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Adsorption of pharmaceuticals onto activated carbons constitutes one of
the most promising technologies for the removal of these persistent
contaminants from water. Production of activated carbon from wastes
provides an alternative and eco-friendlier option to commercial non-
renewable-based activated carbon and simultaneously contributes to the
valorisation of industrial and agricultural biomass residues that enforces the
principles of a circular economy. However, the application of powdered
activated carbon in continuous treatment systems is hampered by the
difficulty in recovering the material from the treated aqueous phase. The
loading of magnetic iron oxide nanoparticles onto the surface of the
activated carbon can facilitate the recovery of the adsorbent by the
application of an external electromagnetic field or a permanent magnet,
avoiding expensive and complex processes such as filtration or
coagulation.

In this work, magnetic activated carbon (MAC) was produced via two
synthesis pathways. Waste-based powdered activated carbon (WPAC)
produced from primary paper mill sludge (PS) was used as precursor in
both routes. The in-situ route involves the coprecipitation of magnetic iron
oxides onto the surface of WPAC. The ex-situ route involves the separate
production of magnetic iron oxide particles, subsequently added in
suspension to WPAC, at controlled pH.

The produced materials were physically and chemically characterized (total
organic carbon, Fourier transform infrared spectroscopy, specific surface
area, pore morphology, point of zero charge, vibrating sample
magnetometer, scanning electron microscopy imaging and X-Ray
diffraction) and subject of preliminary adsorption tests for the removal of the
anti-epileptic carbamazepine (CBZ) from ultrapure water. Best materials
were selected (in-situ MAC2-MP1 and ex-situ MACX1-MP1), and kinetic
and equilibrium studies were performed in both ultrapure water and real
effluent collected from a local wastewater treatment plant. Kinetic studies
revealed that equilibrium was achieved at around 30-45 min for both
materials in both matrices. Maximum adsorption capacities for CBZ in
ultrapure water were 90 + 4 mg g and 121 + 5 mg g™, for MAC4-MP1 and
MACX1-MP1, respectively. In real effluent maximum adsorption capacities
were lower for both materials, 60 + 3 mg g and 78 + 2 mg g' for MAC4-
MP1 and MACX1-MP1, respectively. Both materials presented lower
adsorption capacities than the non-magnetic WPAC. However,
magnetization was successfully achieved in both cases and the materials
proved to be competitive with a non-magnetic commercial PAC in ultrapure
water, which indicates to a potential application in continuous water
treatment systems.
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A adsorcao de farmacos a carvbes ativados € uma das tecnologias mais
promissoras para a remogao destes compostos persistentes da agua. A
producdo de carvdes ativados a partir de residuos de biomassa constitui uma
alternativa mais barata e ecoldgica aos carvdes ativados produzidos a partir de
precursores nao-renovaveis, permitindo a valorizacéo de residuos industriais e
agricolas e aplicando os valores de uma economia circular. No entanto, a
aplicacao de carvoes ativados em p6 em sistemas de tratamento em continuo
é inibida pela dificuldade de separagdo do material das aguas residuais
tratadas. O carregamento de nanoparticulas magnéticas de 6xido de ferro na
superficie do carvao ativado facilita a recuperacgéao pela aplicacdo de um campo
eletromagnético externo ou um iman permanente, evitando processos
dispendiosos como a filtragdo ou a coagulacgéo.

Neste trabalho, carvées ativados magnéticos (MAC) foram produzidos por duas
vias. Um carvao ativado derivado de residuos (WPAC) produzido a partir de
lamas primarias da industria papeleira (PS) foi usado como precursor. A via de
produgdo in-situ envolve a coprecipitagdo de oOxidos de ferro magnéticos
diretamente na superficie do WPAC. A via ex-situ envolve a sintese em
separado dos oxidos de ferro magnéticos e subsequente adigao ao WPAC em
suspenséo a pH controlado.

Os materiais produzidos foram alvo de caracterizagao fisica e quimica (carbono
organico total, espectroscopia de infravermelho com transformada de Fourier,
area superficial especifica, morfologia dos poros, ponto de carga zero, vibrating
sample magnetometer, microscopia de varrimento eletronico e difragdo de
raios-X) e sujeitos a testes de adsorgao preliminares para a remogéao do
antiepilético carbamazepina (CBZ) de agua ultrapura. Os melhores materiais
foram selecionados (in-situ MAC4-MP1 e ex-situ MACX1-MP1) e sujeitos a
testes de cinética de adsorcéo e de isotérmica, tanto em agua ultrapura como
em efluente real recolhido numa ETAR local. De acordo com os estudos
cinéticos, ambos os materiais atingiram o equilibrio entre os 30-45 min em
ambas as matrizes. As capacidades maximas de adsorgdo em agua ultrapura
foram de 90 + 4 mg g' e 121 + 5 mg g, para MAC4-MP1 e MACX1-MP1,
respetivamente. Em efluente real as capacidades maximas de adsorgéo foram
inferiores para ambos os materiais, 60 + 3mg g' e 78 + 2 mg g para MAC4-
MP1 e MACX1-MP1, respetivamente. Ambos o0s materiais apresentaram
capacidades de adsorgao inferiores ao WPAC. Contudo, a sua magnetizagao
foi atingida com sucesso e os materiais provaram ser competitivos com um
PAC nao-magnético comercial em agua ultrapura, o que indica a sua potencial
aplicagdo em sistemas de tratamentos de agua em continuo.
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. Introduction






1 | Pharmaceuticals as emerging contaminants

The scarcity of water resources and the increasing environmental awareness along with
the necessity for protection of natural ecosystems have lead many countries to introduce
remediation and treatment technologies in national wastewater management plans [1].
However, conventional wastewater treatment processes tend to fail in the complete
elimination of low concentration and recalcitrant contaminant compounds [2,3], whose
long term and continuous exposure may cause known or suspected negative impacts in
human health and ecological systems. These compounds, often called chemicals of
emerging concern (CEC), are not commonly monitored and comprehend a broad group

of chemicals for which regulatory criteria or quality standard is usually absent [4].

The Directive 2013/39 EU of the European Union reviews the list of priority substances
in the field of water policy for which it establishes environmental quality standards. It
also states the need for stimulation of the development of new, cheaper and more cost-
effective water treatment technologies and it reports the lack of monitoring data for
emerging pollutants currently not included in monitoring programmes in the European
Union but that may pose a risk and thus, require regulation [5]. This Directive was
complemented by the Decision 2015/495/EU and, more recently, by the Decision
2018/840/EU where several pharmaceuticals were included in the watch-list of

compounds with environmental relevance [6,7].

1.1 | Pharmaceutical production, consumption and disposal
Among the CEC, pharmaceuticals are a broad and diversified group of compounds,
produced massively worldwide, with the aim of preventing, treating or curing diseases
and improving human and animal health. The global consumption of this type of highly
active molecules is of the order of hundreds of tons annually [8]. The increasing world
population along with greater life expectancy, the advances in pharmaceutical and
medical research, the increasingly prevalence of chronic diseases and the expiration of
drug production patents, are all factors contributing for growing pharmaceutical
consumption and production [8,9]. It is estimated that approximately 3200 substances are
used as pharmaceutically active compounds [10], including antibiotics, lipid regulators,

analgesics, anticonvulsants, beta-blockers, antidepressants and antidiabetics.



Pharmaceuticals are a distinct group of substances which possess some characteristics

that differentiate them from conventional industrial chemical contaminants [11]:
e Vast range of molecular weight, structure and functionality;
e Polar, lipophilic molecules with degrees of ionization and properties
dependent on the pH of the medium;
e High persistence in the environment (in some cases, more than a year; some
may reach several years and become biologically active through
accumulation);
e Susceptible to chemical structure modification upon ingestion and

absorption.

Due to the rising production and consumption, pharmaceuticals are found in the
environment, mainly aquatic, more recurrently in concentrations in the few ng L! to pg
L' [12,13]. Rehman and co-workers have identified several risks of global
pharmaceutical contamination from highly populated developing countries which hold a
large pharmaceutical industry. These substances and its transformation products end up
permeating several environmental matrices, posing a threat not only for those countries
but also for their exportation destinations [14]. Figure 1 schematizes some of the possible

pharmaceutical substances’ routes to enter the aquatic environment.

Significant amounts of pharmaceutical drugs are excreted in unmetabolized form, or as
conjugates, usually inactive but capable of reassuming the parent compound form after
hydrolysis, or as other metabolites (active or inactive) into sewage and wastewater
treatment systems. Most pharmaceuticals undergo metabolic transformation before being
excreted, during which reactions of oxidation, reduction or hydrolysis take place, often
producing metabolites that could be more reactive and toxic than the parent compound
[15]. Wastewater treatment plants (WWTP) effluents are directly discharged to water
bodies or reused for irrigation and biosolids production; therefore, pharmaceutical
metabolization and excretion followed by WWTP ineffective processing is considered

the primary pathway of pharmaceutical compounds into the environment [16—19].
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Pharmaceuticals used in veterinary medicine, mainly in intensive livestock production,
are either excreted into the ground, eventually reaching groundwater, or directly
introduced into surface waters without passing through a WWTP, while in aquaculture,
pharmaceutical compounds are directly disposed in surface waters [11]. Pharmaceutical
production and processing facilities are also potential major contributors for water body
contamination. Most manufacturers lack active monitorization of effluents with several
studies suggesting these sites as important source of active pharmaceutical compounds,
creating stresses in WWTP and aggravating the risk of aquatic contamination [20-24].
Alternative routes such as skin washing of topically applied pharmaceuticals, sweat
excretion or incorrect unused pharmaceutical disposal may also constitute important entry

pathways of pharmaceuticals into the environment [18].



1.2 | Pharmaceutical occurrence and ecotoxicological risk
Pharmaceuticals have been detected in surface and ground waters in several countries
around the world [11,25,26]. Table 1 lists the mean concentration of different
pharmaceuticals detected in river and marine coastal waters in countries located in the
Mediterranean basin, namely Spain, Italy, Greece, France, Turkey, Israel and others [26].
These substances end up reaching ground water repositories from various sources, which
rises concern since these depositories are the main source of drinking water in many
countries [27]. In fact, some pharmaceuticals are found in drinking water supply systems
at low concentrations [28,29], with no significant acute toxicity but potential long term

exposure toxic effects.

In 2017, the occurrence of 23 pharmaceuticals, from 6 therapeutic groups, in Portuguese
surface waters was assessed [30]. Several samples were collected in geographically
distinct surface waters upstream and downstream of selected WWTP, along two different
seasons. The study revealed the occurrence of 11 pharmaceuticals, with up to 8
pharmaceuticals present per sample. The maximum concentration of 69.2 ng L' was
detected for the analgesic paracetamol. Selective serotonin reuptake inhibitors,
commonly used as antidepressants, were found to be the therapeutic group present in
highest average concentration, followed by anti-inflammatories, antibiotics,
antiepileptics and lipid regulators. Surprisingly, downstream samples showed an increase
of pharmaceutical concentration of 20.7%, which suggest a negative impact of WWTP in

Portuguese surface waters.

Although present in relative low concentration in the environment [13,25] and below
levels of acute toxicity, several pharmaceutical compounds raise concerns about potential
ecotoxicological hazards, whether as single compounds or as part of a complex mixture
[31]. Depending on the composition of the mixture, pharmaceuticals, metabolites and
transformation products may act independently, synergistically (worsen their toxic effect)
or antagonistically (compensating toxic effects of each other) [32]. In some cases,
metabolites may represent greater risk in water environment than the parent drug. In a
recent study, the environmental exposure concentrations in surface water were predicted
for 24 selected pharmaceuticals and their metabolites. The results indicated that 18
metabolites, from 12 of the parent compounds, have greater eco-toxicity and hazard

quotients, and may pose greater risk than the original drug [33].



Table 1 — Mean concentrations of pharmaceuticals detected in rivers and seawaters in the

Mediterranean basin (Adapted from [26])

Class of pharmaceutical Substance Rivers (ng L) Seawaters (ng L)
Analgesic anti- Diclofenac 238 6,1
inflammatory Ibuprofen 257 13,9
Naproxen 243 2
Acetaminophen 249 219
ketoprofen 85 0,02
Lipid Regulator Bezafibrate 218 2,1
Gemfibrozil 336 4,4
Clofibric acid 188 0,12
Psychotropic drug Carbamazepine 237 0,32
Fluoxetine 8 <LOD
B-blocker Propanolol 20 2,2
Atenolol 77 32,8
Sotalol 134 24,6
Antibiotic Sulfamethoxazole 167 1,9
Clarithromycin 166 10,4

< LOD: below the limit of detection

Several studies suggest potential adverse impacts related with environmental and human
toxicity of pharmaceuticals and mixtures at environmentally relevant concentrations [34].
For instance, the exposure to a mixture of 13 commonly detected pharmaceuticals
inhibited zebrafish liver cells proliferation in vitro [35]. The effects involved
transcriptional changes of genes largely involved in primary metabolism and regulation
of the cell cycle, among others. The results were consistent with a previous work by the
same author, where human embryonic cells were exposed to the same mixture of
pharmaceuticals at environmental exposure levels (ng L") [36]. The highest effect
observed was a 30% decrease in cell proliferation when compared to controls. In another
study, the exposure of rainbow trout female to a mixture of pharmaceuticals at
concentration levels identical to those measured in river water caused an increase of the
plasma level of sex hormones and the overexpression of genes encoding for key enzymes

in steroidogenesis and ovary maintenance [37].



1.3 | WWTP pharmaceutical removal
The occurrence of pharmaceutical substances in several environmental matrices
downstream of WWTP is, in part, justifiable by their inefficient capacity to eliminate
these compounds and corresponding metabolites and transformation products. Most
conventional WWTP procedures involve a primary physical and chemical treatment
followed by a secondary biological treatment, usually in the form of activated sludge,
which tends to result in limited removal capacity since most pharmaceutical compounds
are not metabolized by microorganisms and may even inhibit their activity [11].
Degradation rate and efficiency greatly depend on the structure and functional groups of

the compound, and complete removal is very difficult to achieve [38].

A 3-year study, analysing samples of influent and effluent fluid streams from 7 different
WWTP, evaluated the removal efficiency of 73 pharmaceuticals [39]. Results showed
poor or no elimination for the anti-epileptic carbamazepine (CBZ), generally presenting
higher concentrations in effluent streams, which may result from conversion of CBZ
conjugates to the parent compound. Substances like lipid regulators, tetracycline
antibiotics and beta-blockers were partially degraded (40-70% removal efficiency). High
removal efficiencies were registered for non-steroidal anti-inflammatory drugs with
values between 81-99% removal. In another study, CBZ and several of its metabolites
had little to no degradation when subjected to conventional wastewater treatment [40].
CBZ was found at both influent and effluent wastewater at concentrations around 2 pg L

!, with some of its metabolites being found with concentrations as high as 3-4 p L.

Several other studies report the incomplete liquid phase removal of various
pharmaceuticals [16,41-43]. Therefore, the development of alternative and sustainable

remediation technologies capable of greater performances is of the utmost importance.



2 | Adsorption

Among tertiary wastewater treatment methods such as ozonation, chlorination, membrane
filtration, or UV treatment, adsorption by activated carbons (AC) has showed great
potential in the elimination of micropollutants, like pharmaceuticals, from WWTP

secondary effluents [17].

Adsorption is the accumulation of a substance (adsorbate) at a surface or interface
(adsorbent). It occurs when a solid surface is brought into contact with a liquid or gas,
generating interactions between the fields of forces of both phases. The adsorbate tends
to accumulate near the solid adsorbent surface as a result of the retention of molecules,
atoms or ions from the adsorbate phase. There are two types of adsorption, depending on
the nature of the forces involved. In physical adsorption, the adsorbate is reversibly bound
to the surface by relatively weak non-electrostatic forces, mainly van de Waals forces but
also hydrophobic interactions and hydrogen bonds. On the other hand, when adsorption
occurs through electrostatic forces is named chemical adsorption and might involve
redistribution and exchange of electrons between the adsorbate molecules and the
adsorbent surface (chemisorption), producing a much stronger interaction than that of

physical adsorption [44].

The two types of adsorption, chemisorption and physisorption, greatly differ in the
magnitude of the enthalpy of adsorption, being of the order of 40-400 KJ per mol and 10-
20 KJ per mol, respectively. Besides, physical adsorption is non-specific and may occur
between any adsorbate-adsorbent system, whereas chemisorption is much more specific.
The thickness of the adsorbed phase is also different in the two types. In chemisorption,
it forms a unimolecular layer and in physical adsorption a multimolecular one. The type
of adsorption that takes place in a given adsorbate-adsorbent system, as well as adsorption
rate and efficiency, depends on the nature of the adsorbate, the nature of the adsorbent,
the reactivity of the surface, the surface area of the adsorbate, and the temperature and

pressure of adsorption [44,45].

For the purpose of this work, only liquid-solid adsorption will be addressed in the
following sections, as the objective is to evaluate the adsorptive performance of carbon

adsorbents for drug removal in aqueous systems.



2.1 | Adsorption isotherms
Considering adsorption from dilute solutions, the process starts with a high adsorption
rate due to the greater adsorbent surface available for interaction. As the adsorbent’s
surface becomes saturated with adsorbate molecules, adsorption rate decreases and the
reverse process of desorption initiates. From a kinetic point of view, the system reaches
a state of equilibrium when adsorption and desorption rates are equal [44,46]. But
adsorption equilibrium can also be described as the dynamic balance between the
concentration of solute adsorbed and the concentration of solute left in the bulk solution,
which is established once the adsorbate has been in contact with the adsorbent for enough
time [47]. In that sense, adsorption isotherms are employed to represent the equilibrium
relationships of an adsorption system. Overall, they are functions that describe the
retention (or release) and mobility of a liquid-phase adsorbate in solid-phase adsorbent at
constant temperature and pH. Adsorption isotherms are essential for the determination of
important parameters, such as adsorption capacity, which are the basis for the evaluation

and selection of the best adsorbents for a particular application [46,47].

Adsorption isotherms are also used, for instance, in the case of physical adsorption of
gases on porous carbons, to determine surface area (Brunauer-Emmett-Teller (BET)
equation [48]) and volume, size and distribution of pores (Dubinin-Radushkevich

equation [49]).

Considering a single component liquid-phase system, where solvent adsorption is
neglected and only solute adsorption is accounted, the equilibrium adsorption capacity,

q. (mg g), is given by the mass balance relationship (Equation (1)):

(CO - Ce)V

qe = ——*— &

where Cy and C, are the initial and equilibrium liquid-phase concentrations of adsorbate
(mg L), respectively, V is the volume of solution (L) and m is the mass of adsorbent

used (g) [46,50].

The mathematical correlations underlined by the adsorption isotherms constitute an
important role in modelling analysis, operational design and applicability of adsorption
systems [47]. In this context and along with the determination of adsorption equilibrium

parameters, such as adsorption capacity, the evaluation of the adsorption capacity over
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time is of the utmost importance. An ideal adsorption system comprises both high

adsorption capacity and fast kinetics. The following sections analyse both these factors.

2.1.1 | Adsorption equilibrium models
The shape of the isotherm is the first indicator of the nature of the adsorption process and
is used to classify the most common types. Several adsorption isotherms have been
formulated and commonly appear on the literature. In the scope of this work, mainly five
types are described for carbon materials, which are the linear type, type L (Langmuir),

type F (Freundlich), type H (High affinity) and type S (Sigmoid) isotherms (Figure 2).

Linear L - Langmuir F - Freundlich
L I I
¢ c C
H -High Affini S - Sigmoid
) /‘g’___ty r .
¢ c

Figure 2 — Common adsorption isotherms found in liquid-phase adsorption onto carbon

materials [46]

Type L isotherm curves occurs in the majority of adsorption from dilute solutions [51]
and is typically observed for porous materials [52]. The probability of the solute finding
a suitable site for adsorption progressively decreases as less sites are available, which can
explain the saturation (plateau) at high solute concentrations that characterize this
monolayer isotherm type and also the later stages of S and H types. For this reason, it is
hypothesized that the solute is adsorbed non-vertically and that there is no considerable
competition from the solvent [51,52]. As for the initial part of S type curves, commonly
obtained for homogenous surfaces, the adsorption of solute is facilitated by neighbouring
adsorbed molecules because of lateral cooperative interactions. As a result, adsorption is

favoured as concentration of solute increases [51]. Type H isotherms differ quantitatively
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from type L, as the solute molecules demonstrate such high affinity for the adsorbent that
virtually no solute can be detected in the liquid-phase and the initial stages of the curve
are characterized by a vertical line [52]. Type F isotherms can be considered as a type L
isotherm. They are usually associated with heterogenous surfaces, which have regions of
high and low adsorption affinity [52]. The simplest isotherm is the linear type, where

adsorption of solute is described by a linear increase.

There are several mathematical models which describe the referred isotherm patterns. The
experimental adsorption data is usually correlated with well-known adsorption isotherm
models to find the best fitting model. The isotherm’s parameters are usually used to
predict the system performance for a specific adsorbent and adsorbate pair. Some
examples of adsorption isotherm model are given by the Langmuir and Freundlich

equations.

2.1.1.1 | Langmuir isotherm model
The Langmuir model is based on the assumption that adsorption occurs in a monolayer
with one solute molecule of thickness and at a fixed number of defined and localized
binding sites that are energetically equivalent. It is also considered that there are no lateral
interactions between adsorbed molecules and all adsorption sites have equal affinity for
the adsorbate [44,47]. Equation (2) mathematically describes the single component non-
linear Langmuir adsorption model:

_ QmKLCe

= mrie 2
1+K,C, @

de

where g, (mg g!) refers to the equilibrium adsorption capacity, q,, (mg g!) is the
maximum adsorption capacity, K, (L mg!) is the Langmuir equilibrium constant and C,

(mg L) is the concentration of solute in the aqueous phase at equilibrium.

The Langmuir model is graphically characterized by a plateau corresponding to the
attainment of solute equilibrium saturation in the monolayer, from which point no further
adsorption takes place. From the model equation it is possible extrapolate the maximum
adsorption capacity for the specific solute (g,,). Additionally, a dimensionless constant

referred to as separation factor (R;) can be defined by the Equation (3):
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R,=——
L7114 K.C,

(3)

where C, (mg L) is the initial concentration of solute. From R, constant value,
adsorption for a specific adsorbent-adsorbate pair can be considered unfavourable (R, >

1), linear (R, = 1), favourable (0 < R; < 1) or irreversible (R, = 0) [47].

2.1.1.2 | Freundlich isotherm model
The Freundlich model describes a non-ideal and reversible adsorption process, usually
applied to heterogenous systems [47]. Contrarily to the Langmuir model, both monolayer
and multilayer adsorption can be described by this model. According to its mathematical
formulation, the concentration of solute adsorbed is favoured with the increase in solute
concentration. This relation implies that no defined state of equilibrium is attained, hence
no maximum adsorption capacity can be derived from its formulation. Equation (4)
describes the non-linearized form of the Freundlich model, which is typically applied in

dilute solution systems:
qe = KeCJ'™ 4)

where Kp (mg'"'® L't g1} is the Freundlich equilibrium constant and 7 is a constant
related with non-linearity of the equation and is commonly used as measure of the
intensity of the adsorption, so that if n = 1 the adsorption is linear, if n > 1 adsorption is

favourable and if n < 1 adsorption is non-favourable [47].

2.2 | Adsorption kinetic models
As previously mentioned, adsorption kinetics is a fundamental parameter in the design of
any adsorption system. It is critical to evaluate the solute uptake rate, which determines
the residence time required for the completion of the adsorption process [53]. For that
purpose, several models can be applied although, in the scope of this work, two models
are briefly described in the following sections, namely the pseudo-first order and pseudo-

second order adsorption kinetic models.
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2.2.1 | Pseudo-first order model
The pseudo-first order kinetic model was firstly presented to describe a liquid-solid
adsorption system and it proposes that the solute uptake rate is directly proportional to

the difference between the quantity of solute adsorbed at equilibrium and at a given time

(t):

dg

== a) 5)

where k; is the pseudo-first order rate constant (min'), g, (mg g') is the adsorption
capacity at equilibrium and g, (mg g'') is the adsorption capacity at a certain time t [53].

The model’s non-linear form is given by Equation (6):

qt = qell — exp(—kqt)] (6)

2.2.2 | Pseudo-second order model
This model is based on the assumption that adsorption is described by a second order
equation and that chemical adsorption, involving valent forces, is the rate limiting step
[53]. The pseudo-second order is mathematically described by Equation (7) or, in its non-

linear form, Equation (8):

dq B 5
7= k>(q. — q¢) (7)
t
kyqat
—_ cter 8
U= T hyqut (8)

where k,(g mg! min) is the pseudo-second order rate constant of adsorption.

2.3 | Activated carbon

Activated carbons (AC) are amorphous materials mainly characterized by their extensive
porous structure and large surface area. Generally, AC are characterized as having
specific surface area (Sger) most commonly between 800 and 1500 m? g'!' and a pore

volume in the order of 0.20-0.60 cm® g™! [44].

This type of material is mainly composed of carbon, with its typical elemental

composition being 88% C, 0.5% H, 0.5% N, 1% S, and 6 to 7% O (oxygen content may
14



vary in the range of 1-20%, depending on precursor material and activation process), and
inorganic ash representing the remaining fraction [44], which usually blocks the pores
and thus, should be as low as possible. Because of carbon unique bonding properties, both
with other elements and itself, three major allotropic forms of carbon may occur:
diamond, graphite and fullerenes. The graphite form is a parallel layered graphene

structure maintained by dispersive and van der Waals forces (Figure 3).

Basal plane

Graphene layers
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Figure 3 — The structure of graphite [45]

Activated carbons are a form of non-graphitic carbons which means that no
crystallographic order is present in the structure apart from the roughly parallel graphene
layer stacking. Non-graphitic carbons include graphitizable and non-graphitizable
carbons. A non-graphitizable carbon is a non-graphitic carbon which cannot be
transformed into graphitic carbon (measurable crystallographic order) by high
temperature treatment under atmospheric or lower pressure, being able to present a
complex porous microstructure (Figure 4) [45,54]. Thus, AC are non-graphitic, non-

graphitizable carbons with a highly disordered microstructure (Figure 4 (b)).
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Figure 4 — Illustration of the essential differences between graphitizable and non-

graphitizable carbon [45]

As defective assemblies of graphene layers, AC are associated with pores starting from
less than a nanometre to several thousand nanometres. Such pores can be classified,
according with their diameter, as micropores (< 2 nm), mesopores (2-50 nm) and
macropores (> 50 nm). In micropores, most of the adsorption takes place due to the
overlapping adsorption forces in near opposing walls. Typically, micropores’ surface
might constitute up to 95% of the total AC surface area, whereas mesopores does not
exceed 5%. However, mesopores contribute significantly to the adsorption by functioning
as guiding entrances, conducting the adsorbate to the micropores. On the other hand,

macropores influence in the adsorption process is not considerable [44].

Adsorption takes place both on planar surfaces of the carbon structure, through van der
Waals forces, and on the edges of those planes, through more specific chemical bonding.
Carbon atoms located at the edges of the basal graphene planes (Figure 2) are unsaturated
and contain unpaired electrons. Most of these sites are bonded to heteroatoms (atoms
other than carbon) which give rise to diverse functional groups. Surface functional groups
have tremendous impact on adsorption. Among these groups, oxygen-containing surface
groups are the most common and important ones (Figure 5), capable of influencing
surface characteristics such as polarity and acidity, and other properties such as chemical,
catalytical and electrical reactivity of these materials. For example, aromatic compounds
(commonly present in organic molecules) can be adsorbed at the carbonyl oxygens on the
carbon surface. These groups act as the electron donor, while the aromatic ring of the

adsorbate acts as the electron acceptor [44,54,55].
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Figure 5 — Some of the most common and important functional groups found in AC [54]

Functional groups, especially oxygen-containing surface groups, may demonstrate acidic
or basic behaviour depending on the pH of the medium. Thus, if the pH > PZC (point of
zero charge of the AC), protons are released into the medium, leaving a negatively
charged surface on the carbon. On the other hand, if the pH < PZC, basic sites combine

with protons from the medium and reinstate a positively charged surface [54].

2.3.1 | Production of activated carbons
The conventional production of AC involves two main steps: carbonization and
activation. Carbonization or pyrolysis is the thermal degradation of a carbon-rich
precursor in an inert atmosphere (usually N>), with total or partial devolatilization of the
raw material, giving rise to pore formation. The activation phase may be of two types,
chemical or physical. Physical activation methodologies generally consist of initial
pyrolysis of the raw material at medium to high temperatures to produce a carbon rich
char, followed by partial gasification at high temperature with an oxidizing agent such as
water steam, carbon dioxide (CO2), oxygen (Oz) or mixture of them [56,57]. Chemical
activation is usually carried out in a single step, where the precursor is impregnated with
a specified amount of chemical agent and subsequently pyrolyzed at medium-high
temperature (450-1000°C) depending on the chemical agent and raw material [54].

Common chemical agents used are phosphoric acid (H3POs), zinc chloride (ZnCl),
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potassium carbonate (K2COs3) or an alkali hydroxide, such as potassium hydroxide (KOH)
[58-61]. After pyrolysis, the porous structure remaining may be filled with inorganic
residual matter, such as ash, or its pores may be obstructed by disoriented carbon.
Washing the resulting material with acid unblocks the pores and is followed by a thorough

wash with distilled water.

The type and composition of the raw material, and the carbonization conditions heavily
influence the morphology of the porous matrix. The activation process is a key step in
increasing both volume and diameter of the pores [44]. Chemical activation is usually
preferred over physical activation due to lower activation temperature and time, yielding
lower energy consumption, better development of the porous structure, with higher
surface area. Some disadvantages of chemical activation processes are the requirement of
a following washing step and the corrosion of the equipment, due to the nature of the

chemical agents [54].

Currently, commercially available AC is mainly produced from fossil fuels, such as
bituminous coal, and wood [54]. However, such process is limited by availability, due to
the unrenewable nature of the carbon source and cost. Powdered (PAC) and granular
(GAC) activated carbons are currently applied in the field of water treatment. Their use
depends on its specific application. For instance, PAC has the advantageous feature of
presenting greater Sger when compared to GAC. On the other hand, GAC shows greater
regeneration capability by thermal or chemical processes over PAC since its particle size
allows for the use in continuous processes without compromising reusability. PAC,
however, is usually used in batch mode due to its lower particle size, which increases

difficulty of separation in continuously stirred reactors [45].

As an alternative, several agricultural and industrial wastes have been studied as
precursors for the production of AC, with the major benefits being the renewable nature
of the carbon source, the reduced process costs and availability of the precursors [62].
The valorisation of these wastes constitutes a sustainable form of waste management,
which becomes more important in the context of a circular economy. Table 2 shows some
examples of AC production from renewable waste sources using chemical activation.
Several nut shells, fruit stones, sugarcane and beet bagasse and various residues from the
cereal production, among many others, have already been used for the production of AC

[62-64].
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Table 2 — Alternative precursors to produce AC

Chemical Pyrolysis
Precursor Seer (M? g')  Reference
Agent Temperature (°C)
Rice husk K2COs 950 1260 [65]
Cotton stalks KOH 700 997 [66]
Corn cob ZnCl2 500 767 [67]
Wood shavings H3sPO4 450 812 [68]
Paper mill sludge KOH 800 1627 [69]
Bleached paper pulp H3PO4 800 965 [70]
Hazelnut shells KOH 600 1700 [71]

Sludge from the pulp and paper industry has been investigated as precursor for the
production of carbon adsorbents, including AC, and subsequent potential application in
pharmaceutical removal from water [69,70,72—80]. In a recent study, the reproducibility
of the use of paper mill sludge for the production of adsorbents was assessed by evaluating
the impact on the final product characteristics of the variability over time of sludge
batches and the variability between sludges from two different factories with different
pulp and/or paper production processes [72]. Results showed a lack of consistency in the
materials produced from sludge precursors of different factories, which was associated
with the distinct production operation, and from biological paper mill sludge. However,
good reproducibility was found in the materials produced from different batches of
primary paper mill sludge (PS) for each factory. These findings show good reliability for

potential use of these industrial residues as precursors to produce carbon adsorbents.

A 2017 study compared the single and multi-component adsorption capacity of a non-
activated carbon for the removal of three psychiatric drugs from water, produced using
PS, with a commercial AC [80]. The PS was pyrolyzed at 800 °C in a N> atmosphere
(similarly to [77]) subsequently washed with HCI, obtaining an Sper of 414 m? g'!, lower
than the commercial AC used as reference (848 m? g!). It was concluded that single
pharmaceutical maximum adsorption was higher for the commercial adsorbent, but the
single maximum adsorption was reduced for both cases in a multi-component system,
which might indicate competition between the analysed pharmaceuticals. Nevertheless,
it was obtained a porous carbon material with approximately half the Sget of a commercial

AC without resorting to any activation method.
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A more promising result was achieved when PS was impregnated with a chemical agent
prior to pyrolysis [69]. A full factorial experimental design analysed parameters like
pyrolysis temperature (650 and 800°C) and residence time (60 and 150 min), type of
activating agent (K,COs; and KOH) and impregnation ratio (10:1 and 1:1
precursor:activation agent mass ratios). The study concluded that the main factors
affecting the Sger and the analysed pharmaceutical adsorption efficiency were the
pyrolysis temperature and impregnation ratio. The materials produced following optimal
conditions (AC 3, 4, 6 and 7 - Figure 6) showed, in general, suitability for the adsorption
of the selected pharmaceuticals (sulfamethoxazole, CBZ, and paroxetine) from water,
with adsorption efficiencies and Set values much higher than the commercial AC used
as reference (PBFG4 (Chemviron) — Figure 6). Best results were obtained for PS
impregnated with KOH in a mass ratio of 1:1 and pyrolyzed at 800 °C for 150 min, then

washed with HCI and water to remove inorganic matter (Sger= 1627 m? g!).
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Figure 6 — a) Percentage of adsorption of the analysed pharmaceuticals (SMX —
sulfamethoxazole; CBZ — carbamazepine; PAR - paroxetine) and b) Sger for the produced

(ACI1-16) and commercial (PBFG4) AC [69]

2.3.2 | Magnetic nanoparticle loading onto carbon adsorbents
Conferring magnetic properties to carbon absorbents provides a simple and inexpensive
mechanism of separation of such adsorbents from the treated aqueous phase. Through the
application of a magnetic field, magnetic adsorbents and the retained adsorbates are
sequestered, and the treated media can be released. Such process would eliminate the need
of costly and time-consuming separation processes such as coagulation/flocculation,

filtration, centrifugation or slow sedimentation [81]. The allocation of magnetic
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properties to AC would be particularly advantageous in the application of PAC in
continuous adsorption processes, for instance a continuous stirred-tank reactor (CSTR),

since its smaller particle size facilitates magnetic aggregation and separation.

2.3.2.1 | Magnetic iron oxides

Several metallic precursors can be used to impart magnetic properties to carbon
adsorbents, such as iron (Fe), nickel (Ni) and cobalt (Co) based compounds. Due to the
relative low cost, high availability and the capacity to introduce great magnetic properties,
iron based compounds are usually preferred, specially iron salts [82]. Iron oxide
nanoparticles are the most used nanoparticles for the magnetization of carbon adsorbents.
There are 16 distinct iron oxide species in the form of oxide, hydroxides and
oxyhydroxides. Magnetite (Fe3Os4) and maghemite (y-Fe2O3) are the oxide forms that
present greater ferrimagnetic properties at room temperature [83]. Magnetite, the most
magnetic of both, is a crystalline oxide with cubic structure of inverse spinel type
composed of a mixture of ferric (Fe*) and ferrous (Fe*") iron, while maghemite, with
identical structure, is mainly composed of Fe’". Maghemite can be considered a fully
oxidised magnetite [84], and the distinction between the two iron oxide magnetic phases
is difficult through x-ray diffraction (XRD) analysis, but possible by x-ray photoelectron
spectroscopy (XPS).

Synthetic formation of iron oxide particles in the micron and submicron range usually
takes place in aqueous systems, through processes of nucleation and crystal growth. The
most commonly used methods for the preparation of magnetite involve oxidative
hydrolysis of Fe?' salts [84] or coprecipitation of Fe?’":Fe*" solutions. Temperature,
addition of an alkali agent and the provision of an inert atmosphere of N, are fundamental
parameters to ensure a faster and more efficient precipitation. Other aspects, such as
concentration of iron precursor, pH of the suspension and the presence of foreign ion
species are controlling parameters that affect the purity and morphology of the iron oxide

precipitate obtained [84].

The oxidative hydrolysis of ferrous salts involves the partial oxidation of a Fe?" salt
solution with an oxidizing agent, generally KNOs3, under alkaline environment and inert
atmosphere. Temperature is fundamental in defining magnetite particle size (lower sizes

for lower temperatures) and pH must be kept constant and above pH>8 to obtain higher
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yields and crystalline magnetite [84]. Co-precipitation is a similar but simpler and more
commonly used process in the context of production of AC with magnetic properties.
Magnetite synthesis through chemical coprecipitation is a simple and efficient mechanism
for the formation of magnetic nanoparticles in which a base is added, usually dropwise,
to an aqueous iron salt solution (Fe?" and Fe**), under an inert atmosphere, at temperatures
under 100°C. This method does not produce or use any toxic intermediates or solvents,
being advantageous for its eco-friendliness and easy scale-up [85]. Coprecipitation is
initiated by a nucleation increment when the concentration of the iron species reaches
critical supersaturation which is followed by the slow growth of the newly formed nuclei
and diffusion of solutes to the surface of the crystal [86]. The mechanism of magnetite
formation through coprecipitation has been well investigated [85,87]. Magnetite is
formed by phase transformation of intermediate iron oxyhydroxides, rather than direct
reaction of the Fe?" and Fe®" species. As pH gradually increases with the addition of base,
several iron oxide phase transformations occur in the following manner: akageneite =
gocthite - hematite - maghemite = magnetite [85]. Coprecipitation is a complex multi-
reaction process and, therefore results in a broad magnetite nanoparticle size distribution
and low particle crystallinity [85]. The most widely used iron salt precursors are FeCly,
FeSO4, FeCls, Fe(NOs);. The selection of the iron salt precursor, specifically the
corresponding anion, influences the size of the magnetite nanoparticle. Although, it
apparently shows no interference with the nanoparticle morphology, bigger precursor

anions result in smaller magnetite particle size [87].

2.3.2.2 | Magnetic activated carbon
The loading of AC with magnetic nanoparticles to produce magnetic activated carbons
(MAC) has been object of recent studies. The literature also presents several examples

when the subject of magnetization is a non-activated carbon (biochar) [86,88,89].

There are two main routes for the production of MAC. The one step route consists of
simultaneous activation and magnetization, which means that impregnation with
activating agent and iron precursor occurs prior to pyrolysis [90,91]. The two step route
involves the production of AC followed by loading of magnetic nanoparticles through
chemical precipitation of magnetite. The magnetization can occur by two ways that

distinguish themselves by the presence or not of the AC during the coprecipitation
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reaction. The in-situ route involves the coprecipitation of magnetic iron oxides directly
onto the surface of AC by adding it to the reaction medium, whereas the ex-situ method
implies that the coprecipitation occurs independently and the AC is later suspended with
the produced magnetic particles at controlled pH to promote electrostatic interaction. An
alternative way involves a physical process called ball milling, in which AC and magnetic
nanoparticles are mixed in a rotating cylinder filled with spheres [92]. Table 4 presents
some examples of MAC obtained via two step coprecipitation process, from different iron
precursors, and different AC types derived from both biomass and coal (commercial).
The two step approach is the most referred method in the literature and presents less
experimental challenges due to the greater control over the process of synthesis magnetic

nanoparticle, as opposed to the one step approach.

Table 3 — MAC produced by two step coprecipitation magnetization processes

AC precursor Metallic Temperature  Alkali
Sger (M2g')  Reference

source precursor (°C) agent
Rice straw FeSO4 +FeCls 70 NaOH 674 [93]
Coconut shell

. FeSO4 +FeCls 60 NaOH 951 [94]
commercial
Coconut shell

. FeSO4 + FeCls 50 NHs 516 [95]
commercial
Coal-based

. FeClz + FeClz 80 NHs 1241 [96]
commercial
Coal-based

. FeSO4 + FeCls 70 NaOH 658 [97]
commercial

In 2002, one of the first MAC reported in the literature was produced through the
impregnation of a commercial AC (Sger= 933 m? g'!) with a solution of FeCl; and FeSO4
(400 mL; Fe**:Fe?" molar ratio 2:1) at 70 °C [97]. Coprecipitation was carried out through
the dropwise addition of 100 mL NaOH 5 M solution. The obtained materials were dried
at 100 °C for 3 h. The AC:iron oxide weigh ratios tested were 1:1, 2:1, 3:1. The materials
obtained revealed high magnetic responsiveness when in proximity with a magnet. An
overall decrease in Sger (658 m? g') and micropore volume was observed. Analysis
revealed that the main magnetic iron oxide phase formed was maghemite, followed by a
small amount magnetite. Bulk sigma magnetization analysis of the pure iron oxide,

without the AC, under the same conditions, revealed values close to those of maghemite.
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Besides, the pure iron oxide formed revealed a Fe**:Fe?" ratio much higher than the one
found in the original impregnation solution which might indicate the formation of Fe*"
rich iron oxide species, such as maghemite. XRD analysis also suggest the presence of
small amounts of goethite and hematite, which are known non-magnetic iron oxide

intermediates in the co-precipitation of magnetite [85].

In another study [93], MAC was synthesized from rice straw based AC (Sper = 1334 m?
g!) through coprecipitation of iron salt precursors, similar to [97]. A certain mass of AC
(40% of the weight of iron salts) was impregnated in a 200 mL FeCls:FeSO4 solution
(Fe*":Fe** molar ratio 2:1) at 70 °C, and subsequent addition of 100 mL NaOH 5 M
solution, under vigorous stirring. The mixture was aged for 3 h at the referred temperature,
allowed to cool and the material was thoroughly washed with distilled water. The
resulting MAC (Sger = 674 m? g!) presented superparamagnetic behaviour, which
implies easy recovery under an external magnetic field or magnet. Besides obvious Ser
reduction, the waste-based MAC showed a decrease in total pore volume and micropore
volume, suggesting the precipitation of iron oxide particles inside the pore structure of
the MAC [93]. XRD analysis indicates that the main crystalline iron oxide phases formed
were goethite, maghemite and magnetite. The magnetic adsorbent was tested for the
adsorption of triclosan, a common antibacterial and antifungal agent present in detergents,
from water. The rice straw based MAC revealed a maximum adsorption capacity of 303
mg ¢!, which is significantly lower than the precursor AC (714 mg g!), and greater
sensitiveness to the pH medium than the AC [93].

In a different study, magnetite nanoparticles were synthetized individually by
coprecipitation and later added in suspension to HNO; pre-treated commercial AC (SBer
= 1378 m? g'!) to produce MAC with good adsorption properties for the removal of CBZ
from effluent wastewaters [96]. The HNOs pre-treatment is a chemical oxidation process
that implants oxygen containing functional groups, such as carboxyl, carbonyl and
hydroxyl groups, onto the surface of the AC [95]. The objective was to reduce the PZC
of the AC to create a pH interval where AC and magnetic nanoparticle had opposite
surface charge, generating electrostatic attraction. Therefore, the PZC of AC was reduced
to pH=2, while the PZC of magnetite is usually pH=6, thus in the pH range of 2 to 6 the
AC surface is mostly negatively charged, and the magnetite surface is positively charged
[96]. Magnetite nanoparticles were prepared similarly to previously described methods,

using a FeClz:FeCl» solution (molar ratio 2:1) at 80 °C, under agitation and N> flow.
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Nitrogen was used to create a non-oxidizing oxygen free environment to prevent further
oxidation of magnetite nanoparticles according to the reaction: Fe3O4 + 0,2502 + 4,5H>0
—> 3Fe(OH); [98]. The alkali solution (NH3) was added dropwise and the precipitated
magnetic nanoparticles were washed with deoxygenized water. The magnetization
process occurred by dispersing magnetic nanoparticles and AC in 500 mL of
deoxygenated water, at different mass ratios (1:2; 1:4; 1:8 — magnetite: AC), under stirring
and N> flow, and subsequently adjusting the pH to 4 to promote the attraction between
AC and nanoparticles. After magnet separation and drying, the obtained materials were
washed with HCI to remove Fe ions adsorbed onto the AC surface, which could block the
pores, and then washed with distilled water and dried again to obtain the final magnetic
material. XRD analysis revealed peaks related to standard cubic pattern of magnetite and
maghemite. The average magnetite nanoparticle size obtained was 50 nm. Higher
magnetite contents were associated with higher saturation of magnetization.
Nevertheless, the 1:8 magnetite:AC ratio revealed saturation of magnetization high
enough to be separated by an external magnetic field and a slight decrease in surface area
(Sper = 1241 m? g!') which might be related to blockage of pores by oxygen containing
functional groups and magnetite nanoparticles. It was concluded that magnetite had no
adverse impact on the adsorption capacity of the MAC, and a decrease in adsorption
capacity with the higher magnetite content could be explained by increase of inactive
mass of adsorbent, with relatively neglectable contribution to CBZ adsorption, and not
by the negative interference of magnetite. The 1:8 MAC revealed a maximum CBZ
adsorption capacity of 182.9 mg g!, lower than the precursor commercial AC (274 mg g
1, and a maximum removal efficiency of 93% in real effluent wastewaters [96]. These
results indicate promising potential for the application of MAC in the refinement of

effluent wastewaters.

Besides the introduction of magnetic properties, the iron salt precursor can also act as an
activating agent in a one step production of MAC. The production of MAC through
impregnation of charred coconut shell (Sger = 6.22 m? g!) with FeCls was tested [91].
The carbonized biomass waste was impregnated with FeCl; at different mass ratios
(FeCls:biomass char) in an aqueous solution, under stirring at room temperature for 2 h,
before the water being evaporated in a 120 °C oven, and the solid residue pyrolyzed at
700 °C for 1.5 h, acid (HCI) and water washed and dried. Results revealed a decrease of

Sset and total pore volume with an increase in the iron salt impregnation ratio, being that

25



the highest Sger was achieved by the 1:1 impregnation ratio (372 m? g!). All produced
MAC presented high saturation of magnetization and superparamagnetic properties at
room temperature. XRD and XPS spectra indicated the formation of magnetite,
maghemite and hematite iron oxide phases. The authors suggest that the magnetic iron
oxide was formed through a series of phase transformations starting by the formation of
iron hydroxides through hydrolysis of Fe’" aqueous impregnation medium, to the
formation of intermediate iron oxides, such as goethite, maghemite and hematite, in the
following steps of evaporation and pyrolysis, and culminating in the formation of

magnetite at maximum pyrolysis temperature (700 °C) [91].

A magnetic non-activated carbon (biochar) was produced through oxidative hydrolysis
of a Fe?' salt, and it was tested for the adsorption of sulfamethoxazole from water [99].
For this purpose, a pine sawdust biochar (Sger = 297.8 m? g'!') was saturated in a FeCl,
0.3 M solution for 24 h, under agitation. After that, the mixture was kept at 90 °C under
N> flow while a solution of KOH (alkali agent) and KNOs (oxidizing agent) were added
dropwise for 1 h. The suspension was cooled overnight in an air sealed reactor, and
subsequently centrifuged to obtain magnetic biochar, followed by washing with distilled
water and drying. The objective of this process was to prevent the formation of iron
oxide/hydroxide phases other than nanosized magnetite. XRD analysis substantiated the
formation of only magnetic iron oxide forms. Therefore, the material presented high
saturation of magnetization, with good retrievability by magnet. The precipitation of
magnetic nanoparticles on the surface of the biochar reduced its Sger (125 m? g'!), as
expected, not only because of plausible pore blockage but also because of the low surface
area of the magnetic nanoparticles [99]. The adsorption capacity towards
sulfamethoxazole was also reduced (13.83 mg g!), possibly due to low electrostatic
attraction between the pharmaceutical and magnetic adsorbent at the pH tested (pH = 4),
at which the adsorbent is mainly positively charged (PZC = 9.46) and the
sulfamethoxazole is neutral. It was also concluded that the synthesized magnetic

nanoparticles had no sorption affinity to the pharmaceutical.
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3 | Basic principles of capillary electrophoresis

Capillary electrophoresis (CE) is a well-established analytical technique for the
determination of small molecule pharmaceuticals in water. In this work, CE was used as
analytical method for the quantification of the adsorbate concentration remaining in
solution after adsorption. Molecule separation occurs due to distinct migration rates,
based on analyte charge and size ratio, across a narrow tube (generally a fused-silica
capillary) under an applied high constant electric field (Figure 7). This format of
electrophoresis provides a relatively simple separation mechanism that allows for rapid
analysis with high sample throughput [100]. Additionally, in comparison with high
performance liquid chromatography (HPLC), another high resolution separation
technique, CE offers some advantages such as the requirement of small sample amounts
(few nanolitres), the ability of separation over a wider range of molecular weights and
charges, the higher separation efficiency and resolution, the relative inexpensiveness as
opposed to the high cost of HPLC columns and the versatility offered by capillaries

allowing for easy inner surface manipulation [101].

Reduced capillary inner diameter (5-150 um) enable the appliance of high electric fields
(10-30 kV), by minimizing heat generation and allowing for more efficient energy
dissipation, which is responsible for high separation efficiency and resolution and short

analysis periods, characteristic of CE [102].

Separation capillary

Detection
window

Separation Sample Separation
buffer buffer

[<2] [Q 2]
© ©

High-voltage power supply

Figure 7 — Schematic representation of a CE instrument [102]
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Common to every electrophoretic system, electroosmotic flow (EOF) occurs whenever a
fluid (electrolyte) near a charged surface (capillary wall) is placed under an electric field,
resulting in the bulk movement of fluid near that surface. EOF is quite a significant factor
in CE separations, especially due to the high surface to volume ratio inside the capillary
[100]. Manipulation of several experimental variables can be used to modify EOF, such
as the type, concentration and pH of the separation buffer, the addition of organic
modifiers, temperature or the inner wall composition of the capillary [101]. Another
crucial component in CE analysis is the electrophoretic mobility of charged species
(analyte) in an electrolyte as a result of the electrostatic force when a constant electric

field is applied [101].

Fused-silica capillaries are almost ubiquitous to CE analysis. Their inner surface
functionality is determined by silanol groups which bear negative charge at pH=3-9
(common separation condition), thus attracting hydrated cations from the electrolyte
solution leading to the formation of an electrical double layer [100,102]. Under an electric
field, the loosely bound second cationic layer migrates towards the cathode, dragging
along electrolyte solution creating the EOF [101]. The EOF ultimately determines the
electrophoretic mobility of the analytes, by influencing their migration velocity
depending on whether they move in the same or opposite direction of the EOF [101];
thus, the analyte movement is the sum of the electroosmotic and electrophoretic vectors

[100].

CE can be operated in different separation modes being the capillary zone electrophoresis
(CZE) the simplest. The separation occurs based on differential electrophoretic mobilities
using a background buffered electrolyte. Given that differential migration is only possible
for charged species, neutral compounds are carried with the EOF to the detector end
(cathode), without separation. Electrokinetic capillary chromatography (EKC) is an
alternative separation mode that is based on the introduction of a pseudo-stationary phase
into the running buffer, usually by the addition of surfactant. If the concentration of the
surfactant is above the critical micellar concentration, surfactant molecules spontaneously
from aggregates (micelles) in the aqueous buffer [101]. This separation mode is named
micellar electrokynetic chromatography (MEKC) and, although the movement inside the
capillary is still controlled by electrokinetic mobility and EOF, the separation is now also
based on the partition of the analyte between the micelles and the aqueous phase [101],

enabling the separation of both neutral and charged compounds. Analyte molecules
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distribute themselves between the hydrophobic interior of the micelles and the aqueous
phase based on their polarity. Sodium dodecyl sulphate (SDS) is vastly used as anionic
surfactant as it features high water solubility and degree of lipid solubilization power, and
low critical micellar concentration (§ mM) [101]. Considering a negatively charged fused
silica capillary wall, SDS micelles and EOF have opposite migration directions. However,
the net bulk movement direction is dictated by the stronger EOF, towards the cathode on

the detector end.

This methodology was applied in this study for the analysis and quantification of CBZ in
aqueous solutions. In Calisto (2011) [101], a MEKC method was optimized by
dynamically coating the capillary wall, which increases reproducibility of separation by
decreasing analyte and capillary wall interactions. The coating procedure is based on the
non-covalent bonding of a multiple charged polycation (polybrene) to the deprotonated
silanol groups of the capillary wall, followed by coating with a double layer of SDS
molecules, establishing a highly negatively charged surface [101]. SDS was also

incorporated into the running buffer.
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4 | Main goals of the study

Adsorption onto PAC provides an efficient alternative to complement conventional
WWTP treatments for the removal of persistent micropollutants. However, due to its
small particle size, the application of PAC in continuous water treatment systems is
limited and its separation from the treated aqueous phase involves complex, expensive

and time consuming processes.

In that sense, the main goal of the present work was to develop and optimize the
production of a magnetically retrievable PAC, derived from an industrial waste (primary
paper mill sludge), that combines high adsorption capacity with immediate separation

from the treated aqueous phase by a permanent magnet.

The aim of this work was to produce a MAC that was effective in the removal of
pharmaceuticals from water and for that purpose, the anti-epileptic CBZ, commonly
found in aquatic environments and known to be resistant to conventional WWTP
treatments, was chosen to evaluate the adsorption performance. Chemical and physical
characterization of the produced MAC through total organic carbon (TOC) determination,
Fourier transform infrared spectroscopy with attenuated total reflectance (FTIR-ATR)
and XRD analysis, PZC and Sget determination, vibrating sample magnetometer (VSM)
analysis and scanning electron microscopy (SEM), was also a key objective in this study,
allowing to better understand the impact of the materials’ properties in the adsorptive
performance. Additionally, it was intended to perform adsorption kinetic and equilibrium
studies for the best materials in both ultrapure and WWTP effluent, and subsequent
kinetic and isotherm modelling of the adsorption process. The use of WWTP effluents
for the adsorption tests is intended to evaluate the performance of the developed materials

in high complex real matrices.

Overall, it was purposed to maximize CBZ adsorptive removal while guaranteeing rapid

and effective MAC separation from the aqueous phase.
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II. Materials and
Methods
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1 | Production of primary paper mill sludge-based

powdered activated carbon

Primary sludge from paper mill industry (PS) was used as precursor for the preparation
of a waste-based powdered activated carbon (WPAC). The preparation procedure was
selected according to optimal conditions determined by [69]. PS was collected from a
pulp and paper pulp factory, using eucalyptus wood (Eucalyptus globulus) as raw material
and an elemental chlorine free bleaching method. After drying, PS was grinded (with a
blade mill) and chemically activated with KOH 1:1 (w/w) for 1 h under ultrasonic
agitation, at room temperature. Batches of 15 g of PS were impregnated with 15 g of KOH
(BChem) in 50 mL of distilled water. Following the activation period, the slurry was
allowed to dry at room temperature in the fume hood under weak air stream flow. The
impregnated material was subsequently pyrolyzed in porcelain crucibles at 800 °C in a
convection furnace muffle for 150 min of residence time with a heating rate of 10 °C min

!, under constant nitrogen flow through the entire process.

After pyrolysis, the carbonized material was subjected to an acidic washing step, using
1.0 M HCI (37%, Fluka) in a 3% (w/v) proportion for 1 h. The mixture was vacuum
filtered through a 0.45 um filter to remove the acid and successively washed with distilled
water and filtered until the filtrate reached neutral pH. The WPAC was dried at 100°C

overnight and grinded into a fine homogenous powder using a pestle and mortar.

The overall production yield (Equation (9)) was calculated.

final mass of WPAC (g)

mass of PS (g) * 100 ©

n(%) =

2 | Production of magnetic activated carbon

Powdered waste-based MAC was produced via two synthesis routes. Both routes
involved the coprecipitation of mixtures of Fe?" and Fe*" salts with an alkali solution. On
a first approach, the produced WPAC was introduced in the reaction media prior to
coprecipitation. This preparation method was named in-situ route. Alternatively,
magnetic particles were synthesized independently and later added in solution at
controlled pH to the WPAC, constituting the ex-situ route.
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2.1 | Magnetic particles
Magnetic iron oxide particles (MP) were synthesized via coprecipitation of mixtures of
iron III chloride hexa-hydrated (>99%, FeCl;.6H20, Chem-Lab, Belgium) and iron II
sulphate 1.5-hydrated (>99%, FeSO4.1.5H>O, Chem-Lab, Belgium) with potassium
chloride (KOH, BChem, Portugal). Distilled water used in the coprecipitation was
previously deoxygenized for 1 h under nitrogen bubbling. Different proportions of iron
salt mixtures were tested; 1.5 g of each considered mixture were dissolved in 50 mL of
deoxygenized water, in a water bath at 70-80 °C, under N> flux (Figure 8 — a)). After
complete dissolution, 50 mL of a 0.5 M KOH solution, also prepared using the
deoxygenized water, was added dropwise and the reaction was held during 1 h, keeping
the temperature at 70-80 °C (Figure 8 — b)). The black precipitate was magnetically
decanted to remove the excess of alkali solution and washed successively with distilled

water until neutral pH (Figure 8 — ¢)), after which the particles were dried in a convection

oven at 40 °C, overnight or until completely dry, and mechanically grinded.

Figure 8 — Coprecipitation reaction: a) iron salt mixture dissolution; b) KOH solution

addition; c¢) final magnetic black precipitate accumulated around a permanent magnet

Magnetic properties of the produced particles were initially evaluated by visual
responsiveness to a permanent magnet. For reference, the neodymium rod shaped magnet
used (1 cm diameter; 4 cm height) has 1.26-1.29 T (tesla) of residual magnetism,
compared to the earth’s magnetic field (50 uT), a refrigerator magnet (5 mT), a junkyard

magnet (1 T) or a laboratory nuclear magnetic resonance spectrometer (6-23 T).
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After preliminary experiments, two different ratios of [FeCl3.6H2O:FeSO4.1.5H>0] (w/w)
— (1:2) MP1 and (3:1) MP2 — were tested in the production of MAC due to rapid and
efficient separation from solution by a magnet verified for the MP synthesised in both

conditions.

2.2 | Production of magnetic activated carbon
During the in-situ synthesis route, WPAC was added to the iron salt solution prior to the
addition of base and the coprecipitation reaction took place as described previously,
followed by the washing, drying and grinding steps. The mass of WPAC added was
defined in relation to the total mass of iron salts in solution. WPAC/Fe salt proportions
of 1:2, 1:3, 1:4 and 1:6 (w/w) were tested (Table 4). The ex-situ route involved the
suspension of both WPAC and MP in deoxygenized water, under nitrogen flux, and
subsequent pH adjustment to a pH value in between the PZC of both materials in
suspension, thus promoting surface attraction. The PZC of the precursor WPAC is pH ~5
(25 °C) [69] whereas the PZC of magnetite, the most magnetic iron oxide, is pH ~ 6.4-8.0
(20-25°C) [103]. Accordingly, the pH of the suspension was kept between the pH interval
5-6 for 1 h, under agitation and nitrogen flux, thus assuring a prevalence of opposing
average surface charges for WPAC (negative) and magnetic iron oxide (positive). The

resulting materials were magnetically decanted, dried at 40 °C and grinded into a powder.

Table 4 — MAC production nomenclature and process routes

in-situ route

Material nomenclature WPAC:Fe salt (ww)  WPAC % (w/w)  FeCl3.6H20:FeS04.1.5H20 (w/w)

MAC2-MP1 (1:2) 33 (1:2)
MAC3-MP1 (1:3) 25 (1:2)
MAC4-MP1 (1:4) 20 (1:2)
MAC6-MP1 (1:6) 14 (1:2)
MAC3-MP2 (1:3) 25 (3:1)
MAC4-MP2 (1:4) 20 (3:1)
MCAC2-MP1* (1:2) 33 (1:2)

ex-situ route

Material nomenclature WPAC:MP (w/w) WPAC % (w/w)  FeCls.6H20:FeS04.1.5H20 (w/w)

MACX1-MP1 (1:1) 50 (1:2)

*commercial PAC (PBFG4 — Chemviron) used as precursor, for comparison purposes
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3 | Physical and chemical characterization of magnetic

activated carbons

3.1 | Total organic carbon
Total organic carbon was determined, for selected samples, by calculating the difference
between total carbon (TC) content and inorganic carbon (IC) content, both determined
with a TOC analyser (Shimadzu, TOC-VCPH solid sample module SSM-5000A, Japan).
Glucose (C¢H1206, 40% of carbon) and sodium carbonate (Na;COs3, 11% of carbon) were
used as standards to evaluate the calibration of the equipment for TC and IC
determination, respectively. For TC determination 30 mg of sample were weighed in
small porcelain crucibles and then analysed. For IC determination, the same sample mass
was used, digested with phosphoric acid (H3PO4, 50%) and subsequently analysed.
Samples were analysed in three replicates and the carbon content was obtained by the

average of such measurements.

3.2 | Fourier transform infrared spectroscopy with attenuated

total reflectance
Fourier transform infrared spectroscopy with attenuated total reflectance spectra were
obtained using a FTIR spectrophotometer (Shimadzu, IRaffinity-1, Japan), using an
attenuated total reflectance (ATR) module, with a nitrogen purge. The measurements
were recorded in the range of 700-4000 cm™, 4.0 cm™ resolution, 128 scans and with

atmosphere and background correction. PS, WPAC and all MAC and MP were analysed.

3.3 | Specific surface area and pore morphology
Physical textural properties were accessed in a surface area and porosity analyser
(Micromeritics, Gemini VII 2380, USA) by nitrogen adsorption isotherm at -196 °C, after
sample degasification overnight at 120 °C. The following parameters were determined:
Set was calculated by the Brunauer-Emmett-Teller (BET) equation [48] in the relative
pressure range 0.01-0.1; total micropore volume (W)y) was determined by the Dubinin-

Radushkevich equation [49]; total pore volume (7)) was estimated from the amount of
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nitrogen adsorbed at a relative pressure of 0.99; average pore width (D) was calculated as

D = 2.V, /Sggr [77]. The produced WPAC, MP1 and all MAC derived from MP1 were

analysed.

3.4 | Scanning electron microscopy
Superficial morphology was analysed through SEM images obtained using a scanning

electron microscope (Hitachi, S4100, Japan) at magnifications of 100x, 500x, 3000x,
10000x and 50000x. WPAC, MP1 and all MAC derived from MP1 were analysed.

3.5 | Point of zero charge
Point of zero charge was determined by the pH drift method, similarly to Jaria et al. (2015)
[79] for the two selected best materials (MAC4-MP1 and MACX1-MP1). A set of ten
different pH solutions (pHi = 2-11) of 0.1 M NaCl (99,5%, Jos¢ Manuel Gomes dos
Santos, Portugal) were prepared, and initial pH (pHi) values were adjusted with 0.1 M
and 0.01 M HCI (37%, Fluka), and 0.1 and 0.01 M NaOH (AzkoNobel, Netherlands). 1
mg of selected samples was incubated in 40 mL of each pH solution (25 mg L), in
propylene tubes for 24 h at 25 °C, in an overhead shaker. The final pH (pHr) was measured
and PZC was determined by plotting ApH (pHr — pH;) versus pHi. The PZC is the pH

value corresponding to the x-axis interception of the obtained curve.

3.6 | Vibrating sample magnetometer

The magnetization measurements for all MAC and MP samples were carried out using a
vibrating sample magnetometer (Quantum Design, MPMS®3, USA) with an applied
magnetic field of about 13 kOe, at 5 torr and 290-310 K in a helium rich atmosphere.
Sample saturation magnetization was determined by plotting magnetic moment versus
applied magnetic field, the saturation magnetization corresponded to the plateau value of
magnetic moment reached divided by the sample mass (1 mg). WPAC, MP1 and MP2
particles, all MAC derived from MP1 and MAC4-MP2 were analysed.
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3.7 | X-ray diffraction

X-ray diffraction analysis was performed to evaluate the presence of magnetic iron oxides
in the produced materials. Measurements were performed at room temperature with a
PANalytical Empyrean powder diffractometer using monochromated CuKa radiation
(A=1.541° A) in the 10-80° 26 range at 0.02° resolution, and 4000 acquisition points per
step. The incident beam optics included a Soller slit of 0.04 rad, a 10 mm fixed mask, a
divergence fixed slit of 1=4 and an anti-scatter slit of 1=8. The diffracted beam optics
included a Soller slit of 0.04 rad and anti-scatter slit of 7.5 mm. The two best MAC
(MAC4-MP1 and MACX1-MP1), WPAC and MP1 were analysed.

4 | Analytical method — capillary electrophoresis

Adsorptive performance of the produced materials was evaluated by determining
adsorbate concentration remaining in solution after adsorption and subsequently the
adsorption capacity. CE was used as main analytical method for this purpose. The analysis
mode was based entirely on a MEKC separation method operated in a dynamically coated
fused silica capillary as described in Calisto (2011) [101]. Analyses were performed in a
Beckman P/ACE MDQ (Fullerton, CA, USA) equipped with a photodiode array UV-Vis
detector, using the software 32 Karat. The fused silica capillary had a total length of 40

cm (30 cm to the detection window) and 75 um of internal diameter.

Additionally, in the first preliminary adsorption tests, CBZ was also quantified by UV-
Vis spectrophotometry due to the simplicity and quickness of the method which allowed

to determine the relevant synthesis conditions and progress with the work.

4.1 | Capillary coating
Briefly, the coating procedure consisted of strong deprotonation of the capillary wall
silanol groups with NaOH 1 M (30 min), followed by rinsing with ultrapure water (15
min). The negatively charged surface was then coated with polybrene (hexadimethrine
bromide) 0.5% (w/v) in NaCl 0.5 M (20 min), followed by another ultrapure water rinsing
period (2 min). The positively charged surface was flushed with running buffer (20 min)
— 15 mM sodium borate (electrolyte) + 20 mM SDS (anionic surfactant) — which coated

the capillary wall with its final negatively charged surface.
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The capillary was subjected to a daily washing routine starting with running buffer (20
min) in the beginning of the day and ultrapure water (5 min) at the end of the day. Both

extremities of the capillary were kept submerged in ultrapure water when not in use.

4.2 | Sample preparation and separation procedure
The use of an internal standard in every sample was required, considering that sample
injection was made by pressure and it is not possible to assure constant sample volume
injection in CE. CBZ quantification was established by the mean peak area ratio of analyte
and internal standard, relying on a constant proportion of sample and internal standard
injected each time. Ethylvanillin was used as internal standard and a 167 mg L' stock
solution (diluted in ~10% of acetonitrile and completing the volume with ultrapure water)
was prepared and stored at 4 °C in the dark. A 10% dilution in ultrapure water was used

for sample preparation, made fresh every day and stored under the same conditions.

A 15 mM sodium borate and 20 mM SDS in ultrapure water solution was used as running
buffer, prepared fresh every two days and stored at 4 °C. A 100 mM sodium borate
solution in ultrapure water was used as electrolyte and added to each sample along with
internal standard. All samples and buffer solutions were filtered through a 0.22 um

Whatman PVDF Membrane Filter prior to analysis.

Samples were prepared in CE vials by adding 1350 pL of sample, 150 uL of 100 mM

sodium borate solution and 30 pL of ethylvanillin 10% to each sample vial.

Analysis were made with an applied potential of 25 kV and a capillary temperature of 25

°C. CBZ detection was performed at wavelength 214 nm.

Each sample vial was analysed three times by the instrument. Separation procedure was

as follows:

1| H2O rinse (1 min at 20 psi)

2| Running buffer rinse (2 min at 20 psi)
3| Sample injection (4 s at 0.5 psi)

4] H>O injection (3 s at 0.5 psi)

5| Separation with running buffer (3-5 min)
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4.3 | Calibration curve
The standardization of the instrument signal was performed by means of a series of
samples of known CBZ concentration, using a calibration curve with seven standard
solutions prepared by dilution of a 5 mg L' CBZ solution: 0.25, 0.50, 1.0, 2.0, 3.0, 4.0
and 5.0 mg L. The calibration curve was fitted by the least-squares linear regression

method, given by the Equation (10):
y=a + bx (10)

where y is the ratio between the CBZ peak area of the sample and the peak area of the
internal standard, x is the concentration of the analyte, a is the intercept on the y-axis and
b is the slope of the curve [104]. Every standard solution was prepared as described in

section 11-4.2 and analysed in quadruplicate by the instrument.

Limit of detection (LOD) and limit of quantification (LOQ) were determined according

to Equations (11) and (12), respectively:
LOD = a + 3S, (11)

LOQ = a + 10S, (12)

Sa=S5 Lo 13
SRR YR )

where S, is the error associated with y-intercept of the curve (a), estimated by the

standard deviation in the y-direction (S,,/,) and calculated by Equation (13).

5 | Batch adsorption studies

Adsorptive performance of the produced materials was evaluated by batch adsorption
tests. The anti-epileptic drug CBZ was used as analyte in both ultrapure water and real
WWTP effluent matrix, at initial concentration of 5 mg L', Final treated effluent was
gathered at a local urban WWTP (Aveiro, Portugal) that receives an average wastewater
flow of 39278 m® per day, which is subjected to primary followed by biological
treatment. The effluent was vacuum filtered through a 0.45 pum Supor-450 Cellulose
Membrane Disc Filter, immediately after collection. After filtration to remove suspended

organic matter and solid residues, the effluent was stored at 4 °C in the dark, for a
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maximum period of three weeks. WWTP effluent pH (Hanna Instruments, HI2020-02 pH
meter), conductivity (WTW meter) and dissolved organic carbon (DOC) (Shimadzu,
TOC-VCPH liquid sample module SSM-5000A, Japan) were measured.

Materials’ dosage was weighed in a microbalance, with an uncertainty of + 0.001 mg,
into propylene tubes with 40 mL of 5 mg L' CBZ solution and shaken at 80 rpm in an
overhead shaker at 25 °C. All experiments were replicated three times and CBZ solution
incubated without adsorbent was used as control. After the incubation period, all samples
were filtrated through a 0.22 pm Whatman PVDF Membrane Filter, to separate the
adsorbent from the aqueous phase, and CBZ was quantified by capillary electrophoresis,

according to the procedure described in section 11-4.

5.1 | Preliminary adsorption tests
Preliminary adsorption experiments were carried out to evaluate which of the produced
materials had better adsorptive performance for CBZ in ultrapure water. These tests were
performed in simultaneous with the synthesis of MAC described in section II-2.2.
Specific adsorbent concentrations were tested (Table 5) for an incubation period of 24 h.
The results provided information that assisted not only in the final selection of the two
best magnetic materials to be fully characterized and evaluated, but also in the setting of

synthesis parameters for the preparation of MAC.

Table 5 — Dose of material and analytical method used in preliminary CBZ adsorption

experiments in ultrapure water

Material Material dosage (mg L) Analytical method
WPAC 25; 50 CE, UV-Vis
MAC2-MP1 50 CE, UV-Vis
MAC3-MP1 50 UV-Vis

MAC4-MP1  25; 50 UV-Vis

MAC4-MP2 50 UV-Vis

MAC6-MP1  25; 50; 75 CE, UV-Vis
MACX1-MP1  25; 50 UV-Vis

MP1 25; 50 CE, UV-Vis
MCAC2-MP1 50 UV-Vis

CE - capillary electrophoresis
UV-Vis — ultraviolet-visible spectrophotometry
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5.2 | Kinetic adsorption study
The two selected best MAC (MAC4-MP1 and MACX1-MP1) were subjected to a kinetic
adsorption study to determine adsorption equilibrium time. The kinetic study involved
the incubation of a fixed concentration of material for different periods of time. In that
sense and based on preliminary experiments, 25 mg L' was established as the fixed
concentration for all MAC, in both ultrapure water and real effluent. Accordingly, 40 mL
of a 5 mg L'! CBZ solution was incubated with the referred fixed amount of MAC for 5,
10, 15, 30, 60 and 120 minutes in ultrapure water and 5, 10, 15, 30, 60, 120 and 240

minutes in real effluent.

The amount of CBZ adsorbed at each time (g, (mg g'!)) was determined by Equation (1)
and kinetic parameters were determined using the pseudo-first and pseudo-second order
models (Equations (6) and (8), respectively). Experimental data model fitting was
performed by the non-linear regression method, using Graph Pad Prism 5 software, and

MatLab 7.0 software was used for peak integration.

5.3 | Equilibrium adsorption study
Considering the adsorption equilibrium period determined during the kinetic studies,
equilibrium adsorption experiments were performed to determine maximum adsorption
capacities (q,, (mg g')) for the two best materials. A range of different adsorbent
concentrations were tested in ultrapure water (10-60 mg L' for MACX1-MP1 and 10-55
mg L' for MAC4-MP1) and real effluent (10-80 mg L' for MACX1-MP1 and MAC4-
MP1) for both materials. The materials were incubated for 2 h in ultrapure water and 4 h

in effluent, as these periods ensured the attainment of equilibrium.

Similarly to the kinetic studies, the quantity of adsorbed CBZ at equilibrium (g, (mg g
1)) for each adsorbent concentration was determined using Equation (1). Langmuir and
Freundlich non-linear equilibrium models (Equations (2) and (4), respectively) were used
to fit the experimental data in order to determine equilibrium parameters using Graph Pad

Prism 5. MatLab 7.0 software was used for peak integration.
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5.4 | Evaluation of pH and matrix interference
To evaluate the influence of pH in the adsorption process a set of adsorption experiments
were carried out in 0.01 M phosphate buffer at the effluent pH (~8.0). A 0.1 M phosphate
buffer solution was prepared from 1 M stock solutions of KoHPO4 and KH>PO4 and
subsequently diluted to the desired 0.01 M concentration. A 5 mg L' CBZ solution was
prepared using the referred buffer and the solution pH adjusted to 8.0 with 0.1 M H3zPO4
and 0.1 M NaOH. A fixed concentration of 25 mg L was used for both selected MAC
and for WPAC, and 40 mL of buffered CBZ solution was used in each tube. Experiments
were run in triplicate and incubation period was 2 h, assuring both systems reached
adsorption equilibrium. Buffered CBZ solution incubated under the same conditions was

used as control.

The amount of adsorbed CBZ at equilibrium (g, (mg g')) for each material was

determined using Equation (1). MatLab 7.0 software was used for peak integration.

5.3 | Equilibrium isotherm and kinetic model fitting error

evaluation
In order to evaluate the adequacy of the model fitting, three parameters were used to
choose the best fitting model for the equilibrium and kinetic studies. All parameters were

provided by the Graph Pad Prism 5 software.

The parameters were the coefficient of determination (R?), the standard deviation of

residuals (Sy/,) and the absolute sum-of-squares (ASS), given by the following equations:
2 1- SSregression

= (14)
SStotal

where $Sy¢gression refers to the sum-of-squares of the regression and S$S;44; 1s the total

sum-of-squares,

where the residual is the vertical distance (in y units) of the experimental point from the
fit curve, n is the number of data points and K is the number of parameters fitted by the

regression,
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455 =) (i - 9)? (16)

where (y; — ¥) is the vertical distance between the data point (y;) and the regression curve
\2
The lowest value of ASS and S,, /, indicates the best model and maximizing the R 2 value

denotes greater agreement between the experimental data and the model prediction.
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1 | Characterization of magnetic adsorbents

The production yield of the precursor WPAC was calculated (Equation (9)) and
determined to be 5.9%. Such value is coherent with previous works [69] and can be
explained by the KOH chemical activation and the HCI washing step. The chemical
activation is the main responsible for the formation of porosity which yields a very low-
density and microporous AC. The HCI washing step, especially through inorganic matter

removal, represented about 96 % of weight loss after pyrolysis.

1.1 | Total organic carbon
The results of total organic carbon analysis are presented in Table 6. It is possible to
conclude that pyrolysis strongly contributes to the increase in organic carbon content,
proved by the 40% increment when comparing WPAC to PS. Inorganic carbon content is

residual for WPAC which reflects its efficient removal during HCI washing steps.

Table 6 - TOC analysis for WPAC and derived magnetic adsorbents

TC (% IC (% OC (%
Material (%) (%) (%)
Mean + SD Mean + SD Mean + SD
PS 33.1+0.1 46+04 285+0.4
WPAC 68.2+04 0.11+0.04 68.1+0.3

MAC2-MP1 35.0+£0.5 0.031+£0.002 34.9+0.5
MAC3-MP1 201+0.2 0.11 £ 0.02 28.9+0.2
MAC4-MP1 252+0.1 0.12+0.02 25.0+0.1
MAC4-MP2  27.8+0.1 0.11 +0.01 27.7+0.1
MAC6-MP1 19.9+ 0.1 0.045+0.007 19.8+0.1
MACX1-MP1 33.9+0.2 0.07 + 0.05 33.9+0.3

MP1 0.154 £ 0.005 0.19£0.02 <LOD
MP2 0.56 + 0.05 0.11 £ 0.04 <LOD
MCAC2-MP1 424 +0.8 0.090 £0.002 42.3+0.8
PBFG4* 748 0.7 0.07 £ 0.05 75+ 1

TC — total carbon; IC — inorganic carbon; TOC — total organic carbon
*Results from Calisto et al. (2014) [77]
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The results also highlight a decrease in organic carbon for all MAC in comparison to
WPAC. This is due to the introduction of magnetic iron oxide particles (MP) into the
structure of WPAC, inevitably reducing the relative organic carbon content since such
particles have no contribution in organic carbon content (Table 6). Besides, this effect is
proportional to the WPAC/Fe salt ratio. For instance, organic carbon content plummeted
from 68.1% in WPAC to 19.8% in MAC6-MP1 (1:6 ratio), whereas a less accentuated
decrease was observed for MAC2-MP1 (34.9%) (1:2 ratio).

1.2 | Specific surface area and pore morphology
Table 7 lists several important textural parameters that were determined for the produced
materials. The WPAC, used as precursor for MAC synthesis, presents a Sger value
consistent with previous works [69,105] and in line with characteristic values for PAC.
In fact, WPAC has a Sger much higher than the one of PBFG4, a commercial PAC used
for comparison purposes. From these results, it is possible to infer the highly microporous
structure of WPAC as the micropore volume (W#)) accounts for approximately 58% of

total pore volume (V).

The results also suggest that Sger and V), are negatively affected by the presence of
magnetic iron oxides in the MAC. However, the D values for MAC are compatible with
a microporous material (< 2 nm). Magnetic particles MP1 have a relatively low Sger, V)
and Wy, hence its presence in the magnetic composite causes an inevitable decrease in the
referred parameters. Additionally, due to the nanometric size of the MP produced through
coprecipitation [85], their possible deposition on WPAC’s complex micropore structure
ultimately represents a significant reduction in micropore volume which is accentuated
by an increased proportion of iron salt in relation to AC, and therefore an increased

proportion of MP.

For the ex-situ MACX1-MP1, the reduction of Sget and W) is of the same magnitude as
the reduction of the WPAC proportion, approximately 50%. However, this linear relation
is not so clear for the in-situ MAC since the iron salt content does not directly translate
into MP content. This can possibly be explained by the interference of the AC in the
coprecipitation process which might influence MP synthesis, size and shape, possibly

reducing the final MP content in the magnetic adsorbent.
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Comparing with a commercial non-magnetic PAC (PBFG4), MAC2-MP1 and MACX1-
MP1 have similar physical properties in terms of Sger and Wy with the advantage of being

effectively retrievable from solution via magnetic separation.

Table 7 — Specific surface area and pore morphology of the produced materials and a

commercial PAC (PBFG4, Chemviron)

Material Sger (m2g™') Ve (cm3g') Wo(cmig?') D (nm)
WPAC 1533 1.06 0.61 1.39
MAC2-MP1 805 0.77 0.32 1.32
MAC3-MP1 652 0.60 0.26 1.85
MAC4-MP1 551 0.60 0.22 217
MAC6-MP1 449 0.44 0.18 1.97
MACX1-MP1 777 0.62 0.31 1.58
MP1 23 0.16 0.01 13.59
PBFG4* 848 0.36 0.30 0.84

Seet — Specific surface area; V) — Total pore volume; Wy — Micropore volume; D — Average pore diameter
*Results from Calisto et al. (2014) [77]

1.3 | Scanning electron microscopy analysis
Scanning electron microscopy analysis was performed to evaluate textural properties and

outer surface morphology of the adsorbents. Figures 9 and 10 exhibit SEM images from

both WPAC and MP1, as well as from in-situ MAC and ex-situ MAC.

In Figure 9 a), it is clear the complex porous structure of the WPAC and in Figure 9 b)
(50000x) it is possible to observe the nanometric size of the MP1 particles. From the
analysis of MAC and WPAC images at amplifications of 10000x or 50000x, it is obvious
that MAC surfaces are rougher than the precursor WPAC. This roughness is associated
with the deposition of magnetic particles throughout the surface of the AC. Figure 10 a)
(50000x) is the one that better demonstrates this phenomenon which might explain the
verified pore volume reduction or even pore blockage. Analysing the in-situ MAC
images, it becomes clear that increasingly iron salt proportions correspond to rougher
surfaces and increasingly pore constraints. This analysis can be corroborated with the

results from Table 7, which indicate SseT reduction.
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Flgure 9 — SEM images of a) WPAC; b) MPI1; ¢) MAC2-MP1 at rnagmﬁcatlons of
3000x, 10000x and 50000x (left to right)
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MACX1-MP1 at magnifications of 3000x, 10000x and 50000x (left to right)

The images from MACX1-MP1 show that no visible distinction can be made between in-
situ and ex-situ MAC, in what concerns the deposition of MP on their surfaces. Similar
images are found in the literature for MAC produced in an identical manner as in-situ

[97] and ex-situ [96].
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1.4 | Vibrating Sample Magnetometer analysis
The results from VSM analysis are depicted in Table 8. As expected WPAC’s magnetic
properties are neglectable, thus any contribution to the increment of saturation

magnetization value is related to the loading of magnetic iron oxides onto its surface.

Considering in-situ MAC samples, an increase in the initial weight proportion of iron
salts is directly associated with an increase in saturation magnetization. However, the
assumption of a linear increase in saturation magnetization with relation to the proportion
of iron salt cannot be made. The ex-situ MACX1-MP1 weight content is composed by
50% of WPAC, nonetheless its saturation magnetization value is approximately 77% of

the MP1 particles.

Table 8 — Saturation magnetization values for the produced adsorbents and MP

Material Saturation magnetization (emu g)

WPAC 0.28

MAC2-MP1 30.56
MAC3-MP1 44.63
MAC4-MP1 51.46
MAC4-MP2 10.90
MAC6-MP1 76.13
MACX1-MP1 43.33
MP1 56.16
MP2 100.73

Two different iron salt ratios where tested for the synthesis of MP. MP2 particles are
almost twice more magnetic than MPI1, indicating that the (3:1)
[FeCl3.6H2O:FeSO4.1.5H>0] mass ratio (in relation to the MP1 (1:2) ratio) favours the
synthesis of magnetic iron oxides, such as magnetite, to the detriment of non-magnetic
ones, such as hematite or goethite. In fact, the referred ratio is commonly found in the
literature as a standard ratio for the production of magnetite [85]. However, during
preliminary tests to access the MAC synthesis conditions and considering visual
responsiveness to a neodymium magnet, magnetic separation was achieved more
successfully when using the MP1 ratio. This was quantitively corroborated with the VSM
results (Table 8). When MP2 ratio was applied to the in-situ MAC production route
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(MAC4-MP2 — 10.90 emu g!), the VSM analysis revealed lower magnetic properties
when compared to the analogous MP1 magnetic adsorbent (MAC4-MP1 — 51.46 emu g
1. As for MAC3-MP2 (Table 4), magnetic separation from solution was unachieved and

the material was not subject of VSM analysis.

It is important to refer that all in-situ and ex-situ MAC presented in Table 8 are
magnetically responsive to a permanent magnet. Still, a rapid or immediate and effective
separation from solution could only be achieved for MAC6-MP1, MAC4-MP1, MAC3-
MP1 and MACX1-MP1.

1.5 | Fourier transform infrared spectroscopy with attenuated

total reflectance analysis
In this study, the FTIR-ATR analysis allowed for a qualitative evaluation of the
composition of the produced materials, providing insightful information about their
surface chemistry which strongly influences adsorption. Figure 11 presents the spectra of
WPAC and its precursor PS, indicating the main vibrational bands and evidencing the

differences in FTIR-ATR spectra before and after pyrolysis.

Several chemical bonds within the analysed structure selectively absorb infrared
radiation, which enables the establishment of correlations between peaks in the FTIR-
ATR spectra and the surface chemistry composition. The peak at around 1650 cm™ is
often associated with aromatic C=C stretching and vibration [45] and the peaks in the
region of 700-750 cm™ can be assigned to in-plane and out-plane deformation vibrations
of aromatic rings and C-C stretching [106], as well as aromatic C-H bending at around
1320 cm™. A broad band (3000-3700 cm™") peaking at 3330 cm™!, in addition to peaks at
around 2930 cm™!, can be attributed to alcohol or phenolic groups C-O stretching or
bending vibrations [45,106]. Aliphatic C-H stretching signals can also be deduced from
the band around 2815-3000 cm™ [106]. Visible peaks at 1030, 1110 and 1160 cm™! can
be related to C-O-C stretching vibrations. Specific identity peaks around 1430 cm™! and
870 cm! are indicators of the presence of carbonate groups. The infrared absorbance
pattern presented in Figure 11 is compatible with the cellulosic composition of the
precursor PS. A decrease in peak intensity and complexity of the spectra can be noticeably

observe following pyrolysis.
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Figure 11 — FTIR-ATR spectra (absorbance vs wavenumber) of PS and WPAC

The WPAC spectrum indicates mainly the presence of aromatic groups, ether groups
(broad peak at 1030-1160 cm™) and other oxygen containing functional groups such as
alcohol, carboxylic, lactone or phenol groups, which is consistent with typical surface
chemistry of AC derived from a cellulosic precursor. Previous studies suggest the
presence of predominantly phenol and lactone groups on the surface of WPAC [69], as
determined by Boehm’s titrations. Noticeably, the characteristic peak of carbonate groups
is absent in the WPAC spectrum, which might be explained by the effective removal of
inorganic fraction during the HCI washing step and is, therefore, coherent with the TOC

results (Table 6).

The characteristic bands for magnetic iron oxides, namely magnetite and maghemite, are
associated with Fe-O bonds and are typically located at wavenumber below 700 cm™'. For
instance, magnetite spectrum has distinctive broad bands at around 580 and 400 cm™,

whereas maghemite has characteristic peaks in the interval between 640 cm™ and 305
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cm™ ! [83]. At this wavenumber range, magnetic iron oxide identification in MAC samples
was hampered by FTIR-ATR spectrum noise and no valid information was deduced from

the analysis.

1.6 | Point of zero charge determination
In order to predict possible electrostatic interactions between adsorbate and adsorbent, it
is crucial to determine the PZC to estimate the surface net charge of the materials at a
specific pH. Figure 12 presents the ApH vs pHi plots used in the PZC determination for
the selected best materials MAC4-MP1 and MACX1-MP1. The PZC corresponds to the
pH value where ApH=0, which means that the pH of the solution is similar to that of the

surface of the adsorbent.

For MAC4-MP1 and MACXI1-MP1 the determined PZC values were 6.0 and 5.7,

respectively. This means that at pH 6.0 and 5.7 the material’s net surface charge is zero.

In aqueous systems, iron oxides tend to adsorb water or hydroxyl groups which in turn
can coordinate with more than one iron atoms. The two magnetic iron oxides, magnetite
and maghemite have PZC in the range of 6.4-8.0 and 5.5-7.5 [103], respectively, whereas
WPAC has a slighly more acidic PZC (~5) [69]. The contribution of MP deposited on the

surface of WPAC can explain the slight increase in PZC for both magnetic materials

analysed.
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Figure 12 — PZC determination plots for MC4-MP1 and MACX1-MP1
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1.7 | X-ray diffraction analysis
X-ray diffraction patterns for WPAC, MP1, in-situ MAC4-MP1 and ex-situ MACXI1-
MP1 are represented in Figure 13. AC are characterized by their amorphous structure
composed by non-graphitic and non-graphitizable carbon, without any measurable
crystallographic order. However, some intermediate structures between graphite and
amorphous state (turbostratic structures) can be deduced from the XRD pattern of WPAC
(28.2° and 47.5°) [107]. Additionally, peaks at around 33.0° and 56.4° can be associated
with potassium compounds, due to KOH activation, and some oxygen functional groups,

respectively [108].

A common characteristic XRD pattern (30.2°, 35.4°, 43.2°, 53.5°, 57.1° and 62.8°) can be
observed for MP1, MAC4-MP1 and MACX1-MP1 materials, which is associated with
the cubic crystal structure of magnetite and maghemite [83]. The distinction between the
two magnetic iron oxide is not possible by XRD but it is possible to state that magnetite

and maghemite are the two main crystalline components present in the ex-situ and in-situ

MAC.
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Figure 13 — XRD patterns of WPAC, MP1, MAC4-MP1 and MACX1-MP1
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2 | Adsorption kinetic and equilibrium studies

As previously described, kinetic and equilibrium studies were performed for the two best
MAC in both ultrapure water and real effluent collected from a local WWTP. The pH,

conductivity and DOC measurements for the effluent are listed in Table 9.

Table 9 — WWTP effluent pH, conductivity and DOC analysis results

A

Sample pH Conductivity (mS cm™) DOC (mg L)
Mean = SD
Effluent 8.07 2.77 19.4 0.3

The results are coherent with previous effluent collections from the same WWTP [105].
In Silva et al. (2019) [105], WPAC (Sper of 1627 m? g!) single-component kinetic and
equilibrium isotherm studies were performed for three pharmaceuticals, including CBZ,
in ultrapure water and WWTP effluent. The results of those studies will be used as
comparison in this work, given the similarity of WPAC properties and effluent

characteristics in both works.

2.1 | Calibration of the analytical method
Quantification of CBZ in solution was performed by CE. For every capillary used, a
calibration curve was developed according to the description in section II-4.3. Figure 14
provides an example of one of the CBZ calibration curves obtained and Table 10 lists the

determined linear regression parameters.

Table 10 — CBZ calibration linear regression parameters

Parameter

a y-intercept 0.06 + 0.01
b (slope) 0.63 = 0.01
R? 0.9971
Sy/x 0.0431
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Figure 14 — Example of a calibration curve used for CBZ concentration determination

The LOD and LOQ for this particular case was 0.09 mg L' and 0.16 mg L'!, respectively.

2.2 | Preliminary adsorption tests
Preliminary adsorption tests were performed in ultrapure water, for 24 h, and the obtained
results are summarized in Table 11. The best materials were selected for further extensive
adsorption studies. As previously stated, along with an inevitable decrease in Sger, a
decrease in adsorptive performance of the produced MAC is also expected. Hence, the
selection of best materials involves compromise between adsorption capacity and rapid

and effective magnetic separation.

The produced WPAC demonstrated CBZ removal percentages above 90% for 25 and 50
mg L' WPAC dosages, which is indicative of its high adsorptive performance. As for the
performance of MP1 in CBZ adsorption, their contribution is neglectable. For in-situ
MAC, increasingly iron salt weight content from MAC2-MP1 to MAC6-MP1 revealed a
decrease in the CBZ removal percentage from 91% to 36% (50 mg L") which can be

explained by Sgerreduction and increasingly pore constraints as observed in SEM images.

Carbamazepine removal percentages for MAC4-MP1 and MAC4-MP2 at 50 mg L™! along
with the VSM results (section I1I-1.4) are indicators of the overall better properties of
MAC derived from MP1 iron salt ratio.

Rapid and effective magnetic separation was only obtained for MAC6-MP1, MAC4-
MP1, MAC3-MP1 and MACX1-MP1, and therefore the selection was limited to these
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materials. Even though MAC2-MP1 presented the highest Sger out of all the produced
MAC (Table 7), which translated into a CBZ removal percentage comparable to WPAC
(Table 11), the magnetic separation from solution was not achieved immediately, hence

the reason for not being selected.

Attending to the results in Table 11, MAC4-MP1 and MACX1-MP1 were selected as the
two best materials for their performances at 25 mg L''. MAC3-MP1 was ruled out due to
the similar performance with MAC4-MP1 at 50 mg L, therefore the decision was to
select the material with greater magnetic properties (MAC4-MP1). MAC4-MP1 and
MACX1-MP1 provided the best balance between adsorptive performance and immediate
magnetic separation, thus being selected for adsorption kinetic (at 25 mg L) and

equilibrium studies.

Additionally, all produced MAC derived from WPAC have comparable or higher CBZ
removal percentages at 50 mg L' relatively to the commercial derived MCAC2-MP1.
Furthermore, MACX1-MP1 has greater performance than the commercial non-magnetic

PFFG4, indication the potential of this waste-derived MAC.

Table 11 — Preliminary adsorption results from for the produced materials

Material dosage Percentage of CBZ removal (%)

Sample (mg L) Mean + SD
25 95+ 3

WPAC 50 98.9+0.2
MAC2-MP1 50 91+3
MAC3-MP1 50 83+5
25 44 + 15
MAC4-MP1 50 79+8
MAC4-MP2 50 63+ 10
25 15+6
MAC6-MP1 50 36+8
75 92+2
MACX1-MP1 25 67+3
) 50 92+3

25 no removal

MP1 50 no removal
MCAC2-MP1 50 41+4
PBFG4 25 62+2
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2.3 | Kinetic adsorption study
MAC4-MP1 and MACX1-MP1 were subject of kinetic adsorption studies to determine
the time needed to the attainment of equilibrium for CBZ at the interface between the
MAC surface and the bulk solution. As previously stated, kinetics of adsorption is

essential in the evaluation of the applicability of an adsorbent.

The graphic representation of CBZ adsorption at a given time (q;, mg g') versus
incubation time in ultrapure water and WWTP effluent, for MAC4-MP1, MACX1-MP1
and WPAC is displayed in Figure 15, along with the best fitting model (pseudo-second
order kinetics model). The parameters calculated from fitting of the experimental data to

pseudo-first and pseudo-second kinetic models are described in Table 12.
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Figure 15 — Experimental data representation for the adsorption of CBZ onto MAC4-
MP1, MACXI1-MP1 (25 mg L!) and WPAC (20 mg L!) [105] in ultrapure (m) and
WWTP effluent (A), and the corresponding best fitting non-linear kinetic model (pseudo-

second order model)

The coefficient of determination values (R? > 0.94) indicate that the experimental data

is reasonably described by both pseudo-first and pseudo-second models. According to the
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R?, Sy/x and ASS it can be stated that the pseudo-second model better describes the

adsorption for the analysed materials. This model assumes that chemical adsorption is the

rate limiting step.

Table 12 — Kinetic parameters for the experimental data modelling of the adsorption of

CBZ onto MAC4-MP1, MACX1-MP1 and WPAC in ultrapure and WWTP effluent

Kinetic Fitting parameters
Matrix Material Model parameters
model R? Sy;x  ASS
o deZ3E2 0986 4274 9132
MAC4-MP1 == +‘ '
po 9.=89%3 0.986 4.213 88.76
k, = 0.03  0.02
Ultrapure pro o= 109%5 0945 1032 5325
MACX1-MP1 re ‘+ '
water p2o  9.=112%5 0.965 8.196 335.9
k, = 0.01 £ 0.03
p1o e =175%7 0940 16.60 ]
WPAGH k, = 0.038 +0.007
p2o  9.=192%7 0.974  10.81 ;
k, = 0.00027 £ 0.00005
p1o 9 =60%1 0984 2942 5193
MACAMP ky = 0.12 + 0.01
p20 1.=65%2 0.985 2.890 50.12
k, = 0.0027 % 0.0005
—67+2
pio 9 0.979 3.720 83.05
WWTP _
MACK1-MP k, = 0.32 io.oe
effluent p20 1. =708x03 0.996 1.650  16.34
k, = 0.009 £ 0.001
pio e =179%4 0989 759 ;
WPACH k, = 0.09 + 0.01
p2o  9.=188%5 0.990 7.2 ;

k; = 0.0009 £ 0.0002

P10 — pseudo-first order; P20 — pseudo-second order; g, (mg g); k; (min™"); k, (g mg™" min")
*Results from Silva et al. (2019) [105]

From the analysis of the graphical representations depicted in Figure 15, it is possible to

conclude that the equilibrium was reached for both magnetic materials at around 30-45

minutes, which is slightly faster than the precursor WPAC (60-120 min). According to

the pseudo-second and pseudo-first model rate constants (k, and k;), adsorption was

faster for the magnetic materials in both matrices by comparison with WPAC. In ultrapure

water, MAC4-MP1 presented faster kinetics than MACX1-MP1, while in the WWTP

effluent, the opposite trend was verified.
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WPAC and MACX1-MP1 kinetic rate constants remain in the same order of magnitude
from ultrapure water to effluent, which can indicate no substantial impact of matrix in the
kinetics of both materials. Considering k, for MAC4-MPI1, the adsorption is

approximately ten times slower in WWTP effluent.

2.4 | Equilibrium adsorption study
Once it was verified that MAC4-MP1 and MACX1-MP1 have quick equilibrium times
for CBZ adsorption, equilibrium adsorption studies were performed also in ultrapure
water and WWTP effluent. Figure 16 presents the graphical representation of the amount
of CBZ adsorbed at equilibrium (q,, mg g™!) versus the CBZ concentration left in solution
(C,, mg L") for MAC4-MP1, MACX1-MP1 and WPAC in both matrices. In Table 13,

the resulting parameters from Langmuir and Freundlich isotherm model fittings are listed.
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Figure 16 — Experimental data representation for the adsorption of CBZ onto MAC4-
MP1, MACXI1-MP1 and WPAC [105] in ultrapure (m) and WWTP effluent (A), and the

corresponding the best fitting non-linear equilibrium model (Langmuir model)
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Table 13 — Langmuir and Freundlich isotherm fitting parameters to the experimental data
of the adsorption of CBZ onto MAC4-MP1, MACX1-MP1 and WPAC [105] in ultrapure
water and WWTP effluent

Matri s | Isotherm Model Fitting parameters
atrix ample
model parameters R? Sy;x  ASS
Langmuir 9dm=90%4 0.988  4.463  99.59
MACA-MP 1 K, =115+ 726
Freundlich  X¥ =§ff;5 0988 4324 9349
n= T
Langmuir Im=121%5 0.966 7.432  386.7
Ultrapure MACX1-MP1 K;=11%3
water Freundlich X 211(?? g 4 0934 1039  756.2
n= T
Langmuir 9m =212%16 0965 13.73 ]
WPAC* KL:2.810-8
Freundlich  KF =411911 8 0928  19.84 ]
n= x
Langmuir m =60%3 0.995 1.684  14.18
MAC4-MP1 K =19221
Freundlich  X¥ =2566f?:-'2°'8 0995 1728  14.92
n= T
. qn=78%2
wwre Langmuir m ~ T0% 2 0953 4768  250.1
effluent Freundlich  XF =1741 f41 0948 5003 2753
n= x
Langmuir m =209%27 0.984  8.12 ;
WPACH K, =0.6%02
Freundlich K¢ =82%10 0975  10.03 ;
n= 23+05

am (Mg g'); K, (L mg™); Kp (mg™"" L' g7")
*Results from Silva et al. (2019) [105]

Both isothermal models satisfactorily fit the experimental data (R? = 0.92). According
to the error parameters, the best fit was achieved using the Langmuir model in all
materials for both matrices, with exception of MAC4-MP1 for ultrapure water where S,/
and ASS parameters where slightly lower for the Freundlich model fitting. Nevertheless,
for maximum adsorption capacity (¢,,, mg g') comparison and given the proximity of
the fitting error parameters, the Langmuir model is considered equally valid in the
description of MAC4-MP1 experimental equilibrium data in ultrapure water and will be
considered in the subsequent discussion. The Langmuir model is often associated with a

homogenous adsorption process characterized by a solute monolayer. The separation
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factor (R;) for the presented materials in both matrices was calculated and found to be

0 < R; < 1, which indicates favourable CBZ adsorption in all cases.

Comparing q,, in ultrapure water and effluent, the ex-situ MAC has higher g,, than
MAC4-MP1 in both cases. The MAC4-MP1 has approximately 26% and 24% lower q,,
than MACX1-MP1 in ultrapure and WWTP effluent, respectively. This difference can be
explained by their distinct Sger. MACX1-MP1 (778 m? g!) has around 29% more surface
area than MAC4-MP1 (556 m? g!). This correlation is explained by the fact that Sger
strongly influences adsorption, hence differences in Sget values can be directly associated

with differences in adsorption capacity.

A decrease in adsorption capacity in both matrices when comparing the magnetic
materials with the non-magnetic WPAC is also clearly observed. This can be related to
the magnetic nanoparticle occupation of spaces in the complex microporous structure of
MAC, possibly leading to pore blockage. Additionally, given the neglectable contribution
of the MP to the adsorption of CBZ (section III-2.2), the introduction of an inactive
material, in terms of adsorption, into the structure of WPAC ultimately implies a decrease

in performance.

A reduction in q,, from ultrapure to effluent is observed for MAC4-MP1 and MACX1-
MP1 by 33% and 36%, respectively. This decrease in adsorption capacity, when using
WWTP effluent as matrix, can be due to its complex composition, organic matter content
and the possibility of competing species that also adsorb onto the AC. Also, given the
importance of electrostatic interaction in the adsorption process, the pH of the aqueous
phase is a determinant parameter to take into account in this analysis. The pH of the
collected effluent was 8.07 and considering the PZC of MAC4-MP1 (~ 6.0) and MACX1-
MP1 (~ 5.7) and the pka values of CBZ (pkai = 2.3 [109] and pkax = 13.9 [110]) it is
expected that the surface of the magnetic adsorbents is mainly deprotonated and
negatively charged, and that CBZ has neutral net charge. Hence, no electrostatic repulsion
between the MAC surface and CBZ exists, which implies that the effluent pH is not
expected to negatively impact the adsorption capacity of the MAC in this matrix.

To further evaluate the effect of pH in the adsorption process, a batch adsorption test was
performed in ultrapure water at the same incubation conditions of the equilibrium studies,
using 25 mg L' of material, at the effluent pH (~ 8.0) as described in section 1I-5.4. Table
14 presents CBZ removal percentages for MAC4-MP1 and MACX1-MP1 in ultrapure
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water (estimated pH of 5.5-6.0), buffered ultrapure water at the pH of the effluent and
WWTP effluent. Results for WPAC are also presented for comparison purposes.

Considering the removal percentages of MAC4-MP1 and MACX1-MP1, results are, as
already verified, lower for WWTP effluent. When analysing the results between the two
ultrapure water matrices, they are noticeably lower for the buffered ultrapure water (pH
~ 8.0). Attending to both matrices pH, the PZC of the MAC resembles the pH of ultrapure
water (~ 5.5-6.0), whereas the pH of the buffered ultrapure water (~ 8.0) is higher. This
means the distribution of charges in the surface of the MAC might be different in both
matrices. Negative and positive charges should be equality distributed on MAC4-MP1
and MACX1-MP1 surfaces in ultrapure water (pH = PCZ) whereas, as stated before, their
surfaces are predominantly negative at pH ~ 8.0 (buffered ultrapure water and WWTP
effluent). Although, no electrostatic repulsion occurs between CBZ and MAC surface at
the referred pH conditions, these differences in surface charges distribution might
influence adsorption and explain the results from Table 14. Additionally, the buffered
ultrapure water and WWTP effluent present significantly higher ionic strength when
compared to the non-buffered ultrapure water. Ionic strength is known to strongly
influence adsorption and can also be the cause of the verified decrease in adsorptive

performance.

Overall, the adsorption capacity decline in WWTP effluent can possibly be explained be
cumulative effect of several factors including the complexity of composition, the organic

matter content, the existence of competing species, the pH and the ionic strength.

Table 14 — CBZ removal percentages for the selected best MAC and WPAC in ultrapure
water, buffered ultrapure water and WWTP effluent

Percentage of CBZ removal (%) at 25 mg L'

Material Mean £ SD
Ultrapure water Ultrapure water WWTP effluent
(pH ~ 5.5-6.0) (pH ~ 8.0) (pH ~ 8.0)
MAC4-MP1 48 £+ 2 3514 15+3
MACX1-MP1 64 +3 44 1+ 2 382
WPAC 95+3 93+2 -
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Despite the inferior maximum adsorption capacity of MAC4-MP1 and MACX1-MP1 for
CBZ when compared to the non-magnetic WPAC, their performance is still, in some
cases, comparable to commercial non-magnetic PAC. In Calisto et al. (2015) [78],
adsorption equilibrium studies for CBZ removal from ultrapure water for the commercial
PAC PBFG4 revealed a g, of 116 + 3 mg g’!, which is inferior to MACX1-MP1 (121 +
5 mg g!) and only slightly superior to MAC4-MP1 (90 + 4 mg g''). This highlights the
competitiveness of the produced MAC with the advantage of easy magnetic retrievability

from solution.

However, there is still a gap in the adsorptive performance between MAC and high
performance commercial non-magnetic PAC. In Silva et al. (2019) [105], a commercial
PAC presented overall higher g,,, for CBZ removal in both ultrapure water (174 + 4 mg
g'!) and effluent (160 = 7 mg g') comparing to the produced MAC in this work. The
performance gap between magnetic and non-magnetic PAC can be reduced by reducing
the ratio of magnetic particles, that inevitably damage adsorptive performance, in relation
to PAC, while maintaining effective retrievability. An exhaustive optimization of MAC
synthesis conditions in order to maximize the precipitation of magnetic iron oxides, in

detriment to the non-magnetic, might provide means for that.

To the best of the author’s knowledge, there is only one literature study applying a
magnetically retrievable PAC, prepared in an ex-sifu approach, for the CBZ adsorption
from real WWTP effluent [96]. The produced MAC (Sger = 1241 m? g'!) revealed a q,,
of 182.9 mg g!, inevitably inferior to its commercial PAC precursor, but with a great

balance between performance competitiveness and magnetic properties.

Nonetheless, the results for CBZ removal by MAC4-MP1 and MACX1-MP1 from
ultrapure water (90 + 4 mg g™ and 121 + 5 mg g!, respectively) and from effluent (60 +
3 mg g! and 78 + 2 mg g, respectively) point to the promising application of

magnetically retrievable WPAC in continuous water treatment systems.
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IV. Conclusion
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Considering the WWTP incapacity to effectively remove pharmaceuticals from
wastewater using conventional treatments, the use of PAC in continuous water treatment
adsorption systems provides an alternative, versatile, and efficient technology for effluent
refinement. The use of PS to produce WPAC constitutes the upcycling of an industrial
waste into a value-added product, which enforces the principles of a circular economy.
However, PAC separation from the treated aqueous phase is hampered by its small

particle size.

To overcome this issue, magnetically retrievable WPAC were successfully produced via
two synthesis routes, namely the in-situ and the ex-situ routes, through the coprecipitation
of magnetic iron oxides. The produced MAC inevitably have lower Sger, V) and Wy than
the precursor WPAC. Nonetheless, the ex-situ ( Sper = 777 m? g'') and the in-situ
materials (Sger = 449 - 805 m? g'!) presented properties comparable to a non-magnetic
commercial PAC (PBFG4 — 848 m? g'!), with the advantage of viable magnetic separation
from solution. Magnetic properties of the produced MAC were concluded to be caused

by the presence of magnetite and maghemite.

In what concerns adsorptive performance, preliminary adsorption studies in ultrapure
water indicated that increasingly iron salt proportions for the in-situ MAC corresponded
to poorer adsorptive removals. Two MAC materials - MAC4-MP1 and MACX1-MP1 —
were selected for maximizing adsorptive performance and immediate magnetic

retrievability. These materials were subjected to extensive adsorption studies.

From kinetic and equilibrium studies in ultrapure and WWTP effluent it was possible to

conclude that:

1) Both MAC4-MP1 and MACX1-MPI1 have faster kinetics than their precursor
WPAC (60-120 min), achieving equilibrium at 30-45 min of incubation, in both
matrices.

2) In ultrapure water, both selected MAC materials presented around 35% higher
maximum adsorption capacities than in WWTP effluent and that discrepancy can
be associated with the presence of competing species, pH and ionic strength
variations, complexity of the matrix (e.g. organic matter content).

3) Considering both matrices, MACX1-MP1 has approximately 25% higher q,, than
MAC4-MP1, which can be attributed to differences in Sger.
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4) The produced MAC have q,, values for CBZ in ultrapure water which are higher
(MACX1-MP1 — 121 + 5 mg g'!) or comparable (MAC4-MP1 —90 + 4 mg g'!) to
a commercial non-magnetic PAC (PBFG4 — 116 + 3 mg g') which highlight the
competitiveness of these materials with advantageous magnetic properties.

5) Results from adsorption WWTP effluent - MAC4-MP1 (60 + 3 mg g') and
MACXI1-MP1 (78 + 2 mg g') — are excellent indicators of the potential

application of magnetically retrievable PAC in the refinement of wastewaters.

Overall, this work concludes that the adsorption of CBZ onto waste-based MAC is not
only viable in both ultrapure and real WWTP but can, in some cases, be comparable or
higher to the performance of non-magnetic commercial PAC. Still, further optimization
work is required in order to minimize the inevitable impact of imparting magnetic

properties to PAC.
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