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Abstract

The dissertation deals with novel adsorbent materials, namely with
functionalized multiwalled carbon nanotubes (MWCNTS) and nanometal oxide-based
ones for hydrocarbons and methylene blue removal from water. The synthesis
methods, the ways of MWCNTs modification including the functionalization with
microemulsion and metal oxides (V20s, CeOz and V20s5:CeQ2) addition are discussed.
Raw MWCNTSs, microemulsified MWCNTs and metal oxide nanoparticle-doped
MWCNTSs were characterized using different analytical techniques like XRD, TEM,
SEM, EDX, AFM, Raman, TG/DTA and BET to determine the structure as well as the
chemical and morphological properties of these newly prepared adsorbents.

The experimental results revealed that the microemulsion technique as a type
of surface functionalization proved to have a beneficial effect on MWCNTSs’
hydrophobic properties without the need for additional functionalization and
substitution steps to attach hydrocarbon side chains. The undecane and kerosene
removal efficiency from water was 94% and 96% respectively, while over raw
MWCNTSs the removal efficiency was 57% and 35% only. The Kinetic studies
demonstrated that the toluene adsorption process over uEMWCNTS could be well
described by the pseudo-second order model with a high correlation coefficient.

The aim of the development of nanometal oxide-based MWCNTs was to
improve the adsorption properties towards organic pollutants. MWCNTS,
Ce/MWCNTs, VIMWCNTSs and V:Ce/MWCNTSs were applied for the removal of MB
from an aqueous model solution. UV-Vis analysis indicated that high MB removal
efficiency (63.8%) and adsorption capacity (56.7 mg/g) were obtained after 35 min of
treatment over V:Ce/MWCNTs in comparison with raw MWCNTs, MWCNTs
oxidized, Ce/MWCNTs and V/IMWCNTSs. The studied MWCNTs-based materials are
promising adsorbents for pollutant removal from surface waters. These composites are
also compatible with green materials hence these are considered as environmentally
friendly adsorbents.

Bauxite residue, known as red mud, is a highly alkaline waste sludge that is
generated in the industrial production of alumina. The red mud contains several
valuable metals including iron oxide (33-40%), titania (4-6%), vanadia (0.2-0.4%),
rare earth elements (REESs) (1500-2500 ppm), etc. Therefore, it can be considered as a
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potential secondary metals resource of valuable REEs. One of the main problems of
scandium recovery from red mud is its selective separation from other elements of
similar physico-chemical properties. This study aims at the investigation of the impact
of crown ethers (15-C-5, 12-C-4, DC18-C-6), cryptand (C2.2.2) as novel extractants
for scandium extraction systems. The macrocyclic coumpounds are known to
recognize fairly strictly the size of the guest cation accommodating in their cavity. The
complexation reaction between Sc** and macrocyclic compounds in model solutions
was confirmed by ICP-OES technique. The results showed that 15-C-5, 12-C-4 and
C2.2.2 have high selectivity for Sc* ion which could be of potential value in the
separation and purification of Sc®* in REEs processing industry. Moreover, this study
demonstrated a significant effect of solution pH and the concentration of macrocyclic
compounds on the extraction efficiency. The main results showed that the high
extraction efficiency (95-99%) has been achieved by 15-C-5, 12-C-4, and C2.2.2
compounds above pH 3. In case of using DC18-C-6 the maximum efficiency has
reached 26%. Moreover, the complexed metal ions can be efficiently

recovered/stripped out from the complex by HCI and HNO3,

Keywords: metal oxide-doped MWCNTSs; microemulsified MWCNTS; hydrocarbons

and methylene blue removal from water; macrocyclic compounds; Sc recovery
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Kivonat

A kutatomunka célja funkcionalizalt tobbfalu szén nanocs6 (MWCNT) és
nanofém-oxid alapu szén nanocsé adszorbensek eldallitasa ¢és vizsgalata
szénhidrogének ¢és festé¢kanyagok vizbdl torténd eltavolitasara. A szén nanocsovek
felilletmodositdsa mikroemulzios funkcionalizélassal és fémoxidok hozzdadédséaval
(V20s, CeO2 és V205:Ce0») tortént. A friss MWCNT, a mikroemulzifikalt MWCNT
¢s a fém-oxid nanorészecskékkel adalékolt MWCNT kémiai, morfologiai ¢és feliileti
tulajdonsagainak vizsgélatara szamos nagyteljesitményl analitikai modszert (XRD,
TEM, SEM, EDX, AFM, Raman, TG/DTA and BET) alkalmaztam.

A kisérleti eredmények azt mutattak, hogy a mikroemulzids technika, mint a
feliileti funkcionalizalas egy fajtdja, jotékony hatdssal van az MWCNT hidroféb
tulajdonsagaira anélkiil, hogy tovabbi funkcionalizalasi és atalakulési 1épésekre lenne
szlikség a szénhidrogén lancok rogzitéséhez. A mikroemulzifikalt (LEMWCNT)
mintak undekan és a kerozin eltavolitasi hatékonysaga 94%, illetve 96% volt, mig a
friss MWCNT esetén csak 57% és 35% volt elérhetd. A kinetikai vizsgalatok
kimutattak, hogy a toluol adszorpci6 folyamata _LEMWCNT adszorbensen jol leirhato
a magas korrelacios egylitthatdji pszeudo-mésodrendii modellel.

A nanofém-oxid alapt MWCNT fejlesztésének célja a szerves szennyezd
anyagokkal szembeni adszorpcioés tulajdonsagok javitdsa volt. MWCNT-,
Ce/MWCNT-t, VIMWCNT-t és V:Ce/MWCNT-t alkalmaztam metilénkék (MB)
vizes modelloldatbol valo eltavolitasara. Az UV-Vis kisérletek eredménye azt mutatta,
hogy 6sszehasonlitva a nyers MWCNT-vel, oxidalt MWCNT-vel, Ce/MWCNT-vel és
VIMWCNT-vel a V:Ce/MWCNT esetében magasabb MB eltavolitasi hatékonysag
(63,8%) ¢€s adszorpcids kapacitas (56,7 mg/g) érhetd el. A vizsgalt MWCNT-alapt
anyagok igéretes adszorbenseknek tekinthetdk a felszini vizek szennyezdanyagainak
eltavolitasara. Ezek a kompozitok zold anyagokkal is kompatibilisek, ezaltal
kornyezetbarat adszorbenseknek szamitanak.

A vorosiszap bauxitéreek feldolgozasabol szarmazo, erdsen lugos kémhatasu
ipari szilard alapu hulladék, amely szamos értékes fémet tartalmaz: Fe2O3 (33-40%),
TiO2 (4-6%), V205 (0,2-0,4%), ritkafoldfémek (2000-2500 ppm), Sc (50-100 ppm),

stb. Ezért a vorosiszap potencialis masodlagos fémforrasnak tekintheté. A szkandium
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vorosiszapbol torténd kinyerésének egyik fO nehézsége a hasonld fizikai-kémiai
tulajdonsdgokkal rendelkez6 tobbi elemtdl valo szelektiv elvalasztasa.

A kutatdbmunka masik célja a koronaéterek (15-C-5, 12-C-4, DC18-C-6) és a
kriptand (C2.2.2), mint 0j extrakcios szerek hatdsanak vizsgalata szkandium ion
kinyerési rendszerekben. A makrociklusos vegyliiletekrdl ismert, hogy méretiik alapjan
felismerik az iiregiikben elhelyezkedd “vendég” kationokat. Az Sc** és a
makrociklusos molekulak kozotti komplexképz6 reakciot modell oldatos ICP-OES
technikaval igazoltam. Az eredmények azt mutattak, hogy a 15-C-5, 12-C-4 ¢s C2.2.2
vegyiiletek nagy szelektivitassal rendelkeznek Sc3* ionra, ami jelentéséggel birhat a
Sc3* elvalasztasaban és tisztitasaban a RFF feldolgozéiparban. Ezen tilmenéen ez a
vizsgalat kimutatta az oldat pH-jdnak ¢és a makrociklusos vegyiiletek
mutatték, hogy a Sc®" maximalis extrakcios hatékonysagot (> 95%) a 15-C-5, a 12-C-4
és a C2.2.2 vegyiletek érték el az oldat pH értékétol fiiggéen. A DC18-C-6
alkalmazdsa esetén a maximalis hatasfok csupan 26% volt. Ezt kvetden a komplexalt
fémionok hatékonyan kinyerhetdk/eltavolithatok a makrociklusos szerves fazisbol

HCI1 és HNOs segitségével.

Kulcsszavak: fémoxiddal adalékolt MWCNT; mikroemulzifikalt MWCNT;
szénhidrogének és metilénkék eltavolitasa a vizbdl; makrociklusos vegyiiletek; Sc

kinyerés

Vi
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INTRODUCTION

Global contamination of water bodies by organic and inorganic pollutants
from different industrial effluents poses threats to aquatic flora and fauna and public
health (Inamuddin, 2019). The organic pollutants mainly include phenols,
nonylphenols, chlorinated phenols, azo dyes, phthalic esters, petroleum hydrocarbons,
pesticides, persistent organic pollutants (POPs), etc. (Bharagava et al., 2020). The
inorganic water pollutants are usually trace elements, mineral acids, metals, metals
compounds, inorganic salts, metals with organic compounds as complexes, sulfates,
and cyanides (Wasewar et al., 2020). Water pollution is a threatening issue since it
affects hundreds of millions of people within a short period of time.

The main part of this research focuses on the development of novel carbon
nanotubes (CNTSs)-based adsorbent for the removal of hydrocarbons and dyes from
decontaminated water. The oil contamination generated by oil-spill is floating on the
surface causing serious damage to the aquatic life (Khandelia and Patel, 2022).
Numerous research studies have extensively assessed VOC pollutants in industrial
untreated wasterwaters and have found that petroleum hydrocarbons, benzene, toluene
and p-xylene (BTX) toxicity levels have exceeded the limit values set by international
standards (Anjum et al., 2019a). The oil concentration limit value in natural and treated
water should not exceed 10-15 mg/L (Sajid et al., 2022).

In case of dyes improper treatment of wastewater also has negative health
effects on humans and wildlife (Hassan et al., 2021). Methylene blue (MB) with an
aromatic molecular structure is among the most widely used cationic dyes on an
industrial scale in disinfectants, colouring agents, varnishes, pesticides and
pharmaceuticals as well as in the printing and rubber industries. It has been extensively
applied in the dyestuff industry (Jawad et al., 2016). Due to the presence of dyes in
water, the penetration of sunlight is reduced. This results in inhibition of
photosynthesis in aquatic plants causing irreparable damage in aquatic environments
(Ihsanullah et al., 2020). In addition, changes in the taste and colour of water is
commonly observed. Waters polluted with dyes can cause multiple health problems
for human beings, including breathing difficulties, nausea, skin irritation, allergic
contact dermatitis, vomiting and mental confusion, moreover, can even lead to cancer
(Siddiqui et al., 2018).
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Hence, it is necessary to make urgent and concerted efforts to develop modern
methods for the remediation of the organic matter- or hydrocarbon-polluted waters.
There are several traditional depollution methods used in different applications. These
include physical, biological and chemical techniques such adsorption, filtration,
bioremediation, chemical precipitation, oxidation, ion-exchange, photocatalysis and
others (Hassan et al., 2021; lhsanullah et al., 2020; Inamuddin, 2019; M. Li et al.,
2019). Of these techniques, the adsorption-type remediation with numerous types of
adsorbents has been regarded as the most pronounced, feasible, environmental-
friendly and cost-effective technique showing good efficiency for clean-up of oil
spillages or removal of others pollutants (Hassan et al., 2021; Valcarcel et al., 2008).

Since the last decade, nanotechnology has greatly revolutionized the methods
for environmental remediation because nanoparticles hold manifold merits such as
large surface area, more active adsorption sites, high reactivity and small size (Hoang
et al., 2022; Sajid et al., 2022). Nanomaterials differ from bulk materials in many
features, having at least one dimension in the range of <100 nm (Sohail et al., 2019).

Carbon-, metal/metal oxides-, ceramic-based, polymeric nanomaterials are
applied in different technological and scientific fields because of their unique physico-
chemical features compared with bulk ones (Sajid, 2022). Carbon based adsorbent
such as activated carbon (AC), graphene oxide (GO), CNTs are widely used materials
for the removal of water pollutants. Activated carbon as a common adsorbent has
higher specific surface area (up to 2100 m?/g) than CNTs do (120-1300 m?/g). At the
same time, CNTs - due to their tubular morphology - show selectivity towards certain
types of pollutants after proper functionalization (Sajid et al., 2022).

The carbon nanotubes (CNTSs) can simply be defined as a group of carbon
nanomaterials which have tubular structure and have an arrangement of hexagonal
carbon atoms bonded covalently. They have internal diameters in the range of
nanometers and lengths in the range of micrometers (Sajid et al., 2022). The tubular
nanostructure of graphitic carbon was discovered by Sumio lijima in 1991
(Kharlamova and Eder, 2020). Likewise, in the most recent times, CNTs are
considered as potential adsorbents finding a variety of remediation applications in
almost all environmental fields including removal of organic pollutants and heavy
metals from aqueous media (H. Li et al., 2019; M. Li et al., 2019). This attention is

attributed to a number of characteristic features such as low density/weight, electrical
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conductivity, large specific surface area and porosity, higher adsorption capacity, high
tensile strength, good hydrophobicity, and ease of chemical activation (Sajid, 2022;
Sajid et al., 2022). Moreover, these materials are exhibit good thermal stability and
strong affinity for organic materials and ionic pollutants (Sengupta et al., 2017). The
methods for the CNTSs preparation are usually selected on the basis of the required
properties and the field of application.

CNTs have been mainly categorized based on the number of graphene sheets.
There are three categories of CNTs reported in the literature such as single-walled
SWCNTSs, double-walled DWCNTS, and multiwalled MWCNTSs (Ren et al., 2011).
The surface properties of the CNTs can be modified via surface functionalization and
in this way the hydrophobic and hydrophilic surfaces can be generated by
modifications. In this way their surfaces become highly selective (Ren et al., 2011).
Hence, for applications like removal of organic pollutants and heavy metals from water
bodies, the MWCNTSs are preferred (Pourzamani et al., 2015; Ren et al., 2011).

To date, numerous models have been tried to describe the adsorption of organic
molecules over CNTSs in aqueous phase, such as Freundlich, Langmuir isotherms and
others. The rate of organic chemical adsorption over MWCNTSs is equivalent to or even
higher than that on activated carbon. Thus, the surface area may not be a direct factor
to forecast organic chemical-MWCNTS interactions. Su et al. attributed the higher
organic material adsorption over CNTSs to larger average pore diameter and volume,
morphology and functional groups (Su et al., 2010).

It is worth to mention that the adsorption over CNTs is of paramount
importance due to the existence of high-energy adsorption sites such as CNTs and
functional groups and interstitial and groove regions between the CNTs bundles (Pan
and Xing, 2008). These adsorption sites mainly exist over grown CNTs. Thus,
adsorption seems to be a general feature. The second is the condensation phenomenon,
in which the pores and capillaries of CNTs become filled with liquid condensed from
the vapour phase. While the organic chemicals adsorb on the CNTs surfaces,
multilayer adsorption might happen. In this process, the first couple of layers
collaborate with the surface, while the molecules further to the first two layers interact
with each other. This process is known as surface condensation (Pan and Xing, 2008).

The sorption performance can also be enhanced through functionalization of

the MWCNTSs surface or by producing MWCNTs-based composites which show high
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selectivity for adsorption, too. Functionalization of CNTs through physico-chemical
methods can be classified into covalent and non-covalent categories as shown in Fig.
1 (Junetal., 2018).

Functionalization of CNTs

1 !

Covalent Non — Covalent
Methods Methods
Side wall Ends and Polymer Surface attachments

Defects wrapping of surfactants

Fig. 1. Various modes of functionalization of MWCNTSs (Jun et al., 2018).

After non-covalent functionalization the original CNT structure is preserved,
but covalent functionalization changes the sp? hybridization to sp® one, leading to
partial conjugation losses (Sajid et al., 2022).

Fig. 2. illustrates some of the main covalent and non-covalent
functionalizations of CNTs. Functionality imparts useful properties which are lacking
in the original MWCNTSs. The surface modification of the CNTs with non-covalent
modifications such as VVan der Waals force, hydrophobic and =-r staking interactions
is preferable as it enhances the interfacial properties of the CNTs by avoiding the
destruction of CNTSs structure (Jeon et al., 2011). Aromatic compounds, surfactants,
and polymers are used for the non-covalent functionalization of CNTs (Jeon et al.,
2011). It was shown that the surfactant-modified adsorbent treatemt was successfully
applied also for natural compounds such as coconut bagasse, sugarcane bagasse,
bentonite, and diatomite in the removal of microplastics from wastewater (A. Oliveira
etal., 2023).

Usually surfactant treatments are applied to lower the surface tension of CNTs
and hence prevent aggregation of CNTs (Jeon et al., 2011). During CNTSs aggregation
bundles are formed where individual nanotubes stack together because of Van der

Waals interactions (Pan and Xing, 2008).
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Non-covalent functionalization of CNT

A Hydrophobic interaction Pi-stacking interaction

Covalent functionalization of CNT

B 1,3-dipolar cycloaddition Oxidation by acids

\I z\

Fig. 2. Modes of CNTs functionalization (Kotagiri and Kim, 2014).

The physical adsorption of surfactants on the surface of CNTs tends to
overcame the Van der Waals attraction by electrostatic/steric repulsive forces (Jeon et
al., 2011). Furthermore, the dispersion of CNTs aggregates by surfactant’s presence
significantly increases. In this case the CNTs are well dispersed and more adsorption
sites are available (Pan and Xing, 2008). Nanotubes in the presence of anionic, cationic
and non-ionic surface active molecules such as sodium dodecylsulfate,
benzylalkonium chloride, Triton X-100 were used in water purification steps
(Alosime, 2023). Generally, the hydrophobic part of surfactants is oriented towards
the surface of CNTs, whereas the polar moiety interacts with solvent molecules in the
outer region (Dubey et al., 2021). It is believed that the nanotubes are in the
hydrophobic interiors of the corresponding micelles, which results in stable
dispersions (Hirsch, 2002).

Non-covalent functionalization with surfactants of the nanotubes can be

performed by microemulsification procedure. Microemulsion-modified diatomite and
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activated carbon were studied for the removal of organic (having aromatic nature) and
inorganic (heavy metals) pollutants (Al-Ghouti and Al-Degs, 2011). In this case the
anionic surfactant CH3(CH2)10COO Na* was loaded on the solid surface. The effective
removal of both types of pollutants was noted and was possible mainly due to
adsorption by (I) an electrostatic force of the anionic head group of the surfactant and
the positive charge of the organic molecules or the cation metal, and by (11) tail groups
of the surfactant and the hydrophobic character of the organic molecules (Al-Ghouti
and Al-Degs, 2011).

Covalent defect functionalizations are commonly achieved via oxidation by
strong inorganic acids (Sezer and Kog, 2019) with oxidants such as KMnOys, 0zone, or
reactive plasma (Jeon et al., 2011). There are trials “to go green”, replacing the
conventional oxidizing agents with residual biomass extracts such as vitamins, sugars,
biodegradable polymers (M. Oliveira et al., 2023). Those oxidation treatments
increases the hydrophilicity and can introduce carboxylate groups onto the MWCNTS
surface (Anjum et al., 2019b). Similarly, further addition of any functionality to the
surface of nanotubes can be carried out after the first step (Chiang et al., 2011). The
adsorption ability and the hydrophilic nature is enhanced by oxygen-containing
functional groups leading to increased dispersion in water and a better adsorption of
polar molecules (Jung et al., 2015; Sajid et al., 2022). Moreover, strong acidic
treatment of CNTs might wash out to a high extent the catalytic impurities such as Fe,
Co, and Ni incorporated during the synthesis of carbon nanotubes by arc-discharge or
chemical vapor deposition (Kotagiri and Kim, 2014). Hence, environmental and
human risks associated with heavy metals contamination in waters are diminished
(Afzaal et al., 2022).

Another method including cycloadditions (e.g. addition of carbenes, nitrenes),
fluorination, hydrogenation, epoxidation have also been successfully employed
(Hauke and Hirsch, 2010; Kotagiri and Kim, 2014; Syrgiannis et al., 2021). During
covalent functionalization polar and/or non-polar functional groups are formed on
CNTs surface. These groups can promote the CNTs dispersion in a wide variety of
organic solvents (Jeon et al., 2011).

Hydrophobic CNTs surface can physically sorb organic molecules through n—
7, Van der Waals, or hydrophobic interactions (Khandelia and Patel, 2022). Due to the

sp2-hydridized carbon atoms, m—m interactions may occur between m electrons of
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carbon atoms in CNTs and organic pollutant molecules with carbon-carbon double
bonds or phenyl/benzene rings. With functionalized CNTS, n—r interactions may occur
between delocalized n electrons of the phenyl ring and carbonyl groups (Sajid, 2022).
Other mechanisms can involve hydrogen bonds and electrostatic interactions (because
of the charged CNTSs surface).

Recently, researchers have utilized numerous metal-oxide nanoparticles for
the treatment of wastewaters such as zinc oxide (ZnO), iron oxide (Fe203), titanium
dioxide (TiO2), manganese oxide (MnO), cerium oxide (CeOz), aluminium oxides
(Al203), silver nanoparticles (N. Ghosh et al., 2022). Since these nanoparticles can be
dispersed in water, their use in wastewater treatment can be justified. Inaddition, they
are good adsorbents and show catalytic, antifungal and antibacterial activities (Kumari
etal., 2019).

In order to overcome the poor stability and mechanical strength of metal-oxide
nanomaterials, nanocomposites are increasingly used for purification of wastewater by
removing unwanted species (Kumari et al., 2019). Different metal oxides-based CNTs
were designed for removal of various dangerous pollutants from aqueous solutions:
Ce0,-CNTs for arsenate removal (Peng et al., 2005), ZrO/MWCNTs for
defluoridation (Ramamurthy et al., 2011), Ag-MWCNTSs for removal of Cu(ll) and
Cd(I1) (Venkata Ramana et al., 2013), mixed Pd/Fe nanonapaticles-MWCNTSs for 2,4-
dichlorophenol removal (Xu et al., 2012) and etc. The oxidative functionalization of
CNTs is easy, followed by the precipitation of metal oxides in alkali media (Sarkar et
al., 2018).

The use of semiconductor metal oxide-based CNTs as photocatalysts is also
promising, especially for wastewater treatment. VV20s/CeO2, V20s/TiO2, V20s/ZnO
nanocomposites can be applied as photocatalysts for the degradation of the organic
pollutants, methylene blue (Zeleke and Kuo, 2019). Combining the narrow band gap
V205 (2.2 eV, A=564) semiconductor photocatalyst with large band gap
photocatalysts such TiO2 (3.2 eV, A <390 nm) the visible light adsorption and hence
the photocatalytic activity of the composites can be improved (Rakkesh et al., 2015;
Saravanan et al., 2014; Yang et al., 2016). V20s compound showed significant
photocatalytic activity (64%) toward various organic pollutants.

It was reported that the titania-modified carbon nanotube composite exhibited

enhanced adsorption of organic pollutants such as methyl orange for the purpose of
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their removal in comparison to pure TiO2 nanoparticles (Duan et al., 2016). The
improved catalytic activity of titania-modified MWCNTs may be due to the dominant
contribution of nanotubes in MWCNTSs/TiO2 composites. The CNT was responsible
to a decrease in the recombination rate of photogenerated electron-hole pairs. CNTs
also provide a large surface area support for metal oxide particles (Saleh, 2022). The
photocatalytic material V2Os—TiO. chemically deposited on the nanosheets was used
for the total decomposion of acridine orange (2.5 x 107> M) dye in an agqueous medium
under sun-light irradiation (Rakkesh et al., 2015). Methylene blue at concentrations of
50-250 mg/L was removed by anionic sulfonate group-functionalized CNTSs, having
maximum capacity of 236 mg/g (Lei et al., 2021). The reusable and easily removable
magnetic Fes0s-based MWCNTSs adsorbent was designed for 20 mg/L of MB. It
showed a maximum adsorption capacity of 204 mg/g. Removal efficiencies of MB
from distillated and lake water were 99.5% and 89.9%, respectively (Song et al., 2021).

The rare earth elements (REEs) such as scandium (Sc), yttrium (Y),
lanthanum (La) and lanthanides (Ln) play an important role as strategic materials for
high technology, and there is a growing demand for these due to the wide-scale
applications such as in fluorescent powders, light emitting diodes, permanent magnets,
superconductors, electronic communications and magnetic materials (Haxel, et al.,
2002). The metallurgical, chemical, and electrical industries can all benefit from the
utilization of the REEs. Scandium is primarily used in energy saving lamps and
glasses, as well as in the production of high strength aluminum-scandium alloys for
domestic and military applications (Gambogi, 2021) in 0.1-2.0% concentration (SCY,
2023).

Scandium, yttrium and other rare earth elements can be investigated together
because of their similar chemical properties. In fact, scandium is different from yttri-
um and other REEs in many aspects. Scandium does not have its own deposits (Neikov
et al., 2019). The most important thing is that the scandium content in many rare earth
element-rich minerals is very low, around 25 ppm. There are very few independent
scandium minerals (Zhang et al., 2016). The only known ones are thortveitite and
lolbeckite ores having Sc20O3 content up to 45% (Botelho et al., 2021).

Scandium is considered as a critical element by the EU, USA and Brazil due
to its high economic importance (3800 US $/kg). It is available in limited mining

regions, practically irreplaceable in green technology applications and has a low
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recycling rate (Botelho et al., 2021). This highlights the need of finding efficient
recycling technologies. Recently many researchers have been working on the recovery
of rare earth elements — including scandium - from secondary resources, such as nickel
laterite (Chassé et al., 2019), ashes from power plants (Valentim et al., 2019), used
electronic products (Kohl and Gomes, 2018), phosphorogypsum waste (Canovas et al.,
2018) and bauxite residue (Cusack et al., 2019; Juzsakova et al., 2018; Salman et al.,
2021). Scandium could be extracted from industrial wastes and deposits, for example,
bauxite/red mud residues, accompanied by an enormous number of other elements
such as iron and aluminum, which have genuinely comparative physical and chemical
properties (Nawab et al., 2022). The red mud is the main solid residue of bauxite
processing, which is rich in many important metal elements. Studies have shown that
red mud contains about 100 to 390 ppm scandium, which is high in percentage as
compared to other sources (A. Ghosh et al., 2022). Therefore, it is of great significance
to study the extraction of scandium from red mud (Narayanan et al., 2018). The real
challenge in this study is to increase selectivity towards Sc, since the red mud leachate
contains some 30 other metals.

In the past decade, comprehensive investigations and significant efforts have
been made on the recovery and separation of scandium. Different processes are
employed for metal separation from ores or from waste solutions. These are used alone
or in combination with the following methods: solvent extraction (aqueous-organic
extraction) (Hu et al., 2020; Zou et al., 2022), liquid membrane separation (Hedwig et
al., 2022), ion exchange (Molchanova et al., 2019) and co-precipitation (Nawab et al.,
2022). Another group of processes is referred to as solid-phase extraction which
involves macro ligands immobilized on a solid phase (Zhang et al., 2019).

Among these processes, ion exchange (Mikeli et al., 2022), solvent extraction
(Zou et al., 2022) and solid-phase extraction (Ramasamy et al., 2018) have been
increasingly employed for the selective separation of metals. The choice of organic
extractants and aqueous solutions is influenced by several factors including technical
performance, environmental impacts and cost considerations. The main problem of
Sc203 production comes from high cost of the cationic resins, organic solvents and
inorganic acids - used for leaching of Sc from raw/waste sources (Narayanan et al.,
2018). Development and application of efficient and selective target metal recovery

processes can potentially contribute to cost reductions of Sc recovery from any
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prospective industrial waste such as red mud. Organic ligands as metal extractants are
used either alone or in mixtures in different media in diverse hydrometallurgical
processes to achieve efficient separation of the desired metals. Commonly used
organophosphorus commercial extractants include di-2-ethylhexylphosphoric acid
(D2EHPA), 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (HEHEHP),
bis(2,2,4-trimethyl pentyl) phosphinic acid (Cyanex® 272) and tributyl phosphate
(TBP) (Yudaev et al., 2021; Botelho et al., 2021; Lakshmanan and Vijayan, 2018).

The several known macrocyclic and oxygen-containing compounds have also
been used extensively in extraction, because of the excellent matching between the
crown-ring sizes and the ionic radii of metals (Kostikova et al., 2018). The pioneering
work on crown ethers and cryptands was made by Charles Pedersen in 1967 (Hamilton,
1984) and Jean-Marie Lehn in 1973 (Jong and Reinhoudt, 1980; Marcus, 2004). As to
the notation ,,x-Crown-y”’, x means the number of atoms in the ring and y is the number
of oxygens building up the repeated ethylenoxy unit (OCH>CH>) (Gierczyk, 2013).
Cryptands have one or more coordination bridges across the macrocycle forming a
pre-organized polycyclic cavity. They have CH2CH2X building units where X is the
donor atom (O, N, S, P) (Gierczyk, 2013).

In case of cryptand 2.2.2, the numbers indicate the number of ether oxygen
atoms in each of the three bridges connecting the two nitrogen heteroatoms (Redd et

al., 2003). Examples of crown ethers and cryptand compounds are shown in Fig.3.
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15-crown-5: cryptand 2.2.2:
1,4,7,10,13- 4,7,13,16,21,24-hexaoxa-
Pentaoxacyclopentadecane, 1,10diazabicyclo[8.8.8]hexacosane,
(C10H2005) (C18H36N20¢)

Fig. 3. Examples of a crown ether and a crytand.
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The binding energy for the crown-ether complexes with hard Lewis acid
cations is probably due to cation-dipole interactions (Jong and Reinhoudt, 1980).
Cations like Sc® and La®" are non-polarizable (Haas and Franz, 2009). Bis- or tris-
macrocyclic cryptands with bound cations can strongly attract ionic agents into the
organic phase with higher efficiencies than simple macrocycles. Using chemically
diverse and highly coordinating ligands, the range of sequestrated ions can be extended
to lantanides and transition metal ions (Zaleski, 2022). The stability of macrocycle
complexes depends on three main factors: (a) steric effects, these include cavity size
of the ligand, extracted metal cation radii; (b) electronic effects, these include electron
density at the binding sites of organic ring, the number and type of the donor hetero-
atoms (e.g. O, N), presence of additional binding sites; (c) solvent effects, rises from
the type of the solvent used (Jong and Reinhoudt, 1980; Leite et al., 2007).

One of their most remarkable properties is the capability to complex metal
cations based on their cavity size. The stability of the complexes is increased when the
cation-to-cavity ratio is approaching unity (Jong and Reinhoudt, 1980). The binding
capacity is decreasing with imperfect fit and when the size of the metal is bigger than
that of the cavity, an ,,on-top” arrangeent occurs (Zaleski, 2022).

Macrocyclic compounds are soluble in different types of organic compounds,
protonic (H20, methanol) and polar aprotic solvents (dimethyl sulfoxide, dimethyl-
formamide, propylene carbonate), and can also be used in extraction of salts by crown
ethers from water into an organic solvent with a low dielectric constant
(trichlormethane, dicloroethylene, benzene) (Petrenko et al., 1988).

As to the cation complexation stability, the electron density around the crown
ether oxygen atoms has a significant effect (Hamilton, 1984). When a CHCH unit is
replaced by a benzo- or dicyclohexyl group in the 18-crown-6 compound, the electron
density is reduced at two oxygen binding sites (Jong and Reinhoudt, 1980). Crown
ethers with rings have stronger organophilic character. The ones with cyclohexyl
groups are more soluble in water, alcohols and aromatic hydrocarbons (CE, 2003).

Depending on the number of oxygen and nitrogen donor atoms being in the
macro-cyclic ring, it has the size of selectively matching metal ions. The complexation
of highly polarizable ions can be enhanced with softer nitrogen and sulphur hetero
atoms replacing the donor oxygens. The lone pair of the less-electronegative nitrogen

atom makes the aza-microcycles more favourable to bind transition metal ions
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(Zaleski, 2022). The cyclic crown ether structure with multidentate O and N atoms
offers a feasible approach for the complexation of lanthanide(l11) ions (Huang, 2010).
The stability and selectivity of complex formation of macrocyclic compounds with
cations are influenced by the interaction of the cation with the solvent as well as with
the crown ether, cryptand (Rounaghi et al., 2011). Thus, if the solvent medium is or its
properties (e.g. polarity, hydrogen bond donor/acceptor ability, polarizability,
acidity/basicity, hydrophobicity/hydrophilicity) are changed, a significant effect on the
metal binding constant is observed.

Macrocyclic compounds of various sizes and substituents have been used in
the extraction of REEs (Lakshmanan and Vijayan, 2018). A great variety of crown
ethers was used to extract REEs from picrate- and nitrobenzene- containing aqueous
solutions (Lakshmanan and Vijayan, 2018). It was found that Th®" Eu®*, Gd**, Nd**
and Yb®* can be more easily extracted using 15-crown-5 than Ce**, Sm®", Dy** and
Lu®*. A guantitative removal of Ce** (3.57 mol/L) by 18-crown-6 (0.07 mol/L) from
4 mol/L HNOs solution containing other lanthanides into kerosene was reported (EI-
Hefny et al., 2011). The separation of light REEs (like La, Ce, Pr, Nd, Sm or Eu) from
heavy elements (Th, Tm, Lu) by the use of 18-crown-6 and trichloroacetate was also
reported (Samy et al., 1988). Using a similar system, 18-crown-6 in dichloroethane,
extraction of La®*" and Eu®* in the form of trichloroacetate complexes can be achieved
(Lakshmanan and Vijayan, 2018).

12
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1. OBJECTIVES AND GOALS

Development in the field of nanomaterials has opened new avenues in their
environmental applications. The application of adsorbents for environmental pollution
control has attracted the attention of the scientific community. This can be due to the
potential of nanotechnology to successfully cope with long-term environmental
problems including the pollution of surface waters with hydrocarbon derivatives.
However, further development of novel adsorbent materials with customized and
tailored properties including but not limited to the topics of hydrophobicity and
oleophilicity is necessary.

This research is aimed at the development of advanced oil adsorbents for the
removal of hydrocarbons from surface waters via functionalization and chemical
modifications of multiwalled carbon nanotubes (MWCNTS). The development of the
multiwalled carbon nanotubes included the microemulsification of MWCNTSs with the
goal to enhance the dispersion and adsorption properties of MWCNTs. The
functionalization with microemulsion method was implemented to modify the surface
structure of MWCNTSs by attaching a hydrocarbon tail of anionic surfactant on its
surface while the hydrophilic head of the surfactant faces to solvents. In addition, it is
proposed that direct modification of MWCNTSs by the microemulsion technique tends
to improve the hydrophobicity of the nanotubes surface, hence improve adsorption
ability towards hydrocarbon pollutants (alkanes, aromatic compounds).

In addition, another modification method was applied via oxidation of
MW(CNTSs followed by doping the MWCNTSs with nanometal oxides (V20s, CeO; and
V205:Ce0>) to enhance removal efficiency towards methylene blue dye from model
contaminated water solution. In this work, the structural and surface chemistry
properties of the prepared adsorbent materials are studied by different surface
analytical techniques and their methylene blue removal efficiency from a model
agueous solution is correlated.

Also, this research deals with the study of the ways of metal ion capture in
liquid—liquid extractions. The research is focused on the most important variables
(extractants concentrations, pH of solution) affecting the process of extracting Sc**
from the aqueous matrices by 12-crown-4 (12-C-4), 15-crown-5 (15-C-5), DC18-
crown-6 (DC18-C-6) and cryptand 2.2.2 (C2.2.2). The identification of the structure

13
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of the complexes between these macrocyclic compounds and Sc3* is an important task
to elaborate efficient extraction systems based on molecular recognition methodology.
It is assumed that the experimental results can contribute to the successful and complex

utilization of red mud.
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2. EXPERIMENTAL

2.1. Materials

Raw (commercial) and modified MWCNTSs were used for the experiments.
Commercial grade MWCNTSs were purchased from Timesnano Ltd. (TNNF-6 type,
China) made by chemical vapour deposition technique (CVD) and were used for this
research. From now on, commercial MWCNTSs are referred to as untreated, fresh or
raw multiwalled carbon nanotubes. The purchased MWCNTSs had a length of 5-20 um
and 10-20 nm outer average diameter with a purity of > 95% and a specific surface
area of 120 m?/g.

The following chemicals were used: undecane (C11H24, 99%), toluene (C7Hs,
99.5%), isoamyl alcohol (CsH120, 99%), and coconut fat purchased from Sigma
Aldrich, cyclohexane (CeH12, 99.99%, Reanal Ltd.), kerosene (EU number: 649-423-
00-8) obtained from MOL Company, ammonium metavanadate (NHsVO;, 99.99%),
nitric acid (HNOgz, 99%), cetrimonium bromide (CTAB, Ci9H42BrN, 99%), ethanol
(CH3CH20H, 99.8%), cerium(IV) sulfate tetrahydrate (Ce(SO4)2-4H.0, 99.0%), urea
(NH2CONH2, 99%), methylthioninium chloride or methylene blue (MB)
(C16H18N3SClI), oxalic acid (C2H204, 98%) purchased from Merck Kft., Budapest,
Hungary as well as hydrochloric acid (HCI, 99.7%), sodium hydroxide (NaOH,
99.0%) and sulfuric acid (H2SO4, 99.7%) were purchased from VWR International
Kft., Debrecen, Hungary. All chemicals used for the REEs extraction with
macrocyclic compounds were of analytical grade:

e 1,47,10-tetraoxacyclododecane (12-crown-4, 12-C-4, CgH1604, 98%),
e 1,4,7,10,13-pentaoxacyclopentadecane (15-crown-5, 15-C-5, C19H200s, 98%),
e 4,7,13,16,21,24-hexaoxa-1,10diazabicyclo[8.8.8]hexacosane (cryptand 2.2.2
or kryptofix 2.2.2, C2.2.2, C1gH3sN20s, 98%),
e di-cyclohexano-18-crown-6 (DC18-crown-6, DC18-C-6, C20H3s06, 98%) as
well as
e 12-dichloroethane (C2H4Cl2, 99.8 %) solvent.
Sc, Y, La, Ce (1000 mg/L) in 2% HNOs were used as standards for analytical and
model solution measurements. All aqueous solutions were prepared with distilled

water.
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2.2. Microemulsification preparation of MWCNTSs

Raw MWCNTs were treated by microemulsion according to the procedure
described (Al-Ghouti and Al-Degs, 2011; De Castro Dantas et al., 2001). In this
method, saponified coconut oil (mostly lauric acid, CH3(CH2)10COOH) was used as
surfactant. Coconut oil was saponified in alkali solution to form CH3(CH2)10COOK.
After saponification a mixture of the surfactant (10 m/m%), deionized water (25
m/m%), the co-surfactant isoamyl-alcohol (40 m/m%) and the hydrocarbon phase (n-
octane) (25 m/m%) was made. To prepare microemulsified adsorbents, 10 g of
MWCNTSs and 20 mL of microemulsion were mixed for 4 h and then dried at 65°C
for 48 h. Hereinafter the microemulsified multiwalled carbon nanotubes are referred
to as “UEMWCNTSs”.

2.3. Preparation of metal-oxides nanoparticles

2.3.1. Preparation of vanadium pentoxides nanoparticles

Vanadium pentoxide (V20s) was prepared by surfactant-mediated method
(Asim et al., 2009) using cetyltrimethylammonium bromide (CTAB) a cationic
surfactant. The CTAB is applied for synthesis of nanomaterials (Yu et al., 2004). At
first 0.1 g of NH4VO3 and 0.1 g of CTAB were dissolved in a mixture of distilled
water-ethanol (100 mL) in the ratio of 7:3. This was followed by adding HNOz slowly
under continuous stirring until the pH became 2.5 in order to get clear solution and
formation of H3VVO4 (Bouzbib et al., 2023). The mixture was stirred for 6 h. The
precipitate was washed 10 times with distilled water and it was followed by washing
with ethanol. Then it was dried at 90 °C in an oven for 60 min to obtain the vanadia
nanoparticles, named “as prepared sample”, and the sample was annealed at 500 °C.

(V20s is thermally stable until the measured temperature of 600 °C).

2.3.2. Preparation of cerium dioxides nanoparticles

Cerium dioxide was prepared by hydrothermal method using an autoclave.
The conventional hydrothermal method is successfully used for preparation of the
nanosized material (Lin et al., 2012) as well as for high-purity, homogeneous, and
ultrafine powders (Wu et al., 2002). The resulting high crystallinity is the main
advantage of this technique (Alhalili, 2023; Yin and Hasegawa, 2023). Ceric sulfate

tetrahydrate, urea and cetyl-trimethylammonium bromide were used for the
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preparation. CTAB was applied as surfactant for the prevention of nanoparticles
coagulation (Lin et al., 2012). At first, 2.34 g of Ce(S04)2-4H-0, 1.39 g of urea and
2.1 g of CTAB were dissolved in 50 mL distilled water and then mixed for 30 min.
The materials were put into the autoclave and were kept at 200 °C for 12 h. The cerium
hydroxide obtained was washed with distilled water several times and was
centrifuged. Following this, it was washed with ethanol, dried at 90 °C for 60 min,
and annealed at 500 °C.

2.3.3. Preparation of mixed V20s5:CeO2 nanocomposite

Combination the narrow band gap V20s semiconductor (2.2-2.8 eV) photoac-
tive material with large band gap CeO- (3.23 eV) photoactive material makes the of
application of the V20s:CeO2 composite suitable not only for removing of hazardous
MB but also for the degradation its nontoxic by-products (Saravanan et al., 2013;
Zeleke and Kuo, 2019). The V20s5:CeO2 composite was prepared by mixing V20s and
CeO2 in a molar ratio of 3:1. The oxides were mixed in a beaker with ethanol for 6 h
on a magnetic stirrer, then the mixture was placed into a furnace and annealed for 2 h
at 500 °C.

2.3.4. Functionalization of MWCNTSs with metal oxide nanocomposites

Firstly, MWCNTSs were treated using strong acids H.SO4 and HNO3 with ratio
of 3:1. The process of modification was carried out using strong oxidizing agents to
introduce chemically active oxidative defects sites to connect the carboxyl (~COOH),
carbonyl (—CO) and hydroxyl (—OH) groups onto the MWCNTSs surface (Sezer and
Kog, 2019). The oxygen containing groups can act as anchoring sites for the metal
oxide phases during the functionalization of MWCNTs (Chiang et al., 2011).
MWCNTs and the concentrated acid mixture were added to a beaker and ultra-
sonicated for 30 min. Following this, the mixture was transferred to a round bottom
flask for reflux for 8 h at 180 °C before being diluted several times with distilled water,
filtered by a membrane filter and washed until the pH became 7.

The addition of functionality to the surface of nanotubes was carried out with
metal oxides and their composite nanoparticles applying the hydrothermal method.
The prepared individual metal oxides (CeO. and V20s) as well as their mixed
nanocomposites were added to MWCNTSs in 70 mL of ethanol in an amount of 5

m/m%. The solution was stirred at 40 °C for 4 h using a magnetic stirrer and
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ultrasonicated for 30 min before being heated under reflux for 4 h at 90 °C. The
solution was transferred to an autoclave reactor and kept at 200 °C for 4 h. Finally, the
samples were dried by evaporating the ethanol at 85 °C. Hereinafter the metal oxide-
doped MWCNTs are referred to as “Ce/MWCNTs”, “V/MWCNTs”, and
“V:Ce/MWCNTSs”.

2.4. Characterization methods

The specific surface area, pore volume and pore-size distribution of the
samples within the micropore (1.7-2 nm), mesopore (2-50 nm) and macropore (50—
100 nm) regions were determined by nitrogen adsorption/desorption isotherms at -196
°C using an analyzer ASAP 2000 manufactured by Micromeritics, USA. The specific
surface areas of the samples were determined by the BET (Brunauer—Emmett—Teller)
method from the corresponding nitrogen adsorption isotherms. The pore-size
distribution and pore volumes were calculated from the nitrogen desorption isotherms
using the BJH (Barret-Joyner—Halenda) model.

Identification of the solid crystalline phases in the samples was made by X-ray
diffraction analysis (XRD) using a Philips PW3710 X-ray diffractometer equipped
with Cu-Ko radiation (A=0.1541 nm) and recorded at room temperature over the 4-70°
260 angular range with a scanning acquisition speed of 0.02 °/sec.

The morphology of the surface of the nanocomposites was studied using
transmission electron microscopy (TEM) and scanning electron microscopy (SEM)
techniques. The nanocomposites for TEM were prepared by depositing a drop of
nanocomposites suspended in ethanol on copper grids covered by an amorphous lacey
carbon support film. SEM and TEM analyses were performed using a Thermo Fisher
Scientific Apreo S LoVac SEM in the Czech Republic operated at 2.0 kV for
backscattered electron imaging and at 30.0 kV for transmission electron imaging,
equipped with an energy-dispersive X-ray spectrometer (EDX), (AMETEK’s Octane
Elect Plus, USA).

Atomic Force Microscopy (AFM) analyses were carried out using a SPM-AA
3000 type instrument. AFM was used to probe the sample surface in nanometer scale
in order to investigate the surface rougness and surface particle-size distribution. The
samples were dispersed in ethanol and transferred onto a glass plate of 0.5 x 0.5 mm

size for analysis.
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Raman spectra were recorded using a Bruker RFS 100/S FT-Raman
spectrometer with a Nd:YAG laser source (1064 nm, 30mW) and a liquid N2 cooled
Ge detector. Signal-to-noise ratio was improved by the coaddition of 2048 spectra with
a resolution of 4 cm™. Spectral deconvolution of the baseline-corrected Raman spectra
was achieved by a mixture of Gaussian and Lorentzian line shapes with the PeakFit
software (v4.12, Seasolve).

Thermoanalytical measurements (TG/DTG) were carried out using a Netzsch
TG-209 type thermobalance. Samples were measured in ceramic crucibles. The
TG/DTG curves were registered while heating the samples to 1000 °C (10 °C/min
heating rate) in dynamic argon flow (99.998%).

Elemental analyses were performed using inductively coupled plasma optical
emission spectroscopy by means of an Avio 550 Max ICP-OES type instrument
(Perkin Elmer Inc., USA) in the 0-50 mg/L. The analytical wavelengths (in
nanometers)-were as follows: Sc 361.383, Y 360.073, La 408.672, Ce 418.660.

The pH of the aqueous solutions was measured by a Metter Toledo, Seven

Multi type pH meter (Germany) within the 0 to 7 pH range.

2.5. Adsorption tests

The adsorption tests over MWCNTSs, functionalized MWCNTSs as well as
nanometal oxides particles were carried out with selected pure hydrocarbons,
kerosene-cut and methylene blue to study the efficiencies of their removal from water.
The adsorption capacities were evaluated using two methods such as gas
chromatography (GC) and ultraviolet-visible spectroscopy (UV-Vis). Selection of the
suitable analytical technique depends on the type of the model hydrocarbon (undecane:

N-C11H24, toluene: Ce¢Hs-CHs and kerosene).

2.5.1. Hydrocarbon solution preparation and adsorption tests

Typical hydrocarbons present in produced/spilled oil-contaminated water
include aliphatic, naphthene-types and aromatic compounds. Accordingly, several
hydrocarbon model compounds were used for studying the adsorbents.

The commercially available kerosene (EU number: 649-423-00-8, MOL Co.)
was further purified. The obtained kerosene cut contained only alkanes from Cio to
C16,and itwas used for the preparation of kerosene-water mixtures. The kerosene cut

had a boiling point range of 174-287 °C with a density of 0.800 g/mL. The solutions
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were prepared in a glass flask by adding 156 pL kerosene to 250 mL distilled water,
resulting in a kerosene solution concentration of 500 mg/L. The model solutions were
mixed for 10 min using a magnetic stirrer followed by adding the adsorbent in an
amount of 10 mg. Then the solutions were kept under continuous mixing for an
additional 30 min at room temperature. The adsorbent was separated from the solution
with S1 porous glass filter having a pore size of 100-160 um. The filtered solution was
taken for the extraction step for the determination of the hydrocarbon content by gas
chromatographic (GC) method according to Hungarian Standard MSZ 1484-7 (MSZ,
2009). The kerosene-water solution was extracted two times, with 15 mL hexane. The
collected hexane fraction was dried with Na2SO4 powder. The blank solution was
prepared by the same method without adding adsorbent. Kerosene standard was
prepared by dissolving 156 uL kerosene in 25 mL hexane to prepare the reference
solution.

UV-Vis analysis was carried out for studying toluene removal by MWCNTSs
and htEMWCNTs, as well as by activated carbon from water samples. The solutions
were prepared in a glass flask by adding 145 pL toluene (0.8669 mg/uL) to 100 mL
distilled water, resulting in a toluene solution with a carbon concentration of 500 mg/L.
The model solutions (250 mL) were mixed for 10 min using magnetic stirrer followed
by adding the adsorbent in an amount of 10 mg. After 30 min of running the adsorption
test, the adsorbent was separated by filtration, and the organic phase (aromatic
hydrocarbon) was extracted from the filtrate by cyclohexane. The extract was dried

over sodium sulfate.

2.5.2. Protocol for samples analysis via gas chromatography

The liquid samples were analyzed by an Agilent, GC 7890A type gas
chromatograph using a J&W HP-5 type capillary column (30 m x 0.320 mm, 0.25 pm
film thickness) and a flame-ionization detector (FID). The determination of the
hydrocarbon contents was carried out according to the Hungarian Standard MSZ 1484-
7 (MSZ, 2009). Before the extraction with hexane, 1-chloro-octadecane standard was
added to the samples to determine the recovery efficiency of the hydrocarbons by GC
techniques. The kerosene-water solution (250 mL) was extracted two times, with 15
mL hexane. The collected hexane fraction was dried with Na.SO4 powder. The blank

solution was prepared in the same method without adding adsorbent. Kerosene
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standard was prepared by dissolving 175 pL kerosene in 25 mL hexane to determine
the manipulation efficiency of the kerosene—water sample. An internal/injection
standard was added to the 25 mL hexane solution, and an aliquot of 2 pL was injected
into the gas chromatograph. An injection standard, 1,4-dichlorobenzene, was used for
control of the GC analysis. The adsorption capacity of the tEEMWCNTs was compared
with those of commercially available activated carbon sorbents as reference materials.
Chemiviron Carbon F300 and Norit GAC 1240EN with a surface area of about 1100

m?/g were used as benchmark sorbents.

2.5.3. Analysis of toluene by UV-Visible spectroscopy

Toluene was selected as a model hydrocarbon for the ultraviolet-visible (UV-
Vis) spectroscopic studies. UV-Vis spectrophotometry with a deuterium lamp can be
used for the determination of the aromatic hydrocarbon content of water samples. A
Nicolet Evolution 500-UV-Vis double beam spectrometer (Thermo Electron Co.) with
1 cm quartz cuvette and a single photomultiplier detector was used in the 230—400 nm
wavelength range to detect the aromatic hydrocarbon content of the water samples.
The preparation of the model toluene-water mixture was the same as given earlier.
After 30 min of running the adsorption test, the adsorbent was separated by filtration,
and the organic phase (aromatic hydrocarbon) was extracted from the filtrate by

cyclohexane and the extract was dried over sodium sulfate.

2.5.4. Methylene blue adsorption study by UV-Visible spectroscopy
Metal oxide-based MWCNTSs were used for the removal of MB by adsorption

from water. Two different methylene blue resonance cation structures are presented in
Fig. 4a. (Saad et al., 2015). The maximum absorbance of a MB solution in water (MB
concentration: 20 mg/L) was monitored by a NANOCOLOR UV-Vis
spectrophotometer (MACHEREY-NAGEL, Germany) within the range of 400 to 700
nm. The maximum absorbance of the MB monomer form was observed at Amax = 665
nm as shown in Fig. 4b as reported (Wani et al., 2023). A stock solution was used to
prepare the calibration curve at different MB concentrations (4, 8, 12, 16, 18 and 20
mg/L). The absorbance vs. concentration plot is shown in Fig. 4c.
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Fig. 4. Methylene blue cation forms (a), UV-Vis absorption spectrum of the MB
solution (b), and standard calibration curve of MB solutions at 665 nm (c).

MB stock solutions were diluted with distilled water. The pH of the dye
solution was set at the desired pH of 7 using 0.1 M NaOH or 0.1 M HCI. For each
experiment, 20 mL of MB solution (20 mg/L) was extracted and 20 mg of metal oxide
was added to the solution. The removal efficiency of MB was studied as a function of
contact time, adsorbent dosage and temperature in order to determine the optimum
conditions for the process. Once the reaction had finished, the samples were stockpiled
and taken for separation. The dye concentration in the supernatant was checked using
the UV-Vis spectrometer at 665 nm. The efficiency of pollutant removal (RE, %) and
the quantity of organic molecules adsorbed (q:) were calculated by Eqgs. (1) and (2),

respectively (Hameed et al., 2007; Song et al., 2021):

Co—Ct

RE = (£=%t) . 100 0 1
(Co) 00 % (1)
Co—C,

g =Xy 2)
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where Co denotes the initial pollutant concentration (mg/L); C; stands for the
final pollutant concentration at time t (mg/L); q: represents the adsorption capacity at
time t (mg/q); V refers to the volume of model solution (L); and m is the weight of

adsorbent (g).

2.6. REEs extraction by macrocyclic compounds and stripping procedure

Extraction studies were carried out at room temperature with two types of
macrocyclic compounds: crown ethers and cryptand. Their structures and size
characteristics are illustrated in Table 1.

Table 1. Structure of the macrocompounds used (Agarwal et al., 2023; Buschmann,
1988; Faridbod et al., 2008).

Compound Cavity radii,  Abbrivation Molecule Structure
r (A) dimention
12-crown-4 ether 0.6-0.75 12-C-4 2D [o”_\oj
15-crown-5 ether 0.85-1.1 15-C-5 2D !
( )
\__0\ ) -
cryptand 2.2.2 1.4* C2.2.2 3D /EL/\
)
L_In
dicyclohexyl-18- 1.3-1.6 DC-18-C-6 2D o
crown-6 ether C[O OD
L_o.

* cavity dimention is a fix size since the structure of cryptand is more rigid and
restricted due to its three-dimensional arrangement of donor atoms, O and N.

The model solutions of Sc single element were prepared in different
concentrations (25 to 100 mg/mL) from the corresponding analytical Sc standard of
1000 mg/L in 2% HNOs at pH of solution from 1 to 5 as summarized in Tables S1 and
S2. The macrocyclic compounds in different concentrations (0.001 to 0.01 mol/L)
were dissolved in 1,2-dichloroethane. The solvent CoH4Cl, was chosen because it is
moderately polar (¢ =9.7) leading to negligible partition of MCs between water and
organic phase (Manuel Aguilar Sanjuan and Cortina, 2008). Equal volumes (10 mL)

of the organic phase and aqueous Sc model solutions were contacted and mixed in a
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separatory funnel for 15 min in order to reach the equilibrium. The extraction steps are

illustrated in Fig. 5.

Aqueous phase: Sc>* model solution

Organic phase: MC 1,2-dichloretan solution

12-crown-4 K W
) O

15-crown-§ Q )
0 O

Fig. 5. Representation of Sc3* extraction by macrocyclic compounds and its
encapsulation (a) mixing, (b) phase separation steps. Black circles represent Sc ions
in the organic phase.

The organic phase contained the extracted Sc. The next step was the recovery
of Sc from the organic phase. Back extraction or stripping experiments were conducted
by contacting 10 mL of Sc-loaded organic phase with 10 mL of hydrochloric or nitric
acid stripping solutions for 15 min in a separatory funnel. The separated aqueous phase
after extraction and back extraction was analysed by ICP-OES method.

The Sc, Y, La, and Ce (25 mg/L of each element in aqueous medium)
multielements extraction experiments were made by 0.008 mol/L C2.2.2 at different
pH of the REESs solutions.

The extraction efficiency (E, %) was calculated by Eq. (3) (Hu et al., 2020):

Ci_Cf

E= -100% ?)

14

where, Cj and Cs are initial and final concentrations of the target metal in the

aqueous phase (mg/L).
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3. RESULTS AND DISCUSSION

3.1. Functionalized carbon nanotubes for hydrocarbon removal from water

3.1.1. Results of SEM analysis
Fig. 6. illustrates the TEM record on the MWCNTSs as provided by the manufacturer.

Fig. 6. The transmission electron microscopic (TEM) record of the MWCNTSs
(by courtesy of the MWCNTSs manufacturer).

It can be seen that the MWCNTSs are molecular size tubes, which are
approximately 10,000 times thinner than a human hair. The MWCNTSs consist of
rolled-up sheets, in which case the primary building units are hexagonal carbon
formations. The SEM record taken by the author (Fig. 7a) was in agreement with the
one offered by the manufacturer.

3

Fig. 7. The scanning electron microscopic (SEM) record of the (a) raw MWCNTS,
(b) LEMWCNTs at magnification: x 40.000 (taken by the author).
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SEM and TEM analyses revealed interesting morphological features in the
Timesnano MWCNTSs as it had a mixture of smooth walled nanotubes with continuous
hollow cores that were mainly bundles and ropes as can be seen. For _tEMWCNTS,

Fig. 7a and b showed that microemulsification preserved the shape of the nanotubes.

3.1.2. Results of the morphological analysis

The MWCNTs had a length of 5—20 um; the outer average diameter was 10—20
nm with a purity of > 95%. The specific surface areas and pore size distributions of
samples MWCNTs and u(EMWCNTs are presented in Table 2. In the case of the raw
MWCNTs sample, the measurements were carried out at 30 and 160 °C. The
pretreatment temperature has no significant effect on the weight loss of each sample.
The weight loss of the MWCNTs sample during the pretreatment at 160 °C in a
vacuum before the nitrogen sorption was 0.32 m/m % (Table 2).

Table 2. The specific surface area (Sget), pore volume (V), and average pore volume
(Dav) of the MWCNTs and p(EMWCNTSs samples.

Mass

loss SBET SBuH Smicro V17300  Vhmicro Dav

(m/m  (m?g) (m?%g) (m?g)* (cm3g)® (cm¥g)° (nm)?
%)

MWCNTs, 30 °C 0.21 155 159 14.7 0.7781 0.0067 131

Sample and
pretreatment
temperature, T °C

MWCNTs, 160 °C  0.32 156 158 15.2 0.6847 0.0069 125

LEMWCNTs, 65 °C 0.32 98 110 0 0.7026 0 183

@ The specific surface area of micropores (< 2 nm);

b Pore volume according to Barrett, Joyner and Halenda (BJH) theory for pores having a diameter
between 1.7 and 300 nm;

¢ Volume of micropores (< 2 nm);

d Avarage pore diameter, nm.

A similar mass loss was observed for tEMWCNTs during the pretreatment at
65 °C under a vacuum. The mass loss is an indication of the desorption of the adsorbed
gases/components from the surface of the sample. These results are in accord with the
results of the thermoanalytical investigations (Section 3.1.4.) in which mass losses up
to 200 °C temperature were lower than 0.5 m/m % for both samples. The adsorption

and desorption isotherms of the samples are presented in Fig. 8.
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Fig. 8. Nitrogen adsorption and desorption isotherms of the raw and modified
multiwalled carbon nanotubes.

The samples exhibited a 4™ type of isotherms (Sing, 1985). The presence of a
hysteresis loop of type H1 is an indication of capillary condensation and presence of
meso- and macropores with regular shape (Sing, 1985). Also, it is an indication of the
existence of non-capped pores of carbon nanotubes. According to the structure of
carbon nanotubes by SEM image (Fig. 7), the pore shape can be described as nearly
cylindrical channels. This is also confirmed by the BET and BJH surface values (Table
2). The BJH method, based on the Kelvin equation, assumes that the pores have a
cylinder shape (Sing, 1985). According to our results, the BET and BJH surface areas
of the samples are quite similar, indicating the uniform occurrence of tubular pores in
the carbon nanotubes before modification (Sger = 156 m?/g and Sgn = 158 m?/g).
After the microemulsion modification the tubular structure remained with less
uniformity (Sger =98 m?/g and Sgyn = 110 m?/g). It can be concluded that the BET
specific surface area of the raw MWCNTSs decreased as a result of the surface
modification. Nevertheless, the pore shape is preserved after the functionalization of
the MWCNTSs, and the average pore diameter was increased. The BHJ method can also
be used to calculate the cumulative pore volume of pores between 1.7 and = 100 nm

and the pore size distribution (Figs. 9 and 10 and Table 2).
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Fig. 9. Cumulative mesopore volume distribution of raw and microemulsified
MWCNTs.

In the case of the untreated samples, the Day of the MWCNTSs was 12.5 nm,
while in the case of tEMWCNTSs the pore diameter was 18.3 nm. In addition to this,
it was also observed that the micropores have disappeared after the microemulsion

treatment (Fig. 10). The BJH pore distribution plot shows two maxima at ~2.7 nm
and ~40 nm in the mesoporous region attributed to inner and outer pore diameters
(Fig. 10). Li et al. observed a little bit higher inner pore diameter for MWCNTS (3.3—

3.5 nm) (Li et al., 2004), and it can be due to the apertures between the walls of the
MWCNTSs that are formed when they twist together tightly. Pores having a width

between 20—60 nm are present in higher amounts in the investigated samples (Fig. 10).
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Fig. 10. Logarithmic pore volume distribution of multiwalled carbon nanotubes
calculated based on the BJH theory.

3.1.3. Results of the XRD investigations
X-ray diffraction investigations were carried out on the raw MWCNTSs and the

LEMWCNTSs to determine the crystalline structures of the carbon nanotubes (Fig. 11).

—MWCNT
— -MEMWCNT

————(002)

Intensity, a.u.

]

0 5 10 15 20 25 30 35 40 45 50 55 60 65 7C

20 °

Fig. 11. XRD patterns of rawv MWCNTs and tEMWCNTs samples.
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As can be seen in Fig. 11, two main characteristic peaks at 260 =25.3° and ~43°
can be observed. MWCNTSs can be formed from rolled graphene sheets with their
interlayer distance similar to that of graphite (doz) = 0.335 nm) (Yusa and Watanuki,
2005). The most intensive peak appears at 26 =25.3° and it can be attributed to the
(002) plane of the single graphene layer of hexagonal structure with d-spacing between
0.34 to 0.39 nm (Ovejero et al., 2006). This graphene sheet distance remains almost
the same, even in the case of the tEMWCNTSs (d(ooz2) = 0.350 nm). The second main
peak with two maxima at 26 ~ 43° is observed for both samples, and it can be due to
the reflections of the diffraction sheets of the nanotubes (100) and (101). This peak

shows the reflection within the graphene hexagonal layer (Rebelo et al., 2016).

3.1.4. Results of thermoanalytical investigations

TG and DTG measurements were carried out in argon flow to determine the
thermal stability and purity of raw MWCNTs and to investigate the effect of
emulsification. The decomposition curves of MWCNTs and t(EMWCNTSs are given in
Fig. 12, while the mass loss data are summarized in Table 3.
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Fig. 12. TG and DTG curves of raw MWCNTs and hPEMWCNTSs samples.
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Table 3. Mass loss data of samples MWCNTs and pEMWCNTs during
thermoanalytical studies.

Tinitial Tmax e Mass loss
Sample °C) °C) Ttinal (°C) (m/m%) Reason of step
24 - 200 0.49 water desorption
480 675 720 96.59 MWCNTSs
raw decomposition
MWCNTSs 720 - 1000 0.79 loss of residual
carbonaceous materials
Sample mass: 4.276 mg Total mass loss: 100%
22 - 200 0.36 water/adsorbed
microemulsion
200 310 376 7.04 adsorbed
microemulsion
nEMWCNTSs
376 507 575 84.89 SAWCNTS. .
ecomposition
575 - 1000 2.20 impurities of the
coconut oil
Sample mass: 4.428 mg Total mass loss: 94.49%

In Fig. 12 a single major mass loss step (480—720 °C, Am = — 96.59 m/m%) is
observed for the raw MWCNTs sample, which is typical in the decomposition
temperature range of MWCNTS (Lehman et al., 2011). At 1000 °C, the total mass loss
of 100% indicates that there is no metal catalyst residue present in the sample used
during the production of MWCNTSs by the CVD method (Hirsch, 2002).

Two major mass loss steps can be observed in the DTG curve of the
LEMWCNTSs (Fig. 12). The step between 200 and 376 °C can be attributed to the loss
of adsorbed myristic and lauric acid (Am = — 7.04 m/m%). The decomposition of the
LEMWCNTs can be observed between 376 and 575 °C (Am = — 84.89 m/m%). The
significant decrease in the decomposition temperature indicates a functionalized
surface and/or the structural defect sites in the tEMWCNTSs sample (Lehman et al.,
2011). Up to 1000 °C, the overall mass loss is 94.49 m/m %, while the residual mass
is 5.51 m/m %. This latter figure can be due to the presence of impurities introduced
during the microemulsion modification. During TGA analysis the K* substituent from
microemulsion pretreatment might be converted to metal oxide (K20) at high

temperature.
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3.1.5. Results of Raman spectroscopic measurements

Raman spectroscopy can be expediently used for the determination of
characteristic features of carbon nanotubes. The Raman spectra of SWCNTSs are well
interpreted and are usually used for the interpretation of the more complicated
MWCNTS. The radial breathing mode (RBM, between 120 and 350 cm ) corresponds
to the radial expansion-contraction of carbon atoms in the radial direction. The D-band
(around 1350 cm™) is typical for graphite-like materials and stems from the presence
of structural defect sites and edge carbon atoms at the end of nanotubes (Chernyak et
al., 2017). The G-band (around 1600 cm™) indicates the tangential vibrations of
carbon atoms. The overtone of D-band (G’ band) can be found around 2600 cm™* and
is indicative of the long-range order in the structure (Dresselhaus et al., 2005; Lehman
et al., 2011). The Raman spectra of MWCNTSs and htEMWCNTs are given in Fig. 13.

3
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Fig. 13. Raman spectra of samples MWCNTSs and hPEMWCNTs.

The well-separated D-band (1287 cm™!), G-band (1602 cm™"), and G’ band
(2567 cm™!) can be observed in the Raman spectra, which are characteristic of tubular
CNTs. The 121 cm™! vibration can be attributed to the radial breathing mode. The peak
positions remain unchanged after modification. However, the D and G’ band

intensities are sensitive to impurities (DiLeo et al., 2007). The structural quality and
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purity of CNTs are usually estimated using the j—D band intensity ratios. However, the
G

G-band intensity is sensitive to carbon impurities, while the Ilﬂ intensity ratios could
D

be more accurately used for quality and purity assessment (DiLeo et al., 2007). The
calculated Ip/lc and lg/lp values of MWCNTs were 1.32 and 1.31, while for the
ULEMWCNTs, the ratios were 1.01 and 1.28, respectively. The decreasing intensity
ratio values indicate a slightly increased disorder/impurity in the MWCNTS structure
as a result of microemulsion modification. The htEMWCNTSs exhibited significant
changes in the CH bending vibrations as compared to the raw MWCNTS, indicating
the existence of intermolecular CH:--m interactions between the carbon nanotubes side

wall and lauric/miristic acid.

3.1.6. UV-Vis spectrophotometric results on toluene sorption test

Toluene was selected for the UV—Vis spectrophotometric studies since the
change in toluene concentration in an organic phase such as hexane or cyclohaxane
can easily be followed by UV—Vis spectrophotometry in the range between 265-270
nm (Agilent Technologies, Inc., 2020; Berlman, 1971). The results of UV-Vis
spectrophotometric investigations are summarized in Fig. 14 and in Table 4. Similar

absorbance spectra were reported for toluene in 2-propanol (Edinger et al., 2016).

E —Toluene in cyclohexane
14 —+ Py
@ — -Activated carbon
1.2
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Wavelength, nm

Fig. 14. UV-Vis spectrophotometric results of toluene samples before and after
treatment with MWCNTSs and pPEMWCNTs.
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Table 4. UV-Vis spectrophotometric results of MWCNTs and hfEMWCNTSs used for
the removal of toluene after 30 min adsorption test.

Abs. A : Abs. A: Cs 0
Sample 69 (im) 240278 (m) (mgoiy  RECO) a(9/)
Blank 1.23 22.76 500 - -
Activated

carbon 0.86 15.60 350 30+5 1.5

(Chemviron)
Raw MWCNTs 0.28 4.86 114 17+7 3.86

LEMWCNTs 0.12 1.87 49 90+7 4.51

The change in the toluene concentration is proportional to the absorbance.
Using this test, the toluene removal efficiency from the toluene-water mixture over
raw MWCNTs and pEMWCNTSs can be investigated. Several UV peaks were
recorded in the range of 240-280 nm. The stronger peak appearing at 269 nm was
chosen to determine and monitor the concentration of toluene during the experimental
runs. Toluene in cyclohexane in Fig. 14 was used only as a reference to illustrate the
identification of the toluene. It can be seen in Fig. 14 and Table 4. that the toluene
concentration decreased significantly after treatment over LEMWCNTs (the peak at
269 nm decreases) in comparison with MWCNTs and activated carbon. Moreover, the
peak areas in the 240—278 nm range, have been decreased as well. It can be seen in
Fig. 14 that the removal efficiency of Chemviron did not approach that of the
LEMWCNTSs since acivated carbon achieved a removal efficiency up to 30%, only.
Based on the experimental results summarized in Table 4, it can be concluded that the
LEMWCNTs proved to be more efficient for the removal of toluene from the toluene-

water mixture (90%) in comparison with the untreated MWCNTS (77%).

3.1.7. GC results of the sorption test

Undecane as model hydrocarbon and kerosene were used to study the
hydrocarbon removal efficiency over raw MWCNTs and h(EMWCNTs, and the results
were compared with that obtained over commercial activated carbons. The

measurement data are presented in Table 5.
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Table 5. Undecane and kerosene removal efficiencies over MWCNTSs, hLEMWCNTSs
and commercial activated carbon sorbents after 30 min adsorption test.

Sample Hydrocarbon RE (%) gt (9/9)
concentration (mg/L)

Undecane (n-C11H24)

Blank/Initial 500 - -
Raw MWCNTSs 214 57+5 7.2
UEMWCNTs 30 94 +5 13.3
Kerosene (n-C10-Ci1e)
Blank/ Initial 560 - -
Raw MWCNTSs 352 35+5 4.8
LEMWCNTs 22 96 +£5 13.1
Chemiviron Carbon F300 240 55+5 7.6
Norit GAC 1240 EN 399 27+5 6.6

Higher undecane removal efficiency (94%) was achieved over tEMWCNTSs
sorbent as on MWCNTSs (57%). Kerosene removal from water by adsorption method
was around 35% in the presence of MWCNTs. By using pEMWCNTs, this value
increased up to 96%; however, it is higher than that obtained over the widely used
commercial Chemviron Carbon sorbent (55%). Of the two activated carbon sorbents
the lower hydrocarbon removal efficiency was obtained over Norit GAC 1240EN
(27%). The adsorption capacity of HEMWCNTs is much higher than that of
conventional activated carbon (AC), which was at about 0.150 g/g (Okiel et al., 2011).

3.1.8. Kinetic studies over hPEMWCNTSs

A series of adsorption batch tests were carried out as a function of time at room
temperature to investigate the equilibrium sorption capacity of hnEMWCNTs for
toluene. In each run, 10 mg of uAEMWCNTSs were added into a 100 mL toluene-water
stock solution, with a concentration of 500 mg/L. The main objective of the
equilibrium studies was to determine the maximum capacity of hLEMWCNTSs for
toluene removal under the studied conditions and accordingly, to make a comparison
with raw MWCNTSs. Fig. 15 shows the adsorption kinetics of toluene. The toluene

uptake reached equilibrium in approximately 60 min.
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Fig. 15. The change in toluene removal efficiency of tTEMWCNTS and raw
MWCNTSs as a function of contact time.

It can also be seen in Fig. 15 that the adsorbed amounts of toluene increased
rapidly with time and then reached equilibrium in about 60 min. At this time, on
LEMWCNTs the maximum uptake of toluene is 4.94 g/g, which is higher than that on
the raw MWCNTSs (4.05 g/g). It is essential to determine the rate at which toluene is
removed from aqueous solutions to scale up the adsorption process. In order to
determine the kinetics of the adsorption, the pseudo-first order and pseudo-second
order equations as well as intraparticle diffusion (Huang et al., 2018; Lin and Wang,
2009; Wu, 2007) were taken into consideration (Egs. (4-6)).

In(q, — q¢) =logq. — kqt (4)
t 1 t
E - kzqg de (5)
Ge=kpt"? +C (6)

where: ge (9/g) is the equilibrium uptake, ki (1/min) is the adsorption rate
constant of the first-order model, k> (g/g-min) is the rate constant of the second-order
model, kp (g/g-min®®) is the intraparticle diffusion rate constant, and parameter C is a
constant (g/g).

Table 6, in conjunction with Figs. 16-18 summarizes the models applied for

the interpretation of the kinetic data and the correlation coefficients (R?) for each
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model obtained by non-linear regression analysis for toluene adsorption over
LEMWCNTs. The criterium R? > 0.8 had to be fulfilled (Simonin, 2016).

Table 6. Kinetic parameters of the pseudo-first order, pseudo-second and intra-particle
diffusion models for toluene adsorption by uEMWCNTs.

Kinetic models: Pseudo-first order model
ki (min'l) Qe cal (g/g) Ce, exp (g/g) R?
0.0456 1.3169 4.9445 0.8519
Pseudo-second order model
ko (g/gmln) Qe, cal (g/g) Qe, exp (g/g) R?
0.0303 5.2854 4.9445 0.9976
Intraparticle diffusion
kp (Mg/g-min®®) C (9/9) R
0.4366 1.2925 0.5831
2
y = -0.0456x + 0.2753
lm R2=0.8519
Y
=~ 0 100
@1
g
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Fig. 16. Adsorption kinetics of toluene over tEMWCNTs, pseudo-first order plot.
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Fig. 17. Adsorption kinetics of toluene over uEMWCNTSs, pseudo-second order plot.
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Fig. 18. Adsorption kinetics of toluene over tTEMWCNTSs, intraparticle diffusion plot.

Figs. 16-18 show plots of the pseudo-first order, pseudo-second order and
intra-particle diffusion models for toluene adsorption by hEMWCNTSs. From these
figures and the data summarized in Table 6 it can be seen that optimum fitting can be
obtained with k> because it gives a value for ge,ca that is in good agreement with ge,exp.
Thus, the pseudo-second order model is the best-correlating model. These results are
based on the assumption that the rate-limiting step is chemisorption involving valency
forces through sharing or exchanging electrons between sorbent and sorbate. This
conclusion, in agreement with several adsorption studies, stated that the pseudo-
second order model provides the best correlation for several systems (Eweida et al.,

2023; Ho and McKay, 1999). Also the pseudo-second order model was found to be
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the best fitted kinetic model for the sorption of f-elements (Kumar et al., 2017,
Sengupta and Gupta, 2017) as well as for radioactive actinide metals, e.g. penta and
hexavalent neptunium, on modified MWCNTSs (Sengupta et al., 2017). Those results
confirmed the potential of MWCNTS as adsorbents.

Kinetic studies were also used to prove the chemisorption over tTEMWCNTSs
by calculating the activation energies in the temperature range of 25—60 °C. The effect
of temperature on the adsorption rate of toluene over LEMWCNTs was investigated at
25, 45 and 60 °C. Fig. 19 presents the effect of temperature on the adsorption capacity
value. At higher temperature (60 °C), the maximum adsorption capacity was reached
in a shorter time (40 min), while at 25 °C, it reached the maximum value in 60 min.
Moreover, the 40 min adsorption capacity at 25 and 60 °C was 4.73 and 4.97 g/g,
respectively. The effect of changing the temperature on the equilibrium capacity of the
LEMWCNTs can be attributed to the decrease in solution viscosity at a higher
temperature, which in turn, will increase the rate of diffusion of toluene across the

external boundary layer and in the internal pores of the _LEMWCNTs.
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Fig. 19. Kinetic analysis of the temperature effect over tTEMWCNTSs (amount of
adsorbent: 10 mg/in 100 mL toluene-water solution, 500 mg/L).

The magnitude of the activation energy gives an indication for the type of
adsorption, which is generally physisorption or chemisorption. Low activation
energies (<40 kJ/mol) are characteristic of physisorption, while higher activation

energies (>40 kJ/mol) suggest chemisorption process (Anirudhan and Radhakrishnan,
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2008). To validate the assumption of the chemisorption process, activation energy was
estimated on the basis of rate constant measurements at three temperatures. Table 7

depicts the pseudo-second order kinetic parameters for adsorption at 25, 45, and 60 °C.

Table 7. Kinetic parameters of the pseudo-second order model as a function of
temperature for toluene adsorption over UEMWCNTs.

Temperature k2

2
(oC / K) (g/gmln) qe, cal (g/g) qe, €Xp (g/g) R
25/ 298 0.03032 5.2854 4.940 0.9976
45/ 313 0.09098 5.4732 4.820 0.9999
60 /333 0.19350 5.9777 4.970 0.9999

From the pseudo-second order rate constant k> (Table 7), the activation energy
for the adsorption of toluene on tEMWCNTSs was calculated using the Arrhenius
equation (Eq. (7)):

ln kz - lnAo - (7)

where: Ea is the activation energy of the adsorption in J/mol, R is the ideal gas
constant, 8.3145 J/K-mol, Ao is the Arrhenius constant. By plotting In k> versus 1/T

(Fig. 20), and from the slope and the intercept, the values of Ez and Ao can be obtained.

1/T *1000 (K1)
0
2.9 3 3.1 3.2 3.3 3.4
-1
N, A y =-5.2557x + 14.129
2 T R2= |
s e
A
T
A
-4

Fig. 20. Arrhenius plot of In k2 vs. 1/T to determine the activation energy of the
adsorption.

The calculated activation energy of the adsorption is 43.73 kJ/mol, which

supports our assumption that the sorption process is chemisorption.
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3.1.9. Microemulsification mechanism of MWCNTSs

The non-covalent functionalization of the MWCNTSs involved surface
attachment of saponified coconut oil CH3(CH),COOK"* (n=10,12) surfactant on the
hydrophobic surface of MWCNTS via Van der Waals forces and/or n-n interactions
(Jun et al., 2018). The use of surfactant results in significant increase in the dispersion
of CNTs in aquaus solutions. Interaction between the surfactant and MWCNTS is
generally weak, resulting in weaker stability as compared to covalent functionalization
(Junetal., 2018).

For the non-covalent functionalization of the MWCNTSs saponified coconut oil
CH3(CH)nCOOK" was used as given before. It has a hydrophilic part (polar head
group (COO-K™) on the hydrophobic part (long carbon chain tail (Cn = 10,12))
(Vaisman et al., 2006). The mechanism of attachment of surfactant molecule to
MWCNTSs can be illustrated as shown in Fig. 21 (Yurekli et al., 2004).

Sodium salt of lauric acid*: C,,H,,COOK*

o]

Hac/\/\/\/\/\)Lo—
\
| —- e
P Hydrophilic
2l head (polar)
-COOK*
| |

Hydrophobic tail (non-polar) : -C;;H,;

* Lauric acid:  C;,H,,0,

Fig. 21. Schematic representation of the random adsorption of surfactant molecules
on MWCNTSs. Red circles are the polar head groups (COO'K*) with long alkane tail
indicated by blue colour.

The htEMWCNTs, decorated with the surfactant molecules, have two distinct
parts. The hydrophilic polar section gets into contact with the aqueous phase and the
nonpolar hydrophobic tail joins the hydrocarbon molecules.
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3.1.10. Mechanism of hydrocarbon adsorption over MWCNTS

Different mechanisms can be considered during organic chemical and
MWCNTs interactions, such as hydrophobic interactions, m—m bonds, electrostatic
interactions, and hydrogen bonds. The sorption mechanism is supposed to be different
for different types of organic chemicals (such as polar and non-polar). Toluene was
chosen to study the mechanism of adsorption over MWCNTSs. In case of raw
MWCNTSs the surface acts as the electron donor and the aromatic ring of toluene
functions as electron acceptor (Fig. 22) (Cai, 2011).

n CH

( mo T CHs 2 Ygthr® | CH;
O
y 1 . RESa-€ x| —CH;
- »—24}. = )—cH
e
e a | —CH
e
e@'=) x
"4
"H?_‘\_H

Raw MWCNTs m—m interaction

Fig. 22. Proposed mechanism of toluene sorption over raw MWCNTS.

The proposed sorption of toluene on the surface of the tEMWCNTs is depicted
in Fig. 23. In case of uLEMWCNTs the carboxylic oxygen atom of the MWCNTSs

surface acts as electron donor and the aromatic ring of toluene as electron acceptor.

Fig. 23. The mechanism of the surface functionalization and sorption of toluene over
MWCNTS.
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The adsorption affinity over modified MWCNTS is enhanced by the —C=0
group and this interaction is assumed to be stronger than for raw MWCNTS. The given
mechanism in Fig. 23 is in agreement with the adsorption mechanism of organic
pollutants on CNTs (Lu et al., 2008; Pan and Xing, 2008).

The most probable mechanism of non-polar paraffin molecule sorption on
LEMWCNTs is via CH---m interaction as described in the literature (Umadevi and
Sastry, 2014). It is worth mentioning that the hydrocarbon removal efficiency values
obtained by various analytical techniques are in harmony. The obtained results confirm
that the MWCNTSs could earn a significant potential in hydrocarbon depollution

control of waters.

3.2. V205, CeO:2 and their MWCNT's nanocomposites modified for the removal
of methylene blue dye from water

3.2.1. Results of the X-ray diffraction study

Fig. 24. shows XRD results for the samples of V20s5:CeO2, raw MWCMTs,
oxidized MWCNTs, VMWCNTs, Ce/MWCNTs and V:Ce/MWCNTs. V205:CeO2
nanoparticles prepared by the hydrothermal method and annealed at 500 °C showed
the reflections of both oxides, namely V205 and CeO,. In the case of vanadia
nanoparticles, the main diffraction peaks of (200), (010), (110), (101), (310), (011),
(301), (020) and (320) appear at 15.04°,20.04°,21.80°, 26.20°, 31.00°, 32.40°, 34.20°,
41.20° and 48.00° 26, respectively. These peaks relate to the scherbinaite orthorhombic
crystalline structure of vanadium pentoxide (JCPDS Card No. 41-1426). The main
diffraction peaks of CeO> are (111), (200), (220) and (311) at 28.60°, 32.20°, 47.40°
and 56.51° 20, respectively. These peaks confirm the form of cerianite, having face-
centered cubic structure (JCPDS Card No. 34-0394).

In mixed composites, the constituent V20Os orthorhombic crystalline structure
dominates over the CeO> equivalent. Furthermore, with high probability the presence
of some CeVO4 (with Ce*" and V°) crystallites were observed at 18.20° and 24.20°
20 (Bratan et al., 2011; Riaz et al., 2021), originating from the thermal reaction of the
two metal oxide phases (Yin and Hasegawa, 2023). Also, the transformation of V205
to V203 is accompanied with the segregation of the CeVO4 phase (Riaz et al., 2021).

Formation of CeVO4 was reported after the thermal treatment of the precipitate at 400
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°C obtained by co-precipitation from the corresponding vanadia and ceria precursors
(Bratan et al., 2011).

The oxidized MWCNTs, VMWCNTs, Ce/MWCNTs and V:Ce/MWCNTs
samples were treated at 200 °C. On the basis of the XRD results, it can be seen that
the graphene layers of MWCNTs are preserved after acid treatment and deposition of
metal oxides. It is in agreement with Raman results showing the presence of the
graphite G band in all investigated sample (See Section 3.2.5.). The diffraction peaks
at 25.3° and ~43° 20 of metal oxide-modified MWCNTs are the (002), (100) and (101)
reflections of graphite, as indexed by the JCPDS Card No. 01-071-4630. Similar
findings were reported (Abdel-Ghani et al., 2015; Oh et al., 2010).

The peaks corresponding to CeOz and V205 in Ce/MWCNTs and V/IMWCNTs
could not be detected because of their low amounts and/or well-dispersion on the
nanotube surface. The major crystalline phase with regard to the graphene layers of
the MWCNTs was recorded for all multiwalled carbon nanotubes. The presence of

some crystals of individual oxides was detected for samples V:Ce/MWCNTs.

V,05:Ce0,
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Fig. 24. XRD results for fresh and modified MWCNTs, where V, Ce, C and * denote
the V205, CeO; graphite and CeVO4 crystalline phases.
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3.2.2. Electron spectroscopy and energy dispersive X-ray spectroscopy results

SEM records for metal oxides are shown in Fig. 25a-c. Fig. 25a shows the
surface morphology of V.05 nanopowder, identified in the form of nanoflakes close
to 65-80 nm in thickness, which is in agreement with the reported atomic force
microscopic (AFM) data (Asim et al., 2009; Margoni et al., 2017). Fig. 25b shows that
the surface morphology of the CeO> powder adopts a different shape including
nanorods and irregular octahedra with a diameter of 60-70 nm (also confirmed by
AFM analysis). Irregular CeO> octahedral nanocrystals could be obtained by
precipitation of a Ce(lll) salt with sodium hydroxide at pH > 5. CeO2 nanotubes,
nanowires, and nanorods could be fabricated from Ce(OH)s intermediates (Lin et al.,
2012). Fig. 25c shows the V»0s5:CeO. nanocomposite in which the vanadium
pentoxide is preserved in the form of nanoflakes.

SEM and TEM records for raw MWCNTs and for metal oxide-modified
MWCNTSs are shown in Figs. 26 and 27. It can be observed that the size of the carbon
nanotubes remains within the nanoscale range and the shape of carbon nanotubes was
not significantly affected during thermal modification of MWCNTSs in the presence of
nanoparticles (Fig. 27a-c). The preservation of the initial structure of MWCNTSs was
reported after oxidation treatment of carbon nanotubes with 10 M H2SO4/HNOs or
10M HNOg3 (Sezer and Kog, 2019).

(@) (b) (©
Fig. 25. SEM images between 2 and 10 um: (a) V20s, (b) CeOz, (¢) V20s5:CeOx.
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(a) (b) (©)
Fig. 26. SEM images on scale of 2 um: (a) V/IMWCNTSs, (b) Ce/MWCNTS,
(c) V:Ce/MWCNTs.

(@) (b) (©)

Fig. 27. TEM images on a scale of 500 nm: (a) V/IMWCNTSs, (b) Ce/MWCNTSs,
(c) V:Ce/MWCNTs.

EDX analyses were carried out to determine the amounts of carbon, vanadium
and/or cerium on the surface of the samples. The analyses were made on three different
areas of the specimens to determine the average composition of the near-surface layer.
EDX results confirm the supposition that the metal oxides were deposited on the
surface of the carbon nanotubes, but were not uniformely distributed. The metal oxides
amounts in the samples varied in the following ranges: V(2.3-4.6 m/m%)/MWCNTSs,
Ce(4.0-7.4 m/m%)/MWCNTs and V(1.2-6.0 m/m%):Ce(0.4-2.1 m/m%)/MWCNTSs

samples.

3.2.3. Atomic force microscopy results
The three-dimensional AFM images of V20s, CeO2 and V20s5:CeO;

nanoparticles after annealing at 500 °C are shown in Fig. 28. The morphological
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images of V20s, CeO2 and V20s5:CeO> nanoparticles clearly depict that the average
grain sizes were found to be 70.3, 56.9 and 71.4 nm as shown in Fig. 28a-c,

respectively. The addition of cerium dioxide to vanadium pentoxide resulted in a slight

increase in the particles size distribution range from 40-100 nm to 55-120 nm.
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Fig. 28. AFM records of (a) V20s, (b) CeO2 and (c) V205:CeO, composites at an
annealing temperature of 500 °C.

3.2.4. Raman spectroscopy results

The distinctive features of the MWCNTs can be identified by Raman
spectroscopy (Fig. 29). The radial breathing mode (RBM) corresponds to the in-phase,
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radial movement of the carbon atoms within the structure of CNTs. This mode is
located between 75 and 300 cm™ from the excitation line. It is usually not present in
the Raman spectra of MWCNTSs (Costa et al., 2008; Lehman et al., 2011). However,
two separate RBM bands were observed at 121 and 143 cm™. Since the position of an
RBM band is sensitive to the diameter of the CNTSs, it can be utilized to estimate their
overall, average diameter (Costa et al., 2008; Jorio and Saito, 2021). The 121 and 143
cm? bands indicate the presence of two small, slightly different diameters with
averages of 2.1 and 1.8 nm, respectively.

The band at 1284 cm™ can be assigned to the presence of defect sites in the sp?
carbon structure (D-band). The position of the D-band depends on the diameter and
chirality of the carbon structure as well as on the applied laser wavelength (Jorio and
Saito, 2021). The D-band can be deconvoluted into two bands centered on the same
wavenumber for small crystallites of CNTs (Puech et al., 2019).

The peak at 1598 cm™ is attributed to the vibrations of the sp? carbon structure
(G-band). Splitting of the G-band (G*-G") is not observed, as expected for MWCNTSs
(Murphy et al., 2006). Although RMB shows the feature of SWCNTs (Costa et al.,
2008), it is therefore tempting to conclude that the carbon nanotubes studied have a
double-walled structure.

The band at 2561 cm™ (G’-band) is the overtone of the D-band, but contrary to
the D-band, it indicates the long-range order of the structure arising from defect-free
sp? carbon atoms (Costa et al., 2008; Lehman et al., 2011).

As a result of being treated with strong acids, structural defect sites are
introduced in the form of carboxyl, carbonyl and hydroxyl groups via oxidation of the
carbon structure (Murphy et al., 2006; Osswald et al., 2007). After oxidative treatment,
the RBM band at 143 cm disappeared (1.8 nm pores disappeared), moreover, the D-
and G‘-bands shifted slightly to higher wavenumbers (1289 and 2566 cm™,
respectively), indicating the successful surface modification (Fig. 6. MWCNTS (0x.)).
The decreased population of micropores (& <2 nm) is also shown by the BET analysis
(Section 3.2.6.).

I

A
D. —D) can be used to
Ag

The peak intensity or area ratios of the D- and G-bands (1
G

estimate the quality of the CNT structure and the extent of surface modification via the

presence of defect sites (Jorio and Saito, 2021; Puech et al., 2019). Alternatively, the
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. I , . . .
G’- and D-band ratios (Ii ; 2—6) can be used for a more accurate estimation (DiLeo et
D D

al., 2007). The calculated intensity ratios follow a similar trend to the area ratios (Table

Igr  Agr

S1). After oxidative treatment, the I—D; 20 values decreased, while the —;—— values
I~ Ag Ip " Ap

increased (Table S3), indicating a slightly more disordered structure as a result of acid-
treatment (Murphy et al., 2006) and removing carbon impurities e.g. metal CVD
catalyst residuals (see TG Section 3.2.5).

No major spectral changes were observed once the nanocomposites had been
prepared (Table S1, Fig. 9. Ce/, V/, V:Ce/MWCNTS). Most probably, due to their low
surface concentration, no new peaks appear in accordance with the Raman scattering
of V205 (Shvets et al., 2019) or CeO, (Schilling et al., 2017) polymorphs. However,

lar

based on their i—”and ratios, the structural order of the Ce and V:Ce
G

Ip
nanocomposites showed decrease as compared to the MWCNTs (Table S3) in
correlation with deposited metal oxide amount. The calculated Raman values,

provided in Table S3, correlate very well with the TG/DTG results of Fig. 30.
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Fig. 29. Raman spectra of the MWCNTSs samples: (A) normalized to the G’-, G- and
D-bands intensity in the 2750-50 cm™ region, (B) normalized to the RBM bands in
the 200-50 cm? region.
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3.2.5. Thermogravimetric analysis results

The raw MWCNTSs sample used for surface modification shows two notable
mass loss regions (Fig. 30). A minor mass loss is observed up to 190 °C as the surface
adsorbed water is removed, while a major mass loss step is found between 440-750
°C, indicating the thermal decomposition of the carbon structure (Table S4.
MWCNTS). After annealing to 1000 °C the residual mass indicates the impurity of the
MWCNTSs sample (m=10.4%), which is due to the presence of catalyst residues from
the production of CNTs. The observed amount of catalyst impurity is well within the
acceptable range reported in the literature (cc. 6-43%) (DiLeo et al., 2007; Shah and
Tali, 2016).

As a result of surface treatment using strong acids, the MWCNTS structure is
oxidized via the introduction of oxygenated surface functional groups (carboxyl,
carbonyl, hydroxyl) (Sezer and Kog, 2019). The improved hydrophilic nature due to
the modified surface properties of the acid treated MWCNTSs sample is indicated by
the increased amount of adsorbed water (Fig 30. MWCNTS (ox.), Table S4. MWCNTSs
(ox.), 21-155 °C). Oxidation of the carbon backbone results in the presence of defect
sites eventuating in the lower thermal stability of the functionalized CNTs (Bom et al.,
2002). The elimination of the introduced surface carboxyl groups are observed in the
second step (155-366 °C), while a small mass loss between 366-500 °C could be
attributed to the decomposition of other, thermally more stable surface functional
groups (Sezer and Kog, 2019). The major decomposition was found between 500-730
°C. As compared to the pristine MWCNTs, the shift to higher starting temperature and
the narrower decomposition curve indicates the purification effect of acid treatment,
mostly via the removal of carbon impurities. The significantly smaller residual mass
(m=1.5%) is due to the removal of catalyst residuals during acid treatment (Sezer and
Kog, 2019). Consequently, the acid treatment resulted in a purified MWCNTSs sample.

Small changes are observed upon the addition of CeO; to the oxidized
MWCNTs (Fig. 30. Ce/MWCNTs, Table S4. Ce/MWCNTs). No thermal
decomposition process is expected due to the presence of pre-annealed CeO- particles.
Cerium(IV) oxide shows structural stability at temperatures up to 1600 °C (Riaz et al.,
2021). Therefore, the differences could be related to the interactions of the lanthanide-
oxide nanoparticles and the carbon nanostructure. The slightly higher temperature

maximum (257 °C vs 226 °C) of the second stage could indicate a possible interaction
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between the CNTSs surface carboxyl groups and the introduced CeO: resulting in the
increased thermal stability of the surface moieties. The thermal stability of the
MWCNTSs backbone has not changed considerably (628 °C vs 623 °C), however the
increased mass loss of the third stage (360-485 °C) could be indicative of the increased
ratio of MWCNT particles having slightly smaller thermal stability. This effect could
be related to the thermal activation of CeO, catalyst at elevated temperatures, resulting
in a slightly enhanced pyrolysis of CNTs (Trovarelli, 1996; Vita, 2020).

Similar changes can be observed in case of V205 nanoparticle addition (Fig.
30. VIMWCNTSs, Table S4. V/IMWCNTS). No additional mass loss is expected due the
addition of previously heat-treated V2Os particles (Bom et al., 2002). The thermal
stability of the second stage increased further (Tmax=268 °C), indicating the slightly
stronger interaction of vanadium-pentoxide particles with the functionalized CNTs
surface. Compared to the MWCNTSs oxidized sample, major changes can be observed
in the thermal stability of the CNTs backbone: the mass loss ratio of the third stage has
increased and the maxima has shifted to 388 °C, while the prominent decomposition
stage has also shifted to 498 °C from 628 °C. Only a small mass loss at 638 °C indicates
the presence of MWCNTS particles with their original thermal stability. These changes
can be indicative of the thermally activated catalytic properties of V2Os nanoparticles
(Wachs, 2013) resulting in enhanced pyrolysis and lower thermal stability of
MWCNTSs.

The simultaneous presence of CeO> and V.Os particles resulted in a further
decrease of MWCNTs thermal stability (Fig. 30. V:Ce/MWCNTs, Table SA4.
V:Ce/MWCNTS). The thermal decomposition of the MWCNTSs backbone slightly
shifted to the lower temperature regions, where 3 overlapping stages can be identified
(316-422 °C, 422-545 °C, 545-700 °C). The observed shift to lower thermal stability
can be explained by the increased catalytic activity due to the simultaneous presence
of CeOz and V205 catalysts (Tamin et al., 2022; Zeleke and Kuo, 2019). Overall, the
addition of V20s particles significantly decreased the thermal stability of MWCNTS.

The residual masses after heating to 1000 °C can be utilized to estimate the
metal-oxide content of the samples (Table S4). Considering the residual mass of
MWCNTSs (ox.) sample (m=1.5%), the estimated oxide contents for the Ce/, V/ and
V:Ce/MWCNTSs samples are 11.9%, 3.7% and 8.5%, respectively. The metal oxide
amount for the Ce/MWCNTs sample is different from the values obtained by EDX
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(see SEM-EDX Section 3.2.2.). The difference can be explained by the higher
uncertainty of EDX, since the analytical signal originates from a smaller volume (in a

scale of um?®) and conclusions to the overall composition bears greater errors due to

the possible inhomogeneity of the sample (Notthoff et al., 2013).
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Fig. 30. Thermogravimetric (TG/DTG) curves of the raw and modified MWCNTs

samples.

3.2.6. Low-temperature nitrogen adsorption results

The surface area, pore volume as well as average pore size values of the raw,

acid-treated and metal oxide-modified MWCNTSs samples are presented in Table 8.
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The total surface area of raw MWCNTSs was 156 m?/g which is higher than reported
by the supplier (120 m?/g). Newly prepared samples with masses of 0.5-1.0 g
previously outgassed in a vacuum at 160 °C were used for the nitrogen adsorption
experiments. The mass of the sample was reduced during the outgassing procedure
before the BET analysis. The highest reduction in mass was observed in the case of
oxidized MWCNTSs (7.9 m/m%) (Table 8). It can be assumed that some moisture
and/or residual acid remained in the bulk of the sample after the acid treatment.

The treatment of MWCNTSs with a 3H2SO04:1HNO3z acid mixture resulted in
splitting of the tubes (Chernyak et al., 2017). This can create new openings in the
channels of the tubes, hence increasing their total volume (Table 8). Meanwhile, the
acid treatment applied resulted in a significant decrease in the micropore volume of
MWCNTSs (ox.). The acid treatment of MWCNTSs could form carboxyl and hydroxyl
functional groups which might block the small pore openings (Birch et al., 2013). This
can also have an impact on the total pore size distribution (Fig. 31). The number of
smaller pores (2-3 nm) decreases and that of larger pores (20-40 nm) slightly increases
during the acid treatment of MWCNTSs and metal oxide-modified MWCNTs samples.
It results in a slight decrease in Sget from 156 to 140 m?%/g and from 140 to 115 m?/g,
respectively.

CeO2 shows a relatively higher surface area (69 m?/g) among the metal oxides.
The pore volume and surface area of the micropores of CeO2 nanoparticles exhibit also
higher values than those of V205 and CeO2:V20s. V205 has the lowest surface area of
3 m?/g and the CeO,:V20s nanocomposite has a surface area of 9 m?/g as shown in
Table 8. The surface area of mixed metal oxides depends on the proportions of the
individual oxides and on the interactions between the constituent oxides. The surface
area is an important factor in the studied adsorption steps.

As a result of the deposition of metal oxides over the oxidized MWCNTSs, the
pore volumes and pore diameters of the metal oxide-modified samples were decreased
(Table 8) in comparison with acid-treated MWCNTS. In addition to this, it was also
observed that the micropores were completely blocked and disappeared after the
deposition of CeO: or Ce02:V20s as shown in Table 8. In the case of the addition of
V205 to MWCNTS, the surface area of the micropores decreased by some 50%. The
pore size distributions of these preparations are shown in Fig. 31. Two pore size

regions, namely 2-3 and 20-40 nm, were identified for all samples. Both types of pore
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sizes have enogh space to let MB molecules in. The 3D dimensions of the MB
molecule are 1.29 nm x 0.77 nm x 0.74 nm (Xia et al., 2019). A bigger size of MB
molecule can also be found in the literature, having length between 1.38 nm and 1.45
nm, and the width is approximately 0.95 nm (Khan et al., 2022). The number of smaller
pores (2-3 nm) decreases and that of larger pores (20-40 nm) slightly increases during
the acid treatment of MWCNTSs and in the case of the metal oxide-modified MWCNTSs

samples.

Table 8. Weight loss during outgassing; total and micropore surface area, Sger and
Smicro; VOlume of pores between 1.7 and 300 nm diameter and micropore volume, V1 7.
300 nm and Vmicro; average pore size, Dav values of fresh MWCNTS, acid-treated
MWCNTs and metal oxide-modified MWCNTSs.

Samoles Weight loss  Sget Smicro  V1.7-300 Vmicro Dav
P (m/m%) (m’lg) (m*g) (cm®g)  (cm®g) (nm)
MWCNTSs 0.1 156 25.4 0.6577 0.0109 16.1
MWCNTSs (ox.) 7.9 140 13.6 1.0384 0.0052 28.2
V205 0.8 3.0 0 0.0073 0 13.4
CeO 0.5 69.4 15.5 0.1676 0.0069 134
V205:Ce02 3.5 8.8 0.5 0.0368 0.0001 15.0
V/IMWCNTSs 1.3 135 6.9 0.8439 0.0018 245
Ce/MWCNTSs 45 115 0 0.7002 0 24.1
V:Ce/MWCNTs 6.9 129 0 0.8545 0 25.8
30 —
""" MWCNTs
e —MWCNTs ox
B =—Ce/MWCNTs
_ //\\ =#=V/MWCNTs
g \-O-V:CL:JMWCNTS I
0 i

100

Pore size, nm

Fig. 31. Pore volume distribution of fresh, oxidized and metal oxide-modified
MWCNTSs samples.
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3.2.7. Results of methylene blue adsorption over metal oxide-doped MWCNTS

A study was carried out on mixed metal oxides as well as raw and metal oxide-
doped MWCNTSs as a function of time over 35 min. Measurements were taken in every
5 min. The initial MB concentration, volume of the MB solution and mass of the
samples were 20 mg/L, 20 mL and 4.5 mg, respectively. The chosen solution pH was
7, since the reported data indicates increasing removal efficiency with rising pH values
(Song et al., 2021). Increasing the pH from 4.0 to 10.0, the negative surface charge on
the MWCNTSs is increased, leading to a stronger interaction between the MWCNTSs
and the MB molecules (Algadami et al., 2018).

The raw MWCNTSs showed very week ability to adsorb MB molecules (Fig.
32 and 33). The acidic treatment introduced hydrophilic groups on MWCNTSs surface
such as carboxylic, carbonyl and hydroxyl ones, thus in some extent altering the MB
adsorption. The dopping with single metal oxides significantly increased the removal
efficiency (by 45-57%). Moreover, the MB concentration reached its minimum when
both V205 and CeO, were present in the MWCNTSs (Fig. 32 V:Ce/MWCNTS).
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-&-V:Ce/MWCNTSs
0
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Fig. 32. MB concentration vs. contact time curves of the studied samples (Co= 20
mg/L, V = 20 mL, Mags= 4.5 mg, pH 7).
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As can be seen in Fig. 33, the V:Ce/MWCNTS exhibit the highest MB removal
efficiency from water in comparison with raw, oxidized and single metal oxide-doped
MWCNTS.
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Fig. 33. MB removal efficiency against contact time using raw, oxidized and metal
oxide nanocomposite-doped MWCNTS (Co = 20 mg/L, V = 20 mL, Mags = 4.5 mg,
pH 7).

Fig. 32 and Table 9 show that the decrease in MB concentration and increase
in the removal efficiency over time with regard to the studied samples were noticeable
in the case of metal oxide-doped MWCNTSs for the first 25 min. After 25 min, the
adsorption capacity of the samples increased slowly and did not change significantly.
Due to the quick occupation of the adsorption sites, the rate of adsorption was high at
the earlier stage of the process, but later on the MB molecules could still diffuse into
the interior of the nanotubes. Deng et al. observed similar phenomena for herbicide
diuron adsorption onto MWCNTSs (Deng et al., 2012).

Table 9. Removal efficiency (RE) and adsorption capacity (g;) of MWCNTSs samples
during MB removal from water over different preparations after 35 min (Co =20 mg/L,
V =20 mL, Mads = 4.5 mg, pH 7).

Adsorbents RE (%) gt (mg/g)
MWCNTSs 2.68 2.39
MWCNTSs (ox.) 8.37 7.44
VIMWCNTSs 57.30 50.93
Ce/MWCNTSs 45.85 40.76
V:Ce/MWCNTSs 63.77 56.69
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It was noted that the V:Ce/MWCNTs had moderate adsorption capacity in

comparison to other carbon-based adsorbents listed in Table 10.

Table 10. Comparison of the experimental adsorptive capacity of carbon-based
adsorbents for methylene blue dye.

Adsorbent Conditions of Capacity Reference

MB adsorption experimental/calculated
(mg/g)

bamboo-based AG 100-500 mg/L 99.8-441/ (Hameed et al.,
200 mg, pH 7 100-454.4 2007)

graphene oxide 312 mg/L 709-714 /- (Yang et al,
150 mg, pH 6 2011)

CNTs 40 mg/L 80.2/ (Selen et al.,
150 mg, pH 10 95.30 2016)

sulfonic acid-CNTs 250 mg/L 236.5/ - (Leietal., 2021)
50 mg/L 78.2 1/ -
10 mg, pH 7

Fe203-MWCNTS 20 mg/L, 50mg 42.3 /- (Qu etal., 2008)
pH 6

MWCNTSs/Fe304 20-200  mg/L, 118.3/ (Song et al,
20mg, pH 4-10 204.2 2021)

graphene/Fes04 10-25 mg/L, 24.7-35.4 / (Aietal., 2011)
10 mg, pH 2-11 43.8

V:Ce/MWCNTS 20 mgl/L, 56.7 / - This work
45mg,pH7

The effect of the amount of adsorbent was studied over the two best-performing
composite samples, namely V/IMWCNTSs and V:Ce/MWCNTS, exhibiting the highest

MB removal eficiences of 57.3 and 63.8 mg/g, respectively. These samples also

exhibited the highest adsorption capacities of 50.9 and 56.7 mg/g, respectively (Table

10). Different amounts of adsorbents from 1.5 to 10.0 mg were added to the MB

solution and the removal of MB was followed for 25 min at room temperature. The

results showed that the optimum adsorbent masses were 6.0 and 9.0 mg for the

V/IMWCNTSs and V:Ce/MWCNTSs samples, respectively (Fig. 34).
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Fig. 34. Effect of adsorbent dosage on MB removal efficiency over V/IMWCNTSs and
V:Ce/MWCNTs (Co=20 mg/L, V =20 mL, pH 7).

The effect of temperature on the MB removal efficiency was studied within the
temperature range of 15 to 65 °C over V:Ce/MWCNTs samples. The reaction time
was 25 min, the mass of the adsorbent was 9 mg, the shaking speed was 240 rpm, the
MB concentration was 20 mg/L and the volume of the solution was 20 mL. A
comparison of the adsorption values at different temperatures shows that the
adsorption capacity increased from 45 to 82 mg/g as the temperature increased from
15 to 45 °C. This can be due to the increased mobility of the dye molecules with the
increase of the temperature. In addition, the higher temperature leads to lower viscosity
enabling a faster diffusion of the adsorbate through the external boundary layer as well
as inside the pores. Similar results have been reported (Selen et al., 2016). A further
increase in temperature (> 45 °C) does not have a positive effect on adsorption. This
supports that the adsorption is an exothermic process and more favourable at lower
temperatures (Song et al., 2021).

3.2.8. Mechanism of MB adsorption over metal oxide-doped MWCNTSs

The three main interaction mechanisms between MB and CNTs are reported as
n-1 interactions, hydrogen bonding and electrostatic interactions (Sajid et al., 2022).
For raw MWCNTs, a n-r interaction can form between bulk 7 systems on CNTs
surfaces and the phenyl ring of MB (Fig. 35a). When the MWCNTSs are oxidized by

acids, covalent sidewall functionalization of the nanotubes with —OH, —COOH and
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—C=0 groups occurs. A stronger electrostatic interaction can form between negatively
charged carboxyl groups (—COOQO") and the cationic methylene blue (Mallakpour et al.,
2021) (Fig. 35b). Also, n-n donor-acceptor interactions can occur between delocalized
n electrons of the phenyl ring of MB and the carbonyl groups (Sajid et al., 2022).
Hydrogen bonds could also be formed between the lone pair of electrons on the
nitrogen atom and the hydrogen atom at the end of the tubes or at defect sites (not
shown) (Mallakpour and Tabesh, 2021).

Adding of metal oxides to CNTs leads to modification of adsorptive properties
of the adsorbent surface (M. Oliveira et al., 2023). The presence of semiconductor
metal oxides on the surface of MWCNTSs might induce an electron transfer from
nanoparticles to nanotubes (electron injection) (Ai et al., 2011; Duan et al., 2016;
Zeleke and Kuo, 2019). This leads to the enhancement of adsorptivity of cationic MB
through m—7 interactions between the MB molecules and the aromatic rings of the

tubular graphene layer.
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Fig. 35. The proposed adsorption mechanism between MB and raw
MWCNTSs (a) and between MB and oxidized MWCNTSs (b).
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3.3. Macrocyclic compounds for selective recovery of rare earth scandium
element from aqueous media

3.3.1. Results of extraction with varying concentrations of macrocyclic
compounds

Macrocyclic compounds can form stable complexes with metal ions. In the
preliminary extraction experiments, Sc was extracted with varying concentrations
(0.001-0.01 mol/L) of cryptand 2.2.2, 12-crown-4, 15-crown-5 and DC18-crown-6.
25 mg/L (5.5-104 mol/L) Sc model solution was used at pH 2. The experimental data
are shown in Fig. 36 and summarized in Table S1.

The results showed that the extraction efficiency was quantitative above 0.004
mol/L C2.2.2, 12-C-4, and 15-C-5 concentrations. In case of C2.2.2 of 0.004 mol/L
(Fig. 36a) the extraction efficiency was 17%, while at 0.006 mol/L concentration the
extraction efficiency increased to 85%. Thus, Sc extraction into the organic phase
becomes significant at about 0.008 mol/L and increases rapidly above this value, as
shown in Fig. 36a. The maximum extraction efficiency (over 99%) appears to occur at
around 0.01 mol/L. The extraction with 12-C-4 and 15-C-5 follows the same tendency
but reaches a lower value: 59% and 53%, respectively (Fig. 36b-c).

The impact of the increasing DC18-C-6 concentration is different from that of
C2.2.2, 15-C-5, and 12-C-4 and has the lowest extraction values, Emax = 15% (Fig.
36d). Cryptand 2.2.2 - in contrast to crown ethers - binds the guest ions via both the
nitrogen and oxygen donors. The two tertiary amine nitrogen atoms make the
compound a fairly strong base and increase the cryptand extraction ability towards
metal cations. Macrocyclic compounds have similar structures, but cryptands are more
selective and stronger when considering their ability to form complexes with metal
ions.

The low DC18-C-5 ability to bind Sc** ion can be attributed to its cavity being
too large (1.3-1.6 A, Table 1) to bind the cation having the size of 0.745-1.116 A (Table
11). At the same time, the level of complexation with 12-C-4 was also lower. The 12-
C-4 cavity (0.6-0.75 A) is too small to accommodate the cation, therefore the rate of
complexation was lower in comparison with cryptand, C2.2.2. In this case sandwich-
type complexes might form with regard to two crowns per metal ion present in the

complex (Jong and Reinhoudt, 1980).
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Fig. 36. Sc ion extraction efficiency as functions of (a) cryptand 2.2.2, (b) 12-crown-
4, (c) 15-crown-5 and (d) DC18-crown-6 concentrations (Cscz+ = 25 ppm, V = 25
mL, pH 2).

Table 11. lonic radii of Sc, Y, La, Ce Group 3 elements according their coordination
number.

lonic radii (A)
Elements Atomic 6/8/12-fold 6-fold coordination
mass coordination (Lide et (Greenwood and Earnshaw, 1997)
al., 2008)

Sc3* 44.96 0.745/0.87/1.116 0.745

Y3+ 88.91 0.900/1.015/1.220 0.900

La%* 138.91 1.045/1.18/1.320 1.032

Ce®* 140.12 1.010/1.14/1.290 -

3.3.2. Extraction of Sc ions as a function of pH

To investigate the impact of pH on the extraction efficiency of Sc from the
aqueous phase with MCs, extraction experiments were made in the pH range of 1-5 as
shown in Fig. 37. The acidic pH range was used to avoid the hydrolysis and
precipitation of Sc (Brown and Ekberg, 2016). In these experiments, the concentration

of the macrocyclic compounds in the organic phase was set to 0.01 mol/L while the Sc
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ions concentrations in the aqueous phase were 25, 50, 75, and 100 mg/L (Fig. 37a-d,
Table S2).

With all types of MC extractants at pH < 2, Sc was not appreciably extracted.
At the same time, the extraction efficiency increased rapidly above pH 2 applying
different Sc3* concentration. With all concentrations of C2.2.2, 12-C-4, 15-C-5 high
extraction values (95-99%) were reached above pH 3. This is due to the increasing
tendency of metal ions to form complexes with increasing pH.

The extraction of 25 mg/L Sc solution with DC18-C-6 (Fig. 37d) showed that
the pH change was ineffective in improving the extraction efficiency as compared with
15-C-5, 12-C-4, and C2.2.2. The maximum extraction efficiency was only 25.8 % at
pH 5. According to these results with DC18-C-6, it made no sense to continue the

extraction experiments with different Sc ion concentrations.
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Fig. 37. Extraction efficiency of Sc as a fuction of function of pH at 0.01 mol/L of
(@) cryptand 2.2.2, (b) 12-crown-4, (c) 15-crown-5 and (d) DC18-crown-6.
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3.3.3. Stripping of Sc with inorganic acids

After the extraction, Sc was stripped with inorganic acids. Stripping Sc from
macrocyclic compounds was studied using hydrochloric and nitric acids with different
concentrations. Both acids at concentrations of 0.1, 0.5, and 1.0 mol/L were effective.
The preliminary results of back-extraction/stripping indicated the high efficiency of
the extraction. According to spectrophotometric Sc®* determination the results showed
that HCI and HNO3 were efficient in Sc* recovery (> 95%), as shown in Table 12.

Table 12. Effect of HCI and HNO3 concentration on Sc ion recovery from solution of
pH 2.

Striping agent Scion recovery (%)
concentration (mol/L) HCI (pH value) HNO3 (pH value)
0.1 95.7 (pH 1.03) 96.0 (pH 1.19)
0.5 97.0 (pH 0.41) 96.3 (pH 0.54)
1.0 99.1 (pH 0.12) 99.5 (pH 0.26)

3.3.4. Results of extraction of REEs from multielement model solution

In chapter 3.3.3 above the results of the Sc extraction process with different
macrocyclic compounds and the impact of the process operating variables were
discussed. Of the investigated macrocyclic compounds, cryptand 2.2.2 (0.008 mol/L)
was selected as extractant for REEs multielement solution (Sc, Y, La, Ce) due to its
high performance for Sc®* extraction. These elements have been selected to extract
because of their similarity in physico-chemical properties to Sc. In addition, these
REEs occur together in bauxite ore as well as in industrial wastes such as red mud
(Juzsakova et al., 2018; Salman et al., 2021). Also, these elements usually are co-
extracted during the recovery process of individual REEs (Cotton, 2006).

Scandium, yttrium, lanthanum are trivalent in aqueous solutions (Brown and
Ekberg, 2016). Cerium exists in two main oxidation states, Ce®*" and Ce*". The
dominating oxidation state of cerium in aqueous solutions is Ce** (Cotton, 2006;
Greenwood and Earnshaw, 1997).

The solution of REEs in diluted nitric acid was used in this study. All four
elements form nitrates. Sc* and Y3* have 9- and 10-fold coordination in [M(NO3)s]*
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complexes (Greenwood and Earnshaw, 1997). Lanthanum and cerium exhibit high
coordination numbers having 11-fold coordination in nitrate complexes (Cotton,
2006).

The effective ionic radii of rare earth ions depends on their coordination
number as shown in Table 11. The metal cations mentioned above with coordination
numbers between 9 and 11 (ionic radii between ~0.87 and 1.32 A) in nitric acid
solution fit well into the cavity of the chosen macrocyclic extrantant, C2.2.2 (r = 1.40
A).

The binding affinity/selectivity can be manipulated by changing the pH. The
multielement extraction result showed a selective separation towards Sc ions having
high E value of 97% at pH 2, as compared with Y = 18%, La = 10%, and Ce = 9%, as
shown in Fig. 38.

The bicyclic C2.2.2 cryptand with tertiary N atoms — connected through
C2H4OCH4OCHj4 chains — shows chemical characteristics similar to the ether- or
amine — containing ones (Hamilton, 1984). The two tertiary amine nitrogen atoms
make the compound a quite strong base (Marcus, 2004). Sc — as the least basic element
— showed stronger binding affinity towards C2.2.2 than the rest of the elements
(Greenwood and Earnshaw, 1997).
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Fig. 38. Effect of pH on the extraction efficiency of REEs metal ions (25 mg/L Sc,
Y, La, Ce in aqueous solution; organic phase: 0.008 mol/L C2.2.2; A/O : 10 mL/10
mL, shaking time: 10 min, RT).
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3.3.5. Extraction and stripping mechanism

Recovery of REEs from multielement model solutions can be done with
inorganic acids like hydrochloric or nitric acids, at pH < 2. The stripping agent and its
concentration has an important effect on the selectivity of the process as shown above.
The recovery of Sc®* can be achieved between 58 and 100% efficiency, as compared
to that of Y3*, La®" and Ce®*" (23 - 50%) (Salman et al., 2022). The exact value of
recovery depends on type and concentration of the acid used for stripping.

During the cation interaction with cryptand 2.2.2, the cation is transported from
the aqueous phase and can be coordinated in the cavity of the cryptand by six oxygen
and two nitrogen atoms (Marcus, 2004). Because C2.2.2 is a diprotic base, its ability
to complex metal ions in aqueous solutions is highly influenced by the pH of the
medium. At pH < 2, the C2.2.2 will be protonated (as shown in Fig. 39), and the
binding constant for metal cations will be severely reduced relative to that of the

neutral C2.2.2 due to charge repulsion.
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Fig. 39. Effect of the pH on the metal ions ex_traction ability of cryptand 2.2.2 and its
protonation.

The protonation of C2.2.2-type cryptands occurs through proton transfer from
the acid solutions (Auffinger and Wipff, 1991). It was shown that acids are able to
catalyse decomplexation of metal cryptates in the endo-endo form (Auffinger and
Wipff, 1991). Hence, stripping or displacement of guest cations from the macrocyclic

molecules usually occurs in acidic environments (Gandhi and Khopkar, 1993; Luo et
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al., 2004). The experimental data confirm the supposition that the pH of the solution
can alter the binding affinity of cryptand. The extraction of M3* was quantitative at
pH > 2. Then different metal cations can differently compete to be encapsulated by
cryptand, between pH 2-3.

On the other hand, stripping of REE cations from the cryptand organic phase
was quantitative at pH < 2, since the proton concentration is high enough to displace
cations from the cavity. It was reported that deprotonation of the N-H* group of
cryptand 1.1.1 starts form pH~7 (Alibrandi, 2008) and ends in the alkaline range. This

observation makes the cryptand regeneration and its further reuse possible (Fig. 39).

3.3.6. Flowchart for scandium recovery from red mud

The red mud contains the following main components: iron oxide (Fe203) 12-
48 m/m%, calcium oxide (CaO) 2-42 m/m%, aluminum oxide (Al203) 12-26 m/m%,
silica (Si02) 8-43 m/m%, titania (TiO2) 4-18 m/m%, sodium oxide (Na20) 2-11 m/m%
and rare earth elements in minor amounts (0.1-0.3 m/m%) (Juzsakova et al., 2018).
The total amount of REEs estimated in the Hungarian red mud is about 1500-2500
ppm (Lakatos et al., 1978; Szépvolgyi and Kotai, 2012).

The major elements concentrations of red mud should be diminished before the
extraction of REEs. As it was shown, the extraction step can involve extraction of
REEs with cryptand (this study), crown ethers or organophosphorus compounds (e.g.
di-(2-ethylhexyl) phosphoric acid, tributyl phosphate) (Lakshmanan and Vijayan,
2018) or with solid extractants (Zhang et al., 2019). Due to the limited capacity of MCs
and solid adsorbent particles, liquid-liquid and solid-liquid extraction methods are
recommended for the final step of the recovery procedure, when the solution mainly
contains the REE target metals (e.g. Sc, La, Ce).

Application of the selective leaching method using inorganic acids can
minimize Al (56%), Ca (73%), Mg (89%), Mn (65%), Na (51%), Ti (63%), Si (1%)
dissolution from red mud (but not Fe (91 wt%)) at atmospheric pressure and relatively
low temperature, 80 °C (Juzsakova et al., 2023). At the same time leaching results in

the selective and effective dissolution of rare earth metals (e.g. Sc 50-70 % or 50-70

ppm).
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The major elements of red mud such as iron can be efficiently removed by
reduction at high temperature followed by magnetic separation (Grudinsky et al.,
2022). The dissolved iron from HCI media can also be efficiently separated by organic
solvent extraction with diethyl ether (Tunkasiri et al., 1992).

In order to separate the rare earth metals - and other metal components that
may dissolve - it is advisable to use the ion exchange process. An ion exchange
technique, using strongly acidic cation exchange resins (e.g. AmberChrom 50WX8),
is suitable for the efficient separation of various metals from red mud (Acikara, 2013;
Molchanova et al., 2019). During the ion exchange process, the various metal ions
(M™) including REEs from red mud leachate are competing with counter ions (H™) for
the functional group of an ion exchanger/resin. The most common strategy to elute
boundmetals from the resin is pH manipulation of the eluent: increasing the ionic
strength (e.g. increasing the molarity of acid) can displace metal ions that are more
highly charged/ stronger bound. As a result, fractions rich in different metals are
obtained. In the product fractions obtained during ion-exchange, the rare earth metals
are present in the same order of magnitude as the main elements, which results in a
significant enrichment of target elements, such as Sc, as compared to the initial
leachate composition (Juzsakova et al., 2023).

Adjusting the pH between 1 and 2, Sc ions can quantitatively be precipitated
from solution with oxalic ions (Nawab et al., 2022). This is the usual way of the
quantitative analysis of lanthanides after calcination of the oxalate precipitate (Silva et
al., 2019; Strauss, 2016). The next purification step of the desired fraction containing
high amount of Sc can be done by liquid-liguid extraction with macrocyclic or
organophosphorus compounds and by solid-liquid extraction.

The knowledge gained on the ability of MCs to encapsulate REEs has been
utilized in designing the solid phase applied for recovery of Sc ions by solid phase
extraction (Salman et al., 2020). This extraction is an ecologically friendly alternative
technology, efficiently simplifying the procedure of Sc3* extraction and decreasing the
costs as compared to solvent or liquid film extractions (Dai et al., 2022). Novel hybrid
nanoparticles and natural amorphous SiO, nanoparticles were modified with 3-
aminopropyl triethoxysilane (APTES) as chemical linker and cryptand 2.2.2 as
supramolecular ligand for scandium extraction. The extraction efficiency on these

hybrid nanomaterials from 15-75 mg/L Sc3* solutions varied between 81.3 and 96.7%.
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Moreover, the stripping/back extraction with 0.1 mol/L HCI recovered Sc from the
solid phase with an efficiency ranged from 95.0 to 96.5% (Salman et al., 2020). The
proposed flowchart for the recovery of scandium, iron and other metals from red mud

are shown in Fig. 40.
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Fig. 40. Flowchart for the recovery of scandium, iron and other metals from red mud.
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It should be emphasized that red mud as a resource of individual rare earth
metals alone cannot be an attractive option. From an economic point of view, it is
necessary to consider the complex processing of red mud. The recovery of Sc should
be combined with the separation of Fe, Al, Ti, Mn main/minor as well as other rare

earths elements, e.g. Y, La, Ce.
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CONCLUSIONS

This work has shown the feasibility of preparing valuable hydrocarbon
adsorbents using functionalization techniques such as microemulsion treatment of
MWCNTSs and doping the MWCNTSs by nanometal oxides. The adsorption behaviour
of functionalized MWCNTSs underlines the structural and hydrophobic properties
stemming from functionalization via microemulsion treatment, and the impacts of this
modification on hydrocarbon adsorption capacity. The experimental results proved
that the LEMWCNTSs are good hydrocarbon adsorbents. The adsorption capacities of
LEMWCNTs are higher than that of MWCNTSs for all model hydrocarbons. The g of
LEMWCNTs is in the range of 4.5 to 13.3 g/g, while the gof MWCNTS is in the range
of 3.8-7.2 g/g.

The kinetic studies illustrated that the pseudo-second order model is the best-
correlating one for toluene removal over htEMWCNTSs with equilibrium removal
capacity reaching up to 4.9 g/g and a rate constant of k> =0.0303 g/g-min. This result
is based on the assumption that the rate-limiting step is chemisorption involving
valency forces through the sharing or exchange of electrons between sorbent and
sorbate. Thus, this model provided the best correlation of the data. The activation
energy (43.73 kJ/mol) calculated on the basis of the kinetic measurements supports the
notion that chemisorption occurs instead of physisorption.

The result showed that the novel metal oxide-doped MWCNTSs adsorbents are
nanosized materials having the graphene layers as the major crystalline phase. The
EDX and TGA studies confirmed the successful deposition/attachment of metal oxides
onto the MWCNTSs surface. The deposition of V20s (2-5 wt%), CeO2 (4-12 wt%) and
V>05:Ce02 (2-8 wt%) over the oxidized MWCNTS caused the blockage of micropores.
At the same time, the surface area remained relatively high (115-135 m?/g) for
adsorption treatment. The experimental results showed that adsorption capacity and
removal efficiency of MWCNTSs for methylene blue increased after adding metal
oxides nanocomposites over MWCNTSs (ox.) from 7.4 to 56.7 mg/g and 8.4 to 63.8%
respectively. The studied microemulsified MWCNTs and metal oxides-modified
MWCNTSs can be considered as potential adsorbents for organic molecule depollution

control and could open new avenues for their application.
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Recovering rare earth metals from secondary sources such as red mud is a
challenging task. Since scandium is a highly valuable element, the aim of this work
was to devise and test novel techniques involving the use of macrocyclic compounds
(crown ethers, cryptand) for the encapsulation of metal ions in cage-like structures for
the separation. In this study, the extraction of Sc by cryptand 2.2.2 and crowns (12-C-
4, 15-C-5, and DC18-C-6) from model acid solutions containing Sc has been
successfully proposed and highlighted. The results clearly show that C2.2.2, 12-C-4
and 15-C-5 exhibited excellent Sc** extraction abilities as compared to DC18-C-6
under the same conditions. The extraction ability of these compounds can be due to
the compatibility between the macrocyclic compounds ring sizes and the ionic radii of
Sc ions. The Sc®* extraction efficiency obtained by C2.2.2, 12-C-4, 15-C-5 achieved a
high percentage (> 95%) depending on the pH value of aqueous solutions at different
scandium concentrations.

Novel analytical procedures have been developed for the recovery of Sc from
the acidic leachates of Hungarian red mud including: iron removal with diethyl-ether;
main elmentes separation from REEs via cation exchange; Sc, Ce, La oxalates
precipitation and purification applying solvent extraction (using organo-phosphorous
or macrocyclic compounds) or solid phase extraction (with organophosphorous

compound-modified solid support).
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NEW SCIENTIFIC FINDINGS, DSC THESIS

The adsorption properties of surface-modified MWCNTs and nanometal-
modified MWCNTSs necessitate the understanding of (i) the surface chemical
properties stemming from the functionalization of MWCNTS, and (ii) the impacts of
this pretreatment on pollutants removal from water. The interpretation of processes
occurring on the surface of newly synthesized adsorbents can contribute to the
remediation of contaminated water bodies.

The red mud contains several valuable metals including iron oxide (33-40%),
titania (4-6%), vanadia (0.2-0.4%), rare earth elements (REEs) (1500-2500 ppm), etc.
Therefore, it can be considered as a potential secondary metals resource. The recovery
of scandium was aimed at from the red mud since the scandium is a very important
element for the electronic industry to produce high-intensity lights source and to
prepare high strength alloys for spacecraft industry. The liquid-liquid extraction of the
scandium cation by macrocyclic compounds from model REEs solutions was studied.
The result showed that cryptand as an organic extractant could be of potential value in
the separation and purification of Sc®* in rare earth elements processing industry.
Moreover, the recycling of REEs is considered as part of the complex utilization of
red mud, leading to a reduction in the storage volume of wet red mud and mitigation
its hazardous impact to the environment. The main results are summarised in the thesis

points below.

THESIS POINTS

4.1. Microemulsified carbon nanotubes (LEMWCNTSs) for the removal of

hydrocarbons (undecane, kerosene and toluene) from water:

4.1.1. | concluded that the functionalization of MWCNTSs via non-covalent
microemulsification has no effect on crystal structure. This fact is evidenced
by the XRD. Raman spectroscopic studies confirmed the interaction between
the carbon nanotubes and the functional groups of the fatty acid esters used for
the modification. The thermogravimetric studies showed that during

microemulsification treatment fatty acid esters (esterified mainly with lauric
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acid) were connected onto the surface of the MWCNTs. The BET study
revealed that microemulsification resulted in a decrease in the specific surface
area of MWCNTSs by 37% due to the blocking of micropores. This result also
proves the successful incorporation of functional groups into the MWCNTS
pores. The disappearing of micropores does not have significant impact on the
removal efficiency of hydrocarbon pollutants from water [P1-2].

| proved that the microemulsion technique as a type of non-covalent surface
functionalization has a beneficial effect on MWCNTSs’ hydrophobic properties
without the need for additional functionalization and substitution steps to
attach hydrocarbon side chains. This statement was proved by batch adsorption
tests, GC, UV-Vis results. The adsorption capacity of ptEMWCNTSs was
higher than that of MWCNTSs for all model hydrocarbon-water solutions
investigated (alkanes and aromatic hydrocarbons). Moreover, the adsorption
capacity of hLEMWCNTs towards kerosene was two and three times higher
than that obtained over commercial Chemiviron Carbon F300 and Norit GAC

1240 EN activated carbon-based adsorbents, respectively [P1].

| proposed that one of the most probable ways of sorption of non-polar, alkane
molecules on raw MWCNTs is via CH- - & interaction. The CH- - & link is one
of the weak non-covalent hydrogen bonds. In case of raw MWCNTS interaction
occurs between the H atoms of the saturated hydrocarbons (undecane,
kerosene) and the carbon atoms of MWCNTSs (Fig. 1.) [P1-2].

Undecane C,;H,,

Fig. 1. Adsorption of undecane over MWCNTS.
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4.1.4. 1concluded that the adsorption affinity of toluene over tEMWCNTS increases
by the involvement of the —C=0O groups and by aromatic n-m bonds. The
sorption of the toluene on the surface of the uEMWCNTSs can be given, as
depicted in Fig. 2. It is in harmony with the adsorption mechanisms of organic

pollutants over CNTs reported earlier [P1].

Fig. 2. The mechanism of the surface functionalization and sorption of toluene over
uEMWCNTs.

4.1.5. | observed that the experimental data of toluene adsorption over LEMWCNTSs
fitted well to the second-order kinetic model (R? > 0.99). Moreover, the
calculated activation energy of the adsorption is 43.73 kJ/mol, which supports

the assumption that the sorption process is chemisorption [P1].

4.2.  Nanometal oxide-doped MWCNTSs composites for the removal methylene
blue dye from water:

4.2.1. | confirmed the successful doping of metal-oxide nanocomposites over
MWCNTSs surfaces while preserving the crystalline phase and morphology of
the graphene layers (confirmed by TGA, BET, XRD, SEM-EDX, and TEM).
The deposition of V.05, CeO, and V20s:CeO2 mixture over the oxidized
MWCNTSs caused the blockage of some micropores. Meanwhile, the surface
area available for adsorption treatment remained relatively high (115-135
m2/g) [P3].
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4.2.2. | observed that the adsorption capacity (q:) and removal efficiency (RE) of
MWCNTSs with regard to the removal of methylene blue from water increased
after adding V205:CeO2 over MWCNTSs (gt increased from 2.4 to 56.7 mg/g
and RE increased from 2.7 to 63.8%) [P3].

4.2.3. For raw MWCNTs, I concluded that a m-n-type interaction can form between
the m bonds in methylene blue and the m bonds of the multiwalled carbon
nanotubes. When the MWCNTSs are oxidized with acids covalent sidewall
functionalization of the nanotubes with —OH, —COOH, —C=0 groups occurs.
Stronger electrostatic interactions can form between the carboxyl group and
the cationic methylene blue. A bond could also be formed between the electron
pair of the nitrogen atom and the hydrogen atom at the end of the tubes or at
defect sites. Therefore, in the case of oxidized MWCNTSs adsorption can follow
a mixed mechanism (7-7 and electrostatic interactions) [P3].

4.2.4. The nanotube surface exhibits polar groups (like hydroxyl or carboxyl ones)
after acidic treatment, which are able to interact with the nanometal oxides
during the deposition of metal-oxides over MWCNTSs surface. The presence of
semiconductor metal-oxides nanocomposites (CeO2, V20s) on the surface of
MWCNTSs induces the electron transfer from nanoparticles into nanotube
(electron injection). This leads to enhanced MB adsorption through n—=
interactions between the MB molecules and the aromatic rings of the tubular

graphene layer [P3-4].
4.3. Scandium recovery based on molecular recognition methodology:

4.3.1. | proposed the macrocyclic compounds (crown ethers, cryptand) for the
encapsulation of REE ions in cage-like structures. It have been shown that the
incorporation of Sc3* into an 0.008 mol/L C2.2.2. cryptand extractant solution
was feasible from model acid solution containing 25 mg/L Sc, Y, La, Ce of
each. The binding affinity/selectivity can be manipulated by changing the pH.
Application of cryptand extractant showed a selective separation towards Sc*
ions having high extraction value of 97% at pH 2, as compared to Y = 18%,
La = 10% and Ce = 9%. The results support the observation that the high
extraction ability of C2.2.2 for Sc®" from REEs solutions can be due to its

molecular recognition ability. On other hand, the molecules of cryptand are
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three-dimensional structures and is able to encapsulate the guest ions and form
stable complexes. This could be of potential value in the separation and

purification of Sc in REESs processing [P5-6].

The knowledge gained in the field of REE extraction with macrocyclic
compounds has been implemented to develop new types of solid phases for
solid-liquid extraction techniques. Novel hybrid nanoparticles, SiO>
nanoparticles modified with 3-aminopropyl triethoxysilane (APTES) as
chemical linker and cryptand 2.2.2 as supramolecular ligand is suitable for
scandium adsorption from model solution of 15-75 mg of Sc/L. Moreover, the
stripping/back extraction with 0.1 mol/L of HCI re-covered Sc from solid

phase with efficiency ranged from 93.1 to 97.8% [P7].

| proposed reliable and efficient analytical techniques for the recovery of Sc
from the acidic leachates of Hungarian red mud including: iron removal with
diethyl-ether; main elements separation from REESs via cation exchange; Sc,
Ce, La oxalates precipitation and purification applying solvent extraction
(using organo-phosphorous or macrocyclic compounds) or solid phase
extraction (with organo-phosphorous compound-modified solid support) [P8-
10]. By this techniques at about 35-40 % of Sc can be recovered by processing
of red mud in the laboratory-scale system. Flowchart for the recovery of

scandium, iron and other metals from red mud is shown in Fig. 3 [R11].
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Fig. 3. Flowchart for the recovery of scandium from red mud.
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Innovative Materials and Processes for a Sustainable Development, lasi, Romania,
October 31-November 2, 2018.

Salman, A.D., Juzsakova, T., Bakonyi, Z., Domokos, E.: New strategy for the
recovery of rare earth elements (REEs) from Hungarian red mud, Conference on
Global and Regional Environmental Protection, GLOREP 2018, Timisiora, Romania,
November 15-17, 2018.

Salman, A.D., Juzsakova, T., Bakonyi, Z., Pap, T., Domokos, E.: Experimental
investigation to recovery of rare earth elements (REES) from Hungarian red mud using
optimization technique, 9th International Conference on Climatic Changes and
Environmental(Bio) Engineering, Obuda University, Budapest, November 22-24,
2018.

Juzsakova, T., Al-Jammal, N., Abdullah, T.A., Cretescu, I., Viktor, S., Le Phuoc, C.,
Domokos, E.. Modified carbon nanotubes for water cleaning, 11th International
Conference Air and Water-Components of the Environment, Cluj-Napoca, Romania,
March 22-24, 2019.

Salman, A.D., Juzsakova T., Barbooti M.M.: Technological development for
recovery of rare earth elements from red mud, Conference on postgraduate research
in chemical engineering, CEPC3-2019, University of Technology, Baghdad, Iraq,
May 5-7, 2019.

Abdullah, T.A., Juzsakova, T., Salman, A.D.: Hydrocarbons removal from water
using MWCNTSs as promising adsorbent material. 7th International Conference on
Environmental Management, Engineering, Planning and Economics CEMEPE and
SECOTOX, Mykonos Island, Greece, May 19-24, 20109.

Salman, A.D., Juzsakova T., Abdullah, T.A.: Process development for recovery of
rare earth elements from red mud. 7th International CEMEPE and SECOTOX,
Mykonos Island, Greece, May 19-24, 2019.

Abdullah, T.A., Juzsakova T., Rashed, T.R., Salman, A.D., Al-Asadi, M., Rizk, R.:
Metal nanoparticles modified carbon nanotubes as adsorbent materials to remove
hydrocarbons from water. Keynote, 13" International Conference on Chemical,
Agricultural, Environmental and Biological Sciences (BCAEBS-19) Budapest, July
22-24, 2019.

Rédey, A., Juzsakova T.: Functionalized carbon nanotubes for hydrocarbon removal
from water, 100 years from the founding of the School of Chemistry Taught in a
Romanian in Cluj, ,,Chemia Napocensis-100”, Cluj-Napoca, October 9-12, 2019.
Abdullah T.A., Juzsakova T., Rasheed T.R., Le Phuoc, C., AL-Lami M., Domokos,
E.: Removal of paraffin hydrocarbons from wastewater for petroleum industries using
metal oxides nanoparticles modified MWCNTS, 25th International Conference on
Chemistry, Cluj-Napoca, October 24-26, 2019.

Abdullah, T.A., Juzsakova, T., Rashed T. Rasheed, R.T., Salman, A.D., Al-Lami,
M., Adelikhah, M., Domokos, E.: Removal of methylene blue from water using V20s
and MnO- nanoparticles modified MWCNTSs. 14th International Conference on Waste
Management, Ecology and Biological Sciences, Budapest, Hungary, November 8-9,
2019.

Salman, A.D., Juzsakova, T., Domokos, E., Abdullah, T.A.: Recovery of rare earths
from red mud by high-pressure acid leaching, Oral, International Joint Conference on
Environmental and Light Industry Technologies IJCELIT 7, Obuda University,
Budapest, Hungary, November 21-22, 2019.

Juzsakova, T., Salman, A.D., Varga, B., Kulcsar, G., Lauer, J., Pap, T.: Rare earth
metals separation from bauxite waste by ion exchange and solvent extraction
techniques, Keynote, 13th ICEEE-2022, International Annual Conference on “Global
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Environmental Development & Sustainability: Research, Engineering &
Management”, Budapest, November 17-18, 2022.

22. Juzsakova, T.: Modification and characterization of advanced materials for

environmental applications, Szeminarium, Department of Chemical Technology and
Ecology, Shakarim University, Semey, Kazahsztan, October 31, 2023.

Hungarian conference presentations related to the theses:

1.

Pozsgai, Cs., Tiber, B., Varga, B., Kulcsar, G., Pap, T., Juzsakova, T.
Ritkafoldfémek kinyerése vordsiszapbol extrakcios eljarassal / Recovery of rare earth
elements from red mud by extraction techniques, Miiszaki Kémiai Napok 2023
Konferencia Engineering Chemistry Conference, Veszprém, 2023. aprilis 18-20.
Tiber, B., Pozsgai, Cs., Varga B., Kulcsar G., Pap T., Juzsakova T.: Ritkaféldfémek
kinyerése vOrosiszapbol ioncsere eljarassal / Recovery of rare earth elements from red
mud by ion exchange techniques, Miiszaki Kémiai Napok 2023 Konferencia
Engineering Chemistry Conference, Veszprém, 2023. aprilis 18-20.

Juzsakova, T., Varga, B., Kulcsar, G., Pap, T.: Fémionok kinyerése vorosiszapbol
ioncserés elvalasztassal, XV. Kornyezetvédelmi Analitikai és Technologiai
Konferencia és 63. Magyar Spektrokémiai Vandorgy{ilés, Balatonszarszo, 2024.
marcius 6-8.
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SUPPLEMENTARY PART

Table S1. Effect of varying concentrations, mg/L, of macrocyclic compounds on Sc
extraction efficiency, E%.
(Sc initial concentration C;j = 25 mg/L, pH of aqueous solution 2 and Cs is final Sc
final concentration).

MC cryptand 222 12-crown-4 15-crown-5 DC18-crown-6
mol/L ether ether ether

Ct E% Ct E% Ct E% Ct E%
0.001 | 21.70 13.20 | 23.15 740 |23.15 7.40 | 24.96 0.159
0.002 | 21.44 14.23 | 22.32 10.71 | 22.46 10.15 | 24.65 1.38
0.004 | 20.72 17.14 | 21.74 13.04 | 22.12 11.50 | 22.7 9.09
0.006 | 3.70 85.18 | 18.25 27.00 | 18.94 24.24 | 22.04 11.81
0.008 | 0.18 99.25 | 12.50 50.00 | 1295 |48.18 |21.51 13.94
0.010 | 0.02 99.91 | 10.16 59.34 | 11.79 52.83 | 21.44 14.23

Table S2. Effects of pH of macrocyclic extractant solution on Sc3* extraction.

pH of cryptand 222 12-crown-4 15-crown-5 DC-18-crown-6
aqueous ether ether ether

solution Ci Cf Ci Cf Ci Cf Ci Cf

1 25 8.74 |25 12.26 | 25 14.62 | 25 21.39
2 25 119 |25 10.17 | 25 11.79 |25 21.10
3 25 012 |25 553 |25 6.83 |25 18.73
4 25 0.09 |25 027 |25 130 |25 18.65
5 25 031 |25 021 |25 1.02 |25 18.55
1 50 47.35 |50 49.51 |50 4951 |- -

2 50 17.13 | 50 23.70 | 50 2440 | - -

3 50 0.03 |50 1.21 |50 112 |- -

4 50 031 |50 0.98 |50 0.88 |- -

5 50 094 |50 090 |50 0.80 |- -

1 75 65.74 | 75 70.10 |75 7353 | - -

2 75 33.34 | 75 35.89 |75 36.75 | - -

3 75 0.13 75 1.07 75 2.12 - -

4 75 436 |75 120 |75 134 |- -

5 75 058 |75 080 |75 1.03 |- -

1 100 66.27 | 100 7247 |100 80.65 | - -

2 100 60.98 | 100 65.79 | 100 66.67 | - -

3 100 0.04 |100 1.76 100 162 |- -

4 100 3.01 |100 1.54 100 142 |- -

5 100 0.31 |100 1.31 100 121 |- -
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Table S3. Spectral analysis data from the deconvolution of D- and G-bands and the
calculated ratios.
Ratio changes compared to the MWCNTSs sample are displayed in brackets.

Sample Center |[FWHM | Area |Intensity| Io/l |le/lp | Ap/Ac | Ac/Ab

1284 71.130 | 0.04722 0.001782
1289 36.760 | 0.05887

MWCNTSs 1.48 0.48 159 0.96
1598 36.995 | 0.06684 | 0.001207

2561 71.375 | 0.10150 | 0.000862

1289 43.178 | 0.06766 0.001419

MWCNTSs 1289 59.332 | 0.03089 1.44 061 1.48 1.03
OX. 1599 | 44.993 | 0.06651 | 0.000988 | (004 | (0.06) | (0.11) | (0.08)

2567 76.308 | 0.10176 | 0.000862

1289 | 67.900 | 0.06237 | (oo
1289 40.887 | 0.07774 160 | 037 176 0.41
Ce/MWCNTSs

1509 | 47.349 | 0.07962 | 0.001361 | (012 | (018 (0.47) | (05)

2567 59.131 | 0.05748 | 0.000794

1289 73.096 | 0.04876 0.001454

1289 55.547 | 0.07993 1.40 0.43 1.40 0.48
1600 | 57.770 | 0.09178 | 0.001041 | (008) | (0.1 | (0.18) | (-0.48)

2561 67.739 | 0.06200 | 0.000632

VIMWCNTSs

1289 | 64.762 | 0.06845

0.002304
V:Ce/ 1289 | 42.833 | 0.09338 178 | 038 242 0.45
MWCNTSs 1598 | 45.096 | 0.06680 | 0.001291 | (0.31) | (-0.17) | (0.84) | (-0.51)
2566 60.566 | 0.07237 | 0.000868
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Table S4. Mass loss data from the termoanalitical measurements

Estimated
T start | T end Total Residual Ce-IV-
Sample N o Mass loss step | mass oxide
O 0 loss mass content
(m/m%)
21 190 | 0.15mg (2.5 %)
MWCNTs (o 22 B TG ey |
.08 mg (86.2 %)
750 1016 |0 mg (0 %)
21 155 |1.43 mg (20.1 %)
155 366 | 1.32 mg (18.5 %)
MWCNTsOX. | 366 | 500 |032mg(45%) |(sss09 |(iooy |
500 730 |3.84 mg (53.9 %)
730 1016 |0.11 mg (1.5 %)
22 190 | 0.35mg (5.1 %)
190 360 |0.33 mg (4.7 %)
Ce/MWCNTSs | 360 | 485 [049mg(7%) | ssson) |(aesy |
485 700 | 4.86 mg (69.6 %)
700 1015 |0.01 mg (0.2 %)
22 190 | 0.58 mg (8.4 %)
190 330 |0.4mg (5.7 %)
V/MWCNTSs jig 23(8) 2?2 mg (12.6 %) ?éi.g]&) | ?5_1.;’261.}/0 r)ng V20s: 3.7%
.59 mg (65.8 %)
590 700 [0.15 mg (2.1 %)
700 1015 |0.01 mg (0.2 %)
21 190 |0.52 mg (7.4 %)
190 316 [0.25 mg (3.6 %)
) 6%) |621mg |0694m gg%wzos:
V:Ce/lMWCNTS j;g ‘S‘fé ; j; Mo (L48%) Jezimg | 06 ms
42 mg (49.1 %)
545 700 [1.01 mg (14.6 %)
700 1016 |0.06 mg (0.8 %)
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