.g. La®* (f%), Gd* ('), Lu®* (f14),
Eu?* (f'), Yb?* (f14), Ce** (f°) and Tb** (f")) [7]. In addition, their chemical properties do not
depend only on their atomic structure, but also on their size. Unusually, as the atomic number
increases, the ionic radii gets smaller along a period (known as lanthanide-contraction),
resulting in LREE and HREE occurring in different minerals [3]. This means that lutetium
can substitute more readily other elements in minerals where the available sites are relatively
small, and where the larger lanthanum ion will not fit.

Rare-earth elements usually form complexes dominated by electrostatic rather than
covalent interactions, which are often very stable, as in the case of the oxides [9], [10].
Geologically occurring compounds tend to be oxides, halides, carbonates, phosphates and
silicates, but not sulphides [3].

The solubility of REE can be influenced by two factors: chemical composition of the
medium in which they are present in terms of speciation, and pH. For instance, field and
laboratory experiments indicate that dissolved REE are affected by iron and aluminium
colloid formation. Furthermore, some independent studies demonstrated that REE
concentrations in water increase with decreasing pH [10]. A good knowledge in speciation
and solubility of REE allows to evaluate the impact of REE presence in a variety of natural
waters [10].



Regarding the physical properties, the REE show very diverse behaviours, making them
very useful for a wide range of applications. Two of the most impressive properties of REE
are the magnetism (e.g. Gd, Dy, Er, Nd and Sm show complex potentials useful for magnets
fabrication) and phosphorescence (some REE provide sharply defined energy states, making
them suitable for lighting and laser applications) [7].

In conclusion, there are important properties shared by all the REE, while others are
specific to particular elements. Because of their chemical similarities, they occur together in
minerals and rocks, and are difficult to separate from each other (known as “chemical
coherence”) [3], making the REE extraction a technically complex process that requires
intense processing. On the other hand, the numerous practical uses of REE often depend on
physical properties (electrical, magnetic, spectroscopic, and thermal) which are specific to

particular elements, highlighting the necessity of separating them.

1.2.2. Supply, demand and applications

Some geochemical studies have revealed that the term rare-earth elements is a misnomer,
because these elements are not rare in the Earth’s crust [7], [11], [12]. The two least abundant
REE (Tm and Lu), for example, are nearly 200 times more common than gold. The term
“rare” refers to the fact that these metals appear in the Earth crust (especially in exploitable
ore deposits, such as bastnasite, monazite, and xenotime) in lower concentrations than the
other metals. Also, they do not naturally occur in metallic form, only as mixed and scattered
in minerals [11], [13]. However, it is also noteworthy that in the Solar System, most
lanthanides with an odd atomic number are actually lower, in abundance, than 94 % of the
remaining elements, including Au, Pt, and other precious metals [14], [15], proving that
REEs are rare, but at cosmic level.

Rare-earth elements are never found as pure metals, instead they are found in a variety of
minerals [16]. Some studies [17]-[19] show that there are approximately 200 rare-earth
minerals, but available minable concentrations are less common than for most other ores and
so only few of them are economically viable to mine [12], [17]. Bastnésite (a carbonate
mineral), monazite (a phosphate mineral), and lateritic (ion-adsorption clays), which are
aluminosilicate minerals are the primarily resources from where almost all production comes

from today [9], [20]. Figure 1.2 shows the estimated reserves for China, Brazil, Russia,



Vietnam, India, Australia, United Sates and other countries (Canada, Greenland, Malaysia,
Malawi and South Africa) in the year 2016 [21].

Global reserves, rare earth oxides (2016)

China (36.3 %)

Brazil (18.2 %)

Russia (14.9 %)
Vietnam (18.2 %)

India (5.7 %)

Australia (2.8 %)

Other Countries (2.8 %)
United states (1.2 %)

Total = 120.0 MT

Figure 1.2 — United States Geological Survey for world mine reserves (USGS) estimates for rare earth
oxides in United Sates, Australia, Brazil, China, India, Russia, Vietnam, other countries (Canada (0.7 %),
Greenland (1.2 %), Malaysia (0.02 %), Malawi (0.1 %) South Africa (0.7 %)) [21].

Unique properties, such as chemical, catalytic, magnetic, metallurgical and
phosphorescence, make the possibility of REE to be applied in a wide range of fields. Today
there are hundreds of uses for REE, ranging from high tech (lasers, camera lenses, computer
memory modules, x-ray machines), energy (batteries, lamps, superconductors) and other
industrial applications (aerospace, caustic cleaning agents, specialized glass) [1], [5], [11].

Table 1.1 shows some of these applications.



Table 1.1 - Applications of REE and their share in total demand [1], [5].

Share in total

Rare-earth Group of Type of products  demand for REEs
elements applications :
(economic value)
Smartphones,
optical drives, hard
Nd, Pr, Th, Dy Magnets disc, wind turbines, 37 %
electric/hybrid
vehicles
Eu, Y, Ce, Gd, Th, Phosphors and Displays, LED, 32 o
La luminescence lamps 0
La Ce. Pr. Nd Metal aI_ons/ NiMH batteries, 14 %
batteries fuel cells
_ Colouring and
Ce La Y Glass, pollshlng and decolouring agents 9%
ceramics ;
in glass
Automotive&
Ce, La Catalysts chemical process 5%
catalysts.

1.2.3.Rare-earth processing and its effects on environment and health

The processing of rare-earth and the latter separation of the individual REE are important
but complex tasks that require both physical and chemical treatments [7]. The production of
REE can be described in four main steps: mining, physical beneficiation, extraction of oxide
products and separation of individual REE [7]. The acquisition of most REE starts by mining
the natural environment [17], [18]. This, like the majority mining operations, results in a
large quantity of excess and unused materials and a lot of environmental issues associated.
Depending upon the deposit type, different rare-earth contents are present and so different
mining methods are use (leached in situ, underground or open pit) [18]. For example, if the
deposit type is mineral and sand based monazite, wet-dredging or dry mining method? is
applied. On the other hand, if it is hard rock based type then conventional open-cut or

underground truck shovel mining system? is used [10]. Hence, for a typical open pit mine,

2 Wet-dredging is a process to remove sediment from underwater [103] and dry mining is used to
separate and recover metals and minerals concentrate in dry mode without the use of water, is a process where
is no moisture in the ventilating air [104].

3 Underground truck shovel mining process is the most flexible mining method [105].



removal of overburdened, mining, milling, crushing and grinding are involved. In this
process (physical beneficiation), the product of the enriched concentrate after separation may
contain around 30 % to 70 % of rare-earth bearing ore. This step requires high amounts of
water and energy usage as well as production of waste streams (tailings and
wastewater) [22], [23].

After mining, further processing and refining are required to extract REE. Typically, the
extraction process involves the use of acidic or alkaline routes, depending on the mineralogy
of the elements-containing phases and reactivity of gangue®. Approximately 90 % of the
extraction methods is done by acidic route [23]. This normally involves roasting the REE at
400-500 °C in concentrated sulfuric acid to remove CO; and fluoride, and to change the
mineral phase (roasting in such conditions make the REE more water soluble) [23]. The REE
are then further leached using extraction and precipitating agents. After that, it is necessary
to proceed to the individual REE separation process. The separation of REE can be carried
out by different methods (fractional crystallization, fractional precipitation, ion exchange
and solvent extraction), taking advantage of the small differences in basicity resulting in a
decrease of the ionic radius from lanthanum to lutetium [7]. In practical, these basicity
differences have influence on the properties (solubility of salts, the hydrolysis of ions, and
formation of complex species) that are the basis of the separation procedures mentioned
above [7].

In general, producing, processing and then disposing of REE have environmental and
health issues associated. The handling of chemicals before, during and after processing,
together with the radioactive materials storage of some tailings, are the main environmental
problems associated to REE production [3] posing real threat to environment as well as
occupational and public safety and health risks.

In this field, literature is mostly confined to reports on lanthanum and cerium, with little
knowledge about of the health issues associated to other REE [10], [24]. There are some
adverse outcomes of REE exposure including growth inhibition, oxidative stress,
cytogenetic effects, and organ-specific toxicity [24]. Most REE metals are considered mildly

to moderately toxic.

4 Gangue is defined as the minerals that surrounds, or are closely mixed with, a wanted mineral in an
ore deposit [106].



Among lanthanum, europium and terbium, lanthanum is the most dangerous in the
working environment, because damps and gasses can be inhaled with air. This can cause
lung embolisms and lung cancer during long-term exposure [10]. When accumulated in the
human body, it can originate liver diseases [22], [25]. When released in the environment,
lanthanum will gradually accumulate in soils leading to increasing concentrations in soil
particles, humans and animals [10].

In literature, little information is available regarding europium and terbium toxicity
effects. It is known that europium has no known biological role compared to other high-
density metals, although their toxicity has not been investigated in detail. However, it is
known that dust from its metal compounds has fire and explosion hazards. As compared to
other lanthanides, terbium compounds have low to moderate toxicity. However, in contact
with the skin and eyes, Tb can be very irritating. No environmental threat to plants or animals
are known [10], [26], [27].

The environmental issues associated with REE may be addressed at several stages, such
as mining and refining, transportation, processing, waste disposal and decommissioning.

This will cause negative effects in aquatic and terrestrial organisms, as well as in human [10].

1.2.4. Alternative methods for recovery of rare-earth elements

Until now, mining and processing activities are the main ways to obtain REE. However,
as mentioned previously, these activities can be very dangerous for the environment and
people’s health, and some elements have relatively low abundance which raises to economic
issues®, highlining the need for alternative methodologies to obtain REE.

So far, the presence of REE in rivers, wastewaters and effluents was typically in ultra-
trace concentrations, due to the absence of any significant industrial role prior to their
massive use in the increasing demand of new technological applications. However, this
scenario is changing rapidly and substantially. The current use of REE in new technological
products is resulting in significant changes in the processes associated with their natural
environmental cycle at the Earth’s surface due to increased mining activities and use in a
variety of products. Currently, at all stages of their life cycle, these elements and their

compounds can be released into the environment, and there are already some works that

> Some REES are very expensive due to their low abundance and costs associated to their extraction,
leading to economic issues.



reported the presence of REE in rivers and wastewaters [28]-[30], as well as in solid
wastes [29]. These solid wastes and streams could become economically attractive
secondary sources of REE, and thus, there is an opportunity window to develop
methodologies for the efficient recovery of REE from waters and wastewaters, mitigating
the hazardous consequences of the mining process.

Recently, some studies have been driven in that direction. For instance, Carvalho et
al [31] reported a method for the recovery of Eu(lll) from water with concentration of
0.0152 g L%, using magnetite nanoparticles (NPs). In this paper magnetite NPs showed a
high potential, as nanosorbents for the uptake of lanthanide ions dissolved in water at pH 7.
The authors also applied surface modification of FesOs NPs, which leaded to an
improvement of the removal capacity of the sorbents when used at pH close to neutrality
5 m=32.6 mg gl for FesOs@SiO/APMS. Sun et al. [32] synthetized and characterized

graphene oxide nanosheets for the removal of trivalent lanthanides and actinides from large
volumes of aqueous solutions. The authors achieved at pH 6 and 7=298 K the maximum
adsorption of Eu(I11) on GO nanosheets which was calculated to be 175 mg g for a high
initial lanthanide concentration (~51 mg L™). They also proved that the ionic strength had
no effect on Eu(l11) adsorption. In conclusion, Sun et al [32] showed that GO nanosheets are
a suitable material for the preconcentration and removal of trivalent lanthanides and
actinides from agueous solutions in environmental pollution management. Gabor et al. [33]
developed an adsorbent based on magnesium silicate functionalized with tetrabutyl
ammonium for La(lll) removal from aqueous solutions. With this adsorbent material, the
authors achieved the optimum contact time of 15 minutes ensuring a ~95 % La(lll) removal
efficiency at 298.15 K for a sorbent dose of 4 mg L™* and metal concentration of 1 g L.
Ponou et al [34] reported a biosorption method using carbonized gingko leaves. The authors
reported that at pH 3 and after 900 s, the recovery of the lanthanides in study was of 95 %
and the maximum adsorption of La, Ce and Er were calculated to be, 0.055 + 0.019,
0.085 + 0.007.and 9.910 + 0.172 mg g}, respectively.

The recovery of REE from old mine tailings, industrial wastewater streams or even from
rivers is still in its beginning (mainly since the concentrations of these elements are low in
comparison to the primary rare-earth ores), but special processes dedicated to the recovery
of REE from these dilute waste streams need to be developed and will be certainly a hot

topic in the near future.



1.2.5. Lanthanum, europium and terbium

In this research, the target TCE under study were lanthanum, europium and terbium. The
selection of these elements was due to their importance and to some dissimilarities since
usually they are classified as: lanthanum a LREE, europium a MREE and terbium a HREE.

Lanthanum (La) is a REE of Group 3 in the periodic table, this element is the architype
of the lanthanides. There are three allotropic (structural) forms of La: the a-phase (double
close-packed hexagonal), B-phase (face-centred cubic) and the y-phase (body-centred cubic).
Lanthanum is a soft (that can be cut with a knife), ductile, malleable silver white metal [35].
When exposed to air and at room temperature lanthanum rapidly oxidizes to form La,Oa. It
is the highest electropositive element from the lanthanide group. From 6 K to its melting
point (1191 K) with a nearly temperature-independent magnetic susceptibility between 4 and
300 K, the metal is paramagnetic® [35], [36]. Pure lanthanum has a very few applications
(almost limited to the scientific research), but when is added to other elements such as
oxygen, hydrogen, sulphur or ferrous alloys, cleaner metals are obtained and the number of
applications increases. For example, La is used as a catalyst, additive in glass, scintillator,
electron cathode, ignition element in lighters and torches and in carbon lighting for studio
lighting and projection [37].

Europium (Eu) was discovered in 1901 by Eugéne-Anatole Demarcay, a French
chemist [38]. This element is the softest, the least dense, the most volatile and the most
reactive member of the lanthanide series. When pure this metal is silvery, but when exposed
to air it becomes dull”. Europium has two stable isotopes: **'Eu that is used to produce *>?Eu,
and the other one is ®Eu. These isotopes are good neutron absorbers. The principal ores
containing europium are bastnasite and monazite (also it has been identified
spectroscopically in the sun and others stars) [39]-[42]. Usually europium is separated from
the other REE by reducing it to the +2 oxidation state and precipitating it with sulphate ions.
This element can be found as a single allotropic (structural) form with a body-centred cubic
structure. It can be used in red phosphors in optical displays and TV screens that use cathode-
ray tubes and in glass for fluorescent lamps. Also it can be used as a source of blue colour
in light-emitting diodes (LEDs) and in scintillators for X-ray [40], [42].

& Paramagnetic materials have unpaired electrons, resulting in a positive magnetic susceptibility.
These materials become magnetized in a magnetic field but their magnetism disappears when the field is
removed.

" When exposed to the air, europium readily oxidizes to form Eu(OH)2'H0 .
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Terbium (Tb) was discovered in 1843 by Carl Gustaf Mosander [43]. Terbium is a silver-
grey metal, ductile, malleable and soft enough to be cut with a knife [43]. When in pure
form, the metal is stable in air, even at high temperatures. The oxide is a chocolate or dark
marron colour. Terbium is found in cerite, gadolinite and other rare-earth minerals, but it is
recovered commercially from monazite (in which it is present to the extent of 0.03 %),
xenotime, and from euxenite (a complex oxide containing 1 % or more of terbia®). The only
natural isotope of the element is ™°Tb, but it was found a total of 36 (excluding nuclear
isomers®) radioactive isotopes of terbium. Terbium is one of a few REE that have +4 as well
as +3 oxidation states, this is due to the stability of the half-filled 4f shell. Terbium is used
to dope calcium tungstate, calcium fluoride and strontium molybdate and can be applied in
colour phosphors in lighting applications such as trichromatic lighting and in colour TV
tubes. It is also used to make green colour on high definition screens [26], [42], [44].

Table 1.2 shows the main characteristics of lanthanum, terbium and europium.

Table 1.2 - Main characteristics of lanthanum, europium and terbium [7].

Element

La

Eu

Th

Atomic Number
Expected electronic
configuration (Ln)
Observed electronic

configuration (Ln%")

57

[Xe] 4f95d'6s?

[Xe] 4f°5d'6s?

63

[Xe] 4f°5d'6s?

[Xe] 4f'5d%6s?

65

[Xe] 4f85d'6s?

[Xe] 4f°5d%6s?

+2 +3
Oxidation states +3 3 “
Colour colourless nearly colourless nearly colourless

Atomic radius (pm) 187 204 178

lonic radius (pm) 103 95 92
Atomic mass (u) 138.9 152.0 158.9
Mass in geosphere 0.002 10° 9x10°
Boiling point (K) 3730 1870 3396
Melting Point (K) 1194 1095 1629
Density (kg m=) 6145 5243 8229

8 Terbia is the rare earth terbium oxide, Th,Os.

® The nuclear isomers of Tb are 27 in number, and Th-156m is the most stable isomer [27]



1.3. Graphene materials

In recent years, due to their unique properties, nanomaterials have emerged as a new type
of adsorbent for distinct applications in water treatment [45]-[48]. Size effects and the
increased fraction of “surface” atoms result in the change of physical and chemical properties
of these small materials [48]. These atoms on the surface normally have high chemical
activity and adsorption capacity, making nanomaterials good adsorbents compared to classic
solids®™ [49]. In this field, carbon-based nanomaterials (Figure 1.3) play an important role

and have attracted the scientific community since they are known [50]-[53].
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Figure 1.3 - Carbon based nanomaterials: (a) graphite, (b) diamond, (c) nanoribbon, (d) graphene, (e) carbon
nanotube, (f) fullerene [54].

Graphene, an emerging class of carbon materials, has been extensively explored due to
its enormous potential in a wide range of fields, including composite materials, transparent
electrodes, gas sensors and transistors [55], [56]. Graphene, an allotrope of carbon, is a one-
atom layer tightly packed in a hexagonal honeycomb sp? carbon lattice. It is one of the
newest type of carbon nanostructures. Related materials include few-layer graphene,

ultrathin graphite, graphite nanoplates, graphite nanosheets, graphite nanoflakes, exfoliated

10 Activated carbon and alumina are called classical substances.
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graphite, graphene quantum dots, graphene oxide (GO), reduced graphene oxide (rGO), and
graphene nanosheets [54], [57]. Some of these graphene related materials are presented in
Figure 1.4. These materials vary in layer number, surface chemistry, lateral dimension,

defect density, purity, composition and also quality of the individual graphene sheets [57].

NOMNINNNRS gt
‘«.'-.'o.. ¥ .“&‘. ¢ ?

(d) Reduced graphene oxide (rGO) (e) Graphene oxide (GO)

Figure 1.4 - Some members of the graphene family: (a) graphene, (b) few-layer graphene, (c) graphite,
(d) reduced graphene oxide (rGO), (e) graphene oxide (GO) [54].

Recently, due to their excellent adsorption capacity, magnetic graphene-based
nanocomposite, have been explored as suitable material for the removal and recovery of
metals from effluent solutions and waters [58]-[60]. Despite the wide range of magnetic
materials, magnetite nanoparticles (Fe;O,4) are becoming the top of interest due to their
unique magnetic separation performances by simply applying an external magnetic
field [59]-[61]. In addition, magnetic nanoparticles have several applications in water
treatment and can be applied in other materials giving rise to particles-based composite
adsorbents. These composites allowed rapid isolation from aqueous solutions for
regeneration and recycling. The big advantage in using magnetic graphene-based

nanocomposite is that they can reduce operating costs and time required for water or

wastewater treatment [46], [62].
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1.4. Objectives and outline of the thesis

In line with: (i) the high demand of TCE for high-tech applications, (ii) the associated

issues of their production, and (iii) their emerging in water streams, as a consequence of their

increasing use, the main goal of this research study is to contribute for the development of

an efficient material to remove TCE from water, with potential for future application in the

recovery of TCE from industrial areas or aquatic systems.

The specific objectives of this study are:

To synthesise and characterize a magnetic graphene-based nanocomposite;

To evaluate the efficiency of the nanocomposite to remove TCE, in particular, La,
Eu and Th, from aqueous solutions with low level of contamination (mimicking
the values already found in some real systems);

To evaluate the effect of pH and adsorbent dose on the removal efficiency;

To study the efficiency of the nanocomposite to remove La, Eu and Th from unary
and ternary solutions;

To model the kinetic and equilibrium data obtained using models described in the

literature.
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2. Experimental
2.1. Synthesis and characterization of magnetic graphene-based nanocomposite

The preparation of magnetic graphene-based nanocomposite (MG-bN) was carried out
using a modification of the electrostatic self-assembly methodology proposed by Han et
al. [63]. The overall electrostatic self-assembly consists in a total of three steps: the
exfoliation of graphite, the synthesis of magnetite nanoparticles (FesOs NPs) and further
dispersion in 0.1 M HNO3 to protonate their surface, and the third and last step consist in the
electrostatic assembly of the surface positively charged of FesOs4 NPs with the negatively
charged flakes of exfoliated graphite (EG). For better understanding of the process, see

Appendix A.

2.1.1. Exfoliation of graphite

The exfoliation of graphite was done by ultrasonic treatment (Sonics Vibra Cell
Sonicator, VC70, 130 W, 20 kHz) in N,N-dimethylformamide (DMF). The function of DMF
is to facilitate the exfoliation of the graphite by reducing the strength of the van der Waals
attractions between the adjacent layers of graphite. Briefly, graphite powder (5 g, EDM
99.95 (in % C) Graphit Kropfiihl GmbH) was sonicated in DMF (100 mL, 99.50 % Carlo
Erba) for 5h, in a 250 mL volumetric glass beaker kept under ice bath (0-5°C). For
purification, the mixture was then centrifugated at 5000 rpm for 20 min. After
centrifugation, filtration and drying under vacuum at room temperature, the EG was obtained

as a powder.

2.1.2. Synthesis of magnetite nanoparticles

In this step, the magnetic nanoparticles were synthesized by oxidative hydrolysis of
iron(11) in alkaline conditions according to the procedure described by Schwertmann and
Cornell [64]. First, potassium hydroxide (1.899 g) and potassium nitrate (1.519 g) were
dissolved in 25 mL of deoxygenated water (previously deoxygenated with N2 under vigorous
stirring for 2 h) in a three-necked volumetric flask (250 mL), kept under paraffin bath (60 °C)
with mechanical stirring at 500 rpm, under N, atmosphere. Iron(Il) was added as ferrous
sulphate (FeSO4-7H20) (4.745 g) dissolved in 25 mL of deoxygenated water, and then was
carefully added drop-by-drop to the alkaline solution and the stirring was increased to

700 rpm. The solution was then left to react for 30 min. After reaction, the solution was left
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under N2 atmosphere at 90 °C, without stirring for 4 h. For purification, the obtained dark
powder was washed several times with deoxygenated water and then with ethanol (96 %).
At the end, the powder was dried at 40 °C for solvent evaporation.

2.1.3. Preparation of the magnetic graphene-based nanocomposite

The last fabrication step of the MG-bN consisted in the electrostatic self-assembly of
Fe3O4 NPs at the sheets of exfoliated graphite. In this step, exfoliated graphite (100 mg) was
dispersed in 100 mL of Milli-Q water and then sonicated for 1 h (Sonics Vibra Cell
Sonicator, VC70, 130 W, 20 kHz), for an additional exfoliation. At the same time, Fe3O4
NPs (100 mg) were dispersed in 100 mL of 0.1 M HNOs and kept for 1 h. Afterwards, the
obtained positive surface charge FesOs NPs were added to the EG dispersion under
sonication for 1 h. Finally, the MG-bN was carefully recovered with a powerful magnet. The
MG-bN was washed several times with ultra-pure water and then with ethanol (96 %). At

the end, the powder was dried at 40 °C for solvent evaporation.

2.1.4. Characterization techniques

Fourier transform infrared (FTIR) spectra (KBr pellets) of the samples were obtained at
resolution of 4cm™ and recorded as transmittance from 4000 to 400 cm™ using a
spectrometer Bruker TENSOR 1.

The crystallite phase and structure determination of the samples were recorded using
X- Ray diffractometer Philips X Pert equipped with CuKa monochromatic radiation source
(0.1541 nm, 40 kV and 45 mA) at room temperature. The Scherrer equation [65] was applied
considering the Scherrer correction factor (K = 0.9).

Raman spectra were obtained using a combined Raman-AFM-SNOM confocal
microscope (alpha 300 RAS+, WITec, Germany). Nd:YAG laser operating at 532 nm was
used as excitation source. The power of the laser was varied from 0.1 to 1 mW, in order not
to damage/heat the sample.

For scanning transmission electron microscopy (STEM) analysis, samples were prepared
by evaporating dilute suspensions of the nanocomposite on a copper grid coated with an
amorphous carbon film. Experiments were performed on a HR-FESEM SU-70 Hitachi

instrument operating at 25 kV.
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For determination of total iron content in the MG-bN, ca. 10 mg of nanocomposite was
added to 10 mL of HCI (30 %, v/v) in a Teflon sealed vessel, for 2 h at 50-60 °C
(VENTICELL MMM). The digested solution was then transferred to 50 mL vials and the
volume was adjusted with Milli-Q water. For quality control replicate (n = 3) and blanks
were carried out in the same digestion batch. The concentration of iron in the samples was
then quantified by flame atomic absorption spectroscopy (Perkin Elmer, model AAnalyst
100), using a five-standards calibration curve (0, 1, 2, 3, 4, 5 ppm)*.

Zeta potential experiments were conducted with a Malvern Zetasizer Nano ZS particle
analyser (Malvern Instruments Ltd. Malvern). The electrokinetic measurements were taken
by dispersing the samples (dispersions of 15 mg of nanocomposite mixed in a 0.01 M NaCl
at different pH values ranging from 2 to 10) and transferred to a folded capillary zeta cell,
and following the equipment instructions.

Magnetic measurements were performed using Quantum Design MPMS 3 SQUID-VSM.
Field Cooled (FC) magnetic DC susceptibility measurements were done from 2 to 300 K
with an applied field of 100 Oe'?. The magnetization measurements as function of the
applied field were done at 4, 300 and 400 K.

2.2. Adsorption experiments

Adsorption is considered as one of the most cost-effective methods in water treatment,
specially handling low concentration streams and meeting severe treatment levels [66].
Adsorption occurs when a gas or a liquid solute accumulates on the surface of a solid or a
liquid (adsorbent), forming a molecular or atomic film (the adsorbate). The adsorbate can be
fixed though physical or chemical bonds onto an adsorbent, and accordingly, physical or
chemical adsorption will occur.

The synthetized magnetic nanocomposite was investigated as adsorbent for the uptake of
La(lll), Eu(ll) and Th(II1) from water. The adsorption experiments carried out included the
study of pH and amount of adsorbent, the kinetic and equilibrium in unary and ternary
solutions. Well known models were then used to analyse the kinetic and equilibrium data

1 These solutions were prepared pipetting 0, 100, 200, 300, 400 and 500 pL, respectively, of the
provided 1000 ppm iron standard solution into a 100 mL volumetric flask and dilute to the mark with 2 % nitric
acid.

12 Oersted (symbol Oe) is the unit of the auxiliary magnetic field Hc.
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obtained. To better understand adsorption experiments set-up, see Appendix B- Adsorption

experiments.

2.2.1.Reagents

All solutions were prepared with analytical range chemicals (AR grade) and ultra-pure
Milli-Q water produced by a Millipore system. Certified commercial standards solutions of
lanthanum, europium and terbium (1002 + 1 mg L), were purchased from SCP Science.

Two solutions, 0.1 M NaOH and 0.01 M HNOg, were prepared and used for pH adjustments.

2.2.2.Glassware cleaning procedures

All the glass material used in the experimental work was previously acid washed to avoid
possible contaminations. It is important to make a prior and adequate washing of the material
to be used, since the impact of solute losses can be very significant since the lanthanides
concentrations in the samples to be analysed are low.

In the first place, all glassware was washed several times with tap and distillate water and
then filled with nitric acid 25 % (v/v) for 24 h. Then, the material was rinsed again several
times with tap, distillate and Milli-Q water. After cleaning procedures, the material was dried
at room temperature.

During each experiment and sample collection, the syringes and sample vials used to
collect the different aliquots were washed with 2 % nitric acid, followed by Milli-Q water

and then a final wash with the lanthanide solution before collecting each sample.

2.2.3. The effect of pH on the adsorption of La(l1l), Eu(l11) and Tbh(l11) by the magnetic
graphene-based nanocomposite

The effect of pH on the adsorption of La(lll), Eu(lll) and Tb(lll) by the MG-bN was
studied for six different pH values, ranging from 2 to 10, and using ternary solutions with an
initial concentration of 0.1 mg L™ in each element. The solutions of NaOH and HNOs3,
previously prepared, were used for pH adjustments. After pH stabilisation, 100 mL of each
solution were transferred to SCHOTT flasks, and ca. 5 mg of MG-bN were added to each
one. All experiments were done in duplicate. The samples were kept under agitation in an

incubator shaker HWY-200D from Lan Technics, for 48 h. From each flask, five sample
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aliquots for ICP-OES*: analysis were taken, at time zero (before MG-bN addition), and after
1, 3, 6, 24 and 48 h. The adsorbent was magnetically recovered. The ICP-OES analyses were
carried out at the Laboratorio Central de Analises (LCA-UA).

2.2.4.Kinetic experiments

To investigate the kinetics of the adsorption process, the time profile of La(lll), Eu(lll)
and Tb(l1l), onto MG-bN was evaluated in unary and ternary solutions, and for two doses of
adsorbent material (10 and 50 mg L%). For this purpose, batch experiments were carried out
by adding the doses of adsorbent, accurately weighted, with a fixed volume of lanthanides
solution (500 mL), in 1000 mL two-necked round bottom flask. The initial concentration of
lanthanides was fixed in all assays and was 0.1 mg L. For control, another solution with no
adsorbent was also prepared (with this, it is possible to know if the absorption is only due to
the MG-bN or if there are other agents influencing the results). The pH of these solutions
was previously adjusted to 7.7 £ 0.1. The suspensions were mechanically stirred at room
temperature and aliquots (ca. 10 mL) were collected at different times (0, 5, 10, 15, 20, 25,
30 and 45 min, and 1, 1.5, 2, 4, 6 and 24 h), then carefully acidified with HNO3 65 %, to
pH < 2, and then analysed by ICP-OES at the LCA-UA. All kinetic experiments were carried
out in duplicate. For the kinetic studies, the amount of La(lll), Eu(lll) and Tb(lll) ions

adsorbed onto the MG-bN at each time interval (¢,, mg gl) was determined using

Equation (1) and plotted against time (t, h).

v
q,=(Cpo-Ca) X W (1)

where g, is the amount of lanthanides uptake at time t (mgg?), V is the volume of
solution (L), Cao (mg L) is the initial concentration of lanthanides, C, (mgL™) is the

concentration of lanthanides at time t and W is the mass of the adsorbent material (g).

13 Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a trace-level, elemental
analysis technique that uses the emission spectra of a sample to identify, and quantify the elements that are
present in the sample [107].
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2.2.5. Equilibrium isotherms experiments

The experimental procedure to obtain the equilibrium data was simple and similar to the
one previously described. Different doses of MG-bN adsorbent (5, 10, 15, 20, 30 and
50 mg L) were placed in contact with the unary and ternary solutions containing La(Il1),
Eu(lI) and Th(Il) at pH 7.7 £ 0.1. The initial concentration of lanthanides was fixed in all
assays and was 0.1 mg L. The experiments were conducted at room temperature for a total

period of 24 h. Calculations were preformed using Equation (1) where ¢, =g, . and

CA = CA,e'

2.3. Modelling
2.3.1. Kinetics modelling

The kinetics of La(lll), Eu(l1l) and Th(Ill) was investigated and the experimental results
were interpreted by three the most used kinetic models: Lagergren or pseudo-first order

equation, pseudo-second order equation and Elovich model.

2.3.1.1. Pseudo first-order model

The first order rate equation or Lagergren’s kinetics equation has been widely used for
the adsorption of an adsorbate from an aqueous solution and is described by the non-
reversible Equation (2), where S represents the adsorption sites, M is the adsorbate and SM

is the concentration of adsorbate bound to the sorbent [67], [68]:
S+M — MS 2)

It is important to realize that this kinetic equation rests on five assumptions:
a) Sorption only occurs on localized sites and involves no interaction between
the sorbed ions;
b) The energy of adsorption is not dependent on surface coverage;
¢) Maximum adsorption corresponds to a saturated monolayer of adsorbates on
the adsorbent surface;
d) The concentration of M is considered to be constant;
e) The adsorbate uptake on the sorbent is governed by a first-order rate equation.
Lagergren’s original paper expressed the pseudo-first order rate equation in 1898 [68]

and is described by Equation (3).
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E =k (qA,e - qA) (3)

q,. and g, (mg gl) are the adsorbed phase concentration at equilibrium and at time t,

respectively, and &; (h?) is the rate constant of pseudo-first order adsorption.

2.3.1.2.Pseudo second-order model

The pseudo-second order model contrary to the previous model, can predict the system
behaviour over the whole range of sorption and, is also based on the sorption capacity of the
solid [69], [70]. Equation (4) represents the Kinetics of adsorbate removal by the pseudo
second order model [67].

2S+M - M(S), 4)

Making the same assumptions for the pseudo-first order model, except the adsorbate
uptake on the adsorbent is governed by a second-order rate equation, the kinetics rate low is
described by Equation (5) [67], [71].

d
Ta k(4. - 4,) (5)

ky (g mg™t hl) is the rate constant of pseudo-second order adsorption.

2.3.1.3.Elovich model [67], [72]
The kinetics of adsorbate removal described by Elovich model is shown in Equation (9).
The following assumptions are assumed by the model:
a) Sorption only occurs on localized sites and there is interaction between the sorbed
ions or molecules.
b) The energy of adsorption increases linearly with the surface coverage according to
Equation (6).

Ea=FEay + RTfq, (6)
where Ea is the activation energy (J) for the reaction, R (J mol* K1) is the ideal gas constant,
T'is the temperature (K), g is a constant proportional to the liquid molar volume and g,is the
adsorbate concentration at instant t (mg g2).

Then, the adsorption rate constant k,4 can be written by the Arrhenius equation:
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Ea '
k,q=Cte X exp ( ﬁ) = a xexp(-fqa) (7)

where ' is given by:

Ea,

a' = Cte X exp (— ﬁ) (8)

c) The concentration of M is considered to be constant.

d) The adsorbate uptake is negligible before the experiment (equivalent to an adsorbate
uptake governed by a zero order rate equation).

Finally, the sorption rate can be written as:

dqa

3 ¢ % exp(-£qa) ©)

with a = CYa'.

2.3.2.Equilibrium isotherm modelling

In adsorption studies, adsorption isotherms can provide some insight into the adsorption
mechanism as well as the surface properties and adsorbent affinities. In summary, they
indicate how molecules subjected to adsorption distribute themselves between fluid and solid
phases at equilibrium. In this work, the most common adsorption equilibrium models-

Langmuir and Freundlich models were used.

2.3.2.1.Langmuir isotherm

In 1916, Irving Langmuir published a new isotherm model for gases adsorbed to solids,
which retained his name. This model is a semi-empirical isotherm derived from a proposed
kinetic mechanism. The Langmuir isotherm theory assumes monolayer coverage of
adsorbate over a homogenous adsorbent surface [73].

The Langmuir isotherm model is based on four assumptions: 1) The adsorption occurs at
definite localized sites on the surface, normally called active centers; 2) the adsorption
surface is homogeneous, which means that each site is able to bind a single molecule of
adsorbing species; 3) adsorbed molecules do not interact with each other; 4) adsorption

presents a maximum (g, ) corresponding to the monolayer formation.

This isotherm can be obtained by equalizing the adsorption and desorption rates, and is
represented by [74], [75]:
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q A,mKA,L CA,e

= “Am - 7e 10
1 +KprChe 10)

qA,e

where ¢, . (mg gl) is the adsorbate concentration on the particle, C,. (mgL™) is the

adsorbate concentration in solution, K, ; (L mg™) is the Langmuir equilibrium constant and

q, ., (Mg gl) is the maximum concentration of the adsorbed species when one complete

monomolecular layer of coverage is achieved.

The Langmuir model can be extended to multicomponent system, where different
components that can form complexes with the surface sites are present. Equation (11) shows
the Langmuir equation for multicomponent adsorption, where is represented the binding of
component A to a surface of type L [76], [77]:

dpKa, 1LChe

= ZAm AL TAC (11)
1+%Ki Ci,

qA,e

2.3.2.2.Freundlich isotherm
Freundlich isotherm is an empiric equation frequently used in correlating aqueous phase
experimental data. This model does not assume that the material coverage must approach a
constant value corresponding to one complete solute monomolecular layer as C4 . gets

larger [74]. Equation (12) shows the Freundlich isotherm:
9, ~KrCh (12)

where Ky (ugt*" L¥"g1) and n are the Freundlich constants related to adsorption of the
metals and adsorption intensity, respectively. A value of n between 1 and 10 indicates

favourable adsorption and is related to the non-linearity of the model [78], [79].

2.3.3. Fitting the models to the experimental data

All these models were tested to study the sorption of La(lll), Eu(lll) and Tb(lll) on the
MG-bN using programs coded in MATLAB [80]. The kinetic parameters were optimized
using the Nelder-Mead method, applying the average absolute relative deviation (AARD),

Equation (13), as objective function.

100 |q1 cale — 9 expl
AARD= Z - - (13)
n qi,exp
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Concerning the equilibrium equations, the Langmuir and Freundlich parameters were
optimized using once again the the Nelder-Mead method, but the sum squares errors (SSE),

Equation (14), was the adopted objective function.

SSE= Z (qi,calc - qi,exp)2 (14)
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3. Results and discussion
3.1. Characterization of magnetic graphene-based nanocomposite

The morphology and structure of the MG-bN and its precursors (graphite, EG and Fe3O4
NPs) were analysed by Fourier Transform Infrared spectroscopy (FTIR), Raman
spectroscopy, X-ray Diffraction (XRD), Scanning Transmission Electron Microscopy
(STEM) and Zeta potential. Magnetic measurements were also performed for the magnetic

nanocomposite.

3.1.1. Fourier transform infrared analysis

Fourier transform infrared spectroscopy is an extremely rapid, non-destructive, time
saving method that can detect a range of functional groups and is sensitive to changes in
molecular structure. Figure 3.1 illustrates the FTIR spectra of Fes04 NPs, graphite, EG and
MG-bN. The FesO4 NPs spectrum (Figure 3.1 a)) shows well-defined bands in the range of
400 — 881 cm™.. These bands have been assigned to vibrational modes of magnetite. The two
intense peaks at about 589 and 656 cm™ are due to the stretching vibration mode associated
to the metal oxygen absorption band (Fe-O bonds in the crystalline lattice of Fe304). The
bands of O-H groups are also present at 3161 cm™ and 1646 cm™ probably due to external
agents [81], [82]. In the FTIR spectra of graphite (Figure 3.1 b)), the absorption band at
~3475 cm? is related to the O-H stretching vibration. In addition to the resonances of
oxygen-containing functional groups, the stretching absorptions of C=C groups are also
visible in the spectrum at ~1650 and 1584 cm™. Comparing FTIR spectra of graphite with
EG (Figure 3.1 c)) there is no significant differences between them. The FTIR spectrum of
the MG-bN (Figure 3.1 d)) shows all the peaks present in graphite and EG spectra, together
with the vibration band of Fe-O bond at ~604 cm™! that confirms the presence of the

magnetic phase in the nanocomposite.
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Figure 3.1 - FTIR spectra of a) FesO4 NPs, b) graphite, ¢) EG and d) MG-bN.

3.1.2. X-Ray diffraction analysis

X-Ray diffraction analysis is a very important technique that can disclose the crystal
structure of solids, like lattice constants and geometry, identification of unknown materials,
orientation of single crystals, defects and stresses [83]. In this work, XRD was made for
structure determination of the samples (for comparison graphite diffractogram is also
provided).

The diffraction pattern of EG (Figure 3.2 b)) gives a narrow peak (002) with very high
intensity (20 = 26.5°, corresponding to the interlayer distance d = 0.34 nm), characteristic of
graphite (Figure 3.2 a)). Additionally, the broadened graphitic peak observed in EG suggests
a decrease in the thickness of the samples in comparison to the precursor graphite (Figure
3.2 a)), confirming the exfoliation process [84]. According to the Scherrer equation, the EG
are on average 17.2 nm in thickness while the average thickness of graphite flakes is 36 nm.
In the diffractogram of FezO4 NPs (Figure 3.2 ¢)), the peaks at 26 values of 18.19°, 30.00°,
35.39°, 36.99°, 43.06°, 53.43°, 56.98° and 62.54° can be assigned to (111), (220), (311),
(222), (400), (422), (511) and (442) Bragg's reflections, respectively, and may be indexed
on the face centred cubic structures of magnetite [85]-[87].

In the diffractogram of the magnetic nanocomposite (Figure 3.2 d)), the characteristic
peaks of FesO4 and graphite remained unchanged, confirming that the deposition of the

Fez04 NPs on the carbon substrate was successfully achieved.
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Figure 3.2 - XRD patterns of a) graphite, b) EG, c) FesO4 NPs and d) MG-bN. The characteristic peaks
of the samples are marked.

3.1.3.Raman spectroscopy

Raman spectroscopy was applied to characterize the structural changes in the samples.
This technique is strongly dependent upon electronic structure and thus, can be used in the
study of carbon allotropes, including disorder and defect structures. Figure 3.3 shows Raman
spectra of graphite, EG, FesO4 NPs and MG-bN.

The Raman spectra of graphite, EG and MG-bN exhibit simple structures characterized
by two main bands (G- and 2D-bands, the Raman signature of graphitic sp? materials) in
graphite and a third band in the EG and MG-bN ascribed to the D mode (~1344 cm™) that is
induced by structural disorder (in this case defects and impurities in the carbon lattice,
introduced during the ultrasonic treatment and/or FesO4 NPs deposition). The sharp and
intense band that appears at around 1580 cm™ in all spectra (except FesO4 spectrum) is the
G band that corresponds to the first-order scattering of the Eqg mode of the sp? carbon atoms
in a 2D hexagonal lattice [88]. Since this band arises from the stretching of the C-C bond in
graphitic materials, it is common to all sp? carbon systems.

Another band that appears in the Raman spectra of all kinds of sp? carbon materials,
usually between 2500 and 2800 cm™, is the 2D band, and results from a second-order two-
phonon process. The 2D mode is usually related to the crystalline structure and the stacking

order, and also to the number of layers of graphene [89], [90].
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The spectra of the nanocomposite were collected at 532 nm excitation laser wavelength
with a lower laser power (0.1 mW) (Figure 3.3 d)). The choice of laser power is vital for
collecting magnetite Raman spectra as phase changes are easily induced by the excitation
laser. The spectrum preserves the signature of graphitic sp? materials (G and 2D bands),
together with the D band associated with structural defects in the carbon lattice, and a peak
at 660 cm™ ascribed to magnetite nanoparticles.
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Figure 3.3 - Raman spectrum of a) graphite, b) EG, ¢) FesO4 NPs and d) MG-bN, showing the
main Raman features, the D, G and 2D bands taken with a 532 nm excitation laser wavelength
(2.0 or 0.1 mWw).

3.1.4.Scanning transmission electron microscopy

STEM pictures were undertaken to characterize the morphologies of the commercial
graphite, the EG, FesO4 NPs and the MG-bN. Figure 3.4 (a) and (b) show the TEM and SEM
images of the as-received graphite powder material. It consists of a flake-like with smooth
or jagged edges of different sizes (< 45 nm Figure 3.4 (c) and (d) corresponds to the TEM
and SEM images of EG, where it is clearly visible that the morphology and layer thickness
of graphite sheets were completely changed after exfoliation. As it is visible in Figure 3.4
(e) and (f) FesO4 NPs were successfully synthetized, have spherical shape, display particle
size below to 100 nm, and are aggregated into large particles. Figure 3.4 (g) and (h) show
respectively, TEM and SEM images of the MG-bN. In the nanocomposite, FesO4 NPs are
deposited on EG sheets as aggregates and not as single particles. In the TEM image, Fez04

NPs appear as dark dots with a diameter <100nm, on a lighter shaded substrate
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corresponding to the EG. STEM images confirm the deposition of FesO4 NPs on EG and
that the morphology of the nanoparticles is not affected by the presence of the carbon

substrate.

SU-70 25.0kV 6.4mm x20.0k TE 2.00um ll SU-70 25.0kV 6.4mm x20.0k SE(M)

Figure 3.4 - TEM (left) and SEM (right) images of graphite (a and b), EG (c and d), Fes04 NPs (e and f) and
MG-bN (g and h).
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3.1.5. Atomic absorption spectroscopy

Atomic absorption spectroscopy was used to determine the total iron in the magnetic
nanocomposite, after its total dissolution in an acid solution. The iron quantification was
done using the calibration curve method (Figure 3.5).

The total Fe content in the nanocomposite is 32 %, which corresponds (by stoichiometric
way) to a content in FezO4 of ca. 44 %.

025 T : ; i T
*
0204 y=0.045X-0.000762 i
0.154 _
<
0.104 _
R>=0.9989
0.05+4 -
0.00 : ; : : :
0 1 5 3 4 5 6
C (ppm)

Figure 3.5 - Calibration curve for AAS with 5 different iron
standard solutions (0, 1, 2, 3, 4, 5 ppm).

3.1.6. Zeta Potential

Zeta Potential was used to study the effective charge on the particles. This method is
related to the electrostatic repulsion between them, thus it is extremely relevant to the
practical study and control of adsorbents. Figure 3.6 shows the zeta potential as function of
pH for a dispersion of MG-bN in NaCl solutions.
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Figure 3.6 - Zeta potential of MG-bN powders in NaCl agueous solution
at different pH values.

The results indicate that the nanocomposite has zero charge at pH 5.2. This means that
for pH values lower than 5.2 the surface of the MG-bN is positive, and as the solution pH is

higher than 5.20 the materials surface acquires negative charge when the solution pH.

3.1.7. Magnetic measurements

Magnetic measurements were performed for the magnetic nanocomposite. As it can be
seen from observation of Figure 3.7, the sample magnetization presents a fast approach to
saturation in the presence of an external magnetic field (reaching saturation for about 5 k Oe)
independently of the sample temperature. The MG-bN estimated saturation magnetization
for 300 K is about 45 emu g'* nanocomposite and 102 emu g* FesOs, which is in the same
order of the saturation value of 92 emu g of bulk magnetite at room temperature [91]-[93].
The coercive fields (Hc) of MG-bN at room temperature is 90 Oe, which is low magnetic
field (adequate to magnetic nanoparticles applications) and evidence the ferrimagnetic

behaviour characteristic of magnetite nanoparticles with the reported sizes [94].
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Figure 3.7 - Magnetization curves as a function of magnetic field for MG-bN. The right axis considers the
estimated mass percentage of FesO. which was determined using the Fe mass, and assuming that all
magnetite is in perfect stoichiometry.

3.2. Adsorption of La(lll), Eu(lll) and Tb(lll) by the magnetic graphene-based
nanocomposite
3.2.1. Effectof pH

The solution pH is one of the most important variables affecting the adsorption process
at solution-adsorbent interfaces. The influence of initial pH on the removal of lanthanides
(ternary solution of La(lll), Eu(l1l) and Tb(lll)), through adsorption onto magnetic MG-bN
was investigated over a pH range of 2-10. The initial lanthanides and MG-bN concentrations
were 0.1 and 50 mg L%, respectively.

Figure 3.8 demonstrates how the removal of La(lll), Eu(lll) and Th(lll) by the MG-bN is
highly affected by the pH of the surrounding environment. The adsorption efficiency
(removal, %) was calculated using Equation (15), where Cy, is the initial concentration and
Cae the remaining concentration of La(lll), Eu(lll) and Tb(lll) in solution after the

adsorption process.
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The results obtained allow us to conclude that the adsorption process of La(lll), Eu(lll)

Removal = x 100 (15)

and Th(II1) onto the MG-bN is strongly pH dependent: a notorious increase on the removal
efficiency from 0 % up to 95 % was observed by increasing the solution pH from 2 to 10.
Moreover, small variations in the pH region of ca. 6 — 8 leads to a significant change in the
removal efficiency, suggesting that the main mechanism involved in the removal of La(lll),
Eu(ll1) and Tb(lll) by the MG-bN is based on electrostatic interactions. For example, the
uptake of Eu(l1l) at pH 5.8 is 21.7 % and at pH 6 the removal increased to 30 %. At pH < 5,
the surface of MG-bN is positively charged (see Figure 3.6 ) and the dominate species of
La(lll), Eu(lll) and Tb(lll) are the trivalent lanthanides ions (La**, Eu** and Tb%*,
respectively) [95]. As the solution pH increases, the number of negatively charged sites, at
MG-bN surface also increases favouring the adsorption of cationic lanthanides due to
electrostatic  attraction. As a result, La*/La(OH)?*, Eu*'/Eu(OH)*, EuO* and
Th*/Th(OH)*/ThO*/TbO2H(aq), which are the dominant species of the lanthanides in study
at pH 5 to 9 [95], may be adsorbed by MG-bN.

The highest removal efficiency was observed at pH 10. However, at this pH the magnetic
separation (adsorbent-solution) was not efficient and some dark powder remained in the
solution after the magnetic removal procedure, requiring another type of solid-liquid
separation process (filtration or centrifugation). This clearly indicates that the magnetic
nanocomposite loses part of its magnetic phase in very alkaline solutions (pH 10) and its
application is not suitable for solutions with these pH values.

Although the removal of La(lll), Eu(lIl) and Tb(Ill) by the MG-bN exhibits the same
pattern vs. pH, it is notorious the similarity behaviour between europium and terbium. This
can be explained by the fact that in the lanthanides group they are closer comparatively to
lanthanum (and the closer they are, the greater is their behaviour similarity). In addition, the
results from the pH study seem to point out that the MG-bN has more affinity** to Eu(I1l)
and Tb(I1l) comparing to La(lll).

For the following experiments, pH 7.7 was chosen due to lanthanides speciation and to

prevent the nanocomposite degradation.

14 The affinity of MG-bN was determined using equilibrium selectivity of the system, S,,, where 1 is
La(l1l) and 2 is Eu(I11) or Th(lI1), and S is given by the ratio of the distribution coefficients (the concentrations
values were expressed in molar units).
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Figure 3.8 - Effect of pH on adsorption of La(lll), Eu(lI1) and Th(lll) on MG-bN.

3.2.2. Kinetic studies
3.2.2.1.Effect of contact time and amount of adsorbent

The effect of contact time and amount of adsorbent on the removal of La(l1), Eu(l1l) and
Thb(I11) from unary and ternary solutions was studied in the range of 0 to 24 h and for two
concentrations of adsorbent (10 and 50 mg L), at pH 7.7 + 0.1, room temperature and an

initial lanthanides concentration of 0.1 mg L.

Unary solutions

Figure 3.9 displays the normalized concentration (Ca/Cao) of each element in the liquid
phase against time (plots a and b), for the two amounts of MG-bN used, and the removal
percentage for the same experimental conditions (plots ¢ and d). The open symbols
correspond to the use of 50 mg Ltof MG-bN and the full symbols to the use of 10 mg L.
The dashed line represents the experimental data from the control assays. For clarity, and
since the equilibrium was reached after one hour, the values are only presented until 4 h.

From the data on Figure 3.9, it is possible to conclude that in the presence of MG-bN,
occurred a decrease on La(lll), Eu(l11) and Th(lIl) concentrations in the liquid phase along
time, and this decrease can only be related to the presence of the magnetic nanocomposite
since in its absence, the lanthanides concentration in solution remained nearly constant

(control). More, the decrease on La(lll), Eu(lll) and Tb(lll) concentrations is fast at
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beginning, then, for a short period of time, evolves into a slower kinetics until it reaches
equilibrium. Such fact is explained by the large mass transport driving forces observed at
beginning, since MG-bN is initially free of solutes.

It is important to realize that, when only 10 mg L™ of MG-bN is used, the kinetic pattern
and the efficiency of the removal process is similar for all elements, and no relevant
differences between them were observed (i.e. error bars overlap). The low concentration of
the elements under study, as well as the low mass of material used contribute to the
variability of the results, not allowing to distinguish significant differences in the behaviour
and affinity of the different lanthanides towards the magnetic nanocomposite. Under these
experimental conditions, the MG-bN is able to remove ca. 30 — 40 % of La(lll) or Eu(lll) or
Th(111) after 1 h. However, if the amount of MG-bN used increases to 50 mg L™, not only
the amount of lanthanides removed increases (ca. 20 % for La(lll) and ca. 40 % for Eu(lIl)
and Tb(l1l)) but also it can be noticed some differences on the kinetic behaviour of the
different systems, something that did not happen for the lowest sorbent dose. For 50 mg L"!
of MG-bN ca. of 60 % of the La(lll), 70 % of Eu(lI1) and 80 % of Th(lll) initially in solution
can be removed from unary solutions. Additionally, equilibrium is also reached faster for
higher MG-bN concentrations. In the case of the system La(ll1)/MG-bN the equilibrium is
reached after a few minutes and for the Eu(111)/MG-bN and Tb(I11)/MG-bN systems in less
than an 1 h. To better understand the kinetic profile of the process, the pseudo-first order,
the pseudo-second order and the Elovich models, were used to fit the kinetic curves, and the

results will be presented and discussed in the next section.

Ternary solutions

An analogous study was performed for the lanthanides in ternary solutions (Figure 3.10).
In general, the kinetic behaviour is similar for La(lll), Eu(l1l) and Th(lll) single solutions;
i.e. the removal is fast at the beginning and slows down when the equilibrium is attained, the
equilibrium is achieved sooner and the removal percentages are higher for the highest mass
of MG-bN. However, it is important to realize that in the ternary system and for a MG-bN
concentration of 10 mg L%, it is visible a significant difference between the kinetic profile
of La(lll) and the ones of Eu(lll) and Tb(lll), which is not visible in the unary solution.
Additionally, Figure 3.10 also shows that the equilibrium is achieved later in the ternary

solution in comparison with the unary solutions, as well as the efficiency of removal is

35



smaller for all systems. This may be due to the free available adsorbent sites, and more

cations in the medium competing for the same place.
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Figure 3.9 - Variation of normalized concentration and removal percentage of La(lll), Eu(l11) and Tb(lll)
from unary solutions (0.1 mg L*) with time, for different MG-bN concentrations. The bars represent the
standard deviation. Experimental conditions: pH 7.7 + 0.1, mechanical stirring speed 500 rpm, MG-bN dose

10 mg L (aand c) and 50 mg L™ (b and d).
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Figure 3.10 - Effect of contact time on the normalized concentration and removal percentage of La(lll),
Eu(111) and Th(I11) ternary solutions (0.1 mg L) by MG-bN adsorbent. The bars represent the standard
deviation. Experimental conditions: pH = 7.7 + 0.1, mechanical stirring speed 500 rpm, MG-bN dose
10 mg L (aand c) and 50 mg L (b and d)..

3.2.2.2.Kinetics modelling

The experimental kinetic data of the removal of La(lll), Eu(lll) and Tb(lIl) by MG-bN,
at room temperature for unary and ternary solutions, and using two different adsorbent doses
(10 and 50 mg L) were fitted by pseudo-first order, pseudo-second order and Elovich
models, shown as Equations (3), (5), and (9).

Figure 3.11 and Figure 3.12, show the experimental (stars) and calculated (lines)
concentrations of La(lll), Eu(lll) and Th(lll) in the magnetic nanocomposite along time,
respectively for unary and ternary solutions. In unary solutions and, at low adsorbent dose

(10 mg L1, equilibrium is reached after 1 h and the values of the experimental maximum
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amount of La(lI1), Eu(I11) and Th(111) adsorbed are 3.84, 3.46 and 3.28 mg g, respectively.
For higher MG-bN concentration (50 mg L), equilibrium is almost instantaneous and the
values of the maximum amount of La(lll), Eu(lIl) and Tb(lll) adsorbed, decreased to 1.16,
1.36 and 1.21 mg g}, respectively.

For ternary systems, the uptake is lower compared to unary solutions, which was expected
since there are more ions competing for the available sites on MG-bN, taking also more time
to reach the equilibrium. At low adsorbent dose (10 mg L), the values of the experimental
maximum amount of La(l1l), Eu(11l) and Th(I1l) adsorbed are 1.22, 2.21 and 2.05 mg g},
respectively, while for higher MG-bN concentration (50 mg L™ 1), the values of the maximum
amount of La(lll), Eu(I11) and Tb(l1I) adsorbed, decreased to 0.650, 1.19 and 1.15 mg g7,
respectively. These values show that La(lll) as less affinity for the MG-bN than Eu(lll) or
Th(I11). The kinetic selectivities were also computing using Equation (16), where 4. o and
G, eq are, respectively, the MG-bN concentration and the ions concentration at equilibrium
and 1 and 2 designate La(lll) and Eu(l1l) or Th(lll), respectively. The results have shown
that Eu(l1l) and Th(l1l) have higher affinity for the nanocomposite compared to La(lll) -
S1» = 0.408 (when 2 is Eu(I11)) and S;, = 0.471 (when 2 is Tb(l11)) using 10 mg L™ ! of MG-
bN) and S;, = 0.298 (when 2 is Eu(l11)) and S;, = 0.318 (when 2 is Th(lI)) using 50 mg L™!

of MG-bN.

(16)

In the whole, in the unary solutions the three used models, (pseudo-first order, pseudo-
second order and Elovich models), satisfactorily describe the experimental data for all the
studied adsorbent-adsorbate(s), with the large majority of the absolute average relative
deviation (AARD) below 5 % and the correlation coefficients (R2) above 0.980 (Table 3.1).
However, with only a few differences, the kinetics are better described by pseudo-second
order model than by the pseudo-first order and Elovich models. These results are further

supported by the comparison between the experimental g, values, indicating that they are

able to predict the kinetic behaviour of the lanthanides under study.
For ternary solutions, the experimental data are also better described by pseudo-second
order and Elovich models, with an AARD < 4 % and R? > 0.990 (Table 3.2).
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For all systems the kinetic constant, k,, of the pseudo-second order model also confirms
that the removal process of La(lll), Eu(lll) and Tb(lll) is faster for high doses of MG-bN.
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Figure 3.11 - Experimental and fitted data for: a) and b) La(ll1); ¢) and d) Eu (I11); ) and f) Tb(lll) using,
respectively 10 and 50 mg L-* of MG-bN, unary solutions. Experimental conditions: pH 7.7 + 0.1 and room
temperature ca. 25 °C. For clarity, error bars for La(lll), Eu(l11) and Th(l11) are omitted.
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Table 3.1 - Optimized kinetic parameters obtained from pseudo-first order, pseudo-second order and Elovich models at pH 7.7 + 0.1, unary solutions
(0.1 mg L't with MG-bN concentration of 10 mg L and 50 mg L. For comparison, the experimental q .. 1s shown.

Pseudo 1%-order model

Pseudo 1%-order model

System 9 Ac,experimental (10mg L) (50mg L) 9 Ac,experimental
(mgg) ky 4. AARD 2 K, 4., AARD (mg g1)
0 (mggh) (%) 0 (mggh) (%)
La(lll) 3.42 15.05 317 565 0974 67.95 1.14  0.904  0.998 1.15
Eu(ln) 3.15 15.09 3.08 478 0984 31.02 120 197 0992 1.36
Th(ll1) 3.22 3.68 320 290 0994 21.27 113 221 0994 1.21
Pseudo 2"-order model (10 mg L) Pseudo 2"-order model (50 mg L)
System qu(’:;pge;‘_‘}e)“ta‘ k 4 AARD k 4,. AARD ] qA(";:‘;e;‘f)e“tal
(gmg'h™h) (mggl) (%) (gmgth™) (mggh) (%)
La(lll) 3.42 6.48 3.46 2.69 0.993 | 1.98x10° 1.14  0.938  0.998 1.15
Eu(ln) 3.15 7.38 3.18 1.90  0.997 69.73 126 156 0995 1.36
Th(lll) 3.22 1.57 3.49 192 0.997 38.63 117 0719  0.999 1.21
Elovich model (10 mg L) Elovich model (50 mg L)
System qA?z;e‘;ﬁe)“tal a p o AARD a p AARD q“‘z‘;e;‘f;mal
(mgg'hh) (mgg') (%) (mgg'h') (mgg') (%)
La(lll) 3.42 155x10° 242 351 0984 | 231x10° 2162 415  0.989 1.15
Eu(ll) 3.15 1.73x10*  3.653 3.8 0992 | 1.33x108 1724 155  0.997 1.36
Th(II) 3.22 1.00x102  1.829 477 0983 | 7.74x10° 1633 2.06  0.99 1.21
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Figure 3.12 - Experimental and fitted data for: a) and b) La(ll1); ¢) and d) Eu (I11); ) and f) Tb(lll) using,
respectively 10 and 50 mg L™ of MG-bN, ternary solutions. Experimental conditions: pH 7.7 + 0.1 and room
temperature ca. 25 °C. For clarity, error bars for La(lll), Eu(l11) and Tb(lll) are omitted.
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Table 3.2 - Optimized kinetic parameters obtained from pseudo-first order, pseudo-second order and Elovich models at pH 7.7 + 0.1, ternary solutions (0.1 mg.L™) with MG-
bN concentration of 10 mg L and 50 mg L. For better understanding, experimental gae is also presented.

Pseudo 1%-order model

Pseudo 1%-order model

System QA?:F;;ﬁ;ntal (10mg L (s0mg L™ 9 Aeexperimental
k, ..  AARD k, g.. AARD ) (mg g
) (mggl) (%) oy mggh )
La(l11) 1.22 23.50 0.985 13.34 0.87 26.90 0.566 2.99 0.984 0.650
Eu(lll) 2.21 3.81 2.06 10.92 0.998 21.98 1.09 1.99 0.996 1.19
Th(11) 2.05 4.79 2.02 9.79 0.963 21.57 1.05 2.78 0.992 1.15
4 e experimental Pseudo 2"%-order model (10 mg L) Pseudo 2"%-order model (50 mg L)
System | (mgg") ky g,, AARD ky 4. AARD q Az,l:;e;?;ntal
gmg'h") (mgg!) (%) (gmg'h™) (mgg') (%)
La(ll1) 1.22 17.31 1.04 11.26 0.922 135.39 0.580 3.12 0.987 0.650
Eu(l11) 2.21 2.65 2.23 6.59 0.997 41.33 1.14 1.45 0.998 1.19
Th(11) 2.05 3.39 2.07 4.80 0.988 43.79 1.09 1.76 0.996 1.15
4 e experimental Elovich model (10 mg L™?) Elovich model (50 mg L™?)
System (mgg™) a B AARD ] o 5 AARD i q Ae,experi_nlqental
mgg'h!) (mggh () ! mgg'h') (mggh (%) : (mee?)
La(ll1) 1.22 1.44x103 9.68 6.63 0.974 8.58x10° 33.92 2.99 0.991 0.650
D) 2.21 87.38 3.23 4.49 0.996 4.51x107 18.92 2.61 0.995 1.19
Th(111) 2.05 70.22 3.28 5.12 0.984 1.74x10° 16.27 2.73 0.995 1.15
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3.2.3. Equilibrium studies and modelling

Figure 3.13 and Figure 3.14 show the equilibrium data together with the isotherms curves
for the  systems La(ll1)/MG-bN, Eu(llD/MG-bN,  Tb(II)/MG-bN  and
La(HD)/Eu(1N)/Tb(I11)/MG-bN, at constant operational parameters (pH, temperature, ionic
strength and stirring speed). The Langmuir (Equation (10) for unary solutions and
Equation (11) for multicomponent solutions) and Freundlich (Equation (12)) were the

models chosen to fit the experimental data.

Unary solutions

Although the equilibrium data obtained for the unary systems show a high degree of
dispersion and variability, it is possible to identify different tendency patterns between gae
and Cae for the different systems. While for Eu(I11)/MG-bN and Th(111)/MG- bN systems
the isotherms display a favourable tendency, and the solid loading of these elements
increases with concentration, under the range of tested conditions, without reaching a
saturation plateau, for the system La(lll)/MG-bN the isotherm has an unfavourable
behaviour, with low adsorption at the low concentration region. A favourable isotherm
means that its derivative decreases with increasing fluid concentration. Hence, at low
concentration high solid loading can be achieved, leading to a high adsorption capacity at
low concentrations in equilibrium [79].

Despite the great dispersion and variability of the experimental data, an attempt to fit the
equilibrium data was made. In the range of experimental conditions used, the fittings of the
theoretical models to the experimental data show high SSE and low R? values. In order to
improve the equilibrium study, new isothermal assays were carried out but the results did
not arrive in the predicted time and could not be considered in the current document. The
estimated parameters of the equilibrium models studied, the coefficient of determination (R?)
and the sum of squared errors (SSE), are listed in Table 3.3, where K, gae are Langmuir
parameters and, Kr, and n are Freundlich parameters. For the system La(l11)/MG-bN, only
the Freundlich model can “fit” the equilibrium data (R?=0.963, SSE =2.49). The
experimental data obtained for the Eu(111)/MG-bN and Th(111)/MG-bN systems can be fitted
with both Langmuir and Freundlich models with SSE* < 1.6 and R? > 0.909. In all cases,
the goodness of the fittings presented very high SSE values.
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The adjusted value of the Freundlich’s parameter n (Table 3.3) lower than 1 for La(lll)
and between 1 and 10 for Eu(l11) and Th(l1l) corroborate, respectively, the unfavourable and
favourable nature of the adsorption process of these elements onto the MG-bN adsorbent
(see Figure 3.13). Furthermore, the smaller Kr values obtained for La(l11)/MG-bN indicate
that this adsorbent has lower adsorption intensity and affinity for lanthanum [79], [96]. In
contrast, the Kr values obtained for Eu(111)/MG-bN and Tb(111)/MG-bN systems are several
orders of magnitude higher, and according to the Langmuir isotherm, the maximum
adsorption of MG-bN toward Eu(lll) and Tb(lll) is 5.27 and 5.94 mg g, respectively.
Compared to other adsorbents (Table 3.4), the maximum MG-bN sorption capacity given by
Langmuir isotherm is one of the highest, only surpassed by the synthetic analogue of
heulandites [97].
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Figure 3.13 - Experimental data and unary isotherms modelling of a) La(lll), b) Eu(lll), c) Tb(I1I) unary

solutions onto MG-bN (pH 7.7 £ 0.1, initial concentration 0.1 mg L™ and room temperature ca. 25 °C). Error
bars are also presented.
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Table 3.3 - Modelling results of adsorption isotherms of La(ll), Eu(l1l) and Th(lI1) for unary Langmuir and
Freundlich isotherms.

Langmuir
. an SSE R?
(L mg™) (mgg™)
La
Eu 311 5.27 1.38 0.909
Tb 16.4 5.94 1.63 0.877
Freundlich
Kr
(g L g 1in SSE R?
La 1.99x10° 5.26 2.49 0.963
Eu 0.375 0.556 1.43 0.905
Th 0.212 0.645 1.62 0.878

Table 3.4 - Adsorption capacity for Eu(l11) and Th(ll1) of several materials used as sorbents in literature.

. JAm gAm
Adsorbent Metal ion Reference
(mg g™) (mmol g
MG-bN Eu(lll) 5.27 0.0347 Present study
Th(I1) 5.94 0.0374 Present study
ZSM-5 zeolite Eu(ll) 2.2x10° [98]
TiO. Eu(ln) 0.01 [99]
Synthetic analogue
_ Eu(lll) 0.1 [97]
of heulandites
FesOs@cyclodextrin
e Eu(lin 5.03 x 10 [100]
composite (pH = 3.5)
FesOs@cyclodextrin
aaatd Eu(li) 8.35 x 107 [100]
composite (pH = 5)
P(HEMAHap) Th(l1I) 0.69 x 1073 [101]
P(HEMA-Hap)phy Th(l1I) 0.31x 1073 [101]
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Ternary solutions

Like for the unary solutions, the equilibrium data obtained for the ternary solutions also
show a high degree of dispersion and variability, but, even so, it is possible to identify
different tendency patterns between gae and Cae for the different systems. Comparing
Figure 3.13 and 3.14 it is possible to observe the similar behaviour of the lanthanides in
ternary and unary solutions. The isotherm for the system La(ll1l)/MG-bN is a convex, curved
upward curve, meaning an unfavourable isotherm [96], [102]. For Eu(Ill)/MG-bN and
Th(I11)/MG-bN systems the isotherms display a linear and/or favourable tendency, with an
increase of the solid loadings with the concentration, under the range of tested conditions,
without reaching a saturation plateau.

For the ternary solutions, the multicomponent Langmuir equation and the Freundlich
model were chosen to fit the experimental equilibrium data. The estimated parameters of the
equilibrium models adopted, the coefficient of determination (R2) and sum of square error
(SSE), are listed in Table 3.5. For the system La(lll)/MG-bN, the fitting of the Freundlich
model is poor (R? = 0.555, SSE = 6.03), while for the Eu(111)/MG-bN and Tb(l11)/MG-bN
systems both Langmuir and Freundlich models are able to fit data more accurately, with
SSE< 0.3 and R? > 0.952. The optimized value of the Freundlich’s parameter n (Table 3.5)
higher than 1 for Th(lll) suggests favourable adsorption (represented by a concave, curved
downward isotherm (Figure 3.14 c)) and equal to 1 for Eu(l1l) indicates a linear adsorption
and, therefore, equal adsorption energies for all sites [96], [102].

Additionally, in ternary solutions, the Langmuir isotherm estimates a higher adsorption
capacity of MG-bN towards Eu(lll) and Tb(lll), when compared to the unary solutions
(Eu(Il) ternary solutions shows an adsorption capacity of 23.66 mg gt and for unary
solutions is only 5.27 mg g%, the same happens for Th(ll1), 14.77 mg g™ for ternary solutions
and 5.94 mg g* for unary solutions).

Nevertheless, it must be highlighted that more points are needed to get a more accurately

description of the equilibrium.
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Figure 3.14 - Experimental data and multicomponent Langmuir isotherms and unary Freundlich
isotherms for a) La(ll1), b) Eu(l11), c) Th(lll) ternary solutions onto MG-bN (pH 7.7 + 0.1, initial
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Table 3.5 - Modelling results of adsorption isotherms of La(lll), Eu(l11) and Th(l11) for multicomponent
Langmuir isotherm and unary Freundlich isotherm.

Langmuir
" ar SSE R?
(L mg?) (mg g)
La
Eu 1.69 23.66 0.165 0.973
Tb 2.92 14.77 0.307 0.952
Freundlich
Kr
LI g 1/n SSE R’
La 1.44x10™ 2.27 6.03 0.555
Eu 0.0322 1.04 0.165 0.973
Tb 0.0656 0.855 0.301 0.954




4. Conclusions and future work

The objective of this dissertation was to study the recovery of technological critical
elements using a magnetic graphene-based nanocomposite. The magnetic nanocomposite
was synthetized and characterized using different techniques, and then was studied as
adsorbent for the uptake of lanthanum, europium and terbium cations, in non and competitive
conditions. The kinetic and equilibrium results were interpreted by well-known and widely
used models.

The magnetic nanocomposite was successfully prepared by a self-electrostatic approach
using exfoliated graphite and magnetite nanoparticles as precursors. The characterization
studies revealed that the synthetized material is composed by a mixture of graphene (less
quantity), few layers graphene and graphite (major amount), with magnetite nanoparticles
anchored on the surface of the carbon substrate.

The batch experiments performed revealed that MG-bN sorption efficiency toward
La(l11), Eu(ll) and Th(1111) is strongly dependent on solution pH and concentration of MG-
bN:

= The application of the magnetic nanocomposite to uptake La(lll), Eu(lll) and
Th(I111) from aqueous solutions is limited to a pH range from 6 to 9. For pH values
lower than 5, the MG-bN was totally inefficient uptaking lanthanides. However,
as the pH starts to increase a huge increase of its efficiency is observed, and in the
pH region 6 — 8 small differences on pH give rise to large differences in MG-bN
efficiency. For pH values higher than 9, the nanocomposite loses part of its
magnetic properties and its removal from solution using an external magnetic field
loses efficiency. This pH dependency suggests that electrostatic interactions could
be the main mechanism for the lanthanides uptake by the MG-bN.

= Only a few mg L of MG-bN give rise to a significant decrease of lanthanides
concentration in solution, but as expected, higher concentrations of MG-bN led to
higher efficiency rates due to an increase on the available sorption sites.

The removal of La(lll), Eu(lll) and Tb(lll) by the MG-bN is a fast process and in the
optimized conditions the equilibrium could be reached in few minutes.

It is also notary that La(l1l) seems to have less affinity for the MG-bN when compared to
Eu(l11) and Th(I11). The isotherms obtained for the systems Eu(111)/MG-bN and Tb(111)/MG-
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-bN are favourable while for La(ll11)/MG-bN is unfavourable. In general, the equilibrium
models used to fit the experimental data show very high AARD values and low R? values,
and obtaining further isotherms points are mandatory for a better descript of the equilibrium.
Nevertheless, the Langmuir adsorption capacity of MG-bN for Eu(l11) and Th(Ill) in unary
solutions (5.3 and 5.9 mg g, respectively) is higher than the ones found in literature for
other adsorbents. When comparing the lanthanides unary solutions with ternary solutions,
despite the high deviations, it is also noteworthy the increasing of the adsorption capacity.

The kinetics of lanthanides uptake is well described by the pseudo-second order model,
which indicates that the process is of second order. Also, Elovich model achieved a good fit,
with only a AARD < 4 % and R? = 0.990.

The operating conditions used to uptake lanthanides from diluted aqueous solutions using
MG-bN are very attractive for application in various areas of environmental protection and
lanthanide extraction, since do not require large amounts of sorbent, neither energy supply.
In general, the proposed material and process prove to be a promising, effective and cost-
effective method for the recovery of lanthanum, europium and terbium from diluted

contaminated water streams.

As a suggestion for future work, it will be of interest to conduct regeneration studies by
desorption methods. Also, a temperature study will be of interest to find out the real need to
be monitored. Another relevant study would be to find out if magnetite nanoparticles and
graphene-based material can work as adsorbents separately and future work must be focused
on application of adsorbents on the recovery of lanthanides ions from real wastewater.
Moreover, it will be interesting to accompany the batch experiments with column studies for
better understanding the mechanism and the behaviour between the adsorbent and the

elements of interest.
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5. Publications and communications

It is worthy to mention that the research work developed under the scope of this master
thesis was presented in national and international meetings and a paper is now under

preparation.

Platform communication
= Lopes CB, Afonso EL, Pereira E, Vale C, Trindade T, Silva CM, 2017. Recovery of rare-

earth elements using a magnetic graphene-based nanocomposite. | Reunido do Grupo de
Carbono. 12-13 June, Porto, Portugal.

Panel communication
= Afonso EL, Pereira E, Trindade T, Silva CM, Lopes CB, 2017. Synthesis and

characterization of magnetic graphene-based nanocomposites for the recovery of rare-
earth elements. Materiais. 9-12 April, Aveiro, Portugal.
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Appendices

A- Magnetic nanocomposite fabrication

[ Three steps ]

[ Graphite Exfoliation ] [ Preparation of Fe30, ] [ Deposition of Fe304 in EG ]

700 rpm

60 o 100 mg EG + 100
30 min mL milli-Q H,0
Sonication for 1h

(additional exfoliation)

O ;

FeS0,.7H,0

in water

100 mg Fe;0, NPs
+ 100 mL HNO,
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Graphite (5.0 g)
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ice bath (5h)

charged)

A,

Magnetite A

recovery
—  with magnet
| & &

o»
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Sonication for 1h and
then magnetic
recovery of MGN

Figure A. 1 - Preparation scheme of magnetic graphene based nanocomposite.
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B- Adsorption experiments

a) 500 mL of Ln*" solution

MG-bN powder

Figure B. 1 - Assembly scheme of adsorption experiments. a) fixed volume of lanthanides solution (500 mL), in
1000 mL two-necked round bottom flask; b) Ln®* solution with MG-bN; c) blank; d) sample collection for ICP-
OES.
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