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RESUMO

Diversos estudos tém sido realizados para a degradacgéo eficiente de contaminantes organicos
recalcitrantes presentes em efluentes industriais. A fotocatalise heterogénea surge como uma
boa alternativa para o tratamento destes efluentes. O semicondutor mais utilizado na
fotocatalise é o TiO, P25 devido sua alta eficiéncia e outras vantagens. No entanto, uma de suas
limitacdes é o pequeno tamanho de suas particulas, fazendo com que sua separacdo do efluente
tratado seja dificil. Para contornar este problema, uma alternativa é associar este semicondutor
com uma fase magnética, onde o fotocatalisador pode ser facilmente separado do efluente
tratado pela acdo de um campo magnético. Diversos autores relatam que é necessaria uma
camada para evitar o contato fisico do TiO: e o ferro, uma vez que o contato destes pode reduzir
a atividade fotocatalitica. Sendo assim, neste trabalho foram obtidos os fotocatalisadores
magnéticos, Ti/Fe/AC e Ti/C/Fe, onde TiO.-P25 (Ti) foi imobilizado na superficie de dois
suportes distintos: (i) Fe/AC — particulas de FesO4 disperso na superficie de carvao ativado
comercial (AC) e ii) C/Fe — particulas de FesO4 e Fe3C revestidas com carvdo (C) (configuracdo
core-shell) obtido a partir da decomposi¢édo térmica da sacarose. Estes fotocatalisadores foram
obtidos com os seguintes teores de TiO.: 20, 40 e 60%, caracterizados e utilizados para
degradacéo do preto remazol 5 (RB5), acetaminofeno e fenol na presenca de radiacdo UV. Os
resultados obtidos foram divididos em dois artigos. O primeiro apresenta os resultados obtidos
com os fotocatalisadores 20, 40 e 60Ti/Fe/AC (os nimeros indicam o teor de TiOy) para a
degradacéo do corante preto remazol (RB5). Os resultados de caracterizacdo comprovaram que
as particulas de TiO> estdo presentes na superficie do suporte Fe/AC, e que este é constituido
de magnetita, carbono amorfo e grafitico. Medidas de area superficial BET mostraram uma
reducdo de 283 a 165 m?g* com o aumento de TiO, suportado. Os testes de sedimentagdo
mostraram que ap6s 30 minutos na presenca de campo magnético, a turbidez da mistura
fotocatalisador/agua reduziu até 93%. A eficiéncia fotocatalitica dos materiais obtidos
aumentou com o teor de TiO2, chegando a reduzir 95% de sua coloragdo e 90% do carbono
organico total. No segundo artigo os resultados de caracterizagdo dos fotocatalisadores 20, 40
e 60Ti/C/Fe comprovaram a formacdo das fases magnéticas, FesC e Fe30s, as quais estdo
revestidas por carvao amorfo e grafitico. Imagens de microscopia eletrénica de varredura
mostraram que particulas de TiO> também estdo na superficie do C/Fe. A cinética de
sedimentagéo dos fotocatalisadores mostrou eficiéncia de 76 a 89 % em apenas 30 minutos na
presenca de campo magnético, enquanto os testes com TiO2 ndo foram significativos. Os
fotocatalisadores apresentaram alta capacidade para degradacao do RB5, acetaminofeno e fenol
em solucdo aquosa, sendo que a amostra 60Ti/C/Fe degradou 99, 77, 90% destes trés
contaminantes, respectivamente. Ao comparar os fotocatalisadores 60Ti/Fe/AC e 0 60Ti/C/Fe,
nota-se que estes descoloriram 95 e 99% do corante BR5, respectivamente, comprovando que
ambos materiais apresentaram boa eficiéncia fotocatalitica. Sendo assim, pode-se concluir que
todos 0s materiais preparados neste trabalho apresentaram excelente eficiéncia fotocatalitica,
grande facilidade na separacdo do meio reacional, o que simplifica sua aplicacéo e reduz custos
operacionais. Estes fatores indicam o alto potencial destes materiais para aplicagdo em maiores
escalas.

Palavras-chave: Fotocatalisador magnético. Sacarose. TiO. Degradacéo. Carvédo Ativado.



ABSTRACT

Many studies have been carried out to assess the efficient degradation of recalcitrant organic
contaminants present in industrial effluents. Heterogeneous photocatalysis appears as a good
alternative for the treatment of these effluents. The most used semiconductor in photocatalysis
is TiO2 P25, due to its high efficiency and other advantages. However, one of its limitations is
the small size of its particles, making difficult its separation from the treated effluent. To
overcome this problem, an alternative is to associate this semiconductor with a magnetic phase,
where the photocatalyst can be easily separated from the treated effluent by the action of a
magnetic field. Several authors reported that a layer is needed to avoid the physical contact of
TiO2 and iron, since the contact of these can reduce the photocatalytic activity. In this study,
Ti/Fe/AC and Ti/C/Fe, where TiO2-P25 (Ti) was immobilized on the surface of two different
substrates: (i) Fe/AC - Fe3O4 particles dispersed on the surface of commercial activated carbon
(AC) and ii) Fe/C - FesOs4 and FesC particles coated with charcoal (C) (core-shell
configuration), which was obtained from thermal decomposition of sucrose. These
photocatalysts were obtained with the following TiO> contents: 20, 40, and 60%, characterized
and used for the degradation of remazol black 5 (RB5), acetaminophen, and phenol in the
presence of UV radiation. The results obtained were divided into two articles. The first one
presents the results obtained with the photocatalysts 20, 40, and 60Ti/Fe/AC (the numbers
indicate the TiO2 content) for the degradation of black remazol dye (RB5). The characterization
results showed that TiO. particles are present on the surface of the Fe/AC support, and that it
consists of magnetite, amorphous carbon, and graphite. BET surface area reduced from 283 to
165 m? g%, with the increase of TiO, supported. The sedimentation tests showed that after 30
minutes in the presence of magnetic field, the turbidity of the photocatalyst/water mixture
reduced up to 93%. The photocatalytic efficiency of the obtained materials increased with the
TiO2 content, reducing 95% of its coloration and 90% of the total organic carbon. In the second
article, the characterization results of the photocatalysts 20, 40, and 60Ti/C/Fe proved the
formation of the magnetic phases, FesC and FezOs, which are coated with amorphous and
graphitic charcoal. Scanning electron microscopy images showed that TiO> particles are also
present on the C/Fe surface. The sedimentation Kinetics of the photocatalysts showed efficiency
of 76 to 89% in only 30 minutes in the presence of magnetic field, while the TiO> tests were
not significant. The photocatalysts showed high capacity for degradation of RB5,
acetaminophen, and phenol in aqueous solution, and the 60Ti/Fe/C sample degraded 99, 77,
and 90% of these three contaminants, respectively. Comparing the 60Ti/Fe/AC and 60Ti/C/Fe
photocatalysts, they discolored 95 and 99% of the BR5 dye, respectively, proving that both
materials showed good photocatalytic efficiency. Thus, it can be concluded that all materials
prepared in this work presented excellent photocatalytic efficiency and great ease in the
separation of the reaction medium, which simplifies its application and reduces operational
costs. These factors indicate the high potential of these materials for large-scale applications.

Keywords: Magnetic photocatalyst. Sucrose. TiO». Degradation. Activated carbon.
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FIRST PART

1 INTRODUCTION

Currently, a serious problem of society is the pollution of water by industrial effluents,
contaminating it with a variety of organic and inorganic compounds that are recalcitrant to the
environment (AKHTAR et al., 2016).

An alternative that has been investigated is the treatment of these effluents using
photocatalysis, which is a very efficient technique for the degradation of organic contaminants.
Photocatalysis is based on the generation of hydroxyl radicals through the activation of a
semiconductor, in which these radicals can mineralize a variety of organic compounds
environment (SOPHA et al., 2018).

Among the studied semiconductors, TiO2 has been highlighted due to its high efficiency,
low cost, non-toxicity, and chemical, thermal, and mechanical stability (LUO et al., 2015).
However, it is difficult to separate this oxide from the treated effluent (BORGES et al., 2016).

Several studies in the literature investigate the following alternatives to simplify and/or
facilitate the process of separation of the treated solution. They are: (i) immobilizing TiO2 on
the walls of the photoreactor (MANASSERO; SATUF; ALFANO, 2017); (ii) impregnating the
glass surface with TiO2 (SUN et al., 2016); (iii) obtaining floating photocatalysts by the
impregnation of TiO2 on the surface of low density supports (less than 1 g cm™),
(MAGALHAES; MOURA; LAGO, 2011) and (iv) obtaining magnetic photocatalysts
(NADIMI et al., 2018; WEI; WANG, 2018; SHI et al., 2018; LI; WU, 2017). The latter can be
separated from the reaction medium by the simple application of a magnetic field and,
subsequently, the photocatalyst can be reused. In this way, the separation step of the effluent
catalyst is simplified, which normally involves the use of centrifuges, filtrations, and/or addition
of chemical reagents, such as flocculants. These steps increase operating costs for effluent
treatment. On the other hand, the magnetic photocatalyst can be simply and quickly separated
from the medium. This type of material can be obtained by the immobilization of TiO> particles
on the magnetic support surface.

Several magnetic holders can be used (eg.: Fe, FeO, Fes04, FesC, and 3-FeOOH) to
obtain magnetic photocatalysts. In this work, magnetite, which is abundant in nature and of low
cost, was used as magnetic holder.

Thus, in this work, two magnetic supports were prepared and used to obtain the magnetic

photocatalysts. A support was prepared by coating magnetite with a layer of carbon obtained



from the sucrose, forming the magnetic support (C/Fe). The other support was produced using
activated carbon impregnated with magnetite (Fe/AC). On the surface of these materials, TiO>
particles were added, and two types of magnetic photocatalysts were obtained: Ti/C/Fe and
Ti/FelAC.

2 LITERATURE REVIEW

2.1 Environmental Pollution

One of the main challenges to sustaining modern society is obtaining quality water
resources for various uses. The need for wastewater treatment has increased in recent decades
as a way to protect the environment as well as human health (CARDOSO; BESSEGATO,;
BOLDRIN ZANONI, 2016; ESCUDERO et al., 2017).

Industrial effluent contains a wide variety of organic and inorganic contaminants. Some
of these pollutants are toxic and recalcitrant, persisting in the environment and posing a lifelong
threat (AKHTAR et al., 2016; ARAUJO et al., 2016).

Dyes, phenols, and acetaminophen are organic and recalcitrant pollutants commonly
found in the environment due to the disposal of effluents from different industries. Due to the
presence of aromatic compounds, these contaminants may cause adverse effects on human
health and the environment, when found in environmental (SUN et al., 2018; ZUR et al., 2018).

The textile dye, reactive black 5 (BR5), phenol, and acetaminophen, were chosen as
contaminant models for this study. According to several authors, conventional wastewater
treatment plants are not totally effective in removing these pollutants present in the aqueous
medium. Thus, to avoid the accumulation of these compounds in the environment, several
research groups use photocatalysis to mineralize these contaminants or even to form compounds
that are less toxic than the initials (PERIYASAMY; MUTHUCHAMY, 2018; IQBAL; NISAR,
2015; EKKA et al., 2018).

2.2 Dyes
Dyes are organic compounds with a complex aromatic molecular structure that can bring
color to other materials (CARDOSO et al., 2011). Dye molecules have two main components:

chromophores, which are responsible for the color production, and auxochromes, which, in



addition to complementing the chromophore, make the molecule soluble in water and increase
affinity with tissues (EL BOURAIE; EL DIN, 2016).

However, the complex molecular structures of dyes make them more stable and difficult
to biodegrade (CARDOSO et al., 2011). Therefore, dyes represent a serious environmental
hazard because when discarded in the water body, in addition to causing cosmetic problems
leaving the water colored, they can block the penetration of sunlight and the dissolution of
oxygen that is essential for aquatic life (KHOSRAVI; AZIZIAN, 2014).

Dyes can be classified according to their chemical structure or their method of
application. The classification by application is the main system adopted by the International
Color Index due to the complexity of the chemical structures present in the dyes (HERBST;
HUNGER, 2002). Table 1 shows the classes of dyes used in the textile industry according to
their application methods and the name of the chemical structures present in each class.

Nearly 45% of all textile dyes produced annually belong to the reactive class, as it is
widely used for the staining of cellulose and viscose fibers. Reactive dyes have been identified
as problematic compounds in textile wastewater, since they are found in higher concentrations
than other classes of dyes and cannot be easily removed by conventional treatment systems
such as physical and biological treatments (AKSU; AKIN, 2010).

Reactive dyes form covalent bonds with textile fibers and are generally based on azo
chromophores combined with different types of chemical structures present in the reactive
class. Azo reactive dyes are characterized by the presence of one or more azo groups (-N=N-),
presenting a bright color and excellent color stability. Approximately 60 to 70% of the dyes
used in the textile industries are those containing the azo chemical structure (SAHEL et al.,
2007).



Table 1 - Classes of dyes according to their application methods and the name of the structures
present in each class.

Class Function present Example of dyes
Alizarin
Azo (including metallized), anthraquinone,
8] CH
Acid triphenylmethane, azine, xanthene, nitro and ~ OH
. |
nitrous. =
]
Starch black
. Na® "0,8 50, Na'
Azoic Azo.
Ny, ZN
N N
©/ OH NH, \©\
NO;
Methyl violet 2B
\N/
Cyanine, diphenylmethane, triarylmethane, O
Basic azo, azine, xanthene, acridine, oxazine, and
anthraquinone. O \
\N NH,
\
Phthalocyanine BN blue
Directs Azo, phthalocyanine, stilbene, and oxazine. ; \
/
r {/k /LQ
Yellow Naphthol S
) ) Azo, anthraquinone, nitro, and O'Na" g 0
Dispersive _ O:N S0 Na*
benzodifuranone. OO
N02
Black Remazol 5
i
] Azo, anthraquinone, phthalocyanine, ”‘*’Oﬁo‘*‘zc"z—ﬁ—fz:\}"=N SONa
Reactive ] ] o wo—
formazan, oxazine, and basic. /A
o H.
W =
NaGBWCHQCH2—ﬁ{\>—N=N SO Na
Indigo Carmine
Anthraquinone (including polycyclic N
Vat dyes

quinones) and indigoids.




Reactive Black 5 or Black Remazol BR5 (Color Index: 20505) stands out among the
azo reactive dyes. It is one of the most common synthetic dyes in the textile industry, being the
most used for coloring cotton and other fibers (EL BOURAIE; EL DIN, 2016). BR5 was

selected as the model compound in this work. Figure 1 shows the structure of the BR5.

Figure 1 - Structure of the dye BRS.
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The treatment of effluents from the textile industry to completely remove dyes is a
challenging task that has received a lot of attention in recent years, since many dyes are difficult
to degrade because of their complex and stable structure. Various methods have been applied
for discoloration of textile dyes and conventional systems are considered inefficient in the
removal of these dyes (IQBAL; NISAR, 2015).

2.3 Acetaminophen

Acetaminophen (N-acetyl-4-aminophenol) is the active principle of analgesic
paracetamol, which is a antipyretic drug, which is widely used in treatment to relieve muscle
pain, chronic pain from cancer, pain due to tension headache and migraine headache, toothache,
back pain, neuralgia, joint pain, and fever in adults and children (PERIYASAMY;
MUTHUCHAMY, 2018; WANGFUENGKANAGUL; CHAILAPAKUL, 2002;
JAGANNATHAN; GRIESER; ASHOKKUMAR, 2013; ZUR et al., 2018). Figure 2 shows the

structure of the acetaminophen.

Figure 2 - Structure of the acetaminophen.
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Since paracetamol is a widely used product, it is constantly released into industrial
pharmaceutical effluents, excreta, and hospital waste. As a consequence, the environmental
contamination by paracetamol occurs, being found in several environmental matrices, such as
drink water, soil, and sediments JAGANNATHAN; GRIESER; ASHOKKUMAR, 2013; ZUR
etal., 2018).

Although the detected concentration of this contaminant ranges from ng L™ to pug L,
this substance accumulates in the environment, representing a concern since these values may
cause a negative effect on living organisms, becoming a threat to environment (ZUR et al.,
2018; PERIYASAMY; MUTHUCHAMY, 2018).

It is necessary to develop new materials and technologies to avoid accumulation of this
compound in the environment, since acetaminophen presents a complex molecular structure
and conventional treatments of waste water are not efficient for their complete degradation
(HERNANDEZ et al., 2018). Therefore, several research groups have used the advanced
oxidative processes to treat industrial effluents containing paracetamol (PERIYASAMY;
MUTHUCHAMY, 2018).

2.4 Phenol

Phenol is a white to colorless solid with a characteristic odor. Phenolic compounds are
widely used in organic synthesis and in different industries, including petroleum refining,
paints, pesticides, plastics, fertilizers, dyes, surfactants, explosives, and rubbers, among others.
(DUAN et al., 2018; RAZA et al., 2018). Therefore, these compounds are discarded in
wastewater, and due to their high solubility in water (8.28 g 100 mL™1), they can persist in high
concentration in aquatic environments (DUAN et al., 2018).

Phenol has low biodegradability which can harm aquatic organisms as well as human
health. Phenol-containing wastewater can contaminate drinking water sources, and even at low
concentration (5 pg g, it can cause odor and unpleasant taste (MAO et al., 2019; WANG;
YU, 2013).

In addition, effluents contaminated with phenol can be carcinogenic, teratogenic, and
mutagenic, influencing the reproduction and growth of aquatic species (EKKA et al., 2018).

Considering the threat caused by phenol, its complete degradation becomes an important
task for researchers. To avoid depreciation of water quality and risks to public health, industrial
effluents containing phenol must be treated before being released into the environment (SABLE
etal., 2018).



Phenol has a benzene ring that (Figure 3) is difficult to be degraded in smaller inorganic
molecules using common methods. In addition, during its oxidation, hydroquinone and
benzoquinone are formed; those compounds present toxicities superior to those of phenol itself
(EKKA et al., 2018; LIU et al., 2013).

Figure 3- Structure of the phenol.

& o

Thus, an efficient degradation method is required to mineralize this contaminant, and

advanced oxidative processes appear as a good alternative.

2.5 Conventional Treatments
Several methods for the treatment of textile effluents have been presented in the
literature, and are generally divided into chemical, physical, and biological processes.
Physical methods such as sedimentation, decantation, filtration, and adsorption are
widely used; however, they generate solid waste that requires further treatment (CARDOSO;
BESSEGATO; BOLDRIN ZANONI, 2016). Biological processes, which include aerobic,
anaerobic, and combinations of these two, are generally slower, requiring large areas of storage;
however, they are not always efficient at removing full color (MALPASS et al., 2007).
Chemical processes are generally simpler in their application and most of them rely on the
formation of an oxidizing agent (CARDOSO; BESSEGATO; BOLDRIN ZANONI, 2016).
According to Kunz e Peralta-Zamora (2002), the most used process in the textile
industry is the precipitation-coagulation, followed by the biological process with activated
sludge. This system removes approximately 80% of the dyes. However, due to the high content
of dyes adsorbed in the sludge, it is not possible to reuse them, generating a secondary residue.
Thus, advanced oxidative processes (AOPs) appear as a promising approach for the
treatment of textile effluents, since they can mineralize the organic contaminant, forming COz,

H-0, and inorganic ions.

2.6 Advanced oxidation process
Advanced oxidation process (AOPs), which are considered clean technologies for the

treatment of polluted waters, are based on the production of hydroxyl radicals (HO®). The



process is highly reactive (E° = 2.80V) and slightly selective species, which have the capacity
to mineralize a variety of organic compounds, obtaining CO2, H20, and inorganic ions as final
products (Equation 1) (RIBEIRO et al., 2015; TOKUMURA et al., 2016).

HO® + organic contaminant — — — CO2 + H20 + inorganic ions (1)

AOPs include a number of efficient technologies for treating water, which can apply
ultraviolet (UV) radiation, ozone (Oz), hydrogen peroxide (H20), and iron, among others.
Some of the most typical AOPs are the process of Ozonolysis, Photolysis, Fenton, and
Photocatalysis (RIBEIRO et al., 2015).

2.6.1 Fenton

The Fenton process consists of the combination of iron (I1) salts with hydrogen peroxide,
resulting in the generation of hydroxyl radicals that can react with the organic contaminant
(Equation 2), (SANTOS-JUANES et al., 2017).

Fe?* + H,0; — Fe®* + HO® + HO- 2)

It is important to note that this reaction occurs at acidic pH to avoid the precipitation of
iron as hydroxide, and, consequently, decrease the production of HO®.

Then, Fe3* can be reduced to Fe?* by reaction with H2O, according to Equations 3, 4,
and 5 (NUNEZ; GARCIA-HORTAL; TORRADES, 2007).

Fe3* + H,0, = FeOOH? + H* (3)
FeOOH?* — HO,® + Fe?* (4)
Fe3* + HO,®* — Fe?* + 02 + H* (5)

In order to increase the rate of reduction of Fe3* to Fe?*, UV radiation is used together
with the Fenton reaction, which is known as the Photo-Fenton process (Equation 6)
(SUBRAMANIAN; MADRAS, 2016).

Fe3* + H,0 + hv — Fe?* + HO® + H* (6)

At the end of the treatment using the Fenton reaction, it is necessary to neutralize the
reaction mixture, which has an acidic pH. Due to the presence of iron in the solution, raising
the pH causes the formation of iron hydroxides, which precipitate, forming sludge
(ROBINSON et al., 2001).



The need to add base to the treated effluent after the Fenton reactions, and the step of
separating the sludge with subsequent treatment and/or final disposal, increases the costs of the

Fenton process.
2.6.2 Ozonolysis

Ozone is a triatomic and non-linear molecule. It is a powerful oxidizing agent (E° = 2.07
V), which can oxidize a variety of organic compounds through the formation of hydroxyl
radicals that can react with the organic contaminant (BARRERA-MARTINEZ et al., 2016;
SZPYRKOWICZ; JUZZOLINO; KAUL, 2001).

According to Muthujumar and Selvakumar (2004), the decomposition of ozone and
hydroxyl radical production begins at slightly basic pH, as the pH increases the ozone stability
decreases. The mechanism of radical production was proposed by Rice (1997) (Equations 7 to
11):

Oz + OH — HO,* + Oy (7)
HO.* — Oy + H* (8)
O3+ 02— 03+ 02 )
Os + H" — HO3* (10)
HOs* — HO® + O, (11)

The efficiency of the ozonation process can be improved with the use of H2Oz, since it
accelerates the production of hydroxyl radicals, according to Equation 12 (TISA; ABDUL
RAMAN; WAN DAUD, 2014).

203 + H202 — 2HO® + 302 (12)

Ozonation has the advantage that it does not require the addition of chemicals and it can
also be used in aqueous solvents, with no residue formation at the end of the process, such as
sludge as in the Fenton process (PUNZI et al., 2015). However, besides the high cost for the
production of ozone, it is not possible to carry out its storage due to its high instability, being

necessary its "in situ™ generation (KUNZ et al., 1999).

2.6.3 Photolysis
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According to Lima and colleagues (2016) the formation of the hydroxyl radical occurs
from the homolytic breakdown of H.O> with the incidence of UV radiation, forming 2 mol of
HO* for each mol of H202, as shown in Equation 13.

H20, + hv— 2HO» (13)

After the formation of the hydroxyl radical, there are several possibilities of reaction. If
HO*® is at high concentrations, they may recombine and re-form H>O> (Eq. 14).

2HO®* — H20: (14)

Hydroperoxyl radical formation may occur if hydrogen peroxide is present in high

concentration (Eg. 15).

H>O2 + HO®* —» HO:* + H.0 (15)
HO?® can also react with HO.*, forming H-0, (Eq. 16).
HO2* + HO®* — H20 + O2 (16)

In order for the photolysis reaction to be satisfactory, a study of the hydrogen peroxide
concentration must be carried out, since it can consume the hydroxyl radicals reducing the
efficiency of organic matter degradation (COSTA et al., 2010; MELO et al., 2009).

Among the AOPs, photocatalysis stands out as it is considered a promising process of
green chemistry and an environmentally benign treatment technology for a series of pollutants.

2.6.4 Photocatalysis

The main advantage of heterogeneous photocatalysis is its potential for the
incorporation of solar energy, in which the environmental degradation process acquires
significant additional value. Photodegradation of effluent pollutants using sunlight can make it
an economically viable process, in particular for large-scale aqueous phase applications
(BORGES et al., 2016; PRIETO-RODRIGUEZ et al., 2012).

Heterogeneous photocatalysis is based on the activation of a semiconductor by UV
radiation. By absorbing photons with energy higher than the bandgap energy of the
semiconductor, the electrons (e”) of the valence band (\VB) are excited to the conduction band
(CB), generating an electro/vacant pair (e/h*). The VB acquires a positive potential, being able
to react with the water and to produce HO®, since the electron present in the CB can reduce the
O adsorbed on the surface of the semiconductor forming superoxide radicals (O2*). The
generated radicals can oxidize the organic contaminant, promoting its mineralization
(ANGELDO et al., 2016; SALGADO et al., 2009; JARDIM, 1998). Figure 4 shows a simplified

form the photocatalytic process with the formation of the e’/h* pair and the radical species.
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Figure 4 - Representative scheme of photocatalysis in a particle of a semiconductor.

Oz <:t'5”/x <8
4
- hv / ’ Bancigap

energy
HOo \+/ ve
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Source: Adapted from Nogueira and Jardim (1998).

Several semiconductors (eg.: TiOz, ZnO, V20s, and WOz) have been widely studied as
photocatalysts. However, TiO2 has been outstanding due to its high photocatalytic efficiency,
low cost, non-toxicity, and chemical and thermal stability (LUO et al., 2015; WANG et al.,
2015).

2.6.5 TiO2 applied to photocatalysis

TiO2 exists in three different naturally occurring crystalline forms: anatase, brookite and

rutile (Figure 5).

Figure 5 - Unit cells of rutile.

Subtitle: (a), brookite (b), and anatase (c) structures of TiOx.
Source: Esch, Gadaczek and Bredow (2014)
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According to Ohno and colleagues (2001), TiO2 P25, which has 80% of the anatase form
and 20% of the rutile form, presents greater photoactivity. The higher efficiency of the anatase
phase can be explained by the lower recombination speed of the e’/h* pair, due to the higher
band gap energy (3.2 eV for anatase, 3.0 eV for rutile, and 3.2 eV for brookite) (MURGOLO
etal., 2017).

Despite the advantages of TiO2, one of its limitations is the small size of its particles,
which makes the decantation, recovery, and reuse difficulty and expensive. Furthermore, if
TiO2 is not efficiently recovered, it can cause secondary pollution of the treated effluent
(BORGES et al., 2016; XIN et al., 2014).

One way around this problem is the use of supported photocatalysts to avoid the loss of
photocatalysts and additional treatments such as filtration and centrifugation. Several materials
have been studied as support for TiO., such as glass, activated carbon, silica, and polymeric
materials. The immobilization of TiO; to suitable carriers decreases their loss in photocatalytic
degradation processes and increases their recycling over several successive cycles (AYOUBI-
FEIZ et al., 2014).

Glass is widely used as a support for TiO2 due to its high transparency to UV radiation,
and good adhesion to TiO.. Additionally, it does not interfere with its catalytic activity,
presenting high temperature resistance, low cost, and resistance to corrosive environments.
TiOz can be fixed in various glass materials, such as (BOUARIOUA; ZERDAOQUI, 2017), glass
fibers and pearls (SUN et al., 2016; PHAM; LEE, 2015; SHEN et al., 2012), glass cylinder
(GELOVER; MONDRAGON; JIMENEZ, 2004), and in reactor walls (MENDES et al., 2009).
However, when TiO2 is immobilized in the wall of reactors, slides, and glass fibers, there is a
reduction in its surface area, which, consequently, reduces its efficiency (NOORJAHAN et al.,
2003).

Another alternative to overcome this problem is to associate TiO2 with a magnetic part,
where the photocatalyst can be removed from the treated effluent only by the action of a
magnetic field (LI et al., 2015; WILSON et al., 2017).

TiO directly supported on iron oxides has already been synthesized, forming
TiO2/Fe30a, where the magnetic core was used to facilitate the separation of the photocatalyst,
and the external coating of titanium oxide was useful for the degradation of organic
contaminants (STEFAN et al., 2016; XIN et al., 2014).
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Authors reported that a layer is required to coat the surface of the iron particles to protect
the magnetic core from possible contamination and prevent chemical dissolution or degradation
of the iron oxides (LI et al., 2015; LIU et al., 2011; WILSON et al., 2017).

Iron oxides have already been immobilized on polymers such as chitosan (CHEN et al.,
2012) and methyl methacrylate (CHEN et al., 2009). However, these may be vulnerable to
photodegradation, since a study using TiO2 has already been carried out with the aim of
degrading polymers (ALLEN; BULLEN; MCKELLAR, 1977).

Authors have already synthesized a silicon coated iron support with TiO2 on their
surface, forming the TiO2/SiO2/Fe304 composites (LI etal., 2016; RUZMANOVA; STOLLER,;
CHIANESE, 2013; WILSON et al., 2017). Another alternative would be to use charcoal as a
carrier.

One of the factors that affect the decomposition of organic compounds is the adsorption
of these pollutants on the surface of the photocatalyst. The semiconductor TiO2 P25 is
characterized by a relatively small surface area, which is around 50 to 55 m? g*. Increasing the
surface area of TiO2 makes the process more effective (LI et al., 2016; CZECH et al., 2015).

In the literature, there are studies where the authors used charcoal to coat the magnetic
particles present in the photocatalyst. They used iron chloride as source of iron, styrene or
glucose polymer as carbon source, and titanium oxide or titanium dioxide as TiO2 source for
the formation of the TiO2/C/Fe30. photocatalyst by hydrothermal or solvothermic methods
(ZHANG et al., 2015; LIU et al., 2014; JHANG et al., 2019).

A similar study was carried out by our research group, where red mud (RM) and tar (C)
were used as source of iron and charcoal, respectively, forming the magnetic support C/RM,
and TiO2 was inserted on its surface. However, these materials presented low surface area,
adsorbing only 4% of the Black Remazol 5 dye (PEREIRA et al., 2019).

Therefore, the objective of this study is the synthesis of photocatalysts obtained from
iron nitrate, sucrose or activated carbon, and TiOz, as a source of magnetite, charcoal, and TiOz,
respectively, using a simple and different methodology of studies found in the literature. These
materials aim to improve the separation, adsorption and degradation capacities of organic
pollutants.

Activated carbon (AC) is widely used as a commercial adsorbent and catalyst support
because of its stability, mechanical strength, and high surface area (FU et al., 2015). By using
AC as a support for iron oxide, it also increases the surface area of the material, which can
adsorb the molecules of contaminants on its surface, causing it to be near to the generated
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radicals, resulting in the acceleration of the photocatalytic reactions (LI et al., 2015; LIU et al.,
2011; HU et al., 2013).

In addition to activated carbon, another alternative support is the carbon obtained from
sucrose. Authors reported that the preparation of carbon from renewable resources presents
high carbon yield. Sucrose is a widely available product and has been reported by several
authors as being an excellent source of carbon materials with mesoporous structure (JANA,
FIERRO; CELZARD, 2013; LEZANSKA et al., 2015).

Thus, this work utilized sucrose and AC as the carbon source for the synthesis of the
magnetic media, C/Fe and Fe/AC, respectively. TiO> particles were added on the surface of
these substrates to obtain the Ti/C/Fe and Ti/Fe/AC magnetic photocatalysts with different TiO-
contents (20, 40 and 60% w/w). These materials were characterized by X-ray diffraction XRD,
Thermal Analysis (TG), X-Ray Fluorescence (XRF), Raman spectroscopy, Specific surface
area (SSA), magnetic properties by VSM, Diffuse reflectance spectroscopy (DRX) and
Scanning electron microscope (SEM). The photocatalytic activity of the prepared
photocatalysts was investigated with reactions for the discoloration of BR5 dye and/or phenol

and/or acetaminophen under UV radiation of 51 W.

3  FINAL CONSIDERATIONS

Due to the high demand of industrial activities, a large amount of effluent is generated,
contaminating the environment and endangering human health. Within a very broad spectrum
of compounds that the industries use and do not properly treat, three contaminants models were
chosen to assess the efficiency of the materials prepared in this work: dye BR5, acetaminophen,
and phenol. To investigate the treatment of these pollutants, photocatalysis was chosen, using
TiO> as the semiconductor since it stands out for its many advantages, among them its high
efficiency, low cost and non-toxicity. However, TiO: presents difficulty in being separated from
the treated solution, and to overcome this problem, this work proposes the synthesis of magnetic
photocatalysts, which can be separated from the contaminated effluent simply and quickly with
the aid of a magnet. Thus, magnetic photocatalysts based on TiO3, charcoal and iron oxide were
prepared. Iron nitrate, commercial activated charcoal or sucrose were used as sources of iron
and charcoal. FesO4 was obtained due to its magnetic property and the charcoal was used to
disperse or coat the iron oxide. The magnetic photocatalysts were prepared with different

percentages of TiO: (20, 40 and 60%) and the results showed that these materials have similar
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photocatalytic activities for the degradation of BR5, these materials are easily separated in the
reaction medium and have high photocatalytic efficiency for the degradation of black remazol,
acetaminophen, and phenol. In this way, it can be affirmed that the magnetic photocatalysts

obtained in this work have great potential to be applied in a scale up.
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Abstract

In this study different magnetic photocatalysts were prepared. Activated carbon (AC) and iron
nitrate were used for the preparation of a magnetic support (Fe/AC). Different TiO2 contents
were supported on the surface of Fe/AC to obtain the photocatalyst Ti/Fe/AC. Results obtained
by XRD showed that the photocatalysts have FesO4, which confers magnetic property. The
presence of carbon and TiO. was confirmed by Raman and XRD. Scanning Electron
Microscopy images showed clusters of TiO2 particles on the surface of Fe/AC. Results of X-
ray fluorescence allowed the obtention of the levels of carbon, iron and titanium in the
photocatalysts, which followed the expected trend. The results of reactions carried out in the
presence of ultraviolet radiation showed that the magnetic photocatalysts removed from 50 to
96% of color ratio of Reactive Black (RB) in aqueous medium. The best efficiency for removal
of total organic carbon (TOC) reached 90%. Sedimentation Kinetics tests performed in the
presence of magnetic field showed that nearly 92% of the photocatalysts could be rapidly
separated from the aqueous medium, while pure TiO2 does not sediment efficiently. Results for
the recovery and reuse of the photocatalysts for four consecutive reactions showed that they
can be separated from the reaction medium in a simple and fast way, without significant losses
of photocatalytic efficiency. These results showed that the prepared magnetic photocatalysts
have excellent photocatalytic activity and can be easily recovered and reused, which implies
the reduction of costs and increases the potential for scale up application.

Keywords: Magnetic photocatalyst; TiO; Activated carbon.
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1. Introduction

Over the last years studies on eliminating organic pollutants through photocatlytic
degradation have been conducted [1,2]. Photocatalysis, which combines low input demands and
an environmentally acceptable process, represents a very efficient and low pollutant method.
Its principle involves the activation of a solar or artificial radiation semi-conductor, generating
hydroxyl radicals that can oxidize the organic contaminant and produce CO, and H>O as main
products [3].

Titanium dioxide (TiO.) is the most used semi-conductor in photocatalytic reactions due
to its high efficiency, low cost, non-toxicity, and chemical, thermal and mechanic stability
[4,5,6]. However, despite these advantages, TiO presents technical limitations, such as the low
dimension of its particles, which makes recovery and reuse more difficult with the need to use
expensive separation processes to treat the effluent. Moreover, if TiO. is not efficiently
recovered, it could cause secondary pollution of the medium that is receiving the treatment
[7,8]. A way of overcoming this problem is supporting the photocatalyst on a matrix with
elevated superficial area, in which the particle dimension does not keep conventional processes,
such as filtration and centrifugation, from preventing the material recovery and its posterior
use. The elevated surface area of the composite ought to act as a support that guarantees elevated
photocatalyst dispersion and optimization of the active sites in radiation-mediated processes
[9]. In this scenario, several compounds have been studied to be used as support to TiO2, such
as glass [10,11], activated carbon [12,13], silica [14,15], zeolite [16,8] and polymeric materials
[17,18]. Immobilization of TiO2 on proper supports decreases its loss in photocatalytic
degradation processes and increases the possibility of recycling and reuse [15]. Another
alternative to overcome this problem is associating TiO2 with a magnetic phase, where the
photocatalyst can be removed from the treated effluent by the action of a magnetic field
[19,20,21].
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Titanium dioxide supported directly on iron oxides have been synthesized, forming
TiO2/Fe304, where the magnetic core was used to make separation from the photocatalyst
easier, and the external coating of TiO. was used for organic contaminant degradation [22,1].
Studies have reported that one layer is necessary to coat the surface of iron particles in order to
protect the magnetic core from eventual contamination and to avoid the occurrence of chemical
dissolution or degradation of iron oxides [23,19,20,21]. Authors have synthesized a silica-
coated iron magnetic support with TiO2 on its surface, forming the composites TiO2/SiO2/Fez04
[24,25,21].

Another alternative would be using activated carbon as a support. Activated carbon is
broadly used as commercial adsorbent and support for catalysts due to its stability, mechanical
resistance, and elevated superficial area [26]. In addition to protecting FezOa, activated carbon
has the positive effect of decomposing organic compounds in the presence of TiO2. Some
authors have reported this synergetic effect, which can be attributed to better adsorption of
pollutants on the surface of the photocatalyst, making them close to the radicals generated in
the acceleration of photocatalytic reactions [19,5,8].

The semi-conductor TiO2 P25 is characterized by a relatively small surface area around
50 to 55 m? gL. Increasing the superficial area of TiO2 makes the process more effective,
considering that photocatylitic reactions occur mainly on the surface of the composites [27,25].
Therefore, combining an adsorbent phase with photocatalysts to remove organic pollutants
from contaminated medium has many advantages: (i) the adsorbent concentrates the
contaminants on the surface of the photocatalyst, increasing photocatalytic efficiency; (ii) the
pollutants are degraded and the adsorbent is regenerated; and (iii) suspended powder TiO>
particles agglomerates more than the TiO supported on the adsorbent [28].

Therefore, in this study, new types of photocatalysts were prepared (identified as
Ti/Fe/AC) by the dispersion of iron oxide on the surface and within the pores of activated
carbon, forming the magnetic support. These materials aim at improving separation abilities,

adsorption and degradation of organic pollutants.

2. Material and methods
2.1 Synthesis of Fe/AC composites

The synthesis of the magnetic support was based on the methodology of Tristdo et al.
[29], where 1.4 mol L Fes(NO3)s.9H20 aqueous solution (Synth, PA) was mixed with 92%
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(w/w) of commercial activated carbon (AC) (Synth, PA). The mixture was magnetically stirred
for 2 hours and part of the solvent was evaporated at 80 °C for 2 hours. The material was
thermally treated at 800 °C in inert atmosphere (N2, 10 °C min't) for one hour, using a tubular

furnace. The iron content added to the AC was 8% (w/w).

2.2 Magnetic photocatalysts preparation

The procedure used to support TiO2on the Fe/AC composite surface was based on
Arabatzis et al. [30], with modifications. For the synthesis of the photocatalyst named
20Ti/Fe/AC, 0.2 g of TiO2 (Degussa) were added to water containing 0.1 mL of acetylacetone
(Neon, PA), forming a viscous paste. This paste was slowly diluted with 1.2 mL of water to
reduce viscosity. Then, one drop of Triton X-100 (Synth) was added to the paste and mixed
with 0.8 g of Fe/AC. The materials containing a mixture of the composite (Fe/AC) with TiO>
were dried at 100 °C for 20 minutes and thermally treated at 350 °C for 30 minutes in tubular
furnace with oxidizing atmosphere (synthetic air, 10°C min). The magnetic photocatalysts
were prepared with 1, 5, 20, 40, and 60% of TiO2 (w/w) and named as following: 1Ti/Fe/AC,
5Ti/FelAC, 20Ti/Fe/AC, 40Ti/Fe/AC and 60Ti/Fe/AC, in which the number indicates the
content of TiO». Table 1 shows the denomination of each material and the respective amounts

of Fe, AC, and TiO- used in the preparation of the magnetic photocatalysts.

Table 1. Magnetic photocatalysts and amounts of Fe, AC, and TiO> used in their preparation.

) AC content (g) TiO2 Content (g)
Magnetic Fe content
Thermal treatment at Thermal treatment at
photocatalyst (9) o
800°C/N2 350°C/Synthetic Air
1Ti/Fe/AC 0.079 0.911 0.010
5Ti/Fe/lAC 0.076 0.874 0.050
20Ti/Fe/AC 0.064 0.736 0.200
40Ti/Fe/AC 0.048 0.552 0.400
60Ti/Fe/AC 0.032 0.368 0.600

2.3 Characterization of magnetic photocatalysts

X-Ray Diffraction (XRD) analysis was performed in a Rigaku equipment, model Ultima
IV, with Cu K a = 1.54051 A. Scans were performed between the angles 15°<26 <80° with

speed of 4° min. The average crystallite size was calculated using the Scherrer equation (d =
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kA/Bcos0), where d is the crystal size (nm), A is the wavelength of the incident beam (nm), B is
the width a Half height of the most intense peak and 0 is the Bragg angle. The structure of the
carbonaceous material in the composites was analyzed on a Raman spectrometer (Senterra
Bruker) coupled to an optical microscope (OLYMPUS BX51). Samples were excited by laser
at wavelength of 633 nm, with a potency of 0.2 mW. The number of conditions was 10 and the
integration time was 10 seconds. Thermal analysis (TG) and differential thermal analysis
(DTA) were performed in a Shimadzu equipment. Analyses were conducted with temperature
ranging from 30 °C to 900 °C, with heating rate of 10 °C min, under synthetic air atmosphere
(10 mL min'). Elemental quantitative chemical analysis was detected by total reflection X-ray
fluorescence spectrometry (S2 PICOFOX - Bruker). Scanning electron microscopy (SEM)
analyses were performed using a LEO EVO 40X VP (Carl Zeiss SMT) equipment at 25 kV in
order to study the morphology of the materials. Powder samples were fixed on double-sided
carbon tape. Specific superficial areas were analyzed by adsorption and desorption of N2 at 77
K using a Autosorb1-MP Quantachrome equipment. Samples were degassed at 200 °C for 24
hours before the analyses. A radiation analysis was performed to obtain the solid electron
transition energy. The magnetic properties of the produced composites were measured using a
vibrational sample magnetometer (VSM) (model EV9, Microsense) at room temperature under
a magnetic field ranging from -20000 to 20000 Oe.

2.4 Remazol Black dye removal study

Two tests were performed to evaluate the efficiencies of the photocatalysts to remove
Reactive Black dye (RB): (i) adsorption capacity and (ii) photocatalytic degradation tests. The
adsorption tests were performed in the dark with constant magnetic stirring, where 60 mg of
each photocatalyst was added to 200 mL of 40 mg L RB dye solution pH 5. At different time
intervals, aliquots of the RB solution were collected and the supernatant was separated from the
catalyst using either a magnet or centrifugation (1500 rpm for 3 minutes). Adsorption kinetics
was accompanied by discoloration of RB supernatant solution using a visible UV
spectrophotometer, where the variation of the intensity of the highest absorption band (598 nm)
was monitored. The photocatalytic reactions, as well as the degradation kinetics (dye
discoloration), were performed under the same experimental conditions of the adsorption tests.
For this, a reactor equipped with low-pressure mercury lamp with emission spectrum at 254 nm
(30W - Philips, I = 1.20 mW cm) was used. The germicidal lamp was placed in the reactor’s

upper part at a distance of approximately 20 cm from the dye solution, and the radiation
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incidence area was 13 cm of diameter. Before initiating the photocatalytic reactions, the
remazol black dye solution was kept in the dark in contact with each catalyst for 1 h for
adsorption. The efficiency of the photocatalysts to mineralize RB was evaluated at the end of
the reactions by the reduction of total organic carbon (TOC). The TOC measurements were
performed using a Shimadzu TOC — VCPH equipment, in which the analyzed supernatant was
separated from the photocatalyst by centrifugation and filtration.

2.5 Sedimentation kinetics of the photocatalysts

For sedimentation tests, 2 mg of magnetic photocatalyst or TiO2 and 10 mL of distilled
water were added in the sample holder, and the turbidity variation was monitored at different
time intervals in the presence of a magnetic field (magnet), using a turbidimeter (Hanna
Instruments HI 98703).

2.6 TiOz2 leaching tests

The assessment of leachate in the reaction medium was evaluated to verify the removal
of TiO. from the magnetic photocatalysts. For that, 60 mg of photocatalyst were left in contact
with 100 mL of distilled water for 2 hours, under magnetic stirring. Then, the solid composites
were separated from water (supernatant) with the aid of a magnet. Next, 100 mL of 80 mg L™
RB dye solution were added to the 100 mL of the previously obtained supernatant (the total
resulting from 200 mL of 40 mgL RB solution) and submitted to photocatalytic reaction under
the same conditions of the photocatalytic tests described on item 1.4, without the addition of
the photocatalysts.

2.7 Catalyst recovery and reuse tests

To verify the magnetic separation and reuse efficiency of the produced composites after
the photocatalytic reaction, the material was recovered with the aid of a commercial magnet,
washed with distilled water, oven dried at 60 °C, and weighed. Then, it was again put in contact

with the dye solution. This procedure was repeated other three times.
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3. Results and discussion
3.1 Characterization of the materials

2.6.1 3.1.1 X-ray diffraction (XRD)

Fig. 1 presents the diffractogram patterns of the samples of: TiO2, AC, Fe/AC and the
photocatalysts 20, 40 and 60Ti/Fe/AC.
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Fig. 1. A) Diffractogram of AC, Fe/AC, 20Ti/Fe/AC, 40Ti/Fe/AC, 60Ti/Fe/AC and TiO,. B) Expansion
of 20Ti/Fe/AC diffractogram and Fes;O., anatase and rutile standards.

The extended signals centered at 23° and 43° in the activated carbon diffractogram
confirmed the presence of amorphous carbon and the signal at 26° indicated the presence of
graphitic carbon (JCPDS, 12-0212). In the Fe/AC diffractogram, there are signals at 51° and
75° that indicated the presence of organized carbon (JCPDS, 43-11004). In this diffractogram,
the reflection line referring to Fe® (44.2°- JCPDS, 03-1050) formed during the thermal treatment
by the Fe®* reduction reaction as showed by Eq. 1 can also be observed.

Fe(NOs3); + C + 02— Fe? + 3NOy + COx (Eq. 17)

The photocatalysts presented diffraction lines in the stages of anatase (JCPDS, 02-0387)
and rutile (JCPDS, 01-1292) of TiO. and Fe3O4 (JCPDS, 07-0322). These results show that
after supporting TiO, on the surface of the composite Fe/AC, Fe® was oxidized into FesO4. This
can be explained by the presence of Oz during the thermal treatment at 350°C during the
preparation of materials, EQ. 2.
3Fe%+ 20, — FesOs (Eq. 18)

The intensity of the diffraction lines of the anatase and rutile phases increased with the

TiO2 contents in the photocatalysts and the C and FesOs peak intensities decreased. The
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presence of Fe® and FesO4 explains the magnetic activity of the composite Fe/AC and of the
photocatalysts, respectively.

According to the results of Fig. 1, the average crystallite size was calculated for the
reflection with 100% intensity. The mean diameter was calculated by the Scherrer equation for
the anatase phase of TiO> at 26°, assuming that the greater the width and half height of the more
intense anatase peak, the smaller the crystallites should be. The magnetic photocatalysts 20, 40
and 60Ti/Fe/AC showed a mean crystallite size of 23.9, 24.3 and 27.1 nm, respectively. The
higher is the percentage of TiO. present in the material, the higher is the anatase crystallite.

These values are higher than the pure TiO; crystallite (23 nm).

1.1.1 3.1.2 X-ray Fluorescence
The percentage of iron and titanium in the materials was estimated by X-Ray

fluorescence (XRF) and the content of TiO2 and C were calculated from these values (Table 2).

Table 2. Carbon, iron and titanium contents in materials obtained with AC.

Sample C (%) Fe (%) Ti(%) TiO:2(%)

AC/Fe 94.3 5.6 0 0
20Ti/Fe/AC  55.0 8.0 20.2 33.8
40Ti/Fe/AC  48.3 5.6 26.3 43.9
60Ti/Fe/AC  40.3 3.6 32.8 o54.7

The contents of TiO. found for the photocatalysts 40 and 60Ti/C/Fe are around 44 and
55%, respectively, which is close to the expected values of 40 and 60%. The photocatalyst
20Ti/C/Fe presented TiO2 and Fe contents higher than expected, with 34 and 8%, respectively.
This may have occurred due to carbon oxidation while the photocatalyst was being prepared
(EQ. 3), since the sample was heated at 350°C, under oxidizing atmosphere.
C+02— CO2 (Eq. 19)

Thus, with the reduction of the activated carbon present in the material, the contents of
TiO2 and Fe increased. The contents of Fe and C in the photocatalysts 40 and 60Ti/C/Fe
followed the expected trend, considering that the increase in the content of TiO: in the
photocatalysts leads to a reduction of iron and carbon contents present in the magnetic support.
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1.1.2 3.1.3 Raman spectroscopy

Raman spectroscopy is an efficient method to analyze the structure of the carbon formed
in the material. Fig. 2 shows the Raman spectra obtained for AC, Fe/AC, 20, 40 and
60Ti/Fe/AC.
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Fig. 2. A) Raman spectra obtained for AC, Fe/AC, 20, 40 and 60Ti/Fe/AC. B) Expansion of
the Raman spectrum for 60Ti /Fe/AC.

It is observed in Fig. 2 that all materials showed bands in 1315 cm™ (band D) and 1596
cm? (band G), which indicate the presence of amorphous and organized carbon, respectively.

According to Ohsaka, Izumi and Fujiki [31], TiO2 anatase phase has six bands in Raman
with the largest appearing at 144 cm™, followed by other five low-intensity bands at 197, 399,
513, 519 and 641 cm™. Rutile has only four bands, located at 143, 236, 447 and 613 cm™. It is
observed in Fig. 2B that the TiO anatase phase is present in the photocatalyst because the
presented bands are in accordance with the literature. Nevertheless, it was impossible to observe
the bands in the rutile phase, once it is presented in smaller amounts in TiO2-P25. Raman spectra
did not present signals related to the iron phase due to the low content of this phase in the
materials. Table 3 presents the ratios between bands G and D (lc/Ip), A (Anatase) and G (Ia/lc)
and A and D (la/lp) intensities obtained from Raman spectra.

Intensity ratios from band G to band D (lc/Ip) for AC and Fe/AC are 0.947 and 0.896,
respectively. The decrease of the Ig/lp ratio suggests that the relative quantity of graphitic
carbon decreases after the thermal treatment. It indicates that graphitic carbon reduced Fe®* to
Fe® during thermal treatment, as presented by equation (1). On the other hand, the Ig/Ip ratio
obtained for the photocatalysts presented similar values.

In the Raman spectra of the photocatalysts 20, 40 and 60Ti/Fe/AC, a band intensity

increase is clearly noted at 144 cm™, which is related to the increase of TiOz content. This is
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confirmed by the increase observed in the values of 1a/lg and 1a/lp, ratios, as presented in Table

3.

Table 3. Ratios between bands G and D (lc/Ip), A (Anatase) and G (la/lc) and A and D (la/Ip)
intensities obtained from Raman spectra of materials obtained from commercial AC.

Sample le/lo  lalle  1Allp
AC 0.947 - -
Fe/AC 0896 - -
20Ti/Fe/AC  0.890 0.669 1.78
40Ti/Fe/AC 0.889 3.71 3.29
60Ti/Fe/AC 0.895 845 7.56

3.1.4 Thermal Analysis (TG)
Thermal analysis presents mass loss of materials due to temperature variation. Fig. 3

shows the TG and DTA curves obtained from the photocatalysts, the magnetic support and

activated carbon in oxidizing atmosphere.
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Fig. 3. TG and DTA curves obtained from A) AC, B) Fe/AC, C) 20Ti/Fe/AC, D) 40Ti/Fe/AC
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A small mass loss around 100 °C related to adsorbed water [11] is observed for all
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thermal decomposition of the activated carbon (Eq. 3), and it is accompanied by an exothermic
effect on the DTA curve (Fig. 3A) [18]. The residual mass is attributed to ash.

Figure 3B shows the TG/DTA curve of the Fe/AC composite characterized by the
presence of coal and iron in its composition. The TG-DTA profile of the composite composed
of more than one material directly reflects the surface discontinuity of the mixture, causing loss
of mass with superimposed exothermic events. These events are related to carbon oxidation
around 450 °C, and the second, at higher temperatures (ca 520 °C), is related to the oxidation

of the metallic iron and oxidation products (Egs. 4-6), [32].

3Fe + 202 — Fe304 (Eq. 20)
2Fe304 + %2 O2 — 3 a-Fe203 (Eq. 21)
yFe203 — aFe203 (Eq. 22)

For the weight losses from 350 to 650°C of the magnetic photocatalysts, two important
considerations must be made:

(i) mass losses for the materials containing 20, 40, and 60% of TiO2 is 54, 53 and 32%,
respectively, which can also be attributed to activated carbon decomposition. The residual in
ash, corresponding to the phases of the iron and titanium oxides, increased proportionally to the
content of TiOy;

(i) on the other hand, with respect to the definition of the DTA signal, these materials
have a broad peak related to the exothermic events of iron and carbon oxidation. This signal
reverses the intensity of its maximum point, especially for larger amounts of TiO2. The
displacement of the exothermic event to higher temperatures present in these materials suggests
the formation of more thermostable structures. There appears to be a synergistic behavior
between the components that thermally stabilizes both the carbonaceous matrix and the
magnetic phases. This phenomenon can be evidenced by the increase in the baseline shown in
Fig. 3E, typical for stable alloys with thermal conductivity higher than that exhibited by the

starting materials [27].

3.1.5 Scanning electron microscopy (SEM)

Scanning electron microscopy was used to investigate the morphology of AC, Fe/AC
and the photocatalyst composites, as shown in Fig. 4.

Fig. 4A and B show a fibrous structure with different diameter cavities in various shapes
that are inherent to all activated carbons. Micrographies of the composite Fe/AC (Fig. 4C and
D) are similar to the images in Fig. 4A and B, showing that after the addition of iron to the AC,
there was no significant change in the morphology of the material. In images C and D of Fig.
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4, it is not possible to clearly observe the presence of iron on AC surface, which indicates that
this material could have been formed inside the AC cavity.

On the other hand, in the images obtained by SEM for the photocatalysts, it is possible
to observe that new clumps of particles were deposited on the structure of the carbon matrix,
especially that there is a filling of the valleys between the cavities of the material. This new
profile displayed by the blocks of Ti/Fe/AC suggests that their cavities are agglomerated with
uniformly dispersed TiO; particles. It is also noted that the higher the TiO2 percentage used in

the synthesis of materials, the more the support will be coated in TiO».
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Fig. 4. Images obtained by SEM of AC, Fe/AC and photocatalysts (500 and 1500x magnitude).
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1.1.3 3.1.6 Specific surface area

Table 4 shows the results of the adsorption/desorption isotherms measurements for

commercial AC, magnetic support and the photocatalysts 20, 40 and 60Ti/Fe/AC.

Table 4. Specific surface area measurements for AC, Fe/AC, TiO; and the photocatalysts 20, 40 and
60Ti/Fe/AC.

Sample | Specific surface area (BET) (m?g™?)
AC 710
Fe/AC 485
20Ti/Fe/lAC 283
40Ti/Fe/AC 259
60Ti/Fe/AC 165
TiO2 P25 65

The activated carbon used in this study presented superficial area equal to 710 m? g2,
while for the magnetic support Fe/AC this value is 485 m? gX. The reduction of the surface area
of the carbon phase after impregnation with iron can be explained by the fact that iron occupies
part of the pores. In addition, part of the mass that comprises the material is formed by metallic
iron, whose specific surface area is intrinsically low. These two added factors certainly caused
a decrease in the area of the composite-type material relative to the AC area.

Otherwise, when evaluating the specific surface area of the commercial semiconductor
TiO2-P25, it can be verified that the oxide exhibits a very compact crystalline structure, which
leads to a relatively low area (65 m? g™*) when compared to others oxides.

For this material with photocatalytic sensitivity, when comparing the superficial areas
of the composite magnetic/carbon/materials with TiO2 P25, it is observed that there has been
significant increase, proving the efficiency of incorporating activated carbon with TiO2, to
increase the superficial area, enabling more catalytic applicability. The superficial areas
obtained for the photocatalysts 20, 40 and 60 Ti/Fe/AC were 283, 259 and 164 m? g?,
respectively. The reduction of the superficial area in comparison with Fe/AC is due the
occupation of TiO2 in the magnetic support pores (Zhang et al., 2014). These results can also
be confirmed by SEM, where TiO. agglomerations are observed on the surface of Fe/AC pores.

Fig. 5 shows the adsorption and desorption isotherms of N for the studied materials.
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Fig. 5. Adsorption and desorption isotherms of N2 for AC, Fe/AC, TiOz, and the photocatalysts
20, 40 and 60Ti/Fe/AC.

Fig. 5 shows the results of the N2 physiosorption analysis for the materials. Together
with the specific surface area data, the isotherm profile provides very relevant information about
the materials. According to the IUPAC classification, the isotherms of AC, Fe/AC, 20 and
40Ti/Fe/AC are type 4A, which are characteristic of mesoporous materials characterized by
desorption hysteresis, with some microporosity. Hysteresis is formed when the desorption curve
does not coincide with the adsorption curve of the isotherm, where the bottom line represents
the amount of gas adsorbed with increasing pressure, and the line above the amount of desorbed
gas. The hysteresis of these materials is of type H4, which refers to non-homogeneous laminar
pores that may have interconnectivity. The isotherm profile does not exclude the presence of
microporosity, with openings smaller than 20 A [33].

The isotherm profile of sample 60Ti/Fe/AC has a characteristic similar to the TiO>
isotherm profile. This can be explained by the fact that this photocatalyst has a higher amount
of TiO: in its composition than the other materials, which presented type B isotherms that are
also characteristic of mesoporous materials, with mesopores of smaller width as compared to
materials of type 4A isotherms [33]. The fact that these materials possess mesopores of smaller
diameter width can be explained by the smaller amount of iron in mass present of material. Iron
may participate in the activation process of AC during the heat treatment and contribute to the
formation of mesoporosity. Thus, the higher the percentage of iron in the materials, the greater

the tendency in the width of the mean diameter of the pores. Corroborating this data, in the
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isotherm for pure TiO2, practically no typical hysteresis signal exists in P/Po higher than 0.5,

emphasizing the importance of the magnetic phases.

3.1.7 Magnetic properties
The magnetic properties of the photocatalysts were investigated using VSM analysis at
room temperature, on the magnetic field range from -2000 to 2000 Gauss. The hysteresis cycles

of the materials are presented in Fig. 6.
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Fig. 6. Hysteresis cycles of samples 20, 40 and 60Ti/Fe/AC.

The saturation magnetization values (Ms) of the photocatalysts 20, 40 and 60Ti/Fe/AC
were 5.8, 5.2 and 4.0 emu g%, respectively. The magnetic property of these materials is due to
the presence of magnetite, once TiO2 and the activated carbon are not magnetic. Thus, the

higher the iron percentage in the photocatalyst, the higher the Ms value.

3.2 RB dye adsorption study in the magnetic photocatalysts and photocatalytic tests
Adsorption and photocatalysis with adsorption study for AC, Fe/AC, 1, 5, 20, 40 and
60Ti/Fe/AC and TiO2 was conducted and the results are showed in Fig. 7 A and B, respectively.
It is observed in Fig. 7A that TiO adsorbed only 5% of RB dye after 240 minutes of
contact. The magnetic support Fe/AC adsorbed 48% of RB dye. It is noted that the adsorption
is faster during the first 60 minutes of contact and, after that, it becomes slower. With 240
minutes of contact between the materials and the RB solution, it was possible to observe
adsorptions of 35, 40, 28, 27 and 28% in the photocatalysts 1, 5, 20, 40 and 60Ti/Fe/AC,
respectively. These results are expected considering that the higher the percentage of Fe/AC in
photocatalysts, the larger the superficial area and higher the adsorption. It is also noted that the

photocatalysts 20, 40 and 60Ti/Fe/AC presented very similar adsorption results.
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Fig. 7. A) Adsorption and B) photocatalysis for Fe/AC, 1, 5, 20, 40 and 60Ti/Fe/AC and TiO..

It is observed in Fig. 7B that there was no significant discoloration in 240 minutes in
the control reaction, which is just dye solution in the presence of UV radiation. Thus, it can be
concluded that 51-W UV light alone is not enough to discolor the RB and no photolysis reaction
at that wavelength is verified.

The results shown in Fig. 7B present a significant part of RB dye discoloration, being
64, 50, 69, 86, 92 and 95% for Fe/AC, 1, 5, 20, 40 and 60Ti/Fe/AC, respectively. However,
part of this discoloration is from adsorption and part from photocatalysis. Thus, with the results
for adsorption presented in Fig. 7A, it was possible to calculate the percentage of discoloration
presented by RB dye solution due to photocatalytic activity of the studied materials. The
percentage of discoloration of the RB dye only from photocatalysis was 16, 17, 28, 58, 64 and
67% for the Fe/AC, 1, 5, 20, 40 and 60Ti/Fe/AC, respectively.

It should be noted that Fe/AC presented about 16% RB removal attributed to
photocatalysis, showing to be a material with photoactive behavior. According to Velo-Gala et
al. [34] activated carbons behave as semiconductor materials, being active in the presence of
UV radiation. The photoactive ability of the activated carbon is controversial because it is not
a property inherent to the material. However, authors have reported the ability displayed by this
material to absorb UV light photons and generate hydroxyl radicals in aqueous medium.
However, studies that allow explaining this behavior and proposing mechanisms are still
required [35,34].

When comparing the photocatalytic efficiency of 1 and 5Ti/Fe/AC with the other
photocatalysts (20, 40 and 60Ti/Fe/AC), it is observed that only 1 and 5% TiO used in the

synthesis of these materials were not enough to promote good discoloration by photocatalysis
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of the pollutant used in this study. Thus, this study focused only on the photocatalysts 20, 40
and 60Ti/Fe/AC, making the characterization of the other materials unnecessary.

Considering RB discoloration Kkinetics by photocatalysts 20, 40 and 60Ti/Fe/AC as
pseudo-zero order, the reaction rate constants (k) were obtained and they are presented in Fig.
8.

20 40 60
Level of TiO, at Fe/AC (%)

Fig. 8. Reaction rate constants obtained for reactions using photocatalysts 20, 40 and 60Ti/C/Fe.

It is noted that the values of the reaction rate constants for the photocatalysts 20, 40 and
60Ti/Fe/AC increased with the content of TiO,. The images of RB solutions after
photocatalytic reactions within Fig. 8 confirmed the efficiency of photocatalysts, because after
240 minutes of reaction the solutions acquired practically clear aspects.

Dye removal was also accompanied by TOC analysis, where TiO,, 20, 40 and
60Ti/Fe/AC photocatalysts removed 88, 21, 71 and 90% of organic matter, respectively. These
results show the potential of these materials to wastewater treatment.

Similar photocatalysts were prepared by our research group [36!, where TiO, P25 was
supported on the surface of the composite coal/reduced red mud (C/RM). The photocatalysts
obtained presented 36-71% efficiency for discoloration of 40 mgL " remazol black. Considering
that the experimental conditions of the photocatalytic reactions used in both studies were very
similar, it is perceived that the photocatalysts have near photocatalytic activity.

Hung et al. [37] and Zhang et al. [38] prepared the Fe304/SiO2/TiO2 and
Fes04@C@TiO: photocatalysts, respectively, and tested the efficiency for 10 mg L™ methylene
blue degradation, where the concentration of catalyst used was 0.5 mg L. In the first study,
the photocatalyst presented 15% efficiency to degrade methylene blue after 320 minutes of
reaction in the presence of sunlight. On the other hand, the photocatalyst Fez0.@C@TiO>
obtained by Zhang et al. [38] degraded 96% of the dye after 8 minutes of reaction using a 500
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W medium pressure Hg lamp, which is related to the high power of the lamp used. In the study
of Li et al. [39], 1.25 mg mL™ of the photocatalyst - Fes04/SiO2/TiO, was used to degrade 50
mg L methyl orange dye in the presence of a 15 W Hg lamp. The authors showed that c.a 93%
of the dye was degraded after 120 minutes of reaction. Good results using a lamp of lower
power to degrade a more concentrated contaminant were obtained. However, comparing it to
the present study, a larger mass of photocatalyst was used and the design of the reactor was not
presented.

Thus, it is observed that the experimental conditions used by different authors are
distinct, which makes it difficult to make a direct comparison of the photocatalytic efficiency,
since it depends on several factors, such as volume of solution, concentration and type of
contaminant model, power and type of radiation source, reactor design, reaction time, presence

of oxidizing species, mass, morphology, surface area and type of photocatalyst.

3.3 Sedimentation kinetics
Fig. 9 presents the sedimentation kinetics of pure TiO2 and of the photocatalysts in the

presence of a magnet.
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Fig. 9. TiO2 and magnetic photocatalysts sedimentation kinetics obtained from AC.

It is observed that in the presence of magnetic field, it was possible to sediment 93, 92
and 90% of photocatalysts 20, 40 and 60Ti/Fe/AC, while TiO. presented only 6% of
sedimentation during 30 minutes. When comparing this result with the iron percentage obtained

by XRF, it is observed that the higher the iron content in the photocatalysts, the easier it
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separates from the effluent treated. This is related to the higher magnetization presented by the
photocatalysts with higher iron contents, according to results obtained by VSM.

These results confirm the efficiency of incorporating a magnetic phase to the TiOa.

3.4 Leaching tests

To evaluate if TiO2 is being leached from the photocatalysts, the materials were
submitted to leaching test.

The results show that all materials presented a small percentage of dye discoloration,
being 12, 5 and 10% for the photocatalysts 20, 40 and 60Ti/Fe/AC, respectively, indicating that

a small portion of TiO2 was leached.

3.5 Photocatalyst recovery and reuse tests

An important factor from the economic point of view is the possibility of recovering
and reusing a photocatalyst. Fig. 2S in the Supplementary Material presents the recovery and
reuse efficiency of the magnetic photocatalysts. It was possible to recover 67, 50 and 44% of
photocatalysts 20, 40 and 60Ti/Fe/AC, respectively, after the fourth reuse reaction. These
results are in accordance with those expected, provided that the higher the percentage of iron in
these materials, the higher their saturation magnetization and possibility of recovery.

After four successive uses, a reduction of 29, 13 and 0% for photocatalysts 20, 40 and
60Ti/Fe/AC, respectively, was observed in the discoloration efficiency of RB dye. The higher
the percentage of TiO: in the photocatalyst, the more efficient is the reaction.

4. Conclusion

The results obtained for the characterization of Ti/Fe/AC showed that the synthesis of
magnetic photocatalysts was efficient, showing the presence of TiO2, FesO4 and Fe® supported
on activated carbon surface. All prepared magnetic photocatalysts presented excellent
photocatalytic efficiency to discolor RB dye, reducing up to 95% of the color of the solution
when using radiation from a 51-W - UV-C lamp. The results of VSM analysis and the magnetic
separation tests showed that the magnetization of the photocatalysts increases with the increase
in Fe contents and that it is possible to sediment up to 90% of the particles in a few minutes,
when a magnetic field is applied. Due to their magnetic and photocatalytic properties, the

studied materials presented great efficiency in the tests of recovery and degradation of remazol
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black in up to four successive cycles. Thus, these materials present great potential for scale up
applications, since they are efficient under UV radiation and easy to be recovered from the

effluent treated avoiding additional steps, which may reduce the costs of industrial processes.
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Abstract

Ti/C/Fe photocatalysts were prepared by supporting TiO2> (20, 40 and 60% w/w) on a
carbon/iron oxide (C/Fe) magnetic carrier. This support was prepared by using iron nitrate as a
source of FesOs/FesC and sucrose as a source of char. Characterization via Raman
spectroscopy, X-ray diffractometry, thermal analysis, X-ray fluorescence, scanning electron
microscopy and magnetic property analysis by vibrating-sample magnetometry confirmed the
presence of TiO,, FesO4, FesC and char in the photocatalysts as well as their magnetic
properties. The results of surface specific area analysis showed that the C/Fe support had a
surface area of 183 m? g* and that this area decreased with an increasing amount of supported
TiO2, reaching up to 129 m?g*. Diffuse reflectance spectroscopy characterization revealed that
the photocatalysts showed absorption in the same region of TiO2 and in the visible light region,
resulting in a decrease of bandgap values. The prepared photocatalysts showed high
photocatalytic efficiency in degrading and mineralizing the contaminants remazol black (RB5),
paracetamol and phenol, and the 60Ti/C/Fe sample showed the best results (99 and 82%
reductions in color and total amount of organic carbon of RB5 dye, respectively). Photocatalyst
recovery and reuse tests for the discoloring of RB5 showed that after the fourth reaction, the
photocatalytic efficiency was reduced by approximately 50%, and the recovery of 70, 54 and
49% of the 20, 40 and 60Ti/C/Fe materials, respectively, was observed. Sedimentation kinetics
showed that while only 6% of the pure TiO2 deposited, up to 89% of the photocatalysts
deposited. These results indicate that the photocatalysts present excellent photocatalytic
efficiency for different contaminants and can be easily and quickly separated from the reaction
medium by magnetic separation.
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Highlights

» TiOg, sucrose and iron nitrate were used to prepare photocatalysts.
» RB5, paracetamol and phenol were efficiently degraded by photocatalysts.
» Photocatalysts can be recovered using a magnet and reused in reactions.

1. Introduction

Excessive disposal of wastewater containing a number of non-degradable compounds
represents a major risk to human health and the ecosystem due to their high toxicity and difficult
degradation [1]. Since harmful organic compounds, such as dyes, phenol and paracetamol, are
often released into industrial effluents, reducing their generation and finding an efficient
treatment method for these effluents are necessary [2,3].

To solve such problems, researchers have proposed the use of photocatalysis, as this is
an efficient and environmental friendly method suitable for the removal of organic
contaminants present in wastewater [4]. Heterogeneous photocatalysis is based on the use of a
semiconductor that in the presence of radiation in aqueous media generates active species that
mineralize organic contaminants [5]. The mechanism of photocatalysis using semiconductors
is well known and has already been reported in detail in the literature by several authors [6,7,8].

Among the used semiconductors, TiO> has attracted considerable interest due to its
nontoxicity, low cost, chemical stability and high photocatalytic efficiency [9,10]. However,
despite the numerous advantages in the application of TiO2 to wastewater treatment, there are
several limitations. For example, it is difficulty to separate TiO. from the treated effluent since
it forms a stable suspension due to its small particles size, which can cause secondary pollution
[11]. Different strategies have been investigated to solve this problem. One of these strategies

is to use different materials as a support for TiO, such as glass [12], zeolite [13], activated
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carbon [14], silica [15] and polymeric materials [16] or even to immobilize TiO2 on the wall of
reactors [17].

Another alternative is to support TiO2 on a magnetic matrix. TiO2 supported directly on
materials with magnetic properties have already been prepared (Fe3Oas, SiO2@Fe304, 5-Fe20s3,
FeO or Fe) to obtain a magnetic photocatalyst, which enables its simple and fast separation
through the use of a magnetic field [2, 9,11,18]. These materials, in addition to being separated
and recovered in a simple way, can be reused several times, which results in savings and waste
reduction of the unrecovered used catalyst.

The photocatalytic properties of TiO2 are mainly related to the morphology and size of
the particles. The small surface area of the particles causes the low capacity for contaminant
adsorption on their surface, which represents another limitation of their use [19]. Since the
reactions occur on the photocatalyst surface, the adsorption of an organic contaminant
facilitates its degradation. Materials such as clay [4], silica [20], zeolite [21], char [22] have
already been used as supports for TiO,, aiming to increase the surface area of the final
composite.

In this study, a magnetic composite FesC (C/Fe) will be used as support for TiO; to
obtain Ti/C/Fe magnetic photocatalysts. The carbon layer surrounding the Ti/C/Fe magnetic
photocatalyst core may contribute to an increase in contaminant adsorption, preventing TiO>
agglomeration in the solution and hindering the recombination of electron-vacancy pairs. The
solid-solid interfaces between charcoal and TiO2 promote charge transfer and spatial separation,
protect the magnetic core from possible oxidation or dissolution in the effluent and avoid the
reduction of TiO, photocatalytic activity due to the interaction of the magnetic core and TiO>
[18,23,22]. Some authors reported that obtaining carbon from renewable resources, such as
sucrose, results in a high yield [24,25].

Thus, this study utilized sucrose as a carbon source to obtain the magnetic support C/Fe,
where magnetic particles (FesOs and FesC) were covered by carbon and their surfaces
impregnated with TiO. in different proportions (20, 40 and 60% w/w), forming the
photocatalysts 20Ti/C/Fe, 40Ti/C/Fe and 60Ti/C/Fe. These materials were characterized by
Raman spectroscopy, X-ray diffractometry (XRD), thermal analysis (TGA and DTA), X-ray
fluorescence (XRF), scanning electron microscopy (SEM), surface specific area (SSA)
analysis, diffuse reflectance spectroscopy (DRS) and magnetic property analysis via vibrating-
sample magnetometry (VSM). The photocatalytic activities of the photocatalysts were
investigated by studying the degradation of the following contaminant models under UV

radiation: remazol black (RB5) textile dye, paracetamol and phenol.
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2. Material and methods
2.1.  Synthesis of photocatalysts
2.1.1. Synthesis of C/Fe composites

Synthesis of the magnetic supports (C/Fe) based on sucrose was carried out according
to the methodology of Tristéo et al. (2015) [26]. Initially, a solution containing 8% iron by mass
was prepared from Fe(NO3)3.9H.0 (Synth, PA) in 30 mL of distilled water. The pH of the
solution was adjusted to 1 with HNOz (Synth, PA) to prevent iron precipitation. For the addition
of 92% by mass of sucrose (Union brand refined sugar), the solution was heated until a dark
slurry was formed. Carbonization was performed at 800°C for two hours in a quartz tube under
inert atmosphere (N2). Char synthesis without iron was also performed following the same

procedure.
2.1.2. Coating of composites with TiO2

The coating of composites with TiO> was performed based on the methodology of
Arabatzis et al. (2002) [27]. For the synthesis of 1 g of the photocatalyst 20Ti/C/Fe, 0.2 g of
TiO2 (Evonik) were added to 1 mL of water containing 0.1 mL of acetylacetone (Neon, PA), in
which a viscous slurry was formed. This slurry was slowly diluted in 1.7 mL of water. Next,
one drop of Triton X-100 (Synth) was added to the slurry, which was then mixed with 0.8 g of
C/Fe. After drying at 100°C for 20 minutes, the mixed composite of C/Fe and TiO> was heat
treated at 350°C for 30 minutes in an oxidizing atmosphere (10°C min™).

Magnetic photocatalysts were prepared with 20, 40 and 60% TiO> (w/w) and denoted
as 20Ti/C/Fe, 40Ti/C/Fe and 60Ti/C/Fe, where the number indicates the TiO> contents.

2.2.  Characterization of the prepared materials

Raman spectra were acquired by a Raman (Senterra Bruker) spectrometer with a coupled
optical microscope (OLYMPUS BX51). XRD analysis was performed on a Rigaku Ultima IV
model, with Cu K o= 1.54051 A. Scans were obtained over the angles of 15<20 <80° at a speed
of 4° mint. Thermogravimetric analysis (TGA) was performed on Shimadzu equipment at a
heating rate of 10°C min from 30°C to 900°C under synthetic air flow (100 mL min™?). The
contents of the elements were detected by total reflection X-ray fluorescence spectrometry (S2

PICOFOX - Bruker). For the study of the morphology of the materials, SEM analyses were
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performed using a LEO EVO 40XVP (Carl Zeiss SMT) at a 25 kV voltage. Powder samples
were fixed with double-sided carbon tape. The specific surface areas of the samples were
analyzed by adsorption and desorption of N, at 77 K using an Autosorb1-MP Quantachrome.
Samples were degassed at 200°C for 24 hours prior to analysis. To obtain the electron transition
energy of the solid, radiation analysis was performed. Diffuse reflectance spectra in the UV-vis
region were obtained on Shimadzu UV-2600 equipment. To treat the data, the analysis results
were converted to absorbance following the Kubelka-Munk method to thus calculate the
bandgap value. A vibrating-sample magnetometer (model EV9, Microsense) was used to
measure the magnetic properties of the photocatalysts under a magnetic field ranging from -
20000 to 20000 Oe at room temperature. Total organic carbon (TOC) was analyzed using
Shimadzu model TOC-V CPH.

2.3.  Study of the removal of the model contaminants

Adsorption tests were conducted with 30 mg of photocatalyst added to 100 mL of aqueous
solution of various organic contaminants (RB5: 40 mg L™!; paracetamol: 30 mg L* and phenol:
25 mg LY). The solutions were left in the dark under constant stirring, and aliquots were
withdrawn at different time intervals. Afterwards, the photocatalyst was removed with the aid
of a magnet, and the adsorption tests of model contaminants were monitored using a UV-vis
spectrophotometer (Micronal AJX-3000PC) at 598, 243 and 269 nm for the contaminants RB5
(Sigma-Aldrich), paracetamol (Sigma-Aldrich) and phenol (Sigma-Aldrich), respectively.
Photocatalytic tests were performed under the same conditions as the adsorption tests. However,
the reactions were performed in a reactor equipped with magnetic stirring and a low-pressure
mercury lamp with emission at 254 nm (51 W - Philips, | = 1,908 mW cm). The germicidal
lamp was placed in the upper part of the reactor at a distance of approximately 20 cm from the
dye solution, and the radiation incidence area was 13 cm in diameter. The degradation kinetics
of the studied contaminants were monitored using a UV-vis spectrophotometer (Micronal AJX-
3000PC), as previously described. However, phenol degradation and formation of intermediates
during photocatalytic reactions were also monitored by HPLC, where the reverse phase column
Shimpack ODS C18 and SPDM-20A detector and isocratic method (Methanol: Milliq water
30:70% v/v) with flow of 1 mL min temperature of 30 °C were used.
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2.4.  Sedimentation kinetics

The sedimentation kinetics was determined based on the turbidity reduction by mixing
2 mg of the magnetic photocatalysts or TiO2 with 10 mL of water. This mixture was placed in
the sample port of a homogenized turbidimeter, and in the presence of a magnetic field
(magnet). The turbidity variation was monitored over time using a calibrated turbidimeter
(HANNA INSTRUMENTS HI 98703)

2.5. Photocatalyst recovery and reuse tests

To evaluate the separation efficiency and photocatalytic activity, a photocatalyst sample
was recovered and used in four consecutive RB5 discoloration reactions. In this experiment,
the photocatalyst was placed in contact with an RB5 dye solution under the same conditions as
those used in the photocatalytic reactions. After 4 hours of reaction, the photocatalyst was
separated from the solution with the aid of a magnet. Then, the photocatalyst was washed with
distilled water, oven dried and weighed. This procedure was repeated four times in a solution
volume proportional to the amount of recovered photocatalyst. From the recovered

photocatalyst mass, it was possible to calculate its recovery efficiency.

3. Results and discussion
3.1. Characterization of Ti/C/Fe materials

To identify the nature of the carbon formed in the magnetic support C/Fe, it was
characterized by Raman spectroscopy. Figure 1 shows the Raman spectrum obtained for the
magnetic carrier C/Fe.

The Raman spectrum shows signals in the magnetic media at 216 and 277 cm™,
corresponding to FesC, and the other three bands at 1330, 1584 and 2651 cm™ indicate the
presence of carbon [28]. The D and G bands centered at 1330 and 1584 cm™ indicate the
presence of amorphous and graphitic carbon, respectively. The ratio of the intensities of these
two signals (I¢/Ip) is equal to 1.00, indicating that amorphous carbon and graphitic carbon were
formed in the support in very similar proportions. The presence of the iron carbide FesC in the

sample is responsible for the magnetic property (Figure 1).
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Figure 1. Raman spectra for the magnetic carrier C/Fe (A), and photo of the C/Fe being
attracted by a magnet (B).

Figure 2 shows the carbon diffractograms obtained from sucrose (C), the C/Fe

composite, TiO2 and the magnetic photocatalysts.
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Figure 2. Diffractograms of A) C, C/Fe, TiO2, and the magnetic photocatalysts, and B)
Expansion of 20Ti/Fe/AC diffractogram and FesO4, anatase and rutile standards.

In Figure 2A, broad lines are present at 21 and 43° in the carbon diffractogram, confirming the
formation of amorphous carbon. Graphitic carbon formation occurred during the thermal
treatment of the carbon to form the magnetic support C/Fe (26 = 26° - JCPDS, 0-0640). The
diffraction lines also confirm the presence of iron carbide (JCPDS, 34-0001), which was formed
by reduction of Fe3* present in iron nitrate during the thermal treatment (Equation 1). Heat
treatment at high temperatures of char and iron oxide mixtures can result in the formation of
metallic iron (Equation 2) [29,30]. This phase might be present in the C/Fe composite due to
the high temperature used in its preparation (800°C). However, identifying the corresponding
diffraction lines in the diffractogram shown in Figure 2A is difficult, since the Fe signals appear
at 44 and 64° (JCPDS, 1-1262), which are values that coincide with the FesC diffraction lines.
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This result corroborates with those obtained by Raman spectroscopy and by Tristéo et al. (2015)
[26].
3Fe(NO3)3 + 2C — FesC + 9NOx + COx (23)
Fe(NOs)z + C — Fe + 3NOx + COx (24)

In the TiO. P25 diffractogram (Fig. 2B), the diffraction lines confirm the presence of
the anatase (JCPDS, 02-0387) and rutile (JCPDS, 01-1292) phases [31,32]. Additionally, the
intensity of the diffraction lines of the anatase phase is greater than that of the rutile phase,
which confirms that the latter is present at a lower percentage in TiO2 P25, as observed by other
authors [31,32].

Figure 2B shows that the magnetic photocatalysts have the same phases as those
observed in the TiO2 P25 diffractogram, proving that this semiconductor is also present in all
photocatalyst materials.

Discrete signals appear at 30 and 35°, which indicate the presence of Fe3Os (JCPDS,
07-0322) in the magnetic photocatalysts. The formation of FeszOs occurred through the
oxidation of FesC during the thermal treatment carried out in an oxidizing atmosphere to
support the TiO2 on the C/Fe sample, as presented in Equation 3.

FesC + 302 — Fe304 + CO2 (25)

In the regions between 43 and 46° in the diffractograms of the Ti/C/Fe photocatalysts,
the small intensity diffraction lines suggest the presence of FesC in these samples. The
magnetite and iron carbide present in these materials are responsible for the magnetic activity,
allowing them to be easily separated from the treated effluent through the action of a magnet.

In Figure 3, the TG and DTA curves obtained for the studied materials are presented.
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Figu re 3. TGA and DTA curves obtained for samples A) C, B) C/Fe, C) 20Ti/C/Fe, D) 40Ti/C/Fe and E) 60Ti/C/Fe under
02 flow.

In the TGA curve of the carbon obtained from sucrose, a weight loss of 94% is observed
between 400 and 550°C, which is accompanied by an exothermic signal in the DTA curve.
These results are related to the thermal decomposition of char (Equation 4).

C+ 02 — CO2 (26)

In the TGA curve of the C/Fe support, a weight gain (1.25%) can be observed at
approximately 400°C, due to oxidation of the iron carbide, leading to the formation of more
stable iron oxide phases (Equation 5). In addition, oxidation of carbon to CO; also occurs,
leading to a weight loss of 58%, and the residual material mainly consists of Fe.O3 [33]. The
DTA curve presents strong exothermic events, which are attributed to oxidation of FesC and
carbon.

2FesC + 13/202 ——— 3Fe203 + 2CO> (27)

In the TGA curves of the 20, 40 and 60Ti/C/Fe photocatalysts, weight losses of 52, 42
and 31%, respectively, occur due to the oxidation of the char. Exothermic events are also
present in the DTA curves of these materials, which are related to the oxidation of the carbon
and the iron phases present in the photocatalysts.

The residue content obtained after heat treatment at 600°C increases in the Fe/C carrier
and in the photocatalysts, which indicates that the carbon content in these materials decreases,
as the iron and TiO> have been incorporated.

The iron and titanium contents were determined by XRF, which enabled the calculation
of the amounts of TiO present in the photocatalysts, as shown in Table 1.
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Table 1. Chemical composition of the photocatalysts obtained from sucrose.

Samples | Fe (%) | Ti (%) | TiO2 (%)
ClFe 28.2 0 0
20Ti/C/Fe | 17.0 14.6 24.0
40Ti/ClFe | 11.1 22.5 37.5
60Ti/C/Fe | 6.1 28.8 48.0

The iron contents obtained for the C/Fe support are different from the theoretical values
(17% iron). This can be explained by the presence of moisture and impurities in the sucrose
used to obtain the C/Fe support and due to the consumption of this carbon during the reaction
to form FesC (Equation 6).

3Fe3* + carbon — FesC (28)

As a consequence, the iron content in C/Fe and in the photocatalysts is greater than
expected. The iron contents decrease with the increase in the amount of TiO> used to obtain the
magnetic photocatalysts. Although the photocatalyst 60Ti/C/Fe presents low iron content
(6.1%), its magnetization is sufficient for it to be separated from the reaction medium by the
action of a magnetic field. The TiO contents present in the photocatalysts (calculated from the
titanium content) are close to the theoretical values, with the exception of 60Ti/C/Fe. These
differences are related to the loss of reagents during the experimental procedures.

Figure 4 shows SEM images for the samples C, Fe/C, 20, 40 and 60Ti/C/Fe.

In the images of the char obtained from sucrose (Figs. 4A and 4B), charcoal blocks with
varying size, indefinite shapes and smooth surfaces are observed. The images of the C/Fe
support (Figs. 4C and 4D) are similar to those of the char sample, although the presence of
small round particles on the surface of the char blocks is noticeable, indicating the presence of
iron carbide agglomerates. This result indicates that some of the FezC was not coated or located
in the bulk of the char.

The micrographs of the photocatalysts (Fig. 4E - 4J) show similar morphologies, where
char blocks (more regular surfaces) containing smaller round particles distributed on their
surface that are certainly TiO, agglomerates can be observed. The number of particles present
on the surface of the carbon of the photocatalysts is greater than that on the surface of the C/Fe
support. These results confirm the presence of TiO; in the magnetic photocatalysts. Similar
results were obtained in another work from our research group, where SEM images and EDS

mapping proved that the particle agglomerates are constituted mainly by TiO- [34].
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Figure 4. SEM images of C, C/Fe and the 20, 40 and 60Ti/C/Fe photocatalysts at 500 and
1500x magnifications.



58

The surface area obtained for TiO, P25 (67 m?g?) is close to the values cited in other
studies [22,35]. The result obtained for the C/Fe support(183 m? g?) is relatively high,
suggesting that during the heat treatment, pores formed in the carbonaceous fraction when Fe3*
and Fe?* species were reduced by char (Equations 7 - 9), [36,37].

C + 3Fe (NO3)s— Fes04 +CO;z + 3NOy (29)
0.5C + Fe304— 3FeO + 0.5CO2 (30)
0.5C + FeO — Fe + 0.5CO2 (31)

C/Fe-like composites were obtained by Tristdo et al. (2015) and Magalh&es et al. (2013)
and (2009) [26,29,37] and the surface area values varied between 90 and 158 m? g, which
corroborates the results obtained in the present study.

The surface areas for samples 20, 40 e 60Ti/C/Fe were 173, 145 and 129 m? g%,
respectively. Note that the surface area decreases with the increase of the TiO2 supported on
the C/Fe composite. This effect is related to the filling of the cavities and pores of the
carbonaceous fraction with TiO2 particles, which have a smaller surface area.

Figure 5 shows the N2 adsorption and desorption isotherms for the studied materials.
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Figure 5. N2 adsorption and desorption isotherms obtained for TiO., C/Fe and 20, 40 and
60Ti/C/Fe.

The isotherms for C/Fe and the 20, 40 and 60Ti/C/Fe photocatalysts can be classified as
category 1\V(a) with H4-type hysteresis, according to IUPAC. This result indicates that these
materials are mesoporous, with laminar interparticulas and nonhomogeneous pores. The

isotherm obtained for TiO> does not show hysteresis and can be classified as type IV(b), which
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Is also characteristic of mesoporous materials, but with smaller pores compared with the

isotherms of the magnetic photocatalysts [38].

Figure 6 shows the diffuse reflectance spectra (A) and the Tauc plot of the transformed
Kubelka-Munk function versus the light energy (B).
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Figure 6. The UV-vis absorption spectra of the TiO., 20, 40 and 60Ti/C/Fe materials (A), and
the Tauc representation of the transformed Kubelka-Munk function versus the light energy (B).

Figure 6A shows that the TiO> absorbs the radiation between 200 and 400 nm, as
observed in other studies [39]. This absorption at wavelengths of less than 400 nm is due to the
bandgap value of TiO2 (3.2 eV) [19]. In contrast, the magnetic photocatalysts absorb the
radiation in the visible and UV ranges. These results can be explained by the presence of carbon
in the photocatalysts [39,40].

The Kubelka-Munk plot (Fig. 6B) was used to obtain the bandgap values of the
materials. The values obtained were 3.07, 1.90, 1.97 and 2.23 eV for TiOz, 20Ti/C/Fe,
40Ti/C/Fe and 60Ti/C/Fe, respectively. The incorporation of TiO> into the magnetic support
not only reduced the bandgap of the photocatalysts but also increased the absorption range of
these materials. The higher the percentage of C/Fe in the photocatalysts is the smaller the
bandgap and the lower the energy required to promote the electrons in the valence band to the
conduction band of the semiconductor.

Figure 7 presents the VSM results obtained for the studied samples.
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Figure 7. Hysteresis loops obtained by VSM of samples 20, 40 and 60Ti/C/Fe and 40Ti/C/Fe
photocatalyst dispersed in solution and subsequently attracted by a magnet (Insert).

The saturation magnetization values obtained for the 20, 40 and 60Ti/C/Fe
photocatalysts are 22, 18 and 13 emu g, respectively. These values are smaller than those of
FesOs and FesC (55.4 and 118 emu g?) [42,43]. This result is due to the presence of
nonmagnetic materials (TiO2 and carbon) in the photocatalysts. However, the magnetization
presented by the magnetic photocatalysts is sufficiently high to separate them from the reaction

medium after the photocatalytic reactions.

3.2.  Adsorption testes

The contaminants RB5, paracetamol and phenol were used as models to verify the
photocatalytic efficiency of the prepared materials. Table 2 presents the percentages of the three

contaminant models adsorbed by the magnetic photocatalysts.

Table 2. Adsorption percentages of RB5, paracetamol and phenol for the 20, 40 and 60 Ti/C/Fe
photocatalysts.

Contaminants

Photocatalysts RB5 Paracetamol Phenol
Adsorption (%)

20Ti/C/Fe 17 18 11
40Ti/C/Fe 14 10 10
60Ti/C/Fe 14 9 8
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These results show that under the studied experimental conditions, the adsorption
percentages of the three contaminants by the photocatalysts are considered low (8 to 18%).
Additionally, adsorption decreases with increasing TiO2 contents. These results are related to
the reduction of the surface areas of the 40 and 60Ti/C/Fe photocatalysts. After 30 minutes the
photocatalysts stopped adsorbing the contaminants, showing that the adsorbate/adsorbent
system was in equilibrium. Thus, before carrying out the photocatalytic reactions, the
photocatalysts were put in contact with the contaminant solutions for 30 minutes to eliminate

the interference of the adsorption.

3.3.  Photocatalytic reactions for degradation of the model organic contaminants
Figure 8 shows the structural formulas of the RB5 (Fig. 8A), paracetamol (Fig. 8B) and
phenol (Fig. 8C) molecules, as well as the absorbance spectra of solutions of these contaminants

at the beginning (time of 0 minutes) and end of the photocatalytic reactions.
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Figure 8. Structural formulas of the RB5 (A), paracetamol (B) and phenol (C) molecules, and
the UV-vis absorbance spectra for their solutions at the initial (O minutes of photocatalytic
activity) and final photocatalytic (D, E and F) times using the 20, 40 and 60Ti/C/Fe
photocatalysts.

The UV-vis absorbance spectrum of the RB5 dye (Fig. 8D) shows a high intensity
absorption band at 598 nm, which was used to monitor the discoloration of this contaminant
during the photocatalytic reactions. Three other bands of lower intensities, characteristic of

RB5, are observed at 310, 400 and 500 nm. During the photocatalytic reactions, the generated
radicals react with the RB5 molecules, and when the N=N and C-N bonds of the azo group are
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broken, discoloration of the solution occurs, and the intensities of the dye absorption bands
decrease (Fig. 8D) [44].

According to Moctezuma et al. (2012) [45] paracetamol (Fig. 8B) shows two
characteristic absorption bands at 208 and 243 nm, as shown in Figure 8E. The band at 208 nm
corresponds to a z-z* transition, and the band at 243 nm is due to an n - z* transition of the
C=0 group [21]. On the other hand, phenol (Fig. 8C) shows bands at 210 and 269 nm that
correspond to z-z* transitions of the aromatic ring. After the photocatalytic reactions using the
20, 40 and 60Ti/C/Fe photocatalysts, the intensities of the absorption bands of the paracetamol
and phenol solutions strongly decrease (Figs. 8E and 8F), indicating the degradation of these
molecules by the radicals formed during the photocatalytic process.

Figure 9 shows the photocatalytic degradation kinetics of the contaminants RB5 (Fig.

9A), paracetamol (Fig. 9B) and phenol (Fig. 9C) using the photocatalysts prepared in this work.
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Figure 9. Degradation kinetics of RB5 (A), paracetamol (B) and phenol (C) using the 20, 40
and 60Ti/C/Fe photocatalysts.

The results of the control reactions using RB5 dye and phenol showed no significant
reduction in concentration during the reaction time, which demonstrates the stability of these
compounds when exposed to UV radiation. On the other hand, it is noted that paracetamol
underwent c.a 10% degradation due to the photolysis reaction promoted by UV light.

A linear curve is observed in the results obtained during the degradation reactions for
the contaminants studied, which suggests pseudo-zero-order kinetics. Thus, the degradation rate
constants of the contaminants in the reactions using the photocatalysts were obtained based on
the slope of the lines adjusted by linear regression. These results show that the photocatalysts
with higher TiO2 content show higher photocatalytic efficiency in degrading the three studied
model contaminant. These results are best observed in Figure 10, which shows the degradation
rate constants (k) and percentages of degradation and TOC reduction obtained for the RB5 (Fig.
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10A), paracetamol (Fig. 10B) and phenol (Fig. 10C) degradation reactions using the 20, 40 and
60Ti/C/Fe photocatalysts.
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Figure 10. k and percentages of degradation and TOC reduction for RB5 (A), paracetamol (C)
and phenol after photocatalytic reactions using 20, 40 and 60Ti/C/Fe.

Figure 10 shows that the higher the TiO2 contentin the Ti/C/Fe magnetic photocatalysts,
the higher the values of k and percentages of degradation and TOC removal in the reactions
with RB, paracetamol and phenol. As the surface area of the magnetic photocatalysts decreases
with increasing TiO2 content, the higher photocatalytic efficiency of samples 40 and 60Ti/C/Fe
is directly related to the amount of TiO.. Considering that the data presented in Figure 10A
(degradation of RB5) were obtained for a 240 minutes reaction time and that the other results
(Figs. 10B and 10C) were obtained for a 480 minutes reaction time, the RB5 dye is degraded
more easily. These results are confirmed by the high k values for the reactions performed with
RB5 in comparison with those obtained for the other reactions. This greater ease of RB5
degradation is certainly related to its greater reactivity.

Similar photocatalysts were prepared by our research group, and the photocatalytic
activity for RB5 degradation was investigated [34]. The results obtained were similar to those
of the present study, as the photocatalytic activity increased with the supported TiO> content,
and 71 and 52% efficiency in discoloring and mineralizing the dye, respectively, could be
achieved, since the dye has a greater number of reactive sites that can stabilize the ¢«OH radical.

Interestingly, as shown in Figure 10, the TOC removal values for the reactions
performed with RB5 are lower than the degradation percentage, whereas for the reactions with
paracetamol and phenol, the TOC removal values and degradation percentage are close. These
results show that the discoloration (degradation) step of RB5 dye is rapid, while its
mineralization is slower. This phenomenon is related to the number of reaction intermediates
that form during degradation, as this dye molecule has a high molecular weight (MW = 991.82

g mol™?) and the structure complex. In contrast, phenol and paracetamol are smaller molecules
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that form fewer intermediates during their mineralization, and, therefore, less competition exists
for the hydroxyl radicals formed during photocatalysis.

Figure 11 shows some of the intermediate species that might be formed during a

degradation of the studied contaminants.
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Figure 11: Representation of possible intermediates formed during reactions of degradation of
contaminants: A) RB5 [46, 47], B) Paracetamol [3, 48, 49], and C) Phenol.

It is noted in Figure 11 (A) that during degradation of RB5 dye, azo bond cleavage
occurs, which leads to the formation of 2-((4-aminophenyl) sulfonyl) ethyl sulfate (ASES) and
3,4,6-triamino-5-hydroxynaphthalene-2,7-disulfonate (THD) [46, 47]. Oxalic acid (OA) can
form from ASES, which in turn can be mineralized. The cleavage of the C-SO3 bond of THD
forms 3,6,8-triaminonaphthalen-1-ol (TAN). The investigation of the bonds leads to the
formation of intermediates that do not have chromophoric groups and, therefore, are colorless.
Since this molecule has several active sites can be stabilized faster than paracetamol and phenol,
and therefore, its discoloration occurred faster [46, 47].

When paracetamol is attacked by the hydroxyl radical, 4-iminocyclohexa-2,5-dien-1-
one (IDO) and 2-hydroxyacetic acid (HA) that are later mineralized (Figure 11B), [3, 48, 49].

Considering other studies in the literature, the phenotype is susceptible to oxidation by

hydroxyl radicals, forming the main intermediates benzoquinone (BQ) and/or hydroguinone
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(HQ), the first step of its degradation. Subsequently, these intermediates break down to form
ring-open carboxylic acids, and are mineralized to form CO; and H20 [3,48,49,50]. BQ and
HQ, obtained from HPLC analysis, were formed from the photodegradation of phenol by the
studied photocatalysts, (Figure 12).
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Figure 12. Chromatograms of the phenol solution after adsorption and 240 and 480 minutes of
photocatalytic reaction using the photocatalysts A) 20Ti/C/Fe, B) 40Ti/C/Fe and C) 60Ti/C/Fe.
Charts D, E and F show magnifications (between 4 and 4.6 minutes) of chromatograms A, B
and C, respectively.

In all chromatograms, a signal is observed at 13 minutes, corresponding to phenol. The
intensity of this signal decreases after adsorption and the 240 and 480 minutes reaction times,
which confirms that phenol is being degraded during the photocatalytic reactions. In the
chromatogram obtained after 240 minutes of reaction, two new signals located at 4.29 and 7.25
minutes appear (Figs. 12D-12F), which confirm the formation of the intermediates HQ and BQ,
respectively, during phenol degradation [50,3,51]. After 480 minutes, the intensities of these
signals decrease, confirming that in addition to phenol, the HQ and BQ intermediates are also
being degraded by the radicals formed during the photocatalytic reactions. Signals at 7.25
minutes presented greater intensity than that at 4.29 min, which is related to a higher rate of HQ
formation during the degradation of phenol [50, 51].

Table 4 presents the degradation data for phenol after adsorption and 240 and 480
minutes of photocatalytic reaction.
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Table 4. Percentages of phenol degradation obtained based on the relative areas of the
chromatograms (Fig. 12) during the reactions using the 20, 40 and 60Ti/C/Fe photocatalysts.

PN Phenol degradation (%)

Photocatalyst Adsorption (%) 520 TMiNUtes 480 MiNutes
20Ti/ClFe 10 70 95
40Ti/ClFe 5 76 96
60Ti/C/Fe 4 69 98

These results show that the efficiency of the magnetic photocatalysts in degrading
phenol increases with time and with the amount of TiO> present in the photocatalyst. These
results corroborate those obtained by UV-vis and TOC analysis for degradation not only of
phenol but also of RB5 and paracetamol.

Table 5 shows the catalytic efficiency and experimental conditions for different TiO>
photocatalysts used to degrade the contaminants RB5, paracetamol and phenol found in the
literature and for the materials prepared in the present study.

The photocatalysts presented in Table 5 showed efficiency between 71 to 99%
degradation/discoloration of the BR5 dye. The photocatalyst 80Ti/C/RM (TiO2 supported on
the magnetic composite C/RM - reduced red mud coated with char) prepared by our research
group [34] presented similar efficiency to the 20Ti/C/Fe prepared in this study. Other data
presented in Table 5 are from studies of different authors that used very different experimental
conditions, such as initial contaminant concentration, lamp power and type, catalyst mass,
solution volume, reactor design, among others. Thus, it becomes difficult to make comparisons
regarding the efficiency of these photocatalysts. However, it is noteworthy that practically all
the photocatalysts presented in Table 5 have high efficiency to degrade the studied

contaminants, where each one was submitted to favorable experimental conditions.
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Table 5. Catalytic efficiency and experimental conditions of photocatalytic reactions performed
for the degradation of RB5, paracetamol, and phenol using photocatalysts 20, 40 and 60Ti/C/Fe
and other catalysts found in the literature.

ontaminant otocatalyst _ i
C - ' Ph | Reaction
Catalyst ] Light/power o time Ref.
(concentration) Eficiency (%) (min)
20Ti/C/Fe 73 240 :
40Ti/C/IFe : 45 R5m) Hg/51 W 84 240 SE‘(;S
60Ti/C/Fe PP 99 240 y
. BR5
80Ti/C/RM (40 ppm) Hg/15 W 71 240 [34]
. BR5
MANP@TIiO2MS (25 ppm) Uv/300 W 98 90 [52]
20TI/C/Fe Paracetamol 61 480 This
40Ti/ClFe Hg/51 W 72 480
60Ti/C/Fe (30 ppm) 77 ago  Study
. Paracetamol
TiO2 (P25) (50 ppm) Hg/ 450W 99 90 [53]
. Paracetamol
0,
50%TiO2/Fe203 (50 ppm) Hg/ 450W 88 90 [53]
. Paracetamol
Ta-dopoedTiO2 (35 ppm) Hg/500 W 80 120 [54]
20Ti/C/Fe 74 480 :
A0Ti/C/Fe Phenol Hg/51 W 86 a0 s
60Ti/C/Fe (25 ppm) 90 480 Sty
. . Phenol . [55]
BioCI-TiO- (50 ppm) Xénon/300 W 43 360
N-doped Phenol 56
TiO.anatase/rutile (50 ppm) UVi3ow %9 540 56l
[Fell(dpbpy) Phenol R 57
(phen)o]/Tis (10 ppm) Xénon/300 W 97 180 [57]

3.4. Sedimentation Kkinetics and recovery and reuse of the magnetic photocatalysts

Figure 13 shows the sedimentation kinetics of TiO, and the photocatalysts in the
presence of a magnet.

Figure 13 shows that only 6% of the pure TiO2 deposited within 30 minutes. In contrast,
the tests performed with the magnetic photocatalysts presented excellent results, where
reductions of 89, 81 and 76% in the turbidity of the mixtures were observed within only 5

minutes when the 20, 40 and 60Ti/C/Fe photocatalysts were used, respectively.
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Figure 13. Sedimentation kinetics of TiO2 and the magnetic photocatalysts.

These results corroborate those obtained by XRF and VSM, where the saturation
magnetization increases and, consequently, the magnetic separation becomes more efficient
with increasing iron content in the photocatalyst.

These results confirm the advantages of incorporating TiO2 into materials with magnetic
properties, which allows its rapid separation from treated effluent in the presence of a magnet.

Figure 14 shows the percentages of the photocatalyst recovery and the RB5 dye
discoloration after four reaction cycles.
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Figure 14. Recovery efficiency (A) and photocatalytic efficiency (B) of the magnetic
photocatalysts in four photocatalysis reactions.

The photocatalytic recovery and activity decrease with the reuse number. Additionally,
the photocatalysts with lower TiO, content, which have higher saturation magnetization, are

recovered with higher efficiency. After the fourth reaction, 70, 54 and 49% of the 20, 40 and
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60Ti/C/Fe photocatalysts, respectively, could be recovered. Regarding the photocatalytic
activity, the 60Ti/C/Fe photocatalyst presented higher efficiency in all reuse reactions, and its
activity decreased from 99 to 55% after the fourth reaction. However, the photocatalytic activity
of the 60 and 40Ti/C/Fe photocatalysts showed a small reduction in reaction 2. These data show
that despite the loss of material and photocatalytic efficiency in reuse, the magnetic

photocatalysts show recovery and photocatalytic efficiency.

4. Conclusion

The results of the magnetic photocatalyst characterizations proved the presence of TiOs,
Fes0a, FesC and charcoal, indicating that the photocatalysts could be efficiently obtained, and
the saturation magnetization values confirmed the magnetic properties. The photocatalysts
presented excellent photocatalytic efficiency in degrading and mineralizing the contaminants
RB5, paracetamol and phenol. The sample with the highest amount of TiO2, 60Ti/C/Fe, showed
the highest activity. The magnetic photocatalysts showed great efficiency in discoloring the dye
RB5 during four successive cycles of recovery and reuse tests. The rapid and efficient
separation from an aqueous medium and the possibility of reuse simplifies the effluent
treatment process and implies reduced operational costs and waste generation, contributing to
environmental preservation and sustainability. Thus, the photocatalysts prepared in this study
have great potential for scale up and in solar photocatalysis application.
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