X 4 5
\Y
ipb
INSTITUTO POLITECNICO Escola Superior

DE BRAGANGA de Tecnologia e Gestao UNIVERSIDADE TECNOLOGICA FEDERAL DO PARANA

Valorisation of carbon-rich solid wastes into nanostructured
catalysts for wet peroxide oxidation of contaminants of

emerging concern

Lucas Fenato Sanches

Thesis report presented to
Escola Superior de Tecnologia e Gestao
Instituto Politécnico de Braganca
to obtain a master’s degree in
Chemical Engineering
within the scope of the double diploma with
Universidade Tecnolégica Federal do Parana

Supervisors
Prof. Dr. Helder Teixeira Gomes
Prof. Dr. Fernando Alves da Silva

Dr. Jose Luis Diaz de Tuesta Trivino

Braganca

2021



ACKNOWLEDGEMENTS

| thank God to give me the capacity, health, persistence and opportunity to accomplish this
role work, never letting me alone and keeping me up every day even away from family and
friends.

During all the time my family supported me, gave me motivation and conditions in every
moment, so | also kindly would like to thank them.

My friends also deserve my acknowledgements for the company and support during the
difficult days, making me feel at home all this time.

| thank the researchers that were always with me during the lab days, Adriano dos Santos
Silva and Fernanda Fontana Roman, for the availability and energy to support and teach me
everything I needed.

I would like to especially thank my supervisors Fernando Alves da Silva, Jose Luis Diaz de
Tuesta Trivifio and Helder Teixeira Gomes for all the support and time given during all this
work, helping with the quality of this work, clearing all doubts I had and for the opportunity
given to work with the exemplary professionals they are.

Finally, I thank UTFPR and IPB for all the structure, receptibility and opportunities that made
me grow and develop a lot with this work.

This work is a result of project PLASTIC_TO _FUEL & MAT, with reference
POCI-01-0145-FEDER-031439 and CIMO - UIDB/00690/2020 financed through
FCT/MCTES (PIDDAC).

FCT REPUBLICA NORTE2020 ”PORTUGAL -H
P sl - g PORTOGURSA NENTREGSS B 2020 S



Abstract

This work deals with the application of carbon nanotubes (CNTs) and graphene oxide (GO)
in the catalytic wet peroxide oxidation (CWPO) of paracetamol (PCM), a pharmaceutical
compound selected as model contaminant of emerging concern (CEC). CNTs were
synthetized by catalytic chemical vapor deposition (CVD) at 850 °C, considering low-density
polyethylene (LDPE), high-density polyethylene (HDPE), and polypropylene (PP) as carbon
precursors representative of urban plastic solid waste. The yield of the CNTs production was
about 24% for PP, 22% for LDPE and 18% for HDPE. Part of the amount produced of CNTs
were washed to evaluate changes in the catalytic activity, generating the carbon nanotubes
washed (CNTWSs). The washing process caused weight losses of 64% in CNT_HDPE, 51%
in CNT_PP and 41% in CNT_LDPE. Iron oxides supported in alumina (I0@AI203)
nanoparticles previously synthesized by sol-gel were used as catalysts in the CVD process.
GO was received from a partnership of the group. There were made characterizations of
FTIR, Sger and ash content. By the FTIR and ash content, it was found that CVD process
could keep Fe inside the structure of the CNTs and the washing process kept a parcel of Fe
inside them. The Sget revealed a difference among the area between the nanotubes, indicating
different structural properties of them, where CNT_PP showed the biggest area of the CNTSs,
GO presented the lowest area and I0@AI>O3 the highest area of the materials. The catalysts,
including CNTs, CNTWs, GO and I0@AI03, were tested in the CWPO of PCM at 80 °C,
Cpem = 100 ppm, CPl,0, = 472 mg L%, pHo = 3.5, and Ceataiyst = 2.5 g L™, monitoring during
24 h the concentration of PCM, H.O,, aromatic and phenolic compounds, and intermediates
identification. All the materials showed activity allowing to decompose completely the
pharmaceutical in aqueous solutions until 1440 min. In particular, the CNTs synthesized from
HDPE lead to complete removal of the pollutant after 30 min of reaction and the CNTWs
synthesized from LDPE lead to complete removal until 360 min. GO presented a good PCM
degradation capacity, however presented a considerable formation of refractory
intermediates. IO@AI>Oz also presented good catalytic activity, but the high content of Fe
can potentially cause a leaching problem. Finally, the catalyst with the highest activity and
lower inorganic catalysts content was CNTW_LDPE, which was tested about its reusability.
Thus, 3 runs were made and the catalyst proved to keep its activity, being capable to degrade
all of the pollutant after 24 h.

Keywords: Contaminants of emerging concern, carbon nanotubes, graphene oxide, advanced
oxidation processes, plastic waste.



Resumo

O trabalho trata do desenvolvimento da aplicacdo de nanotubos de carbono (CNTS) e 6xido
de grafeno (GO) na oxidagdo catalitica imida com perdxido (CWPQ) do paracetamol (PCM),
um farmaco selecionado como modelo de um contaminante de preocupacdo emergente
(CEC). Os CNTs foram sintetizados por deposicdo quimica a vapor (CVD) a 850 °C,
utilizando-se como fonte de carbono os polimeros polietileno de baixa densidade (LDPE),
polietileno de alta densidade (HDPE) e polipropileno (PP), sendo estes representantes de
residuos plasticos carbonosos. O rendimento da producdo de CNTs foi de 24% para o PP,
22% para o LDPE e 18% para o HDPE. Parte dos CNTs produzidos passaram por um
processo de lavagem, para que pudesse ser comparada as atividades cataliticas antes e apds a
lavagem, gerando os nanotubos de carbono lavados (CNTWs). O processo de lavagem
causou perdas de massa de 64% no CNT_HDPE, 51% no CNT_PP e 41% no CNT_LDPE.
Nanoparticulas de 6xidos de ferro suportadas em alumina (IO@AI>03) foram previamente
sintetizadas por método de sol-gel e utilizadas como catalisador no processo de CVD. O GO
utilizado no trabalho foi adquirido por um projeto de colaboragdo com outro grupo de
pesquisa. Foram feitas caracterizacBes dos materiais por FT-IR, teor de cinzas e Sget. Pelo
FT-IR e teor de cinzas, pode-se visualizar que o processo de CVD pode manter o Fe dentro
da estrutura dos CNTs e o processo de lavagem manteve uma parcela de Fe dentro dos
materiais. As analises de SBET mostraram uma diferenca entre as areas dos diferentes CNTs,
indicando propriedades estruturais diferentes entre eles, onde o CNT_PP mostrou a maior
area entre 0s CNTs, 0 GO a menor area e o IO@AI203 a maior area dentre todos 0s materiais.
Os materiais, incluindo os CNTs, CNTWs, GO e IO@AI;O3 foram testados nos processos de
CWPO do PCM a 80 °C, Ccy = 100 ppm, CPl,0, =472 mg L, pHo = 3.5 & C2,aiisador = 2-5
g L, sendo monitorizados, durante 24 horas, os pardmetros de concentracdo de PCM, H20,,
formacdo de compostos aromaticos e fenodlicos, e identificacdo de intermediarios. Todos 0s
materiais mostraram atividade catalitica, permitindo a decomposicdo completa do farmaco
em solucdes aquosas em até 24 h. Em particular, o CNT_HDPE mostrou o melhor
rendimento entre os CNTSs, levando a remogdo completa do poluente depois de 30 min de
reacdo, e 0 CNTW_LDPE, o melhor dentre os CNTWs, levou a remogdo completa apos 6 h.
O GO mostrou boa taxa de degradacdo do PCM, porém mostrou grandes formacdes de
compostos intermediarios refratarios ao processo. O IO@AI03 também mostrou alta
atividade catalitica, porém devido o alto teor de Fe em sua composi¢do, o material tem

grande chance de causar lixiviagdo na solucdo. Por fim, o catalisador com a maior atividade



catalitica e o menor teor de compostos inorganicos (catalisador metalico) foi o
CNTW_LDPE, o qual foi testado quanto a sua reutilizacdo. Portanto, 3 reacbes de CWPO
foram conduzidas como mesmo catalisador, e 0 mesmo provou que pode manter sua
atividade mesmo ap0s seguidas utilizagdes, sendo capaz de remover todo o poluente em até
24 h.

Palavras-chave: Contaminantes de preocupacgdo emergente, nanotubos de carbono, 6xido de
grafeno, processos de oxidacdo avancgada, residuos plasticos.
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1 INTRODUCTION

Contaminants of emerging concern (CECs) are defined as substances that are not
listed in the regulatory standards of hazardous components, but these substances can be
harmful to aquatic and human life at even trace concentrations [1,2]. CEC can be represented
by chemicals, such as household cleaning and personal care products, lawn care, medicines
and agricultural products [3]. The problems of CECs arise by the fact that they can’t be
removed efficiently in conventional treatments used in wastewater treatment plants
(WWTPs), thus accumulating in water bodies [4].

Last years, the presence of pharmaceutical compounds in water has been a current
theme of studies due to the resistance of microorganisms to the effect of pharmaceuticals and
dangerous impact to the environment [5-10]. Usually, pharmaceuticals and CECs are
difficult to be degraded by conventional WWTPs, leading to their discharge [11].

Since the common treatment plants are not able to efficiently remove these pollutants,
one of the alternative methods of water treatment are the Advanced Oxidation Processes
(AOPs). In these treatments, highly oxidizing radicals (HO") are produced to degrade by
oxidation a wide range of water organic pollutants [12].

Municipal solid wastes are another kind of pollutants that is gaining attention by their
problems. The problems caused by this kind of pollution affects mainly the urban areas,
where the generation of residues is much higher due to industrialization, populational growth
and society's lifestyle [13]. Problems attributed to solid wastes include the degradation of
environmental quality by the generation of greenhouse gases, leachates and odours [14].

Since solid wastes, such as plastics, lasts many years to be degraded, methods of reuse
and valorisation of these residues are acting as impactful alternatives to avoid some of the
drastic effects of its wrong disposal.

This work considers the valorisation of polymers by its use as precursors for the
synthesis of catalysts and their further use in Catalytic Wet Peroxide Oxidation (CWPO) of
waters contamined with pharmaceuticals of emerging concern. The parameters involved in

the synthesis of the catalysts and in CWPO are also studied in order to obtain the best yield.
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2 STATE OF THE ART
2.1 Water pollution

The world is facing various water quality deterioration problems due to some leading
causes, such as pollution, agriculture, growth of the population, demographic changes,
urbanization and economic development [15,16]. By 2025 it is estimated that half of the
world’s population will be living inside stressed-water areas, thus hundreds of millions of
people can be dangerously contaminated [17].

Since there is a growing concern about the problems caused by the polluted water, the
management of water quality must be increased to guarantee human health, preservation of
the environment and to propitiate a sustainable development [18].

There are many kinds of pollutants found in water, but in the past years, one class of
pollutants focused the attention of researchers: the pharmaceuticals. Usually, a significant
part of these substances, between 30 to 90% of the oral dose that is taken, is excreted by the
endocrine system and destined to wastewater [19]. Every year 100,000 tons of 600 kinds of
different active pharmaceuticals are produced, from which Europe corresponds to 24% of the
consumption of these products [19].

In addition, WWTPs usually are not able to deal with these kinds of substances,
removing only until 70% of them [20]. So, after the treatment, the rest of these chemical
compounds are destined to water bodies [21].

The presence of pharmaceuticals in the environment can cause several problems, such
as antimicrobial resistance (AMR), which is one of the most hazardous issues to human
health [22]. The AMR has caused many deaths in Europe, and the estimative for 2050 is
about 390,000 deaths by this cause [19]. Furthermore, pharmaceuticals can cause other
several problems in the environment, exemplified by immunotoxicity and bioaccumulation
[23].

Pharmaceuticals represent groups of compounds such as anti-inflammatories,
antibiotics, blood lipids, antiepileptics, hormones, tranquilizers, X-ray contrast, regulators,
contrast media and cytostatic drugs [21,24].

Inside the classes of pharmaceuticals, some deserve more attention for its higher risks
to the environment, namely diclofenac, ibuprofen, sulfamethoxazole, paracetamol,
ethinylestradiol, paraxanthine, atorvastatin, carbamazepine, estriol, venlafaxine, ranitidine,

spiramycin, zidovudine and amoxicillin [25,26]. Considering the components above,



diclofenac and ethinylestradiol were recently added into the watch list of the European Union
monitoring [27]

A pharmaceutical that is also found in natural waters is the paracetamol, which are
also extensively used as a painkiller since is analgesic [28]. This substance is composed by
the functional groups of hydroxyl, benzene and amide group, as can be seen in the molecule

pictured in Figure 1 [29].

H

ISR

Figure 1 - Paracetamol structure

A review showed that 284 substances were found in concentrations above the
detection limits in rivers from Europe, from which 73 were antibiotics and fungicides, 30
anti-inflammatories and analgesics, 20 anticonvulsants and anxiolytics, 19 antihypertensives,
19 antidepressants, 13 steroids and hormones, 7 antiviral drugs, 5 diuretics, and others 66

pharmaceuticals, proving the need of actions to be done to avoid this imminent risk [25].

2.2 European, Portuguese and Brazilian law

Table 1 - Brazilian and Portuguese standards of water disposal

Value
Parameter
Brazil Portugal
pH 5-9 6-9
Maximum increase of 3°C in the
Temperature <40°C
receptor water body temperature
BOD5 <120 mg/L <40 mg/L
Fe 15.0 mg/L 2.0 mg/L
Phenols 0.5 mg/L 0.5 mg/L

Source: Adapted from [30] and [31].



The Brazilian regulation about the contaminants in wastewater follows the CONAMA
(National Environment Council) resolution n® 430/2011, that stipulate standard conditions of
disposal waters, and some of them is presented in Table 1 [30]. In Europe, each country
establishes its standards of composition for wastewater, following the European Directive n.°
91/271/CEE [32]. In Portugal, the limits follow the decree-law n.° 236/98 and are also
presented in Table 1 [31].

2.3 Water and wastewater treatments

Effluent water treatment can be classified into four stages: pre-treatment, primary,
secondary and tertiary. The pre-treatment is usually considered with the primary treatment,
including treatments as large particle removal, neutralization, grease separation, grit removal,
flotation, flocculation, coagulation and sedimentation. Secondary treatments include
biological treatments as aerobic and anaerobic and activated sludge process followed by
sludge treatment. Tertiary treatment is not generally used but includes treatments as
nitrification, membrane processes, adsorption processes and advanced oxidation processes
(AOPs). The tertiary treatment represents an important mean for the removal of heavy metals,
refractory organics, pathogens, and chemicals, those that are not efficiently removed in the
previous treatments. [33—35]. The common treatments of the WWTPs, such as flocculation,
filtration and biological treatment, can’t remove them efficiently [36-39].

A review related the efficiency of pharmaceuticals removal reported in the literature
in WWTPs, showing the high persistency of pharmaceuticals, exhibiting maximum
degradation values of 75% for diclofenac, 95% for ibuprofen and 45% for carbamazepine.
[24].

Another review about the presence of pharmaceuticals in WWTPs effluents in Europe
exhibited high occurrences and average concentrations of carbamazepine, ibuprofen,
sulfamethoxazole and diclofenac. For these pharmaceuticals, the values were, respectively,
832 ng L and 90%, 80.5 ng Lt and 57%, 280 ng L and 83%, 49.5 ng L™t and 89% [40].
Paracetamol has also been reported in the literature in considerable concentrations (< 9.5 pg
L) in WWTPs effluents and surface waters in many different places of the world [41-45].

Many WWTPs effluents show higher values than the average mentioned, leading to
the dangerous persistency of these compounds in water, which means that they are hazardous

principally in concentrations above pg L™ [46,47].



2.4 Advanced oxidation processes

AOPs have demonstrated high capacity in the treatment of pollutants even in trace
levels, having the possibility to be applied in many fields, especially in municipal wastewater
and groundwater treatments [48]. Previous studies showed interesting results of
micropollutants degradation, such as pharmaceuticals, pesticides, dyes, and solvents, being
capable to oxidize all the remaining pollutants for tertiary treatments [49-53]. AOPs have
demonstrated high importance for scientific knowledge since the remaining pollutants of the
WWTPs need to be treated to avoid hazardous effects in the water dependences.

AOPs are used to achieve the highest oxidation of the organic compounds, using the
generation of HO* radicals, operating at pressures and temperatures near the ambient [54-56].
The highly oxidizing radicals will be responsible for the degradation of the pollutants into
COg, water and other products from the pollutant degradation [57,58].

The main processes used in AOPs are ozonation, photolysis, photocatalysis, Fenton,
and electrooxidation [46,59-61].

The ozonation process can be done by direct and indirect methods. The direct method
works by the oxidation of the pollutant by the natural Oz oxidant capacity [62]. Otherwise,
the indirect method uses the decomposition of ozone to produce HO* radicals, initiating chain
reactions to generate the radicals and to promote the process (Equations 1 and 3) [46]. The
indirect method generally uses the addition of H20- to generate HO,™ ions and consequently
HO:- radicals (Equations 2 and 3), which increases ozone decomposition [53,63,64]. This
process can be very efficient to degrade pharmaceuticals, then it turns capable to totally

degrade compounds, such as sulfamethoxazole [51].

O3+ OH — HO> + 02 @
H,O, —» HO, + H* )
HO, + O3 — HO* + Oy + O 3)

AOPs based on UV, that includes photolysis and catalytic photolysis, act by the
reaction between UV irradiation and oxidants, such as H»>O», since the molecules of the

oxidant agent are cleaved and generates HO* radicals (Equation 4) [53]. The use of lamps in



place of solar UV light is also used in order to perform higher degradation of the oxidants,
such as H202, which presents absorbance in wavelengths near 254 nm [48]. To achieve better
efficiencies, metallic-based catalysts are also used to generate excited electrons and positive
sites that will further generate HO* and Oz radicals, to enhance the oxidation of organic

compounds [51].

H,0, + hv — 2 HO* (4)

Electrooxidation is a process where the oxidizing radicals are formed due to the action
of an electric current. The formation of the radicals can be done directly or indirectly. In the
direct method, the anode of the electric system will be responsible to remove electrons from
the organic pollutant to form small non-toxic compounds. Otherwise, in the indirect method,
anions present in the reaction react with the anode of the electric system, generating
intermediary oxidizing radicals, such as HO*, that will further oxidize organic pollutants [51].

One of the most well-succeeded and more studied AOP in the last years is the use of
H20. and iron salts, the so-called Fenton process [56]. The Fenton process consists in the use
of iron compounds, due to its economic concerns, in addition to H.O: as a source of hydroxyl
radicals by its degradation [65,66].

The Fenton reaction presents a high reaction rate, demonstrating values of reaction
time until 95% lower than other AOPs [62]. The process consists in the oxidation of Fe?* to
Fe®* due to the presence of H,0> in an acid solution, i.e. pH 2.5-3.0 (Equation 5) [12,56,65].
The oxidation of Fe?* promotes the formation of HO-* radicals, which are unselective
oxidants. As a result, many reactions may be performed from the beginning of the formation
of the radicals [54]. Subsequently, the Fe®** ions formed react with other H,O, molecules to
generate HO,* radicals (Equation 6). The HO radicals formed can react with Fe** ions to
form O and H* (Equation 7) [67].

Fe?* + H,0, — Fe** + HO™ + HO® (5)
Fe®* + H,02 <> Fe?* + HOO® + H* (6)
Fe** + HOO* — Fe?* + Op + HY (7)



However, the Fenton process usually generates a considerable amount of sludge, also
it is very sensible to pH changes, and it can form complexes with other substances during the
reaction, which changes directly the yield of the process and demands additional processes
[68,69]. Thus, a change to this method, i.e. the use of heterogeneous catalysis, is an possible
and interesting alternative to the method, since it allows catalyst recovery, avoid sludge
treatments, and higher range of operation if compared with homogeneous [70].

The heterogeneous Fenton, also known as CWPO process, consists in the use of solids
to support Fe catalysts that bring the advantages of recovering, regeneration and reuse of the
catalyst [71].

However, the concentration of the H2O, used in AOP processes need to be very
accurate, since scavenger reactions can occur in high levels if excess of H20O. are considered
[48]. Scavenger reactions decrease the effectiveness of oxidative processes since they

remove HO" radicals of the reaction (Egs. 8 to 10).

HO- + H,O, — HOO® + H,O (8)
HOO + H,0, — HO" + H20 + O2 9)
HOO" + HO2 — H202 + O (10)

25 CWPO

Catalytic wet peroxide oxidation consists in a process where a catalyst is used to
propitiate the decomposition of H2O> and the formation of the reactive HO® and HOO’
radicals [12].

Even though iron is one of the cheapest transition metals, others can be used as
catalysts in CWPO for the formation of OH" radicals from H.O>, such as Cu, Co, Fe, Al, Zn
and Ni [72-76].

The employ of supports to the transition metals in CWPO is one of the main
characteristics of this process, so many types of porous supports have been developed
including pillared clays, alumina, activated carbons and zeolites [77-81].

The reactional parameters of CWPO can vary between the needs of each process, as
can be seen in Table 2. The typical operating conditions are initial pH (pHo) 2 to 7; 25 to



160°C; 1 to 10 bar; 0.2 to 5 g L™* catalyst concentration; and a dose of H,02 from 50 to 200%
of the quantity needed to mineralize the organic matter contained in wastewater [60,82,83].

The main costs are attributed to H20: [84]. Studies made for cost analysis have shown
values of H,0, varying from 0.23-0.41 € kg, and the entire processes about 1.6 € m™ of
treated wastewater in CWPO processes, depending the amount of organic compounds needed
to be degraded [82,84,85].

In continuous processes, the catalyst’s costs can be negligible, same in batch cases
with the use of heterogeneous catalysts. The possibility of catalyst recovery act as an
important role because the price of the catalyst is also included in the entire price of the
homogeneous processes, since the large amount of sludge formed in the process need to be
treated [84-86]. Thus, strategies to develop more stable catalysts are very relevant to ensure
low values of metal leaching and the possibility of reuse.
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Table 2 - Scope of nanostructured carbon materials in CWPO.

Catalyst Model pollutant Operating CWPO conditions Best measured result Reference
Temperature = 30-90 °C
. . . Xm-cresol = 100%
Iron-loaded carbon nanotube-microfibrous Lcat = 1-4 cm bed height
) 1 g L* of m-cresol . Xtoc =50.7% [87]
composite (Fe20s-CNT-MF) (D: 10-30 nm) Chyo,=3-12gL"
Leached Fe=1.5mg L
Time on stream =6 h
pHo=3.0-11.0
Cus nanocrystals added with reduced graphene Temperature = 25 °C
i 10 mg L of methylene blue 1 Xmethylene blue = 93.1% [88]
oxide (CuS NCs/rGO) Ccat =200 mg L-
Ch,0,=5.0 mol L
] ) pHo =5.0 Xm-cresol = 99%
Iron-loaded microfibrous entrapped carbon- .
1 g L* of m-cresol Temperature = 40-80 °C Xtoc = 47% [89]
nanotube (Fe203-MF-CNT) (D: 50-100 nm) .
Chyo,=6gL Leached Fe =0 mg L
) ) pHo~ 7.0
Au nanoparticles supported on a hydrophobic CNT . Xmethylene blue = 100%
50 mg L of methylene blue Ceat =500 mg L~ [90]
(Au/CNT) (D: 5.8 nm) Leached Au = 30%
Ch,0, = 125-500 mmol L*
pHo = 3-11
. Temperature =25°C Xmethylene blue ~ 100%
Fe304 nanoparticles-decorated reduced graphene
] . . 10 mg L"* of methylene blue Mcat = 30 mg Xtoc = 28.5% [91]
oxide magnetic nanocomposite (Fe304/rGO NCs) N
Ch,0, = 60 mmol L Leached Fe <1.16 mg L™
time = 120 min
pHo = 6.7
) ) ) Temperature = 40-60 °C
Magnetic magnetite/multi-walled carbon nanotube . 1
10.0 mg L of diclofenac Ceat=05-1.0gL" Xdiclofenac = 95% [92]

(FesO4/MWCNT) (D x L: 30-50 nm x 20 pm)

Ch,0, = 1.0-2.7 mmol L*
time=3h
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Table 2 — (continued)

Catalyst Model pollutant Operating CWPO conditions Best measured result Reference
Temperature = 20-60 °C
Ceat =1-5 g L1
FesO4/MWCNTSs (D: 10-30 nm) 100 mg L*! of methyl orange Chy0, = 9.69-48.45 mmol L pH = 1.0- Xmethyl orange ~ 100% [93]
5.0
time = 60 min
Fe-catalyst in nine different supports:
1. CNTs
2. carbon nanofibers pHo=3.0 § oo
i AOIl = 0
3. activated carbon i oxiled Temperature = 30°C . e
italci cid orange Il textile dye Toc = 65%
4. hydritalcite Crz02ia011 = 5 W/w [94]
5. mesoporous silica (AOI) ~ Xcop = 75%
Mea =059 Leached Fe < 58.3%
ili eached Fe < 58.3%
6. silica time = 120 min
7. silica xerogel
8. sepiolite
9. zeolite USY
Temperature = 80 °C
Microfib t q b b it P Xm-cresol = 99%
icrofibers entrapped carbon-nanotube composite = i
talyst with i F:P ded (MF-CNT-Fez03) p 1g L of m-cresol Mea =2 cm bed helght Xroc = 42% [87]
catalyst with iron loade - -Fe203 = -1
Y Cr0, =69 L Leached Fe = 0.25 mg L™
time=6h
Temperature = 30-90 °C
=1- i Xphenol = 100%
Monolayer graphene film (Gr) 1.0 g L? of phenol Mear = 1-4 cm bed height Prene [95]
Chpo,=5.1gL* Xtoc = 91%
time=72h
. . pHo=3
Activated carbons, carbon multiwalled-nanotubes
Temperature = 50 °C X2-nitrophenol = 90%
(0.D x I.D. x L: 10-15 nm x 2-6 nm x 0.1-10 .
100 mg L"* of 2-nitrophenol Ceat=0.1gL? Xtoc = 13% [96]

pm), glycerol-based carbon materials and carbon

xerogels

Ch,0, = 34.6 mM

time = 150 min

Leached Fe <2.97 mg L™
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Table 2 — (continued)

Catalyst Model pollutant Operating CWPO conditions Best measured result Reference
pHo =3
) i Temperature =50°C X4-nitr0phen0| =65%
Reduced graphene oxide (rGO) 5 g L of 4-nitrophenol Cear=25¢gL? [97]
Xtoc = 23%
Ch0,=17.8g L™
time=24h
pHo ~ 3.5
Multiwalled CNTs, carbon nanofibres, high surface | 200 ppm of C.1. Reactive Red | 1emperature = 25°C
i i Cear=216gL? Xaye = 100% [98]
area graphite, and activated carbons 241 dye
Ch,0,=1mol L
time=3h
pHo = 4-9
=40-80 ° Xphenol = 100%
Graphite oxide (GrO) with HKUST-1 composites | 100 mg L% of phenol Temperature = 40-80 °C prene [99]
Ceat=0.2gL* Xcop = 93%
Ch,0, = 0.46 mL (30 wt%)
pHo =5-9
Magnetite/multi-walled carbon nanotubes Temperature = 30-70 °C Xnaproxen = 100%
10.0 mg L of naproxen Car=10gL? [100]
(FesO4/MWCNTS) (D: <50 nm) Xroc = 50%
Ch,0,=0.5-25mM
time=3h
pHo=3-8
Graphene-based MnO2 coated carbon nanotubes 20-100 mg L* of basic red 18 =130-70 °
Temperature = 30-70 °C Xoasix rec 18 0ye = 100% [101]
(D: 5-35 nm) dye Cea=0.25gL?
time = 150 min
Commercial MWCNTS:
1. SA1 (O.D.xI.D.xL: 10-15 nm x 2—-6 nm x pHo =35
0.1-10 um) Temperature =80°C Xphenol = 80%
2. SA2 (0O.D.xL: 6-9 nm x 5 pm) 4.5 g L of phenol Cat=25gL1 Xtoc = 77.7% [12]
3. NC (0.D.xL: 9.5 nm and length of 1.5 um) Cho,=25gL* Leached Fe =25 mg L
4. SZ (0.D.xL: <10 nm x 5-15 um) time=24h
5

. LSZ (0.D.xL: 60-100 nm x 5-15 pm)
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2.6 Nanostructured carbon materials in CWPO

Nanostructured carbon materials (NCMs) are used in several areas of study, such as
adsorption, catalysis, supercapacitors, degradation of organic matter and substance host [102—
104]. Some NCMs are graphene, carbon nanofiber and CNT, those that have its own
characteristic properties, morphology and importance for the catalysis field [105].

Graphene, that was firstly reported by Novoselov et al. [106] can be described as a
two-dimensional one-atom-thick planar sheet of sp?-bonded hybridized carbon atoms in a
two-dimensional honeycomb lattice [107,108]. Besides graphene has unique properties, such
as large specific surface area, abundant surface functional groups and high colloidal stability
and the thinnest and strongest material ever been measured [108,109].

The characteristics of the graphene are favourable to catalytic reactions, particularly
the absence of metals in its common production that avoids metal leaching and the superior
electron mobility that are favourable to the occurrence of reactions [105].

The CNTs was firstly reported and analysed in a study of the structure of nanotubes
grown in electrodes [110]. This carbon material showed properties such as high mechanical
resistance, low mass-transfer limitations, high level of order, high thermal stability and
specific electronic properties [12].

The CNTs can be classified into two types: single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTS) [111]. The properties between
these classifications can be attributed to the difference in structure and composition, mainly
about chirality, structure defects, surface functionality, number of walls and ordering of the
walls. Otherwise, MWCNTSs are hollow concentric cylinders capped at both ends [112].

SWCNTs were first reported by Bethune et al. [113], that was studying the formation
of fullerenes and nanoencapsulation of magnetic crystals, but they found the formation of
nanotubes of one wall. These structures are a rolling of graphene sheet into a seamless
cylinder, showing smaller diameters (0.5 to 2 nm) if compared with the MWCNTS (internal
diameters of 1.7 to 8 nm and external diameters of 10 to 40 nm) [112,114].

Both kinds of CNTs can be synthesized by two forms: directly by other carbon
structures, such as graphene and fullerene, and by catalytic reactions between carbon-rich
materials. In the second case, there is a metal particle attached to one end of the tube, that is
responsible for the propitiation of the carbon deposition [115].

Carbon nanofibres are other carbon material, characterized as a biphasic system of

hexagonal entangled graphite crystallites and micropores indexed by the faulty packing of the
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crystallite bundle, showing sizes of diameter between 100 to 200 nm and considerable surface
area [111,116,117].

Due to the thermal and electric properties, acid and basic resistance, variability of
possible shapes, easy recovery, high porosity, large surface area and cheaper costs than other
conventional supports, carbon nanomaterials are very suitable to be used as support for
catalysts and as catalyst themselves [117,118]. In the literature are reported the use of CNTs
and graphene oxide (GO) in CWPO processes in micropollutant removal, such as phenolic
compounds, dyes, pharmaceuticals, herbicides, among others [12,47,98,100,101,118]. The

results of CWPO in some substances mentioned above can be seen in Table 2.

2.6.1 Synthesis methods of nanostructured carbon materials

The synthesis of CNTs may be done by methods such as laser-ablation, arc-discharge
evaporation, high-pressure carbon monoxide technique, solar furnace and chemical vapour
deposition (CVvD) [110,111,119-121]. CVD shows advantages when compared to other
processes, such as the opportunity to be implemented in a continuous process, higher
quantities of production, relatively low costs, adaptable to the use of gas, liquid or solid
sources, more convenient for large-scale production and low reactional times [114,120,122].

CVD is a process where a carbon source, such as hydrocarbons or polymers, is
decomposed and the gases generated are conducted by an inert gas, as nitrogen or argon, to
pass through a catalyst. The catalyst will propitiate the formation of nanotubes by the
dissociation of the gas into carbon and hydrogen. Thereafter, the dissociated carbon diffuses
into the catalyst surface and the CNT growth begins, as can be seen in Figure 2 [123,124].
The most used carbon sources are methane, ethylene, benzene, toluene, isobutane, acetylene,

xylene, ethanol, 2-propanol and carbon monoxide [122,123].

Carbon
O

B

Figure 2 - Representation of the carbon deposition in a catalyst particle. Adapted from [125].
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The catalysts used in CVD are usually made of transition metals, such as iron, cobalt,
nickel, titanium or the combination of them [120]. The process of carbon deposition in the
catalyst can occur by chemisorption, generating a monolayer of carbon, or by physisorption,
enabling the formation of multilayer carbon compounds, and the metal particles usually stay
at the top or the bottom of the growing nanotubes [114,122]. The interaction between the
metal catalyst and its support is also an important parameter since the metal can stay pinned
with the support or lifted off, depending on the interaction between both [122].

The conditions of the CVD are very important to the final product since the size of the
particles and physical properties change with the temperature, time and gas flows. The values
of the reactional parameters can vary between 550 to 1000 °C, 15 to 60 minutes, 50 to 100
mL min? of inert gases and 10 to 40 mL mint of carbon source, respectively
[122,123,126,127].

2.7 Solid waste management
2.7.1 Valorisation of solid waste into carbonaceous materials

The world produces, every year, 2.01 billion tons of municipal solid waste (MSW),
tending to 3.40 billion tonnes in 2050, treating only 66% of these residues [128,129]. The
compositions of MSW in the world are mainly organics, followed by paper and plastic,
among others. Plastic represents 12% of the total MSWs, i.e. 242 tonnes [128,130].

One of the main problems of the treatment of these MSWs is the cost related to
efficient waste management, making it harder in developing countries since the costs of
MSW treatment can vary between $35-100 per tonne, causing environmental problems by the
bad waste disposal [128,131]. In this way, renewable energy sources are an alternative to
decrease the problems of MSWs. Many types of research have been made about MSWs reuse
to decrease costs, valorisation of residues, produce fuels and generate energy [132].

The treatments used to convert solid wastes to valorised materials can vary depending
on the source material. MSWs can be treated by thermochemical, biochemical, and
physicochemical processes, generating products, such as alcohols, acids, biodiesel, biogas,
metallic precursors, polymers and carbon materials [132-134].

Plastics show unique properties, such as the high content of carbon, allowing their use
as a source for carbonaceous materials synthesis. This kind of materials can be represented by
polyethylene terephthalate (PET), polystyrene, polypropylene (PP), high-density and low-
density polyethylene (LDPE and HDPE), polyvinyl chloride (PVC), among others [135,136].
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Thus, the use of plastic wastes as a source of other composites can represent a promising
alternative for waste valorisation.

The most used process to degrade plastics is the thermo-chemical process, where
pyrolysis is followed by another treatment to transform gases and liquids generated into
valorised carbonaceous materials, such as CNTs, GO, carbon nanofibers and carbon charcoal
[135].

Thermo-chemical processes usually involve the employment of metal-based catalysts,
in order to favour the production of the desired compound [121]. Each catalyst used will
drive to different product characteristics related to the structure of the material. A study
showed the importance of the particle size of the catalyst in CVD since low particles sizes
were favourable to small diameters of CNTs (4 nm) and big cluster particles propitiate higher
diameters (20 to 80 nm) [137].

The temperature used in thermo-chemical processes presents fundamental relevance
for the desired product material. Diameters, disposition and size of particles can be altered by
the difference of temperature of pyrolysis, especially due to the increase of the catalyst
particle’s mobility when temperature rises [135,138]. In the case of CNTs production, it is
notified that lower temperatures (600 to 900 °C) are favourable to carbon MWCNTSs
production, otherwise higher temperatures (900 to 1200 °C) are favourable to SWCNTSs
[121].

Another parameter that is very studied is the type of apparatus for the process. The
different equipment can be divided by the ones that are only feasible in laboratory scale, such
as crucible, quartz tubes and muffle furnace, and the ones that can be constructed for
industrial-scale, such as autoclave, moving and fixed bed, and fluidized bed [136]. However,
the literature shows that the main parameters that control the quality and yield of the CVD
processes are the conditions, such as temperature, time, catalysts, and compositions of the
carbon source [136]. Nevertheless, CVD processes that can be scaled-up are gaining more

attention, due to their high feasibility in larger productions.
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3 MATERIALS AND METHODS

3.1 Reactants

Ultrapure and distilled water have been used for solutions preparation and washing

procedures along this work.

3.1.1 Iron oxides supported in alumina preparation

e Alumina, BASF. Formula: Al20s;

e Ethanol Absolute (99.99%), Fisher Chemical. Formula: CoHsOH;

e Ethylene glycol (99%), Fisher Chemical. Formula: C2HeO2;

e Iron (1) chloride tetrahydrate, Acros Organics. Formula: FeCl,-4H0;

e Iron (I11) chloride hexahydrate, VWR Chemicals. Formula: FeClz-6H0.

3.1.2 Carbon nanotubes synthesis and washing

High-density polyethylene (HDPE), melt index 2.2 g (10 min)?, Sigma-Aldrich.
Formula: [C2Ha]n;

Low-density polyethylene (LDPE), average Mw ~ 35,000 g mol?, average Mn
~7,700, Sigma-Aldrich. Formula: [C2H4]n;

Polypropylene (PP), average Mw ~250,000 g mol™?, average Mn ~67,000, Sigma-
Aldrich. Formula: [C3He]n;

Sulfuric acid (95%), VWR Chemicals. Formula: H2SOg;

3.1.3 CWPO of paracetamol and analytical techniques

Folin-Ciocalteu’s reagent, PanReac;

Hydrogen peroxide (30%), VWR Chemicals. Formula: H20z;
Orthophosphoric acid (85%), Fisher Chemical. Formula: H3POys;
Paracetamol (98%), Alfa Aesar. Formula: CgHgNO3;

Sodium sulphite anhydrous (98%), Panreac. Formula: Na>SOs;
Sulfuric acid (95%), VWR Chemicals. Formula: H2SOas;

Titanium (1V) oxysulfate (99.99%). Sigma Aldrich. Formula: TiOSOg;

Gallic acid anhydrous. Merck. Formula: C7HeOs;
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3.2 Synthesis of GO

The GO used in this work was produced by another group in a partnership program.
Briefly, the methodology used was an anodic electrochemical exfoliation, where graphites
from a Leclanché battery were washed with detergent and distilled water and immersed in a
HCI solution (0.1 mol L™). After, the graphite was polished to the metallic lustre and surface
homogeneity. Then, the graphite was used as an electrode, with an area of 4.47 cm?, and an
electrode of silver/silver chloride (Ag/AgCl) was used as a reference. The electrolyte was a
solution of sodium fluoride (0.01 mol L™). For 2 days it was applicated electric currents of

1.5 mA, using an Ivium potenciostat.

3.3 Synthesis of iron oxides-based CVD-catalyst

First, 20 mL of ethanol and 10 mmol of iron (I1) chloride tetrahydrate were stirred and
heated in a 250 mL two-necked round bottom flask at 80 °C until the boiling point be reached
and then cooled to room temperature. In another 250 mL two-necked round bottom flask, 80
mL of glycol ethylene and 20 mmol of iron (111) chloride hexahydrate were stirred and heated
at 60 °C for 5 min and then cooled to room temperature. Both previously prepared mixtures
and 6.6 g of alumina were put in a 250 mL becker, stirred, and heated at 60 °C for 2 h. The
system was heated at 120 °C until the gel texture was achieved. At last, the gel was heated at
210 °C until the dry powder formation, being cooled to room temperature at the end.

The powder synthesized in the previous step was submitted to heat treatment. The
sample was calcinated at 300 °C for 12 h and at 600 °C for 24 h in air atmosphere, to obtain
the IO@AI,O3 catalyst.

3.4 CNT synthesis by CVD

For the CVD process, the furnace showed in Figure 3 was used. The furnace is
equipped with 2 crucibles, wherein the first crucible was loaded with 5 g of polymer (LDPE,
HDPE and PP), and in the second crucible 1 g of the CVD-catalyst (IO@AI.O3) was placed.
The working temperature was 850 °C during 1 h with N2 flow of 50 mL min?. The
synthetized nanotubes were called CNT_LDPE, CNT_HDPE and CNT_PP, according to the

polymer used.
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Figure 3 - Equipment used for CVD process.

Each CNT produced was washed to remove the remaining I0O@AI20s. For this
purpose, 1 g of CNT and 50 mL of H2SO4 (50%) were stirred and heated at 140 °C during 3 h
in a round bottom flask equipped with a condenser. The solid was recovered through
filtration and washed with distilled water until the rise water reach the pH of the distilled
water. Finally, the CNTs were dried for 12 h at 60 °C in an air oven. The washed nanotubes
were called CNTW_LDPE, CNTW_HDPE, and CNTW_PP, respectively, according to the
polymer used in their preparation.

To evaluate how efficient was the process, the yield was calculated taking in account
the amount of carbon present in the carbon source (polymer) and the carbon present in the
structure of the CNTs, determined by an ash content test described below, using the Equation
11.

Carbon in the CNTs synthetized

CVD Yield = 100
v Carbon in the polymer x (1)

21



3.5 Characterisation of the materials
3.5.1 Surface area analysis

The textural properties of the materials were determined from N2 adsorption—
desorption isotherms at 77 K, obtained in a Quantachrome NOVATOUCH XL* adsorption
analyzer, following the same procedure as described elsewhere [139]. Briefly, the
degasification of the catalysts was conducted at 120 °C during 16 h and then adsorption
isotherms measured. Afterwards, BET (Sget) and Langmuir specific surface area (SLangmuir)
were determined using BET and Langmuir methods, respectively, as explained above. The
total pore volume (Vrota) Was determined at p/po = 0.98. Calculations of those methods were
all done by using TouchWinTM software v1.21.

The curves of adsorption were characterized using the updated IUPAC classification
of physisorption isotherms [140].

The Equation 12 was used to calculate the Sger and Siangmuir.

Ny O
Si = me (12)

Where S; is the specific BET or Langmuir area of the adsorbent, nm is the volume
adsorbed in the monolayer (determined through the BET and Langmuir isotherms), om the
molecular cross-sectional area of the N2 (0.162 nm?) and V the molar volume of the nitrogen
(0.022413995 m* mol™). To determine the nm parameters, it was used the linear adjustment of
the Equation 13 in the case of Sget and Equation 14 in the case of Spangmuir.

p/p® 1
n(l—p/p°) nmC

c—1
T (r/p°) (13)

0 1 0
p/p 4 p/p

n C.ny N, (14)

Where p/p° is the relative pressure, n is the specific amount adsorbed at the relative
p/p° nm is specific monolayer capacity and C is a parameter related to the energy of
monolayer adsorption.

The total pore volume was calculated using the Equation 15.
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n. MNZ
VNz-p

Total pore volume = (15)

Where Mn: is the molar mass of N2, Vn: is the specific volume of N, and the value

used of p was 808000 g m™,

3.5.2 Fourier Transform Infra-Red spectroscopy (FTIR) analysis

The FTIR spectra of the 9 different samples were recorded on a Perkin Elmer FTIR
spectrophotometer UATR Two infrared spectrophotometer, with a resolution of 4 cm™. The
range of wavenumber used in the analysis was from 500 to 4000 cm™. All the measurements

were obtained from the solid samples at room temperature.

3.5.3 Ash content

To evaluate the ash percentage of the materials, a test was conducted adapting the
methodology presented elsewhere [141]. Thus, the materials were burnt in a muffle at 550°C
until the constant mass was reached in a precision balance (£0.0005). For this evaluation, it
was considered the percentage of organic and catalysts fractions, since the materials are
composed by a carbonaceous (CNTs) and inorganic structure (CVD-catalysts made of metals
used for the growth of the CNTSs).

3.6 CWPO of paracetamol

For the CWPO, 100 mL of a paracetamol solution of 100 ppm, at pH adjusted to 3.5
by means of H.SO4 solution (0.5 M), was used. The previous solution was added in a 250 mL
two-necked round bottom flask equipped with a condenser, and the stoichiometric quantity of
H2O, for paracetamol degradation was poured into the system. The mixture remained in
agitation at 80°C for 5 min, and samples were taken for reference values of the initial
concentrations. To start the reaction, 0.25 g of catalyst were added to the system. The
apparatus can be seen in Figure 4.

The calculation of the amount of H20. needed for a stoichiometric reaction with
paracetamol was made following the stoichiometric coefficients of Equation 16. The volume
of H20> used in the CWPO of 100 ppm of paracetamol was calculated considering a solution

of 30% (w/v) of H202, which led to a 158 pL of hydrogen peroxide solution.
23



CeHoNO, (aq) + 21H;0; (aqy = 8CO, (g + 25H,0 ¢y + HNO3 oy (16)

During the reaction, samples were collected for the analysis of the TOC, aromaticity,
and H20., phenol and paracetamol concentrations at 0, 15, 30, 60, 120, 240, 360, 480, and
1440 minutes. Each sample of 2.7 mL were withdrawn from the reaction medium for further
analysis. After the reaction, the catalyst was washed with distilled water and dried in air oven
at 60 °C for 24 h.

Figure 4 - Apparatus used for the CWPO runs.

3.6.1 Adsorption

The adsorption tests were conducted for all the materials in the same conditions of the
CWPO, but in the absence of H20.. Instead of previous analysis, the paracetamol
concentration was the only conducted for this test since the parameter to be evaluated was the
decrease of paracetamol concentration by the adsorption phenomenon. The concentration of
the pharmaceutical was conducted in a HPLC with a methodology described in chapter 3.7.1,

which deals with the paracetamol concentration evaluation.
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3.6.2 Reusability

An interesting parameter to be evaluated is the reusability of the catalyst. This result
can show if the catalyst is deactivated after the reactions and if it is possible to reuse them
without relevant loss of quality. Thus, it was taken the best catalyst based in the composition
and catalytic activity to test its reusability. To this test, the catalyst was washed with distilled
water and dried at 60 °C. Then, 2 more CWPO runs was done to evaluate the PCM oxidation

and H20. decomposition and compare with the first run.

3.7 Analytical technics
3.7.1 Paracetamol concentration

For paracetamol concentration measurements, a HPLC Jasco equipped with a UV-VIS
detector (UV-2075 Plus) was used, with RES ELUT 5 um C18-90 A column (150 mm x 4.6
mm) of VARIAN and a quaternary gradient pump (PU-2089 Plus) for solvent delivery (0.65
ml min?). For this analysis, a non-isocratic method was used starting with a mixture of
H3PO4 (0.022 M) and pure acetonitrile (90:10 v/v) fed during 6 min. Then, a gradient elution
to reach 65:35 v/v of H3PO4 (0.1275% wt) and pure acetonitrile in 5 min was used followed
by 20 min at that elution percentage. The wavelength used for the peaked absorbance
detection of paracetamol was 277 nm.

3.7.2 H202 concentration

The method used to determine the concentration of H2O. in the reaction system
followed the previous procedure reported in the literature [142]. The method is based in the
colorimetric analysis to determine the concentration in the sample. The colour is formed by a

yellow compound formation by the reaction presented in the Equation 17 [143].
Ti*"aq) + H202 (ag) = H2TiO4 (aqy + H' o (17)

For the application of the method a calibration curve was made from the
concentrations ranging from 0 to 500 ppm, and the result is shown in Figure 5. For the
analysis 1 mL of 0.5 M H2SO4 solution, 0.1 mL of TiOSO4 and 1 mL of the sample was

added in a volumetric flask of 5 mL and then diluted in distilled water. Subsequently, each
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sample was analysed by an UV-VIS spectrophotometry Jasco V-530 at the wavelength of 405
nm.

500 4 y=1036.78x

400

300

200 ~

Concentration (mg L™?)

100

T T
0.0 0.1 0.2 0.3 0.4 0.5
Absorbance

Figure 5 - Calibration curve for H,O; detection.

The linear regression showed an R? of 0.9994, which permits a good approximation to

the real concentration of the analysis.

3.7.3 Aromatic compounds

The concentration of aromatic compounds formed were quantified using the method
described in the literature [144]. Firstly, a buffer solution of HsPO4 with pH 7 was prepared
to be used as solvent. The analysis consists in the dilution of 0.5 mL of the sample in a
volumetric flask of 5 mL and diluted with the buffer solution. Thereafter, the sample was
analysed in a UV-VIS spectrophotometry Jasco V-530 at the wavelength of 254 nm.

Since the paracetamol also shows absorbance in the aromaticity test it is necessary to
subtract this interference to distinguish the measurement of aromatic compounds and
paracetamol. Thus, a calibration curve was made to know the interference of paracetamol in

the analysis and is shown in Figure 6.

26



1009y 195.44x
80

60

40

Concentration (mg L)

20 4

T T
0.0 0.1 0.2 0.3 0.4 0.5
Absorbance

Figure 6 - Calibration curve of paracetamol for aromaticity test

The curve enables the use of the concentration of paracetamol from the HPLC to
know the absorbance relative to the concentration of the pollutant, and discount it from the
total absorbance of the test, which results in the absorbance of aromatic compounds
excluding paracetamol. The amount of aromatic compounds was given in terms of percentage
following the Equation 18,

ABStotait — ABSpem,e
ABSpcmo

% of aromatics = (18)

Where ABStota represents the absorbance analyzed and ABSpcm the relative absorbance
following the calibration curve mentioned above.
The linear regression showed an R? of 0.9998, which gives a good approximation to the

paracetamol interference in the analysis of the aromatic compounds in the UV-VIS.

3.7.4 Phenolic compounds

The presence of intermediates as phenolic compounds was quantified adapting the
Folin-Ciocalteu’s reagent (FCR) methodology presented elsewhere [145]. The test consists
in the addition of 0.5 mL of the FCR, 0.5 mL of the sample to be analysed, 2 mL of distilled
water, and 0.35 mL of a solution of Na,COz 10% (w/v) in a vial of 10 mL. After the addition

of water, the sample was left to stand for 5 minutes. Afterwards, Na>CO3 was added, and the
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system was left to rest for 1 h. Thereafter, the sample was analysed in a UV-VIS
spectrophotometry Jasco V-530 at the wavelength of 765 nm.

To obtain the concentration of phenolic compounds in the sample, a standard curve
was made using gallic acid (GA). GA was chosen due to its high interaction with the FCR,
being a parameter to correlate the concentration of phenols besides the paracetamol. Besides,
this chemical is not present in the reaction of the CWPOSs, which represents another good
reason to be chosen. Thus, the phenolic compounds were quantified in terms of milligrams of
GA per litre, correlating the absorbance values of gallic acid solutions at different
concentrations as showed in Figure 7.
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Figure 7 - Standard curve of gallic acid for phenolic evaluation

The linear regression showed an R? of 0.9994, giving a good approximation to the
relative concentration of gallic acid of the sample.

To verify if paracetamol shows interference in the phenolic analysis a calibration
curve was made and is shown in Figure 8. The interference verified was used to discount the

absorbance of paracetamol in the sample analysis.
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Figure 8 - Calibration curve of paracetamol for phenolic evaluation.

The linear regression showed an R? of 0.9901, which allows to a good approximation

to the real interference of paracetamol in the analysis.

3.7.5 Detection of intermediates

To better understand the CWPO runs, it was analysed the formation of intermediates
during the reaction by means of HPLC detection, the same as the PCM concentration.
Previously, some possible intermediates of the process were injected in the HPLC to analyse
the residence time of each one, what enables the identification of them during the analysis in

the equipment. Thus, each intermediate had its own residence time and could be easily

identified.
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4 RESULTS AND DISCUSSION
4.1 Characterization of the materials

The synthetized materials were analyzed firstly in terms of production yields and after
about their morphological structures, with the use of the methodologies previously covered in
chapter 3.5.

4.1.1 Iron oxides supported in alumina synthesis

The prepared material can be seen in Figure 9. The yield of Fe in the sample in
relation of the theoretical expected was 21.6%. The material synthetized did not reveal
magnetic properties. This fact can be attributed to the formation of maghemite (y-Fe2Os)
and/or hematite (a-Fe203), since both present brown-red colors and are not so magnetic as
magnetite, for example. This was expected, since the reaction was made in the presence of
atmospheric air, resulting in an oxidative environment [146]. However, after the nanotubes
production at high temperatures (850 °C) and inert atmosphere, the particles of CNTs became
black and magnetic, as can be seen in Figure 10. This can be explained by a possible
reduction of y-Fe»Oz into magnetite under inert atmosphere, fact already related in the
literature [147,148].

Figure 9 - IO@AI,03; material prepared by sol-gel.

31



Figure 10 - Magnetism of the produced CNTSs.

4.1.2 CNT production yields

The conversion of each polymer into CNTs can be seen in Figure 11. It is possible to
conclude that PP has a slightly higher yield, followed by LDPE and HDPE, respectively,
agreeing with results reported in the literature with plastics as carbon source [149].

100

| MM CNT_LDPE
I CNT_HDPE
804 | CNT_PP

60
40 4
0_-

Figure 11 - Carbon conversion of the CVD process before washing.

Conversion of carbon into CNMs (%)

The values of the conversions were almost the same for the materials considering the
standard deviation (1.32% for CNT_LDPE, 2.22% for CNT_HDPE, and 0.82% for
CNT_PP). This result showed that although the difference in the composition of generated
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gases during the pyrolysis of each polymer, (methane, ethane, ethylene, propane, propylene
and butane, among others) the conversions were close [124].

The yield values obtained are close to those found in the literature, where values of
18.8% (LDPE) [150] and 10% (HDPE) [151] have been reported.

The washing process of the synthetized CNTSs resulted in a significant weight loss due
to the excess of CVD-catalyst particles leaching into the acid solution. The Figure 12 shows

the yield of mass loss of each washed CNT.
100

I CNT_LDPE
1 B CNT_HDPE

sod [__|CNT PP

Yield of weight loss (%)

Figure 12 - Weight loss in the washing process.

It is possible to observe that the material CNT_LDPE showed the lowest weight loss,
in opposition to that observed in the material CNT_HDPE. These results agree with the yields
obtained during the synthesis of the CNTSs, since it was expected that the material CNT-
HDPE had a rich composition in the CVVD-catalyst (by the ash content test presented below),
hence higher removals of catalyst per weight should be obtained. This result may indiciate
that the material CNT_LDPE has more structure stability than the others, while the material
CNT_HDPE is less stable. The structural stability of a catalyst should preferably be high
because as long as the material is stable lower quantities of undesirable materials are leached

in the solution to be treated.

4.1.3 Ash content

The ash contents of the synthesized materials are presented in Table 3.
With these results it is evident that the washing process remove a lot of the CVD-

catalysts present in these materials, since there is a higher ash content in the non-washed
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ones. It is also possible to conclude that all the CNTs and CNTWs presented similar

compositions, irrespective of the polymer sources.

Table 3 - Composition of the synthesized materials based on the ash content.

Material Organic content (%) Ash content (%) Standard deviation
CNT_LDPE 56.8 43.2 1.4
CNT_HDPE 53.2 46.8 0.2

CNT_PP 65.0 35.0 15

CNTW_LDPE 95.8 4.2 0.2
CNTW_HDPE 92.1 7.9 1.2
CNTW_PP 94.3 5.7 0.0
GO 83.1 16.9 0.1

In the case of GO, it was found a relatively high ash content compared with the

CNTWs, which means a possible presence of metals from the battery used in the synthesis of
this material.

414 FT-IR analysis

The FT-IR spectra of the IO@AI.O3 CVD-catalyst and of the purified and non-
purified CNTs are depicted in Figure 13.
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Figure 13 - FT-IR spectra of A) CNTW and CNT of LDPE, B) CNTW and CNT of HDPE, C) CNTW and CNT
of PP, and D) IO@AI,Os.

34



It is possible to observe that the FT-IR spectra are very similar among the several
materials. Interestingly, the acid-washing process of the carbon nanotubes do not seem to
significantly change the materials, since the FT-IR spectra obtained before and after the
purification with H.SOg4 are very similar. No displacement of any bands was observed, which
confirms that the washing process did not change the nature of the surface groups of the
materials.

In all the spectra it is possible to observe a band between 569 and 584 cm™,
corresponding to the Fe-O stretching vibration, which may be due to the presence of iron
oxides [152]. The band between 870 and 874 cm™ can correspond to the C-O functional
groups and Al-O stretching vibrations, due to the presence of alumina [93,153]. The bands at
1387 cm™ indicates the presence of carboxylate groups [154]. At 1463 cm™ appear bands
assigned to CH, or CH3 bending vibrations [155]. The bands between 1628 and 1629 cm™
can be attributed to the stretching vibration of C=C double bonds [100] and the bands at 2924
cmt are ascribed to the anti-symmetrical H-O-H stretching vibrations [156]. The bands found
between 3430 and 3436 cm™ are due to the presence of -OH groups and some water adsorbed
in the materials [92].

It can be observed that after carbon deposition over the CVD-catalyst IO@AIO3, a
displacement is observed in the bands in the range of 873-1375 cm™, indicating an interaction
between Fe-O and Al-O groups with the carbon content of the materials. Although these
changes in the wavelength absorption were found, the specific vibration interactions
remained after CVD, so no modification of magnetite occurred during CVD.

The spectra of GO shows similar bands to those of the CNTSs, as can be observed in

Figure 14.
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Figure 14 - FT-IR spectra of GO.
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In the spectra of GO, the bands between 642 and 807 cm™ are attributed to metallic
impurities in the GO precursor [157] and the band at 1073 cm™ suggests the presence of
epoxy (-C-O-C-) and alkoxy (C-OH) groups [158]. The band at 1385 and 1624 cm™ represent
carboxylic acids (-COOH) and C=C stretching vibrations, respectively [155]. The band at
3410 cm™ represents the O-H stretching vibrations and the water adsorbed in the material
[157].

4.1.5 Textural properties

The adsorption and desorption isotherms of N2 at 77 K obtained with graphene,
IO@AI>03 and the carbon nanotubes prior and after their purification are shown in Figure 15.

Following the IUPAC classification, all the materials show a characteristic curve of
type 11 [140]. Since the knee of the curve is almost linear and the adsorption around p/p, = 1
shows a high increase, the isotherm indicates that the adsorption has a multilayer coverage
characteristic. For low relative pressure, a quasi-saturation level on N2 adsorption was
observed, indicating the formation of microporous on the materials.

In the case of the CNTs and CNTWs, shown in Figure 15 A, B, C, D, E and F, the
highest adsorption level was achieved with CNTW_PP, indicating a difference in the surface
of the material using different carbon sources [150]. The use of polyethylene with different
densities appears to promote different morphological characteristics in the surface of the
CNTs, since the material CNTW_HDPE shows a higher adsorption capacity than the material
CNTW_LDPE. This fact can also be observed in the non-washed materials.

Evaluating the other two materials presented in Figure 15 G and H, it is observed that
IO@AI>O3 shows similar characteristics to those of the CNTs and CNTWSs. Otherwise, GO
demonstrated a very low adsorption capacity if compared with the other materials, which is
natural due to the characteristics of the carbon layers [158].

The isotherms show a loop of type H3 since they are of type Il. This classification
indicates that the materials may also be composed by a mesopore network, and the presence
of the loop can be associated with capillary and cavitation effects [159,160]. Comparing the
materials before washing (Figure 15 A, B and C) and after washing (Figure 15 D, E and F) it
is possible to observe that the washing process did not significantly change the pore network
of the materials, since they kept similar hysteresis characteristics. This fact can also be
evidenced by the Sger, presented in Table 4, where the areas of the materials remain almost

the same after the washing process.

36



201 A —=— Desorption - CNT_HDPE 220 B —=— Desorption - CNT_LDPE
] —=a— Adsorption - CNT_HDPE ] —=— Adsorption - CNT_LDPE
200 200 A
&
v 1804 0 180
2 160 2160+
£ £
S 140 4 8140 4
8 kel
& 1201 120 4
§ 100 - 00
I
o 804 80
£
S 60 60
o
> 40 40
204 20
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°) Relative pressure (p/p°)
240 240
20] C —=— Desorption - CNT_PP 201 D —=— Adsorption - CNTW_HDPE
—=a— Adsorption - CNT_PP —=— Desorption - CNTW_HDPE
200 200 A
£ g
£ 180 180 -
2 160 2160 1
£ £
£ 140 + £ 140
k5
& 120+ 120 -
@ 100 - 00 ]
I
o 804 80 4
£
S 60 60
o
> 404 40
20 204
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°) Relative pressure (p/p°)
240 240
E —a— Adsorption - CNTW_LDPE 220 F —a— Adsorption - CNTW_PP
2207 —=— Desorption - CNTW_LDPE —=— Desorption - CNTW_PP
—~ 2004 200
o o
£ 180 £ 180 1
2 160 2 160
£ =
S 1404 8 140 1
3 3
g 120 - £ 1204
[=} [=}
& 100 0 100+
IS @
o 804 o 80
€ £
= 604 = 60
o o
> 40 > 40+
20 20
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°) Relative pressure (p/p°)
240
20] G =— Desorption - I0O@AI,0, 21H —=— Desorption - GO
200 —=a— Adsorption - IO@AI,O4 —=— Adsorption - GO
o 10+
= =
n n
2 2
&
E T 8-
L L
3 3
g 2 6
o [=}
2 B
® )
[} v 44
£ £
= =
o o
> >,
0 T T T T 0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°) Relative pressure (p/p°)

Figure 15 - N, adsorption and desorption isotherms at 77 K of A) CNT_HDPE, B) CNT_LDPE, C) CNT_PP,
D) CNTW_HDPE, E) CNTW_LDPE, F) CNTW_PP, G) I0@AI,0; CVD-catalyst, and H) GO.
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The adsorption and desorption profiles on the materials IO@AI.O3 and GO are shown
in Figure 15 G and H, respectively. Both materials reveal an H3 loop and similar profiles if
compared with the CNTs and CNTWs. In the case of IO@AI,O3 the loop was more evident,
demonstrating a more retention of the adsorbate and some difference in the structure of the
porous if compared with the other materials. Even though GO presents low levels of
adsorption, its profile also shows a relatively similar profile to the other materials.

The SgeT, Stangmuir and pore volume of the materials can be observed in Table 4.

Table 4 - Textural properties of the produced materials.

Total pore volume

Material Seet (M?g™) Stangmuir (M*g™)
(mm®g)
CNTW_PP 94 100 247
CNTW_HDPE 75 78 184
CNTW_LDPE 66 68 172
CNT_PP 98 109 244
CNT _HDPE 80 89 215
CNT_LDPE 67 76 154
I0@AI03 139 160 326
GO 7 7 14
Al>,O3 185 201 437

It is possible to see that the Sger of the CNTs were not high if compared, for example,
with some activated carbons (~1000 m? g [161]) and carbon blacks (~178 m? g? [162]).
Thereafter, the material CNTW_PP shows the highest Sget, which can be explained by the
different kind of hydrocarbons generated during the pyrolysis. This fact enables different
characteristics of the CNTs as well as the higher formation of amorphous carbons,
contributing to the surface area [150].

The synthesized materials have similar Sger values if compared with those found in
the literature for CNTs produced from plastics, such as 76.3 and 100.5 m? g! (HDPE)
[151,163], and 74.5 m? gt (PP) [164].
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GO shows a very low Sget, which can be an indicator of very ordered GO layers,
since the Sger for this kind of material have a high dependence on the worsening order of
graphene layers [158]. On the other hand, IO@AI2O3 presents a high Sger, being very close
to the values found in literature [150]. This high Sger can be attributed to the presence of
Al2O3 since the material shows high values of Sger when compared with the other materials
analysed, as can be seen in Table 4. The decrease in the Sget of Al203 in the IO@AI203 may

be attributed to the filling of the porous of the material with the 10 particles.

4.2 Adsorption of paracetamol

Paracetamol adsorption experiments were performed to assess the contribution of the

materials adsorption capacity in the removal of paracetamol (PCM). The results obtained
with each material can be observed in Figure 16.
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Figure 16 - PCM relative concentration during the adsorption test of A) CNTs, B) CNTWSs, and C) other
materials.

The adsorption curves show that the CNTW_PP is the material with highest
adsorption, while IO@AI203 presents the lowest adsorption. The CNTs, shown in Figure 16
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A, present a very close adsorption profile. However, it is possible to observe that the
materials prepared from polyethylene present a profile more similar to the material produced
from polypropylene, demonstrating the difference among the structure of the materials
prepared from different carbon sources. The same can be observed among the CNTWs
presented in Figure 16 Figure 16 - PCM relative concentration during the adsorption test of
A) CNTs, B) CNTWs, and C) other materials.B, where this characteristic became even more
evident. Between the CNTs and CNTWs, it is possible to conclude that the washing process
increased the adsorption capacity of the materials, which can be explained by the removal of
IO@AI203 in excess in the materials, since this material does not show high levels of
adsorption, as can be observed in Figure 16 C. The material GO, also presented in Figure 16
C, presents low levels of adsorption, close to those found with the CNTs.

Comparing the CNTs and the CNTWs, the adsorption results are closely in line with
the BET results (CNT_PP>CNT_LDPE>CNT_HDPE and
CNTW_PP>CNTW_LDPE>CNTW_HDPE), where CNT_PP and CNTW_PP show higher
adsorption capacity (15 and 35% of PCM concentration, respectively) than CNT_LDPE and
CNTW_LDPE (12 and 23% of PCM concentration, respectively), and CNT_HDPE and
CNTW_HDPE (11 and 26%, respectively) after 8 h of reaction. This result will further be
compared with the CWPO to verify the proportion of PCM removed by adsorption and

oxidation.

4.3 CWPO of paracetamol

The results of CWPO runs were evaluated taking into account each parameter
evaluated i.e., PCM, H>O, aromaticity, phenolic compounds and TOC.

4.3.1 PCM concentration

The evaluation of the concentration of PCM during the CWPO with each CNT as
catalyst can be observed in Figure 17. The representation of the relative concentration
profiles was shown in groups taking in account the materials as CNTs, CNTWs, non-catalyst
and others.

Figure 17 A shows the removal of PCM using the non-washed CNTs prepared from
LDPE, HDPE and PP. Even though all the CNTs degraded totally PCM in 2 h, among them it
is possible to observe that the catalyst CNT_HDPE shows the highest catalytic activity, since

PCM is degraded first (1 h). The order of catalytic activity among these materials follow the
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same order of the ash content (CNT_HDPE>CNT_LDPE>CNT _PP), as given in Table 4,
being the CNTs with higher amount of CVD-catalysts those presenting higher catalytic

activity.
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Figure 17 - Concentration of PCM during CWPO runs with A) CNTs, B) CNTWs, and C) other materials and
no catalyst run.

The catalytic activity was found to be different among the washed CNTs (Figure 17
B) when compared to the CNTs before washing, the CNTW_LDPE being the most active in
this series of materials, degrading all the pollutant after 6 h of reaction. CNTW_LDPE in this
case presents the lowest catalysts content (ash content in Table 4). As previously explained in
section 2.4, Fe plays a fundamental role in AOPs, thus the higher efficiency of CNTW_LDPE
may be attributed to a possible higher presence of Fe in the structure of the CNTWs.

Figure 17 C shows the removal of PCM obtained with GO and IO@AI203 as catalysts
and the wet peroxide oxidation of PCM without catalyst. As expected, pure IO@AI2O3 shows
the highest catalytic activity, due to its higher presence of Fe when compared to the other

catalysts. GO showed a relatively high catalytic activity considering the amount of metals in
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the structure of this material, since it has lower ash content if compared with the CNTs, for
example.

IO@AI>03 shows the highest catalytic activity, followed by CNT_HDPE, GO,
CNT_LDPE, CNT_PP, CNTW_LDPE, CNTW_HDPE and CNTW_PP. It is evident that the
materials are efficient catalysts when compared with the non-catalytic run, indicating that the
use of them contribute undoubtedly to the goal of the reaction.

Comparing the results found with others in literature that uses Fenton catalysts for
oxidation of PCM, similar values are observed, such as 100% removal after 6h [165], 98.3%
after 5.5h [166] and 100% after 5.5h [28]. Furthermore, compared to the studies shown in
Table 2, the carbon nanostructures studied also show high catalytic activity in the removal of
the micropollutant, since 100% of PCM was removed in all the CWPO runs.

Figure 18 compares the influence of adsorption in the PCM removal obtained by
CWPO.
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Figure 18 - Comparison between the removal of PCM by CWPO and pure adsorption.

It is possible to see that the CWPO promotes the PCM removal all the materials,
probing that the pollutant was oxidized by the reaction and do not only by means of
adsorption. It was more evident in the case of IO@AI>03, mainly due to its low adsorption
capacity. It also allows to see that the catalytic activity of the materials was high,
demonstrating its potential for the targeted application. Among the CNTs, CNT_LDPE and

CNT_HDPE show almost the same catalytic activity, demonstrating their similarity.
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However, the CNTWs demonstrated a higher difference, where CNT_LDPE shows the best
result of CWPO activity among them.

4.3.2 H,0, concentration

The results of H2O> decomposition against reaction time with each catalyst can be
observed in Figure 19.
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Figure 19 - Concentration of H>O, during CWPO runs with A) CNTs, B) CNTWs, and C) other materials.

The profiles of H,O, decomposition obtained with the non-washed CNTSs as catalyst
(Figure 19 A) are very similar and present a higher rate if compared with the CNTWs (Figure
19 B). This fact can be ascribed to the differences among the composition of these materials
that promoted different H.O, decompositions. The results obtained with the CNTWs support
the results observed in the PCM profiles, where the material CNTW_LDPE become the most
active CNT after the washing process. This result is in line with the possibility of a higher
composition of Fe in the material CNTW_LDPE than in the other ones, since Fe increases the
decomposition of H20- into HO* radicals, which may explain the higher activity [54]. Figure

19 C shows the profiles obtained with GO and IO@AI.O3 as catalysts and the non-catalytic
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reaction, showing that GO and IO@AI.03 are not able to decompose all H>O> present in the
solution. This fact suggests that not only the presence of Fe in the catalyst is sufficient to
promote the catalytic activity. Thus, the nanotubes are essential to promote a better

decomposition of H.O> and enable a more efficient process.

4.3.3 Aromatic compounds

The profiles of formation of aromatic compounds can be observed in Figure 20. In the
oxidation of PCM there are many possible reaction routes. Thus, the most formed aromatic
compounds in these reactions are hydroquinone, 4-aminophenol, 4-nitrophenol and catechol
[28,167].
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Figure 20 - Formation of aromatic compounds during CWPO runs with A) CNTs, B) CNTWSs and C) other
materials.

Figure 20 A shows the formation and further oxidation of aromatic compounds
produced during the CWPO with the non-washed CNTs. In all CWPO runs aromatic
compounds were produced, however, CNT_HDPE and CNT_PP were able to degrade the
major part of the generated aromatic compounds, which was not observed with CNT_LDPE.
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This can be justified by the possibility of different mechanisms of PCM degradation with
each material since CNT_LDPE may have generated more refractory compounds than the
other materials.

In the case of the CNTWs (Figure 20 B) all the materials show similar profiles,
degrading almost all the aromatic compounds generated. The washed materials lead to the
generation of lower amounts of aromatic compounds when compared with the non-washed
materials, which also contributes to a lower formation of refractory compounds.

The other catalysts (Figure 20 C), show the presence of a huge amount of aromatic
compounds in the case of GO, being not able to further degrade it. The discrepancy of this
material could also be attributed to a different route of PCM degradation, where the great part
of PCM may have been degraded into refractory aromatic compounds that GO were not able
to decompose.

4.3.4 Phenolic compounds

The concentration profile of phenolic compounds, measured as milligrams of GA per
litter, produced during the CWPO of paracetamol with washed catalysts is depicted in Figure
21. The tests of phenolic compounds were only done with non-washed materials to verify the

capability of degradation of these materials.
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Figure 21 - Formation of phenolic compounds during the CWPO runs.

It is possible to observe that all the CNTWs were able to remove completely the
phenolic compounds before 1 h, and the highest formation occurred between 0 and 30 min.
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This result can be attributed to the degradation of PCM into phenolic intermediates such as p-
aminophenol, hydroquinone, 4-nitrocatechol and 4-nitrophenol [167]. As expected, GO
generated the highest amount of phenolic compounds, since this material also generated the
highest amount of aromatic compounds as well. However, unlike the CNTWSs, GO was not
capable to degrade the generated phenolic compounds, resulting in the concentration of other

compounds in the solution.

4.3.5 Identification of oxidized intermediates and products

There has been reported in the literature many possible pathways for the oxidation of
PCM. The most reported pathways are the oxidation of PCM directly into
hydroxyacetaminophen, 4-aminophenol, benzoquinone, hydroquinone, catechol, resorcinol or
4-nitrocatechol [167,168]. From that, many other reactional routes can occur, leading to the
formation of pyrogallol, nitrophenol, 4-nitrophenol and carboxylic acids [167]. Thus,
depending the reactional conditions, different mechanisms are possible.

Using the results of the HPLC tests, it was possible to detect some intermediates
formed in the reactions. In the case of GO, the aromatic and phenolic compounds that were
not degraded can be mainly composed by 4-nitrocatechol, since this substance was the only
one detected by the methodology used in the HPLC, and was found from 2 h and kept present
until 24 h.

The reaction run carried out with CNTW_LDPE presented the formation of
hydroquinone, catechol, phenol and 4-nitrocatechol after 15 min, hydroquinone after 30 min,
4-nitrocatechol after 1 h, pyrogallol after 2 h, and pyrogallol and benzoquinone after 4 h.
Then, after 6 h there was no more intermediates found. The higher formation of intermediates
in the first 15 min of the reaction can explain the results of aromatic and phenolic compounds
indicated in the previous tests, since they have shown the highest levels of these components
around this time of reaction. Besides that, these components generate higher concentrations
of these intermediates if compared with the other materials.

In the case of the reaction run carried out with CNTW_HDPE, compounds such as
hydroquinone, catechol and 4-nitrocatechol were formed after 15 min, and hydroquinone
until 6 h of reaction. After 8 h no more intermediates were formed. The formation of these
compounds agrees with those found in the aromatic and phenolic tests, since CNTW_HDPE

had its highest formation of intermediates around 15 min.
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In the of the reaction run carried out with CNTW_PP, the formation of hydroquinone
was observed between 2 and 8 h of reaction, presenting no intermediates before and after
those times. This result agrees with the aromatic test, since CNTW_PP had its highest
formation of intermediates around 6 h. However, the phenolic test could not detect this
substance. This fact can be due to the lower concentration found for hydroquinone in the

reaction, if compared with the other components in the reaction.

4.3.6 Reusability

The catalyst chosen for the reusability tests was the CNTW_LDPE since it is the
material with a relative low Fe content that presented high catalytic activity. Thus, 3 runs
were performed with this material and evaluated the first and the third runs, as shown in

Figure 22.
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Figure 22 - Reusability capacity of CNTW_LDPE in terms of A) PCM concentration and B) H20-
concentration.

As can be observed, after 3 runs the catalyst kept a great part of its catalytic activity,
mainly in H2O, decomposition. This fact can indicate that the material has a good structure
stability, which is in favor of the viability of the catalyst. The high level of H>O»
decomposition, even after using the catalyst 3 times, also indicates that morphological,

structural and interactions among Fe, Al and carbon content remained in the catalyst.
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5 CONCLUSIONS

The synthesis of IO@AI,Oz further used as CVD-catalyst was done by the sol-gel
method, obtaining a red-brown catalyst. The use of this CVD-catalyst led to produce
magnetic CNTs. The washing process could remove the great part of the remaining
IO@AI>O3 from the structure of the CNT materials, proved by the ash content between the
washed and non-washed CNTSs.

The conducted treatment of a water contaminated with paracetamol by CWPO was
successful for all the CNTs used as catalysts, since all of them could degrade 100% of the
pollutant until 1440 min. Then the catalysts were efficient in the degradation of PCM by
CWPO when compared to the CWPO run conducted without catalyst. The CNT with the
lower Fe content and the highest relative activity was the CNTW_LDPE, demonstrating the
capacity to degrade all the pollutant (PCM and some intermediates followed as aromatics and
total phenols) after 360 min. This catalyst was tested to verify its reusability, and it showed
that the catalyst kept the catalytic activity after 3 runs.

Since the catalyst obtained from carbon sources showed high PCM degradation, it
contributes to possible valorization of carbon wastes and its use for micropollutant removal
as promise technology for water quality improvement.

As suggestions for future works, other polymers may be tested in the CVD for CNTs
synthesis, removal of other pollutants, and further analysis of the conducted CWPO, such as
TOC.
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