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RESUMO

Os modulos de membranas de ultrafiltragdo (UF) utilizados em Estagbes de
Tratamento de Efluentes (ETEs) tém ciclo de vida finito e devem ser substituidos
periodicamente, gerando residuos solidos inertes. Por outro lado, a presenga de
produtos farmacéuticos em concentragbes crescentes nas aguas superficiais,
subterraneas, residuarias e até mesmo na agua potavel € uma preocupagao em todo
o mundo. O processo de adsorgdo emergiu como uma tecnologia operacionalmente
simples e eficiente para remover contaminantes refratarios, como os farmacos. O
desenvolvimento de materiais adsorventes alternativos visa reducdo de custos,
aumento da seletividade, maior capacidade de regeneragcdo, bem como uma
alternativa de descarte de subprodutos de outras atividades. Assim, o objetivo geral
do estudo foi produzir um carvdo de membrana (MC) a partir da pirélise de membranas
de ultrafiltragdo descartadas, feitas de fluoreto de polivinilideno (PVDF), e avaliar o
desempenho do compdsito carvao de membrana-bentonita (MCBT) sintetizado como
adsorvente para a remogao de antibiéticos da agua. Foram considerados aspectos
técnicos e econémicos. A pirdlise foi otimizada em relacdo ao tempo de residéncia e
a temperatura final para produgao de MC por meio do planejamento composto central
de experimentos, do método de superficie de resposta e do método de otimizagao do
Gradiente Reduzido Generalizado. A pirélise de fibras de PVDF de membranas de UF
descartadas em condi¢des otimizadas (584 °C; 111 min) produz um MC com um
numero de iodo de 242,35 mg/g. Este MC, derivado da remogao de moléculas de fluor
ou fluoreto de hidrogénio do PVDF, apresenta estabilidade térmica e dominios
grafiticos, com area superficial de 345 m?/g, volume total de poros de 0,16 cm?®g e
carater microporoso. Com um baixo custo de produgédo estimado de 0,14 €/kg,
encontra relevancia em diversas aplica¢gdes industriais, ambientais e de pesquisa. Foi
proposta uma metodologia para sintetizar o compésito MCBT combinando MC e argila
bentonita na proporcdao de massa de 3:1. Estudos de caracterizacdo do MCBT
revelaram um material homogéneo com area superficial de 398 m?/g, volume total de
poros de 0,18 cm?/g e diametro médio de poros microporosos de 1,8 nm, tornando-o
um adsorvente de baixo custo. O MCBT exibiu capacidades maximas de adsor¢ao de
34,0 mg/g para o antibidtico tetraciclina (TC) e 31,3 mg/g para o antibiético
enrofloxacina (ENR) em modo de batelada. Os estudos cinéticos favoreceram o
modelo de pseudo-segunda ordem, indicando a quimissorgdo como mecanismo de
adsorgao. Estudos isotérmicos demonstraram adsorgdao em monocamada em regides
especificas da superficie do MCBT. A adsor¢do em modo continuo apresentou
cinética lenta, necessitando de tempo de contato prolongado. Por fim, testes de
regeneracao do MCBT utilizando diferentes agentes e concentragdes mostraram uma
diminuicdo na sua eficiéncia de remogao apoés o terceiro ciclo, possivelmente devido
a fortes interagdes de quimissorcao entre moléculas de TC ou ENR e o compdsito
MCBT. Assim, o MCBT desenvolvido pode ser aplicado para abordar questdes em
areas ambientais, promovendo praticas eficientes em termos de recursos e solugdes
sustentaveis.

Palavras-chave: gestdo de residuos; adsorventes alternativos; pirolise; PVDF;
bentonita.



ABSTRACT

Ultrafiltration (UF) membrane modules used in Wastewater Treatment Plants
(WWTPs) have a finite life cycle and must be replaced periodically, generating inert
solid waste. On the other hand, the presence of pharmaceuticals in increasing
concentrations in surface water, groundwater, wastewater and even drinking water is
a concern worldwide. The adsorption process has emerged as an operationally simple
and efficient technology to remove refractory contaminants such as pharmaceuticals.
The development of alternative adsorbent materials aims to reduce costs, increase
selectivity, greater regeneration capacity, as well as an alternative for disposing of by-
products from other activities. Thus, the general objective of the study was to produce
a membrane char (MC) from the pyrolysis of discarded ultrafiltration membranes made
from polyvinylidene fluoride (PVDF) and to evaluate the performance of the
synthesized membrane char-bentonite composite (MCBT) as an adsorbent for
removing antibiotics from water. Technical and economic aspects were considered.
Pyrolysis was optimized regarding the residence time and final temperature for MC
production via the central composite design of experiments, the response surface
method, and the Generalized Reduced Gradient optimization method. Pyrolyzing
PVDF fibers from discarded UF membranes at optimized conditions (584 °C; 111 min)
yields an MC with an iodine number of 242.35 mg/g. This MC, derived from the removal
of fluoride or hydrogen fluoride molecules from PVDF, exhibits thermal stability and
graphitic domains, with a surface area of 345 m?/g, total pore volume of 0.16 cm3/g,
and microporous character. With an estimated low production cost of 0.14 €/kg, it finds
relevance in various industrial, environmental, and research applications. A
methodology to synthesize the MCBT composite by combining MC and bentonite clay
in @ mass ratio of 3:1 was proposed. Characterization studies of MCBT revealed a
homogenous material with a surface area of 398 m?/g, total pore volume of 0.18 cm?/g,
and microporous average pore diameter of 1.8 nm, making it a cost-effective
adsorbent. MCBT exhibited maximum adsorption capacities of 34.0 mg/g for antibiotic
tetracycline (TC) and 31.3 mg/g for antibiotic enrofloxacin (ENR) in batch mode. Kinetic
studies favored the pseudo-second-order model, indicating chemisorption as the
adsorption mechanism. Isotherm studies demonstrated monolayer adsorption on
specific regions of the MCBT surface. Continuous mode adsorption showed slow
kinetics, requiring prolonged contact time. Finally, MCBT regeneration tests using
different agents and concentrations showed a decrease in its removal efficiency after
the third cycle, possibly due to strong chemisorption interactions between TC or ENR
molecules and the MCBT composite. Thus, the developed MCBT can be applied to
address issues in environmental areas, promoting resource-efficient practices and
sustainable solutions.

Keywords: waste management; alternative adsorbents; pyrolysis; PVDF; bentonite.
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CHAPTER 1 - INTRODUCTION

1.1 CONTEXTUALIZATION

Initially, it is important to consider that many operations conducted in Wastewater
Treatment Plants (WWTPs), in addition to producing reused water or water that meets
the environmental criteria for discharge, also generate solid wastes that require
adequate disposal (VON SPERLING, 2005).

Ultrafiltration (UF) membranes are an established technology widely used in water and
wastewater treatment systems in several countries, including Brazil. Membranes are
synthetic polymeric materials whose permeability and selectivity characteristics are
exploited in separation processes. Over time in operation, such membranes suffer a
decline in performance, generally due to the occurrence of non-reversible fouling and
a consequent reduction in permeate flow, thus being discarded as inert waste in
landfills (HABERT, BORGES & NOBREGA, 2006; MATTER, 2018; SHAHID et al.,
2020).

In this context, the present study proposed to evaluate the use of UF membranes
discarded at the end of their life cycle for char production and its use as an alternative
adsorbent material for removing pharmaceuticals from water. The UF membranes
evaluated were manufactured in polyvinylidene fluoride (PVDF), in a hollow fiber

configuration module, and came from systems with membrane bioreactors (MBR).

Specialized literature reports that pharmaceuticals, as refractory contaminants, are
increasingly present in surface water, groundwater, wastewater and even drinking
water worldwide (WILKINSON et al., 2022). It occurs because part of the
pharmaceuticals consumed is excreted, in addition, the inadequate disposal of these
products is a reality, and conventional Wastewater Treatment Plants (WWTPs) are not

designed to remove them completely.

Among the most consumed pharmaceutical products in the world are Tetracycline (TC)
and Enrofloxacin (ENR), antibiotics used to improve the health and quality of life of
humans and animals, respectively (WILKINSON et al., 2022; TROUCHON &
LEFEBVRE, 2016; LEICHTWEIS et al., 2022). Even at low concentrations, antibiotics
present in agqueous matrices pose risks to environmental compartments and human

health, especially concerning bacterial resistance (WILKINSON et al., 2022).
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Therefore, removing these pharmaceuticals from water becomes necessary, and
among several methods applicable for this purpose, adsorption stands out as a simple,

efficient, and economical technology.

Commonly considered a polishing step to remove refractory contaminants, adsorption
is also capable of removing pharmaceuticals through the concentration of this
adsorbate on the surface of an adsorbent (CAVALCANTI, 2009; COUTO et al., 2020;
MANSOURI et al., 2021; METCALF & EDDY, 2014; PHOON et al., 2020). The most
used adsorbent, mainly on an industrial scale, is conventional or commercial activated
carbon (CAC) and its production is done through pyrolysis of the chosen raw material,
followed by an activation step, the objective of which is to increase the concentration
of pores and, consequently, the surface area of the adsorbent. However, after the
adsorption-desorption cycles, the adsorption capacity of CAC is reduced and its useful
life ends, making its disposal in landfills or incineration inevitable (CAVALCANT]I, 2009;
METCALF & EDDY, 2014). Therefore, the development of alternative adsorbents,
replacing CAC, mainly aims to reduce costs and increase the selectivity of the product
for specific contaminants, in addition to being an alternative for waste disposal from
other activities (DE GISI et al., 2016).

The basic research question in the present study can be summarized as follows: is it
possible to take advantage of discarded UF membranes as a by-product of wastewater
treatment and use them as raw material to produce alternative adsorbents for the

removal of pharmaceuticals?

The work covered char and composite production and characterization, batch and
continuous antibiotics adsorption tests, as well as the regeneration of the saturated

composite, and additionally preliminary cost evaluations.

1.2 JUSTIFICATION

The activities of waste management, including reduction, reuse, and recycling, along
with the concept of the circular economy, aim at both economic prosperity and
environmental quality. These activities, combined with the integration of technologies
proposed in this work, align with the current discussion of the Sustainable
Development Goals (SDGs).



21

Using by-products to produce alternative adsorbents brings environmental benefits,
allowing for the reduction of both solid waste and contaminants in water. Additionally,
the cost associated with waste management, including that from water and wastewater
treatment, such as ultrafiltration (UF) membranes, poses one of the obstacles to

realizing many ideal systems.

In the context of water and wastewater treatment processes, the global expansion of
membrane systems is evident, and an increasing number of UF membrane modules

will need to be periodically replaced and discarded.

Understanding the various technical and operational aspects that commonly reduce
the useful life of membranes, and considering the relevance of adsorption in pollution
control, especially for pharmaceuticals, it is pertinent to assess the technical and
economic feasibility of using discarded UF membranes to produce alternative

adsorbents.

Based on exploratory research, it is important to note that the production of char from
discarded UF membranes for use as an adsorbent is unprecedented to date and has
not been identified in relevant literature. In light of the above, this research brings
originality and aims to contribute to reducing adverse environmental and economic
impacts at the end of the useful life of UF membrane modules, as well as to the

suitability of water by removing pharmaceuticals.

1.3 PREMISES

e The development of alternative adsorbents, replacing conventional activated carbon
(CAC), is an alternative disposal for waste from other activities, such as ultrafiltration

membranes (UF).

e Even in low concentrations, antibiotics pose risks to human and animal health, and
adsorption is a simple, efficient, and economical technology for removing this

contaminant.
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1.4 HYPOTHESES

e The pyrolysis of polyvinylidene fluoride (PVDF) fibers from discarded ultrafiltration
(UF) membranes, under appropriate operational conditions of final temperature (T)

and residence time (t), results in the production of a membrane char (MC).

e The modified MC in the form of MC-bentonite (MCBT) composite possesses
relevant porosity, surface area, and surface chemistry for its application as an

adsorbent of pharmaceuticals.

1.5 GENERAL OBJECTIVE

Produce char from discarded polymeric ultrafiltration membranes and evaluate a
membrane char-bentonite composite synthetized as an adsorbent in the removal of

antibiotics from water in both technical and economic aspects.

1.6 SPECIFIC OBJECTIVES

¢ Identify the appropriate operational conditions of final temperature (T) and residence
time (t) for producing char from discarded UF membranes via pyrolysis, the

membrane char (MC).
e Propose a methodology for producing MC-bentonite (MCBT) composite.
e Characterize the products MC and MCBT.

e Describe the performance of MCBT as an adsorbent for removing Tetracycline (TC)

and Enrofloxacin (ENR) from water in batch and continuous processes.

e Propose a methodology for the regeneration of MCBT used in removing TC and
ENR.

e Conduct a preliminary economic assessment of the proposed products MC and
MCBT.
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1.7 WORK STRUCTURE

To develop the research, four stages were structured to achieve the proposed

objectives, as shown in Figure 1.1.



Figure 1.1 - Flowchart of the research stages with the breakdown of objectives

* Obtaining, preparation, and
characterization of
polyvinylidene fluoride
(PVDF) fibers from
discarded ultrafiltration (UF)
membranes.

* Evaluation of final
temperature and residence
time effects on PVDF
pyrolysis.

* PVDF pyrolysis process
optimization for MC
production.

* MC characterization studies.

* MC cost evaluation.

* Preliminary removal tests
using MC.

* Preliminary
modification/composite
synthesis tests.

+ MCBT composite
production.

« MCBT characterization
studies.

+ MCBT cost evaluation.

N m

ADSORPTION TESTS:
REMOVAL OF
ANTIBIOTICS

» Batch adsorption tests:
« Effects of pH;
« Effects of dosage;
* Kinetic studies;
* |sotherm studies;
» Effects of ionic strength;

+ Continuous adsorption
tests:

« Effects of dosage;

« Effects of initial
concentration;

« Effects of flow rate.

Source: The author herself

 Saturated MCBT
regeneration tests:

« Effects of eluent agent;

+ Effects of eluent
concentration;

» Effects of regeneration
cycles.
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This document, in addition to this introductory chapter, is organized into 6 more

chapters.

Chapter 2 presents a literature review to provide context regarding ultrafiltration (UF)
membranes as by-products of wastewater treatment and polyvinylidene fluoride
(PVDF) characteristics. The need for the removal of pharmaceuticals, such as the
antibiotics Tetracycline (TC) and Enrofloxacin (ENR) from water, the adsorption
process, the alternative adsorbents, and the commonly used techniques in the

characterization of char for use as an adsorbent are also presented in this chapter.

In chapters 3 to 6, the Material and Methods section provides information on the
methodology applied in each stage from planning and conducting experiments to

analyzing results.

Studies on pyrolysis, including PVDF pyrolysis, and the results of the membrane char
(MC) production stage, with optimization of the final temperature (T) and residence
time (t), are presented in Chapter 3. This chapter also presents the characterization

studies and cost evaluation of the MC produced in this work.

Char activation and modification techniques, composite production studies described
in the literature, and the methodology applied in the MC-bentonite (MCBT) composite
production are described in Chapter 4. Preliminary tests for fluoride (F-) removal using
MC, preliminary modification/composite synthesis tests, MCBT characterization

studies, and cost evaluation of the MCBT are also presented.

Concepts regarding equilibrium, kinetics, and dynamics studies of adsorption systems
are addressed in Chapter 5. Batch and continuous adsorption tests were carried out
to evaluate the effects of many operating parameters on adsorption capacity and
removal efficiency. Equilibrium times and removal efficiencies were determined, and
adsorption isotherm and kinetic models were evaluated to propose possible adsorption

mechanisms and describe the adsorption system.

Chapter 6 covers regeneration techniques of adsorbents described in the literature and

the regeneration tests applied to the MCBT used to remove antibiotics.
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Finally, Chapter 7 presents the conclusions and the original scientific contributions to

knowledge that resulted from the present research.
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CHAPTER 2 - LITERATURE REVIEW

This chapter seeks to objectively present the main themes and concepts addressed

during the conception and development of the thesis.

21 BY-PRODUCTS OF WASTEWATER TREATMENT

Wastewater treatment takes place in Wastewater Treatment Plants (WWTPs) in
stages typically defined as preliminary, primary, secondary, and tertiary treatment. In
each of these stages, one or more physical-chemical operations or biological
processes are carried out, removing or transforming components such as suspended
solids, oils and greases, toxic metals, organic compounds, and pathogenic
microorganisms (CAMMAROTA, 2013; VON SPERLING, 2005).

The preliminary treatment is responsible for removing coarse solids and sand from the
raw effluent and measuring the feed flow. Grids are the first physical equipment applied
in preliminary treatment, with openings between 1 and 10 cm preventing the passage
of solids that could cause damage, such as clogging, to the treatment system.
Subsequently, grit chambers separate sand from the effluent through sedimentation,
preventing silting and premature wear of subsequent equipment (CAVALCANTI, 2009;
METCALF & EDDY, 2014; VON SPERLING, 2005).

Decanters are the main components of primary treatment. They are used to remove
suspended, settleable, or floating solids from wastewater, including some of the
organic matter. These devices allow wastewater to flow slowly so that there is enough
time for solids to settle. Floaters, oil separators, screens, and septic tanks may also be
present in the primary treatment of wastewater (CAMMAROTA, 2013).

Also known as biological treatment, the secondary treatment stage utilizes
microorganisms to remove biodegradable organic matter from the effluent, both in
suspension and primarily dissolved. This process occurs in a controlled manner in
various systems, ranging from simpler designs to more complex operations. Aerobic
treatment systems include activated sludge systems and high-rate ponds, while Upflow
Anaerobic Sludge Blanket (UASB) reactors and anaerobic filters are anaerobic
biological processes for organic matter removal. The organic matter in the effluents

serves as a source of energy for various organisms, mainly bacteria. These organisms,
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in turn, convert organic matter into carbon dioxide, water, and cellular material, along
with methane under anaerobic biodegradation conditions (CAMMAROTA, 2013;
METCALF & EDDY, 2014; VON SPERLING, 2005).

The last stage of effluent treatment, known as tertiary or advanced treatment, is applied
to enhance the efficiency of the previous stages and may not necessarily be present
in all WWTPs. Specific contaminants such as refractory organic compounds,
inorganics, and nutrients are removed in this stage. This polishing stage may involve
biological processes, such as maturation ponds, or physical-chemical operations, such
as precipitation, ultrafiltration, reverse osmosis, advanced oxidative processes, and
adsorption (CAMMAROTA, 2013; METCALF & EDDY, 2014; VON SPERLING, 2005).

The various operations carried out in WWTPs allow the production of reused water
and/or its suitability for discharge into the environment. However, some of these
technologies only remove contaminants and do not destroy them, generating waste at
the end of the process, such as the sand removed in the grit chambers. Other
processes, such as biological treatments, result in byproducts in addition to the treated
effluent, such as gases and sewage sludge. Components used in some operations,
such as filtration membrane modules, have a finite lifespan and need to be replaced
from time to time, producing inert solid waste. The cost associated with managing
these wastes can pose a challenge to achieving wastewater treatment systems with
better cost-effectiveness (CAMMAROTA, 2013; VON SPERLING, 2005).

The production of adsorbents can be an alternative disposal option for the solid
byproducts of WWTPs. Some studies, such as Almajed et al. (2021), EI Moubhri et al.
(2020), and Liu et al. (2017a), investigated the application of sand for alternative
adsorbents production, but using commercial silica sand, glass production sand, and
beach sand. On the other hand, 31 original scientific research articles on producing
adsorbents from sewage sludge, published in English between 2016 and 2021, can be
found in the Google Scholar® scientific articles database (TABLE 2.1). Based on these
exploratory searches, no publications were identified on the use of discarded

membranes for alternative adsorbent production.
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Table 2.1 - Studies on alternative adsorbents produced from sewage sludge published between

2016 and 2021

Pollutants to be removed

Adsorption capacity

(mg/g)

References

Synozol Blue and Setapers
Yellow-Brown

8.54 and 5.4

Kacan (2016)

Diclofenac and Nimesulide

156.7 and 66.4

Dos Reis et al. (2016)

Remazol Brilliant Blue R 33.47 Silva et al. (2016)
Tetracycline 40.8 Yang, Xu & Yu (2016)
Lead 42.96 Yang et al. (2016)
Cadmium 56.2 Ahsaine, Z(t238i1r78; El Haouti
Chromium 94.54 Aliakbari et al. (2017)
Cadmium 1.8-49 Fan et al. (2017a)
Methylene blue 16.21 Fan et al. (2017b)
Copper and methylene blue 114.94 and 125 Guo et al. (2017)
Lead 249 Ifthikar et al. (2017)
Phosphate 123.46 Jiang et al. (2017)
Acetic acid 18.0 Jin et al. (2017)
Orange Acid 7 440.53 Liu et al. (2017b)
Phosphorus 10.07 Yao et al. (2017)
Cadmium 36.5 Zuo et al. (2017)
Methylene blue 149.05 Chen et al. (2018)
Cesium 52.36 Khandaker et al. (2018)
Tetracycline 286.91 Tang et al. (2018)

Phosphate 2.99, 1.48 and 1.05 Zhang, Liu & Guo (2018)
Phosphate 29.18 Li et al. (2019)
Lead 887.5 Ngambia et al. (2019)
Copper 74.51 Tang et al. (2019)

Copper, cadmium, and zinc

8.26, 12.36 and 3.92

Wang, Li & Poon (2019a)

Lead 58.28, 60.06 and 62.42 Wang, Li & Poon (2019b)
Chromium 6.03 and 7.84 Wang et al. (2019)
Chromium 7.66 and 15.27 Zhang et al. (2019)

Methylene blue

Ferrentino et al. (2020)

Phosphate 93.9 LI et al. (2020a)
lodine and methylene blue 816.27 and 95.25 LI et al. (2020Db)
Ciprofloxacin 10.42 LI et al. (2021)

Source: The author herself

Those sewage sludge-based adsorbents were primarily designed for the removal of

toxic metals. Approximately 43% of the conducted studies assessed the removal of 6
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species of toxic metals (cadmium, cesium, lead, copper, chromium, and zinc), followed

by 6 types of dyes and 4 pharmaceuticals, totaling 16 out of the 18 pollutants tested.

All reported adsorption tests were conducted in batch mode. However, the operational
conditions in which these tests were carried out, such as adsorbent dosage, initial
adsorbate concentration, and contact time, are not fully available in most studies.
Therefore, although adsorptive capacity has been calculated in most tests, the
absence of operational parameters hinders a direct comparison of the results
achieved. Furthermore, continuous adsorption tests, not addressed in these previous
studies, are crucial for assessing the influence of operational parameters on adsorption
dynamics and are particularly relevant when considering future industrial applications
and process scaling (CAVALCANTI, 2009; CRUZ et al., 2019; MESQUITA et al.,
2017a; MESQUITA et al., 2017b; NIGRI et al., 2017; XAVIER et al., 2018).

2.2 ULTRAFILTRATION MEMBRANES

According to Habert, Borges & Nobrega (2006), “a membrane is a barrier that
separates two phases and restricts the total or partial transport of one or more chemical
species present in the phases." Based on their permeability and selectivity
characteristics, filtration membranes retain species in a concentrate fraction and allow
the passage of a permeate fraction. Membrane permeation can occur through simple
diffusion, selectivity associated with pore size in porous membranes, membrane
material in the case of dense membranes, facilitated diffusion, or active transport by
agents that facilitate diffusion. The driving force responsible for membrane permeation
can be a gradient of chemical potential, a difference in pressure or concentration, or
an electrical potential gradient (HABERT, BORGES & NOBREGA, 2006).

Developed in the 1960s, synthetic filtration membranes were primarily used in
seawater desalination operations. Nowadays, the applicability of filtration membranes
is much broader, ranging from producing reusable water from domestic and industrial
wastewater to ensuring potability. They are present in almost every industrial sector,

including environmental, electronic, energy, chemical, and biotechnological areas
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(ERSAHIN et al., 2012; GALVAO & GOMES, 2015; HABERT, BORGES & NOBREGA,
2006; LIU et al., 2011; SCHNEIDER & TSUTIYA, 2001).

The membranes used in ultrafiltration (UF) processes belong to the category of porous
membranes, with pore sizes ranging from 3 to 50 nm and surface porosity in the range
of 0.1 to 1%. By applying pressure gradients between 1 and 7 atm, these membranes
can retain colloids and macromolecules with a molecular weight above 5,000 Da
(HABERT, BORGES & NOBREGA, 2006). Most commercially used UF membranes
are predominantly made from polymeric materials such as cellulose acetate (CA),
polysulfone (PS), polyether sulfone (PES), polyacrylonitrile (PAN), and polyvinylidene
fluoride (PVDF). Inorganic materials like metals and ceramics can also be used to
produce these membranes. However, despite their longer lifespan and ease of
cleaning, inorganic membranes are considerably more expensive than polymeric ones
(AHMAD, GURIA & MANDAL, 2020; GALVAO & GOMES, 2015; MATTER, 2018;
SCHNEIDER & TSUTIYA, 2001; SHAHID et al., 2020).

UF membranes are commonly used in concentration, dialysis, and purification
processes for macromolecules such as proteins. They are also employed in the
production of water for reuse, achieving characteristics suitable for drinking water.
Another notable application of UF membranes is in membrane bioreactors (MBR),
systems that integrate conventional biological treatments in aerobic or anaerobic
reactors with membranes responsible for retaining solids and biomass (AHMAD,
GURIA & MANDAL, 2020; BARBOSA, 2017; ERSAHIN et al., 2012; HABERT,
BORGES & NOBREGA, 2006; HAI, YAMAMOTO & LEE, 2014; KRZEMINSKI et al.,
2017; MATTER, 2018; SHAHID et al., 2020; SUBTIL, HESPANHOL & MIERZWA,
2013; XIAO et al., 2019).

In MBR systems, UF membranes are typically used in the form of modules, consisting
of a structural part with pressure support and feed and outlet channels for permeate
and concentrate (FIGURE 2.1) (ERSAHIN et al., 2012; GALVAO & GOMES, 2015;
HAI, YAMAMOTO & LEE, 2014; MUTAMIM et al., 2013; SHAHID et al., 2020; XIAO et
al., 2019).
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Figure 2.1 - Individual module and complete membrane bioreactor system (MBR)

Source: Adapted from Suez (2022)

The ZeeWeed membranes from Suez®, such as the ZW500, are examples of
ultrafiltration membranes specifically developed for use in MBR (Membrane
Bioreactor) systems. They can be employed for potable water applications or industrial
wastewater. These membranes exhibit extremely high permeability, exceeding 900
L.m.h/bar, and a lifespan of over 10 years in most applications. These modules feature
PVDF membranes with a cylindrical hollow fiber geometry, a nominal pore size of 40
nm, a non-ionic and hydrophilic surface, and a nominal area of 31.6 m2. They operate

at a maximum temperature of 40 °C and pH values between 5 and 9.5 (SUEZ, 2022).

According to BBC Research & Development (2022a), the global MBR (Membrane
Bioreactor) market is expected to grow from 2.5 billion dollars in 2021 to 4.1 billion
dollars in 2026, with a compound annual growth rate of 10.5% for the period 2021-
2026. The increasing use of MBR systems worldwide can be attributed to more
stringent regulations for wastewater discharge into the environment, the growing water
scarcity, the emphasis on water reuse practices, and increased confidence in the
process. In Brazil, various companies employ MBR systems in their processes across
diverse sectors, from food and cosmetics industries to shopping malls and oll
refineries, including Chocolate Garoto, Colgate, Natura, Nestlé, Petrobras, and Barra
Shopping, as well as sanitation companies (GALVAO & GOMES, 2015; KRZEMINSKI
et al., 2017; LOPES JR & MIERZWA, 2015; SUBTIL, HESPANHOL & MIERZWA,
2013).
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The Aquapolo Project, located in the Nova Heliépolis neighborhood of Sdo Paulo,
Brazil, for example, is the fifth-largest facility in the world dedicated to producing water
of reuse from domestic effluent and utilizes MBR systems in its process. As a Special
Purpose Company, Aquapolo is a venture of the Sdo Paulo State sanitation company,
Sabesp, and Foz do Brasil, an entity of Odebrecht Ambiental. It has been under
operation since 2012, with a contract in place until 2053. The project was designed to
supply reclaimed water, primarily for cooling processes, steam production, and the
cleaning of cooling towers and boilers, to industries in the Capuava Petrochemical
Complex, one of the largest industrial hubs in Brazil and the largest consumer of
drinking water in the region. As a result, billions of liters of fresh water are redirected
to about 600,000 residents, and client industries can pay approximately 10 times less
per cubic meter of water (BARBOSA, 2017; LOPES JR & MIERZWA, 2015; MELO &
RODRIGUEZ, 2017; SILVA, 2019).

With 15,000 m? of built area, a reservoir of 70,000 m? for reclaimed water, and a 17
km pipeline, Aquapolo delivers treated water with the flow and quality specified in the
contract to the Petrochemical Complex client. Fed with 650 L/s of treated sewage from
the ABC Wastewater Treatment Plant, Aquapolo uses MBR systems with UF
membranes to retain solids and produces up to 1,000 L/s of reclaimed water, with the
assistance of reverse osmosis membrane systems for polishing treatment when
necessary. Aquapolo's MBR systems have a total area of 67,000 m? and a project flow
of 15 L.h/m? (BARBOSA, 2017; LOPES JR & MIERZWA, 2015; MELO & RODRIGUEZ,
2017; SILVA, 2019).

As the use of UF membrane technologies, such as MBR systems, expands, the global
market for these membranes is expected to grow from 4.4 billion dollars in 2021 to 5.9
billion dollars in 2026, with a compound annual growth rate of 5.9% for the period 2021 -
2026 (BBC RESEARCH & DEVELOPMENT, 2022b). However, despite efforts to
improve the anti-scaling properties of membranes and develop cleaning techniques,
membrane separation systems have a finite lifespan due to reduced permeate flow.
UF membranes, for example, with acquisition costs ranging between 50 and 200
dollars per square meter, need to be replaced periodically (LIU et al., 2011; MATTER,
2018; MUTAMIM et al., 2013; SHAHID et al., 2020). Therefore, it can be estimated that
an increasing number of membrane modules need to be replaced and periodically
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discarded in Brazil and worldwide, typically disposed of in landfills, with few reuse

alternatives.

2.3 POLYVINYLIDENE FLUORIDE (PVDF)

Polymers, from the Greek "many repetitive units", are macromolecules formed by
covalent bonds between smaller units called monomers and typically composed of
carbon, hydrogen, nitrogen, and oxygen atoms (CANEVAROLO JR & SEBASTIAO,
2010; MANO & MENDES, 2001). Through the polymerization process, monomeric
units bond to form linear or cross-linked polymeric chains provided that reactive groups
are present in these basic structural units. Polymerization can be natural or synthetic
and occurs through addition or condensation reactions (CALLISTER, 2008; ODIAN,
2004).

According to the characteristics of the chain, polymers are classified as homopolymers,
if consisting of only one type of monomer, or copolymers, where two or more different
monomers are present. Concerning the mechanical behavior exhibited, polymers are
divided into three groups: rubbers, plastics, and fibers. The classification of polymers
as thermoplastics or thermosetting depends on criteria such as molecular and
chemical structures, the average number of monomeric units, and the types of covalent
bonds present (AKCELRUD, 2007; CANEVAROLO JR & SEBASTIAO, 2010; MANO
& MENDES, 2001).

Polyvinylidene fluoride or poly(vinylidene fluoride) (FIGURE 2.2), commonly known as
PVDF, is a linear chain homopolymer with an average of 2000 monomers and a
molecular weight of about 105 g/mol. It is formed from vinylidene fluoride (VDF)
monomers, which, due to their carbon-carbon double bond, categorize it into the vinyl
polymer family. PVDF polymerization is synthetic and involves addition reactions of
fluorine (F) monomers (ABREU, 2012; DROBNY, 2009; ESTERLY, 2002; HARPER,
2000; MARK, 2014; SAXENA & SHUKLA, 2021).
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Figure 2.2 - Polyvinylidene fluoride (PVDF) repeating unit
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PVDF has thermoplastic properties, semi-crystallinity that reduces the loss of
mechanical properties with an increase in temperature, and high chemical resistance.
The mechanical strength of PVDF is considered high compared to other thermoplastics
such as polyethylene, polypropylene, and polystyrene. As a fluoropolymer, PVDF has
higher thermal stability than polymers derived from hydrocarbons due to the high
electronegativity of fluorine atoms and the high energy of the C-F bond. Also, due to
the presence of fluorine, whose molecular size is small, PVDF has very narrow
ultramicro pores of about 1.0 nm (ABREU, 2012; ALCHIKH, FOND & FRERE, 2010;
CAPITAO, 2002; DROBNY, 2009; ESTERLY, 2002; FREIRE, 2007; HARPER, 2000;
LEE & PARK, 2014; MANO et al., 2003; MARK, 2014; MARTINS, 2010; ODIAN, 2004;
SAXENA & SHUKLA, 2021; SILVA, 2009).

Unlike most synthetic polymers, PVDF is a polymorphic polymer with four distinct
crystalline structures: alpha (a), beta (B), gamma (y), and delta (8). The proportions of
these four crystalline phases vary according to the polymerization method used, with
the prevalence of the a and B forms in conventional synthesis methods. Many
properties of PVDF, such as crystallinity (between 45 and 65%), melting temperature
(between 165 and 189 °C), and solubility, depend on the crystalline structure of the
polymer chain and can be specifically obtained through the conditions applied during
polymerization. The crystalline phases and polymorphic form also impart piezoelectric,
pyroelectric, and ferroelectric properties to PVDF, related to the polarization of the
material, which, in turn, is due to the symmetrical spatial arrangement of hydrogen and
fluorine atoms in the chain (ALCHIKH, FOND & FRERE, 2010; CAPITAO, 2002;
DROBNY, 2009; ESTERLY, 2002; FREIRE, 2007; HARPER, 2000; MANO et al., 2003;
MARK, 2014; MARTINS, 2010; SAXENA & SHUKLA, 2021; SILVA, 2009).
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Given these and other characteristics, PVDF has been applied, especially in the
manufacturing of pipelines for transporting more complex fluids, whether at high
temperatures, under pressure, or containing concentrated acids, for example.
Industries involved in oil and gas extraction are significant consumers of these pipes.
The use of PVDF is also common in the production of semiconductors and lithium-ion
batteries, primarily for wire insulation. Another equally important application of PVDF
is the manufacturing of filtration membranes, which is the focus of this work (ABREU,
2012; CORDEIRO, 2010; LIU et al., 2011; MARK, 2014; SAXENA & SHUKLA, 2021;
SOLVAY, 2022).

24 PRESENCE OF PHARMACEUTICALS IN AQUEOUS MATRICES

Pharmaceutically active compounds (PhACs), or simply pharmaceuticals, are products
used to enhance the health and quality of life of humans and animals, whether in the
prevention or treatment of diseases (PHOON et al., 2020; REIS, SANTOS & LANGE,
2021). The increase in the population's life expectancy and the increase in chronic
diseases exacerbated by sedentary habits are the main drivers of the global
pharmaceutical market. As a paradigm, the dissemination of pharmaceuticals has
further favored global life expectancy in recent decades (COOK & WRIGHT, 2022;
PENA, ZAVALA & RUELAS, 2021).

The presence of pharmaceuticals in aqueous matrices is becoming a worldwide
concern due to their adverse effects, even at very low concentrations. These emerging
pollutants can cause damage to environmental compartments and human health, such
as increased bacterial resistance (DOS SANTOS et al.,, 2021; REIS, SANTOS &
LANGE, 2021; WILKINSON et al., 2022). Bacterial genes that confer resistance to
fluoroquinolones detected in drinking water distribution systems in Finland (TIWARI et
al., 2021) and bacteria Salmonella spp. with resistance to TC found in Brazil
(PAVELQUESI et al., 2021) are examples of it.

Excessive consumption of pharmaceuticals and their excretion, inadequate disposal of
pharmaceuticals in landfills and their leaching, and the low efficiency of conventional

treatment methods generally utilized in Wastewater Treatment Plants (WWTPs) are
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the major contributors to the presence of pharmaceuticals in increasing concentrations
in surface water, groundwater, wastewater and even drinking water worldwide
(FIGURE 2.3) (BOGER et al., 2021; COUTO, LANGE & AMARAL, 2019; LINDHOLM-
LEHTO et al., 2016; REIS et al., 2019; SANTOS et al., 2020; SCARIA, ANUPAMA &
NIDHEESH, 2021; WILKINSON et al., 2022).

Figure 2.3 - Transport and degradation flow of antibiotics in environmental systems
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Characterized as refractory contaminants, pharmaceuticals are usually partially
removed by the conventional treatment processes used in WWTPs and remain in the
effluents at concentration levels of ng/L and pg/L, as micropollutants (COUTO, LANGE
& AMARAL, 2019; LINDHOLM-LEHTO et al., 2016; SANTOS et al., 2020; SCARIA,
ANUPAMA & NIDHEESH, 2021; WILKINSON et al., 2022). Reis et al. (2019) evaluated



39

the presence of 28 pharmaceuticals from different classes in surface water sources
and drinking water samples from six Drinking Water Treatment Plants (DWTPs) in the
state of Minas Gerais in Brazil. Even after several steps of conventional treatments, 11

of the 18 pharmaceuticals detected in surface water remained in drinking water.

2.5 ANTIBIOTICS

Antibiotics are groups of pharmaceuticals that destroy or delay the growth of
microorganisms and have been part of human history since the discovery of penicillin
by Alexander Fleming in 1928. The development of these pharmaceuticals went
through the golden age of discoveries between the 50s and 60s and nowadays faces
the challenges of microbial resistance, with an increasingly smaller number of new
antibiotics reaching the market (KHARDORI, STEVAUX & RIPLEY, 2019). They are
extensively aimed at combating bacterial infections in human and veterinary
treatments, as well as in cattle breeding (POLIANCIUC et al., 2020).

The pharmacodynamics or mode of action of antibiotics is often used to divide them
into classes. By interfering with the synthesis of the cell wall, proteins, nucleic acids,
or folate (vitamin B9) or by disrupting the cell membrane, the antibiotics interact with
microorganisms to combat infections (GALLAGHER & MACDOUGALL, 2022). The
molecular structure, activity spectrum, and administration route can also be used as
criteria in this classification of antibiotics. Thus, the most common classes of antibiotics
are Beta-lactams, Macrolides, Tetracyclines, Quinolones, Aminoglycosides,
Sulphonamides, Glycopeptides, and Oxazolidinones (ETEBU & ARIKEKPAR, 2016).

2.5.1 TETRACYCLINE

The pharmaceuticals from the tetracyclines class are yellow crystals discovered
around the 40s and grouped because of their similar molecular structure and mode of
action. The molecule of these antibiotics always has four fused hydrocarbon rings (A,
B, C, and D) (FIGURE 2.4), which justify the suffix “cyclin” in their nomenclature. They

act on the ribosome of microbial cells, inhibiting the addition of amino acids to the
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polypeptide chains and, consequently, the synthesis of proteins (ETEBU &
ARIKEKPAR, 2016; SCARIA, ANUPAMA & NIDHEESH, 2021).

Figure 2.4 - General molecular structure of tetracycline class
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Tetracyclines are placed among the first three classes of antibiotics produced and
consumed worldwide due to their broad spectrum of activity and few side effects. They
act on several Gram-positive and negative bacteria, in addition to protozoan parasites.
Infectious diseases of the respiratory, digestive, and excretory systems are usually
combated using this class of antibiotics (GROSSMAN, 2016; LEICHTWEIS et al.,
2022; SCARIA, ANUPAMA & NIDHEESH, 2021).

According to the production technique, tetracyclines with different substitutions on the
upper peripheral modifiable region (FIGURE 2.4) are divided into groups. First-
generation tetracyclines, such as Tetracycline, Chlortetracycline, Oxytetracycline, and
Demeclocycline, are those obtained from a natural source, such as actinomycetes and
streptomycetes. Antibiotics produced semi-synthetically are called second-generation
tetracyclines, with Doxycycline, Limecycline, Metacycline, Minocycline, and
Rolitetracycline being some examples. The Tigecycline is a tetracycline from the third-
generation group, manufactured completely synthetically (ETEBU & ARIKEKPAR,
2016; GROSSMAN, 2016; SCARIA, ANUPAMA & NIDHEESH, 2021).
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The Tetracycline (TC) (C22H24N20s) is an antibiotic belonging to the class with the
same name, in the first-generation group, and whose modifications in the general
structure (FIGURE 2.4) are R1: H, R2: CH3s, R3: OH and Rs: H, resulting in the molecule
shown in Figure 2.5. With a polar character, strong interaction with water, and relatively
stable under acidic conditions (TABLE 2.2), it is extensively used in human and
veterinary treatments, as feed additives for cattle breeding (LEICHTWEIS et al., 2022).

Figure 2.5 - Molecular structure of Tetracycline (TC)
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Table 2.2 - Physicochemical properties of Tetracycline (TC)

Proprieties Values
Molecular mass 444 .4
Log kow -1.25
pKa 3.3
pKa: 7.7
pKas 9.7
Solubility (mg L™") 231

Source: Adapted from LEICHTWEIS et al. (2022)

2.5.2 ENROFLOXACIN

The quinolones constitute an antibiotic class produced synthetically and discovered
accidentally as a by-product of obtaining pharmaceutical chloroquine. Nalidixic acid
(FIGURE 2.6) is the main example of a first-generation quinolone, also called non-
fluorinated quinolone, and has the typical two fused hydrocarbon rings. This
pharmaceutical is used in the clinic, administered parenterally or orally, and regarding
tissue distribution, it tends to concentrate in the human excretory system, where it is
used to combat infections (MILLANAO et al., 2021; SANTOS et al., 2021).



42

Figure 2.6 - Molecular structure of nalidixic acid
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When a fluorine atom is added to nalidixic acid in position 6, we have the class of
antibiotics called fluoroquinolones or second-generation quinolones (SANTOS et al.,
2021). Fluoroquinolones also have a broad spectrum, acting on both Gram-positive
and negative bacteria. The mode of action of fluoroquinolones consists of preventing
the replication and transcription of the DNA of the target bacteria by inhibiting the
enzymes DNA gyrase and topoisomerase |V (BRAR et al., 2020).

An example of fluoroquinolone is Enrofloxacin (ENR) (C19H22FN30O3), a nalidixic acid
molecule added with a piperazine ring at carbon 7 and cyclopropyl at N1 (FIGURE
2.7). The ENR molecule has high lipophilicity and at pH close to neutrality, it appears
in the amphoteric form (TABLE 2.3) (PEl et al, 2020; TEIXIDO et al., 2014;
TROUCHON & LEFEBVRE, 2016).

Figure 2.7 - Molecular structure of Enrofloxacin (ENR)
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Table 2.3 - Physicochemical properties of Enrofloxacin (ENR)

Proprieties Values
Molecular mass (g/mol) 359.4
Log kow 1.1
pKa 6.3
pKaz 8.3
Solubility (g/L) 0.23

Source: Adapted from Grabowski et al. (2022), Pei et al. (2020) and Teixid6 et al. (2014)

In 1983, ENR was synthesized, but its commercialization as an antibiotic only occurred
in 1991. It is a pharmaceutical used only in veterinary medicine, mainly for the
treatment of respiratory diseases caused by bacteria in cattle and pigs. However, its
release for use in poultry and aquaculture has controversies associated with bacterial
resistance and infectious diseases in humans, with several countries not being
released for these purposes. For small animals, such as dogs and cats, ENR can treat
urinary tract skin infections (GRABOWSKI et al., 2022; MILLANAO et al., 2021;
SANTOS et al., 2021).

2.6 ADSORPTION

Among the advanced treatment techniques applicable to the removal of TC, ENR, and
other PhACs from aqueous matrices, such as advanced oxidative processes and
membrane separation processes (ALVIM et al., 2020; COUTO et al., 2020; DE SOUZA
et al., 2018; FOUREAUX et al., 2019; MANSOURI et al., 2021; PHOON et al., 2020;
SANTOS, MEIRELES & LANGE, 2015), the adsorption has emerged as an
operationally simple and efficient technology, whose performance has been evaluated
by researchers in worldwide as a polishing step in wastewater treatment, commonly
utilized for the removal of refractory contaminants (AGUSTIN et al., 2022; ASHIQ et
al., 2021; DARWEESH & AHMED, 2017; DE ANDRADE et al., 2018; MAGED et al.,
2021; MOREIRA et al., 2020; NAKARMI et al., 2022; PENG et al., 2018; PHOON et
al., 2020; SEKULIC et al., 2019; TAOUFIK et al., 2020).

The term "sorption" refers to four transport phenomena responsible for retaining

substances from one liquid or gaseous phase in another suitable phase, whether it be
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solid, liquid, or gaseous. This second phase is called suitable because it must tend to
attract and retain the substance dissolved in the fluid phase (METCALF & EDDY,
2014). The phenomena covered by sorption are diffusion, absorption, adsorption, and
partition. As paronyms, it is important to highlight the difference between absorption
and adsorption, processes that occur in different regions, in the interior and on the
surface of the second phase, respectively (METCALF & EDDY, 2014; NIGRI et al.,
2017; WORCH, 2012).

Adsorption is a surface phenomenon described as a mass transfer unit operation, in
which one or more constituents dissolved in a fluid phase are concentrated on the
adsorptive surface due to the action of surface forces. The molecules, ions, or atoms
retained at the adsorbent interface are called adsorbates, and the reverse operation is
called desorption (FIGURE 2.8) (CAVALCANTI, 2009; MCNAUGHT & WILKINSON,
1997; MESQUITA et al., 2017a; METCALF & EDDY, 2014; WORCH, 2012).

Figure 2.8 - Constituents of adsorption and desorption
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The adsorbate, adsorbent, and fluid interactions culminate in adsorption, which can be
divided into three consecutive steps. The first step is external diffusion, which involves
moving the adsorbate from the fluid phase's interior to the adsorbent's surface. It can
be further divided into two sub-steps: diffusion from the fluid interior to the boundary
layer and diffusion from the boundary layer to the adsorption on the active sites of the
external adsorptive surface. Subsequently, internal diffusion of the adsorbate that
remains free occurs, transferring from the external surface to the active sites in the

internal region of the adsorbent. Finally, diffusion into the active sites takes place for
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the adsorbate's actual adsorption on the adsorbent's internal surface (ALVES, 2017,
CAVALCANTI, 2009; MESQUITA, 2016).

Factors related to the adsorbate (such as concentration, molar mass, solubility, and
polarity), the fluid phase (including the presence of other substances, pH, and
temperature), and the operating conditions of the system (such as pressure, stirring
speed, and contact time) directly interfere with the results of adsorption (CAVALCANTI,
2009; CRUZ et al., 2019; MESQUITA et al., 2017a; MESQUITA et al., 2017b; NIGRI
et al., 2017).

Adsorption can occur either physically or chemically, and the term sorption is often
used when it is not possible to distinguish between these two types of adsorption
(CAVALCANTI, 2009). In physisorption, or Van der Waals adsorption, there is no
transfer of electrons between the adsorbate and the surface groups of the adsorbent.
In this case, adsorption occurs due to weak electrostatic interactions, with
intermolecular forces greater than intramolecular forces. It is a spontaneous,
exothermic process and generally reversible, with the possibility of forming multiple
layers, and the adsorption force tends to decrease (CAVALCANTI, 2009; DE GISI et
al. 2016a; NIGRI et al., 2017). Chemical adsorption, also called chemisorption, is
characterized by the sharing of electrons between the adsorbate and the molecules on
the surface of the adsorbent, forming covalent bonds. This type of adsorption is strong,
often irreversible, and forms a single layer of adsorbates, with an increase in coverage
associated with a decrease in the adsorption force (CAVALCANTI, 2009; DE GISI et
al., 2016a).

The adsorption operation can occur in batch or continuous mode. In batch mode, there
is no mass crossing the system boundaries, meaning that the adsorbent and adsorbate
are kept in contact without a variation in the volume of the fluid phase over time. This
mode of operation is limited to small volumes but is useful for a preliminary assessment
of parameters such as pH, contact time, and adsorbent dosage (CAVALCANT]I, 2009;
LARGITTE & PASQUIER, 2016; MESQUITA et al., 2017a; NIGRI et al., 2017; QIU et
al., 2009).

Continuous operation occurs in a non-stationary state, with the volume of the fluid

phase in contact with the adsorbent varying over time. In continuous mode, mass
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transfer resistance and the contact time between adsorbate and adsorbent are crucial.
The breakthrough curve of the system can be constructed, and dynamic parameters
of the process, such as the adsorptive capacity of the bed and efficiency, can be
calculated (CAVALCANTI, 2009; MESQUITA et al., 2017b; XAVIER et al., 2018).

Adsorption has emerged as a simple, efficient, and economical technology for
industrial separation and water and wastewater treatment processes. It is applicable
for gas dehydration, bleaching, fluid fractionation, deodorization, and removal of
organic and inorganic contaminants from effluents, among others. The separation of
constituents by adsorption occurs through three distinct mechanisms. The pores of the
adsorbents, with varying sizes, allow the separation of molecules through steric
mechanisms. The selectivity of the adsorbent separates substances using equilibrium
mechanisms. Finally, the nature of the adsorbate is involved in the kinetic separation
mechanism, and species are separated based on differences in diffusivity
(CAVALCANTI, 2009; LARGITTE & PASQUIER, 2016; MESQUITA, 2016; ALVES,
2017). In the treatment of water and wastewater, adsorption is generally a polishing
step used for the removal of refractory contaminants that persist after biological
treatment. Trihalomethanes, nitrogen, sulfides, dyes, and toxic metals are examples of
compounds removable by adsorption, and their processes are increasingly being
discussed (CAVALCANTI, 2009; METCALF & EDDY, 2014; DE GISI et al., 2016a;
MESQUITA, 2016).

2.7 ADSORBENTS

Solid adsorbents are primarily porous materials because the pores, with specific
shapes and sizes, allow the adsorbate to access the internal surface with active sites
available for adsorption (ALCANTARA, IZIDORO & FUNGARO, 2015; METCALF &
EDDY, 2014; NIGRI et al., 2017). In addition to factors related to the adsorbate, fluid
phase, and system operating mode, the characteristics of the adsorbents typically
determine the efficiency of adsorption (ALVES, 2017).

The porosity of an adsorbent contributes positively to another important condition, a

high surface area. The combination of a high surface area and pores of sufficient
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dimensions gives the adsorbent good adsorption kinetics and adsorptive capacity. The
tendency of the adsorbent to attract and retain dissolved substances, known as solute
affinity, should also be considered when choosing the adsorbent to favor high
efficiency. Together, porosity, surface area, and affinity are the most important factors
in selecting the adsorbent material. However, other properties such as selectivity,
mechanical and chemical resistance, regenerative capacity, durability, and low cost
are also desirable. In this way, the adsorption of specific solutes is ensured, along with
satisfactory tolerance to handling, the possibility of reusing the adsorbent, and a good
cost-benefit ratio (ALCANTARA, IZIDORO & FUNGARO, 2015; CAVALCANTI, 2009;
MESQUITA et al., 2017a; METCALF & EDDY, 2014).

Activated carbon, alumina, silica gel, polymers, clays, and zeolites stand out among
the most common adsorbents. Activated carbon is the generic term used to designate
materials with a high carbon content transformed into char (ALVES, 2017; QIU et al.,
2009). They are the most well-known and widely used adsorbents in the industry due
to their unparalleled adsorptive capacity associated with their high internal surface
area, which ranges between 500 and 1500 m?/g (ALVES, 2017; DE GISl et al., 2016a).
Activated carbons are produced through a combination of pyrolysis and activation
processes, with commonly used raw materials being of plant origin. However, materials
of animal and mineral origin are also possibilities (ALVES, 2017; QIU et al., 2009).
Activated carbons are marketed in granular (GAC) and powdered (PAC) forms,
recommended for continuous and batch processes, respectively (CAVALCANTI, 2009;
MESQUITA, 2016).

During adsorption, the pores of activated carbon are occupied by the adsorbate and
become saturated. After the depletion of these pores, activated carbon loses its
applicability as an adsorbent and needs to be regenerated or appropriately disposed
of and replaced. The cost of replacing the adsorbent is a drawback for large-scale
adsorption processes (CAVALCANTI, 2009; CAZETTA et al., 2013; COSTA et al.,
2020; METCALF & EDDY, 2014; ZANELLA, TESSARO & FERIS, 2014).

In recent years, various studies on alternative adsorbent materials, especially as a
replacement for conventional activated carbon, have been published with the aim of

cost reduction, increased selectivity, enhanced regeneration capacity, and as an
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alternative for the final disposal of waste/by-products from other activities, as
exemplified in the Chart 2.1 (DE GISlI et al., 2016b).

Chart 2.1 — Some studies on alternative adsorbents to conventional activated carbon published

between 2016 and 2021

Raw Material

Objectives

References

Soybean husk

Use of soybean husk as an adsorbent for the
removal of industrial textile dyes Reactive Blue 21
and Reactive Yellow 145.

Giordano et al.
(2021)

Mollusk shell

Testing the use of shells from the mollusk Mytella
falcata, both raw and pyrolyzed, for the removal of
the antibiotic rifampicin from water.

Henrique et al.
(2020)

Coffee grounds

Evaluation of the applicability of coffee grounds as
an adsorbent for the removal of cadmium from
aqueous solutions.

Kim & Kim (2020)

Utilization of modified scales from Sardinella

Fish scales brasiliensis as an adsorbent for the removal of dyes | Niero et al. (2019)
from textile effluents.
Use of sisal fibers as an adsorbent material to Varaas et al
Sisal fibers remove methylene blue and Reactive Black 5 dyes (92019) ’
from aqueous solutions.
Study of the removal efficiency and adsorption
Eggshells capacity of phosphorus by eggshell adsorbents, Y|r0|‘(lgo§l(g/)aurs

including salted eggshell and common eggshell, in
effluents with low phosphorus content.

Pumice stone

Evaluation of the performance of natural pumice
stone for the removal of aluminum from
groundwater through a fixed-bed column.

Indah, Helard &
Hudawaty (2018)

Parsley, coriander, and
chicory

Observation of the use of adsorbents prepared from
three selected plants of the Apiaceae family to
remove lead from aqueous solutions.

Boontham &
Babel (2017)

Papaya, corn cob,
soybean oil cake,
banana peel, walnut
shell, among others

Critical examination of the removal of toxic metals
from wastewater by low-cost agricultural residues
as adsorbents.

Habineza et al.
(2017)

Red mud

Use of raw red mud and red mud modified with
hydrochloric acid as adsorbents for the removal of
chromium, copper, and lead from aqueous solution.

Tsamo et al.
(2017)

Pecan nutshell

Preparation, characterization, and application of
biochar derived from pecan nutshell as an
adsorbent for the removal of Reactive Red 141 dye.

Zazycki et al.
(2017)

Residual aluminum
sulfate and ferric sulfate,
and fine and coarse
concrete

Evaluation of the long-term performance of low-cost
adsorbents in the removal of phosphorus from
large-scale adsorption filters.

Callery et al.
(2016)

Source: The author herself

A variety of raw materials, ranging from agricultural, household, and industrial by-

products, such as pecan nut shells, corn cobs, soybean husks, and coffee grounds, to
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sludges and marine and soil materials, such as red mud, fish scales, mollusk shells,

concrete, and pumice stone, have been studied (DE GISI et al., 2016b).

2.8 ACTIVATED CARBON CHARACTERIZATION TECHNIQUES

Physical-chemical characterization of activated carbon provides information that aids
in the selection of the adsorbent material and in understanding the adsorption
mechanisms to which it will be subjected. It is known that surface area, porosity, and
affinity for the adsorbate are important characteristics of an adsorbent. These and
other properties of activated carbons are often analyzed when the goal is their
application as an adsorbent (ALCANTARA, IZIDORO & FUNGARO, 2015;
CAVALCANTI, 2009; MESQUITA et al., 2017; METCALF & EDDY, 2014).

e Surface Area and Porosity

A high surface area combined with pores of sufficient dimensions provides activated
carbon with good adsorption kinetics and adsorptive capacity (CAVALCANTI, 2009;
METCALF & EDDY, 2014). The multiple-point methodology, proposed by Brunauer,
Emmett, and Teller, and hence known as BET, is a mathematical theory aimed at
describing the adsorption process and, consequently, enabling the determination of
specific surface area. The procedure for analyzing the surface area by the BET method
involves determining the volume of inert gas, usually nitrogen, physically adsorbed on
the sample's surface using an automatic analyzer containing a thermal conductivity
detector and a potentiometric recorder (BRUNAUER, EMMETT & TELLER, 1938). The
analysis proposed by Barrett-Joyner-Halenda, known as BJH, is used to determine
pore volume and meso- and micropore distribution. Applying the modified Kelvin
equation, BJH relates the amount of adsorbate removed from the adsorbent pores with
the decrease in relative pressure to the pore size (BARRETT, JOYNER & HALENDA,
1951).

e Jodine Number

The adsorption capacity of iodine from an aqueous solution, given in terms of iodine
number is used as a relative indicator of the porosity of activated carbon and can be a
non-generalized approximation of its surface area and values obtained by the BET

method. Due to its diameter smaller than 2 nm, iodine molecules can access the
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micropores of activated carbon, and its adsorption can predict the distribution of
micropores in activated carbon. The iodine number is given by the amount of iodine
adsorbed per gram of powdered activated carbon (mg/g) (ABNT, 1991a; ASTM, 1994).

e Surface Groups

Surface groups are the functional groups present on the surface of a substance and,
in the case of activated carbon used as an adsorbent, can influence its affinity for the
adsorbate. The presence of these surface groups can be detected by applying Fourier-
transform infrared spectroscopy (FTIR), a technique that assesses the interaction of
samples with infrared radiation. At different frequencies, the molecular structure of the
sample undergoes vibrations when absorbing part of the radiation. Thus, based on the
transmitted radiation at a specific frequency, it is possible to identify the functional
groups present in the analyzed material (O'REILLY & MOSHER; 1983; TUCUREANU,
MATEI & AVRAM, 2016).

e pH of zero point of charge

The pH of zero point of charge (pHzrc) is the pH value at which the surface of the
material has a neutral charge, that is, it is the balance point of the charges present on
the surface. In pHzpc, the surface of the activated carbon acts as a buffer and this is
another characteristic that may influence its affinity for the adsorbate, which may help
in the correct choice of adsorbent (FIOL & VILLAESCUSA, 2008; KOSMULSKI, 2011).

e Crystalline Structures

The analysis of the crystal structures of activated carbon allows the characterization of
the material as crystalline or amorphous. X-ray diffraction (XRD) is the technique
applied to analyze the crystal structures of materials and involves the incidence of X-
rays on the sample, followed by the diffraction of these rays depending on the
crystallinity of the material (IWASHITA et al., 2004; LIMA, 2006; NAPOLITANO et al.,
2007).

e Particle size

As a relevant factor in the efficiency of the adsorption process, the particle size of

activated carbon directly influences its contact with the adsorbate. The analysis of the
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distribution of carbon particles according to their size can be performed through sieve
granulometry. Using sieves with different openings, defined as mesh numbers and
standardized internationally, the carbon sample is classified in sizes inversely
proportional to the mesh numbers of the sieves (CORREIA & COUTO, 2018).

e Morphology

Information regarding the morphology of activated carbon particles can be obtained
through the scanning electron microscopy (SEM) technique. The principle of the SEM
microscope involves the interaction of a small-diameter, monochromatic electron beam
with the surface of the material under vacuum conditions, making microscopic
information of the sample visible to the human eye at magnifications of up to 300,000
times (DEDAVID, GOMES & MACHADO, 2007; VERNON-PARRY, 2000; ZHOU et al.,
2006).

When energy-dispersive X-ray spectroscopy (EDS or EDX) is coupled with scanning
electron microscopy, forming the system known as SEM/EDS, it is possible to perform
a semi-quantitative chemical analysis of the material, restricted to the surface of the
particles, thus providing an estimate of the concentration of the present chemical
elements (MESQUITA, 2016; SAMPAIO, 2010; VIEIRA et al., 2021).

e Bulk Density

Commonly used in fluid characterization, bulk density or apparent specific mass
applied to activated carbon can be inversely related to its porosity. In the case of
activated carbon applications in continuous adsorption beds, bulk density is associated
with the mass of the adsorbent and the bed volume (WORCH, 2012). The
determination of bulk density can be performed in the laboratory according to technical
standards such as NBR 12076/1991 - Powdered activated carbon: determination of
bulk density (ABNT,1991b).

e  Moisture Content

The moisture content of activated carbon is essentially the amount of water present in
the material. This property is critical when it comes to the use of activated carbon as

an adsorbent, as water can occupy the pores of the material and impair the efficiency
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of adsorption. The technical standard NBR 12077/1991 - Powdered activated carbon:
determination of moisture content from the Brazilian Association of Technical
Standards is an example of a procedure for determining the moisture content of
activated carbons in the laboratory using an oven and analytical balance (ABNT,
1991c).

e Volatile Materials Content

Volatile materials constitute the mass fraction of the material subject to volatilization
under heating. It is expected that the volatile materials content of activated carbon
produced via pyrolysis is minimal, as the raw material of the carbon has been
previously subjected to high temperatures, and these volatile compounds have been
expelled. The technical standard NBR 16587/2017 - Determination of volatile materials
content from the Brazilian Association of Technical Standards proposes the use of a
muffle furnace and analytical balance for the determination of volatile materials content
in carbon (ABNT, 2017a).

e Ash Content

Ash is the inorganic compound remaining from the burning of the material at high
temperatures, between 500 and 700 °C. In the laboratory, the ash content of activated
carbon can be obtained by following procedures described in technical standards, such
as NBR 16586/2017 - Test method for determining ash content from the Brazilian
Association of Technical Standards, in which organic compounds undergo combustion

in a muffle furnace, and inorganic compounds are oxidized (ABNT, 2017b).

e Fixed Carbon Content

In contrast to moisture and volatile materials, fixed carbon is not expelled from the
material upon heating in an inert atmosphere, as in pyrolysis. Quantifying the carbon
content of activated carbon is simple and is based on the difference between the total
mass and the sum of the masses relating to moisture, volatile materials, and ash in a

sample.
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e Mass Loss as a Function of Temperature

The variation in the mass of a material as a function of temperature is directly related
to its thermal stability. The thermogram, a graph consisting of the mass loss of the
material as a function of temperature and the derivative of this variation, obtained from
thermogravimetric analysis (TGA) of the sample under an inert atmosphere, makes it
possible to evaluate the thermal degradation process of activated carbon, as well as
validate the moisture, volatile materials, and fixed carbon contents obtained from
bench tests. Replacing the inert gas in the final stage of TGA with oxygen allows the
combustion of the sample and, thus, the ash content of the activated carbon can also
be determined (DENARI & CAVALHEIRO, 2012).
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CHAPTER 3 - MEMBRANE CHAR PRODUCTION AND
CHARACTERIZATION

3.1 LITERATURE REVIEW
3.1.1 PYROLYSIS

Pyrolysis, from the Greek pyrés and lysis which mean “breaking by fire”, is one of the
thermochemical routes for the degradation of organic materials, promoting the
cleavage of chemical bonds in organic chains by supplying energy in the form of heat
in equal amounts or greater than the energy of such bonds. Different from the
thermochemical process of combustion, pyrolysis takes place in an inert gaseous
atmosphere, under zero oxygen concentrations or in stoichiometric quantities below
what would be necessary for combustion to take place (AMER & ELWARDANY, 2020;
BASU, 2010; MOHAN, PITTMAN JR & STEELE, 2006; OLIVEIRA JR, 2016; VIDAL,
2017; ZANARDINI, 2019).

Two main types of reactions can take place during pyrolysis, primary reactions, and
secondary reactions. In primary reactions, usually elimination, subtraction, or addition,
the volatiles are expelled as phenols, carbohydrates, alcohols, aldehydes, ketones,
and carboxylic acids. Secondary reactions take place between the products of primary
reactions and produce more complex molecules, such as esters and polymers (AMER
& ELWARDANY, 2020; BASU, 2010; CANEVAROLO JR & SEBASTIAO, 2010;
OLIVEIRA JR, 2016; PAPUGA, GVERO & VUKIC, 2016; VIDAL, 2017).

Through these reactions, the raw material thermally decomposed by pyrolysis, initially
formed by complex hydrocarbons, has its calorific value and energy content enriched,
being converted into solid, liquid, and gaseous fractions, in various proportions. The
solid products can be given as the fixed carbon content while the sum of the liquid and
gas fractions constitute the content of the volatile materials. According to Basu (2010),
considering generic biomass as raw material, it is possible to summarize the pyrolysis

process according to the following reaction (EQUATION 3.1):

Heat
CpHy 0, = Z C+ Z C,H,0, + Z C,H,0, + Hy0 (3.1)

Solids Liquids Gases
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The gaseous fraction produced by pyrolysis is formed, in general, by the non-
condensable gases carbon monoxide, carbon dioxide, methane, and hydrogen and,
when obtained from biological materials, is called biogas. Due to their calorific value,
the main applications of these gases are in the production of thermal energy for the
pyrolysis reactor itself and as raw material in electricity-generating plants. The gaseous
fraction, consisting mainly of carbon monoxide and hydrogen, widely known as
synthesis gas, can also be used in the synthesis of methanol and ammonia (BASU,
2010; HAMAGUCHI, CARDOSO & VAKKILAINEN, 2012; VIDAL, 2017; ZANARDINI,
2019).

The liquid products are a mixture of up to 20% water with hydrocarbons, organic acids,
and alcohols derived from homogeneous reactions of condensable gases or vapors
produced in pyrolysis. Low molar mass acids and alcohols, such as acetic acid and
methanol, constitute the so-called volatile liquids, while low volatility liquids receive
different names such as tar, pyroligneous acid, bio-oil, pyrolysis oil, and wood oil,
among others. Tar has a dark color, in shades of brown to black, its elemental
composition is similar to the pyrolyzed raw material and can be used as an input in the
chemical industry, replacing up to 50% by mass of petrochemical phenol in the
production of phenolic resins, for example (BASU, 2010; HAMAGUCHI, CARDOSO &
VAKKILAINEN, 2012; MOHAN, PITTMAN JR & STEELE, 2006; OLIVEIRA JR, 2016;
ZANARDINI, 2019).

Finally, the solid fraction is the rustically porous residue resulting from the raw material
not being converted into gases or liquids. Composed mainly of carbon, this porous
solid product of pyrolysis is called char. Its applications include energy supply for
various industrial sectors, water/nutrient retention, and soil correction for agriculture,
contaminant removal as an adsorbent for water and wastewater treatment, and metal
extraction for the metallurgical industry. This solid fraction must have different
properties and is called charcoal, biochar, activated char, or coke, respectively, in each
of these applications (AMER & ELWARDANY, 2020; BASU, 2010; OLIVEIRA JR,
2016; ZANARDINI, 2019).

The relative yields and the characteristics of the pyrolysis products depend on the

parameters applied in the process and these operating conditions must be defined to
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maximize or minimize the fraction of interest. Several authors agree when pointing out
that the main factors that influence pyrolysis are: raw material, final or pyrolysis
temperature, heating rate, residence time in the reactor, type and operating pressure
of the reactor, use of catalyst and inert gas flow (AMER & ELWARDANY, 2020; BASU,
2010; GARCIA-NUNEZ et al., 2017; HAMAGUCHI, CARDOSO & VAKKILAINEN,
2012; IPPOLITO et al., 2020; LENG & HUANG, 2018; LU et al., 2011; MOHAN,
PITTMAN JR & STEELE, 2006; OLIVEIRA JR, 2016; PAPUGA, GVERO & VUKIC,
2016; VIDAL, 2017; ZANARDINI, 2019; ZHANG, LIU & LIU, 2015).

The different parameters involved in pyrolysis make the direct application to different
raw materials complex, as well as the comparison between processes. The literature
even reports disagreements regarding the definitions of the types of pyrolysis, from the
nomenclature given to the variant to the ranges of the operational parameters
considered in each of them (TABLE 3.1). In general, the final temperature, the heating

rate, and the residence time are the parameters used to define the pyrolysis variants.



Table 3.1 - Pyrolysis variants and their operational parameters by different authors
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Pyrolysis
Ref
ererence Slow Conventional Fast Other
Temperature: 300 - 500 Temperature: < 667 o Instant or flash
o o T : 577 - 977
c C emperature: S o c Temperature: 777 - 1027 °C

Zanadirni (2019)

Rate: < 4.8 °C/min
Time: > 60 min

Rate: 6 - 60 °C/min
Time: 7.5 - 9.5 min

Rate: 600 - 12000 °C/min
Time: 0.5-10s

Rate: 60000 °C/min
Time: <0.5s

Oliveira Jr (2016)

Temperature: < 600 °C
Rate: 20 - 100 °C/min
Time: -

Temperature: < 650 °C
Rate: 100 - 1000 °C/min
Time: -

Instant or flash
Temperature: 450 - 1000 °C
Rate: >1000 °C/min
Time: seconds

Hamaguchi,
Cardoso &
Vakkilainen (2012)

Temperature: 316 - 510
°C
Rate: -
Time: 30 s — 3.3 min

Temperature: 343 - 510 °C
Rate: -
Time:1-5s

Carbonization

Temperature: 357 °C
Rate: -
Time: days

Basu (2010)

(a) Carbonization
Temperature: 400 °C
Rate: very low
Time: days

(b) Conventional
Temperature: 600 °C
Rate: low
Time: 5- 30 min

Temperature: 500 °C
Rate: very high
Time: <2s

(a) Instant or flash (b) Ultrafast
Temperature: <650  Temperature: 1000
°C °C
Rate: high Rate: very high
Time:<1s Time: <05s

Mohan,

Pittman Jr & Steele
(2006)

Carbonization

Temperature: 400 °C
Rate: very low
Time: days

Temperature: 600 °C
Rate: low
Time: 5- 30 min

Temperature: 650 °C
Rate: very high
Time: 0.5-10s

Temperature: final temperature; Rate: heating rate; Time: residence time.
Source: The author herself
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Zanadirni (2019), in addition to slow, conventional, and fast pyrolysis, considered
instant or flash pyrolysis as another variant. Oliveira Jr (2016) placed slow and
conventional pyrolysis as a single variant, without considering residence times, and
cited instant pyrolysis as another type of pyrolysis. Hamaguchi, Cardoso & Vakkilainen
(2012) classified pyrolysis into slow and fast without considering heating rates and
cited carbonization as another variant. Basu (2010) divided slow pyrolysis into
carbonization and conventional pyrolysis, and, in addition to considering fast pyrolysis
as a variant, he also divided it into instant and ultra-fast. Mohan, Pittman Jr & Steele
(2006) associated slow pyrolysis with the term carbonization. Amer & Elwardany
(2020) were not included in Table 3.1, as they only mentioned pyrolysis as
carbonization, with a final temperature above 300 °C, high heating rate, and residence

time between 2 hours and several days.

Regarding the relative yields of the products in each pyrolysis variant, the relevant
literature points to the prevalence of solid products in slow pyrolysis and carbonization.
Approximate yields among solid, liquid, and gaseous products, of 35, 30 and 35%,
respectively, are expected in conventional pyrolysis. In fast and instantaneous
pyrolysis, however, liquid products are the majority, around 70%, followed by gases
and solids with approximate yields. In ultrafast pyrolysis, in turn, the majority production
of gaseous products is expected (AMER & ELWARDANY, 2020; BASU, 2010;
HAMAGUCHI, CARDOSO & VAKKILAINEN, 2012; MOHAN, PITTMAN JR & STEELE,
2006; OLIVEIRA JR, 2016; ZANARDINI, 2019).

An analysis of the average values of the operational parameters final temperature,
heating rate, and residence time, calculated from Table 3.1, and of the estimated yields
of the products (TABLE 3.2), allows raising some relationships between these
parameters and the yields in the variants of the pyrolysis process (BASU, 2010;
MOHAN, PITTMAN JR & STEELE, 2006; PAPUGA, GVERO & VUKIC, 2016; VIDAL,
2017; ZANARDINI, 2019):

= The occurrence of secondary reactions and the conversion of condensable vapors,
produced in the primary reactions, into char and non-condensable gases are

favored by longer residence times, on the order of hours and days.
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The term carbonization, used for slow pyrolysis, is commonly associated with

processes whose objective is the production of char.

Compared to combustion, conventional pyrolysis takes place at relatively low

temperatures, usually below 600 °C.

Temperatures above 600 °C increase the vibration of the molecules, favor the
breaking of chemical bonds in organic chains and, consequently, result in the
production of smaller molecules that constitute non-condensable and condensable

vapors.

The heating rate is significantly increased in fast and ultra-fast pyrolysis, from
around 40 °C/min to values above 200 °C/min, so that the final temperatures are
reached in minimum residence times, of the order of seconds, without the

occurrence of secondary reactions.

At temperatures above 600 °C and lower than the residence time, in the order of
seconds, a reduction in solid products and an increase in liquid and gaseous
products can be seen in fast and ultra-fast pyrolysis compared to slow and

conventional pyrolysis.

Table 3.2 - Main variants of pyrolysis, their average operational parameters, and the yields of
solid, liquid, and gaseous products

. Final . Residence .
Variant temperature Heating rate time Yield of products
Slow or 0 4D o i
Carbonization 423 °C 42 °C/min  Hours — days Mostly S
Conventional ~617 °C ~ 46 °C/min Minutes 35% S -30%L-35%G
Fastor Instantor 676 °c ~208°C/s  Seconds  15% S-70%L-15% G
Ultrafast ~ 1000 °C Very high <0.5s Mostly G

S: solids; L: liquids; G: gaseous

Source: The author herself

It is important to point out that the results presented in Table 3.2 corroborate the
nomenclatures, intervals, and relationships indicated by Basu (2010) for the pyrolysis

process.
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In addition to the operational parameters of final temperature, heating rate, and
residence time, the raw material's inherent characteristics and the pyrolysis reactor's

design also influence the pyrolysis products.

When the objective of pyrolysis is the production of char, the raw materials most used
are of plant origins, such as wood and agroforestry residues, and are known as
lignocellulosic biomass, a complex mixture of cellulose and hemicellulose polymers,
as well as lignin and other substances. When this solid is obtained from the pyrolysis
of this lignocellulosic biomass it is called just char and when the raw material is any
type of biological material, including lignocellulosic biomass, it is commonly called
biochar. Sewage sludge from water and effluent treatment and bovine bones from
refrigerating activities are other examples of raw materials used in the production of
biochar by pyrolysis. The use of industrial and urban solid waste, consisting mostly of
synthetic polymer mixtures, as raw material for pyrolysis is also possible, despite
adding some complexity to the process (IPPOLITO et al., 2020; LENG & HUANG,
2018).

The size or granulometry of the raw material particles also plays an important role in
the distribution of the pyrolysis products and the efficiency of the reaction, mainly due
to its influence on the heat transfer and, consequently, on the heating rate. In fast
pyrolysis, the raw material used generally has a low granulometry, below 1 mm, since,
in this way, the volatiles are expelled with less resistance, without suffering secondary
reactions of conversion into char and non-condensable gases, thus resulting in more
liquid products. The opposite happens in slow pyrolysis, in which larger particles are
usually used and secondary reactions are facilitated (BASU, 2010; HAMAGUCHI,
CARDOSO & VAKKILAINEN, 2012; IPPOLITO et al., 2020; LENG & HUANG, 2018;
VAN DE VELDEN et al., 2010).

The pyrolysis of wood, in large particles has been recorded in history since ancient
times and, initially, its only objective was the production of char, the first synthetic
material produced by humans for heating purposes. With the progress of civilization,
the other products of pyrolysis began to be collected in brick ovens and the ancient
Egyptians, for example, used tar to embalm their dead. In the 19th century, the

pyrolysis industry established itself for char and liquids production, and since then
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pyrolysis or pyrolytic reactors, or simply pyrolizers, have evolved in the search for
better adjustments of the operational parameters to meet the final product of interest
and allow increasingly satisfactory yields (AMER & ELWARDANY, 2020).

Inside a pyrolysis reactor chemical, thermodynamic, fluid transport, and heat and mass
transfer phenomena govern the decomposition of the raw material. If the pyrolysis
process is divided into stages according to the temperature, it is usually said that
pyrolytic reactors have zones where each stage takes place. The main stages of
pyrolysis are drying, pyrolysis, and cooling, with variable temperature boundaries and
the possibility of overlap between them, depending on characteristics such as the
granulometry of the raw material used. The reaction zones established along the
pyrolysis reactors receive the same nomenclature (AMER & ELWARDANY, 2020;
BASU, 2010).

In the drying step, the pyrolysis temperature reaches the evaporation temperature of
the water, close to 100 °C, mainly due to the transfer of heat by conduction from the
reactor walls to the raw material, and the free moisture present in the raw material is
released. Thus, raw materials with high moisture content, such as sewage sludge,
require a greater heat supply for converting water in the liquid phase to steam, and
pre-drying in the sun, for example, is recommended. Drying can continue up to
temperatures close to 200 °C, with heat being conducted into the raw material and
releasing bound water molecules and light gases such as CO and CO»,. Some authors
even subdivide drying into three stages, pre-drying, drying, and post-drying or initial
stage, in which the raw material is kept at a constant temperature and without suffering
degradation (AMER & ELWARDANY, 2020; BASU, 2010).

Above 300 °C, the thermal decomposition of the raw material begins, in the pyrolysis
itself, through the reactions described above. In primary pyrolysis, between 300 and
600 °C the primary reactions occur, and condensable and non-condensable gases are
produced, in addition to char. At temperatures that reach 1000 °C, the final stage of
pyrolysis takes place with the conversion of condensable gases produced in the
primary reactions into liquids and more char (AMER & ELWARDANY, 2020; BASU,
2010).
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Finally, in the cooling stage, it is important that the material produced, overheated,
does not get into contact with atmospheric oxygen, to prevent its ignition. Still isolated
inside the reactor, the pyrolysis products are cooled down to room temperature. The
heat released in this step can be used in the pre-drying process of the raw material
(AMER & ELWARDANY, 2020; BASU, 2010).

Pyrolysis reactors are mainly classified according to the equipment operating mode
and the raw material availability mode. The method of heat transfer (direct, indirect, or
microwave), the heat source (electric, gas, or biomass combustion), the operating
pressure, the material of construction (earth, brick, concrete, or steel), and the mobility
(stationary or portable) also vary among the different existing pyrolysis reactors (AMER
& ELWARDANY, 2020; BASU, 2010; LENG & HUANG, 2018; VAN DE VELDEN et al.,
2010).

In terms of the operating mode, the reactors are batch or continuous type. Despite the
constructive and operational simplicity, batch reactors usually generate non-
homogeneous solids in terms of quality. Precise temperature control can minimize this
disadvantage and prevent the occurrence of temperature gradients, irregular gas
circulation, and partial combustion, for example, inside batch reactors. On the other
hand, continuous reactors are more modern, focused mainly on producing gases and
liquids, and use mixing mechanisms, favoring the homogeneity and vyield of the
produced char. However, these reactors have more complex construction, operation,
and maintenance, requiring precise control of the residence time of the raw material
and the application of volatiles produced in the heating of the reactor itself, in addition
to the burning of part of the raw material to complement the supply of heat and
electrical energy to power the equipment's motors. The models of continuous pyrolysis
reactors most used are the drum and the rotating screw (AMER & ELWARDANY, 2020;
BASU, 2010).

Among the reactors operated in batches, how the raw material is available defines the
fixed bed and fluidized bed reactors. Fixed-bed reactors are traditional wood-fired coal-
making furnaces, initially made from earth and now improved by using steel and bricks
in construction. In these kilns, heat is provided exclusively by the partial burning of the

raw material, which is limited by the presence of small openings in the lower part of the
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kiln for air to enter and by the way the wood is stacked, thus preventing complete
combustion of the material. The control of the residence time in the ovens is based on
the color and density of the released gases (AMER & ELWARDANY, 2020; BASU,
2010).

In fluidized or moving bed reactors, heat is provided outside the bed, usually by burning
the pyrolysis gas itself, and the entry of inert gas into the reactor is responsible for bed
fluidization (FIGURE 3.1). In this type of reactor, there is good mass and heat transfer,
with thermal efficiency between 60 and 70%, and the residence times of the gaseous
products are shorter than the residence times of char. Fluidized bed reactors are the
most commonly chosen due to their versatility and attractive cost of deployment. In
fast pyrolysis, particles smaller than 5 mm, commonly used, must be added to fluidized
bed reactors, in shallow beds and/or high flows of inert gas, to reach minimum
residence times and obtain majority liquid products. The most well-known fluidized bed
reactors are the bubbling bed and the circulating bed, which differ especially in terms
of the degree of expansion of the bed and the superficial velocity of the inert gas
(BASU, 2010; GARCIA-NUNEZ et al, 2017; HAMAGUCHI, CARDOSO &
VAKKILAINEN, 2012).

Figure 3.1 - Fluidized bed pyrolysis reactor
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Source: Adapted from Basu (2010)
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Ultrafast pyrolysis requires high heat transfer to increase the heating rate, so a solid is
used in fluidized bed reactors, such as sand, as a heat carrier. From this, it becomes
necessary the existence a gas-solid separator in the reactors used in this type of
pyrolysis to separate the heat-carrying solids from the produced vapors. These solids
are heated in a separate reactor, where they are returned by the gas-solid separator,
and then returned to the pyrolizer carried by the inert gas in use (BASU, 2010;
GARCIA-NUNEZ et al., 2017; HAMAGUCHI, CARDOSO & VAKKILAINEN, 2012).

According to Garcia-Nunez et al. (2017), the designs and applications of pyrolysis
reactors have been rethought due to technical and operational issues, such as
difficulties in operating ultrafast pyrolysis reactors that use sand as a solid heat carrier
and refining oils produced with high levels of oxygen. Environmental issues involved
in the carbonization process, such as the release of pyrolysis gases into the
atmosphere, are also a point of attention in the design of pyrolizers. The supply of heat
in pyrolysis reactors in a more sustainable way, such as partial combustion of the raw
material itself and the use of solar energy, should also be prioritized to the detriment
of electrical energy (AMER & ELWARDANY, 2020).

Following the history of the pyrolysis industry, at the beginning of the 20" century, the
petroleum industry came up with cheaper products which led to a decline in the
application of pyrolysis. Only during the 1970s, with the oil crisis, was pyrolysis
reconsidered as a viable technology for reducing dependence on fossil fuels. In Brazil,
the main purpose of applying pyrolysis is the degradation of lignocellulosic biomass
aiming at producing char to supply energy in several industries, especially pig iron and
steel, one of the world's largest producers. The petrochemical industry also applies
pyrolysis in the carbonization of wood to obtain coke, in the reuse of shale and waste
tires, as well as in the treatment of other residues. The option of pyrolysis for the
treatment of industrial and urban solid waste has even been driven by the possibility
of using the products obtained in the process in other sectors. (BASU, 2010; GARCIA-
NUNEZ et al., 2017).

As a significant fraction of industrial and urban solid waste, polymer pyrolysis has been
investigated and can produce various hydrocarbons, with chains between 9 and 50

carbon atoms, since some polymers are cleaved into their monomers, while others
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produce random hydrocarbons of different molar masses. These hydrocarbons form
liquid and gaseous products of interest to the petrochemical industry, such as olefinic
gases, naphtha, fuel gases, oil fractions, coke, paraffin, and even synthetic fuel
(PAPUGA, GVERO & VUKIC, 2016; VIDAL, 2017; ZANARDINI, 2019). In the thermal
degradation of polymers, the supply of heat to equal or exceed the energy of the
carbon-carbon bonds of the polymer chain and to break these bonds must be high,
since polymers have low thermal conductivity. In this sense, the temperatures applied
in the pyrolysis of polymers are usually higher than for other materials (SPINACE &
DE PAOLI, 2005).

3.1.2 PVDF PYROLYSIS

The pyrolysis mechanism of polyvinylidene fluoride (PVDF) occurs through cross-
linking and branching processes of the polymer, which result in the formation of
polyunsaturated aliphatic compounds, called polyenes, fluoroaromatic compounds and
hydrogen fluoride molecules (FIGURE 3.2) (LEE & PARK, 2014).

Figure 3.2 - Possible mechanism of PVDF pyrolysis

Source: Lee & Park (2014)

The formation of pores in the solid material resulting from the PVDF pyrolysis occurs
when there is the release and elimination of the fluorinated functional groups of the
polymer carbon chain by thermal degradation (HONG et al., 2016; XU et al., 2010).
However, the high electronegativity of the fluorine atoms and the high energy of the C-
F bond in the polymeric chain, give PVDF a high thermal stability that implies the need
to apply higher pyrolysis temperatures than other polymers (DA COSTA, 2017).
According to Lee & Park (2014), the higher the pyrolysis temperature used, the greater
the carbonization degree of the PVDF.



79

As it is a microporous compound, the pyrolyzed PVDF gives rise to microporous chars
of up to 1.0 nm. Other surface characteristics of PVDF chars, interfere with the porosity
of the material, depending on the amount of fluorinated functional groups remaining in
the material structure (LEE & PARK, 2014).

The PVDF pyrolysis process has been investigated especially to produce adsorbents
and electrodes for supercapacitors (TABLE 3.3). Using pure PVDF or combined with
other compounds as precursors, research carried out from 2001 onwards made use of
furnaces with an inert gaseous atmosphere and different heating rates, final
temperatures, and residence times. The char activation step has been applied in some

works and will be discussed in Chapter 4.



Table 3.3 - Some papers on the pyrolysis of polyvinylidene fluoride (PVDF)
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Objective Precursor Gaseous Final Heating Res!dence Activation Reference
atmosphere temperature rate time
Electrodes for PVDF and Aromatic : o . Lee, Lee &
supercapacitors polyimide (PI) Nitrogen 800 °C i 30 min i Jung (2021)
PVDF and .
Electrodes'for Polytetrafluoroethylene N|trog3en' 900 °C 5 °C/min 2h - Son et al.
supercapacitors (PTFE) (300 cm?®/min) (2020)
. PVDF e ) o ) ) Vapor (5 mL/h) at Heo et al.
Adsorption of CO2 b2 crvionitrile (PAN) 900 °C 900 °C for 1 h (2018)
. 400, 500, 600, o . Hong et al.
Adsorption of CO:2 PVDF Argon and 800 °C 3 °C/min 1h - (2016)
. . 400, 500, 600, . Lee & Park
Adsorption of CO:2 PVDF Nitrogen and 700 °C 2 K/min 2h - (2014)
Comparison with
poly(vinylidene PVDF Nitrogen 009799, 80040 «G/min 1h i Xu et al. (2010)
chloride) (PVDC) char
Methylene blue
adsorption comparing . 3pons .
the use of fibers and PVDF (Sol\(l)'t:;%?:ﬂn) Se\%r&l) EeCIOW 2 °C/min - CO: S%OSSTC/ min) Ya;rln?zsgg?)et
films with and without )

dehydrofluorination

Source: The author herself
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Yamashita et al. (2001) aimed to evaluate methylene blue adsorption by comparing
the use of PVDF fibers and films with and without dehydrofluorination. The authors
heated the raw material at a rate of 2 °C/min to the desired temperatures, below 1300
°C, in a nitrogen atmosphere. Finally, CO2 at 500 cm3/min and 850 °C was used to
activate the pyrolyzed material. The film of activated char produced reached an
adsorption capacity of 538 mg/g for methylene blue. The presence of pores was not
observed in the chars produced below 300 °C and the increase in pore size with
increasing pyrolysis temperature from 400 °C was small. Furthermore, the chars
produced from PVDF without dehydrofluorination showed larger pores due to fluorine
released during pyrolysis. The degree of dehydrofluorination inversely influenced the

pore size, varying between 0.3 and 2.3 nm.

Just like Yamashita et al. (2001), Heo et al. (2018) activated the pyrolyzed material.
However, steam at 900 °C and 5 mL/h for 60 min and a pressure of 1.2 bar was used.
The porous char obtained from the polyacrylonitrile (PAN) and PVDF hybrid composite
was applied as an adsorbent in CO capture, showing a reversible and satisfactory

capture performance of 2.21% by weight.

Hong et al. (2016) also pyrolyzed PVDF to produce an adsorbent for CO2 removal.
This work used temperatures of 400, 500, 600, and 800 °C, at a heating rate of 3
°C/min, and an argon atmosphere for 1 hour. Pyrolysis at 800 °C allowed the complete
carbonization of the material and the obtainment of a predominantly microporous char,
below 0.7 mm, with a surface area of 1011 m?/g, pore volume of 0.416 cm?®/g and CO-
adsorption capacity of 3.59 mol/kg at 25 °C. Surface area and total pore volumes
increased with pyrolysis temperature up to 600 °C. At 800 °C, a small increase in the
surface area and a small reduction in the total pore volume of the produced char were

observed.

With a similar objective to Heo et al. (2018) and Hong et al. (2016), Lee & Park (2014)
carried out the pyrolysis of PVDF at various temperatures (400, 500, 600, and 700 °C)
maintained for 2 hours. A 2 K/min flow of ultrapure nitrogen gas was applied to obtain
the inert atmosphere inside the reactor. In this way, an adsorptive capacity of 155 mg/g
for CO2 was reached by the adsorbent produced at 600 °C. The char produced at 400

°C had a surface area almost four times smaller than the others, possibly because
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most fluorine or hydrogen fluoride molecules were not expelled from the carbon chain
during pyrolysis at that temperature. With the increase of the pyrolysis temperature up
to 600 °C, the release and elimination of these molecules happen completely and the
surface area and the total, micro and mesopores volumes of the produced chars
increased. However, according to the authors, these properties decreased in pyrolysis
at 700 °C, possibly due to the collapse of micropores, by the disorderly release of

fluorine and hydrogen fluoride molecules.

Lee, Lee & Jung (2021) and Son et al. (2020) aimed to prepare electrodes for
supercapacitors with high energy storage performance, differing from each other by
the precursors used in combination with PVDF, aromatic polyimide (PI) and

polytetrafluoroethylene (PTFE), respectively.

PVDF was also used to prepare char by pyrolysis in the research by Xu et al. (2010),
to compare it with char produced from poly (vinylidene chloride) (PVDC). Under a
nitrogen atmosphere and a heating rate of 10 °C/min, the PVDF was subjected to
temperatures between 600 and 900 °C for 1 hour. With a yield of about 35%, the PVDF
char had a pore size of 0.55 mm, a pore volume of 0.41 cm?3/g, and a surface area of
1012 m?/g, comparable to the characteristics of char. commercial activated. All these

characteristics were independent of the pyrolysis temperature used.

Knowledge of the material’s inherent characteristics to be subjected to pyrolysis is
essential for defining the appropriate operating conditions, directly influencing the
properties of the char produced. In this sense, carrying out a stage of characterization
of the raw material before pyrolysis is necessary, especially when it comes to waste,

since the previous use of the material may have modified its initial characteristics.

3.1.3 POLYMER CHARACTERIZATION TECHNIQUES

For the characterization of polymers, among several techniques reported in the
literature, the most common are Fourier-transform Infrared Spectrometry (FTIR),
Scanning Electron Microscopy (SEM), and Thermogravimetric Analysis (TGA). Such
techniques allow knowing the material's surface constituents, morphology, and mass

loss with temperature. Thermogravimetric analysis is essential for pyrolysis planning
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as it helps to understand polymer degradation with temperature variation. The infrared
analysis indicates, qualitatively estimating, the crystalline structure of polymorphic
polymers. In the case of PVDF, the existence of a crystalline phases can be indicated
by exclusive absorption bands. In contrast, the y phases have overlapping bands with
the B phases that compromise their distinction (CANEVAROLO JR & SEBASTIAO,
2004; CUl et al., 2015).

In the studies on PVDF pyrolysis shown in Table 3.3, the raw material characterization
stage was carried out in differently by the authors, not being mentioned in the papers
for some of them. Xu et al. (2010) performed a TGA analysis of PVDF, which showed
a dramatic mass loss between 400 and 600 °C and determined the minimum pyrolysis
temperature of 600 °C to be used. The decomposition peak of PVDF at 462 °C, much
higher than PVDC at 246 °C, corroborates the greater thermal stability of fluorinated

polymers.

Yamashita et al. (2001) used FT-IR, elemental analysis, X-ray diffraction (XRD), and
small angle X-ray scattering (SAXS) to characterize the PVDF used as a precursor.
Infrared absorption bands at 490, 610, 760, 840, 970, 1070, and 1400 cm-' were
observed in the PVDF sample. The mass fractions of hydrogen, carbon, nitrogen, and
fluorine were determined, as well as the crystalline and general structures of the

material.

Hong et al. (2016) applied TGA and FT-IR analyses in the characterization of PVDF,
which showed the occurrence of degradation from 400 to 800 °C, with a considerable
decrease in mass at approximately 418 °C, and the existence of a and 3 crystalline
phases in the structure of the PVDF used as a precursor in pyrolysis. X-ray
photoelectron spectroscopy (XPS) was also used and allowed the identification and
quantification of 60.7% of fluorine among the chemical elements present on the surface
of PVDF.

As presented in this theoretical framework, based on exploratory research, the
pyrolysis of PVDF fibers originating from discarded ultrafiltration membranes,
regardless of the proposed application for the produced char, has not been identified
in the relevant literature. Thus, the works discussed above (TABLE 3.2 and TABLE
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3.3) were used as a reference for developing the membrane char (MC) production

stage of this research.

3.1.4 PVDF CHAR CHARACTERIZATION

The characterization of char produced via the pyrolysis of pure PVDF was conducted
by Lee & Park (2014), Hong et al. (2016), Yamashita et al. (2001), and Xu et al. (2010).

Lee & Park (2014) characterized the carbon produced via pyrolysis for CO2 adsorbent
application. X-ray photoelectron spectroscopy (XPS) was used to investigate the
chemical elements on the carbon's surface quantitatively. The authors also employed

X-ray diffraction (XRD) and BET techniques in the characterization stage.

Also aiming to produce an adsorbent for CO2 removal, Hong et al. (2016) applied two
microscopy techniques, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), which allow analysis of the surface and interior of the
sample, respectively. The Raman spectroscopy used by the authors allows for
checking the existence of surface groups on the activated carbon in more detail than
Fourier-transform infrared (FTIR) spectroscopy, which was also performed. The
authors further characterized the obtained carbon through XPS, BET, XRD, and TGA.

Yamashita et al. (2001), investigating the adsorption of methylene blue using PVDF
with and without dehydrofluorination, performed the elemental analysis of the fibers
and dehydrofluorinated films produced to determine the mass fractions of hydrogen,
carbon, nitrogen, fluorine, and oxygen. In addition to the more common techniques of
FTIR and BET, the authors also used techniques such as differential scanning
calorimetry (DSC), wide-angle X-ray diffraction (WAXD), and small-angle X-ray
scattering (SAXS).

Intending to compare PVDF-derived charcoal with charcoal produced from
poly(vinylidene chloride) (PVDC), Xu et al. (2010) only applied the BET method for the

characterization of the produced char.
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3.2 MATERIAL AND METHODS
3.2.1 OBTAINING AND PREPARING PVDF FIBERS

The present study used a Suez® ZW500 ultrafiltration membrane module, in a hollow
fiber configuration, discarded by an oil refinery (FIGURE 3.3). At the refinery, the
membrane module operated with biological sludge, in a membrane bioreactor (MBR)

system, receiving the raw effluent from the refinery after removing oils and grease.

Figure 3.3 - Ultrafiltration (UF) membrane module discarded by the refinery
i o1 ' R T

Sorce: '?f]e author heself
The PVDF fibers were donated by the refinery already separated from the structural
part of the membrane module, made of polyvinyl chloride (PVC), totaling about 11.5
kg of material of interest (FIGURE 3.4a). For cleaning, the fibers were washed twice in
water and then keptin a 500 ppm sodium hypochlorite solution for 15 minutes (FIGURE
3.4b), following the supplier's guidelines for a maximum temperature of 40 °C, pH
between 2 and 10.5 and a maximum Cl> concentration of 1000 ppm (SUEZ, 2021).
Cleaning is necessary to remove the biomass retained in the fibers during their
application in the BRM system. Then, the fibers were rinsed in running water and left
at room temperature to dry for 48 hours (FIGURE 3.4c). Finally, the dry fibers'
fragmentation into pieces of approximately 3 cm was carried out manually using a
cleaver on a rigid surface (FIGURE 3.4d).
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Figure 3.4 - Steps for cleaning and fi

ragmenting PVDF fibers

—

Source: The author herself

Representative samples of the PVDF fibers to be used in the characterization and
pyrolysis tests were taken from a larger volume of fibers using quartering on a rigid,
clean, and flat surface (FIGURE 3.5) according to the technical standard for reducing
the field sample for laboratory tests (ABNT, 2001).

Figure 3.5 - Quartering on a rigid, clean, and flat surface

Source: ABNT (2001)

3.2.2 IODINE NUMBER DETERMINATION

The char produced from the pyrolysis of PVDF fibers for use as an adsorbent, called
membrane char (MC) was evaluated by the iodine number parameter. The adsorption
of iodine from an aqueous solution is used as a relative indicator of the porosity of the
char, which may be a non-generalized approximation of the adsorbent surface area,

since factors such as the raw material and the pore volume distribution of the char
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influence this characteristic. The iodine number is given by the amount of iodine
adsorbed per gram of powdered char (mg/g) (ABNT, 1991; ASTM, 1994).

The methodology applied to determine the iodine number of char samples (APPENDIX
A) was adapted from the procedures described in NBR 12073/1991 and ASTM
D4607/1994 (ABNT, 1991; ASTM, 1994; DE SOUZA, 2022). In the experimental
design and validation tests, the iodine number determination methodology described
in APPENDIX A was modified for samples of 0.5 g of char and iodine solution and
sodium thiosulfate titrant solution with a concentration of 0.05 N to reduce the
consumption of reagents in these steps, without damage to the results obtained. The
iodine number of CABOT's commercial activated char NORIT® GAC 1240W, a
conventional activated char, was also determined to methodology validate and for
comparison to membrane char (MC) (CABOT, 2009).

3.2.3 EXPERIMENTAL DESIGN

A central composite design (CCD) of experiments was used to evaluate the effects of
the independent variables final temperature (T) and residence time (t) on the iodine
number (dependent variable) of the membrane char (MC). The CCD was performed in
2 levels and 2 factors (22), generating a total of 13 tests, divided into 5 central points,
4 cubic points, and 4 axial points. The levels to be evaluated for the T and t factors

were defined based on:

The obijective of this study is to obtain char as the major product of pyrolysis for

use as an adsorbent: slow and conventional pyrolysis (TABLE 3.2).

» |n the operational parameters applied in previous works on PVDF pyrolysis
(TABLE 3.3).

= In the result of the evaluation of mass loss with the temperature of the PVDF
fibers through thermogravimetric analysis (TGA) (SECTION 3.3.5).

= Within the operating limits of the reactor used: maximum final temperature of

600 °C and no heating rate control.
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The conditions of the independent variables T and t for the axial (levels —v2 and v2),
cubic (levels -1 and +1), and central (level 0) points of the CCD are shown in Table
3.4.

Table 3.4 - Experimental conditions of final temperature (T) and residence time (t) for the axial,
cubic, and central points

] Levels
Independent variables _Vz 1 0 " Nz
T (°C) 400 429 500 571 600
t (min) 30 52 105 158 180

3.2.4 MEMBRANE CHAR (MC) PREPARATION

The pyrolysis of the previously cleaned and fragmented PVDF fibers was carried out
on a laboratory scale using a fluidized bed stainless steel tubular reactor, with an
approximate capacity of 750 cm?® (FIGURE 3.6a). A ceramic crucible was used as a
support inside the reactor to avoid dispersion and facilitate material removal after
pyrolysis (FIGURE 3.6b). The reactor was placed inside a vertical electric furnace with
a stainless-steel outer casing, an insulating and refractory inner lining where the
electrical resistances are located, supplied with nitrogen gas, and coupled to an air
extractor (FIGURE 3.6c¢).
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Figure 3.6 - Pyrolysis system with the tubular reactor, the ceramic crucible, and the electric
furnace

Source: The author herself

In each test, about 8 g of PVDF fibers were added to the pyrolysis reactor, which was
heated to the final temperature to be evaluated. After reaching the final temperature,
the reactor remained heated during the residence time related to the test condition.
Afterward, the furnace was turned off and the tubular reactor was removed to cool
naturally to room temperature. After cooling, the reactor was opened and the ceramic
crucible containing the char was removed. The membrane char (MC) produced was
weighed on a Shimadzu analytical balance (AY220) and reserved for iodine number
analysis. Due to control restrictions of the reactor used, the heating rate and the
nitrogen flow were only monitored during the tests, with average values of 19.9+3.2
°C/min and 1.0£0.3 L/min, respectively. The volatile products of pyrolysis were not
collected, since the object of interest in this work is the solid product, char. However,

the fractions of liquids and gases can be obtained by mass balance.

The operating conditions used in each test performed according to the experimental
design (SECTION 3.2.3) are presented in Table 3.5.
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Table 3.5 - Operating conditions used in pyrolysis tests

Final Residence
Test temperature time
(°C) (min)
1 429 52
2 571 52
3 429 158
4 571 158
5 400 105
6 600 105
7 500 30
8 500 180
9 500 105
10 500 105
1 500 105
12 500 105
13 500 105

The membrane char (MC) yield in each pyrolysis test was calculated by dividing the
mass of PVDF fibers placed in the reactor by the mass of char obtained, multiplied by
100.

To remove the fines adhered to the surface of the particles, the samples were washed
four times with distilled water, in a 250:1 ratio (grams of char:liters of distilled water).
Finally, the adsorbents obtained were dried in a Biobase oven (BJPX - Spring) at 120

°C for 2 hours.

3.2.5 PROCESS OPTIMIZATION

ANOVA analysis was conducted to assess the appropriateness of the obtained model
for iodine number, with a 95% confidence interval, and the experimental data were
analyzed via the response surface method (RSM) using Minitab 18®. To maximize the
response, the Generalized Reduced Gradient (GRG) optimization method was applied
by iterative numerical methods on Microsoft Excel Solver®. According to the obtained
model, the optimal values of the factors were predicted. The Power and Sample Size
tool was used to determine the number of runs needed to validate the optimized

conditions, with an acceptable power of 0.8, normally sufficient for engineering
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experiments. Validation tests were performed under optimized conditions, and the
One-Sample T-Test was applied to compare the iodine number average obtained to
the predicted by the optimization. The Power and Sample Size tool and the One-

Sample T-Test were performed via Minitab 18®.

3.2.6 MC CHARACTERIZATION STUDIES

Thermogravimetric analysis (TGA) of PVDF fiber and MC was performed on a
NETZSCH TG thermal analyzer at a heating rate of 5 °C/min. The functional groups of
PVDF and MC samples were studied using Fourier transform infrared spectroscopy
(FTIR) on a JASCO FTIR 4600 Japan. The moisture content of the PVDF fibers was
determined according to the ASTM D6980/2017 procedure (AHMAD et al., 2023). The
surface area, pore size, and pore volume were obtained from the N2 adsorption-
desorption isotherm data obtained by Tristar® Il Plus. The crystalline structure of the
MC was evaluated using X-ray powder diffraction (XRD) analysis on a diffractometer
(Shimadzu, LabX XRD-6100) with Cu-Ka monochromatic radiation wavelength (A) of
1.5405 A, accelerating voltage of 40 kV, and 30 mA current, from 3 to 35° on the 26
angle. The structural features of PVDF and MC samples were characterized by Raman
spectroscopy (LabRam ARAMIS IR2). The surface morphology and elemental
distribution of the PVDF fiber and MC were studied by scanning electron microscope
with integrated energy dispersive X-ray spectroscopy (SEM-EDS) on a Schottky FE-
SEM/JEOL 7900 JSM-F.

3.2.7 MC COST EVALUATION

The cost estimation for MC production was determined using Equation 3.2, including
the sum of feedstock/reagents expenses (Cwmateriais) and the sum of energy consumption
costs (Cenergy) (MAGED et al., 2023a).

Total cost = Z Cymateriais T Z CEnergy (3:2)

The price of the discarded PVDF ultrafiltration membranes is neglected (free) and

sodium hypochloride was the only reagent used during the synthesis process. The
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energy consumption cost of the MC production was calculated via Equation 3.3 for
each electrical equipment used (MAGED et al., 2023b). The energy cost per kilowatt-
hour (kWh) was calculated based on the average electricity rate (0.05 €/kWh).

CEnergy - PD.L.T. CC (3.3)

where, Cenergy is the energy cost (€), Pp is the consumed power by each device (kW),
L is the device factor load (0.5 for half-operation mode and 1.0 for full-operation mode),

T is the operated time (h), and Cc is the energy price (€/kWh).

3.3 RESULTS AND DISCUSSION
3.3.1 OBTAINMENT AND PREPARATION OF PVDF FIBERS
e Disassembly of the membrane module

The initial step of preparing the PVDF fibers was carried out by the oil refinery that
provided the material, bringing up a relevant discussion on polymer recycling. The
PVDF fibers were donated by the refinery already separated from the structural part of
the membrane module. The polyvinyl chloride (PVC) residues from that structural part
were sent to landfill by the refinery itself. Sending these residues for recycling, whose
conventional processing includes screening, fragmentation, washing, drying,
agglutination, and extrusion steps, could be a more sustainable alternative. Recycled
PVC, among other applications, could be used in electrical conduits and low-pressure
tubes, for example (PIVA, BAHIENSE NETO & WIEBECK, 1999).

The modification of physicochemical properties of the polymeric residues, that is, their
recycling, aims at transforming these polymers into inputs or new products, and must
be carried out following the definitions of Decree-Law No. 12,305, of August 2, 2010,
on the National Solid Waste Policy (DE OLIVEIRA NETO, 2015; BRASIL, 2010).

The polymer recycling process can be classified into four main categories. Primary
recycling consists of reintroducing the residue, generally made up of trimmings from
the process itself and which are essentially clean, into the extrusion cycle, resulting in

products with characteristics similar to those produced from virgin polymers.



93

Secondary recycling, mechanical as well as primary, applies to homogeneous and
clean waste that, after its original application and from an initial shredding stage,
originates new polymeric materials, qualitatively inferior. The third category, called
tertiary or chemical recycling, provides the production of monomeric molecules, whose
application is common in the petrochemical industry, through the depolymerization or
degradation of the polymer chains of the waste, including non-homogeneous ones.
Finally, quaternary or energy recycling is the process of recovering energy from
polymeric waste, homogeneous or mixed, thermally processed, by incineration,
pyrolysis, gasification, or catalytic conversion (LAWLER et al., 2012; DE OLIVEIRA
NETO, 2015; SPINACE & DE PAOLI, 2005).

The present study aims to take advantage of only one of the by-products generated in
the disassembly of the ultrafiltration membrane modules, the PVDF fibers, since the
applicability of each component of the membrane module to the thermal processing of
the quaternary recycling of polymers with the objective of char production must be
analyzed separately, mainly about the carbon content of the component (LAWLER et
al., 2012; SPINACE & DE PAOLI, 2005).

e Fragmentation of PVDF fibers

The search for tools capable of performing the fragmentation, or size reduction, of
PVDF fibers was a challenge for the sequence of the present work. Fragmentation is
essential for pyrolysis to occur homogeneously and efficiently, due to the influence of
the particle size of the raw material in the process (GARCIA-NUNEZ et al., 2017).
However, recognized for its high mechanical strength compared to other
thermoplastics, PVDF as fibers proved to be quite resistant to being fragmented, as
reported in the literature (DROBNY, 2009; MANO et al., 2003; ESTERLY, 2002;
ALCHIKH, FOND & FRERE, 2010).

The fragmentation of materials occurs through the application of brute force, which can
be pressure, impact, abrasion, or cutting, depending on the physical properties of the
material. The most commercially used equipment, including in recycling processes, for
fragmenting polymers are knife and hammer rotor mills (FERNANDES, 2014; RIBEIRO
& ABRANTES, 2001).
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For the fragmentation step of the PVDF fibers, the present study evaluated different
methods. A knife mill was tested for fragmenting the PVDF fibers, but the material was
crushed and not cut by the equipment. A paper shredder machine in an association of
recyclable collectors was also evaluated. However, as it is a rotating machine, the long
PVDF fibers wound around the equipment shaft, and cutting the material was not
possible. A paper guillotine for the fragmentation of PVDF fibers showed a good result,
however, the large volume of material being processed soon impaired the cutting
capacity of the equipment blade. Manual cutting of the PVDF fibers using different
types of scissors was also considered, but the material was also crushed by the blades
and not cut. Finally, the fragmentation of the PVDF fibers was achieved manually,
using a cleaver on a rigid surface and friction movements, requiring physical and

repetitive effort.

Therefore, for future scaling of this stage of the PVDF fibers preparation process, a
broader investigation of fragmentation techniques would be necessary. The use of
cryogenics and a reassessment of the equipment tested in this research may be a

viable alternative.

3.3.2 EFFECT OF FINAL TEMPERATURE AND RESIDENCE TIME

The results of the obtained iodine number and MC yield in the experimental design are
presented in Table 3.6. The effect of final temperature and residence time, separately,
through the median iodine number of the runs carried out at the same level for each
factor is represented in Figure 3.7. The highest levels of final temperature (571, 571,
and 600 °C), applied in runs 2, 4, and 6, provided the highest iodine numbers of 88.24,
102.11, and 72.60 mg/g, respectively. These results suggest that higher temperatures
produce MC with better iodine adsorption performance. However, the iodine number
of 72.60 mg/g obtained at 600 °C was lower than the one obtained at 571 °C (88.24
and 102.11 mg/g). A similar observation for the surface area reduction was reported
for pure PVDF pyrolysis at 700 °C (LEE & PARK, 2014). This may be related to a
temperature limitation beyond which the pore structure of the char was impaired by the
collapse of micropores, which, in turn, occurs due to the disorderly release of fluorine

and hydrogen fluoride molecules.
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Table 3.6 - lodine number and process yield in membrane char (MC) production

Final Residence lodine Yield
Test temperature time number .

(°C) (min) (mglg) (%)
1 429 52 0.00 68.7
2 571 52 88.24 28.6
3 429 158 12.70 32.4
4 571 158 102.11 28.4
5 400 105 0.00 53.9
6 600 105 72.60 30.7
7 500 30 7.36 32.2
8 500 180 20.17 30.6
9 500 105 28.75 37.2
10 500 105 26.47 32.2
1 500 105 26.96 32.6
12 500 105 24.16 28.1
13 500 105 25.57 31.0

Figure 3.7 - The median iodine number of the runs carried out under the same level for (a) final
temperature (green columns) and (b) residence time (red columns)
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On the other hand, when the lowest levels of final temperature (429 °C and 400 °C)
were evaluated, in runs 1 and 5, no removal of iodine was noted by the MC produced,
with iodine number responses equal to zero mg/g. However, in run 3, under the same
final temperature of 429 °C, the iodine number was 12.70 mg/g, probably due to partial

compensation for the longer residence time of 158 min applied. It was not possible to
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visualize a relationship between the residence time and the iodine number, pointing to

a low influence of this factor on the MC ability for iodine adsorption.

Regarding the MC yield (TABLE 3.6), outliers of 68.7% and 53.9% were observed in
run 1 (429 °C; 52 min) and run 5 (400 °C; 105 min), respectively. This might be because
the applied conditions were insufficient to expel the fluorine/hydrogen fluoride
molecules from the carbon chain and, consequently, did not provide porosity to the
solid product. Furthermore, the findings were supported by the iodine numbers which
were equal to zero mg/g (LEE & PARK, 2014). Excluding these outliers, the average
yield in the experimental design runs was 31.3+2.6%. This value meets the
expectations due to the theoretical carbon content of 37.5% of the PVDF monomer,
the vinylidene fluoride, and the final temperature and residence time applied, which
favored approximate yields between solid, liquid, and gaseous products (BASU, 2010;
MOHAN, PITTMAN JR & STEELE, 2006).

3.3.3 PROCESS OPTIMIZATION

A factorial analysis, considering the cubic and central levels (-1, 0, and +1), allowed
verifying the presence of curvature in the model by the p-value equal to 0.001 for a
confidence interval of 95%. Thus, it is suggested that at least one of the factors has a
curved relationship with the iodine number, and the RSM is applicable. The Main
Effects graph of the factorial analysis (FIGURE 3.8) confirms the presence of curvature
through the central point (zero) outside the effect lines drawn by the cubic points (-1

and +1) of final temperature and residence time.
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Figure 3.8 - Main effects of final temperature and residence time on iodine number in the
factorial analysis
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A quadratic model (EQUATION 3.4) was generated by modeling the experimental data

with an R-squared of 0.8430, pointing out that the model can explain 84.3% of the

iodine number variability.

IN =338—1.77xT + 0.06 X t + 0.00226 X T? 4+ 0.00004 x t?
+ 0.00008 X T x t (3.4)

where IN is the iodine number (mg/g), T is final temperature (°C), and t is residence

time (min).

Table 3.7 displays the regression coefficients. By the positive values of regression
coefficients, it can be concluded that the iodine number increases when the factors
increase. The factor of utmost significance is the final temperature (T), as indicated by
its highest regression coefficient value. In contrast, the residence time (t), the quadratic
terms (TT and tt), and the interaction between the two factors (Tt) demonstrate weak

effects.



Table 3.7 - Coefficients of model terms on the iodine number response

Term Coefficient
T 35.0397
T 5.5861
T*T 11.3901
t*t 0.1239
T*t 0.2939

98

Linear factors: final temperature (T) and residence time (t); Quadratic interactions: T*T and t*;

Interaction between 2 factors: T*t.

The analysis of variance (ANOVA) table (TABLE 3.8), generated from the CCD, was

used to assess the significance of the independent variables, T and t, for the dependent

variable iodine number of MC produced.

Table 3.8 - Analysis of variance (ANOVA) for the iodine number of membrane char (MC)

produced
Source DF SS (Adj.) MS (Adj.) t-value P-value
Model 5 109879 2197.57 7.51 0.010
Linear 2 100719 5035.94 17.22 0.002
T 1 9822.2 9822.24  33.59 0.001
T 1 249.6 249.63 0.85 0.386
Quadratic 2 915.6 457.82 1.57 0.274
T*T 1 902.5 902.51 3.09 0.122
t*t 1 0.1 0.11 0.00 0.985
Interaction between 2 factors 1 0.3 0.35 0.00 0.974
T*t 1 0.3 0.35 0.00 0.974
Error 7 20471 292.44
Lack-of-fit 3 2035.5 678.51 235.12  0.000
Pure error 4 11.5 2.89 * *
Total 12 13034.9

DF: degrees of freedom; SS (Ad;.): adjusted sum of squares; MS (Ad].): adjusted mean square.

To be significant, an independent variable needs to reject the null hypothesis (Ho: p-

value > a). Table 3.8 showed that a p-value below 0.05 and a t-value above the

calculated critical t-value, represented in the Pareto diagram (FIGURE 3.9), were

obtained only for the final temperature (T), indicating that just this term is significant for

the iodine number of MC, with a 95% confidence level (a = 0.05). The terms residence

time (t), quadratics (TT and tt), and interaction between the two factors (Tt) have no

significant effect on the iodine number. These analyses complement the discussion

about the impact of the factors, confirming statistically that there is no significant impact

of residence time (t) on the iodine number of MC produced under the evaluated

conditions.



Figure 3.9 - Pareto diagram of standardized effects of model terms on iodine number
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Figure 3.10 exhibits the Response Surface plot of the iodine number by the final

temperature and the residence time. The existence of a maximum region of iodine

number corroborates with effect analyses (SECTION 3.3.2) that at higher final

temperatures, independent of the residence time, was achieved a better performance

of PVDF pyrolysis, in terms of the iodine number. Within the evaluated levels, it was

not possible to identify a statistically significant effect of the residence time on the

iodine number. However, Figure 3.10 illustrates the inclination on the surface on the

residence time axis, especially at higher final temperatures, showing that different

iodine numbers can be obtained depending on the residence time applied. In this

sense, the residence time was maintained in the model to be optimized with the final

temperature.
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Figure 3.10 - Three-dimensional responses with Overlaid Contour plot of iodine number
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To maximize the iodine number, the Generalized Reduced Gradient (GRG)
optimization method generated optimal values of final temperature and residence time.
Table 3.9 shows the optimal value of both factors and predicted and obtained
responses of iodine number at these conditions. The region between the dashed and
solid blue lines in the response surface plot (FIGURE 3.10) shows the viable region
represented by the generated model. The optimized pyrolysis conditions are in this
region as necessary and feasible. Four repetitions were conducted to confirm the
optimization of MC preparation under optimal conditions. The difference between
predicted and obtained values of iodine number is negligible (p-value equal to 0.25),

indicating the validity of the optimization.
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Table 3.9 - Operational conditions and iodine number predicted by optimization and iodine
numbers observed in validation tests

lodine number

Final temperature Residence time

/

°C) (min) __ (mgla)
Predict Observed
94.81
84.95

4 111 7.4

%8 87.49 92.32
89.87

Finally, the operating conditions of T = 584 °C and t = 111 min can be considered
optimal for a 95% confidence interval (a = 0.05) with a calculated p-value equal to 0.25,
thus rejecting the null hypothesis (Ho: p-value < a), being possible to reach values

close to 87.49 mg/g for the iodine number of the MC.

3.3.4 IODINE NUMBER

The methodology applied to determine the iodine number, using 1 g of char and 0.1 N
iodine solution and sodium thiosulfate titrant solution, was validated from the value of
928.85 mg/g obtained for the commercial activated carbon NORIT® GAC 1240W from
CABOT, a result close to the one reported by the supplier of 950 mg/g (CABOT, 2009).
However, it is important to point out that the accuracy of the standard procedures NBR
12073/1991 and ASTM D4607/1994 is attested only for iodine numbers between 600
and 1450 mg/g (ABNT, 1991; ASTM, 1994; ATTRI et al., 2022). Therefore, the iodine
number was used in this work as a relative indicator of porosity and as an
approximation of the surface area of the MC. Moreover, the obtained MC demonstrated
an iodine number of 242.35 mg/g under the optimized conditions. This value can be
considered an approximation of the optimal surface area of MC. Being applied the “full”
concentrations (1 g of char and 0.1 N iodine solution and sodium thiosulfate titrant

solution) to validate the methodology and obtain the “full” iodine number.
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3.3.5 MC CHARACTERIZATION STUDIES
e Thermogravimetric (TG-DTG) analysis

Figure 3.11 illustrates TG-DTG analysis for the discarded PVDF fibers and obtained
char MC to investigate their thermal behavior/stability, degradation kinetics, and

decomposition characteristics.

Figure 3.11 - TG/DTG curves of (a) PVDF and (b) MC
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The TGA curve of the discarded PVDF fibers depicts the weight loss as a function of
temperature. The initial weight loss (15! stage) observed at 415 °C in the TGA curve
was accompanied by an exothermic peak in the DTA curve (FIGURE 3.11(a)). This
weight loss could be attributed to removing various components such as absorbed
moisture (EL-QELISH et al., 2024), residual contaminants, and organic or polymeric
substances that accumulate on the membrane's surface during previous use.
Moreover, the thermal degradation peak could be attributed to releasing and
eliminating the fluorinated functional groups of the polymer carbon chain in a single
step with a mass loss of 80.30% (FIGURE 3.11(a)). This initial step indicates the
membrane's cleanliness and the presence or absence of surface impurities. However,
the existence of an exothermic peak observed at 425 °C in the DTA of PVDF typically
implies an exothermic reaction or process occurring within the fibers at the detected
temperature. The presence of this exothermic peak can be ascribed to the
crystallization or phase transition occurring in the PVDF fibers. This phenomenon can
be explained based on three main reasons: (i) Based on the fact that PVDF can exist
in different crystalline phases, especially B-phase and y-phase (indicated by FTIR),
therefore, phase transition and/or crystallization from the amorphous state to a more
ordered crystalline state often releases energy in the form of heat, resulting in an
exothermic peak (GUMUS, 2020); (ii) The secondary reactions (chemical or structural
changes) occurred within the polymer chain or at the polymer's interface with PVDF
fibers, leading to the release of energy (PRABAKARAN et al., 2017). The existing
impurities can influence this secondary reaction in PVDF fibers from the previous
treatment process; (iii) The degradation of the oil refinery residues in the surface and/or
within the structure of the PVDF membrane fibers. The degradation of these
substances experienced thermal degradation or chemical reactions at around 400-500
°C (FIGURE 3.11(a)). Consequently, the heat generated by the decomposition of these
contaminants can contribute to an exothermic peak in the DTA curve. Moreover,
through the TG analysis progress (second stage), further weight loss (10.28%)
occurred beyond 425 °C in the PVDF fibers. This detected loss beyond this
temperature revealed that a new decomposition step occurred (HONG et al., 2016; XU
et al., 2010). This loss can be attributed to an oxidative breakdown of the fluorinated
polymer and the revocation of the C-F bond (ALI et al., 2022). Overall, the information
gained from TG-DTA analysis of PVDF membrane fibers is essential for sustainable
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waste management and the responsible handling of these fibers for further

applications.

Furthermore, the TG-DTA analysis of PVDF-derived char is illustrated in Figure
3.11(b). The initial weight loss observed in the TGA curve typically corresponds to
removing volatile components, such as residual or adsorbed moisture, commonly
present in carbonaceous materials. Furthermore, the 2" stage, up to a temperature of
= 957 °C, exhibited the highest reactivity and induced a substantial mass reduction
(10.61%) due to the primary decomposition reaction and carbonaceous material
decomposition (volatiles) (FIGURE 3.11(b)). This region is also marked by a sharp
endothermic peak in the DTA curve, indicating heat absorption during these volatiles'
desorption. Thereafter, the TG curve shows a plateau or gradual decline, indicating a
reduction in the rate of weight loss (FIGURE 3.11(b)). This region is associated with
the thermal stability of the remaining carbonaceous substance and the formation of

stable carbon structures like graphitic domains (confirmed in FT-IR and XRD analysis).

e Fourier-transform infrared (FT-IR) analysis

Figure 3.12 illustrates the FTIR spectra of the pristine PVDF fibers and MC. The FTIR
spectrum of PVDF reveals characteristic peaks associated with various chemical
moieties. The main transmittance peaks observed in the FTIR spectra of the PVDF
fibers Figure 3.12 were found between 1500 and 600 cm™', which are characteristics
of the PVDF structure. The presence of the C-F (carbon-fluorine) stretching vibration
was typically observed as a distinct peak in the FTIR spectrum band at 1131 cm-"'. This
peak is a hallmark of PVDF and confirms the presence of fluorine atoms in the polymer
chain (SAWANT, KALLA & MURTHY, 2023). Generally, the PVDF is a polymorphic
polymer exists with four possible crystalline structures (a, B, y, and &). The a and &
were not indicated in the obtained FTIR spectrum. However, the 8 phase of PVDF was
indicated by the characteristic peak at 842 cm™'. The B phase exhibits a distinct FTIR
signature due to its molecular arrangement. The B-phase is characterized by a well-
ordered and symmetrical structure (CAl et al., 2017). Moreover, other bands at 1173
and 876 cm™ were detected, which are characteristic of y phases Figure 3.12.
Therefore, the coexistence of B and y phases in the discarded PVDF fibers could occur
(KASPAR et al., 2020). The low-intensity peaks at 2923 and 1731 cm™ can be
attributed to the oil traces in the PVDF fibers, which were accumulated due to the use
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of these ultrafiltration membranes in the oil refinery, despite the previous cleaning
Figure 3.12. Additionally, the bands at = 3300 and 1700 cm-! can be ascribed to the
traces of moisture present in the PVDF fibers. This finding suggests the presence of
hydroxyl groups by water stretching and -OH bending vibrations, respectively, even

after the previously drying process.

Figure 3.12 - FTIR spectra of PVDF and MC.
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The FTIR analysis of MC presents valuable insights into this carbonaceous material's
chemical composition and structural characteristics Figure 3.12. Several significant
peaks were detected in the MC spectra. One of the most prominent features in the
FTIR spectrum of MC is the absence of characteristic PVDF peaks, such as the C-F
stretching vibration around 1200 cm-' (FIGURE 3.12). This absence signifies the
successful thermal decomposition of the original PVDF polymer during the pyrolysis
process, forming a new carbon-rich material. The presence of absorption peaks in the
FTIR spectrum of MC can be attributed to functional groups typically found in
carbonaceous materials. The bands in the range of 1600-1700 cm™' indicate the
presence of C=C, which can result from the thermal degradation of the PVDF polymer
backbone. Moreover, the low-intensity absorption peaks in the range of 2800-3600 cm-
' can be associated with O-H and N-H stretching vibrations, signifying the presence of

surface functional groups, such as hydroxyl and amino groups (MAGED et al., 2021),
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which contribute to the MC surface reactivity and sorption capabilities. Furthermore,
the presence of bands in the range of 1300-1600 cm™' could suggest the presence of
disordered/amorphous carbon. However, the sharp band at = 1600 cm" indicated the
presence of graphitic carbon. Furthermore, the moisture content of the PVDF fibers
was found to be 0.1115+£0.0001%, obtained according to the ASTM D6980/2017
standard procedure, which corroborates the results of TGA and FTIR analysis,
suggesting the existence of a minimal amount of water in the sample previously dried

at room temperature.

e X-ray powder diffraction (XRD) analysis

Figure 3.13 demonstrates the XRD analysis of MC produced from PVDF carbonized
at 584 °C to get insights into the structural properties of the resulting carbonaceous
material. The MC exhibits distinct peaks at around 26° and 44°, which correspond to
the diffraction patterns of the (0 0 2) plane and (1 0 0)/(1 0 1) planes within the graphite
structure, respectively. The presence of well-defined intense peaks in the XRD pattern
at low angles of the graphitic peak (002) indicates a highly ordered, graphitic carbon
structure (MAGED et al., 2023a). The position and intensity of this peak can give
information about the degree of graphitization and the crystallite size within the MC.
Furthermore, the absence of sharp peaks in the XRD pattern or the presence of broad
at the low angle (< 20°), suggests the presence of amorphous carbon structures. The
presence of amorphous carbon structures can influence the MC properties, such as

electrical conductivity and reactivity.



107

Figure 3.13 - XRD pattern of MC
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e Raman analysis

Raman spectroscopy was used to verify the molecular composition and structural
characteristics of PVDF fiber and obtained MC (FIGURE 3.14). The Raman analysis
of the discarded PVDF membrane showed two different crystalline phases (y-phase
and B-phase) with distinct Raman spectra. PVDF fiber's peak at 850 cm™' is generally
attributed to the B and y phases. However, the peaks at 1087 and 1284 cm™' are
attributed only to the 3 phase of the crystalline structure (HONG et al., 2016; SOBOLA
et al., 2021). The appearance of peaks around 1430 cm™ related to CH2 bending
vibrations may indicate the presence of surface contamination or chemical modification
of the membrane from the previous use. Additionally, the peaks at 1606 and 1720 cm-
' are water-bending peaks and can be attributed to the traces of moisture in the PVDF
fiber even after the previous drying process. In contrast, the characteristic peak of the
a phase at 796 cm™ is not observed in the Raman spectrum of the PVDF fiber,
reinforcing the absence of this crystalline structure pointed out in the FTIR analysis
(SOBOLA et al., 2021).
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Figure 3.14 - Raman spectra of PVDF and MC
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In the case of MC, Raman spectra show the structural changes after pyrolysis at 584
°C (FIGURE 3.14). The degree of graphitization (G band) and/or the presence of
disordered (D band) carbon structures can be assessed through Raman analysis
(FIGURE 3.14). The peak at 1346 cm™ (D band) is associated with sp*-hybridized
carbon. The G band was identified at 1584 cm-', related to the vibration of sp?-
hybridized carbon (HONG et al., 2016). When calculating the ratio between the
intensities of the identified bands (Ip/lg) equal to 0.74, there is a correlation with the
degree of development of the pores of the carbonaceous material. The higher the Ip/lc
ratio, the greater the material's porosity, measured in the material's texture analysis.
The width of the peaks is associated with the degree of carbon disorder. The greater
the width of the peaks, the more amorphous the material's structure, as discussed in
the XRD analysis (MAGED et al., 2023a). The obtained Raman analysis of the MC
derived from the discarded PVDF membrane is essential for tailoring its properties to
specific applications, such as adsorption, catalysis, or energy storage. The degree of
graphitization, presence of surface functional groups, and crystalline structure all
influence the material's performance. Additionally, this analysis provides valuable
information for optimizing the pyrolysis or carbonization process for char production,

contributing to sustainable waste management and resource utilization strategies.
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e Surface and textural analysis

The SEM analysis aiming to investigate the superficial morphology of the PVDF fiber
and MC is presented in Figure 3.15(a-b). As expected, the cross-section micrographs
of the PVDF fiber can be observed as elongated and compact particles with regular
tubular shapes with a diameter of ~15 pym, the polymer chains. In contrast, the MC is
flaked with irregular shapes and not compact, typical of porous carbons, making it
possible to observe pores on the surface of the particles. The pyrolysis of the PVDF
results in the breaking of polymer chains and the release of fluorinated functional
groups, consequently replacing the regular tubular shapes of the polymer with irregular
porous flakes of the char (LEE & PARK, 2014).

Figure 3.15 - SEM micrographs for (a) PVDF and (b) MC
(a) PVDF (b) MC
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Figure 3.16 shows the EDS elemental analysis of PVDF and MC samples. From these
results, C is the most abundant constituent in both samples, as C is the basic element
in the PVDF polymer chain and MC. As expected, a noticeable increment in the C
content (weight %) was observed after pyrolysis (MC). This increase can be attributed
to the increased concentration of C in the sample due to the expulsion of F molecules,
leading to a reduction from an initial value of 19.3% to 7.8%. F was released as fluoride
or hydrogen fluoride molecules, which is a distinctive characteristic of PVDF, known
as a fluorinated polymer. A surface area of 345 m?/g was determined for MC through
BET analysis. The total pore volume was also 0.16 cm?/g. This high total pore volume
is generally advantageous for applications requiring high gas adsorption or liquid
infiltration capacity. The average pore diameter was found to be 1.8 nm, which can be
categorized as microporous carbon. The surface and textural analysis of MC showed
that after optimizing the pyrolysis process, the obtained material has applicability for

various industrial and research purposes.

Figure 3.16 - EDS elemental analysis for PVDF and MC
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3.3.6 MC COST EVALUATION

The production of the MC by pyrolysis, using discarded PVDF ultrafiltration

membranes, is a simple process, dispensing the use of expensive reagents or
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sophisticated equipment. According to the results of this study, the production of MC
uses moderate temperature and the scale-up of the pyrolysis can be applicable

depending on the reactor capacity.

The cost estimation of the char production is an important factor in analyzing its
economic viability and potential for large-scale. The cost of char mainly depends on
the costs of materials, such as feedstock and reagents, and consumed energy. The
detailed production costs of MC are presented in Table 3.10. The total preparation cost
of MC was calculated to be 0.14 €/kg, which is a low-cost material compared to
commercial chars as CAS n° 7440-44-0 from Sigma Aldrich® that costs 111 €/kg
(SIGMA ALDRICH, 2024). The low synthesis cost of MC can be ascribed to the zero
or low costs of feedstock and chemicals and the reduced electricity consumption
(Table 3.10). Generally, the costs decrease even further when the process is applied

on a larger scale to produce a higher amount of char.

Table 3.10 - Cost analysis of producing 1 kg of MC

Consumed

Items Price Total cost (€)
amount
Materials
PVDF fibers 3.2 kg* Freev 0.00
Sodium hypochloride (5.8%) 0.03 L® 0.53 €/L 0.02
Energy
Tube furnace”
1.62 kWh 0.05 €/kWh 0.08
(874 W/h)
Drying oven
0.85 kWh 0.05 €/kWh 0.04
(425 W/h)
Total 0.14

(*) Calculated based on the average pyrolysis yield of 31.3%.
(v) Collected by the authors without cost.

(®) Calculated based on a 500 ppm solution.

(Y) Presence of nitrogen gas from the laboratory source.

3.4 CONCLUSIONS

Pyrolysis of PVDF fiber from discarded ultrafiltration membranes was studied to
evaluate its potential for char production. The final temperature and residence time
were optimized to enhance the adsorptive efficiency of the obtained membrane char

(MC) towards iodine removal. The maximum iodine number of MC was 242.35 mg/g



112

under the optimized conditions of 584 °C and 111 min. PVDF fiber and MC were
extensively characterized to comprehend the polymer pyrolysis process and char
properties for future applications. The TG-DTA analysis for the PVDF fiber indicated
that the releasing and elimination of the fluorinated functional groups of the polymer
carbon chain occur in a single step at 415 °C with a mass loss of 80.30%. The second
stage of weight loss (10.28%) in the PVDF fiber occurred after 425 °C, attributed to an
oxidative breakdown of the fluorinated polymer and the revocation of the C-F bond.
The FT-IR results indicated the coexistence of B and y phases in the crystalline
structure of the PVDF fibers, reinforced by the peaks identified on Raman analysis. For
the MC, the TG-DTA analysis showed the thermal stability of the carbonaceous
substance and the formation of stable carbon structures like graphitic domains,
confirmed by FT-IR, XRD, and Raman analyses. By the surface and textural analysis,
it was possible to ensure the removal of fluoride or hydrogen fluoride molecules from
the PVDF fiber and, consequently, the carbon concentration increasing on the obtained
MC during the pyrolysis process. The determined MC properties of the surface area of
345 m?/g, total pore volume of 0.16 cm?®/g, microporous character, and an estimated
low cost of 0.14 €/kg are relevant to its applicability in various industrial, environmental,

and research purposes.
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CHAPTER 4 - MEMBRANE CHAR-BENTONITE COMPOSITE
PRODUCTION AND CHARACTERIZATION

41 LITERATURE REVIEW

Hagemann et al. (2018), in a review of the definitions, uses, and production of
pyrogenic carbonaceous materials (PCMs), such as activated char, listed numerous
possibilities for combining thermochemical processes between them and with non-
thermal pre- and post-treatments in the production stage of these materials. Among
the thermochemical treatments for converting the raw material are pyrolysis, discussed
in Chapter 3 of this thesis, activation, and modification. Non-thermal pre- and post-
treatments commonly used in the production of PCMs are washing, coating or

impregnation, and mixing.

Activation aims to increase the concentration of pores in the char, its surface area, and
adsorptive capacity, preserving the size and other characteristics of these pores
inherent to the raw material used. Generally targeted according to the characteristics
of the char, activation can be achieved either simultaneously with the pyrolysis
process, in one-step activation, or after pyrolysis, in two-step activation (AMER &
ELWARDANY, 2020; HAGEMANN et al., 2018; LOZANO-CASTELLO et al., 2001;
SONG et al., 2013).

The chemical modification of the char surface is the introduction of non-carbon portions
on the surface of the char also to increase its adsorption capacity. The modification of
an adsorbent can be carried out after or in place of the activation process, for specific
adsorbate removal purposes (BHATNAGAR et al., 2013; HAGEMANN et al., 2018;
RIVERA-UTRILLA et al., 2011).

The mixture is a post-treatment that combines PCMs with other materials to produce
the composites. This treatment aims to unite the different chemical characteristics of
two or more materials to produce a composite with more interesting properties for
application as an adsorbent (HSISSOU et al., 2021; FARIKOV, 2013).
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411 CHAR ACTIVATION

Physical and chemical methods are commonly used for char activation, giving different
characteristics to the activated char produced (HAGEMANN et al., 2018; LOZANO-
CASTELLO et al., 2001; SONG et al., 2013).

Chemical activation is usually carried out before the pyrolysis step using dehydrating
agents. Potassium hydroxide (KOH), zinc chloride (ZnCl2), phosphoric (H3PO4) and
sulfuric (H2S04) acids are commonly used chemical dehydrating agents. These agents
favor carbonization and the achievement of the desired porosity, being removed as
residues at the end of the thermal treatment. Compared to physical activation, the
chemical method is faster and occurs under lower temperatures, producing char with
a higher surface area. In addition, dehydrating agents have dehydrogenation
properties, being able to inhibit the formation of volatile by-products typical of pyrolysis,
such as tar, and thus favor the yield of char (HAGEMANN et al., 2018; LOPES et al.,
2013; LOZANO-CASTELLO et al., 2001; SONG et al., 2013).

On the other hand, the physical activation consists of the oxidation of the previously
carbonized raw material through its contact with an activating agent at temperatures
between 800 and 1000 °C. Oxidative gases such as carbon dioxide, water vapor, and
air are applied as activating agents, among which water vapor is most commonly used
and a combination of these agents is also possible. To develop the porous structure of
the material, carbon atoms from inside the pores are selectively removed by the
oxidative process (AHMADPOUR & DO, 1996; HAGEMANN et al., 2018; LOZANO-
CASTELLO et al., 2001; SONG et al., 2013). According to Amer & Elwardany (2020),
the overheated activating agent performs two main functions during activation. The first
is to isolate the char from the oxidative environment by ensuring that it does not burn.
The second is to remove the tar residue that is blocking the finely structured pores

within the char.

e Activation of PVDF char

Based on the relevant literature, the activation of PVDF char was investigated in only

two works, whose objective was the production of adsorbents (TABLE 3.3). Using pure
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PVDF or combined with other compounds as precursors, the studies have evaluated

physical activation techniques.

Yamashita et al. (2001) aimed to evaluate the adsorption of methylene blue by
comparing the use of PVDF fibers and films with and without dehydrofluorination. The
authors used CO; at 500 cm®min and 850 °C to activate the pyrolyzed material. The
activated char film produced reached an adsorption capacity of 538 mg/g for methylene

blue.

Heo et al. (2018) also activated the porous char obtained from the hybrid composite of
polyacrylonitrile (PAN) and PVDF for its application as a CO2 adsorbent. The authors
used steam at 900 °C and 5 mL/h for 60 min and a pressure of 1.2 bar. The pyrolyzed
and activated material exhibited a reversible and satisfactory CO> adsorption

performance of 2.21% by weight.

4.1.2 CHAR MODIFICATION

Char modification techniques can be grouped into oxidation, sulphuration,
nitrogenization or ammonification, and coordinated ligand anchoring (BHATNAGAR et
al., 2013; HAGEMANN et al., 2018; RIVERA-UTRILLA et al., 2011).

Modification by oxidation is usually carried out using hydrogen peroxide (H202), nitric
acid (HNO:3), or ozone (O3) at low temperatures, between 25 and 100 °C. It is mainly
aimed at creating oxidized functional groups on the char surface. This modification
technique tends to impair the porous structure of char, decreasing its specific surface
area and pore volume (HAGEMANN et al., 2018; RIVERA-UTRILLA et al., 2011).

Sulphuration and nitrogenization are modification techniques whose objective is to
increase the basic character and, consequently, the polarity of the char surface,
favoring the adsorption of polar pollutants. The use of sulfur dioxide (SO2) or hydrogen
sulfide (H2S) in char modification also favors the adsorption capacity of mercury, while
ammonia (NHz) can be applied for copper removal. Like oxidative techniques, sulfur
modification can reduce char porosity (HAGEMANN et al., 2018; RIVERA-UTRILLA et
al., 2011).
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Finally, coordinated binder anchoring, or simply impregnation, can be a chemical
modification technique of the char surface or a non-thermal pre- or post-treatment step
in char production, depending on the production step application and the applied
temperature. It is based on the compound removal through the formation of complexes
between the adsorbate and the binder impregnated in the char. Several compounds
can be impregnated and used as extra specific sites for the adsorption of a given
compound, modifying the textural and chemical properties of char (BHATNAGAR et
al., 2013; HAGEMANN et al., 2018; RIVERA-UTRILLA et al., 2011).

e Char modification for pharmaceuticals removal

Some studies about the modification of chars for the removal of pharmaceuticals,
mainly by acid activating and magnetizing techniques associated or not with the

thermal treatment of the material, have been published, as exemplified in Chart 4.1.

Chart 4.1 - Some studies on the modification of adsorbents for the removal of pharmaceuticals

Adsorbent Modification Pharmaceutical Reference

Biochar from rice husk
and biochar-clay
mineral composite

Activating by carbon dioxide

(CO2) Ciprofloxacin Arif et al. (2022)

Acid activating by phosphoric
acid (HsPO4) and
magnetizing by co-
precipitation with iron chloride
(FeCls) and iron sulfate

Biochar from shells of
Hairy Sterculia
(Sterculia villosa)

Ciprofloxacin Kumar et al. (2022)

(FeSOa)
Activating by potassium
Biochar from pinewood ; hydrOX|d_e (KQH) and Ciprofloxacin gnd Xue et al. (2022)
impregnation with copper Carbamazepine
oxide (CuO)
Biochar from coffee Acid activating by phosphoric Diclofenac and
bean waste acid (HsPOa) Levofloxacin Maged et al. (2021)

Biochar from Sour
Cherry (Prunus
cerasus) stalk waste

Acid activating by phosphoric
acid (HsPOa)

Sayin, Akar & Akar

Ciprofloxacin (2021)

Impregnation with gallium
Biochar from nitrate

sugarcane bagasse (Ga(NOs)3 and activating by
hydrogen sulfide (H2S)

Acid activating by phosphoric
acid (HsPOa4) and
Biochar from municipal magnetizing by co-
sludge precipitation with zinc
chloride (ZnCl2) and iron
chloride (FeCls)

Source: The author herself

Ciprofloxacin Zheng et al. (2021)

Ciprofloxacin,
Norfloxacin and Ma et al. (2020)
Ofloxacin
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Kumar et al. (2022) chemically activated the shells of Hairy Sterculia (Sterculia villosa).
using 88% phosphoric acid (H3PO4) solution and the biochar was prepared by
carbonization at 400 °C in a muffle furnace. The biochar magnetizing was done using
the technique of co-precipitation with iron chloride (FeCls), iron sulfate (FeSO4), and a
5 M solution of sodium hydroxide (NaOH). The biochar modification effect was
evaluated on the removal of ciprofloxacin and a maximum Langmuir model adsorption
capacity of 81.97 mg/g was found. The authors highlighted the possibility of separating
the adsorbent from a solution using an external magnetic field due to the impregnation

of iron particles.

For the acid activating of biochar from coffee bean waste, Maged et al. (2021) also
used phosphoric acid (H3POa), but a 50% solution was used, it was applied after the
raw material carbonization and it was followed by a thermally activating in a muffle
furnace at 550°C for 90 min under N2 atmosphere. The modified biochar potential as
an adsorbent for diclofenac and levofloxacin removal was evaluated through
experiments using batch and continuous operation modes. This maodification
methodology found Langmuir model adsorption capacities of 61.17 mg/g for DF and
110.70 mg/g for LVX.

The acid activating by phosphoric acid (HsPO4) was also used in the research of Sayin,
Akar & Akar (2021) for the modification of biochar from Sour Cherry (Prunus cerasus)
stalk waste and presented a high adsorption capacity of 410.06 mg/g for ciprofloxacin
removal. The raw material was put in contact with the H3PO4 solution, in different mass

ratios, before its pyrolysis on a tube furnace.

Ma et al. (2020) investigated the municipal sludge biochar modification by magnetizing
with iron/zinc (Fe/Zn), activating with phosphoric acid (H3POa), and by the combination
of both (Fe/Zn + H3POQOas). First, the authors made the pyrolysis of the raw material, and
then, zinc chloride (ZnCl2) and iron chloride (FeCls) were used in the magnetizing
methodology with an 85% phosphoric acid (H3sPO4) solution being the reagent applied
to acid-activating. The modification methodologies were followed by another pyrolysis
stage and by thermally activating processes in a muffle furnace at 450°C for 60 min,
respectively. The combination of both was reached by applying the magnetizing

methodology to the biochar pre-acid activated. The last modified biochar presented the
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highest removal of ciprofloxacin, norfloxacin, and ofloxacin from the water with

maximum adsorption capacities of 83.7, 39.3, and 25.4 mg/g, respectively.

Due to some technical similarities and despite the different objectives, activation and

modification are often used synonymously.

4.1.3 COMPOSITES

The choice of raw materials used in synthesizing a composite depends mainly on the
application to be given to it. In the case of adsorbent composites, materials capable of
conferring characteristics such as porosity, surface area, and affinity for the adsorbate
are prioritized. These compounds are usually classified according to their function in
the composite formulation. The presence of substances capable of maintaining the
composite structure, in addition to binding its components, is essential. The materials
that give the composites the extra desired properties are called additives (HSISSOU
et al., 2021; FARIKOV, 2013).

e Composites for pharmaceuticals removal

Several studies have been documented regarding the composite production intended

for use as adsorbents to remove pharmaceuticals. This is exemplified in Chart 4.2.
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Chart 4.2 - Some studies on the production of composites for pharmaceutical removal by

adsorption

Composite

Pharmaceutical

Reference

Corncob-based activated carbon
(AC) + Titanium dioxide (TiOz2)

Ceftriaxone

Abdullah et al. (2023)

Bentonite + Chitosan

Doripenem, Ampicillin, and
Amoxicillin

Bouaziz et al. (2023)

Silica (Sl) + Poly(ethyleneimine)
(PEI) + Poly(sodium methacrylate)
(PMAA) or Polyacrylic acid (PAA)

Diclofenac

Fighir et al. (2023)

Calcium alginate + Activated
carbon

Ibuprofen and Diclofenac

Wasilewska & Deryto-
Marczewska (2022)

Sodium alginate (SA) + HsPO4
activated corncob-based biochar
(PB)

Ciprofloxacin

Chen et al. (2021)

Generation-5 polyamidoamine (G-
5 PAMAM) + Graphene oxide
(GO) + Amine functionalized silica
mesoporous (SBA-15-NH2)

Ciprofloxacin, lvermectin, and
Tetracycline

Xikhongelo et al. (2021)

Iron oxide (Fe3O4) + Activated
carbon (AC) + B-Cyclodextrin (CD)
+ Sodium alginate (SA)

Norfloxacin and Ciprofloxacin

Yadav et al. (2021)

Nanotitanium oxide-chitosan
(NTiO2-Chit) + Nanotitanium oxide-
bentonite (NTiO2-Bent)

Levofloxacin and Ceftriaxone

Mahmoud et al. (2020)

Calcium (Ca(ll)) + Chitosan + [3-
Cyclodextrin

Paracetamol

Rahman & Nasir (2020)

Source: The author herself

Some materials, natural and synthetic, can be observed with a certain frequency in the

composites produced in the studies presented in Chart 4.2.

Activated carbons are commonly used in the synthesis of adsorbent composites, as
they alone can satisfactorily provide the final product with the desired porosity and
surface area. Commercial activated carbons (Yadav et al. (2021) and Wasilewska &
Deryto-Marczewska (2022)), and char produced from alternative raw materials such
as corncob (Abdullah et al. (2023) and Chen et al. (2021)), can be used in composites

production.

Chitosan (Bouaziz et al. (2023), Mahmoud et al. (2020), and Rahman & Nasir (2020)),
Bentonite (Bouaziz et al. (2023) and Mahmoud et al. (2020)), and Silica (Fighir et al.,
(2023) and Xikhongelo et al. (2021)) are natural materials also widely consumed in the

manufacture of adsorbent composites.
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Compounds such as B-cyclodextrin and sodium and calcium alginates are often used
as complexing agents (Rahman & Nasir (2020) and Yadav et al. (2021)) and stabilizing,
thickening, and/or gelling agents (Chen et al. (2021), Wasilewska & Deryto-
Marczewska (2022) and Yadav et al. (2021)), respectively.

e Bentonite

Clay minerals, or simply clays, are inorganic materials, natural and abundant
throughout the world. Some examples of clays include bentonite, kaolinite, illite,
zeolite, and smectite. Alone, clays are widely applied as adsorbents for removing
various contaminants due to properties such as substantial specific surface area, pore
volume, negative surface charge, and hydrophilic surface (MAGED et al., 2020a;
MAGED et al., 2020b).

Bentonite is an inorganic clay mineral, with a layered structure, of the 2:1 type and
originating from the weathering of volcanic ash. It is mainly composed of
montmorillonite and its quality is directly associated with the content of this other
mineral component. Other clay materials, such as illite, kaolinite, and chlorite, and non-
clay materials, such as silica, quartz, and feldspar, can also compose bentonite
(ABDOU, AL-SABAGH & DARDIR, 2013; MAGED et al., 2020b).

Individually, bentonite is already known as a great adsorbent, evaluated in several
recent studies, and reaching until 99% adsorption efficiency for removing different
pollutants (MAGED et al., 2023b). Thus, bentonite is widely used as a raw material for
composites due to its ability to enhance the performance of the new material by adding
its adsorption capacity, and also because of its low cost and high availability worldwide
(ABDOU, AL-SABAGH & DARDIR, 2013; MAGED et al., 2020b).

4.2 MATERIAL AND METHODS
4.2.1 MEMBRANE CHAR PRODUCTION

The membrane char (MC) submitted to the preliminary modification tests and to the

synthesis of the membrane char-bentonite composite (MCBT) was produced from
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PVDF fibers previously cleaned and fragmented (CHAPTER 3, SECTION 3.2.1).
These PVDF fibers were pyrolyzed in a stainless-steel tubular reactor of the fluidized
bed type (SECTION 3.2.4) in batches of about 100 g under the optimal final
temperature of 584°C for the optimal residence time of 111 min, as optimized and

validated in Chapter 3 of this study.

The MC produced in all batches was mixed, comminuted to below 100#, and, to
remove the fines adhered to the surface of the particles, was washed 4 times with
distilled water in the proportion 250:1 (grams of char:liters of distilled water) and dried
in a Biobase oven (BJPX - Spring) at 120 °C for 2 hours.

4.2.2 PRELIMINARY REMOVAL TESTS

Based on its simplicity and concern as a pollutant in several countries, including Brazil
(VELASQUEZ et al., 2007), fluoride (F) was chosen for the preliminary adsorption
tests using MC. Naturally present in groundwater, fluoride ions have a two-sided
relationship with human health, one beneficial and the other harmful. Fluorine (F), the
element from which these ions originate, is a fundamental trace element for the human
body, mainly in the formation of tooth enamel and the mineralization of bones.
However, its indiscriminate use poses risks to human health, from dental and skeletal
fluorosis to gastrointestinal symptoms and brain damage (ALl et al., 2016; EDMUNDS
& SMEDLEY, 2013; ZUOQO et al., 2018).

A factorial design of experiments was used to evaluate the effects of the independent
variables MC dosage (D), initial concentration of fluoride (Co), and Falcon tube volume
(V) on the final concentration of fluoride (dependent variable). The factorial design of
experiments was performed in 2 levels and 3 factors (23), without central points,
generating a total of 8 tests into cubic points. The levels evaluated for the independent

variables were defined based on:

= In the MC dosages evaluated in possible subsequent tests: 1, 3, and 5 g/L or 5,
10, and 15 g/L.
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= At the fluoride content of 10 mg/L found by Velasquez et al. (2007) in
Verdeléndia/MG, Brazil.

= In the possibility of fluoride release by MC due to the presence of this element
in the PVDF structure.

» Due to possible effects of the Falcon tube volume under the agitation of the
solution and, consequently, under the contact of the MC with the fluoride and

the removal efficiency.
The conditions of the independent variables D, Co, and V for the cubic (levels -1 and

+1) points of the factorial design of experiments are shown in Table 4.1.

Table 4.1 - Experimental conditions of MC dosage (D), initial concentration of fluoride (Co), and
Falcon tube volume (V) for the cubic points

. Levels
Independent variables
-1 +1
D (g/L) 3.0 10.0
Co (mgl/L) 0.0 10.0
V (mL) 15 50

The adsorption tests were carried out in Falcon tubes of a certain volume (V),
containing the MC dosage (D) and 10 mL of the fluoride solution with the initial
concentration (Co), as established by the experimental design. The 10 mg/L fluoride
solution was prepared from the inorganic salt sodium fluoride (NaF). Distilled water
was used as the 0 mg/L fluoride solution. The Falcon tubes were kept under agitation
in a shaker at 200 rpm for 24 hours at 30 °C, then each sample was filtered through
qualitative filter paper and the fluoride concentration was measured by a specific ion
electrode using TISAB Il solution. The same tests were carried out using CABOT's

commercial activated char NORIT® GAC 1240W, for comparison purposes.

e Membrane char washing tests

Washing tests were performed using sodium hydroxide (NaOH) solutions at various
concentrations, MC-to-solution ratios, and contact times to remove any remaining

fluoride molecules from the MC structure. Single and multiple washes (up to 6 times)
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were carried out using 0.25 and 0.5 M NaOH solutions with MC dosages of 100 and
200 g/L, for 1 and 2 hours. The preliminary fluoride removal tests were repeated. All

experiments were performed in triplicate.

4.2.3 PRELIMINARY MODIFICATION/COMPOSITE SYNTHESIS TESTS

Some preliminary tests of MC modification and MC-based composite synthesis were
carried out to understand its applicability as an adsorbent material. Different
methodologies from the literature were adapted, combined, and are presented in Chart
4.3.
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Chart 4.3 - Preliminary MC modification and MC-based composite synthesis tests

Modification Methodology Reference

® 75% phosphoric acid (HsPO4) and MC (1:4 w/v ratio)
o Magnetic stirring for 5 h at 80 °C

_ o H.ot w?ter bath fo.r 2hat50°C Kumar et al, (2022),
MC acid o Filtration and drying Ma et al. (2020) and

activation (AMC) | =\ nace for 111 min at 584°C (heating 5° C/min and | Maged et al. (2021)
atmosphere 0.06 L/min of Nz)

e Cooling to room temperature, washing, and drying at
105 °C.

¢ 3.33 g of iron chloride (FeCls), 1.83 g of iron sulfate
(FeS0a4), 2.5 g of MC and 100 mL of distilled water

MC magnetization | ® Magnetic stirring for 1 h at 80 °C
or co-precipitation | ¢ 30 mL (stepwise) of 3M sodium hydroxide (NaOH)
(MMC)  Magnetic stirring for 5 h at 80 °C
e Decantation, supernatant discard, washing, and
drying at 105 °C.

¢ 200 mL of 2M sodium hydroxide (NaOH) and 2 g of
MC

o Magnetic stirring for 1 h at 90 °C

MC a_lkali_-acid * Hot water bath + Sonication for 2 h at 50 °C
activation o . . Tang et al. (2018)
(AAMC) o Filtration, washlng, .and .drylng

¢ 200 mL of 65% nitric acid (HNO3) and 2 g of MC

e Magnetic stirring for 1 h at room temperature

o Filtration, washing, and drying at 105 °C.

¢ 0.5 g of chitosan and 100 mL of distilled water

e Magnetic stirring for 1 h at room temperature

¢ 4 g of iron chloride (FeCls), 2 g of iron sulfate (FeSO4)
and 100 mL of distilled water
o Magnetic stirring for 10 min at room temperature

MC-Fe-Chitosan : . . Danalioglu et al.
composite ¢ 100 mL of chitosan suspension, 100 mL of iron (2017)

solution and 1 g of MC
e Sonication for 1 h at room temperature
¢ 10 mL of 8M ammonium hydroxide (NH4OHa)
o Magnetic stirring for 1 h at 50 °C temperature
o Magnetic separation, washing, and drying at 60 °C.

Kumar et al. (2022)
and Ma et al. (2020)

Adsorption tests using the modified MC samples and MC-based composite were
carried out in glass bottles containing 50 mg of adsorbent (AMC, MMC, AAMC, or MC-
Fe-Chitosan) and 50 mL of 30 ppm solution of different adsorbates (dyes or
pharmaceuticals). The bottles were kept under agitation in a shaker at 200 rpm for 24

hours at room temperature. Then, each sample was filtered through syringe filters, and
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the absorbate final concentration was measured with a UV—vis spectrophotometer at

the appropriate wavelength.

4.2.4 MEMBRANE CHAR-BENTONITE COMPOSITE PRODUCTION

The membrane char-bentonite composite (MCBT) was prepared in a mass ratio 3:1
(MC:BT) using mixture operations and thermal treatments. Thus, 5 g of bentonite (BT)
was added to 400 mL of distilled water and kept under ultrasonication for 1 hour at
room temperature to produce a homogenous suspension. Stepwise, 15 g of MC was
added to the BT suspension and magnetic stirred for 4 hours. The composite was
separated from the liquid fraction by centrifugation, dried at 80°C overnight, and ground
to below 100#. A thermal heating treatment was applied to the composite in a muffle
furnace for 30 min at 450 °C achieved with a heating rate of 10 °C/min. After naturally
cooling to 120°C, the composite was removed from the muffle furnace and subjected
to a thermal shock in 400 mL of water at 5°C for 15 min. Finally, the MCBT was
separated by centrifugation, dried at 80 °C overnight, and ground to below 100#.

4.2.5 MCBT CHARACTERIZATION STUDIES

Thermogravimetric analysis (TGA) of MCBT was performed on a NETZSCH TG
thermal analyzer at a heating rate of 5 °C/min. The functional groups of the MCBT
sample were studied using Fourier transform infrared spectroscopy (FTIR) on a
JASCO FTIR 4600 Japan. The crystalline structure of the MCBT was evaluated using
X-ray powder diffraction (XRD) analysis on a diffractometer (Shimadzu, LabX XRD-
6100) with Cu-Ka monochromatic radiation wavelength (A) of 1.5405 A, accelerating
voltage of 40 kV, and 30 mA current, from 3 to 35° on the 28 angle. The structural
features of the MCBT sample were characterized by Raman spectroscopy (LabRam
ARAMIS IR2). The surface area, pore size, and pore volume were obtained from the
N> adsorption-desorption isotherm data obtained by Tristar® Il Plus. The surface
morphology and elemental distribution of the MCBT were studied by scanning electron
microscope with integrated energy dispersive X-ray spectroscopy (SEM-EDS) on a
Schottky FE-SEM/JEOL 7900 JSM-F.
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4.2.6 MCBT COST EVALUATION

The cost estimation for MCBT production was determined by the sum of
feedstock/reagents expenses and energy consumption costs (MAGED et al., 2023a).
The cost of MC was determined in Section 3.3.6 (CHAPTER 3), the price of bentonite
is neglected (free) and no chemicals were used during the synthesis process. The
energy consumption cost of the MCBT composite production was calculated for each
electrical equipment utilized using the consumed power (kW), the device factor load
(0.5 for half-operation mode and 1.0 for full-operation mode), the operated time (h),
and the energy price (0.05 €/kWh) (MAGED et al., 2023b).

4.3 RESULTS AND DISCUSSION
4.3.1 PRELIMINARY FLUORIDE REMOVAL TESTS

The results of the final concentration of fluoride and the amount of fluoride released
per gram of MC in the factorial design experiments for preliminary evaluation of the
effects of the factors MC dosage (D), initial fluoride concentration (Co), and Falcon tube

volume (V) are shown in Table 4.2.

Table 4.2 - Final fluoride concentration and amount of fluoride released in the preliminary tests

using MC
.. . . . Amount of

MC dosage Initial fluoride Falcon tube | Final fluoride fluoride

Test (g/L) conc;n;rl'_atlon volume conc;nt/[atlon released

(mglL) (mL) (mgl/L) (mglg)
1 3.0 0.0 15 6.55 217
2 3.0 0.0 50 6.58 2.18
3 10.0 0.0 15 16.16 1.61
4 10.0 0.0 50 20.01 2.00
5 3.0 10.0 15 16.78 1.76
6 3.0 10.0 50 17.71 2.07
7 10.0 10.0 15 25.57 1.41
8 10.0 10.0 50 29.30 1.78
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Analyzing Table 4.2, it is possible to verify the release of fluoride by the MC in all tests,
since the final concentration is higher than the initial one. Thus, it was possible to
calculate the amount of fluoride released per mass unit of MC, in mg/g, also available
in Table 4.2.

The release of fluoride by MC can be justified by the presence of fluorine in the
structure of PVDF, the raw material used in the production of MC, as presented in the
characterization studies in Section 3.3.5. During pyrolysis, fluorine molecules may not
have been expelled from the carbon chain of the PVDF fibers and, when in contact

with the aqueous solution, have become soluble in water.

The significance of the effects of the variables can be verified by comparing the t-value
of each variable with the critical t-value calculated for a confidence level of 95% (a =
0.05). When the t-value is greater than the critical t-value, it is assumed that the effect

of the independent variable on the dependent variable is significant.

In this sense, only the effects of the factors MC dosage and initial fluoride concentration
are significant on the final fluoride concentration. This is an expected result since the
more MC is added and the higher the initial fluoride concentration, the higher the final
concentration should be, adding the initial and released amounts of fluoride. The effect
of the Falcon tube volume was not significant for the rotation of 200 rpm applied in the

tests. Finally, the interactions between the variables were also not significant.

Regarding the amount of fluoride released, none of the independent variables or
interactions between them show significant effects. This analysis corroborates the
expectation since when calculating the amount of fluoride released, the initial
concentration is subtracted and divided by the MC dosage. Thus, assuming that the
average amount of fluoride released by the MC was 1.87+0.28 mg/g, the MC washing

tests with sodium hydroxide (NaOH) solution were performed.

The results of the final concentration of fluoride and the percentage removal of fluoride
in the factorial design experiments using CABOT as the adsorbent are shown in Table
4.3.
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Table 4.3 - Final fluoride concentration and fluoride removal in the preliminary tests using

CABOT
CABOT Initial fluoride  Falcon tube | Final fluoride Fluoride
Test dosage concentration volume concentration removal
(g/L) (mglL) (mL) (mgllL) (%)
1 3.0 0.0 15 0.06 *
2 3.0 0.0 50 0.07 *
3 10.0 0.0 15 0.01 *
4 10.0 0.0 50 0.09 *
5 3.0 10.0 15 8.07 19.3
6 3.0 10.0 50 7.60 24.0
7 10.0 10.0 15 7.06 29.4
8 10.0 10.0 50 6.95 30.5

(*) Initial fluoride concentration equal to zero mg/L.

As expected, CABOT, in addition to not releasing fluoride, was capable of removing it
(TABLE 4.3). The minimum final concentrations of fluoride observed in tests with an
initial concentration equal to zero should not be considered as fluoride release since
this was the concentration found in the distilled water used in the tests, in addition to
being an error value associated with proximity to the lower limit of the quantification
method. At the initial fluoride concentration of 10 mg/L, CABOT removed 25.84£0.1%
of fluoride on average, with no significant effects of any of the independent variables
or interactions between them. This average removal achieved by CABOT was not
enough to adapt the fluoride concentration to the minimum of 1.5 mg/L required by
legislation (WHO, 2008; BRASIL, 2021). Therefore, in possible subsequent tests,
higher MC dosages, of 5, 10, and 15 g/L or more, should be evaluated.

The effect of the Falcon tube volume was not significant at 200 rpom for both the MC
and CABOT. In this sense, possible future adsorption tests could be carried out in 15
mL Falcon tubes, optimizing the use of available space in the shaker without

compromising removal efficiency.

Despite the efficiency of the NaOH application on the regeneration of adsorbents
saturated with fluoride pointed out in the literature (NIGRI, 2016), its use as a washing
agent significantly reduced the amount of fluorine released by the MC, but not
completely. After conducting the various washing methodologies, varying NaOH
concentration, MC-to-solution ratio, and contact time, the adsorption tests showed that

the MC still released, on average, 0.23 mg/g of fluoride in the aqueous solution.
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4.3.2 PRELIMINARY MODIFICATION/COMPOSITE SYNTHESIS TESTS

The results of adsorption capacity and efficiency removal of the adsorbents produced

in the preliminary modification and composite synthesis tests are shown in Table 4.4.

Table 4.4 - Adsorption capacity and efficiency removal of the adsorbents produced in the
preliminary MC modification and MC-based composite synthesis tests

Adsorbent Adsorbate Adsorption capacity Efflclencoy removal
(mglg) (%)
Ciprofloxacin 9.1 32.3
MC acid activation
(AMC) Methylene blue 3.3 0.9
Acid orange 20 0.6
MC magnetization Ciprofloxacin 9.4 321
or co-precipitation Methylene blue 1.0 10.7
(MMC) Acid orange 2.6 26.2
MC alkali-acid Ciprofloxacin 0.3 1.6
activation
(AAMC) TetracyC"ne 1.1 4.4
Ciprofloxacin 6.7 1.9
MC-Fe-Chitosan Tetracycline 55.6 14.9
composite
Acid orange 94.2 26.5

The results of the adsorption tests in Table 4.4 did not show promising results.
However, comparing the adsorbent materials produced via activation with the

adsorbent composite, it was decided to continue the study with the synthesis of an MC-
based composite.

4.3.3 MCBT CHARACTERIZATION STUDIES
e Thermogravimetric (TG-DTG) analysis

Figure 4.1 presents TG-DTG curves to examine the thermal characteristics,
degradation kinetics, and decomposition patterns of MCBT. The TG-DTG curves
illustrate the weight loss of MCBT as a function of temperature. The main result
obtained from the TG-DTG analysis of the MCBT composite revealed a weight loss of

11.38% at 415 °C, coupled with a small exothermic peak at the same temperature and
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a subsequent substantial endothermic peak around 620 °C in the DTA curve. The
observed weight loss at 415 °C indicates a significant thermal event, signifying the
decomposition of the MCBT components (MC and bentonite). This loss is normally
attributed to the removal of volatile components such as residual or adsorbed moisture
commonly found in carbonaceous materials. The small exothermic peak at this
temperature suggests that the decomposition process is accompanied by a release of
energy, possibly indicative of the initial stages of combustion or oxidation of the organic

components within the MC.

Figure 4.1 - TG/DTG curves of MCBT
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Furthermore, the subsequent large endothermic peak observed around 620 °C implies
a substantial absorption of heat during this temperature range. This phenomenon may
be associated with the decomposition of more complex organic or inorganic
constituents within the composite, such as the breakdown of certain minerals present
in bentonite clay or further transformations of the carbonaceous residues. The
combined exothermic and endothermic events in close succession suggest a multi-
step decomposition process involving different phases of the composite. The char,
being the primary carbonaceous component, likely undergoes initial combustion,

leading to the exothermic peak, followed by subsequent reactions or transformations
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contributing to the endothermic peak. Moreover, the temperature range of 415 °C to
620 °C aligns with typical decomposition temperatures of organic and inorganic
materials, and the observed peaks underscore the complexity of the composite's
thermal behavior. The presence of bentonite clay may influence the overall
decomposition kinetics, either catalytically or by contributing to structural

transformations.

e Fourier-transform infrared (FT-IR) analysis

The FTIR analysis of MCBT provides valuable information about the chemical
composition and structural characteristics of this material (FIGURE 4.2). The presence
of transmittance peaks in the FTIR spectrum of MCBT can be attributed to functional
groups typically found in carbonaceous materials (MC) and bentonite (BT). The peak
at 3600 cm™ is attributed to the stretching vibrations of hydroxyl (OH) groups,
indicating the presence of moisture or residual water in the composite. This peak is
often associated with adsorbed or physically bound water within the material. This may
also be associated with N-H stretching vibration, signifying the presence of a surface
functional group of amino groups (MAGED et al., 2021). The peak in the range of 1600-
1700 cm™' indicates the presence of C=C, which was also present in MC (CHAPTER
3, SECTION 3.3.5) probably as a result of PVDF structure thermal degradation, which
contributes to the reactivity of the adsorbent surface and consequently its adsorption
capacity. The band at 1100 cm™ is typically associated with Si-O stretching vibrations,
suggesting the contribution of bentonite clay to the MCBT composite. This peak
signifies the presence of silicate structures in the clay, confirming the successful
incorporation of the clay into the composite matrix. The peaks at 600 cm™' and 500 cm-
' are characteristic of bending vibrations of the Si-O-Si bonds in the bentonite clay.
These bands further support the presence of the clay component in the composite and

indicate the preservation of the clay's mineralogical structure.
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Figure 4.2 - FTIR spectra of MCBT
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e X-ray powder diffraction (XRD) analysis

Figure 4.3 shows the XRD analysis of the MCBT, providing information about the
structural properties of the composite. In the XRD pattern of MCBT, distinct peaks are
observed around 6.5°, 20°, 25° and 44°. The intense peak observed at 6.5° in the XRD
analysis is characteristic of smectite (within the bentonite clay). The smectite clay
minerals exhibit a significant basal reflection (001) at low angles, and the peak at 6.5°
(20) is associated with the spacing between the layers of the smectite crystal structure.
The intensity of the peak indicates the abundance and well-defined crystalline nature
of the smectite in the composite. Additionally, the peak at 20° is a characteristic
reflection associated with the crystalline structure of bentonite clay. This confirms the
successful incorporation of the clay into the composite, and the position of this peak
may provide information about the clay's mineralogical composition. The presence of
peaks at 36° and 44° suggests the existence of crystalline phases associated with the
MC. These peaks may arise from the carbonaceous residues in the char or potentially
from the interaction of the char with minerals in the bentonite. Overall, the obtained
XRD results collectively indicate a composite material with a combination of

amorphous and crystalline phases. The integration of bentonite clay introduces well-
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defined crystalline structures, while the MC char contributes to both amorphous and

crystalline features.

Figure 4.3 - XRD pattern of MCBT
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e Raman analysis

Raman spectroscopy was employed to validate the molecular composition and
structural characteristics of the MCBT produced, as represented in Figure 4.4. The
evaluation of the degree of graphitization (G band) and the presence of disordered
carbon structures (D band) can be carried out using Raman analysis. The peak at 1348
cm™' (D band) is associated with sp3-hybridized carbon, while the G-band at 1582 cm-
' is related to the vibration of sp?-hybridized carbon (Hong et al., 2016). Compared to
the MC Raman spectrum (CHAPTER 3, FIGURE 3.14), both D and G bands presented
lower intensity, resulting in an Ip/lg ratio also lower, equal to 0.66. The band at 507 cm"
' can be associated with bentonite (BT) added to MC to produce the composite. Raman
analysis of MCBT is crucial to adapt its properties for application as an adsorbent. The
combination of these Raman peaks reflects the hybrid nature of the composite,
encompassing both inorganic (clay minerals) and organic (carbonaceous residues)

components. The degree of disorder and crystallinity in the carbon structures, as
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revealed by the D and G bands, provides insights into the carbonization process and

the potential applications of the MCBT composite as a homogenized adsorbent.

Figure 4.4 - Raman spectra of MCBT
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e Surface and textural analysis

The SEM analysis, which aims to investigate the surface morphology of the MCBT, is
presented in FIGURE 4.5. As expected, MCBT presents a flake morphology with
irregular shapes and a non-compact structure, characteristic of porous carbons. The
presence of irregularly shaped particles and aggregates is indicative of the composite’s
complex composition, incorporating both organic and inorganic components.
Additionally, the porous nature of the MCBT composite is crucial for adsorption
applications. Furthermore, the distribution and dispersion of particles throughout the
composite are evident from the SEM micrographs. The intimate intermingling of the
clay and char components suggests a successful blending process, contributing to the
overall homogeneity of the material. This homogeneous distribution is essential for

ensuring consistent properties and performance in potential applications.
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Figure 4.6 shows the EDS elemental analysis of the MCBT sample. The result
indicates that carbon (C) is the most abundant element in the sample (56.2%), as
expected due to its majority raw material, the carbonaceous material MC. Aluminum
(Al, 7.7%) and silica (SiO2, 8.7%) derived from bentonite were also identified in the
MCBT, not previously detected in the MC (CHAPTER 3, SECTION 3.3.5). A surface
area of 398 m?/g for MCBT was determined through BET analysis. Total pore volume
was measured at 0.18 cm?/g. This high total pore volume is generally advantageous
for application as an adsorbent. The average pore diameter was 1.8 nm, categorizing

the material as microporous carbon.

Figure 4.6 - EDS elemental analysis for MCBT
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4.3.4 MCBT COST EVALUATION

From produced MC (CHAPTER 3) and bentonite, a simple procedure can be used to
manufacture the MCBT composite without needing costly reagents or complex
equipment. Based on the obtained results, MCBT is produced at a moderate
temperature, and depending on the furnace's capacity, the synthesis process can be

scaled up.

To assess the composite's economic feasibility and potential for large-scale adsorbent
application, it is crucial to estimate the production costs. The price of raw materials,
such as feedstock and reagents, as well as the energy consumed determine the cost
of composites. Table 4.5 displays the specific production costs for MCBT. When
compared to commercial adsorbents, the preparation cost of MCBT was found to be
inexpensive, estimated at 0.85 €/kg. The low costs of MC and bentonite, being possible
to collect it without cost or buy for 0.64 €/kg, and the decreased electricity use are
responsible for the low synthesis cost of MCBT (TABLE 4.5). In general, when the

process is used more widely to produce more composite, the costs decrease even

more.
Table 4.5 - Cost analysis of producing 1 kg of MCBT
Items Consumed amount Price (€) Total cost (€)
Materials
Membrane char 0.75 kg 0.12 €/kg* 0.09
Bentonite 0.25 kg Free¥ 0.00
Energy
Ultrasonicator 0.40 kWh 0.05 €/kWh 0.02
(400 W/h) ' ' '
Magnetic stirrer
2.60 kWh 0.05 €/kWh 0.13
(650 W/h)
Muffie furnace 2.00 kWh 0.05 €/kWh 0.10
(4000 W/h)
Drying oven 10.20 KWh 0.05 €/kWh 0.51
(425 W/h)
Total 0.85

(*) Price estimated in Section 3.3.6.
(Y) Collected from Matrouh City, Egypt, without cost (MAGED et al., 2020a).
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4.4 CONCLUSIONS

During the preliminary tests for fluoride (F°) removal using MC was observed an
average of 1.87+0.28 mg/g of F- released by the MC, and a residual release of 0.23

mg/g of F~ even after MC washing tests with sodium hydroxide (NaOH) solution.

MC modification by acid activation, magnetization/co-precipitation, and alkali-acid
activation, furthermore membrane char-Fe-chitosan composite synthesis, were
investigated in preliminary tests. However, the results of the adsorption tests using
these MC modified and the composite produced for dyes and pharmaceuticals removal

did not show promising results.

A synthesis methodology of a composite mixing MC and bentonite was presented and
this produced membrane char-bentonite composite (MCBT) was characterized. MCBT
characterization studies showed the obtaining of a homogeneous material, as
supported by Raman and SEM analysis, with a surface area of 398 m?/g, total pore
volume of 0.18 cm?®/g, and microporous average pore diameter of 1.8 nm, as pointed
by the N2> adsorption-desorption isotherm data. Those proprieties are generally
advantageous for the application of a material as an adsorbent. The cost evaluated of

0.85 €/kg also favors the interest of using MCBT as a low-cost alternative adsorbent.
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CHAPTER 5 - ADSORPTION TESTS: REMOVAL OF ANTIBIOTICS
5.1 LITERATURE REVIEW

Batch adsorption tests allow preliminary evaluation of the adsorption process under
various parameters (pH, contact time, adsorbent dosage, and initial adsorbate
concentration) in the fluid phase. Under constant temperature conditions, by
constructing isotherms and adjusting experimental data to literature isotherm models,
it is possible to determine the adsorption capacity and process efficiency in equilibrium
studies. It is also possible to evaluate the contact time between adsorbate and
adsorbent in kinetic studies (LARGITTE & PASQUIER, 2016; MESQUITA, 2016;
MESQUITA et al., 2017a; METCALF & EDDY, 2014; NASCIMENTO et al., 2014;
NIGRI et al., 2017; QIU et al., 2009; WORCH, 2012).

Operational and dynamic parameters, including adsorption capacity and removal
efficiency, can be obtained from the breakthrough curve constructed in continuous
adsorption tests (CAVALCANTI, 2009; MESQUITA et al., 2017b; XAVIER et al., 2018).
The fluidized and fixed bed operating modes are defined by how the adsorbent is made
available in the continuous operation system. In the fluidized bed, the fluid phase is
typically fed at the bottom of the column at a sufficient velocity to fluidize the adsorbent
particles, forming the bed. In the fixed bed, the adsorbent is held in the column between
two inert layers, and the adsorbate concentration along the bed varies with the flow of
the fluid phase, whether upward or downward. Upward flow is preferred to minimize
bed compaction effects and the formation of preferential pathways (CAVALCANTI,
2009; MESQUITA et al., 2017b; NIGRI et al., 2017).

5.1.1 EQUILIBRIUM: ADSORPTION ISOTHERMS

The equilibrium point of an adsorption system depends directly on the interaction
between adsorbate and adsorbent, which in turn is influenced by the characteristics of
each one of them and by the system conditions, such as temperature, pH, and the
presence of other substances in the fluid phase. Assuming the adsorption of a single
adsorbate at a constant temperature, an adsorption isotherm can be constructed to
study the equilibrium of the system, according to Equation 5.1 and Figure 5.1
(METCALF & EDDY, 2014; WORCH, 2012).
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q0 = f(Ce) (5.1)

where qo is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g) and

Ce is the adsorbate concentration at equilibrium (mg/L) under constant temperature.

Figure 5.1 - Adsorption isotherm for single adsorbate under constant temperature

Temperature = constant

Adsorption capacity, q,

Equilibrium concentration, C,

Source: Adapted from Worch (2012)

The determination of the adsorption capacity at equilibrium (qo) or the amount of
adsorbate adsorbed per unit mass of adsorbent at equilibrium (mg/g), is done
experimentally under constant temperature considering the initial (Co) and equilibrium
(Ce) concentrations of the adsorbate in the fluid phase in mg/L, the volume of the fluid
phase (V) in L and the mass of adsorbent (m) in g in the batch system (EQUATION
5.2) (METCALF & EDDY, 2014).
Co—Co).V

N me> 2
The isotherms can have different formats (FIGURE 5.2) that reveal the adsorption
system and whether the adsorption capacity is proportional (linear) or independent
(irreversible) to the adsorbate concentration in the fluid phase at equilibrium or, even,
whether the adsorption capacity is high for low equilibrium concentrations (favorable
or extremely favorable) or the opposite (not favorable) (MCCABE, SMITH &
HARRIOTT, 2004).
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Figure 5.2 - Adsorption isotherms formats
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According to the recommendations of the International Union of Pure and Applied

Chemistry technical report (IUPAC, 2015), physisorption isotherms can be classified
into eight types (FIGURE 5.3) (THOMMES et al., 2015).

Adsorbed amount —>

Figure 5.3 - IUPAC classification of adsorption isotherms
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Type | isotherms correspond to monolayer adsorption of microporous materials with

pore diameters smaller than 1 nm in I(a) and smaller than 2.5 nm in I(b). Type Il

isotherms characterize the adsorption onto non-porous materials by forming

multilayers. In type Ill isotherms, the interactions between adsorbent and adsorbate
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are relatively weak and an identifiable monolayer is not formed. Type IV isotherms
show the adsorption on mesoporous adsorbents with a final saturation plateau of
varying lengths. In isotherms of type IV(a) a hysteresis is observed, in which the
adsorption and desorption isotherms do not coincide due to differences between the
saturation pressures for condensation and evaporation inside the pores. Type IV(b)
isotherms represent adsorbents with smaller mesopores, which are completely
reversible. In type V isotherms, considered uncommon, the interactions between
adsorbent and adsorbate are relatively weak as in type Il isotherms, and hysteresis is
observed as in type IV(a) isotherms. Finally, type VI isotherms describe multilayer
adsorption onto highly uniform surfaces, in which layers form over varying relative
pressure (THOMMES et al., 2015).

The best-known mathematical models used to describe adsorption equilibrium under
constant temperature were proposed by Freundlich and Langmuir in 1906 and 1918,
respectively. These classical isotherm models require the determination of two
parameters from experimental data for their application and each one has its
simplifying assumptions and limitations. As there is no universal isotherm model to
describe the adsorption equilibrium, the applicability of a given model to the
experimental system needs to be tested (METCALF & EDDY, 2014; WORCH, 2012).

e fFreundlich isotherm

The Freundlich isotherm was obtained empirically and is currently widely used to
describe adsorption systems on activated carbon and zeolites in water and wastewater
treatment. This model considers the energetic heterogeneity of the adsorbent surface.
As it assumes multilayer adsorption and does not predict saturation of the adsorbent,
the Freundlich isotherm describes adsorption only in the concentration range in which
it was obtained and cannot be extrapolated. The Freundlich isotherm model is given
by Equation 5.3 (FREUNDLICH, 1906; MESQUITA, 2016; METCALF & EDDY, 2014;
WORCH, 2012)

1

Qo = Kp.C? (5.3)
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where qo is the adsorption capacity at equilibrium (mg/g), Kr is the Freundlich constant
related to the adsorption capacity and determining the curvature of the isotherm
(mg/g), Ce is the adsorbate concentration in the fluid phase at equilibrium (mg/L) and
n is the heterogeneity factor of the adsorbent. Values of n greater than 1 (one) refer to
high adsorption capacities for low equilibrium concentrations, in favorable isotherms,

while values lower than 1 (one) show unfavorable isotherms.

e Langmuir isotherm

The Langmuir isotherm model, developed from theoretical considerations, assumes
the existence of energetically homogeneous pores on the surface of the adsorbent and
considers the reversibility of adsorption that occurs in a single layer. Equation 5.4
describes the Langmuir isotherm (LANGMUIR, 1916; MESQUITA, 2016; METCALF &
EDDY, 2014; WORCH, 2012).

_ Amax -KL -Ce

_ 4
=11k c (5-4)

where qo is the adsorption capacity at equilibrium (mg/g), qmax is the maximum
adsorption capacity for the monolayer coverage (mg/g), K. is the Langmuir constant
related to the free energy of adsorption and corresponding to the affinity between
adsorbent and adsorbate (L/mg) and Ce the concentration of adsorbate in the fluid

phase at equilibrium (mg/L).

5.1.2 ADSORPTION KINETICS

The kinetics study lets us understand the adsorption progress until equilibrium.
Equilibrium is not reached instantly, especially in porous materials, due to the
adsorbate transfer resistance from the fluid phase to the interior of the adsorbent pores.
These mass transfer resistances directly influence the speed of each step of the
adsorption process (LARGITTE & PASQUIER, 2016; MESQUITA, 2016;
NASCIMENTO et al., 2014; QIU et al., 2009; WORCH, 2012).

The equilibrium time and limiting step in the adsorption process can be estimated
through kinetic modeling. Generally assuming constant temperature, spherical

isotropic adsorbent particles, and adsorption rates much higher than diffusion rates,
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the kinetic models usually involve the mass balance, the isothermal parameters, and
the mass transfer equations of the adsorption system. The main kinetic models for
determining the adsorption rate of batch systems, that is, the variation in adsorption
capacity over time, are the pseudo-first-order and pseudo-second-order models,
based on the kinetics of chemical reactions (LARGITTE & PASQUIER, 2016;
MESQUITA, 2016; QIU et al., 2009; WORCH, 2012).

e Pseudo-first-order model

The pseudo-first-order kinetic model, proposed by Lagergren in 1898 for solid/liquid
adsorption systems, assumes that physisorption is the rate-limiting step of adsorption
and is given by Equation 5.5 (LAGERGREN, 1898; MESQUITA, 2016; NASCIMENTO
et al., 2014; WORCH, 2012).

qe = qo (1 —e*t) (5.5)

where q: is the adsorption capacity at time t (mg/g), qo is the adsorption capacity at

equilibrium (mg/g) and k1 is the pseudo-first-order adsorption rate constant (1/min).

The determination of the pseudo-first-order adsorption rate constant (k1) can be done
by plotting a graph of In(qo - qt) versus t, according to Equation 5.6 obtained from the
integration of linearized Equation 5.5 for the boundary conditions (gt = 0, t = 0) and (qt
=q, t =t) (NASCIMENTO et al., 2014; WORCH, 2012).

In(q, — ‘h) = 10(%) —ky.t (5.6)
e Pseudo-second-order model

The pseudo-second-order kinetic model is also applied to solid/liquid adsorption
systems, considers chemisorption as the adsorption rate-limiting mechanism, and is
described by Equation 5.7 (MESQUITA, 2016; NASCIMENTO et al., 2014; WORCH,
2012).

k,.qo2.t

== " 5.7
1+k,.qt -7)

qt
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where qt is the adsorption capacity at time t (mg/g), ko is the pseudo-second-order

adsorption rate constant (g/mg.min) and qo is the adsorption capacity at equilibrium

(mg/g).

Integrating linearized Equation 5.7 for the boundary conditions (qt= 0, t = 0) and (qt =
qt, t = t) Equation 5.8 is obtained, which is presented in linearized form in Equation 5.9.
The values of the equilibrium adsorption capacity (qo) and the pseudo-second-order

adsorption rate constant (k2) are, respectively, the intercept and the slope of the curve

obtained by plotting a graph ofqi versus t (NASCIMENTO et al., 2014; WORCH, 2012).
t

t 1
- 4kt 58
(90— q0) o> ° (>8)

L 1 + ‘ (5.9
qr  kz.q0* o .

5.1.3 DYNAMIC: CONTINUOUS ADSORPTION

To understand how distance acts on the continuous adsorption process, it is necessary
to understand the bed as layers of adsorbent that reach equilibrium one by one, from
the beginning to the end of the column, in the direction of fluid phase flow containing
the adsorbate with an initial concentration (Co). Therefore, the amount of material
adsorbed in the column, in addition to time, also varies throughout the layers. However,
the boundary between a saturated layer and an empty layer is not explicit, due to the
different adsorption rates. This unmarked boundary between two layers of the column
is called the mass transfer zone (MTZ). This is a bed region that is not empty but is not
yet saturated, that is, it is the active region of the bed, in which the mass transfer is
taking place. Thus, it is said that the shape of the MTZ reflects the mass transfer
resistance, and the greater the resistance, the lower the degree of inclination of the
MTZ. As shown in Figure 5.4, the MTZ moves along the entire bed until it is completely
saturated (MESQUITA, 2016; WORCH, 2012).
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Figure 5.4 - Displacement of the mass transfer zone by a fixed bed (MTZ: mass transfer zone;
Co: initial adsorbate concentration; t: time)

\

MTZ

Source: Adapted from Xavier (2018)

Aiming to study the adsorption dynamics, are constructed breakthrough curves that
describe the adsorbate concentration profile in the fluid phase as a function of time in
the graphical form of C/Co versus t, where C is the adsorbate concentration in the fluid
phase at the time t and Co is the initial adsorbate concentration in the fluid phase
(FIGURE 5.5). The determination of C takes place at the column outlet. Thus, as at
time zero, all the adsorbent is empty, adsorption takes place fully and the value of C
at the column outlet is zero, with a consequent relative concentration (C/Co) equal to
zero. With the formation of the MTZ and the complete saturation of the bed, C equals
Co and the breakthrough curve reaches 1 on the relative concentration axis
(MESQUITA, 2016; XAVIER, 2018).
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Figure 5.5 - Real and ideal breakthrough curves in a fixed bed adsorption column (BC:
breakthrough curve; C/C: relative concentration; Cy/Co: relative breakthrough concentration;
C./Co: relative exhaustion concentration; t: time; t,: breakthrough time; t.: exhaustion time)
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The breakthrough point and the exhaustion point delimit the region of the breakthrough
curve in which the MTZ shifts, that is, the interval in which the bed is no longer empty,
but has not yet been completely saturated. It is usual to define the breakthrough
concentration (Cp) as the adsorbate concentration in the fluid phase 5% above the
adsorbate initial concentration and the exhaust concentration (Ce) as the concentration
equal to 95% of the initial adsorbate concentration. However, the choice of this
breakthrough concentration (Cy) varies according to the desired removal efficiency in
the process, generally defined to meet legal requirements. The breakthrough curve is
a mirror image of MTZ, also presenting a sigmoidal shape and being related to the
mass transfer resistance in the same way (MESQUITA, 2016; WORCH, 2012;
XAVIER, 2018).

The time until the bed is empty and the outlet adsorbate concentration (C) has not yet
exceeded the breakthrough concentration (Cy), called breakthrough time (tv), is the
parameter that determines the column's service time. It is desired that a column
operates for as long as possible in this condition, maximizing its service time. After the
breakthrough time, the column no longer meets the need for removing adsorbate from
the fluid phase. In ideal cases, in which the adsorption rate is speedy, the bed is

saturated after the breakthrough, soon reaching the exhaustion time (te), reducing the
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time for the relative concentration (C/Co) to go from 0 to 1 on the curve breakthrough,
a time in which column efficiency is no longer sufficient. Thus, an ideal breakthrough
curve differs from a real breakthrough curve, whose adsorption kinetic is slow due to
the degree of inclination of its curves, as shown in Figure 5.5 (METCALF; EDDY, 2014;
WORCH, 2012; XAVIER et al., 2018).

The determination of the adsorption capacity (qo) of a real continuous system can be
done by applying integral mass balance equations to the respective breakthrough
curves. These equations apply to all types of adsorbents, but they neglect the
adsorption kinetics (METCALF & EDDY, 2014; WORCH, 2012). The adsorption
capacity (qo) is determined by applying a generic mass balance (EQUATION 5.13), to
the breakthrough curve. Assuming the breakthrough time of the ideal curve
corresponding to no adsorbate leaving the column, that there are no adsorbate
formation or consumption reactions, and that the accumulated adsorbate is divided
into the adsorbent and the fluid phase contained in the empty volume of the bed, the
Equation 5.14 is presented (METCALF & EDDY, 2014; WORCH, 2012).

[Accumulation] = [Input] — [Output] + [Generation] — [Consumption] (5.13)

t=c0
Go-m + Co.Vy= Co.Q. [ (1—C—Co)dt (5.14)

where qo is the adsorption capacity of the column (mg/g), m is the mass of adsorbent
in the bed (g), Co is the initial concentration of adsorbate (mg/L), V. is the volume of
the bed filled by the fluid phase (L), Q is the volumetric flow rate of the fluid phase

(L/min) and C is the adsorbate concentration in the fluid phase at the time t (mg/L).

5.2 MATERIAL AND METHODS
5.2.1 MEMBRANE CHAR-BENTONITE COMPOSITE PRODUCTION

The membrane char-bentonite composite (MCBT) submitted to the adsorption tests
was synthesized as described in Section 4.2.4, using the membrane char (MC)
produced under the optimized pyrolysis conditions (CHAPTER 3) and the bentonite
(BT).
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5.2.2 BATCH ADSORPTION TESTS

Adsorption tests in batch mode were carried out utilizing MCBT adsorbent to assess
its effectiveness in removing Tetracycline (TC) and Enrofloxacin (ENR) from aqueous
solutions. In the equilibrium batch experiments, capped 100 mL glass bottles were
utilized. Each bottle contained an MCBT dosage, a measured volume of TC or ENR
solution, and a known TC or ENR concentration for each experiment specifically. The
prepared bottles, comprising TC or ENR and the MCBT, underwent agitation (200 rpm)
on an orbital shaker for a predetermined duration of up to 300 minutes at an average
room temperature. To adjust the pH of the solutions, freshly prepared solutions of 0.1
M NaOH/HCI were used. Additionally, various experimental conditions were examined
to improve the batch adsorption process for TC and ENR onto MCBT. These conditions
included solution pH (from 2.0 to 9.0), adsorbent dosage (from 0.1 to 1.5 g/L),
interaction time between TC or ENR and MCBT (from 0 to 300 min), initial TC or ENR
concentration (from 10 to 200 mg/L), and ionic strength (NaCl, from 0 to 0.1 M).
Duplicate experiments were conducted for each set of conditions. Following
equilibrium, the suspension was filtered using a syringe filter, and the residual TC or
ENR concentration was determined using a UV-vis spectrophotometer at a
wavelength of 357 nm or 277 nm, respectively. Finally, the adsorption capacity (qo)
and the removal efficiency (R%) for TC and ENR by MCBT were calculated using
Equations 5.2 and 5.15, respectively.

CO - Ce

R% =

%100 (5.15)

0

where R% is the adsorbate removal efficiency (%) and Co and C. are the adsorbate's

initial and equilibrium concentrations in the fluid phase (mg/L), respectively.

The Freundlich (EQUATION 5.3) and the Langmuir (EQUATION 5.4) isotherm models
were employed in the non-linear form to predict the maximum adsorption capacity and
gain insights into the specific relationship between the adsorbate (TC or ENR) and the
MCBT. For the kinetic studies, the experimental data were fitted to the non-linear forms
of the pseudo-first-order (EQUATION 5.6) and pseudo-second-order (EQUATION 5.7)
models to assess TC and ENR adsorption rate and mechanism onto MCBT. Isotherm



157

and kinetics mathematical modeling were done using MATLAB R2020a software and
the adjustment of the experimental data to respective models was assessed through
the coefficient of determination (R?) (EQUATION 5.16).

(-9

RZ=1 =

(5.16)
where Y is the experimental value, Yiis the value predicted by the model, and Y is the

mean of the experimental values.

5.2.3 FIXED-BED COLUMN ADSORPTION TESTS

The MCBT was evaluated in continuous mode to assess the practical application of
the produced adsorbent. A fixed-bed column study was conducted using a glass
column (130.0 x 5.0 mm, Omnifit™) and a peristaltic pump to maintain effluent flow
through the fixed bed. Two layers of glass wool and glass sphere were appropriately
positioned to sandwich the MCBT during the experiment, preventing any loss of
adsorbent. Different flow rates (2.0 and 5.0 mL/min), TC and ENR concentrations (5.0
and 10.0 mg/L) at pH 5.0, and MCBT mass (50.0 and 100.0 mg) were investigated in
the fixed-bed column studies. Effluent samples were collected at different time intervals
and analyzed using a UV—vis spectrophotometer at a wavelength of 357 nm or 277 nm
for TC and ENR, respectively. All column experimental runs were performed in
duplicate under identical conditions. Moreover, breakthrough curves were plotted to
evaluate the fixed-bed column's adsorption capacity, and the fixed-bed parameters

were estimated.

5.3 RESULTS AND DISCUSSION
5.3.1 BATCH ADSORPTION TESTS

e Influence of pH
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Essentially, the key to maximizing the removal of any given pollutant is understanding
how the pH of the solution affects the adsorption. Furthermore, the pH of the solution
can affect the solubility of the pollutant and the surface charge of the adsorbent, both
of which are essential elements in the adsorption process. Thus, by conducting
experimental sets at different pH values ranging from 2 to 9, the impact of initial pH for
the adsorption of TC and ENR employing MCBT was investigated (FIGURE 5.6).

Figure 5.6 - Effect of pH (2.0 — 9.0) on TC and ENR adsorption using MCBT
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The adsorption is largely controlled by the pH of the solution. The surface charge of
the adsorbent and the molecular form of the adsorbate are also impacted by the pH of
the solution, and these factors rely on the pHzpc of the solid phase. Figure 5.7 shows
that the pHzpc measured value of MCBT was 4.36 revealing that the MCBT surface
carries a positive charge at pH values below the pHzpc and, conversely, a negative

charge at pH values above the pHzpc value.
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Figure 5.7 - pHzpc measurements of MCBT
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To evaluate a possible release of fluoride by MCBT in water, as occurred with MC
(SECTION 4.3.1), an investigation of the stability of the composite was carried out.
Figure 5.8 demonstrates the impact of solution pH (ranging from 2 to 9) on MCBT
stability. The results showed that acidic and basic media slightly impacted MCBT with
a small increase in fluoride leaching compared to neutral pH conditions. Overall, the
results obtained proved that the synthesized MCBT is more stable than pure MC

regarding the fluoride leaching.
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Figure 5.8 — Release of fluoride in the solution from MCBT at pH (2.0 — 9.0) with 1.0 g/L MCBT at
25°C and 200 rpm for 24 h shaking using ICP-OES
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The amount of TC that was adsorbed decreased gradually as the pH of the solution
increased (FIGURE 5.6). At pH 3, MCBT showed the maximum TC adsorption (92%),
which then gradually decreased to pH 9 (64%). On the other hand, the removal
efficiency of ENR enhanced, rising from 51% (pH 2) to 74% (pH 8). Therefore, pH 5
was established to be the ideal pH for TC and ENR removal by MCBT.

e Influence of adsorbent dosage

The amount of adsorbent employed can strongly impact the pollutant removal
efficiency and the total cost of the adsorption process. Figure 5.9(a-b) illustrates the
impact of varying adsorbate dosage (from 0.1 to 1.5 g/L) on the adsorption capacities
and removal efficiency of TC and ENR by MCBT. It can be shown that the R% of TC
and ENR increased from 10.1% to 91.0% and from 22.0% to 94.8%, respectively, but
did not reach a plateau or saturation point Figure 5.9(a-b). These results validate the
adsorption ability of TC and ENR by MCBT. The initial attainability of various adsorption
sites for the adsorption can be associated with the significant improvement in the R%
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of MCBT in response to changes in their amount. On the other hand, as shown in
Figure 5.9(a-b), the adsorption capacity is indirectly proportional to the R%, in a
negative correlation. The insufficient interaction between TC and ENR molecules with
per unit weight of the adsorbent can account for the observed decrease in the MCBT
adsorption capacities with increasing adsorbent concentrations, from 28.0 to 16.8 mg/g
and from 59.5 to 17.1 mg/g, respectively. The ideal dosage for TC and ENR removal
by MCBT was therefore determined to be 1.0 g/L.

Figure 5.9 - Effect of adsorbent dosage (0.1 — 1.5 g/L) on (a) TC and (b) ENR adsorption onto
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e Influence of contact time

For 300 minutes the adsorption capacities of MCBT for TC and ENR (FIGURE 5.10)
were evaluated. According to the experimental findings, MCBT's adsorption capacity
for both TC and ENR increased expressively in the first 20 minutes (rapid initial
adsorption). Moreover, the adsorption rate gradually decreased as the contact period
increased until it achieved equilibrium, or a static state, signifying that no more

adsorption took place, reaching a plateau at near 20.0 mg/g.

Figure 5.10 - Non-linear adsorption kinetic modeling (0 — 300 min) of TC and ENR using MCBT
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The fitting curves for the two kinetic models (pseudo-first-order and pseudo-second-
order) are shown in Figure 5.10, together with the associated computed parameter
values (TABLE 5.1). In comparison to the other model used, the kinetic data of MCBT
showed a strong fit with the pseudo-second-order model for both TC (R? = 0.94) and
ENR (R? = 0.98). Strong chemisorption interactions, such as ion exchange chemical
reactions, complexation, pore filling, and H-bonding reactions, are implied to exist
between MCBT and TC or ENR molecules by this model, which is based on
experimental results (Liao et al., 2023). The best-fitted model was shown to be valid

when the theoretical adsorption capacities (Qeca), as determined by the pseudo-
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second-order model, were found to coincide with the experimental value (Qe.exp)-
Additionally, it was observed that the adsorption capacity of ENR (20.0 mg/g) was only
slightly greater than that of TC (18.8 mg/g).

Table 5.1 - Kinetic model parameters of TC and ENR adsorption onto MCBT
Pseudo-first-order model

Antibiotic -

k1 (1/min) Qe.cal (MQ/Q) Qe.exp (MQ/Q) R?
TC 0.44 £ 0.07 17.43 £ 0.51 18.80 0.85
ENR 0.69 + 0.09 18.91 £ 0.37 20.00 0.92

Pseudo-second-order model

k1 (1/min) Qe.cal (MQ/Q) Qe.exp (MQ/Q) R?
TC 0.04 £ 0.01 18.09 + 0.36 18.80 0.94
ENR 0.07 £ 0.01 19.46 + 0.20 20.00 0.98

e Influence of initial concentration

As the main concentration was raised to 200 mg/L, the adsorption capacity of MCBT
for TC and ENR showed a plateau behavior (FIGURE 5.11). This is explained by the
fact that the porous structure of MCBT has no sufficient number of accessible and
unoccupied adsorptive sites. The diminished steric repulsive forces between the

adsorbed and diffused antibiotic molecules may also be responsible for this.
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Figure 5.11 - Non-linear adsorption isotherm modeling (10 — 200 mg/L) of TC and ENR using
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Using two non-linearized isotherms (Freundlich and Langmuir) models (FIGURE 5.11),
the experimental data was also used to evaluate the TC and ENR adsorption onto
MCBT. The parameters of these models were computed (TABLE 5.2). The isotherm
data of MCBT towards TC and ENR molecules was best fitted by the Langmuir
isotherm model, based on R? of 0.73 and 0.82, respectively. Due to a strong interaction
between adsorbent and adsorbate, the Langmuir isotherm revealed that adsorption
occurs at certain homogeneous sites within the MCBT surface, which is limited to the
creation of monolayer adsorption (MAGED et al., 2020). Furthermore, it was also found
that TC's monolayer adsorption capacity (34.00 mg/g) was only slightly higher than
ENR's (31.30 mg/g). Additionally, the Langmuir model was used to determine the
maximum monolayer adsorption capacity of TC and ENR on the MCBT composite,

which were determined to be 35.39 and 33.02 mg/g, respectively.



Table 5.2 - Isotherm model parameters of TC and ENR adsorption onto MCBT
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L i |
Antibiotic angmuir mode

Qmax.cal (Mg/g) k. (dm3/mg) Je.exp (MQ/Q) R2
TC 35.39 + 24.92 0.31+£0.20 34.00 0.73
ENR 33.02 +2.06 0.16 £ 0.06 31.30 0.82
Freundlich model
Kr (mg/g)(L/mg)*m n R?
TC 23.99 + 3.45 0.08 £ 0.04 0.34
ENR 17.13 + 2.31 0.13 £ 0.06 0.65

e Influence of ionic strength

Improving pollutant adsorption requires an understanding of ionic strength because it

provides insight into electrostatic interactions, solution chemistry, and treatment

effectiveness in intricate environmental matrices. Determining the adsorption capacity

and the removal efficiency of MCBT adsorbent towards TC and ENR in the presence

of dissolved ions (NaCl), replicating the elements present in wastewater, is sufficient

to evaluate the ionic strength (FIGURE 5.12). In this multi-component system, there
was a decrease in the MCBT adsorbent's ability to remove TC (from 68.3 to 42.5%). A

distinct adsorption trend was seen in the case of ENR with a small variation in the

removal efficiency (from 74.6 to 75.1%) when in a multi-component system.

Figure 5.12 - Effect of ionic strength (NaCl: 0 — 0.1 M) on TC and ENR adsorption onto MCBT
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5.3.2 FIXED-BED COLUMN ADSORPTION TESTS

e Influence of operating parameters

The dynamic adsorption (fixed-bed column) investigations were carried out based on
the ideal batch system settings to evaluate the applicability (scale-up procedure) of
MCBT for TC and ENR removal. For each antibiotic, four experimental runs were
carried out. These runs included the following parameters: MCBT amount packed in
the column (mass of 50.0 and 100.0 mg), adsorbate flow rate (2.0 and 5.0 mL/min),
and TC or ENR inlet concentration (initial concentration of 5.0 and 10.0 mg/L) (FIGURE
5.13).
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Figure 5.13 - Breakthrough curves of TC and ENR adsorption onto MCBT at (a) Run 1, (b) Run 2, (c) Run 3, and (d) Run 4
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Variations in bed height (MCBT amounts packed) have a major impact on mass
transfer processes, fluid dynamics, and the overall performance of continuous flow
systems in column experiments. In Figure 5.13(b-d), the impact of MCBT amounts
packed (Runs 2 and 4) was plotted. The breakthrough curves that were produced
demonstrated that there was a significant improvement in column performance when
the packed bed mass was increased from 50 to 100 mg. Under the conditions used for
comparison purposes (FIGURE 5.13(b-d)), when a smaller amount of packaged MCBT
(50.0 mg) is used (Run 4), the removal of antibiotics does not occur completely from
the beginning of column operation and it is not possible to observe the breakthrough
point of the column for both antibiotics. For TC a maximum removal of 40% is noted
while for ENR this value reaches 60%. When the amount of packaged MCBT is
doubled (100.0 mg) in Run 2, removals of 80% and 100% are achieved for TC and
ENR, respectively, and the breakthrough can be visualized in the ENR curve. This
result can be explained by increasing the intraparticle diffusion rate, the amount of
accessible active sites, and the physical contact between TC and ENR molecules and
MCBT (OMITOLA et al., 2022).

Additionally, by adjusting the intake flow rate at 2 and 5 mL/min (Runs 1 and 4,
respectively) while keeping the other parameters constant (50 mg of adsorbent amount
and 10 mg/L of initial concentration), the effect of flow rate on TC and ENR adsorption
onto MCBT was evaluated (FIGURE 5.13(a-d)). Even in a decrease in flow rate, Figure
5.13(a) showed that the removal of antibiotics does not occur completely from the
beginning of column operation for both antibiotics. These results can be explained by
a lack of residence time, which prevents MCBT and TC or ENR molecules from
interacting and, as a result, lowers the adsorption potential. That situation points to
probably slow adsorption, needing more contact time between adsorbent and
adsorbate (AHMED & HAMEED, 2018).

Using two different antibiotic concentrations (5.0 and 10.0 mg/L), the effect of the initial
concentration on breakthrough curves for MCBT was evaluated in Runs 1 and 3 while
keeping other parameters constant (FIGURE 5.13(a-c)). The main discovery for these
two runs was that the breakthrough time for MCBT was higher with decreasing the
initial concentration of ENR, in contrast to the concentration of 10.0 mg/L. On the other

hand, for TC removal, reducing the antibiotic's initial concentration did not affect
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significantly the breakthrough curve. The observed increase in the breakthrough time
of ENR could be explained by the slow rate of MCBT adsorption site occupancy,

reinforcing the analysis of the flow rate effects above (DOVI et al., 2022).

5.4 CONCLUSIONS

The adsorption capacity of the membrane char-bentonite composite (MCBT) produced
in this study to remove antibiotics like Tetracycline (TC) and Enrofloxacin (ENR) from
the water was investigated. Under best conditions, the maximal adsorption capacities
of 34.0 mg/g for TC and 31.3 mg/g for ENR were achieved. The Langmuir best fitting
in the isotherm studies revealed that adsorption only occurs in monolayer at specific
homogenous spots on the MCBT surface. By this model, maximal adsorption
capacities of 35.39 and 33.02 mg/g for TC and ENR onto MCBT composite were
calculated. In TC and ENR adsorption onto MCBT in continuous mode were
investigated the effects of MCBT amount packed in the column, adsorbate flow rate,
and TC or ENR initial concentration. These studies suggest that the adsorption would
likely be slow, probably due to a slow rate of MCBT adsorption site occupancy, and

requiring longer contact times between the adsorbent and the adsorbate.
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CHAPTER 6 - REGENERATION TESTS
6.1 LITERATURE REVIEW
6.1.1 ACTIVATED CARBON REGENERATION

During the adsorption mechanism, the pores of the activated carbon become occupied
by the adsorbate and saturated. After the exhaustion of these pores, activated carbon
loses its applicability as an adsorbent and the cost of replacing the material presents
itself as an unfavorable point for the adsorption process use on a large scale. As an
ecologically and economically viable alternative, regeneration techniques can be
applied to reuse activated carbon after its exhaustion (CAZETTA et al., 2013; COSTA
et al., 2020; ZANELLA, TESSARO & FERIS, 2014).

The regeneration technique applied depends on the characteristics of the pollutant, the
type of adsorption, the process costs, and even the form of the activated carbon, with
the regeneration methodologies of granular carbons being more consolidated,
compared to pulverized material (CAVALCANTI, 2009; CAZETTA et al., 2013; COSTA
et al., 2020; EL GAMAL et al.,, 2018; MESQUITA, 2016). Regeneration can be
classified based on its release method from the pores, either by removal or

decomposition of the adsorbate.

In regeneration techniques via pollutant desorption, mass transfer occurs from the
surface of the activated carbon to another phase (ZANELLA, TESSARO & FERIS,
2014). Thermal regeneration, using inert gases, steam, or microwaves, is widely used
in industry for the desorption of adsorbates. Despite the high energy consumption and
possible losses of carbonaceous mass, this technique can remove different adsorbates
simultaneously (CAZETTA et al., 2013; COSTA et al., 2020).

In regeneration by decomposition, complete mineralization of the adsorbate can occur,
with chemical regeneration being the most common of these (ZANELLA, TESSARO &
FERIS, 2014). Compared to thermal regeneration, chemical regeneration has lower
costs and offers less risk of wear to the carbonaceous material (COSTA et al., 2020).
Basically, it is a solid-liquid extraction, by immersing activated carbon in a solution of
sulfuric acid, nitric acid, or hydrochloric acid, or even in an alkaline solution, of sodium

hydroxide or ammonia, for example (DUAN et al., 2020). To select the solvent, it is
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important to get information on its affinity with the adsorbate as well as to know how

the adsorbate is joined to the adsorbent surface.

6.2 MATERIAL AND METHODS
6.2.1 MEMBRANE CHAR-BENTONITE COMPOSITE SATURATION

The membrane char-bentonite composite (MCBT) submitted to the regeneration tests
was synthesized as described in Section 4.2.4, using the membrane char (MC)
produced under the optimized pyrolysis conditions (CHAPTER 3) and the bentonite
(BT).

The saturation of the MCBT with a solution of Tetracycline (TC) or Enrofloxacin (ENR)
was carried out by keeping the adsorbent in contact with the antibiotic solution (30
mg/L of each solute) in an orbital shaker at 200 rpm, respecting the adsorbent dosage
of 1 g/L and the equilibrium time of 2 hours, as defined in the studies described in
Chapter 5.

6.2.2 REGENERATION TESTS

Regeneration tests in batch mode were carried out utilizing the saturated MCBT
adsorbent to assess the nitric acid (HNO3) and potassium hydroxide (KOH) (0.1 and
0.5 M) effectiveness in removing the Tetracycline (TC) and Enrofloxacin (ENR)
adsorbed. Each regeneration cycle comprehends a desorption and an adsorption step.
Capped 50 mL Falcon tubes containing 50 mg of MCBT and 50 mL of TC or ENR
solution (30 mg/L) or eluent solution were utilized. The prepared tubes underwent
agitation (200 rpm) on an orbital shaker for 2 hours at an average room temperature
for each desorption and adsorption step. Duplicate experiments were conducted for
each set of conditions. Following the agitation process, the suspension was
centrifuged, and for the adsorption step the residual TC or ENR concentration was
determined using a UV-vis spectrophotometer at a wavelength of 357 nm or 277 nm,
respectively. Finally, the removal efficiency (R%) for TC and ENR by MCBT was
calculated using Equation 5.15 (CHAPTER 5).
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6.3 RESULTS AND DISCUSSION

Due to waste reduction, sustainability, and economic feasibility, adsorbent reusability
is essential to adsorption operations. The active adsorption sites of the saturated
MCBT composite were regenerated using two different regeneration agents (HNO3
and KOH) with two different concentrations (0.1 and 0.5 M) (FIGURE 6.1(a-b)).

Figure 6.1 - Regeneration cycles of MCBT saturated with (a) Tetracycline and (b) Enrofloxacin
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Following the third cycle of adsorption-desorption, the removal efficiency of MCBT in
all eluent cases significantly decreased in the removal of TC (on average from 58.7 to
12.7%) and ENR (on average from 52.7 to 7.9%). On the other hand, it was possible
to observe that utilizing KOH as the eluent for only one regeneration cycle of MCBT
saturated with ENR can be effective in 0.5 M (from 52.3 to 51.2%, respectively)
(FIGURE 6.1(b)). The obtained results of the regeneration tests were not satisfactory,
indicating that only KOH was a favored eluent only for the desorption of ENR in one
single desorption-adsorption cycle. These results can be explained by the strong
chemisorption interactions implied to exist between MCBT composite and TC or ENR
molecules by the pseudo-second-order model fitted in the kinetics studies (CHAPTER
5, SECTION 5.3.1).

6.4 CONCLUSIONS

The results of the regeneration tests were not satisfactory. Only KOH was able to
desorb the ENR from MCBT in one single desorption-adsorption cycle. It might be
explained by the strong chemisorption interactions between TC or ENR molecules and

MCBT composite.
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CHAPTER 7 - FINAL CONSIDERATIONS
7.1 CONCLUSIONS

The utilization of discarded PVDF ultrafiltration membranes for producing
char/composite carries significant environmental implications. One of the most notable
benefits is the diversion of these membranes from traditional disposal methods, such
as landfilling or incineration. Landfilling can result in long-term environmental pollution,
as PVDF membranes may take considerable time to degrade, and their incineration
can release potentially harmful by-products into the atmosphere. Moreover, the
environmentally conscious utilization of discarded PVDF ultrafiltration membranes is
intricately linked with Sustainable Development Goals (SDGs), specifically SDG 12 -
Responsible Consumption and Production. Therefore, diverting these membranes
from traditional waste disposal routes and applying circular economy principles actively
contribute to SDG 12's objective of achieving more sustainable and responsible
consumption and production patterns. This entails reducing waste generation,
conserving resources, and promoting the efficient use of materials as critical steps
toward a more circular and less wasteful society. Also, the production of
char/composite from discarded PVDF membranes can contribute to climate change
mitigation by repurposing discarded materials and reducing the demand for virgin
carbon sources aligned with SDG 13 - Climate Action. This circular economy approach
minimizes greenhouse gas emissions associated with traditional waste disposal

methods and promotes resource efficiency.

From the circular economy point of view, the conversion of discarded PVDF
ultrafiltration membranes into char/composite exemplifies a circular economy approach
centered on reducing waste, conserving resources, and promoting sustainable
practices. This circularity is achieved by reintegrating materials into the production
cycle, thereby extending their life cycle and creating value from waste. Embracing a
circular economy paradigm entails a shift away from perceiving these ultrafiltration
membranes as disposable, single-use items. Instead, these membranes are
recognized as a resource that can be transformed into a valuable product, which is
important in various applications and industries (i.e., water treatment, energy storage,
and catalysis). This shift from a linear, "take-make-dispose" model to a circular one

minimizes waste and reduces the need for virgin resources and the associated
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environmental impacts of their extraction and production. Therefore, this approach is
a promising strategy for managing discarded materials in an environmentally

responsible and economically viable manner.

Polyvinylidene fluoride (PVDF) fibers obtained from discarded ultrafiltration (UF)
membrane modules were pyrolyzed under optimized conditions of temperature (584
°C) and residence time (111 min), producing a membrane carbon (MC) with an iodine
index of 242.35 mg/g. Carbonaceous material with thermal stability and graphitic
domains, the MC produced by the removal of fluoride or hydrogen fluoride molecules
from the PVDF, presented a surface area of 345 m?/g, total pore volume of 0.16 cm?/g,
and microporous character. Adding these characteristics to its estimated low cost of
production of 0.14 €/kg, its use in a variety of industrial, environmental, and research

applications proved to be pertinent.

A methodology to synthesize the membrane char-bentonite composite (MCBT) by
combining MC and bentonite clay was proposed and described. The characterization
studies of MCBT indicated the production of a homogenous material with a surface
area of 398 m?/g, total pore volume of 0.18 cm3/g, and microporous average pore
diameter of 1.8 nm. MCBT production cost of 0.85 €/kg with its physical-chemical

characteristics observed are beneficial for its use as a low-cost adsorbent.

The performance of MCBT as an adsorbent for antibiotics Tetracycline (TC) and
Enrofloxacin (ENR) removal in batch and continuous was investigated. Maximum
adsorption capacities of 34.0 mg/g for TC and 31.3 mg/g for ENR onto MCBT were
achieved in batch. The kinetic studies showed that the pseudo-second-order model
best describes this process, and that chemisorption was the adsorption mechanism of
removal. In isotherm studies, Langmuir's best fitting showed that adsorption only takes
place in monolayers at particular homogeneous regions on the MCBT surface.
Maximum adsorption capacities of TC and ENR onto MCBT composite were
determined to be 35.39 and 33.02 mg/g, respectively, using this isotherm model. The
effects of flow rate, TC or ENR initial concentration, and the amount of MCBT packed
in the column were evaluated in continuous mode adsorption. The adsorption probably
is slow and needs prolonged contact time between the adsorbent and the adsorbate

to occur.
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Finally, four different methodologies for the regeneration of MCBT saturated with TC
and ENR were evaluated, combining two regeneration agents (HNO3 and KOH) with
two different concentrations (0.1 and 0.5 M) in three cycles of adsorption-desorption.
After the third cycle, in every scenario, the removal efficiency of MCBT dramatically
decreased in the removal of both TC (from 58.7 to 12.7%) and ENR (from 52.7 to
7.9%). These results were unsatisfactory and the strong chemisorption interactions

between TC or ENR molecules and the MCBT composite could account for it.

In summary, a char (MC) was produced from discarded polymeric ultrafiltration
membranes and characterized. Furthermore, a membrane char-bentonite composite
(MCBT) was synthesized, characterized, and evaluated as an adsorbent to remove
antibiotics TC and ENR from water in both technical and economic aspects. In this
way, the contributions from this study underscore the applicability of the produced
MCBT in addressing challenges across environmental domains, contributing to

sustainable solutions and resource-efficient practices.
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APPENDIX A — ADAPTED METHODOLOGY FOR IODINE NUMBER
DETERMINATION

The NBR 12073/1991 and ASTM D4607/1994 methodologies provide for the
determination of the iodine number of activated carbon. As the adsorbate
concentration in the solution directly affects the adsorptive capacity of the char, it is
important that the normality of the standard iodine solution used is maintained at 1.0
N, and therefore the residual iodine concentration is 0.02 N. The presence of volatile
compounds, such as sulfur, also affects the accuracy of these methodologies. It is
important to highlight that the accuracy of these methodologies is only attested for
iodine numbers between 600 and 1450 mg/g (ABNT, 1991; ASTM, 1994).

= SAMPLE PREPARATION

1. Comminute the char to 100% smaller than 0.15 mm (100#) using a pestle grate.

2. Weigh 1 g of pulverized char with an accuracy of 0.0001g.

= REAGENTS PREPARATION

. SODIUM THIOSULFATE SOLUTION 0.1 N
1.Dissolve 24.82 g of sodium thiosulfate (Na2S20s3) in distilled water.
2.Add 0.1 g of sodium carbonate (Na2CO3).
3.Volume up to 1000 mL with distilled water in a volumetric flask.
4.Store the solution in an amber bottle, keeping it closed.

5.Let the solution rest for 24 hours before standardizing it.

Note: If there are solids inside the flask after the rest period, the solution must be

filtered on qualitative filter paper before standardizing it.

. IODINE SOLUTION 0.1 N

Dissolve 19.1 g of potassium iodide (KI) in 100 mL of distilled water.
Add 12.75 g of metallic iodine (I) and stir until complete dissolution.
Volume up to 1000 mL with distilled water in a volumetric flask.

Store the solution in an amber bottle, keeping it closed.

a 0 bd =

Let the solution rest for 3 hours before standardizing it.

Note: The 0.1 N iodine solution must have an iodide-to-iodine weight ratio of 1.5 to

. HYDROCHLORIC ACID SOLUTION 1:5
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1.Dilute 200 mL of concentrated hydrochloric acid (HCI) in 1000 mL of distilled

water.

POTASSIUM DICHROMATE SOLUTION 0.1 N
1.
2.
3.

Dry potassium dichromate (K2Cr207) in an oven at 150 °C for 2 hours.
Dissolve 4.9035 g of dried potassium dichromate in distilled water.

Volume up to 1000 mL with distilled water in a volumetric flask.

. STARCH INDICATOR SOLUTION 0.5%

N =

Dissolve 0.5 g of soluble starch in 2 mL of cold distilled water.

Add 100 mL of boiling distilled water.

Heat the solution while stirring until it turns light in color.

If the solution's turbidity persists after a few minutes of heating, the solution

must be filtered through qualitative filter paper.

5. Cool the solution to room temperature.

6. Store the solution in an amber bottle, keeping it closed.

Note: The solution must be used on the same day of preparation.

= SOLUTIONS STANDARDIZATION

. SODIUM THIOSULFATE SOLUTION 0.1 N

a kDN

Transfer 3 g of potassium iodide (Kl) to a 500 mL Erlenmeyer flask.

Add 100 mL of the 1:5 HCI solution and homogenize.

Add 25 mL of 0.1 N potassium dichromate solution.

Add 100 mL of distilled water.

Immediately titrate the mixture with 0.1 N sodium thiosulfate solution until

it turns yellowish.

6. Add approximately 3 drops of 0.5% starch indicator solution.

7. Continue titrating the sample until one drop produces a greenish mixture.

8. Record the total volume of 0.1 N sodium thiosulfate solution used in the

9.

titration.

Carry out all steps in triplicate.

Note: Standardization must be carried out immediately before using the solution.

*IODINE SOLUTION 0.1 N
1. Add 25 mL of 0.1 N iodine solution to a 100 mL Erlenmeyer flask.
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2. Immediately titrate the sample with 0.1 N sodium thiosulphate solution until
it turns yellowish.

3. Add approximately 3 drops of 0.5% starch indicator solution.

4. Continue titrating the sample until one drop produces a colorless mixture.

5. Carry out all steps in triplicate.

Note: Standardization must be carried out immediately before using the solution.
= TEST EXECUTION

1.Transfer the 1 g sample of dry pulverized char to a 250 mL Erlenmeyer flask
previously dried at 130 °C for 30 min and equipped with a glass stopper.

2.Add 10 mL of the 1:5 HCI solution, cover the Erlenmeyer flask, and shake the
mixture gently until the char is completely wet.

3.Loosen the Erlenmeyer lid and bring the mixture to boil for 30 seconds while
stirring.

4.Remove the Erlenmeyer flask from the heating plate and let the mixture cool
naturally to room temperature.

5.Add 100 mL of 0.1 N iodine solution, close the Erlenmeyer flask immediately, and
shake vigorously for 30 seconds.

6.Filter the mixture quickly through qualitative filter paper.

7.Collect the first 20 to 30 mL of filtrate in a beaker to create an environment in the
pipette.

8.Collect the remaining filtrate in another beaker and homogenize it with a glass rod.
9.Transfer 20 mL of the filtrate to a 100 mL Erlenmeyer flask using the pipette
previously set.

10.Immediately titrate the filirate sample with the standardized 0.1 N sodium
thiosulfate solution until it turns yellowish.

11.Add approximately 3 drops of 0.5% starch indicator solution.

12.Continue titrating the sample until one drop produces a colorless mixture.
13.Record the total volume of 0.1 N sodium thiosulfate solution used in the titration.

14.Carry out steps 9 to 13 in triplicate.

Note: The filtering apparatus must be prepared in advance to avoid delays in

filtering the samples.

= IODINE NUMBER CALCULATION
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1.Calculate the normality of the potassium dichromate solution (Np):

m

v
N, = —— X
b MMk

Where:

—m is the mass of potassium dichromate (Q);
-V is the solution volume (L);
—MM is the molar mass of potassium dichromate (g/mol);

—k is the number of gram equivalents of potassium dichromate (electron-

gram).
Example:
m 49035 g
N, = ﬁxk:ﬁ%w:o.loomN

2.Calculate the normality of the sodium thiosulfate solution (NT):

Vp X Np,
Vr

VDXND=VTXNT_>NT=

Where:

-Vp is the volume of potassium dichromate solution used in the
standardization (mL);

—Np is the calculated normality of the potassium dichromate solution (N);
-Vt is the average volume of sodium thiosulfate solution spent in titrating

the standardization of sodium thiosulfate solution (mL).
Example:

_Vp XN, 25mL x0.10001 N

= 0.1051 N
T Vy 23.8mL

3.Calculate the normality of the iodine solution (N)):

Vy X Ny
Vi

%XNI:VTXNT_)NI:

Where:

-V is the volume of iodine solution used in the standardization (mL);
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-Vt is the average volume of sodium thiosulfate solution used in the titration
of standardization of the iodine solution (mL);

—Nr~ is the calculated normality of the sodium thiosulfate solution (N).

Example:

_VexNp _246mLx0.1051N _
I~y 25 mL o

4. Calculate the correction factor for the sodium thiosulfate solution (FCr):

Nt
0.1N

FCT=

Where:

—Nr is the calculated normality of the sodium thiosulfate solution (N);

—0.1 N is the theoretical normality of the sodium thiosulfate solution.
Example:

Ny 01051N

FCr=01n~ "o1n ~ 19

5. Calculate the iodine solution correction factor (FC)):

N

Fa=31n

Where:

—N; is the calculated normality of the iodine solution (N);
—0.05 N is the theoretical normality of the iodine solution.
Example:

_ Np _0.1032N_103
01N 01N

FC,

6.Calculate factor A (A):
A= N; x12693
Where:
—N is the calculated normality of the iodine solution (N);

Example:
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A=N; x12693 =0.1032 N X 12693 = 1310.30

7.Calculate factor B (B):
B = N; X 12693
Where:
—Nr is the calculated normality of the sodium thiosulfate solution (N);

Example:

B =N;x12693 =0.1051 N x 126.93 = 13.33
8.Calculate the dilution factor (FD):

_ Vet +V1

FD
Ve

Where:

—VHc is the volume of 1:5 hydrochloric acid solution used in the test (mL);
-V is the volume of iodine solution used in the test (mL);

—VE is the volume of filtrate used in the test (mL).

Example:

_10mL+100mL

20mlL >

9.Calculate the sample's iodine number (IN):

A—(FD X B xVy)

IN = m
Where:
—A is factor A;
—FD is the dilution factor;
-B is factor B;

-Vt is the average volume of sodium thiosulfate solution used to titrate the
filtrate sample (mL);

—m is the mass of dry pulverized char used in the test (g).

Example:
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A—(FD X B x V) ~1310.30 - (5.5x13.33 x5.2mlL) mg

IN = = 928.85 —
m 1.0001 g 8.85 g

Note: Steps 1 to 8 must be carried out whenever new solutions are prepared.
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