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Abstract

The development and optimisation of technologies for water treatment are more and more
needed due to the increasing levels of organic micropollutants found in water matrices,
including drinking water. Adsorption is one of the simplest treatment processes that can be
applied to remove micropollutants from water and several adsorbents have been developed,
such as those based on activated carbon (AC). AC is a metal-free amorphous solid material,
easy to obtain from organic matter. However, this material is often used in powder form or
as particles, being difficult its regeneration and reuse.

Graphitic carbon nitride (g-C3N4) is a polymeric material of metal-free nature, insoluble in
water, with proven self-immobilisation capacity onto alumina-silica macrostructures and
well-known for its high catalytic activity. In the present work, the synthesis of AC
functionalised with different loads of urea (U, a precursor for g-CsN4) onto the surface of
three-dimensional alumina structures was carried out to avoid the limitations of using AC in
powder form. Moreover, this strategy allows the regeneration of the spent AC-based
adsorbents by taking advantage of the catalytic performance of g-C3N4. The functionalised
AC composites were used for venlafaxine (VFX) adsorption in batch and continuous flow
operation to verify the adsorption capacity of each material and define the best AC/U ratio
for efficient adsorption and catalytic-driven regeneration.

This study revealed that the AC/U ratio that provides a higher adsorption capacity is 50
gu/gac. This immobilised composite was tested in continuous flow mode in two different
matrices: ultrapure water and drinking water obtained from tap, achieving VFX removals
higher than 65% in steady state. Considering the possible regeneration, catalytic wet
peroxide oxidation (CWPO) experiments were also conducted, with the functionalised AC

composites showing a good performance.

Keywords: adsorption; three-dimensional structures; adsorbent regeneration; activated

carbon; graphitic carbon nitride; organic micropollutant.
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Resumo

O desenvolvimento e a otimizacdo de tecnologias para o tratamento de aguas sao cada vez
mais necessarios devido aos niveis cada vez mais elevados de micropoluentes organicos
encontrados em matrizes de aguas, incluindo agua de consumo humano. A adsorcao é um
dos processos de tratamento mais simples que podem ser aplicados para remover
micropoluentes da agua e varios adsorventes tém sido desenvolvidos, como os que sao a base
de carvao ativado (CA). O CA é um material so6lido amorfo, livre de metais, facil de obter da
matéria organica. Contudo, € comummente usado em po ou particulas, tornando dificil a sua
regeneracao e reutilizacao.

O nitreto de carbono grafitico (g-C3N4) conhecido pela sua elevada atividade catalitica, € um
material polimérico de natureza livre de ides insolUvel em agua com capacidade de auto-
imobilizacdo em macroestruturas de silica-alumina. No presente trabalho foi realizada a
sintese de matérias de CA funcionalizados com diferentes cargas de ureia (U, precursor de
g-C3N4) na superficie de estruturas tridimensionais de alumina, de forma a evitar as
limitaces da utilizacdo do material na forma de pd. Este processo foi também realizado
para facilitar a regeneracdo dos adsorventes usados tendo como objetivo aproveitar as
propriedades cataliticas do g-C3;N4. Os compositos funcionalizados de CA foram utilizados em
experiéncias de adsorcao de venlafaxina (VFX) em modo continuo e descontinuo, para
verificar a capacidade de adsorcao de cada um e descobrir a melhor relacao CA/U que
possibilite uma adequada adsorcao e regeneracao catalitica.

O estudo revelou que a relacdao CA/U que permite uma maior adsorcao € 50 gu/gca. O
composito imobilizado que foi obtido com este racio foi testado em modo continuo com duas
matrizes diferentes: agua ultrapura e agua potavel, alcancando remocdes superiores a 65%
em estado estacionario. Considerando uma possivel regeneracdo, ensaios de oxidacao
catalitica com peroxido de hidrogénio foram feitos com os compositos funcionalizados de

CA, que demonstraram uma boa performance.

Palavras-chaves: adsorcao; estrutura tridimensional; regeneracao de adsorvente; carvao

ativado; nitreto de carbono grafitico; micropoluente organico.
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1. Introduction

The biggest reservoirs of water on the planet are the oceans (corresponding to around 97%),
so the world population depends on the 3% of available freshwater. The latter is mostly
found in glaciers, groundwater and swamps. Other, more easily accessible, freshwater
reservoirs like lakes and rivers play a crucial role as industrial, irrigation and drinking water
sources [1].

Water contamination occurs when harmful chemicals or microorganisms from human
activities are introduced into a water reservoir, degrading water quality and turning it toxic
to humans or the environment [2]. The modern world has some challenges due to intense
environmental contamination by various organic compounds and consequently, the necessity
for development of convenient techniques for their removal. Over the last few years,
pharmaceutically active compounds have increased in urban, domestic, industrial, and
hospital waters and wastes. Even at low concentrations, their presence is deteriorating the
quality of the air, water, and soil [3].

Pharmaceuticals are chemical substances used to prevent, treat, and cure diseases, or to
restore, correct, or modify organic functions. In recent years, the use of pharmaceuticals
has increased, some were mostly used due to the outbreak of the coronavirus. They belong
to the class of contaminants of emerging concern (CECs) and are released to the environment
from different sources: domestic (including urine and faeces); improper disposal of sewage
by the pharmaceutical industry; medical wastewater discharge, and so forth [4]. They are
slightly soluble and highly mobile in water portraying a big problem that demands further
attention [3]. Conventional secondary wastewater treatment in wastewater treatment
plants (WWTPs), such as activated sludge processes, are not able to remove efficiently these
substances, so they are uncontrollably discharged and reach water bodies. As reported in
some studies, drinking water treatment processes, such as chlorination and chemical
coagulation-sedimentation, are not efficient in the removal of pharmaceuticals, allowing
some organic pollutants to remain in the treated water [4, 5]. The pharmaceuticals

occurrence in drinking water can cause risks to human health due to long-time exposure [6].

1.1. Framing and presentation of the work

Among various pharmaceutical contaminants, venlafaxine (1-[2-(dimethylamino)-1-(4-
methoxyphenyl)-ethyl]-cyclohexan-1-ol; VFX) was chosen as the model pollutant to be
removed from water in this work [7]. VFX is an antidepressant that belongs to the class of
selective serotonin and norepinephrine reuptake inhibitors (SSNRIs) and is widely used to
treat and manage symptoms of depression, cataplexy and social anxiety disorder [8]. Its
occurrence in water bodies and drinking water induces several adverse effects such as

changes in swimming patterns and stress response mechanisms [9]. Similar to other

Introduction 1
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pharmaceuticals, VFX is not efficiently removed by conventional wastewater and drinking
water treatment plants. Therefore, several technologies have been studied for more
efficient removals of this pharmaceutical from water, such as adsorption [10, 11], advanced
oxidation processes - AOPs [12], biological technologies [8], electrochemical approaches
[13], membrane filtration [14], among others. To select the best-performing technology to
implement in wastewater and drinking water treatment, some points must be considered:
cost, difficulty of operation and implementation, efficiency and overall sustainability [15].
Adsorption is a surface process that occurs between two different phases in which a molecule
(adsorbate) from a fluid bulk (liquid or gas) is transferred to a solid or liquid surface
(adsorbent), forming an interface layer, this layer being expressed by physical or chemical
interactions [16]. For water and wastewater treatment, several adsorbents have already
been developed by researchers. The most used adsorbents are geopolymers [17-19], clay
minerals [20], activated carbons [21], metal-organic frameworks [22], zeolites [23],
nanosized metal oxides [24] and graphitic carbon nitride [25].

In particular, activated carbon (AC) is a carbonaceous metal-free amorphous solid easily
obtained from organic matter, with an extraordinarily large internal surface area and pore
volume, that makes it a great adsorbent in many different liquid and gas phase applications
[26]. However, because it is mostly used in powder form, its regeneration is difficult and
expensive making the reusability process a challenge [27].

Graphitic carbon nitride (g-C3N4 or GCN) is a polymeric material insoluble in water, that
preserves its stability up to 600 °C, consisting of tri-s-triazine or s-heptazine units bonded
by tertiary or secondary amino groups, showing resistance to weak acids and bases [25]. This
material has a metal-free nature and presents high photocatalytic activity under visible-light
illumination. Likewise, g-C3Ny4 is typically used in powder form, so it is difficult to remove it
from water after its use [28, 29]. Recently, a work from the LSRE-LCM research group
revealed how to perform the self-immobilisation of g-C3N4 (without AC) onto alumina-silica
macrostructures (ceramic foams) to overcome the disadvantage of powdered catalysts [29].
Hence, the synthesis of g-C3N4from urea was carried out for the first time onto the surface
of AC on three-dimensional alumina structures in order to: (i) endow the AC materials of a
self-immobilisation mechanism removing the need to filter powder from the treated water
and (ii) facilitate the subsequent regeneration of the spent AC-based adsorbents by the
catalytic action of g-C3N4. Furthermore, the urea-modified AC adsorbents were tested using
a tap water matrix to simulate more realistic conditions and the prepared 3D structures were

used under continuous flow mode operation for future scale-up applications.
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1.2. Main objectives

The main objective is to synthesise functionalised AC composites and perform the
self-immobilisation onto 3D alumina structures for VFX removal from water. To accomplish
this goal, several short-term objectives were defined: 1) assess the adsorption capacity of
the modified AC materials by selecting the best proportion of AC and urea (precursor for g-
C3N4); 2) immobilise the AC-based composites onto macrostructured alumina spheres; 3)
investigate the influence of the water matrix on the adsorption mechanism; and 4) employ

catalytic wet peroxide oxidation (CWPO) for future regeneration of spent adsorbents.

1.3. Organisation of the dissertation

This dissertation is organised in six chapters. In the present chapter, a brief introduction
about the proposed work is presented. Chapter 2 shows the adsorption fundamentals, a
literature review of AC and g-C3N4 in adsorption of VFX and other pollutants, as well as their
use as a catalyst. A description of the materials and methods is made in Chapter 3. Chapter
4 discusses the characterisation results of the functionalised AC composites, the adsorption
studies carried out with the composites and the respective catalytic activity. The conclusions

and the assessment of the work done are presented in Chapters 5 and 6, respectively.
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2. Context and State-of-the-art

2.1. Principles of adsorption

In adsorption, if a liquid material is an adsorbent (liquid-gas or liquid-liquid system), the
interfacial layer is called film, micelle, or emulsion. When it is a solid-liquid or solid-gas
system, the adsorbent is solid, so the adsorption process mechanism follows an interfacial
layer model [16].

The equilibrium existent between the adsorbent and the bulk phase is described by the
interfacial layer, explained by two principles: physical and chemical adsorption. Physical
adsorption or physisorption leads to no changes of the chemical structure for both adsorbate
and adsorbent, and the bonding between them is weak Van der Walls forces. Chemical
adsorption or chemisorption occurs when the chemical bonding between adsorbate and
adsorbent is an ionic or a covalent bond, by rearrangement of electron density between
them [16].

The interaction between the adsorbate and adsorbent can be described by adsorption
isotherms, which represent the relation between the amount of adsorbate per unit mass of
adsorbent and the adsorbate concentration or pressure in the bulk solution at a constant
temperature [16].

The Langmuir isotherm was originally derived from studying the adsorption of gases by solids,
is the simplest isotherm model and describes the single adhesion layer on the homogeneous
surface, where the attraction between molecules adsorbed on the adsorbate and non-
adsorbed analyte in the bulk solution decreases as they are getting away from the adsorbate
surface. The Langmuir model is proposed for low concentrations assuming that adsorption is
performed in a monolayer with no attraction between molecules on the surface of adsorbate.
So, for modelling multi-layer adsorption on heterogeneous surfaces, the Freundlich isotherm
was suggested, representing a specific case of the Langmuir model. This isotherm indicates
a high affinity of the adsorbate for the adsorbent, suggesting chemisorption, and occuring
when adsorbate-adsorbent interaction is stronger than adsorbate-solution interaction.
Another model used to describe adsorption is the Dubinin-Radushkevich (D-R) isotherm,
which is similar to the Langmuir isotherm but rejects the homogeneous surface. In this
isotherm, the adsorption mechanism is done by pore-filling of adsorbent rather than layer-
by-layer adsorbent surface coverage [16]. In addition, Sips isotherm, also known as
Langmuir-Freundlich model, is the adsorption model that describes the adsorption
mechanism as a combination of diffusion at low solute concentrations and monolayer

formation at high solute concentrations [30].
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2.2. Adsorbent synthesis and modification

AC is a type of porous carbon obtained by carbonisation of carbonaceous materials with
dehydrating chemicals or by treatment of a char with oxidising gases. These carbons exhibit
a high surface area and a high degree of porosity.

Known as the oldest adsorbent in water purification and the predecessor of modern AC,
charcoal had its specific adsorptive properties first discovered by Scheele for the treatment
of gases in 1773, followed by solutions decolourisation in 1786, allowing him to provide the
first systematic account of the adsorptive power of charcoal in the liquid phase [31]. The
commercial production of porous carbon dates to the beginning of the 20" century, being
produced from wood and peat. The need for protective gas masks during World War | boosted
the development of granular AC (GAC) from coconut shells; thereafter the applications of
AC were extended to the purification of drinking water [32].

In adsorption processes, AC plays a crucial role in the removal of impurities from gases and
liquids. The surface of AC causes a higher concentration of adsorbate at the interface than
in the bulk fluid due to physical forces (Van Der Walls type) that bind the molecules from
the liquid or gas phases [32]. Chemisorption may occur on active sites of the carbon surface
as consequence of stronger valence forces. Therefore, the adsorption capacity of AC depends
on its physical (including specific surface area, pore volume and pore structure, among
others), and surface chemical properties (surface acidity and alkalinity, functional groups
and electrochemical properties), consequently, the latest research on AC has been focused
on the modification and characterisation of the material in order to meet the growing
demand for cleaner air and water [32, 33].

In the AC structure can be present atoms such as oxygen, hydrogen, sulphur and nitrogen as
functional groups chemically bonded to the structure. These groups can play a role in the
adsorption capacity of AC and are mainly derived from activation processes [34], precursors
[35], thermal treatment and post-chemical treatment [31, 36].

Several methods were reported in the literature for modification of AC structure. For
instance, Salas et al. [30] prepared a novel adsorbent doping AC with whey protein fibrils
(WPF). The AC/WPF membrane exhibited good specific surface area (456 m* g'), porous
structure and prominent functional groups (amide and amine groups from whey proteins and
hydroxyl groups of AC) to capture arsenate resulting an adsorption capacity of 0.15 mmol g
"at 30 °C.

Wei et al. [37] prepared a metal-free catalyst based on g-C3N4supported on AC through an
in situ thermal approach for degradation of pollutants in the presence of peroxymonosulfate
(PMS) without light irradiation. This study showed that g-Cs;N4 supported on AC catalyst
exhibited an unprecedented high performance for degradation of organic pollutants in the

presence of PMS with an acid orange 7 dye removal of 96.4 % achieved within 10 min. It also
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demonstrated that the adsorption ability of the g-CsN4/AC catalysts decreased for high g-
C3N4 loadings, with 5.2% proving to be the best-performing loading for adsorption.

More recently, in the nineteenth century, Liebig was responsible for the first description of
the synthesis of graphitic carbon nitride-based material, converting melamine into a melon-
like analogue of g-C3N4 [25]. Nowadays, g-C3N4 synthesis is performed mostly via thermolysis
methods with inexpensive earth-abundant precursors, such as cyanamide, urea, thiourea,
dicyandiamide, cyanamide, and melamine [28]. Among the possible g-C3N4 precursors, urea
showed the best performance concerning the production of g-CsN4 with high photocatalytic
activity [38].

In a previous work, Chavez et al. prepared a g-C3;N4 that is self-immobilised onto microporous
and reticulated ceramic alumina/silica foams (AF) by a facile one-pot and in-situ method by
urea polymerisation directly onto ceramic foams [29], using a method adapted from
elsewhere [39]. This heating program yields a 5% weight yield of urea/g-C3N4, after
attempting different concentrations of urea with fresh AF. To remove non-polymerised
material and non-adhered g-C3N4, the g-C3N4/AF samples obtained were washed with
ultrapure (UP) water and sonicated for 5 min. To complete the procedure, the samples were
blasted with compressed air, immersed in boiling UP water, and dried at 100 °C. Powdered
g-C3N4 was also prepared by thermal condensation of the solid urea reagent with the same

thermal treatment [29].

2.3. AC and g-C3N4in adsorption

The data from Figure 1 were retrieved from the Scopus® database. Figure 1 shows the
evolution of the number of documents published over the years, since 2010, where the
expressions “carbon nitride” or “graphitic carbon nitride” or “C3N4” and “activated carbon”
or “AC” were found in the article title, keywords, or abstract. It is clear the difference
between the number of publications related to each material, more documents being found
for AC, as expected. The database showed a total of more than 32 000 results for “carbon
nitride” or “graphitic carbon nitride” or “CsN4”, and above 417 000 results for “activated
carbon” or “AC”. From the results of carbon nitride materials, the database showed 543
results for adsorption, most of them being related to the adsorption of dyes and metals;
while for activated carbon there were already more than 30 000 results related to

adsorption.
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Figure 1. Number of publications by year regarding the use of AC or g-C3N4. Source:

Scopus® database, June 2024. Keywords: “carbon nitride”, “graphitic carbon nitride”,

“C3N4”, “activated carbon” and “AC”.

When used as adsorbents, AC, g-C:Ns and their composites interact with the adsorbate
following several mechanisms, such as electrostatic interaction, n-m interaction, hydrogen
bonding, complexation, and cation bridge [25].

e Electrostatic interaction: Occurs when both adsorbent and pollutant have electric

charges. Usually, the electrostatic interaction depends on the surface charge of the
adsorbent and pollutant and is the most common mechanism route for the adsorption
of dyes on the g-C3N4 surface [40]. For adsorptive removal of different dyes under UV
and visible light, Zhang et al. synthesised a composite based on ZnO-layered double
hydroxide and g-CsN4 and observed that electrostatic and m-m interaction were two
synergetic steps in the adsorption process [41].

-1 interaction: When aromatic pendant groups are present in the adsorbent and
pollutant structure. This interaction occurs between two aromatic groups via
non-covalent bonds [40]. Haydar et al. concluded that p-nitrophenol adsorption
mechanism onto activated carbon, prepared from olive stones modified through
oxidation by nitric acid or sodium hypochlorite, occurred via n-m interaction [42]. A
carbon-doped g-CsN4swas used to remove methylene blue from an aqueous solution
by Ren et al. and in this case the adsorption process was physical and mainly via both
m-m and electrostatic interactions [43].

Hydrogen interaction: A type of electrostatic interaction that involves hydrogen ions
(H") and occurs when proton donor and acceptor groups of the process are present
[40]. Nazar et al. found that the key mechanism of methylparaben (MP) adsorption
onto Calgon Carbon (Filtrasorb-400) was via hydrogen interaction between the -OH
functional groups of MP molecules [44]. This hydrogen bonding can take place

between g-C3;N4 composites and pollutant molecules [45]. Zhao et al. suggested that
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during malachite green adsorption by a g-C;N4/Fe;04/zeolite nanocomposite there
might be hydrogen binding interactions, since both g-C3;N4 and the dye contain
nitrogen atoms [46].

e Complexation: Occurs with metal-based adsorbent composites. These composites
have metal ligands that cause multi-atom formation through adsorption. A
g-C3N4/MnFe;04/iron-metal organic framework composite was fabricated by Wang et
al. to adsorb personal care products (PPCPs) from aqueous solution; the results
showed that the prepared material could adsorb the molecules by a complexation
mechanism [40, 47]. AC was doped with Mg and Al for adsorption of SO.* in
groundwater by Abushawish et al., who found through material characterisation that
the main mechanism in S0% adsorption was surface complexation [48].

e Cation bridge: When there is a possibility of exchange between ionised cation of the
charged pollutant and charged metal compounds in g-C3Nscomposite structures. Wan
et al. synthesised a novel protonated g-C3N4 and acid-activated montmorillonite
composite to adsorb phosphate anions and lead (lI) from aqueous media; according

to the results, the main adsorption mechanism was related to cation bridge [40, 49].

Searching for “carbon nitride” or “graphitic carbon nitride” including “activated carbon” on
Scopus® database, 279 publications were found. From those, 15 were related to the
adsorption of organic pollutants in the liquid phase with a powdered material. Pei et al.
synthesised a g-C3N4+/AC composite via ultrasonic irradiation to remove fluoride from water
by adsorption. The synthesised composite had higher fluoride removal capacity of 92.7 mg
g™ compared to 2.1 mg g for bare AC. The composite achieved up to 90% defluoridation of
a real wastewater containing 8.7-12 mg L™ of fluoride and a Langmuir isotherm model was
fitted to the data obtained in batch conditions [50]. The regeneration-adsorption cycle was
repeated for five cycles and it was observed that the fluoride removal efficiency decreased
from 91% in fresh to 87% after 4 regeneration cycles [50].

Due to its possible excitation under near-visible light irradiation and exceptional charge
transfer abilities, g-C3N4has been used as a heterogeneous catalyst in photoelectrochemical
degradation of organic pollutants in water [51]. Torres-Pinto et al. used a g-C3;N4 particle
electrode to remove some pharmaceuticals (diclofenac, ibuprofen, and fluoxetine) from
water by photoelectrocatalytic (PEC) treatment; due to photo-responsive and
semiconducting properties of g-C3;N4. Authors concluded that PEC degradation of diclofenac
was more effective comparing with photocatalytic and electrocatalytic processes alone. In
their study, g-CisN4 showed a remarkable durability and promising potential for PEC

applications, and in particular for degradation of pharmaceuticals [51].
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Moreover, g-C3N4s can activate other oxidants such as peroxymonosulfate (PMS) [52],
peroxydisulfate (PDS) [53, 54], hydrogen peroxide (H:0:) [55], ozone (0Os3) [56] and free
chlorine species (HOCL/CLO) [57].

Kim et al. conducted a study in which PMS was activated by AC to degrade urea [58]. The
AC exhibited various surface oxygen functional groups (C-OH, C=0 and C-0) which enhanced
its catalytic activity. The same principle was defended by Tan et al., who synthesised an

integrated activator and catalyst by vacuum ball milling of PS and AC [59].

2.4, Adsorbent regeneration

Regeneration can be described as a retrieval process of spent adsorbents for reuse, with
basis on economical and sustainable reasons. The optimal regeneration method will focus on
the retrieval of the adsorbents without destroying them [60]. This process can be repeated
several times, but the regenerated adsorbent often exhibits reduced adsorption capacity
[61]. There are several techniques to recover and regenerate adsorbents, such as filtration
[62], microwave irradiation [63], magnetic separation [64], thermal desorption [65],
supercritical fluid regeneration [66], solvent regeneration [67], AOPs [68, 69], and microbial-
assisted adsorbent regeneration [70].

AOP-based systems have gained attention in water treatment owing to their effectiveness
for the oxidation of recalcitrant organic molecules [71], such as CWPO, ozonation or using
other oxidising agents integrated or not with catalytic processes activated by electrical
power sources or external ultraviolet (UV)/visible radiation. In particular, CWPO is a low-
cost technology in which the organic pollutants are degraded by hydroxyl radicals (HO")

generated from partial decomposition of H,0, promoted by an appropriate catalyst [72].

2.5. Adsorption of venlafaxine

Several studies were attempted for VFX removal by means of AOPs [12, 73], photocatalysis
[74, 75], or adsorption [76, 77]. VFX can be adsorbed even by polypropylene microplastics
(PP MPs) in fresh and seawater via electrostatic interaction. For instance, the study made
by Xu et al. demonstrated that PP MPs have a strong adsorption capacity for VFX and
chemisorption was identified as the primary mode using Dubinin-Radushkevich model [11].
Jaria et al. carried out a study with sludge based-AC functionalised structures for adsorption
of six pharmaceuticals, namely VFX, carbamazepine (CBZ), lorazepam (LOR),
sulfamethoxazole (SMX), piroxicam (PIR) and paroxetine (PAR). The study revealed that the
functionalised AC structure with amine functional groups (AC-NH;) shows a great specificity
for VFX [78]. Regarding studies of g-C3N4for VFX removal, there were no studies found using

g-C3N4 specifically as an adsorbent, only as a photocatalyst.
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3. Materials and Methods
3.1. Reagents

Powdered activated carbon (Norit w35) was obtained from CABOT Corporation. Urea
(NH2CONH_, 99.8%) was obtained from VWR CHEMICALS. Aluminium oxide (Al,O3 a-phase,
catalyst support, low surface area, trimodal) was supplied by Thermo Scientific Chemicals.
Venlafaxine hydrochloride (Ci7H27NO;HCL, >98.0%) was obtained from Tokyo Chemical
Industry Co., LTD. Rhodamine B (CsH31CIN;Os, ~95%) was obtained from Sigma® Life Science.
Ultrapure (UP) water was produced in a Direct-Q Millipore system (Merck Millipore, Billerica,
MA, USA).

3.2. Preparation of adsorbents
Figure 2 shows a general scheme of the synthesis procedure of the adsorbent, while Figure

3 depicts photographs of the prepared materials.

Powder adsorbents - AC/Uy
500 mg of commercial AC (ACcommerciat) and different dosages of urea (5, 20, 25, 30, 50 and

100 g) were poured in 50 mL of UP water to obtain AC/Ux powdered composites (x being the
urea load) via thermal decomposition. Each mixture of AC and urea in water was firstly
stirred to dissolve the urea and then heated to vaporise the excess of water, obtaining a
slurry that was placed in a crucible that was placed inside a microwave furnace, under static
air atmosphere. The microwave was programmed to heat at 2 °C min™" until 450 °C during 2
h, followed by a ramp heating until 550 °C, keeping this temperature for 4 h (i.e. a total of
6 h inside the microwave). Afterwards, the synthesised material was washed several times
with distilled water and dried overnight, yielding the powder adsorbents labelled as AC/Ux
(x = 5, 20, 25, 30, 50 or 100). Pristine AC (ACcommercial) Underwent the same treatment

procedure without the addition of urea, leading to ACww.

Self-immobilised 3D adsorbents - ACS/Uy

A similar procedure was performed for the self-immobilisation of AC/U onto the 3D support,

differing by the addition of Al;0;3 spheres onto the crucible along with the prepared slurries
(Figure 2). Before use, the commercial alumina spheres were boiled in water, rinsed and
dried before addition into the aqueous solutions of 500 mg of commercial AC with different
dosages of urea and then transferred to the crucibles. After the abovementioned thermal
treatment, the obtained functionalised spheres were thoroughly rinsed with distilled water
and sonicated for 1 h in an ultrasonic cleaner to remove any loose powder at the surface of

the spheres.
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3D supported

material Powder material

Figure 2. Schematic representation of the synthesis of the prepared adsorbents.

Figure 3 shows the adsorbents obtained which were named as AC/Ux for powders and ACS/Ux

for the immobilised materials, where x represents the urea load.

Figure 3. Photographs of functionalised AC composites: a) AC/Ux and b) ACS/Ux.

3.3. Adsorbents characterisation

3.3.1. Diffuse reflectance ultraviolet-visible spectroscopy

The optical properties of the adsorbents were determined by diffuse reflectance ultraviolet-
visible spectroscopy (DRUV-Vis) in a JASCO-V560 spectrometer with an integrating sphere
attachment (JASCO ISV-469). The spectra obtained were recorded in diffuse reflectance

mode at a wavelength range of 220 to 800 nm.
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3.3.2.Fourier Transform Infrared Spectroscopy
The FTIR Fourier transform infrared spectroscopy (FTIR) measurements were performed in a
JASCO FT/IR-6800 spectrometer (JASCO Analytical Instruments) equipped with a MIRacle™

Single Reflection (Attenuated Total Reflectance ZnSe crystal plate) from PIKE Technologies.

3.3.3. Photoluminescence (PL) spectroscopy
The emission spectra of the adsorbents were recorded on a JASCO (FP-82000)
spectrofluorometer after excitation at 370 nm, with the emission recorded from 390 to 800

nm.

3.3.4. Point of zero charge

For each selected adsorbent, 15 mg of material were added to 10 mL with UP water at
different pH values, previously adjusted with HCl and NaOH, considering a pH range from 2
to 10. The dispersions were left during 24 h in dark conditions. The point of zero charge
(PZC) was determined from the interception of the final pH vs. initial pH plot with a diagonal

line.

3.3.5.Scanning electron microscopy
Scanning electron microscopy (SEM) was used to examinate and analyse the microstructure
morphology and chemical composition of the adsorbents using a JEOL JSM-840 instrument

with an Oxford Inca Energy Si(Li) detector for energy-dispersive X-ray spectroscopy (EDXS).

3.3.6. Specific surface area and pore volume

The specific surface area was determined by the Brunauer-Emmett-Teller method (Sger) and
the pore volume by the Barret-Joyner-Halenda method. These analyses were carried out in
a Quantachrome Autosorb iQ automated gas sorption analyser apparatus by multipoint
analysis of N; adsorption-desorption isotherms at -196 °C. The samples were previously

degassed at 120 °C and under vacuum for 5 h.

3.4. Adsorption experiments
Powder adsorbents
Different loads of commercial AC (0.05, 0.10, 0.25, 0.30 g-L") were tested in a batch reactor

containing 50 mL of 5 ppm VFX. The aqueous solutions were stirred for 60 min at 700 rpm,

and samples were withdrawn periodically and filtered with a hydrophilic PTFE filter (13 mm,
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0.22 pym), as shown in Figure 4. Powdered AC/U, adsorbents were tested with a specific load

of 0.10g-L™".
Adsorbent /N
@& -—\’
VEX . VFX solution %
solution o *

Adsorbent

Figure 4. VFX adsorption in batch operation mode.

Self-immobilised 3D adsorbents

Immobilised ACS/Uy adsorbents were placed in a continuous flow mode cell with a total
length of 5 cm and inner diameter of 1.6 cm (Figure 5). The cell, containing the spheres,
was connected to a peristaltic pump with flow rate of 0.22 cm®-min™. Each experiment was
carried out with a constant inlet of 5 ppm of pollutant solution during 2 h, taking samples

periodically at both the inlet and outlet.

Water flux

Reactor filled
with

adsorbent

Inlet
Solution i i

Figure 5. VFX adsorption in continuous flow operation mode (packed-bed configuration).

3.4.1. Adsorbent regeneration

CWPO was studied to regenerate the synthesised adsorbents (powder and immobilised ones).
The CWPO tests were carried out following the same scheme as in adsorption within 60 min
(batch) and 2 h (plug flow) of experiment with 2.5 mM H;0, concentration. In batch
experiments, H,0, was added to the reactor and stirred at 700 rpm for 60 minutes. In the
continuous flow reactor, H,0, was added to the inlet solution. Samples were withdrawn

periodically for pharmaceutical and H,0, quantification.

Materials and Methods 14



Three-dimensional functionalised structures for water treatment

3.5. Analytical methods

3.5.1. Ultraviolet-visible spectroscopy

The RhB concentration was measured by absorbance via ultraviolet-visible (UV-Vis)
spectroscopy in a JASCO-V560 UV-Vis spectrophotometer, with a double monochromator and
a double-beam optical system. The absorbance values were recorded at a wavelength of
554 nm.

3.5.2. High-performance liquid chromatography

The samples collected during the adsorption and regeneration experiments were analysed
by high-performance liquid chromatography (HPLC) using a Shimadzu®© instrument equipped
with a photodiode array detector (SPD-M20A) and a Fluorescence detector (RF-20A xs), an
autosampler (SIL-30C), a solvent delivery pump (LC-30AD) at a flow rate of 0.2500 mL min°
' a column oven (CT0O-40C) with a Kinetex™ XB-C18 100 A column (100 mm x 2.1 mm, 1.7
pm particle diameter) supplied by Phenomenex Inc. at 30 °C.

For VFX concentration analysis, the HPLC method consisted in isocratic elution of water (A):
acetonitrile (B) (77:23) for 5 min, and an excitation and emission wavelength of 230 nm and

300 nm, respectively.

3.5.3. H202 concentration

The determination of consumed H,0; during CWPO was performed in a quartz cuvette after
mixing 300 pL of sample, 300 pL of sulphuric acid (0.5 M) and 30 pL of titanium oxysulphate.
The absorbance was read at 405 nm in a JASCO V-560 UV-Vis spectrophotometer.

3.6. Adsorption kinetics
Adsorption kinetics can be expressed by pseudo-first (PFO) and second (PSO) order models

presented in Table 1 [79].

Table 1. Adsorption kinetic models used for VFX and RhB adsorption analysis.

Model Equation Parameters

g = adsorption capacity (mg+g™”)

ge = adsorption capacity at equilibrium
(mg-g”)

ki = PFO rate constant (min™")

Pseudo-first order | g = q,(1 - exp(-k, t))

Pseudo-second o 1 1 k, = PSO rate constant (g-mg”'-min™)
q = —_—
order koG q.t
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3.7. Adsorption isotherms

The equations used in the study of adsorption isotherms were Langmuir, Freundlich, Sips and
D-R in linearised form (Table 2).

Table 2. Adsorption isotherm models used in VFX and RhB adsorption analyses.

Model Equation Parameters
gm = maximum adsorption capacity
. C )
Langmuir | q, = quLﬁ (mg-g™")
e

K. = Langmuir constant (L-mg™)

1 Kr = Freundlich constant (mg-g™)
Freundlich | g_= K.C, /n
€ n = adsorption intensity

gm = maximum adsorption capacity
Sips p .5 (mg-g”)
e = m"s 1+KsC,5 Ks = Sips constant (L-mg™)

Bs = heterogeneity

gm = theoretical adsorption capacity

(mg-g7)

.2 Kor = D-R constant (mol* kJ?)

4. =g, exp (-KDR(RTln (1+C—e>) ) R = universal gas constant (8.31 J mol”
K™

T = absolute temperature (K)

D-R
E = (2 Kor)

E = Adsorption energy of adsorbent
(kJ-mol™)
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4. Results and Discussion

4.1. Adsorbents characterisation

4.1.1. DRUV-Vis

Figure 6 shows the DRUV-Vis spectra of AC-derived adsorbents, and pristine g-CsN4. The AC
commercially obtained and treated in MW show very similar spectra, keeping almost a
constant complete absorbance in the studied range. The spectrum of bare g-C3N4is typical
of this material: i.e., maximum absorbance below 390 nm, above which absorbance
decreases with a strong slope to 550 nm. The AC/Us, AC/Uz and AC/Uzs materials do not
show evident characteristic spectra of g-CsN4, probably owing to the deep permeation of
urea during the functionalisation treatment or to the low amount used. In contrast, AC/U100
already presents the representative curve of g-C3N4 attributed to the higher amount of urea
used during synthesis. In fact, for increasing loads of urea, the spectra shift from ACuw (0%
urea, 100% AC) to g-C3N4 (100% urea, 0% AC) is observed in the present work.
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Figure 6. DRUV-Vis spectra of ACcommercial, ACuw, 8-C3Nsand the AC/Ux powdered prepared

materials.

In the case of immobilised materials, the bare spheres (Figure 7) show a singular absorption
in the UV range around 250-300 nm, also clear for ACS/Us, whereas the ACS/U;s material
presents a maximum absorbance near the peak of bare spheres together with an overall
spectrum shape more similar to g-Cs;N4, indicating the formation of g-C3N4 on the alumina’s

surface.
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Figure 7. DRUV-Vis spectra of ACcommercial, ACww, g-C3N4, bare pheres and the immobilised

prepared materials.

4.1.2.FTIR Spectroscopy

The FTIR spectra of the composites with higher urea dose, namely AC/Uso and AC/U1g0, have
very similar bands to those observed for bare g-C;N4 (Figure 8a). In the spectrum of g-C3Ny4
is possible to identify 4 distinct regions. The first region identified (1) is a broad band at
3000-3300 cm™' caused by N-H and N-H; groups stretching vibrations of primary and secondary
amine groups [80] and for O-H stretching vibration modes [81]. The second region (2)
contains two bands, at 1622 and 1552 cm™, corresponding to C=N groups stretching
vibrations. The third region (3) has three bands, at 1399, 1316, and 1228 cm™, originated by
C-N stretching vibrations [82, 83], these bands disappear as the urea content decreases; the
last one (4) corresponds to the aromatic carbon nitride heterocycle, which bands are at 887
and 804 cm™ [84], with the latter band consistent in all materials.

The spectra of AC (pristine and thermally treated) showed two main regions (5) and (6)
(Figure 8b). The first one corresponds to a peak of C=0, present in all composites at 1730

cm™; and the second one is a low intensity band attributed to C-O groups at 1098 cm™.
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Figure 8. FTIR spectra of (a) bare g-CsN4, (b) pristine and commercial AC materials and

(a,b) different powdered AC/Uy composites.

ACS/U1qo (Figure 9a) showed a very similar spectrum to its powdered composite (Figure 8a)
owing to the high surface coverage of the alumina structure. The remaining composites
(Figure 9a) showed spectra more similar to the bare alumina sphere, with some regions of
C-N stretching vibrations and a slight peak from C-O groups at 1098 cm™, denoting the

efficient immobilisation (Figure 9b).
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Figure 9. FTIR spectra of (a) powder g-C3N4 and (b) powder AC and comparison with (a,b)

the self-immobilised ACS/Ux composites and bare alumina spheres.

4.1.3. Photoluminescence emission spectroscopy

g-C3N4 and its composites are known as optical semiconductors and their PL emission spectra
are typically composed of three Gaussian curves: a strong peak near ~450 nm and two
shoulders at higher wavelengths (~490 and ~520) [39]. As it can be seen in Figure 10a, the
materials with higher urea content showed some photoluminescence due to electronic

transitions caused by the functionalisation of AC with urea; thus, the formation of some g-
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CsN4 is also evident by this characterization technique. However, for lower urea contents,
such as AC/Us and AC/Uz, a low intensity PL emission signal was obtained, very close to
bare AC (Figure 10b).
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Figure 10. Photoluminescence spectra of powdered (a) g-C3Nsand AC/Uy (x = 30) and (b)

bare AC (commercial and MW-treated) and AC/Uy composites (x < 25).

The ACS/Uy spheres with higher content of urea (x>25, i.e. AC/U3y, AC/Usp and AC/U1o0o)
showed some varying PL emission intensities (Figure 11a), that were not as linear as the
observed for the powdered materials (Figure 10a). This can be eventually explained by the
composite unequal distribution on the surface of the spheres. Moreover, the bare alumina
spheres are not identical amongst themselves and, therefore, some might allow for easier
self-immobilised composites than others.

AC alone shows negligible photoluminescence and Al;Os (bare spheres) a very low signal
(Figure 11b). Accordingly, the immobilised composites with lower urea content (ACS/Uy, x
< 20) showed very low intensities, but between alumina and AC, due to the low addition of

AC onto the surface of Al,O3 spheres.
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Figure 11. Photoluminescence spectra of (a) powder g-CsN4sand ACS/Uy spheres (x = 25)
and (b) bare spheres, AC (commercial and MW-treated) and ACS/Uy spheres (x < 20).

4.1.4.Point of zero charge

To understand the surface chemistry and the influence of the pH in materials surface, the
point of zero charge (PZC) of selected materials was determined. AC/U;s and ACuw showed
pHrzc values of 9.2 and 9.4 (Figure 12c and 12d, respectively). Since AC/Uzs is mostly
constituted of AC, similar pHpzc values were already expected. Under these pH values, the
surface of the materials will be positively charged, once the surface anions will attract
cations to its surface; for pH higher than these PZC values, the surface will be negatively
charged.

Similar pHpzc values were found for ACS/Uzs and for bare alumina, 7.6 and 7.4 respectively
(Figure 12a and 12b). This means that the surface of these materials is mostly charged
negatively for pH values greater than 7.6 and 7.4 respectively, and positively charged for
lower pH values. The similarity between their pHpzc values may be due to the fact that the
spheres covered with AC composites were crushed for characterisation purposes, meaning
there will be a higher alumina content (bulk) than of AC/Uy (surface).

Torres-Pinto et al. reported a pHpzc value of 6.9 for g-CsN4 obtained by using urea as

precursor [38], slightly lower than the pHpzc of AC/Ujzs.
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Figure 12, PZC determination of (a) ACS/Uzs, (b) bare spheres, (c) AC/Uzs and (d) ACyw.

4.1.5. Specific surface area and pore volume

Figure 13 shows the N; adsorption-desorption isotherms for the ACcommerciat and AC/Uys
powder materials. It is observed that at lower relative pressures, there is indication of the
micropore region, and then there is a monolayer formation until slightly higher relative
pressures where the multilayer is formed. At higher relative pressures, capillary
condensation happens. This type of behaviour indicates the presence of macropores in the
adsorbents and these isotherms can be classified as type Il [85]. ACww presents a larger
quantity of N, adsorbed in comparison with AC/Uys, indicating that its structure presents

more availability of pores and larger pore volume.
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Figure 13. Nz adsorption-desorption isotherms of ACcommerciat and AC/U,s powders.

Figure 14 shows the N; adsorption-desorption isotherms of bares alumina spheres and intact
AC-immobilised structures (i.e., without crushing unlike the spectroscopy analyses). It is
clear that the amount of N; adsorbed increases with the load of urea, but always with a low
adsorption of N; in the micropore region (i.e., at low relative pressures). These isotherms
can be classified as type Ill. Therefore, after the deposition of the AC materials, there is a
markable increase in the N, adsorbed, suggesting that the self-immobilised composites are

occupying the previously available pores of the bare spheres.
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Figure 14. N; adsorption-desorption isotherms of bare spheres, ACS/Us, ACS/U;s and
ACS/U100.

Regarding the textural properties, Table 3 shows the Sger and pore volume (V,) for the
selected materials. The Sger of the materials were calculated in the range of relative pressure
where monolayer adsorption occurs. ACcommerciat Showed a higher area and pore volume than
AC/Ugs, this can be explained by the occupation of AC/U,s pores by urea addition. The Sger
calculation for bare spheres, and AC immobilised composites was made considering the range

of relative pressures between 0.05-0.20 and the Sger values were always lower than 10 m?- g’

Results and Discussion 23



Three-dimensional functionalised structures for water treatment

! agsorbent. The pore volume of bare spheres is very low compared with the self-immobilised
AC composites; with the pore volume of immobilised composites increasing with the quantity
of urea.

Table 3. Specific surface area (Sger) and pore volume (Vp) of ACcommercial, bare spheres and

functionalised AC composites.

Adsorbent | Seer/ M*-gaas’ | Vp/ M- Gags”
ACcommercial 841 0.307
AC/U3s 496 0.217
Bare spheres <10 0.008
ACS/Us <10 0.009
ACS/Uys <10 0.018
ACS /U100 <10 0.037

4.1.6.Scanning electron microscopy

The morphological of the selected materials, namely bare spheres, ACS/Uzs5, ACww and AC/U3s
were analysed by SEM (Figure 15). The respective EDXS spectra are present in Appendix A.
The bare spheres and ACS/Uzs were crushed, and the powder structures were used in the
analysis as obtained. Bare spheres (Figure 15a) show a compacted structure. In the case of
ACS/Uys (Figure 15b), and as attested by DRUV-Vis and PL analysis, some in-grown g-C;Ny4
can be eventually predicted by considering the bright regions. This ACS/U;s structure,
visually, does not show many similarities with the ACww structure (Figure 15c), but only the
ACS/Uzs material was crushed for this analysis and the resulting particle size is smaller.
However, the elemental analysis performed by EDXS in different regions (Appendix A and
Table 4) reveals an increase of carbon content when ACS/U;s is compared with the bare
spheres, and significantly higher for the other two materials analysed. ACww and AC/Uxs
(Figure 15c and 15d, respectively) showed several pores and similar, differing in the
presence of fluorescent points characteristics of g-C3N4 in AC/U;s and making its carbon

content increase (Table 4).
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Figure 15. SEM micrographs of: (a) bare spheres, (b) ACS/U;s, (c) ACww and (d) AC/Uys.

Table 4. Elemental composition of the materials obtained by EDXS analysis.

Spectrum 1 Spectrum 2 Spectrum 3
C/% 0/% | AlU/% C/% 0/% | AlU/% C/% 0/% | Al/%
Bare spheres | ----- 61.5 38.5 22.4 45.3 322 | ----- 59.4 40.6
ACS/Uzs 18.9 | 57.0 | 241 22.8 54.9 | 22.3 19.0 | 56.0 | 25.0
ACuw 88.1 10.4 | ----- 78.9 17.9 | ----- 75.8 | 21.0 | -----
AC/Uzs 95.3 4.7 | ----- 95.6 4.4 | ----- 79.3 | 20.7 | -----

4.2. Case Study of Rhodamine B

Trial assays with Rhodamine B (RhB) were carried out to understand the adsorptive capacity
of activated carbon, powdered g-C3N4, and alumina spheres alone. RhB was chosen as model
compound due to its properties as a dye, which is easy to visualise. In this section, the results
of the experiments are presented, namely, adsorption evolution, the influence of AC load,

the adsorption kinetic and adsorption isotherms.
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4.2.1.Rhodamine B adsorption

In RhB adsorption tests with commercial AC, several loads of AC were tested: 0.50, 0.40,
0.35, 0.30, 0.25, 0.10, and 0.05 g-L" with 50 mL of a 50 ppm RhB aqueous solution. The
mixture was firstly sonicated to promote homogenous dispersion of the adsorbent. A full
wavelength spectrum was first obtained to select the RhB absorption wavelength for

quantification. The highest absorption was measured at 554 nm, and the calibration curve
(Figura A.1) was obtained accordingly.

As it can be seen in Figure 16a, the removal of RhB is rather fast in the first 5 min of contact.
For the AC loads between 0.50 and 0.30 g-L™ after 30 minutes of experiment, more than
85% of RhB had been removed. The load of 0.25 g-L" showed a slower pace of adsorption
and allowed to assess RhB evolution for 55 minutes, but also with a removal higher than 50%.
Lower loads of AC (0.10 and 0.05 g L"), shown in Figure 16b, represent much lower removal
rates of RhB. In comparison, control experiments were performed using bare alumina and
powdered g-C3N4. The assays with g-CsN4and alumina spheres were made with loads of 2 and
10 g-L" respectively, these loads were chosen due to the lower adsorption capacities of
these materials reported in the literature Figure 16b shows a low removal of RhB with both

g-C3N4and Al;Os spheres as adsorbents (ca. 31% and 18%, respectively).
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Figure 16. RhB removal at (a) loads of powder AC higher or equal than 0.25 g-L" and (b)
0.10 and 0.05 g-L" of AC, 2 g-L™" of g-C3N4, and 10 g-L" of bare spheres.

4.2.2. Adsorption kinetics of RhB

Since there is no significant removal with g-C3N4 or Al;O3, the adsorption kinetics were
studied only for the AC material, at the intermediate load of 0.25 g-L". The adsorption
kinetic experiments were used to study the rate of adsorbate transfer from the solution to
the adsorbent surface and predict the minimum time required. The PFO and PSO were fitted
to the data (Figure 17). It can be observed that the model which better fit to the
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experimental data is PSO (with R2=0.99 higher than PFO R?=0.97, Table 5), suggesting that
chemical adsorption is the rate-limiting step and the absorbent has several active sites [86].
It can be noticed that after 30 minutes, there is almost no additional adsorption, and the

equilibrium was reached.
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Figure 17. Adsorption kinetics of the experimental using ACuw, with PFO and PSO fitted to

experimental data.

Table 5. Adsorption kinetics parameters obtained with PSO and PFO fitting to the

experimental data.

Model | ge/mg-g' | ki/min" | ka/g-mg' min? R?
PFO 124.8 0.198 0.97
PSO 138.2 0.002 0.99

4.2.3. Adsorption isotherms

Adsorption isotherms show the relationship between the adsorbate in aqueous phase and
adsorbate accumulation into the adsorbent surface at equilibrium. By fitting the Sips, D-R,
Langmuir and Freundlich models to the experimental data (Figure 18), Sips showed a higher
coefficient of determination (Table 6) in comparison with the other models. This suggests
that the relation between equilibrium adsorption capacity and equilibrium concentration
will be monolayer (Langmuir) at higher adsorbate concentration and multilayer (Freundlich)
at lower adsorbate concentrations. Moreover, the D-R isotherm was used to determine if the
adsorption process is tendentially physical or chemical, according to the adsorption energy.

The value obtained was 1446 kJ-mol” (parameters used in calculation are in Table 6), and
according to the literature, if the adsorption energy is higher than 8 kJ-mol™”, the adsorption

occurs chemically, if not, physically. Since the obtained value is markedly higher, the

adsorption occurs chemically, attesting the assumption obtained from the adsorption
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kinetics. However, it is important to claim that none of the models agreed very well to the

experimental data.
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Figure 18. Adsorption isotherms for RhB using ACuw.

Table 6. Adsorption isotherms parameters obtained for RhB.

Qm / K/ Kr / Kor / Non-dimensional
Model ; ’ ; 5 R?
mg-g’ L-mg mg-g’ mol*- kJ° parameter
Langmuir 158.5 3.9 0.89
Freundlich 100.2 6.9 0.84
Sips 152.8 804.0 4.7 0.96
D-R 156.0 2.4 x107 0.90

4.3. VFX adsorption
4.3.1.AC loads

The selection of the best AC load for this type of study needs to consider the removal

evolution of the contaminant as the removal needs to be quantified in a given range, i.e.

not too fast nor too slow. In Figure 19, >99% removal was reached in 10 minutes when using

0.30 and 0.25 g-L" of AC loads. For 0.10 g-L™, the removal had a slower adsorption, but in

60 min the equilibrium was achieved. Using 0.05 g-L™, the equilibrium was not yet reached

within 60 min and there was a significant VFX removal (nearly 80%), allowing for proper

kinetics evaluation.
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Figure 19. VFX removal by adsorption with different AC loads (0.05 to 0.30 g L™").

4.3.2. pH influence in VFX removal

The impact of pH in VFX adsorption was studied to better understand the interaction of
negative and positive charged VFX within the materials. VFX shows a pK, of 10.09, indicating
that it exists almost entirely in its cationic form at pH values below it. The pHpzc of ACcommercial
was determined to be around 9.2 (Figure 12d), and consequently, lower pH values the AC
surface will be positively charged, making difficult the attraction between the VFX cationic
species and the AC surface. On the other hand, higher pH values turn the AC surface
negatively charged and more attractive for VFX cationic species adsorption via electrostatic
interaction (i.e., 9.2 < pH < 10.09). As it can be seen in Figure 20, the VFX adsorption
increases with the pH value (from 4 to 10). This occurs for the solutions where the pH was
obtained from adjustment with HCl and NaOH solutions.

The adsorption in the solution without pH adjustment, with an initial pH of 5.8, the
adsorption was quite better than that of the pH 10 solution. This could be explained by the

presence of the pH-adjusting salts, that can possibly hinder the adsorption process.
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Figure 20. VFX adsorption evolution with time at different pH-adjusted values (4, 7, 10)
and unaltered initial pH of 5.8.
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4.3.3. AC and functionalised AC composites for VFX adsorption
Thermally-treated AC (ACuw) and the powder functionalised AC composites (AC/Ux) were
tested at the same conditions as commercial AC, with a load of 0.10 g-L™. Figure 21 shows

the removal of VFX after 60 min of contact with AC and AC-derived adsorbents. As can be
seen, ACwv does not lose activity after the microwave thermal treatment, preserving its
adsorption capacity.

The inclusion of in situ synthesised g-C3N4 onto the AC microstructure makes the adsorption
capacity decrease slightly. However, there is no linear relation between AC and urea dosage.
Small amounts of urea (AC/Us) reduce the adsorption capacity compared to bare AC,
probably cause of the collapse of active centre micropores. In contrast, when increasing the
dosage of urea in the synthesis allows for composites to have greater adsorption until an
optimal value (AC/Ujs), after which there is reduction of the adsorption capacity (Figure
21). Hence, it was found that the ideal ratio of AC/U is 50 gu/gac, achieved with AC/Uys (25
g of urea to 0.5 g of AC).
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Figure 21. Comparison of VFX removal capacity of AC and its powder composites.

4.3.4.VFX adsorption kinetics of functionalised AC materials

The VFX adsorption kinetic studies were performed in batch mode with two materials:
commercial AC at 0.05 g-L"and AC/U;s at 0.10 g-L™'. For AC, the kinetic model that better
fit the experimental data is PSO, with a R? of 0.99 higher than that of PFO with R* = 0.97
(Figure 22, Table 7). This means that the VFX adsorption rate depends on the adsorption

capacity and not on concentration of adsorbate, similarly to that obtained with RhB.
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Figure 22. VFX adsorption kinetics with AC as adsorbent (load of 0.05 g L'™").

Table 7. Adsorption kinetics parameters obtained with PSO and PFO fitting to the
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experimental data with AC as adsorbent.

Model | ge/ mg-g"' | ki / min" | kz /g-mg"-min’ R?
PFO 60.3 0.144 0.97
PSO 67.7 0.003 0.99

Figure 23 shows that the urea-functionalised AC did not alter the adsorption kinetics type
for VFX adsorption. The best fit is obtained with the PSO model (R* of 0.99, while for the
PFO model R* is 0.98, Table 8). The maximum adsorption capacity within 60 minutes with

AC/Uys as adsorbent decreases significantly (32.7 mg-g”) in comparison with bare AC (64.2

-1
mg-g”).
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Figure 23. VFX adsorption kinetic with AC/U;s as adsorbent.
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Table 8. Adsorption kinetics parameters obtained with PSO and PFO fitting to the

experimental data with AC/Uzs as adsorbent.

Model | ge/ mg-g" | ki / min" | k2 /g-mg™-min” R?
PFO 31.2 0.198 0.98
PSO 34.1 0.009 0.99

4.3.5. Adsorption equilibrium

For bare AC, the maximum adsorption capacity was determined to be 69.3 mg-g™, with the
Sips model showing as the best fitting with a R*of 0.99 (Figure 24, Table 9), as in the case
of RhB. The adsorption energy value obtained from D-R isotherm was 2707 kJ-mol”, with a

D-R constant of 6.8 x 10°® mol? kJ2, suggesting that the adsorption occurs chemically.
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Figure 24. Adsorption isotherms of VFX with bare AC as adsorbent.

Table 9. Adsorption isotherms parameters obtained for VFX with AC as adsorbent.

Qm/ K/ Ke / Kor / Non-dimensional
Model ; ; ; s R?
mg-g L-mg mg-g mol*“- kJ parameter
Langmuir 67.3 16.8 0.97
Freundlich 56.6 15.4 0.98
Sips 76.1 3.2 0.3 0.99
D-R 66.8 6.8 x 10 0.97

Similar to AC, the Sips model with a R? = 0.999 fits best to the adsorption equilibrium of VFX
with AC/Us as adsorbent (Figure 25, Table 10). A maximum adsorption capacity of 52.6
mg-g' was calculated, and an adsorption energy from D-R equation of 468 kJ-mol™ was

found, much lower than that obtained with bare AC.
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Figure 25. Adsorption isotherms of VFX with AC/U;s as adsorbent.

Table 10. Adsorption isotherms parameters obtained for VFX with AC/U;s as adsorbent.

Qm / K/ Ke / Kor / Non-dimensional
Model R?
mg-g” L-mg"' | mg-g" mol2-kJ2 parameter
Langmuir 54.3 0.551 0.992
Freundlich 26.1 4.7 0.994
Sips 68.2 0.510 0.6 0.999
D-R 48.9 2.3x10° 0.951

4.3.6.H202 consumption by AC/Ux

The H;0; measurement allows the validation of CWPO for adsorbent regeneration. Initial
assays with H,0, were made to study the catalytic capacity of the functionalised adsorbents.
To ensure that neither H;0; is decomposed nor VFX is degraded in presence of that oxidant,
a singular assay without any adsorbent addition was performed. The assay attested that the
presence of H,0; in VFX solution was negligible for the degradation of VFX (Figure 26). The
addition of H;0; to experiments with AC (commercial and MW), hinders the adsorption
capacity, with the adsorption of VFX being similar or lower in the presence of H;0,, likely
because of adsorption competition kinetics in the active centres. In contrast, AC/U;s shows
some catalytic activity, since the removal capacity is slightly improved by the addition of
H,0; (Figure 26).
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Figure 26. CWPO studies in batch operation mode: adsorption assays with ACuw, ACcommercial

and AC/Uys in the presence and absence of H,0,; and control assay with only H,0,.

4.3.7.Saturation and regeneration assays

To better understand the adsorption capacity of AC and AC/Uzs, long-term batch assays were
carried out. Figure 27 shows the evolution of VFX concentration after consequent spikes of
VFX every hour, for 5 consecutive cycles, followed by a single long-term 24 h experiment.
The first spike was performed after 1 hour of VFX adsorption. After 60 min of adsorption,
both adsorbents still showed a satisfactory VFX removal. However, spike by spike the
adsorbents become saturated and after 19 h from the last spike, there was no more
adsorption on both materials. In addition to the 5-spike experiment with VFX, the same
experiment was performed, this time with H20, addition. Comparing to the other materials,
AC reach the equilibrium faster since CWPO did not occur on the bare material. On the other
hand, AC/Uy showed a more stable behaviour and a higher VFX degradation after 24 h of
use, compared to bare AC, owing to the possible catalytic activity of the functionalised
material (Figure 27).
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Figure 27. Normalised VFX concentration evolution (1 hour, [VFX]o = 5 ppm) and after 5
consecutive spikes of 5 ppm of VFX until complete adsorbent saturation and further 5

consecutive spikes of both 5 ppm of VFX and 25 mM H;0,.

4.3.8. Continuous mode operation with self-immobilised functionalised AC
Following the previous studies, it is observed that bare AC shows better adsorption capacity
than its functionalised composites, using the same adsorbent load (Figure 21). However, AC
itself does not have the ability to be self-immobilised onto the alumina spheres.

So, to avoid the disadvantages of separating the spent adsorbent from the treated water,
assays with alumina spheres coated with AC/Uz, AC/Uys and AC/Us were carried out in
continuous flow mode (Figure 28). For comparison purposes, an assay with bare spheres was

also performed.
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Figure 28. VFX removal under continuous flow mode operation with different ACS/Uy

composites and bare spheres, at a flow rate of 0.22 cm*®-min™.
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Firstly, no significant adsorption of VFX was observed with bare spheres, whereas
immobilised composite materials show an enhancement in VFX adsorption (ACS/Uzs =66% >
ACS/U3 =55 % > ACS/Uy = 35%). Therefore, similar to the batch experiments (Figure 21),
AC/Uys proved to outperform the other materials for VFX adsorption. It is suggested that the
ACS/Uz may have its surface quickly saturated, slowly increasing the VFX concentration at
the outlet. Then, ACS/Uz reaches its maximum capacity at 80 min of contact but still lower
than AC/Uzs. The best-performing adsorbent ACS/Uzs shows a nearly exponential decrease
until 60 min, after which reaching ~70% removal plateau stable for at least another 60 min.
Bare sphere showed non-significant VFX removal. It is expectable that after a few hours the
outlet concentration starts to increase due to saturation of the adsorbent, for calidation,

longer duration experiments are necessary.

4.3.9. H20;2 consumption by ACS/Ux

To understand the ability of these materials to activate H,0,, aqueous solutions of H,0, were
pumped into the reactor loaded with ACS/Ux materials. The concentration of H;0, was
followed during the experiment to assess the consumption/activation of the oxidation by the
functionalised AC materials and validate the CWPO process for possible regeneration
experiments. These tests were performed with the supported spheres with higher adsorption
performance (i.e., ACS/Uj, ACS/Uzs and ACS/Uzp) and bare spheres for comparison purposes
(Table 11, Figure 29). Bare spheres showed a slight H,0, consumption, although, the H,0,
was not applied in CWPO for VFX degradation, since the removal is lower than the removal
in the experiment without H,0,. Most probably, the bare spheres decompose H,0, without
radicals’ formation. The increase of VFX in the outlet solution could also be explained by a
possible competition between H;0, and VFX. Possibly, when H;0, is added to the inlet
solution it occupies centres previously occupied by VFX in the spheres since it was seen the
bare alumina has a high affinity towards H,0, decomposition.

The consumption of H,0, by immobilised AC composites seems to be related to the adsorbate
quantity (more adsorbate, more H;0; is needed), while the VFX degradation with H;0;
increased with the urea content in functionalised AC materials (Figure 29). So, immobilised

materials could be regenerated via CWPO.
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Table 11. Values of H,0, absorbance before and after CWPO and VFX removal in presence

of H20; after 1 hour and maximum removal in absence of H;0;.

H.0; Removal of VFX Removal of VFX
Consumption (%) in the (%) without H;0;
(%) presence of H;0;
Bare spheres 71.1 10 15
ACS/Ux 91.8 62 41
ACS/Uys 94.4 75 69
ACS/Uso 85.0 81 66
100
e

80

60

Removal / %

40 1

Bare spheres ACS/U,, ACS/U,¢ ACS/U,,

Material

Figure 29. Comparison between the removal of VFX by 3D materials in the presence and

absence of H;0,.

4.3.10. Adsorption of VFX spiked in tap water

In order to operate with more realistic conditions, VFX was spiked onto potable tap water.
The assays were carried out under the same continuous mode conditions. Figure 30 shows
the comparison between the UP and drinking water matrices. As can be seen, VFX adsorption
onto ACS/Uys surface was higher when drinking water was used as matrix. The VFX solution
in UP water showed a pH of 5.8 and the drinking water has a pH near 7.6. Considering ACS/Uzs
pHprzc (7.6), at pH value of 5.8 the adsorbent is positively charged, corresponding to repulsive
forces between the adsorbent surface and the VFX cationic species. Increasing the solution
pH makes the adsorbent surface become less positively charged, as in the case of drinking
water as matrix. The trend also can be explained by the composition of drinking water which
include specific inorganic salts that may facilitate the contact between the surface of
ACS/Uzs and VFX. In both cases, the adsorbent reaches the maximum VFX removal after 80

minutes, removing around 78% of VFX in drinking water.
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Exploring the advantage of CWPO, as plausible technology to avoid the saturation of the
materials the experiments were made with 25 mM H;0; concentration in inlet solution. In
both cases is possible to see that the addition of H,0; degrades some VFX. In UP matrix, the
CWPO-assisted removal is maintained around 22%, meaning the functionalised ACS/U
material activates H,0; and prevents adsorbent saturation. Before the spikes of H;0,, there
was an upward trend in the VFX concentration which does not occur after CWPO. In the
drinking water matrix, owing to interactions with trace inorganic matter, the removal of VFX
after 1 h was very high, possibly due to interactions between inorganic salts and H;0;
activation. After 2 and 4 h, the VFX removal was maintained at around 50%, meaning the

H,0,-rich inlet is also preventing adsorbent saturation through continuous CWPO.
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Figure 30. Drinking and UP water matrices spiked with VFX (5 ppm) in adsorption (first
24 h) and CWPO (after 24 h) in continuous flow mode, at a flow rate of 0.22 cm?®-min™,

with ACS/Uys at room temperature.
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5. Conclusion

The synthesis of functionalised AC with urea, a precursor of g-C3N4, was successful for the
self-immobilisation of those materials onto three-dimensional alumina structures. This
created an adsorbent macrostructure to operate under continuous flow mode. The batch
and continuous flow experiments for VFX removal demonstrated that the relation between
AC/U and adsorption performance reaches an optimal value of AC/U ratio. Moreover,
considering spectroscopy and N; adsorption characterisation results, the interaction between
urea, AC and alumina spheres was confirmed and the combination of these materials can be
seen for different urea dosages.

The functionalised AC composite with best adsorption performance was that with 25 g of
urea per 0.500 mg of AC. The powdered composite was tested in batch mode for VFX
adsorption: the kinetic data were better fitted by PSO kinetic with R2=0.99 and the isotherm
which better fit to the experimental data was the Sips isotherm with a R?=999.

The self-immobilised composite of ACS/U;s was tested in continuous flow mode in two
different matrices: UP water and drinking water from tap. This experiment attested that the
composite saturate after 80 minutes with a VFX removal of 78% in drinking water. It was
showed that higher pH values improve the adsorption performance of the composite as well
the inorganic salts presence, according to the measurements of point of zero charge.

The functionalised AC composite also showed catalytic performance, in contrast to the bare
AC material. Therefore, the functionalisation technique allows the recovery of spent

adsorbents by adding hydrogen peroxide (CWPO process at room temperature).

Conclusion 39



Three-dimensional functionalised structures for water treatment

6. Assessment of the work done
6.1. Objectives Achieved

The main objective was to synthesise functionalised AC composites and perform the
self-immobilisation onto 3D alumina structures for VFX removal from water. To accomplish
this goal, several short-term objectives were proposed to: 1) assess the adsorption capacity
of the modified AC materials by selecting the best proportion of AC and urea (precursor for
g-C3N4); 2) immobilise the AC-based composites onto macrostructured alumina spheres; 3)
investigate the influence of the water matrix on the adsorption mechanism; and 4) employ
catalytic wet peroxide oxidation (CWPO) for the regeneration of spent adsorbents.
1) The best proportion of AC and urea selected was 50 gurea/gac;
2) All the AC-based composites were immobilised onto macrostructured alumina
spheres;
3) A water matrix with high pH values and presence of inorganic salts can improve the
adsorption capacity of AC-based composites;
4) CWPO was performed but will needs further improvements such as the optimization

of hydrogen peroxide concentration and the addition of light to the system.

6.2. Contribution to the Sustainable Development Goals

SDG | Goal Contribution Performance and metric indicator

Development of water purification | Proportion of population using safely

6 1 techniques for  micropollutants | managed drinking water services.

removal.

6.3. Other Work Carried Out
In sideline with this project, assays with diclofenac and pharmaceuticals in a mixture were
made with AC as adsorbent, to assess the efficacy of this adsorption system. The pH study
with these matrices was also made.
AC-based composite materials were synthesised in another muffle with conventional heating
to verify the synthesis conditions impact, while assays with these materials were also carried
out. The materials characterisation, namely, TGA and XRD were made for some AC-based
composite materials.
The preparation of abstracts for national and international conferences were prepared for
both poster and oral communications.
Oral communication:

e A. Torres-Pinto, J.J.M. Dele, A. M. Chavez, A.M.T. Silva, “Self-immobilisation of

functional activated carbon on alumina beads for mineral water treatment”, 7t
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International Congress on Water, Waste and Energy Management (WWEM-24), Lisbon,
Portugal, 24-26 July 2024.

Poster communications:

A. Torres-Pinto, J.J.M. Dele, A. M. Chavez, A.M.T. Silva, “Tailoring activated carbon
supported on 3D alumina macrospheres for micropollutant adsorption”, 43™ Iberian
Adsorption Meeting (RIA43), Porto, Portugal, 1-4 September 2024

A. Torres-Pinto, J.J.M. Dele, A. M. Chavez, A.M.T. Silva, “Novel functionalised
carbon-based macrostructures for water purification”, Winter School on
Contaminants of Emerging Concern (CECs) and Disinfection By-Products (DBPs):
Occurrence, Impact and Elimination, Vila Nova de Gaia, Portugal, 25-26 November
2024.

6.4. Final Assessment

The development of this work was rather interesting, as it was great and exciting to see the

birth of novel adsorbents, test each one and see all the results. However, this work could be

improved, since more time would allow:

a deeper study about the adsorbent’s regeneration;

develop a novel AC from scratch and use it in the synthesis of AC functionalised
composites;

explore other structures for immobilisation;

perform other adsorbent characterisation techniques;

make assays with other water matrices, such as river water and seawater;

better explore the influence of pH in the adsorption process;

analyse the total organic carbon content before and after the adsorption process;

explore the composites in other AOPs processes as catalysts.
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Appendix A. SEM and EDX analysis

- l PRRRY # 9N
ES{‘&OI .

LV e

Pt ..-J~

< azwz *f'. v.'m'

fEepectro

Espectro 2
o=

Espectro 4
]

Figure A.2. Energy-dispersive X-Ray spectra (EDXS) of SEM for ACS/Us.
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Figure A.4. Energy-dispersive X-ray spectra (EDXS) of SEM for AC/Uys.
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Appendix B. Calibration curves
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Figure B.1. Rhodamine B calibration curve for UV-Vis spectroscopy.

3.85x10"
3.30x10"
2.75x10" 1

y =7325130-x+67111.8
R?=0.9996

X 2.20x107

>

o] J

o 7

5 1.65x107
1.10x10”

5.50x10°

0.00 = T T
0 1 2 3

Cyex / PPM

Figure B.2. VFX calibration curve for HPLC analysis.
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