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ABSTRACT

Due to recent advances in developing technologies for the production and
processing of carbon nanomaterials, the viable application of these materials in
continuous and industrial processes has become realistic. Because of their
properties, graphene-based materials (GBM) have proved to be promising as
adsorbents for organic contaminants in water. Thus, it is the aim of this work to
develop composites using graphene oxide (GO) and the biopolymer agar, for
applications in the continuous treatment of water and industrial wastewaters.
Hydrogel biocomposite samples using different proportions of graphene oxide and
agar biopolymer (agar-GO) were synthesized to treat water and industrial textile
wastewater through fixed-bed adsorption. The hydrogels prepared using GO and
agar were characterized, and measurements revealed evidence of GO interaction
with the polymer that constitutes the matrix, resulting in a 3D material, with visually
disordered morphology. After characterization, preliminary batch adsorption
experiments were conducted to evaluate the preliminary kinetics and pH effect in the
adsorption process for the anionic dyes Acid Orange 7 (AO7) and Reactive Black 5
(RB5); the cationic dyes Nile Blue A (NB), Methylene Blue (MB), Malachite Green
(MG), Basic Fuchsin (BF), and Safranin-O (SO); and the anti-malaria drug
Chloroquine diphosphate (CQ). Among the compounds evaluated, the hydrogel
showed satisfactory results for the removal of cationic dyes and the drug. Therefore,
adsorption equilibrium isotherms were obtained and fitted to Freundlich, Langmuir
and Sips models, and kinetic data were adjusted to Driving Force models, and Fick’s
Diffusion equation. Fixed-bed experiments were carried out for the hydrogel
produced with 80% of agar and 20% of GO, varying the feed flowrates in the column,
and the breakthrough curves were obtained in each case. Experimental adsorption
capacities values for the fixed-bed test, on a dry basis, were 226.46 mg.g™! (NB),
79.51 mg.g~! (MB), 58.25 mg.g™* (MG), 38.11 mg.g~* (BF), 100.00 mg.g* (SO), and
63.00 mg.g* (CQ). The column packed with the agar-GO hydrogel was tested for the
treatment of both synthetic and real textile wastewater. Color and total organic
carbon (TOC) were evaluated as response parameters, and there was an indication
of the adsorbent selectivity for the separation of the cationic dyes present in the
synthetic textile wastewater. The effluent obtained after treatment using the hydrogel

indicated a decrease in the phytotoxicity of the sample, compared to the initial dye



solution, for the three plant species studied (Cucumis sativus, Lepidium sativum, and
Eruca sativa). Overall, agar-GO proved to be an interesting viable alternative, since a
small amount of material was used to continuously treat synthetic textile wastewater,
being most of the composite biodegradable. Moreover, the material exhibited
remarkable regenerative capacity - in each case, after regeneration, the
breakthrough curves were superimposed - proving its effectiveness for applications in

wastewater treatment.

Keywords: graphene oxide; agar biopolymer; hydrogel biocomposite; fixed-bed

adsorption; water treatment; textile wastewater.



RESUMO

Devido aos avancos no desenvolvimento de tecnologias para a producao e
processamento de nanomateriais de carbono, a aplicacdo vidvel desses materiais
em processos continuos e industriais tornou-se realista. Devido as suas
propriedades, os materiais a base de grafeno (MBG) tém se mostrado promissores
como adsorventes de contaminantes organicos em agua. Assim, 0 objetivo deste
trabalho é desenvolver compdsitos utilizando 6xido de grafeno (OG) e o biopolimero
agar para aplicacdes no tratamento continuo de aguas e efluentes industriais.
Amostras do hidrogel biocompdsito foram sintetizados utilizando diferentes
proporcdes de 6xido de grafeno e do biopolimero agar (agar-OG) para tratar agua e
efluentes téxteis industriais via adsor¢do em leito fixo. Os hidrogéis preparados com
OG e agar foram caracterizados, e as medicfes revelaram evidéncias de interacao
do OG com o polimero que constitui a matriz, resultando em um material 3D, com
morfologia visualmente desordenada. ApOs a caracterizagdo, experimentos
preliminares de adsor¢cdo em batelada foram conduzidos para avaliar a cinética
preliminar e o efeito do pH no processo de adsorcdo para os corantes anibnicos
Laranja Acido 7 (AO7) e Preto Reativo 5 (RB5); os corantes catidnicos Azul do Nilo
A (NB), Azul de Metileno (MB), Verde Malaquita (MG), Fucsina Basica (BF) e
Safranina-O (SO); e o medicamento antimalarico cloroquina difosfato (CQ). Dentre
0s compostos avaliados, o hidrogel apresentou resultados satisfatérios para a
remocao de corantes catidnicos e do farmaco. Assim, isotermas de equilibrio de
adsorcao foram obtidas e ajustadas aos modelos de Freundlich, Langmuir e Sips, e
os dados cinéticos foram ajustados aos modelos de forca motriz e equacao de
difusdo de Fick. Experimentos em leito fixo foram realizados para o hidrogel
produzido com 80% de agar e 20% de OG, variando as vazdes de alimentacdo na
coluna, e as curvas de ruptura foram obtidas em cada caso. Os valores de
capacidade de adsorcdo experimentais para os testes de leito fixo, em base seca,
foram 226,46 mg.g~! (NB), 79,51 mg.g™* (MB), 58,25 mg.g™* (MG), 38,11 mg. g™*
(BF), 100,00 mg.g* (SO) e 63,00 mg.g* (CQ). A coluna empacotada com o hidrogel
de 4gar-OG foi testada para o tratamento de efluentes téxteis sintéticos e reais. Cor
e 0 Carbono Organico Total (COT) foram avaliados como parametros de resposta, e
foram observados indicios da seletividade do adsorvente para a separacado dos

corantes catibnicos presentes no efluente téxtil sintético. A solucdo obtida apds o



tratamento utilizando o hidrogel indicou uma diminuicao da fitotoxicidade da amostra,
em relacdo a solucdo corante inicial, para as trés espécies de planta estudadas
(Cucumis sativus, Lepidium sativum e Eruca sativa). No geral, o 4gar-OG mostrou-se
uma alternativa interessante e viavel, uma vez que uma pequena quantidade de
material foi utilizada para tratar continuamente efluentes téxteis sintéticos, sendo
maior parte do compdsito biodegradavel. Além disso, o material apresentou
capacidade regenerativa notéria - em cada caso, apds a regeneracdo, as curvas de
ruptura ficaram sobrepostas - comprovando sua eficacia para aplicagbes no

tratamento de efluentes.

Palavras-chave: 6xido de grafeno; biopolimero agar; hidrogel biocomposito;

adsorcdo em leito fixo; tratamento de agua; efluentes téxteis.
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1 INTRODUCTION AND OUTLINES

This topic presents a general overview on graphene nanomaterials and
composites and their applications in water and wastewater treatment as adsorbents
to remove organic contaminants, such as dyes and pharmaceutical drugs. The aims

of the work, as well as the outline of thesis are presented.
Part of the text prese nted in this main topic was published:

ARAUJO, C. M. B. et al. Wastewater Treatment Using Recyclable Agar-graphene
Oxide Biocomposite Hydrogel in Batch and Fixed-bed Adsorption Column: Bench
Experiments and Modeling for the Selective Removal of Organics. Colloids and

Surfaces A: Physicochemical and Engineering Aspects, v. 639, p. 128357, 2022.

1.1 INTRODUCTION

Due to recent advances in developing technologies for the production and
processing of carbon nanomaterials, the possibility of a viable application of these
materials in continuous and industrial processes has become realistic. Compared to
conventional materials, nanostructured adsorbents have exhibited higher efficiency
for water treatment. Therefore, the potential for remediating environmental problems,
such as water pollution, has also increased because of these nanotechnological
improvements (QIN et al., 2017; SADEGH et al., 2017; YE et al., 2017).

Graphene-based materials (GBM) exhibit unique properties, such as good
chemical stability, conductivity, large theoretical surface area, and excellent
recyclability potential (THAKUR; KANDASUBRAMANIAN, 2019; ABBASI et al.,
2021). They can also be further modified to adjust their functionality, depending on
the application (JAURIS et al.,, 2015; FRAGA et al., 2019; BAPTISTTELLA et al.,
2021).

Because of their properties, GBM have proved to be promising as adsorbents
for organic contaminants in water. Compared to conventional methods such as
coagulation, flocculation and filtration, adsorption processes have been widely used
for water and wastewater treatment. It is considered an efficient, economical, and

easy process, especially due to the simplicity in operation (MARIN et al., 2019).
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The abundance of oxygen functional groups on Graphene Oxide (GO) surface
has been explored in studies related to the production of a wide range of composites
of macroscopic architectures, including the three-dimensional (3D) hydrogels and
aerogels, and two-dimensional films and membranes (CHEN et al., 2017; YE et al.,
2017).

Hydrogels from polysaccharides are eco-friendly materials, consisting of
interconnected networks that are filled with water. Some of their properties are non-
toxicity, biodegradability, and renewability. Moreover, they present low cost, simple
manufacture, high adsorption capacity and ease of separation from the medium after
adsorption (DUMAN et al., 2020; KHALIL et al., 2020). GO addition in the structure of
these materials gives them properties and functions, such as increasing mechanical
strength (TANG et al., 2020). Because of these characteristics, graphene hydrogel
adsorbents are excellent candidates as adsorbent materials, especially in dye

removal.

The dyes present in industrial wastewater are complex and stable, making the
wastewater challenging to treat. Because of the large volumes, complexity, and
recalcitrance, wastewaters from textile industries are considered one of the main
environmental polluters (SRIVASTAVA et al.,, 2020). The release of wastewater
contaminated with dyes and other organic components can cause the death of the
aquatic fauna and flora due to the reduction in light penetration into the water, high
toxicity, and low biodegradability of these substances (BANERJEE et al., 2015;
GUPTA et al., 2015).

On the other hand, the presence of emerging contaminants in water is causing
great environmental concern, as these compounds are not completely removed by
conventional water treatment methods. A compound that has gained considerable
prominence since the beginning of the Sars-Cov-2 pandemic (mainly referred to as
COVID-19 pandemic) is chloroquine diphosphate (CQ). Although being a drug
traditionally used to treat malaria (SCHROEDER; GERBER, 2014), with its
prophylactic treatment effectiveness for COVID-19 being quite controversial, the use
of this drug has been encouraged in some countries since the beginning of the
pandemic. Therefore, with the increase of its production and use, metabolites of
chloroquine ended up being disposed of the environment in larger quantities (DADA
et al., 2021; JANUARIO et al., 2022).
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Despite the World Health Organization (WHO) having concluded that
chloroquine and/or hydroxychloroquine is not recommended as a prophylactic drug
for the prevention or treatment of COVID-19, warning that its use can cause adverse
effects, consumption of this drug in Brazil grew about 126% in 2020 (ANDRE, 2021;
BIERNATH, 2021).

Although some applications can be found in the literature involving the use of
GBM in batch adsorption systems for dye removal from water and wastewater
(SARKAR et al., 2020; TANG et al., 2020), those focused on continuous fixed-bed
processes are still little explored. Nevertheless, some results reported in previous
works using this material are promising. According to Marin et al. (2019), GBM
application in adsorption processes could present some drawbacks, regarding bed
compaction and increase of the pressure in the fixed-bed column during the process.
To overcome this bottleneck, supporting graphene on a higher granulometry material

can be a feasible alternative, as well as the creation of structured 3D composites.

Graphene aerogels are usually derived from graphene hydrogels fabricated by
chemistry assembly, polymer-induced gelation, or 3D printing, followed by freeze-
drying (YE et al., 2017). Chen and coworkers (2017) prepared a 3D agar/graphene
oxide composite aerogel by freeze-drying the hydrogel and tested it as an adsorbent
for methylene blue. Although the tests with the macrostructure have only been done
in batch, Langmuir isotherm predicted the maximum adsorption capacity of 578 mg.g"
! for the aerogel. It was also indicated that the process was endothermic and
spontaneous. The aerogel produced could also be recycled, maintaining the

adsorption capacity over 91% after three regeneration cycles.

Regarding real textile wastewater treatment, studies using GBM are not easily
found either; some of the few works found have been recently published by the group
(ARAUJO et al., 2018), in which it was found that GO is a viable alternative with
potential for color and turbidity removal from real textile effluents. However, only

batch tests have been carried out.

The use of recyclable GO-biopolymer hydrogel for the continuous treatment of
textile effluents characterizes the novelty and relevance of this work, mainly in the
areas of chemical engineering, environmental and nanotechnology. Also, to date, this

is the only work that uses a graphene oxide-based composite hydrogel to remove
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chloroquine from water using a fixed-bed adsorption column (academic research

platforms used: Science Direct and Google Scholar, July 2022).

1.1.1 Objectives

The main objective of the thesis will be approached here, as well as some of
the specific objecitves related to the experiments conducted. The specific objectives

will be presented each as bullet points, as follows.

1.1.1.1 Main Objective

The aim of this work is to develop composites using graphene-based material
(GBM) and a biopolymer (Agar), for application in the continuous treatment of water
and wastewaters. After the optimization stage regarding the nanocomposite
production, the focus will be on its application for the removal of different types of
organic contaminants from water — dyes of cationic and anionic nature, and the
pharmaceutical drug Chloroquine - followed by the treatment of real industrial textile
wastewater samples in a fixed-bed adsorption column, using Agar-GO hydrogel.

1.1.1.2 Specific Objectives

e Performing a preliminary analysis to produce graphene oxide using the
modified Hummers Method.

e Production of different hydrogel samples, followed by characterization and
analysis of the materials produced.

e Conducting adsorption batch tests using the hydrogels as adsorbents to
evaluate the pH effect in the process, adsorption equilibrium isotherms, and
kinetics for four cationic dyes: Methylene Blue (MB), Nile Blue A (NB),
Malachite Green (MG) and Basic Fuchsin (BF); and two anionic dyes: Acid
Orange 7 (AO7) and Reactive Black 5 (RB5).

o Evaluate the regenerative capacity of the Agar-GO samples in batch system.

e Phytotoxicity assays after treatment with the Agar-GO composite, using
cucumber (Cucumis sativus), arugula (Eruca vesicaria), and watercress

(Nasturtium officinale) as bioindicators.
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e Evaluating the effect of varying the Agar/GO ratio during the adsorption tests
and select the best samples for further analysis.

e To carry out adsorption tests in fixed-bed column using the best hydrogel
composite for each adsorbate separately, assessing the regenerative capacity
of the bed in each case.

e To test the fixed-bed column packed with the Agar-GO hydrogel for a mixture
of the four cationic dyes; a synthetic textile wastewater produced based on
polyacrylic fibers dyeing effluent; and a real textile wastewater sample. Color,
total organic carbon (TOC) and turbidity were measured considered as
response parameters.

e Conducting adsorption batch tests and fixed-bed experiments using the
sample of hydrogel as adsorbent (80% Agar 20% GO), for the removal of
Safranin-O (SO) and CQ.

e To perform competitive adsorption tests with SO and CQ, proposing an

adsorption mechanism for Agar-GO and the organic substances in water.

1.2 OUTLINES OF THE THESIS

This work exhibits important insights into the production of a partially
biodegradable GO biocomposite hydrogel, and its application in fixed-bed water and
wastewater treatment. It also provides an idea about its potential for regeneration
and reuse, and selectivity, indicating the possibility of recovering the organic

substances.
Topic 2 — It presents the theoretical frameworks of the thesis.

Topic 3 - It exhibits the methodology and preliminary results to produce
graphene oxide, varying some operating conditions; in addition to the production of
Agar-GO biocomposite samples in different proportions (% of agar and GO), showing

the characterization measurements for each hydrogel sample.

Topic 4 - It presents the methodology, results, and discussion of batch
adsorption tests for four cationic and two anionic dyes, using the three hydrogel
samples produced, in addition to regeneration and phytotoxicity tests for samples
after adsorption. The adsorption mechanism was also proposed and discussed in this

topic.
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Topic 5 - It presents the methodology, results, and discussion of fixed-bed
adsorption tests for: 4 cationic dyes (MB, NB, MG, BF) separately, a mixture of them,
a synthetic textile effluent, and a real textile wastewater sample, using the hydrogel -
80 % agar 20% GO. Furthermore, tests regarding the regeneration and reuse of the

bed after adsorption were included and discussed in this topic.

Topic 6 — It exhibits the methodology and results for comparative adsorptive
tests performed for a cationic dye (SO) and a pharmaceutical drug (Chloroquine),
using the Agar-GO hydrogel biocomposite.

Topic 7 - This topic presents the overall conclusion of the thesis, as well as

the perspectives for future work.

The scientific papers (including original research, a review, and a book topic)
published during the doctorate period, which composes parts of this thesis, are
indicated at the beginning of each main topic. In addition, comments on these papers

are detailed in Appendix A.
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2 THEORETICAL FRAMEWORKS

This topic presents the theoretical framework of the thesis, which comprises
subjects related to the areas of Environmental Engineering, Chemical Process
Engineering, as well as Nanomaterials and Biocomposites. Among the topics
discussed, it can be highlighted: the presence of dyes and emerging contaminants
(pharmaceutical drugs, more specifically) in water bodies and wastewater, water and
wastewater treatment processes, and adsorption systems (batch and continuous
fixed-bed column). The production and applications of graphene nanomaterials,
biocomposite hydrogels were also addressed, as well as the application of graphene-

based materials in novel technologies for water and wastewater treatment.
Part of the text presented in this main topic was published:

FRAGA, T. J. M.; ARAUJO, C. M. B.; MOTTA SOBRINHO, M. A.; GHISLANDI, M. G.
Chapter Five - The role of multifunctional nanomaterials in the remediation of textile
wastewaters. In: Sustainable Technologies for Textile Wastewater Treatments.
Woodhead Publishing, p. 95-136, 2021.

ARAUJO, C. M. B. et al. Nanocomposites and their employment as scavengers of

water pollutants. Journal of Chemistry and Applications, v. 1, p. 18-31, 2019.

2.1 TEXTILE DYES AND WATER POLLUTION

The presence of dye in wastewaters of many industries, such as pulp and
paper, leather, printing, food, and textile industry, originate during the coloring stages
(NAYAK; PAL, 2020). The textile industry is one of the largest and oldest industries,
present worldwide, due to the human need for clothing and utilitarian uses in
decoration, hospital, military, and others (FUJITA, JORENTE, 2015). Its production
process can be divided into two categories: spinning (normally a dry process) and
wet process, involving the use of dyes (GHALY et al., 2014).

Textile industry also offers numerous jobs, including many that do not require
special skills, which contributes to job creation in developing countries (GHALY et al.,
2014). In Brazil, the textile sector is of great economic importance, as it is a strong
job generator, with a large volume of production and exports. Brazil also stands out
among the five largest textile producers in the world (MACHADO; PAGLIOTO;
CARVALHO, 2018).
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In the Northeast of Brazil, one of the main producers is the state of
Pernambuco. At the Pernambuco Textile Center, 77% of its production comes from
the cities of Agreste: 38.1% from the city of Santa Cruz do Capibaribe, 24.1% from
Caruaru and 14.8% from the city of Toritama (PIMENTEL, 2017). Industries benefit
textile materials by altering, the color and softness of the fabrics, performing
bleaching, dyeing, softening, degreasing, and finishing processes (LIMA et al., 2016).
However, these processes demand large amounts of water, favoring the generation

of huge volumes of wastewater.

Different dyes can be used during dyeing process. These are organic chemical
compounds that can selectively absorb visible light. Due to this property, dyes appear
colored because of the presence of chromophore groups such as nitro, nitrous, azo
and carbonyl. The color of these compounds may further be enhanced and /or
modified by auxochromes - ethyl, nitro, amino, sulfonic, hydroxyl, methoxy, ethoxy,
chlorine and bromine groups (AYODHYA; VEERABHADRAM, 2018; MODENES et
al., 2011).

The most used dyes in the textile industries are acidic, basic, direct dyes,
reactive dyes, etc., where azo dyes are the main class of dyes used in the industry.
Despite the various types of classifications, dyes can be classified based on their
charge after being dissolved in water. Thus, there are cationic dyes, which are basic
dyes, while anionic dyes include direct, acidic, reactive, and nonionic dyes
(AYODHYA; VEERABHADRAM, 2018). Some examples of cationic dyes are
methylene blue (MB), Nile blue (NB), malachite green (MG), basic fuchsin (BF),
Safranin-O (SO), and others. Examples of anionic dyes, on the other hand, include
acid orange 7 (AQ7), reactive red 198, and reactive black 5 (RB5).

All those dyes are non-biodegradable and can be carcinogenic, being also
very harmful to the respiratory tract if inhaled, irritating the eyes, causing dermatitis,
redness and dryness of the skin, digestive system stimulation, sleepiness, irritation of
the mouth and throat if ingested, and even cause genetic mutation in human beings
(NAYAK; PAL, 2020; FOROUTAN; MOHAMMADI; RAMAVANDI, 2019). To assess
the acute toxicity and genotoxicity of the textile dyes Direct Black 38 and Reactive
Blue 15, an ecotoxicity testing battery was performed by Oliveira et al. (2018). The
authors observed that both dyes caused acute toxicity and genotoxicity for aquatic
organisms. Direct Black 38 was considered the most toxic dye, attributed to its lethal
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toxicity on A. salina, as well as capacity to induce DNA damage in D. magna and
RTG-2 cells.

Nevertheless, cationic dyes might be more harmful than anionic dyes, since
they present higher capacity to penetrate the cell membrane of aquatic beings,
facilitated by the easy interaction with negatively charged cells membrane
(ABUZERR; DARWISH; MAHVI, 2018). Cationic dyes are widely used to color
different products, as they are easy to use and have durable and good adhesion to
materials (NAYAK; PAL, 2020).

According to the Global Trade (2020), in 2019 the world trade of direct dyes
and preparations based increased by 1% to 110K tonnes. Furthermore, China, the
U.S., and India were the countries with the largest market size that year, with a
combined 48% share of the global market. Japan, Brazil, Indonesia, Pakistan,

Mexico, France, Canada, Germany, and the UK together accounted for 27%.

Yet, according to a market study published by Growth Market Reports the
global indigo dyes market was valued at over 1,120 million US Dollars in 2020. In
addition, it is expected to grow at a rate of 5% by 2028 (Growth Market Reports,
2021).

In addition to the presence of various types of dyes, gum, pectin, soap, and
detergent, NaOH, carbonates, sulfides and chlorides are also present in this effluent,
which can hamper the process of removing each of the contaminants, and the proper
treatment of industrial wastewater. These wastewaters present as a main

characteristic an intense color, being toxic to aquatic life (ABER, SHEYDAEI, 2012).

The most common sources of wastewater generated by the textile industries
come from the washing, bleaching, dyeing, and finishing steps. Wastewater from
dyeing steps contain large quantities of stable substances and chemicals difficult to
degrade (ABER, SHEYDAEI, 2012). This is because during dyeing processes not all
dyes applied to the fabrics are fixed. According to Gupta et al. (2015), 93% of water
consumed in the textile industries comes out as colored effluent (mostly due to the

dyes), containing high concentration of organic compounds and heavy metals.
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2.2 EMERGING CONTAMINANTS IN WATER

The presence of emerging environmental pollutants in water bodies is causing
concern in society, as well as in the scientific field. The contaminants known as
"emerging" can be represented by a great variety of chemical compounds detected in
the environment. Despite the presence of those pollutants in the environment not
being recent, they became more relevant during the last decades (especially for the
scientific  community) due to the development of more sensitive analytical
technologies that revealed the presence of emerging substances in soil, air, and
water (RAMIREZ-MALULE; QUINONES-MURILLO; MANOTAS-DUQUE, 2020;
VIOTTI et al., 2019).

These compounds usually come from common anthropogenic activities such
as domestic, agricultural, healthcare, and industrial processes. They can be
hormones and steroids, hygiene and personal care products, surfactants, pesticides,
fertilizers, microplastics, trace metals, pharmaceuticals, among others. Because of
their presence in the environment, emerging contaminants can affect the living
organisms causing endocrine disruption, mutagenesis, congenital disorders, as well
as carcinogenesis (RAMIREZ-MALULE; QUINONES-MURILLO; MANOTAS-
DUQUE, 2020).

Among these contaminants, pharmaceutical drugs (veterinary and human)
stand out, as they have been extensively used on medicine during the last decades.
That concern is caused because of their high resistance towards biodegradation,
toxicity accumulation and promotion of antibiotic-resistant microbial growth (HIEW et
al., 2019).

Investigations regarding the occurrence of drugs in the aquatic bodies have
been carried out, and these investigations found out the presence of the
micropollutants, in which the molecules have low biodegradability (VIOTTI et al.,
2019). The main sources of pharmaceutical wastes are the wastewaters from
municipal areas, pharmaceutical industries, and hospitals. The presence of these
pollutants in the environment can potentially interfere in the aquatic ecosystem and

endanger human health as well (HIEW et al., 2019).

According to a literature review conducted by Ramirez-Malule, Quinones-

Murillo and Manotas-Duque (2020), Brazil is one of the countries that provided the
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largest number of publications reporting studies related to emerging contaminants
between the years of 2000 and 2019, along with the United States of America (USA),
China, Spain, Italy, Canada, Germany, France, the United Kingdom (UK) and India.
This reinforces the idea of how relevant this topic is, both in Brazil and in several

other major countries in the world.

Those emerging compounds are not completely removed by conventional
water and wastewater treatment processes. Therefore, there is a need for developing
effective methods to properly treat wastewater, aiming to regulate their concentration
in the environment (HIEW et al., 2019; VIOTTI et al., 2019). Some recent works have
presented studies focusing on the application of adsorptive processes to remove

these contaminants.

Wernke et al. (2021) tested three carbon-based adsorbents to remove the
cephalexin antibiotic from water: carbon with silver and copper oxide nanoparticles
supported in activated carbon (CA-NPsAg/CuQO); silver and copper oxide
nanoparticles supported in graphene (OGR-NPsAg/CuO) and GO impregnated with
silver and copper oxide nanoparticles supported in activated carbon (CA-OGR-
NPsAg/CuO). As a result, the authors obtained, in each case, maximum adsorption
capacity values of 756.8 mg.g*, 557.7 mg.g?, and 95.82 mg.g?! for CA-OGR-
NPsAg/CuO, CA-NPsAg/CuO, and OGR-NPsAg/CuO, respectively.

Due to the recent COVID-19 pandemic situation that humanity is facing since
the early months of 2020, anti-malaria drugs, such as hydroxychloroquine and
chloroquine (CQ) has been widely used (especially in the first year of the pandemic)
in some countries like Brazil, to try to control the infection caused by SARS-CoV-2.
However, according to the World Health Organization (WHO) (2021), the efficacy of
those drugs was not scientifically proven as a prophylactic drug for COVID-19.
Nevertheless, the large increase in CQ consumption also increased the discharge of

the anti-malaria drugs and their metabolites in the environment.

Hydroxychloroquine, Chloroquine, and their metabolites end up going to
wastewater treatment plants and the aquatic environment, becoming a source of
pollution, being identified as potentially persistent and bioaccumulative, posing
serious risk to aquatic organisms. Bioassays using Daphnia magna and Chlorella

vulgaris suggested that CQ has harmful potential to aquatic beings. Besides the
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binding of CQ with DNA and inhibition of the metabolic functions, interfere with
hemoglobin, it can cause cell death (SAIM; BEHIRA, 2021).

In the face of it, Januario et al. (2021) produced a novel adsorbent by
combining babassu coconut activated carbon and graphene oxide to remove CQ and
dipyrone. The authors noted that the process was endothermic and the maximum
adsorption capacities of CQ and dipyrone at 318 K were 37.65 and 62.43 mg.g™,

respectively.

For the aforementioned works, it was noted that, in both cases, adsorbents
prepared using graphene-based nanomaterials in their composition were used,

showing promising results in the removal of emerging contaminants from water.

2.3 WATER AND WASTEWATER TREATMENT

Water contamination is a global environmental problem. Depending on its
origin, wastewater can be classified as industrial, domestic, or municipal, and storm
water. The discharge of untreated industrial wastewater in the environment is a major
concern in society. Wastewaters generated in pharmaceutical industries present a
mixture of organic compounds whose effects can cause exerting endocrine
disrupting, developing antibiotic resistant microbes, even cause extinction of some
biota. In addition, there is a chance of these compounds be transformed into
metabolites with even higher toxicity levels. Wastewater streams are main reservoirs
of many types of emerging contaminants (RAMIREZ-MALULE; QUINONES-
MURILLO; MANOTAS-DUQUE, 2020).

On the other hand, high water consumption in textile companies has led to the
treatment and reuse of the industrial wastewater produced. Textile wastewater
characteristics are heterogeneous, and the variability of parameters, such as
turbidity, color, Chemical Oxygen Demand (COD), Biochemical Oxygen Demand
(BOD), Total Suspended Solids (TSS), and pH, can be linked with the raw materials
used during the process. Besides dyes, different substances such as salts, heavy
metals, bleaching, surfactants, and smoothing and dispersing agents could also be
traced in textile wastewater, which makes the treatment process more complex and
costly (ARAUJO et al., 2020; HASSANZADEH et al., 2017).
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Thus, a large amount of research has been done to find sustainable and
effective treatment processes. In this regard, the main technologies applied to deal
with this problem involving separation methods include filtration, coagulation-
flocculation, ion exchange, and adsorption. Among the commonly applied treatment
options, coagulation-flocculation is a physicochemical method that is still considered
an effective and low-cost pretreatment before proceeding with other separation
processes. However, that requires a significant amount of chemicals, generating high
quantities of sludge (ANASTOPOULOS et al., 2018; ARAUJO et al., 2020).

Choosing the most appropriate technology for industrial wastewater treatment
depends on the analysis of the type and characteristics of the contaminants. Textile
wastewater treatment typically encompasses physical, chemical, and biological
processes where various primary, secondary, and tertiary treatment processes have
been used for this purpose. However, these treatments are often not effective in
removing all contaminants (ABER, SHEYDAEI, 2012; GHALY et al., 2014).

Regarding emerging contaminants, Ramirez-Malule, Quinones-Murillo, and
Manotas-Duque (2020) highlight that the conventional wastewater treatment plants
are also not capable of fully remove these contaminants from water and
wastewaters. Consequently, they stay in water and end up being discharged into

water bodies, posing risks to aquatic fauna.

Primary, secondary, and tertiary treatment processes are commonly applied to
treat those effluents, including coagulation-flocculation, sedimentation, aeration
ponds, activated sludge and filtration (ABER, SHEYDAEI, 2012; SHI, et al., 2014).
Some disadvantages related to conventional treatments include the creation of short
circuits (preferred pathways), as well as the difficulty in controlling flake formation
during coagulation-flocculation. Sludges formed because of primary and secondary
treatment processes also pose a problem regarding waste management and disposal
(CESTARI, et al., 2012; GHALY et al., 2014).

Thus, in addition to conventional methods, different technologies, such as
adsorption processes, have been applied to wastewater treatment (ARAUJO et al.,
2018). The employment of nanocomposites in wastewater treatment by separation
processes is wide for adsorption and filtration techniques. Several types of
nanosorbents have been synthesized and investigated in laboratory assays by
researchers from every part of the world.



38

The aim is to develop profitable nanocomposites that might be used as
substitutes of conventional adsorbents, as activated carbons, despite the high cost of
these novel materials becomes challenging when it comes to large-scale production.
Regarding filtration techniques, the use of nanomaterials takes place mostly in the
impregnation of the surfaces of polymeric films that constitute the membranes.
Moreover, the dispersion of the nanomaterials throughout polymeric matrices is
difficult since interactions of different natures interfere in their adhesion. Furthermore,
in most of the cases, it becomes necessary to investigate the reactant to provide
functional groups to ease the dispersion and adhesion to the polymeric film, which

increases the production cost of the membrane.

2.3.1 Adsorption Processes

The methods employed for color removal in textile effluents vary according to
their effectiveness, costs, and environmental impacts. Adsorption processes are
known as efficient for the removal of a wide range of pollutants, cost-effective, simple
design, and ease of operation (WERNKE et al., 2021). Successful adsorption of
water pollutants also offers their recovery. Additionally, it should be noted that the
regeneration of adsorbents for subsequent treatment cycles is gaining importance,
since it minimizes treatment costs (ANASTOPOULOS et al.,, 2018). Adsorption
occurs when the contaminant molecules in aqueous phase reaches the surface of

the adsorbent, remaining there either because of chemical and/ or physical forces.

Numerous adsorbents, such as vegetable fibers, fruit peels, clays, activated
carbon, carbon nanotubes and graphene-based materials (GBM) have been studied
for adsorption application in the removal of organic pollutants from water (LI et al.,
2013). Due to the smaller particle size, and higher surface area, clay minerals have
shown promising adsorption potential. Therefore, some nanosized clay minerals
have been studied and applied as adsorbents for water and wastewater treatment,
such as halloysite. The use of halloysite for environmental remediation gained
attention during the last decade, and that can be attributed to the better knowledge
and understanding of the structure and reactivity of halloysite, which highlighted its
unique features such as morphology, chemical composition, and structural
arrangement of functional groups (ANASTOPOULOS et al., 2018).
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Among the many types of adsorbents, several studies report adsorption of
emerging contaminants, dyes, and textile wastewater in activated carbon, which is
one of the most widely used and studied adsorbents for this purpose. However, the
high costs for obtaining this product, coupled with its low regenerative capacity, have
motivated the search for new adsorbents (BAPTISTTELLA et al., 2018).

Adsorbents made from biomass have attracted great attention, mainly due to
their biodegradability and biocompatibility. However, a disadvantage of conventional
biosorbents is the difficulty of separation and recovery. In addition, their relatively low
dye adsorptive capabilities limit practical applications of biosorbents in the treatment

of textile wastewater (SHI et al., 2014).

On the other hand, there are graphene nanomaterials. These are
carbonaceous materials, and their structures and electronic properties make them
interact strongly with organic molecules through hydrogen bonds, Tr-11 stacking,
electrostatic forces, van der Waals forces and hydrophobic interactions. Their
nanometric structures also give them some advantages, such as rapid equilibrium
rates, high adsorption capacity and effectiveness over a wide pH range (LI et al.,
2013). Through the surface area premise, graphene, which theoretically presents
almost twice the surface area of activated carbons, when well developed, can
provide a good alternative for water and wastewater treatment (UPADHYAY; SOIN;

ROY, 2014). A topic talking specifically about graphene will be presented later.

2.3.1.1 Conventional adsorption systems for wastewater treatment

Adsorption is usually performed in batch (non-continuous process) or column
(continuous process). Figure 1 a and b depict, respectively, the flowchart diagrams of
wastewater treatment plants (WWTP) using batch adsorption process and fixed-bed
continuous adsorption process. The choice of the system depends on factors such
as: the volume of the fluid to be processed, its composition, as well as the
regeneration conditions of the adsorbent. Adsorption isotherms are important in the
preliminary analysis of the adsorbent, as they give an indication of the removal
efficiency of a certain compound, as well as the maximum amount that can be

adsorbed per unit. However, such experiments are limited to the treatment of small
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volumes of effluent, in addition to not providing data for the exact size of continuous
treatment systems (NASCIMENTO et al., 2014).

The most common application of batch adsorption is in laboratory scale due to
the simplicity of operation and low cost. In this case, the adsorbent and the fluid are
in contact from the beginning to the end of the experiment, being possible to obtain
both kinetic parameters and isotherms. On the other hand, operations involving
adsorption columns are mostly used when working on industrial scale. In this case,
the apparatus should be designed a little more carefully, and in the case of the
specifically fixed-bed, porous brackets at the end of the column should be included to
prevent bed movement (REYNOLDS; RICHARDS, 1995).

Fixed-bed systems are usually more economical, and are widely applied in
several fields, such as clarification of vegetable and mineral oils, protein purification
(RIOS et al., 2020 a), and removal of organic pollutants from industrial wastewater
(ARAUJO et al., 2020). This type of system is one of the most effective configurations
to treat large volumes of effluents and adsorption-desorption cycles, allowing a more
efficient use of the adsorbent.

As shown in Figure 1b, the fixed-bed system consists of a column where
particles of the adsorbent are placed in contact with the fluid, using pumping, which
can be done with upward or downward flow. Thus, the amount of adsorbate in the
liquid and solid phases changes over time and space. The concentration of the
solution increases through the column, as the adsorbent retains the adsorbate, until
the adsorbent saturates, and the effluent concentration is equal to the feed
concentration (NASCIMENTO et al., 2014).



Figure 1 — Flowchart diagrams illustrating the batch adsorption process (a) and the

continuous adsorption process using fixed-bed (b) in a wastewater treatment plant.
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The study of adsorption columns in fixed-bed systems is firstly performed in
laboratory, by obtaining the breakthrough curves — see Figure 2. The performance of
the column is related to the length and shape of the mass transfer zone (MTZ), which
can be considered as a region within the column in which the adsorbate
concentration ranges from 90% to 5% of the initial value. That is the region where
most of the mass transfer takes place. In the ideal case, the adsorbent at the
beginning of the column would receive a high amount of sorbate - this would be the
region with the greatest mass transfer - and MTZ would not exist as the equilibrium is
immediately established, triggering an immediate increase in the effluent

concentration.

Nevertheless, in a real system, it takes time for the MTZ to be established,
because of the resistance to mass transfer. Therefore, the curve exhibits another
profile, as shown in the Figure 2. The more open the shape of the curve, the greater
the resistance to mass transfer. Parameters such as the mechanism of adsorption,
adsorption isotherm, volumetric flow rate, concentration of solute in the feed, and
height of the bed contribute to the shape of the curve (NASCIMENTO et al., 2014).

Then, experimental data can be described by mathematical models that
predict large-scale column operation. In this study, the breakthrough curve is
important as it gives an indication of the breakthrough point, i.e., the point in time
when the effluent concentration exceeds the maximum allowable discharge

concentration of a specific substance (MOHAN et al., 2017).

Figure 2 - Scheme of the mass transfer zone in a fixed-bed column

for ideal and real cases.
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For dye removal and treatment of textile wastewater via adsorption, a fixed-
bed column is generally preferable to batch processes since the former can process
large amounts of effluents under continuous adsorption /desorption cycles. To design
an adsorption column, it is necessary to proceed with the prior evaluation of the
economic conditions for the operation. Modeling and simulation techniques are useful
for predicting the ideal condition for column adsorption (OOl et al., 2016). Although
several studies have recently reported the use of GBM for dye removal in aqueous
media by adsorption, most of these consider only batch processes, being the

application in continuous systems not very common.

A proposed alternative for GBM applications as adsorbents in continuous
systems would be to use graphene (or GO) in its three-dimensional (3D) form (CHEN

et al., 2017), as it will be discussed later.

2.4 GRAPHENE-BASED MATERIALS

Over the last couple of years, the scientific and commercial interests in
graphene and its derivatives have increased considerably, especially due to GBM
unique properties. Graphene-based nanomaterials have a high theoretical specific
surface area (up to 2630 m2.g1), great regeneration capacity, as well as exceptional
electrical properties, being considered promising materials for the removal of
contaminants. Graphene can be defined as a two-dimensional (2D) material formed
by a hexagonal network of carbon atoms linked together by sp? bonds, presenting
unique electronic, chemical, and mechanical properties. It is considered two-
dimensional because it exhibits one dimension in the nanoscale order, and two other
dimensions usually larger than the nanoscale (ISO, 2017; NOVOSELOV et al.,
2004).

Graphene is also considered the precursor of graphene family nanomaterials
and other families of carbon nano-allotropes, including graphite, large fullerenes, and
nanotubes, as depicted in Figure 3 (CHEN et al., 2017; SUAREZ-IGLESIAS et al.,
2016). Structurally, it is analogous to the honeycomb structure, where each carbon
atom forms three bonds with its first neighbors, as detailed in Figure 4 a (JAURIS et
al., 2015; JUNGES; JAURIS; ROSSATO, 2015; SHI, et al., 2014).
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Figure 3 — lllustration of graphene nanosheets, as well as other carbon

allotropes (graphite, large fullerenes, and nanotubes) below graphene structure.
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Source: The Author (2022)

Figure 4 — (a) Network structure of carbon atoms in graphene nanosheet; (b) graphene oxide

nanosheet, where: e carbon atoms, e oxygen, e hydrogen.

Source: The Author (2022)
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Graphene's exceptional properties have attracted applications in the areas of
nanoelectronics, photocatalysis/photodegradation and may also be incorporated into
other materials on a macroscopic scale. In photocatalytic and adsorption processes,
GBM have been promising, mainly because of its high specific area, as well as good
optical transmittance and high intrinsic electronic mobility (GORGOLIS; GALIOTIS,
2017; JUNGES; JAURIS; ROSSATO, 2015; YANG et al., 2016).

According to Atchudan et al. (2016), GBM's hexagonal structure can provide a
building support for the growth and anchoring of other hexagonal nanostructures
such as ZnO, TiO2 and SnO2. GO, specifically, with various oxygenated groups on its
surface, has excellent dispersibility, offering several opportunities for the manufacture

of hybrid composites.

Because of the many ways to produce GBM, the literature lacked standards to
properly stablish the properties of graphene and its derivatives. However, in 2017,
the International Organization for Standardization (ISO) stablished quality parameters
for graphene through ISO TS 80004/2017, in which graphene is classified as a
nanomaterial with carbonaceous hexagonal lattice in form of nanosheets with a
stacking of up to 10 nanolayers (FRAGA et al., 2020; ISO, 2017).

Regarding the different ways of synthesizing GBM, as it usually happens to
new materials intended for large-scale applications, the development of methods for
mass production and processing of nano graphene materials has become a priority.
As graphite basically consists of several stacked layers of numerous graphene
sheets bonded together by Van der Waals bonds, it is in principle possible to produce
graphene from high purity graphite if these bonds are broken by means of a top-
down approach. It is important to bear in mind that top-down methods start from
larger materials that are further decomposed into nanostructures. The bottom-up
methods, on the other side, start from atoms and molecules and end up grouped into
larger particles (GREWE; MEGGOUH; TUYSUZ, 2016).

Although the pioneering approach proposed by Novoselov et al. (2004), who
won the Nobel Prize in Physics in 2010 for the production of graphene via
micromechanical graphite exfoliation, lead to a high-quality material, this technique
presents low productivity and is not considered suitable for large scale production.
There are also some studies involving the production of GBM via electrochemistry. In
this case, the electrochemical oxidation of the graphite proceeds. Such method has
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as its main advantage that it almost completely avoids the use of hazardous
materials. In addition, by controlling the electrode potential, the thickness of the GO
sheets can be easily controlled (ASSIS FILHO et al., 2018; SHAMAILA et al., 2016).

Nowadays, one of the ways that provides higher graphene production
depends on the conversion of graphite into graphite oxide via chemical reactions
(CHOWDHURY; BALASUBRAMANIAN, 2014). From the beginning of its preparation
in the 19™ century, graphite oxide has been produced by Brodie, Staudenmaier and
later by Hummers (HUMMERS; OFFEMAN, 1958). Such methods involve the
oxidation of graphite in the presence of strong acids and oxidants, where the
oxidation level changes according to the method and reaction conditions
(CHOWDHURY; BALASUBRAMANIAN, 2014).

Graphite oxide can be defined as a structure composed of several layers of
strongly hydrophilic graphene oxide sheets. Thus, graphite oxide can be completely
exfoliated to produce aqueous colloidal suspensions of GO sheets (see Figure 2.4b)
via sonication, or intense stirring of the mixture over a long period of time (ARAUJO
et al., 2018 a, b).

The most widespread and applied chemical method for obtaining GO is
Hummers, followed by sonication. In this method, the oxidation of graphite is done by
rigorously treating an equal mass of graphite in a H2SOa4 concentrated solution,
containing three equal masses of KMnO4 and half mass of NaNOs (HUMMERS,
1957; HUMMERS; OFFEMAN, 1958). The Hummers Method is more advantageous
compared to others, due to its high efficiency and satisfactory safety during synthesis
(CHEN et al., 2013). Despite the not so recent discovery, the behavior of GO is not
yet fully understood, being that considered a non-stoichiometric compound, since it is
possible the presence of keto, epoxide, peroxide, hydroxyl, and carboxyl groups on
its surface (MACEDO, 2011).

Several studies have employed modified versions of the Hummers Method,
making minor changes, mostly regarding the dosage of reagents, reaction time, as
well as the types of oxidants and graphite used (ARAUJO et al.,, 2018 a, b;
SHAMAILA et al.,, 2016). In addition to modifications made regarding the required
acid volume, the number of steps and the conditions under which the reaction takes
place (SHAHRIARY; ATHAWALE, 2014). A study by Chen et al. (2013) presented a
version of the Hummers method without using NaNOs. As a result, graphene oxide
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production was quite like the one prepared by the traditional Hummers method. Such
modification did not decrease product yield and eliminated the production of toxic

gases NO2 e N20a.

In general, it is considered that graphene oxide itself is usually prepared by
exfoliating graphite oxide in distilled water with sonication. After producing the oxide
by the chemical route, the implementation of techniques aiming at converting
graphene oxide to reduced graphene oxide (rGO) is continued. The obtained rGO
tends to present properties very similar to those of graphene, although it can usually
present a certain degree of lattice disorder, caused by several defects in the
hexagonal network, and some functional groups resist the reduction (SUAREZ-
IGLESIAS et al., 2016; SHAHRIARY; ATHAWALE, 2014).

The use and application of graphene-based materials specifically for

wastewater treatment, will be presented in the following topics.

2.5 BIOPOLYMERS AND HYDROGELS

Nanocomposites can be defined as hybrid materials consisting of a polymer
matrix reinforced with a nano-scale filler, which must have at least one nanometric
dimension. Polymer nanocomposites have emerged as they normally exhibit
exceptional physiochemical properties. These materials were first developed by
Toyota research group which has bestowed new dimensions by inclusion of organic
and inorganic nanofiller owing to the numerous applications (RHIM, 2011; SHARMA
et al., 2018).

The fabrication of polymer nanocomposite has been facilitated by using
sonication, however the weight % on the mixture, as well as size and shape of the
nanomaterial are important parameters. Depending on the nanomaterial, different
methods can be used to functionalize its surface, so that a more uniform dispersion is
obtained. Many processing methods have been discussed for the synthesis of
nanocomposites based on polymers, which relies on the type of polymer, its
molecular weight, the solvent used, as well as the size of the nanomaterial
incorporated. In general, the unification of polymer nanocomposite requires good
homogeneous dispersion, as when the nanoparticles encounter the matrix, they

might stack, forming agglomerates (SHARMA et al., 2018). Regarding their nature,
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polymers can be classified as natural (also called biopolymers, they come from living
beings) or synthetic (obtained by chemical reactions in the laboratory). There are
natural organic and natural inorganic polymers. Figure 5 shows examples of natural

and synthetic polymers commonly found in everyday life.

Figure 5 — Examples of natural and synthetic polymers commonly found in everyday life
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As well-known, biomaterials are present on the planet in great amounts, being
one of the renewable resources, with environmentally friendly characteristics.
Biopolymers are originated from living organisms, polynucleotides, polysaccharides,
and biomass production, and can be applied as an alternative to substitute many
other thermoplastics. These materials exhibit interesting benefits, such as
biocompatibility, nontoxicity, and biodegradability (SHARMA et al., 2018;
SRIVASTAVA et al., 2020). Figure 6 exhibits a brief classification of biopolymers,

including biodegradable and non-degradable thermoplastics.
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Figure 6 — Simplified biopolymers classification diagram.
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One of the most common approaches for the fabrication of natural
nanocomposites (also called bionanocomposites) consists of incorporating an
inorganic matrix with the biopolymers. That can be performed to enhance their
adsorptive properties. Recently, different research has focused on the development
of new polymeric adsorption matrixes. These novel materials are versatile, as they
can provide an economical and efficient option for industrial applications
(SRIVASTAVA et al., 2020).

Thus, the hydrogels are emerging as efficient adsorbents for the removal of
organic and inorganic aqueous pollutants. They are hydrophilic, insoluble, cross-
linked polymers with high swelling capacity, being able to absorb large volumes of
water inside its 3D reticulated networks. Hydrogels can be synthesized via chemical
route, when the polymer chains are bonded via covalent bonds; and via physical
route, in which non-covalent bonding exist between the molecules and polymeric
chains. The physical route normally involves mild conditions compared to chemical
processes (SINHA; CHAKMA, 2019).

Normally, nanoparticles and different chemical catalysts can be incorporated

in the hydrogels for diverse applications, including biomedical engineering, food, and
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agricultural engineering, as well as water treatment. Hydrogels offer flexibility in terms
of modifications of surface characteristics - charge, functionality, large area,
controllable pore structure, interesting acid/base properties, and hydrophilicity
(SINHA; CHAKMA, 2019).

Zheng, Zhu, and Wang (2014) produced granular composite hydrogels via in-
situ polymerization using the biopolymer chitosan, acrylic acid and itaconic acid as
the monomers, and attapulgite as the inorganic component. The resulting hydrogel
was used for the adsorption of MG dye, and it was observed that the introduction of
only 5 wt% of attapulgite into the hydrogel improved the adsorption capacity and

could also be regenerated/ reused for several times.

Among the biopolymers, agar is a natural biopolymer consisting of a mixture of
natural polysaccharides (agarose and agaropectin) normally derived from red
seaweeds of the class Rhodophyceae — see Figure 7. The main components of the
chains are B-D-galactopyranose and 3,6 anhydro-a-L-galactopyranose. Agar
becomes soluble in near-boiling water and upon cooling, the polymeric chains self-
assemble into helical fibers, which aggregate forming a hydrogel (GARRIDO et al.,
2016). It is essential for many activities, including food production, preparation of
solid plate media, and electrophoretic gels for use in life science assays (SASUGA et
al., 2018).

Figure 7 — One of the main sources of agar, the red seaweed species Gelidium sp.
and Gracilaria confervoides (a); agar biopolymer containing $-D-galactopyranose
and 3,6 anhydro-a-L-galactopyranose on its chains (b).
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The red algal Gelidium are currently exploited worldwide for the extraction of
agar and agarose, being the most important source of raw material, although other
algae such as Gracilaria and Pterocladia have also been explored for agar
production (GARRIDO et al., 2016). Even though the agar extracted from Gelidium
represents approximately 1.6% of the world phycocolloid production, its properties,
such as high gelling strength and low gelling temperatures makes it difficult to be
replaced by other species of seaweed (SANTOS; MELO, 2018). According to
Ferdouse et al. (2018), in 2015 the seaweed production was over 30 million tones,
and the leading countries were Chile, China and Norway (mainly brown and red
types) for wild species; and China, Indonesia, the Republic of Korea and the

Philippines for cultured species.

Agar have been used to obtain composites as well, especially in studies
regarding nanocomposite films. Rhim (2011) worked on the production of Agar/clay
nanocomposite films with different amount of the nanoclay - 0, 2.5, 5, 10, 15, and 20
g clay/100 g agar. Characterization results revealed that even at low level of
nanoclay addition, the properties of the materials were greatly influenced with the

nanoclay content.

Agar-soy protein biocomposite films were processed by Garrido et al. (2016),
obtaining transparent and homogeneous films. The conformational changes occurred
during the extrusion process and the effect of agar on the final properties were
analyzed. In overall, the good compatibility between agar and soy protein was

confirmed by scanning electron microscopy (SEM) micrography.

Previous studies have evaluated agar in both powdered and hydrogel/aerogel
forms as an adsorbent for MB dye. Chen et al. (2017) have also tested a 3D agar/GO
composite aerogel (80 w% agar, 20 w% GO) regarding its adsorption capacity of
methylene blue in batch mode. In that occasion, the aerogel exhibited a maximum

adsorption capacity of 578 mg g, predicted by the Langmuir isotherm.

2.6 APPLICATIONS OF GRAPHENE-BASED MATERIALS IN WATER AND
WASTEWATER TREATMENT

The processes commonly applied for water treatment and purification are

often not able to remove certain types of contaminants such as drugs and some
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organic compounds (JAURIS et al., 2015; UPADHYAY; SOIN; ROY, 2014). The rapid
development of nanotechnology has also been reflected in water and wastewater
treatment. In this context, graphene and its nanomaterials have shown themselves
as effective in water treatment, due to their good chemical stability, low density, and
structural diversity (GREWE; MEGGOUH; TUYSUZ, 2016; UPADHYAY; SOIN; ROY,
2014). For methylene blue removal using GO, Peng et al. (2016) used amorphous
graphite, not often used for GO production. In the study, the experimental adsorption
capacity of the dye in GO was 2255.35 mg.g™~.

Shi et al. (2014) also studied the adsorption of methylene blue on a magnetic
cellulose-graphene oxide composite. They found out that the cellulose -GO
compound was very stable and could be easily recycled. The adsorption efficiency in
this case was over 89% even after being recycled five times.

Graphene nanocomposites with magnetic materials, such as Fes3Oas, have
been explored to remove pollutants from water. FesOas is one of the most widely used
materials for water purification due to its great biocompatibility, ensuring the safety as
well as magnetic properties, which makes it easy to collect after treatment. Thus,
after adsorption, the FesOas-graphene can be easily separated using a magnetic field
(UPADHYAY; SOIN; ROY, 2014).

According to recent studies carried out by the research group (ARAUJO et al.,
2018 a, b; FRAGA et al., 2018; SILVA et al., 2021), graphene-based materials are
potential adsorbents, effective in removing textile dyes from water. Moreover, in
these studies, the potential of GBM in the removal of color and turbidity from real
textile effluent samples was observed, which reinforces the potential of a possible

application of these materials as adsorbents in industrial scale.

Although many previous works presented batch tests using various types of
GBM as adsorbents for dye removal from aqueous medium, the difficulty of applying
these materials for continuous adsorption systems still represents a bottleneck.
Because they are extremely light and thin, GBM are easily carried out and difficult to
be separated during recycling, which is an obstacle to industrial scale application.
Therefore, a support material is generally required to immobilize GBM in a fixed-bed
adsorption column (GONG et al., 2015).
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Direct application of GO as a filter layer to a compacted sand column is one of
the options employed to improve the filtration of contaminants, providing a
convenient and economical method for effluent treatment in a fixed-bed column.
Dong et al. (2016) evaluated the potential of GO directly applied in a filter for the
removal of Levofloxacin and Pb (Il) in aqueous solution. The removal of

contaminants was high for all conditions tested in single and mixed solution systems.

Another alternative would be to apply graphene (or GO) as a three-
dimensional (3D) structure for packaging in adsorption column using graphene
hydrogels and aerogels (CHEN et al., 2017). Aerogels are porous materials that
exhibit high porosity and surface area with large pore volumes. They are generally
prepared from molecular precursors by sol-gel methods, followed by supercritical or
freeze-drying to remove solvents and replace them with air. They have high porosity,
low density, low thermal conductivity, and dielectric constant. They can be applied in
catalytic and adsorption processes and many other areas (GORGOLIS; GALIOTIS,
2017).

Aerogels can also be obtained by freeze-drying previously prepared
hydrogels. Graphene hydrogels can be prepared by adding the nanomaterial to a
polymer solution, followed by free radical polymerization to chemically cross-link the
main polymer component around the nanocomposite. In some cases, simple
homogenization of the precursor materials causes gelation, leading to hydrogels with
interesting properties including injectability and self-healing (ULLAH et al., 2015).

Liu et al. (2012) synthesized an aerogel from GO suspension by centrifugal
vacuum drying method, and then used it for adsorptive removal of MB and methyl
violet (MV) dyes. The adsorption tests showed that 99.1% of MB and 98.8% of MV
were removed and steady state was reached in just 2 min. The gel exhibited
adsorptive capacity of 397 and 467 mg g! for MB and MV, respectively,

demonstrating the high capacity of GO sponges in dye removal.

However, although some 3D GBM have already been tested directly for the
removal of dyes in agueous media, the nanometric size, high dispersion, and stability
of the nanosheets make the release of this material into the aquatic environment a
potential secondary contamination risk. Therefore, there is still a need to make these
gels more resistant, especially when considering a practical application on a large
scale (CHEN et al., 2017; DONG et al., 2016).
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Previous studies have shown 3D GBM composites with some coagulant agents

and polymers, to increase the nanocomposite strength. As an example, Chen et al.

(2017) produced a 3D agar-GO aerogel composite via freeze drying. The adsorptive

capacity of the material was tested for MB dye and a maximum adsorption capacity

near 580 mg.g?! was observed. The use of agar, as well as increasing the

mechanical strength, also preserves the reusability potential of the material, as it

maintained over 91% of adsorption capacity after the 4" adsorption-desorption cycle.

In general, among the literature works which based their study on the

application of GBM in continuous fixed-bed processes for water decontamination, it is

worth mentioning some recent research published over the last six years - academic

research platforms used: Science Direct and Google Scholar (July 2022):

a)

b)

d)

Adsorption of heavy metals (Cr(VI), As(lll), Cd(ll), and Pb(ll)) in
groundwater using sand columns enriched with GO in lab-scale (ABBASI
et al., 2021).

Synthesis of a magnetic porous reduced GO via in situ chemical co-
precipitation of Fe (lll) and GO and its use as an adsorbent for the removal
of triclosan by conducting with continuous flow fixed column (LI et al.,
2020).

Glyphosate removal from contaminated water using GO-MnFe20a4
nanocomposite supported on vegetal activated carbon as adsorbent in a
fixed-bed column (MARIN et al., 2019).

Synthesis of a graphene-based monolith by chemical reduction of GO
using magnesium ascorbyl phosphate, and application as an adsorbent for
Bisphenol A removal in a fixed-bed system (FANG et al., 2018).

Pb(ll) removal from aqueous solution using GO decorated by MgO
nanocubes as adsorbent in a continuous up flow fixed-bed column study
(MOHAN et al., 2017).

Study of a laboratory-scale fixed-bed column containing a GO-polylysine
aerogel as adsorbent for Cr(VI) removal (SINGH et al., 2017).

As seen from the previous works, some of the GBM adsorbents produced for

applications in fixed-bed adsorption were supported on sand (ABBASI et al., 2021) or

on activated carbon (MARIN et al., 2019). Other experiments were performed by

freeze-drying the composites and using them for packing the adsorption columns
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(FANG et al., 2018; LI et al.,, 2020; SINGH et al., 2017). In the present work, the
prepared nano-biocomposite was used without the need for lyophilization, being
therefore an easier method (and with fewer steps) for its application as an adsorbent
in a fixed-bed column. The hydrogel production method will be detailed in the next

topic.
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3 GRAPHENE-BASED MATERIALS PRODUCTION AND CHARACTERIZATION

In this topic, different samples of graphene-based materials (including
graphene oxide and agar-graphene oxide composites) were produced from the
variation of operational parameters in the reaction medium during the syntheses.
After, characterization analyzes were performed to compare the morphologies and
physical-chemical properties, including Raman spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), Scanning electron
microscopy (SEM), as well as Zeta Potential measurements. All characterization
analyzes conducted were important to access the properties of the nanomaterials
produced via the proposed synthesis methods, and to prove their quality. Preliminary

batch adsorption tests were also performed for the GO samples produced.
Parts of this main topic have been published:

NASCIMENTO, G. F. O.; COSTA, G. R. B.; ARAUJO, C. M. B. et al. Graphene-
based materials production and application in textile wastewater treatment: color
removal and phytotoxicity using Lactuca sativa as bioindicator. Journal of
Environmental Science and Health, Part A, v. 55, n. 1, p. 97-106, 2020.

ARAUJO, C. M. B. et al. Wastewater Treatment Using Recyclable Agar-graphene
Oxide Biocomposite Hydrogel in Batch and Fixed-bed Adsorption Column: Bench
Experiments and Modeling for the Selective Removal of Organics. Colloids and

Surfaces A: Physicochemical and Engineering Aspects, v. 639, p. 128357, 2022.

3.1 METHODOLOGY

Graphene oxide aqueous suspensions, as well as the Agar-GO biocomposite
samples were produced in the Laboratories of the Research Group on Environmental
Technologies and Processes (GPTA), located at the Federal University of
Pernambuco (UFPE, Brazil). Part of the hydrogel processing and posterior
characterization were conducted in the laboratories of the Research Support Center
(CENAPESQ), and the Applied and Environmental Nanotechnology Group (NanoA),
both located at the Federal Rural University of Pernambuco (UFRPE, Brazil).
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3.1.1 Materials

GO was produced using analytical grade graphite powder (Synth, Brazil),
KMnOs (Quimica Moderna, Brazil), and H2SOs (AnalaR NORMAPUR VWR
Chemicals, France). Agar-GO hydrogel samples were synthesized using the
analytical grade agar powder for laboratory and industrial use, acquired from Anidrol

(Brazil), and used without further purification.

3.1.2 Graphene Oxide production and preliminary adsorption tests

GO production, via the modified Hummers and Offeman method (HUMMERS,;
OFFEMAN, 1958) was done following previous studies by Araujo et al. (2018) using
for each sample: 1 g of pure graphite, 3 g KMnO4, about 200 mL of distilled H20 and
10 mL of H202 (33% w/w) to finish the oxidation reaction after 3 h of contact. Each
sample was synthesized using different ratios of H2.SO4 and distilled water so that the

total volume in the reaction medium remained 25 mL — see Table 1.

Table 1 - Variations in H2SO4 /H20 (MLzsos.mL420) proportions during GO production using
1 g of graphite, 3 g KMnOQO, in 3 h of contact.

Sample H2S0O4 volume (mL) H20 volume (mL)
GO-25 25 0
GO-23 23 2
GO-22 22 3
GO-21 21 4
GO-20 20 5

Source: The Author (2022)

After synthesis, the samples were sealed and stored in amber flasks. All

assays were performed in replicate.

3.1.2.1 Effect of Varying H2SOs4 Concentration in Graphite Oxidation on the
Adsorption Process

Studying the effects of varying the acid concentration used during graphite

oxidation in the dye adsorption process, 1 mL of each graphite oxide (GrO) sample
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produced was used (~0.02 g.mL! each suspension), together with 50 mL of the
respective dye solution with an initial concentration of 50 mg.L* (pH = 5.5). The dye
solutions were produced from stock solutions (1000 mg.L!) prepared for each one of
the dyes studied - methylene blue (MB) and brilliant blue (BB). In this case, it was
decided to use the samples before the ultrasonic exfoliation process, to carry out the
preliminary adsorptive tests, since the separation of the nanomaterial after adsorption

is easier for GrO than for GO.

The flasks containing the solutions were placed under constant stirring (250
rpom) for 1 h at room temperature (28 + 3 °C) to ensure the equilibrium was reached.
After 1 h of contact, separation of the supernatant was done by centrifugation for 10
min at 4000 rpm. The initial and final concentrations were measured and recorded

using a UV-Vis spectrophotometer.

It should be noted that the same test was developed under the same
conditions for MB and BB dyes. The aim was to investigate the behavior of the GBM
produced to adsorb both cationic (MB) and anionic (BB) dyes dispersed in water,
since real textile wastewater samples usually contains dyes of different natures,
along with many other organic and inorganic components. The removal efficiencies
were calculated according to Equation 1, in which Co and Cs are the initial and final
concentrations of the dye, respectively.

%R = @ 100 (1)

0

3.1.3 Graphene Oxide characterization

Characteristics of the graphene oxide samples produced (GO-21 and GO-25)
were observed applying different techniques, such as X-ray diffraction (XRD);
ultraviolet-visible (UV-Vis) spectroscopy; dynamic light scattering (DLS); pH at the
point of zero charge (pHrzc); Fourier transform infrared spectroscopy and micro-

Raman spectroscopy.

XRD of graphite powder and GO samples were performed using a X-ray
diffractometer (Rigaku, model: Ultima), with diffraction angle (26) ranging from 5°-
50°. XRD analyses were performed in the Center for Strategic Technologies of the

Northeast (CETENE), Brazil. DLS measurements for nanoparticle size analysis were
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performed using the GBM samples dispersed in water (Malvern Panalytical,
mastersizer 2000 - Hydro 2000MU), with size range from 0.020 to 2000.000 pm.

UV-vis spectra were obtained by diluting graphene oxide suspensions in water
and scanning them in a UV-visible spectrophotometer (Genesys 10 uv — Thermo
Scientific, wavelength: 200-800 nm). pHrzc were measured based on the experiment
of 11 points. Thus, pH solutions of 1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12 were prepared
using NaOH and HCI solutions, 6 mol.L't each. Then, 2.5 mL of the respective GO
sample were placed into 100mL Erlenmeyer flasks containing 50 mL of aqueous
solution with pH values adjusted. The flasks were transferred to a MARCONI MA-420
shaker for 24 h under constant stirring at 50 rpm. The final pH values were
determined using a bench pH meter (PHTEK, PHS-3B). The DLS, pHpzc and UV-Vis
analysis were performed in the laboratories of the Center for Technologies and

Geosciences, located in the Federal University of Pernambuco, Brazil.

Micro Raman spectroscopy was proceeded in a Senterra Raman Scope
system with a 532 nm wavelength incident laser (laser power 20 kW), in a range
between 800 and 2700 cm™?. FTIR spectra were obtained using a PerkinElmer
spectrum two spectrometer, ranging from 650 to 4000 cm™. Both analyzes were
conducted at the laboratory facilities of the Civil Police Criminalistics Institute, in the

state of Pernambuco (Brazil).

3.1.4 Agar-Graphene Oxide hydrogel production

To produce the agar-GO hydrogels, firstly, graphene oxide was synthesized by
the modified Hummers method proposed using 25 mL of concentrated H2SO04 (GO-
25). It was chosen to use the GO produced with sulfuric acid P.A., because although
the other samples need a smaller amount of acid during synthesis, the dilution of the
acid is a laborious process that involves some risks for production in larger
guantities, representing therefore one more step in the process. After completing the
oxidation of pristine graphite as described previously, graphite oxide suspension was
washed with distilled water, and sonicated for 1h to obtain GO suspension (ARAUJO
et al., 2018).

Thereafter, 0.30 g of agar was diluted in 20 mL of deionized water. The

solution was placed under constant stirring on a magnetic hot plate stirrer at T ~85 °C
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for 20 min. Then, a volume of GO suspension prepared (10 g.L') was added to the
system under constant stirring and maintained for approximately 5 min for
homogenization. The hydrogel formed was placed in a Petri dish until cooling, and
total gelification was observed. Agar is a biopolymer that easily gelifies at 24 °C.

Subsequently, the hydrogel was cut into smaller pieces with the aid of a
spatula, obtaining an average patrticle size for the composites of approximately 0.30
(= 0.01) cm. The excess humidity was removed using qualitative paper filter, and the
samples were stored inside sealed glass flasks in the fridge. The average particle
size distribution was performed (see Appendix B), since the particles size significantly
influences mass transfer during the batch, as well as and continuous adsorption

processes. Agar:GO ratios used to produce the samples are exhibited in Table 2.

Table 2 - Variations in Agar:GO ratios used to produce the hydrogel samples.

Sample GO percent (%oWeight) Agar percent (%Weight)
80%Agar20%G0O 20% 80%
75%Agar25%G0O 25% 75%
70%Agar30%G0O 30% 70%

Source: The Author (2022)

Figure 8 exhibits some photographs of a hydrogel sample produced in
laboratory. As can be seen, the sample has a brownish color, similar to pure
graphene oxide, however, with a gelatinous texture due to the agar added in its
composition. It is worth mentioning that the samples produced with 70%, 75% and

80% agar were all visually and texturally similar to the one shown in the photo.
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Figure 8 — Photographs of the hydrogel produced with 80% agar and 20% GO

Source: The Author (2022)

3.1.5 Characterization of the agar-GO biocomposite

To perform the characterization measurements, flasks containing the Agar-GO
hydrogels were placed in an ultra-freezer (Sanyo, MDF U33V) at -80 °C for 24 h.
Thereatfter, the samples were placed in a freeze dryer (Martin Christ, ALPHA 1-4 LD
PLUS) for 48 h. These equipment are in the laboratories of the Research Support
Center, located at the UFRPE. The composite hydrogel was previously packed in 2
mL disposable Eppendorf. After freezing, the samples were lyophilized to remove all
water, where the frozen samples were kept under a high vacuum. This process was
chosen because it allows the sublimation of water without causing changes/

damages to the material’s structure (CHEN et al., 2017).

Raman spectroscopy analysis, Fourier transform infrared spectroscopy,
thermogravimetric analysis, and the Scanning electron microscopy images of the
sample were determined. SEM micrographs were obtained using the TESCAN
VEGA3 (TESCAN ANALYTICS) scanning electron microscope, to observe the
surface structure of the material produced (Agar-GO) and the samples of agar and
the GO used as precursors for the hydrogel production. A concentrated GO solution
was placed in a petri dish and dried for 24 h at 65 °C in a hot air oven. The resulting

compact film was analyzed in SEM.

FTIR analyzes of vibrational spectroscopy were performed in the medium
infrared region on the Shimadzu spectrophotometer (IR Prestige-21), with coupled
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attenuated total reflectance (ATR) accessory, in the following conditions: Region
4000-600 cm™, 4 cm? of resolution, accumulations: 20. TGA measurements were
recorded in a Thermobalance (TGA Q50), using a heating ramp of 10 °C.min%, from
25 to 900 °C with a flow rate of 25 mL.min* of N2. Raman spectroscopy analyzes
were performed in the inVia Raman microscope (Renishaw) with Ar laser (20-580
mwW).

Surface charge of the dispersed agar-GO (aerogel powder) samples and the
precursor GO suspension were determined using a zeta potential analyzer (Delsa
Nano C Particle Analyzer, Beckman Coulter) in a pH range from 2 — 10 at 25 °C. HCI

and NaOH stock solutions (0.30 mol.Lt) were used to adjust the pH values.

3.2 RESULTS AND DISCUSSION

Results regarding the production and characterization of GO, as well as the
production and characterization of agar-GO nano-biocomposites will be addressed

and discussed in this section.

3.2.1 Graphene Oxide Production Varying H2SO4 concentration

Results of the adsorption tests for the graphite oxide samples produced with
different concentrations of H2SO4 are shown in Figure 9. It is observed that as the
acid concentration decreases, the adsorption of BB is favored, while MB adsorption
is disadvantaged by excessively decreasing the acid concentration. This occurs
because the acid is involved with the formation of oxygen groups on the materials
surface during the oxidation, allowing the penetration KMnO4 into the graphite layers
more effectively (CHEN et al., 2013). These groups support the interaction between
GrO and MB due to the negative density of the adsorbent and the cationic
characteristic of the dye, so that adsorption occurs both via electrostatic interactions
with the oxygenated groups on the GrO surface and by -1 interactions between the
aromatic rings (YAN et al., 2014).
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Figure 9 — Variation of H.SO4 volume in the production of graphene oxide

vs. Removal efficiencies of the dyes MB and BB (Experimental conditions:

50 mL, initial dye concentration: 50 mg.L?, ~0.02g of GrO, contact time: 1
h, 250 rpm, pH =5.5, T = 28 + 3 °C).
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Apparently, a decrease in the amount of acid during GrO production leads to a
lower degree of graphite oxidation, decreasing the number of functional groups on
the surface of the material. This, on the other side, enables a better interaction of the
material with anionic dyes, such as BB dye, via -1 interactions of the aromatic rings
present in both the adsorbent and adsorbate structures (FRAGA et al., 2018).

Yan et al. (2014) prepared and analyzed several GO samples with different
degrees of oxidation using the modified Hummers method, varying the KMnOa4
dosage and oxidation time. When analyzing the effects of the oxidation degree on
MB adsorption, it was observed that the adsorptive capacities increased
exponentially with the increase of the degree of oxidation of the sample. The
explanation would be related to the increase in the degree of exfoliation of graphitic
layers, caused by the energetic oxidation, as well as the production of a larger
number of active sites. The characteristics of GO-MB interaction gradually change

from parallel stacking of MB molecule in the graphenic plane through the
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hydrophobic 1r-11 interactions, to the vertical position by means of electrostatic

interaction, as there is an increase in the oxidation degree.

Araujo et al. (2018) were able to decrease the volume of H2SO4 from 25 mL to
23 mL without considerable reduction of MB adsorption. This research, on the other
hand, demonstrates that the best experimental point (GO-21) was able not only to
maintain the high MB percentage removal (99%) but also to increase BB removal by
21% to 29%. Therefore, the sample prepared with 21 mL H2SOa4 will be used in
subsequent tests. Important characterizations will also be presented for this sample.

Overall, a decrease in the amount of acid causes a reduction in costs with
production process, making the material less aggressive to the environment, without
making it lose the ability to adsorb the dyes. However, it is observed that sample GO-
20 shows a more pronounced decrease in the percentage removal of MB, while there
is a slight increase in the BB removal efficiency. H2SOa provides the energic medium
necessary for graphite oxidation to occur. Thus, it is believed that a greater decrease
in the acid concentration tends to affect even more its effectiveness as adsorbent by
the decrease in the amount of graphite that becomes GrO.

Although the sample GO-21 exhibited the best results in terms of removal
efficiency of the dyes, it was chosen to use GO-25 to produce the biocomposite
(agar-GO). Even though GO-21 needs a smaller amount of sulfuric acid during
synthesis, the dilution of the acid is a laborious process that involves some risks for
production in larger quantities, representing one more step in the process.

3.2.2 Graphene Oxide characterization

The optical absorption spectra of GO-21 and GO-25 suspensions are
exhibited in Figure 10 a. In general, it is possible to see in the samples the presence
of prominent absorption peaks in ~230 nm, attributed to 1-1* transition of the C-C
bonds of the aromatic rings; and a shoulder in 296 nm, associated with the n-1
transition of the C=0 bonds on the surface of GO samples (GURUNATHAN; HAN;
KIM, 2013b; MEHL et al., 2014). DLS measurements were performed in agueous
solution to estimate GO lateral sizes. It was found that the average particle sizes of
GO-21 and GO-25 were respectively ~26 ym and ~32 pym - see Figure 10 b. DLS
measurements could contribute to show that when comparing both samples (GO-21

and GO-25), the results were almost the same, indicating that the sample produced
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with less H2SOa4 presents similar characteristics to the one produced with more
concentrated acid (GURUNATHAN et al.,, 2013a; GURUNATHAN; HAN; KIM,
2013b).

Figure 10 — UV-Vis measurements for GO samples (a); particle size distribution from DLS
analysis for samples GO-21 and GO-25 (b).
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Crystalline structures of the GO samples and pristine graphite were
characterized by XRD. Graphite powder exhibited a main basal diffraction (002) peak
located at approximately 20 = 26°, as the diffraction peaks of GO-21 and GO-25
appear at the lower angles of 7.7° and 8.6°, respectively. Thus, it can be verified an
increase in the interlayering spacing in both cases, as the 26 values decreased from
26° to below 10° (Figure 11 a). The increase in d-spacing is related to the formation
of oxygen functional groups between the graphitic layers, indicating the successful
oxidation of graphite (GURUNATHAN et al., 2013a; MEHL et al., 2014).

The pH values at the Point of Zero Charges for both samples were
determined. As it can be observed in Figure 11 b, it is possible to see the formation
of a well-defined plateau near the final pH 2.5. Therefore, pHpzc values were 2.64
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and 2.37 for samples GO-21 and GO-25, respectively. For pH values over the pHpzc,

adsorption of cationic dyes is favored.

Tabrizi and Zamani (2016) evaluated the application of GO aerogels as
adsorbents to remove Pb (lI) from water. Performing the Zeta Potential
measurements for GO colloidal suspension, the authors observed that the isoelectric
point of the particles was approximatelly 2.4, which is similar to the results found in

the present work.

Figure 11 - XRD patterns for graphite, samples GO-21 and GO-25 (a); pHezc for the samples
GO-21 and GO-25 (b).
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Raman spectra of graphite, GO-21 and GO-25 in Figure 12 (a) and (b)
exhibited D band at approximately 1350 cm™ and G band at 1600 cm™. The D/G
peak intensity ratio, known as Io/lg, usually indicates the lattice disorder of graphitic
and graphene-based materials. Therefore, Io/lc values were estimated to be ~1.20
and ~1.60 for samples GO-21 and GO-25, respectively, indicating as expected, an
overall increase in defects after oxidation. These defects arise from the disruption of
the carbon basal plane structure by the introduction of functional groups due to
oxidation (TIWARI et al., 2013; ZHAO et al., 2017). Comparing the graphite to GO
spectra, it can be observed an increase in the D band intensity for both GO-21 and
GO-25, being this increase more pronounced for the sample produced using more

sulfuric acid.
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Figure 12 — Raman measurements of (a) graphite powder, and (b) GO samples.
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FTIR spectra exhibited in Figure 13 shows the vibration modes of GO-21 and
GO-25. The bands located in 3350 cm™ are assigned to O—H stretching vibrations
from hydroxyl groups on GO surface and water adsorbed. The absorption bands at
1725 cm™ are the characteristic band of C=0 groups. Bands near 1600 cm™ are
associated with the skeletal vibrations of C=C from unoxidized graphite. The
shoulders at ~1400 cm™* might be attributed to O-H or C-H. The bands at 1170 and
1050 cm are assigned to C-O-C and C-O bonds, respectively (SARKER et al.,
2018; TIWARI et al., 2013).

Figure 13 — FTIR spectra of GO-21 and GO-25.
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3.2.3 Characterization of the Agar-GO biocomposite

In the composite, agar was used to build the 3D microstructure, reinforcing the
stabilizing of graphene oxide nanosheets. It was choosen because this polymer is
nontoxic and biodegradable with numerous oxygen functional groups. According to
Chen et al. (2017), it is suposed that, as the hydrogel is forming, the oxygen groups
existing on both agar and GO surface might react via dehydration reaction and

interact via hydrogen bonding.

From Figure 14, the reactions to synthesize the composite do not appear to
affect GO properties, as it is interpreted from the FTIR curves. It is possible to
observe the maintenance of the bands corresponding to the chemical bonds related
to GO oxygenated groups, and as more agar is added into the system, some peaks
appear, while others lose intensity in the spectra. That might indicate that GO and

agar are successfully compounded into composite aerogels.

Figure 14 — FTIR spectra of the hydrogels produced (left); and of pure GO (right).
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The broad band at 3400 cm?, exhibited in all samples, might correspond to the
hydroxyl group (O-H) stretching of agar participating in the hydrogen bonding in inter
and intramolecular bond formation. However, broad bands between 2900 cm™ and
3700 cm™ are also related to the absorption peaks corresponding, respectively, to -

C-H and -O-H stretches due to the adsorbed water over the GO surface. The smaller
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peaks around 2922 cm observed in samples with 70, 75 and 80% of agar are

assigned to CH: stretching, being found in pure agar samples (LI et al., 2020).

The band at approximately 1710 cm™, related to the vibration of the bonds in
the carboxylic groups existing in both materials. The band at 1635 cm™! assigned to
C=0 stretching, is also characteristic of pure agar (as it is the characteristic
absorption band of polysaccharides), due to stretching vibration of the conjugated
peptide bond formed by amine (-NH) and acetone (-CO) groups. The intense bands
at ~1035 cm™ observed in all samples, can be related to stretching vibrations of the
C-0O bonds, specific for epoxide moieties (-C-O-C) in GO samples; and/or correspond
to CHz scissoring observed in pure agar. Bands at 1066 cm™ are attributed to ester
sulfate link vibrations or 3,6-anhydrogalactose bridges. Bands at 1170 cm, which
corresponds to ester sulfate, are observed in all samples. A characteristic band at
930 cm is due to the 3,6-anhydro-a-L-galactopyranose unit in pure agar, being
observed in the samples with more agar content. Another typical absorption band of
agar is observed at ~877 cm™, attributed to C-H of B-galactose. The bands at 1150
cm? are also attributed to ester sulfate link vibrations (GARRIDO et al., 2016; HSIEH,
S. etal., 2010; SELVALAKSHMI et al., 2017).

Therefore, shifts in the positions as well as changes in the band’s intensity,
absence and appearance of new bands could be attributed to the interactions of GO
with the polymer matrix, confirming the complex formation between the polymer and
the GBM.

From the results of the Raman spectroscopy in Figure 15, it is evident the
presence of 2 characteristic bands: G band at ~1590 cm™, related to the vibration of
the sp? carbon basal plane, while the D band at ~1350 cm™, being usually related to
defects in the GO sheet. The ratio of D to G band intensities usually is used to

evaluate the lattice disorder of carbon-based materials (ARAUJO et al., 2018).



70

Figure 15 - Raman spectra of the hydrogels.
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From the Raman spectra, it is noted that in general, as more agar is added
into the sample, the Io/lc ratio decreases from values over 1.20 (in the original GO
sample) to values below 0.75. It is worth mentioning that the Io/lc ratio gives an idea
of the lattice disorder of the material, which is used as an indicative for GBM
characterization. For GO samples, this number is normally found between 0.9 — 1.2
(data observed from previous works published by this research group); as for pristine
graphite, it is usually bellow 0.4 (ARAUJO et al., 2018, 2020).

TGA curves in Figure 16 exhibit apparent differences between GO and agar-
GO. This is because of the polymeric matrix, which in all cases constitute more than
50wt.% of the composite. Both GO and the hydrogel samples presented a significant
amount of water, increasing the loss of mass at temperatures close to 100 °C. There
are also substantial losses from 200-300 °C, which is when the bonds with the

oxygenated groups are broken. On the composite, from 400 °C onwards, the mass
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loss continues almost linearly, probably because of the thermal degradation of agar.
The remaining mass is due to graphene, which remains stable above 800 °C (WANG
et al., 2021).

It is worth mentioning that, in general, the mass of each agar-GO sample
reduces to less than 10%, while the GO only reduces to 88% approximately. This
occurs because the density of lyophilized graphene-based hydrogels can be
extremely small, as reported by Hu et al. (2013); therefore, the mass used to perform
the analyzes on the microbalance was much smaller, compared to that of the GO

compacts.

Figure 16 — TGA results for the hydrogel samples (left); for pure GO (right).
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From previous works, graphene oxide usually exhibits a rapid weight loss at
~200 °C, which can be attributed to the removal of different oxygen functional groups
present on GO surface. On the other hand, from previous works, it is known that agar
has only one major weight loss occuring from 250-350 °C, assigned to agar
decomposition (CHEN et al., 2017).

It is possible to compare the morphology of the samples by analyzing the SEM
micrographs Figure 17. For the compacts of GO, it can be seen the slightly undulated

arrangement of multilayer compact sheets.



72

Figure 17 — SEM micrographs with 1000x of magnitude of pure GO (top left); pure agar (top
right); and the Agar-GO aerogels samples (botton from the left to the right) with 70% Agar
30%GO, 75% Agar 25%GO0, and 80% Agar 20%GO.
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On the other side, the organization of pure agar resembles round forms, which
will act as the polymeric matrix and provide mechanical stability for the Agar-GO
composites seeds. While in the agar-GO composites, there is evidence of wrapped
thinner GO sheets, which interacted with the polymer that constitutes the matrix,
resulting in airy 3D disordered porous microstructures. That characteristic seems to
be more evident for the sample with more agar content (80% agar 20%GQO). Chen et
al. (2017) noted that the Agar-GO aerogels tend to form a 3D porous microstructure
consisting of randomly oriented GO nanosheets, confirming the results observed in
this work.

The zeta potential measurements of GO suspension and the biocomposite
samples are depicted in Figure 18. Overall, for all the samples analyzed, it can be

noted the presence of only negative charges in the pH range studied. It was verified
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that both GO and agar-GO isoelectric points are below pH = 2. That indicates the
surface charges of graphene oxide, as well as the biocomposites are negatively
charged at pH =2, and adsorption of cationic pollutants can be favored through
electrostatic interactions (JANUARIO et al., 2022). In addition, the highest negative
charge density (-46.80 mV) was observed at pH = 8 for GO.

Evaluating the adsorptive removal of cationic dyes from water using GO,
Konicki et al. (2017) observed, during the zeta potential measurements, that the
surface charge of GO was also negative over the pH range studied - pH from 1.7 to
12.2.

Figure 18 — Zeta potential measurements for GO suspension

and agar-GO biocomposite samples (aerogel).
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These results are also in agreement with what was presented in Figure 11 b,
in which the value obtained for the pHpzc of GO-25 sample was 2.37, indicating that
the material has a high density of negative charges on its surface.

From the Zeta Potential results, there are indications that the composites
developed are likely to be more attracted to compounds with cationic characteristics

since the surface of the composites present high negative surface charges.
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3.3 FINAL THOUGHTS

It was noted that a small decrease in the amount of acid during GrO
production, to a certain extent, led to a lower degree of graphite oxidation,
decreasing the number of functional groups on the surface of the material. This, on
the other side, enabled a better interaction of the material with anionic dyes, such as
BB, via -1 interactions of the aromatic rings. The characterization analyzes of the
GO samples (GO-21 and GO-25) revealed that graphite oxidation did indeed occur in
both samples. This shows the possibility of reducing the amount of acid used during
the synthesis of the material and yet the medium remains favorable for the reaction
to occur. Characterization measurements of the biocomposites synthesized using
graphene oxide and agar in different proportions revealed evidence of GO interaction
with the polymeric matrix, resulting in 3D materials, with visually disordered
morphologies for the lyophilized hydrogels. Also, the FTIR spectra indicated that a
variety of oxygen functional groups were present in all hydrogel samples produced.
Moreover, Zeta potential measurements revealed that the surface of the
biocomposites produced, as well as the GO suspension, were negatively charged
within a pH rage varying from 2 to 10, which could be an indication that the

biocomposites are likely to be more attracted to compounds with cationic nature.
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4 BATCH TESTS USING AGAR-GRAPHENE OXIDE HYDROGEL SAMPLES FOR
THE SELECTIVE REMOVAL OF DYES

Hydrogel biocomposite samples were synthesized using graphene oxide and
agar biopolymer (Agar-GO) to be tested as adsorbents for cationic and anionic dyes.
Batch experiments were conducted to evaluate the pH effect in the adsorption
process, adsorption isotherms, and kinetics for four cationic dyes — Nile Blue A (NB),
Methylene Blue (MB), Malachite Green (MG) and Basic Fuchsin (BF) - and two
anionic dyes - Reactive Black 5 (RB5) and Acid Orange 7 (AQ7). Adsorption
equilibrium isotherms were fitted to Freundlich, Langmuir and Sips models, and
kinetic data were adjusted to Driving Force models, and Fick’s Diffusion equation.
Five cycles of the adsorbents regeneration and reuse were carried out using NaOH
solution, and phytotoxicity assays were performed for each dye solution before and
after adsorption. The effluent obtained after treatment via adsorption with the
hydrogel indicated a decrease in the phytotoxicity, compared to the initial dye
solution, for the three plant species studied - Cucumis sativus, Lepidium sativum, and
Eruca sativa. Agar-GO proved to be a viable alternative, as the material also
exhibited remarkable regenerative capacity, proving its effectiveness for applications

in water and wastewater treatment.
Part of this main topic has been published:

ARAUJO, C. M. B. et al. Wastewater Treatment Using Recyclable Agar-graphene
Oxide Biocomposite Hydrogel in Batch and Fixed-bed Adsorption Column: Bench
Experiments and Modeling for the Selective Removal of Organics. Colloids and

Surfaces A: Physicochemical and Engineering Aspects, v. 639, p. 128357, 2022.

4.1 METHODOLOGY

Graphene oxide aqueous suspension was produced in the Laboratories of the
Research Group on Environmental Technologies and Processes (GPTA), located at
the Federal University of Pernambuco (UFPE, Brazil). All batch experiments
described in this topic were performed in the Laboratory of Separation and Reaction
Engineering - Laboratory of Catalysis and Materials (Associated Laboratory LSRE-

LCM), at the Faculty of Engineering of the University of Porto (FEUP, Portugal).
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4.1.1 Materials

GO was produced using analytical grade graphite powder (Synth, Brazil),
KMnOs (Quimica Moderna, Brazil), and H2SOs (AnalaR NORMAPUR VWR
Chemicals, France). Agar-GO hydrogel samples were synthesized using the
analytical grade agar powder for laboratory and industrial use, acquired from Anidrol
(Brazil), and used without further purification. The methodologies involving the
synthesis of GO, as well as the production process of the hydrogels, are described in

detail in Topic 3.

For the batch adsorption tests, the dyes used - MB, NB, MG, BF, AO7 and
RB5 - were purchased from Merck (Germany) and used without further purification.
Stock solutions (1000 mg.Lt) of each dye were prepared by dissolving a certain
amount of the dye in deionized water, and kept in sealed glass flasks covered in

aluminum foil.

Figure 19 exhibits the chemical structure of both anionic and cationic dyes
used. Table 3 shows some technical information of the dyes. HClI 1 mol.L'! and
NaOH 1 mol.L! (PanReac AppliChem, Portugal) were used for pH adjustment.
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Figure 19 - Chemical structure of the dyes
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Table 3 - Technical information of the dyes tested.

Molecular CAS

Dye Altﬁ;rrlr?gve Chemical formula  weight ();] ”;;X) Icr::c)jlé);
(g.m0|-1) number
Meg;h":”e Basic Blue 9 CisH1sCIN3S-XxH.O  319.85 663 122965-43-9 52015

Nile Blue A Basic Blue 12 2C2H20N30-SO4 732.85 635 3625-57-8 51180

Basic Fuchsin  Basic Red 9 Ci9H17Ns - HCI 323.82 541 569-61-9 42500

Malachite . Co3Ho5N2-CoHO,-
Green Basic Green 4 0.5CoH,Ox 463.50 617 2437-29-8 42000
Acid Orange 7 Orange I C1sH11N2NaO4S 350.32 485 633-96-5 15510
Reactive Remazol

Black 5 Black B Ca6H21NsNasO19Ss 991.82 597 17095-24-8 20505

Source: The Author (2022)
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4.1.2 Batch adsorption experiments

Batch adsorption tests were carried out using the samples produced with
80w% agar and 20w% GO, 75w% agar and 25w% GO, 70w% agar and 30w% GO,
as adsorbents. The hydrogel samples were tested for all the cationic and anionic
dyes in replicate. Before proceeding with the batch tests, UV-Visible scan
(Spectroquant Prove 300) of the dyes were obtained at different pH values, as well
as each respective calibration curve. The final and initial concentrations were
determined in a UV-Vis spectrophotometer according to the Amax values presented in
Table 3.

Preliminary kinetic experiments were carried out to verify the time in which the
batch adsorption systems reached equilibrium. To perform the batch experiments,
aliquots of 50 mL of each dye solution (with pH previously adjusted when necessary)
and initial concentrations of 50 mg.L? for RB5, 30 mg.L* for AO7, 20 mg.L™* for NB,
10 mg.L? for MB, MG, and BF, were added to flasks containing 0.20 g of the wet
agar-GO hydrogel, which is equivalent to approximately 0.0043 g of adsorbent on a
dry basis. The sealed flasks were placed under constant stirring of 250 rpm at 24 °C.
The overall contact time was 48 h for BR5, AO7, MB and NB, and 24 h for MG and
BF to ensure the equilibrium was reached (CHEN et al., 2017). The supernatant

solution was analyzed after 1-2 min decantation, without filtration or centrifugation.

To obtain the dye concentration, a UV-Visible spectrophotometer (Jasco 7800)
was used. To evaluate the effect of changing the initial pH of the dye solutions,
adsorption tests were done in that conditions, varying the pH in each case. The initial

pH values of the solutions were adjusted using 1 mol.L-t NaOH and HCI solutions.

For the regeneration and reuse of the adsorbent, 1 g of the wet agar-GO
hydrogel was added into 50 mL of the respective dye solution and placed under
constant stirring at 24 °C. The final concentration was recorded, and the adsorbent
was separated by decantation. After that, for the desorption tests, the adsorbent used
was added into 50 mL of 0.30 M NaOH for 2 h and 250 rpm stirring. Samples were
washed 5 times with deionized water after desorption to remove the residual NaOH,
so that pH =7. The relative adsorption capacity qn/ qo was calculated for each cycle
(n) (CHEN et al., 2017).
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4.1.2.1 Adsorption equilibrium and isotherms modeling

Equilibrium adsorption isotherms were obtained for the 3 hydrogel samples at
24°C. Tests were conducted at 24 °C, and the initial pH was adjusted according to
the best conditions after evaluating the effect of the initial pH. Initial pH values were
adjusted using NaOH and HCI solutions and a bench pH meter. The isotherms were
built by ranging the mass of the hydrogels, keeping constant the initial concentration
and volume of dye solutions. Tests were proceeded using sealed glass flasks under
constant stirring (250 rpm). The conditions for the isotherm experiments are exhibited
in Table 4.

Table 4 — Conditions for the isotherm experiments.

Dye Contact Initial Initial concentration Wet agar-GO mass
time (h)  pH (mg.L™) )
Methylene Blue 48 8 10 0.05,0.1,0.2,0.3,0.5,0.8
Nile Blue A 48 8 20 0.05,0.1,0.2,0.3,0.5,0.8
Basic Fuchsin 24 6 10 0.05,0.1,0.2,0.3,0.5,0.8
Malachite Green 24 6 10 0.05,0.1,0.2,0.3,0.5,0.8

Source: The Author (2022)

Using the experimental data, the adsorption capacity in batch could be
calculated by Equation 2, in which g is the amount of dye adsorbed in mg per g of
adsorbent; Co and Cr are the initial and final concentrations of the dye solution, mg.L"
L. mads is the adsorbent mass in g, and Vi is the volume of the solution in L.

q = (Co—Cy) VL (2)

Mads

Adsorption equilibrium data obtained experimentally for each dye were fitted to
the isotherms of Langmuir (Equation 3), Freundlich (Equation 4) and Sips (Equation
5) in the non-linear format of each model (ABBASI et al., 2021).

__ Qmax-KL-Ce
qe = 1+K1.Co ()
qe = Kp.C)" (4)
s-Ks.C
qe = L= %)

1+Ks.CH
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From the equations, ge represents the amount of dye adsorbed when the
equilibrium is reached (mg.g?), Ce is the dye concentration in the equilibrium (mg.L-
D. Ke (mgt®m (g1).LY") is the Freundlich adsorption constant, and n is the
heterogeneity factor. Ki is the Langmuir adsorption constant (L.mg?), and gm is the
maximum adsorption capacity (mg.g?) predicted by the model. Ks (L.mg1)™ and m
are the Sips adsorption constants, in which gs is the maximum adsorption capacity

(mg.gt) predicted by the Sips isotherm.

4.1.2.2 Adsorption kinetics and modeling

Preliminary batch kinetic tests were carried out to verify the time in which the
adsorption systems reached equilibrium, and which systems have greater adsorptive
capacities under the studied conditions.

To perform the experiments, aliquots of 50 mL of each dye solution, with initial
concentrations of 30 mg-L* AO7, 50 mg-L"* RB5, 20 mg-L* NB, and 10 mg-L* MB,
MG and BF were added to flasks containing 0.20 g of the respective hydrogel
samples. The sealed flasks were placed under constant stirring of 250 rpm at 24°C
without pH correction. Aliquots of the supernatant were taken, and the respective

concentrations were estimated at each time interval.

To find out the adsorption kinetic parameters, tests were repeated under the
same conditions adjusting the pH according to the results from the experiments
evaluating the effect of the initial pH.

The experimental data obtained during the batch kinetic experiments were
modeled following a phenomenological approach. Therefore, the diffusivity
parameters were obtained by solving a system of differential equations. Equation 6
represents the mass balance in a batch adsorption tank. The initial condition is t =0
— C =Co —7g =0. Equation 7 is regarding the Linear Driving Force (LDF), and

Equation 8 is the Quadratic Driving Force (QDF) expressions.

VL'E + mads.z =0 (6)
dq _

L =kn(qe — ) 7
d_q — kh (Qez_‘jz) (8)



81

With q being the average adsorbate concentration in the particle; ge the
adsorbed concentration in equilibrium with the fluid concentration at a given instant —
it can be obtained from the isotherm model; and kn the intraparticle mass transfer
coefficient. Using kn, the effective homogeneous diffusivity (Dif) can be estimated,
with R as the patrticle radius (RIOS et al., 2020). Dif value is given by Equation 9 for
LDF model, and Equation 10 for QDF model (SIRCAR; HUFTON, 2000).

kp.R?

DifLDF = };5 9)
kh.Rz

Dif opor = 5 (10)

Another method for obtaining the diffusivity inside the particle is through the
Fickian Diffusion (FD) model, which consists of doing the mass balance for a control
volume inside the particle (Equation 11). The boundary conditions are r =0 — dq/ dr

=0; r =R — g =q*; and the initial condition is t =0 — q(r) =0.

99 _Dir 8 [ .2 (%

at  r2 or [T '(ar)] (11)
In general, the driving force models describe the mass transfer inside the

adsorbent, and besides the ease of finding the solution numerically, these models

require less computational effort, compared to FD model (PEEL; BENEDEK, 1981,
RIOS et al., 2020; RODRIGUES; SILVA, 2016; SIRCAR; HUFTON, 2000).

The quality of the kinetic models fitting to the experimental data was analyzed
using coefficient of determination (R?), calculated by Equation 12.

YL, (Vi = ¥))?

2 1 _
k=1 > (vi-¥)?

(12)

Being N the total number of experimental points, Yi the value observed
experimentally, Yi the value predicted by the model, and Y the mean of experimental
values (ANDRADE et al., 2020).

4.1.3 Phytotoxicity assays

The knowledge of toxic effects of pollutants is a key requirement for
environmental risk assessments, especially for processes involving the use of
nanomaterials, which in turn may represent a source of secondary contamination in
water and wastewaters (MANAS: DE LAS HERAS, 2018).
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Therefore, to assess whether the graphene oxide present in the hydrogel is
leached during adsorption, possibly affecting water quality in the water bodies,
phytotoxicity tests were carried out. For the assays, three types of vegetable seeds
were used: cucumber (Cucumis sativus), cress (Lepidium sativum), and arugula
(Eruca sativa). The methodology used for the tests was based on Mendes et al.
(2016), Gerber et al. (2017) and Baptisttella et al. (2020). The bioassays were
conducted for the cationic dyes (MB, NB, MG, and BF) before and after the batch
adsorption tests.

Firstly, adsorption tests were proceeded for the initial dye concentrations of 20
mg-L? NB, and 10 mg-L'* MB, MG, and BF, using 50 mL of each dye solution and
0.20 g of the wet hydrogel produced with 80% Agar and 20%GO. The flasks were
placed under constant stirring of 250 rpm at 24°C for 48 h. The supernatants were

collected after 1-2 min decantation.

Therefore, Petri dishes were lined at their base and sides with qualitative filter
paper, and 5 cucumber seeds were placed spaced apart on each dish. For the tests
with watercress and arugula seeds, 10 seeds were placed on each respective dish. 4
mL of each dye solution, before and after treatment; as well as the negative control
(distilled H20), and positive control (Al2(SOa4)3) were placed in different petri dishes.
Assays were done in replicate. Each petri dish was placed in an incubator wrapped in
foil to prevent humidity loss, where they were stored for 120 h at 22.5 = 2.5 °C,
protected from light. After 5 days, the dishes were taken from the incubator and the
roots sizes of the germinated seed were measured using a transparent ruler, and the
number of germinated seeds were counted. It was assumed the negative control was
valid only when the percentage of germination was 290% (SOBRERO; RONCO,
2004).

From the results, the relative growth index (RGI) was estimated by Equation
13, and the germination index (Gl) by Equation 14. From the equations, the total root
length in the sample is RLS, the total root length in the negative control is RLC, the
number of germinated seeds in the sample is GSS and the number of germinated
seeds in the negative control is GSC (BAPTISTTELLA et al., 2020).

RGI =22 (13)

RLC

GSS
GI = RGL.Z=>.100% (14)
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4.2 RESULTS AND DISCUSSION
Results regarding the application of agar-GO nano-biocomposites as

adsorbents to remove cationic and anionic dyes in batch process will be addressed

and discussed in this section.

4.2.1 Preliminary kinetics

The results obtained for the preliminary adsorption kinetics of the six dyes,
using the three hydrogel samples produced, are shown in Figure 20. In the figure it is
possible to see, in each case, the evolution of the adsorptive capacity with time. It is
also noted that the anionic dyes (AO7 and RB5) showed much lower adsorptive
capacities when compared to the values obtained for the cationic dyes NB, MB, MG,

and BF.

Figure 20 — Preliminary adsorption kinetics for the three hydrogel samples produced
(Conditions: mags= 0.20 g (~0.004 g dry basis); V.= 50 mL; T= 24 °C; 250 rpm; without pH

adjustment).
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By analyzing and comparing the results of the three hydrogel samples, it is
noted that the greater the amount of GO in the composite, the greater the adsorption
capacity achieved for the cationic dyes when reaching equilibrium. This difference is
even more expressive in the case of the sample produced with 70% agar and 30%

GO. Regarding the anionic dyes, there is almost no difference between samples.

From the graphs, it is also noted that for MG and BF, the adsorption capacity
values increase faster within the first 300 min of the experiment, and from there, qt
becomes slower, until it reaches equilibrium. On the other side, for MB and NB, the
adsorption capacities increase rapidly in the first 600 min, and from that point, the
increases become smoother, tending to the equilibrium. In general, it was observed
that 24 h was sufficient to guarantee a steady state for MG and BF, and 48h was
enough time to guarantee the equilibrium of adsorption for NB and MB.

Similar behavior was noticed by Duman and coworkers for MB adsorption by
agar/k-carrageenan hydrogel. In their experiments, the adsorption by the hydrogel
demonstrated a rapid increase during the first 210 min. That was attributed to the
presence of many adsorption sites on the adsorbent, then gradually decreased. In

that occasion, the equilibrium was also ensured within 48 h (DUMAN et al., 2020).

4.2.2 Influence of the initial pH

Results to assess the influence of varying the initial pH of the dye solutions are
shown in Figure 21. In this case, it is essential to mention that the pH range used in
each case was different, being some of them larger and others more restricted. The
dyes BF and MG, for example, which exhibit similar structures, have strong pH
dependence (ADEYI et al., 2020). Das et al. say that depending on pH, the dye salt
and its carbinol form are interconvertible between them, and the MG aqueous
solutions does not show any color at extremely high pH. This effect can be easily re-
converted by decreasing the pH (DAS et al., 2009).

The same effect could be observed for BF experimentally. For the NB, it was
noticed that there was a shift in its characteristic wavelength for extremely high pH,
as exhibited in Figure 22. This phenomenon is known as hypsochromic shift and
consists of the peak’s shift to a shorter wavelength, caused by the removal of

conjugation or a change in the polarity of the solvent.
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It is observed that the three Agar-GO samples tested showed similar behavior
for all dyes evaluated. Analyzing the results obtained for both anionic dyes indeed,
the adsorptive capacities obtained within the evaluated pH range presented very low
values, especially when compared to the values obtained for the cationic dyes. There
is only a slight increase in ge when the pH goes from 4 to 2. However, working

conditions where pH =2 can be challenging from an operational point of view.

Figure 21 - Influence of the initial pH in the adsorptive capacity of Agar-GO for the removal of
the dyes with Co=10 mg.L* (MB, MG, BF), and 20 mg.L* (NB) (Experimental conditions:
Vso. = 50 mL; T = 24 °C; 250 rpm; over 24h of contact time).
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Figure 22 - UV-Visible scan of the dyes (left), and hypsochromic shift for NB dye at higher pH

(right).
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Figure 21 also shows practically no change in adsorptive capacity when
varying the pH of BF and MG solutions within the studied range. Studying the
production and application of granular composite hydrogels via in-situ polymerization
using chitosan and other components, Zheng, Zhu, and Wang (2014) suggested that,
even varying the initial pH of the MG solution, the carboxylic groups present in the
polymer matrix were dissociated during the adsorption. Thus, a constant adsorption

capacity was noted when the initial pH ranged from 4 to 8.

Adeyi et al. (2020) also did not find significant changes in MG adsorption by
ranging the pH of dye solution, inferring that MG adsorption is attributed to

electrostatic forces and other interactions, such as hydrophobic interactions.

Overall, it was observed that the adsorptive capacity grows gradually, as the
pH increases for MB dye. This behavior was previously observed by Chen et al.
(2017) when analyzing the effect of the initial pH on the adsorption of methylene blue
by graphene-based materials. While for the NB, the effect of the pH change was
more significantly noticed when the value is increased from 6 to 8. That could be
related to the adsorbent charge and molecular charge of adsorbate.

Therefore, in subsequent tests, it was decided to work with pH = 8 for
methylene blue and Nile blue A solutions; while for malachite green and basic

fuchsin, tests were proceeded without adjusting the initial pH. Since the preliminary
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kinetics tests and the pH study with the anionic dyes did not show satisfactory results
regarding the adsorption capacity, it was decided to proceed with the batch

adsorption study only for the cationic dyes from now on.

4.2.3 Adsorption equilibrium isotherms

Figure 23 depicts the adsorption equilibrium isotherms obtained
experimentally for the cationic dyes. Results for the respective adjustments to
Langmuir, Freundlich, and Sips isotherms are also shown in Figure 23, for each
hydrogel sample. The fitting of the isotherms parameters for modeling the equilibrium
data were analyzed using non-linear data regression. Data regarding the non-linear

modeling are presented in Tables 5, 6, and 7.

Figure 23 - Adsorption equilibrium isotherms on a dry basis for the cationic dyes
(Experimental conditions: t = 48 h; Vso. = 50 mL; T = 24 °C; 250 rpm stirring).
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Table 5 - Adsorption isotherm parameters for the hydrogel sample 70% Agar 30% GO (on a

dry basis) calculated by adjusting the experimental data.

MB NB MG BF
Isotherm Parameters
Result Std. Result Std. Result Std. Result Std.
Error Error Error Error
Experimental gmax(mg.g?) 141.48 - 284.69 - 52.29 - 34.00 -
Freundlich Kg (mg*®™, 5768 3.39 81.11 19.53 13.32 1.25 6.89 0.45
(gh). LM
n 2.10 0.17 2.17 047 1.39 0.11 1.29 0.06
Reduced-x? 41.82 - 11108 - 3.07 - 0.48 -
Adjusted-Rz  0.98 - 0.92 - 0.99 - 0.99 -
Langmuir  gmax(Mg.gt) 170.85 15.90 362.75 42.19 135.92 21.97 110.49 23.64
K (L.mg?) 0.55 0.14 0.22 0.07 0.09 0.02 0.06 0.02
Reduced-x* 73.25 - 533.71 - 2.10 - 0.83 -
Adjusted-R2  0.97 - 0.96 - 0.99 - 0.99 -
Sips gs (mg.g?) 708.87 2.210° 273.74 12.70 93.76 40.78 1000.0 2.110*
Ks (L.mgH™ 0.09 0.31 0.15 0.04 0.12 0.03 6.910° 0.15
m 0.54 0.24 2.09 0.38 1.23 0.38 0.79 0.42
Reduced-x* 51.33 - 163.12 - 2.48 - 0.68 -
Adjusted-R2  0.98 - 0.99 - 0.99 - 0.98 -

Source: The Author (2022)

Table 6 - Adsorption isotherm parameters for the hydrogel sample 75% Agar 25% GO (on a

dry basis) calculated by adjusting the experimental data.

MB NB MG BF
Isoth P t
sotherm arameters Result Std. Result Std. Result Std. Result Std.
Error Error Error Error
Experimental gmax(Mg.g?) 106.32 - 232.26 - 47.59 - 30.37 -
Freundlich Kg (mg*®", 46.15 163 74.09 20.31 8.57 0.81 4.07 0.71
(g"). L")
n 2.30 0.12 231 0.62 1.14 0.07 1.04 0.10
Reduced-x?> 8.82 - 1.010° - 1.58 - 1.61 -
Adjusted-R2  0.99 - 0.89 - 0.99 - 0.99 -
Langmuir  gmax(Mg.gt) 128.10 7.93 301.45 41.57 278.00 116.58 803.77 2.9 10°
K(L.mg?)  0.57 0.10 0.24 0.09 0.03 0.01 4.810% 0.02
Reduced-x*> 22.16 - 557.94 - 1.46 - 1.66 -
Adjusted-R2  0.98 - 0.94 - 0.99 - 0.99 -
Sips gs (mg.g?) 261.74 143.50 228.21 6.27 153.21 200.03 500.0 1.310%
Ks (L.mghH™ 0.22 0.14 0.10 0.03 0.05 0.05 8.010° 0.20
m 0.59 0.12 2.63 0.37 1.13 0.43 1.00 1.12
Reduced-x* 7.65 - 57.58 - 1.88 - 2.23 -
Adjusted-R2  0.99 - 0.99 - 0.99 - 0.98 -

Source: The Author (2022)
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Table 7 - Adsorption isotherm parameters for the hydrogel sample 80% Agar 20% GO (on a

dry basis) calculated by adjusting the experimental data.

MB NB MG BF
Isotherm Parameters
Result Std. Result Std. Result Std. Result Std.
Error Error Error Error
Experimental gmax(mg.g?) 95.71 - 228.04 - 41.04 - 25.72 -
Freundlich  Kg (mg*®m,  39.24 1.06 63.98 16.76 7.61 0.82 3.18 0.44
(gh). LM
n 2.25 0.09 2.10 0.48 1.19 0.09 1.00 0.07
Reduced-xy? 3.42 - 11108 - 1.34 - 0.63 -
Adjusted-R2  0.99 - 0.88 - 0.99 - 0.99 -
Langmuir  gmax(Mg.g*) 116.57 8.56 299.57 38.60 194.83 77.86 5.310° 1.110°
K (L.mg?) 0.48 0.10 0.22 0.08 0.04 0.02 6.010* 0.01
Reduced-y* 21.72 - 493.13 - 1.43 - 0.64 -
Adjusted-Rz  0.98 - 0.95 - 0.99 - 0.99 -
Sips gs (mg.g?) 1.210%® 5.210% 22536 7.41 8.810° 1.810° 2.6 10° 3.910°
Ks (L.mgH™ 0.03 0.15 0.11 0.03 8610* 0.17 1.210° 0.17
m 0.47 0.11 2.81 0.39 0.85 0.58 1.00 1.04
Reduced-x* 4.35 - 34.76 - 1.82 - 0.86 -
Adjusted-R2  0.99 - 0.99 - 0.99 - 0.99 -

Source: The Author (2022)

Overall, the highest values of adsorption capacity were exhibited for NB,
followed by MB, MG, and BF. In general, all the isotherms exhibited an increase in
the adsorption capacity, as the equilibrium concentration gradually increased.
Considering that the hydrogels produced consists of approximately 98% humidity, the
maximum adsorption capacities values, obtained experimentally, were for the

hydrogel sample with 70% Agar and 30% GO (on a dry basis).

Studying the sono-assisted adsorption of MB and NB by a magnetic composite
synthesized from date stones (Phoenix dactylifera) and nanoparticles of cobalt in
ferrite (AC/CoFe204), Foroutan and coworkers (2019) also noted that the adsorption
process for these compounds was favorable. However, only for higher pH values the
maximum adsorption capacity (86.24 mg.g™* for NB, and 87.48 mg.g? for MB) was
reached. Even so, these values are lower compared to those found in the present

work.

On the other hand, MB and MG adsorption on perlite and alginate-coated

perlite beads, evaluated by Parlayici, reported adsorption capacities for MB equal to
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6.65 mg.g* and 104.2 mg.g* for perlite and alginate-coated perlite, respectively. As
for MG, the adsorption capacities achieved were 3.87 mg.g* for perlite and 74.63
mg.g* for the alginate-coated perlite (PARLAYICI, 2019).

Siddiqui and coworkers observed experimental ge values near 110 mg.g, and
a maximum adsorption capacity, predicted by the Langmuir model, of 184 mg.g* at
30 °C when investigating NB adsorption onto the MoOs/polypyrrole nanocomposite
(SIDDIQUI; KHAN; ALAM KHAN, 2019). These values are lower than the present
work (on a dry basis) for NB dye, under similar conditions.

For all the hydrogel samples studied, the graphs in Figure 23 and the Tables
show that NB equilibrium data better adjusted to the Sips isotherm. In this case, the
compatibility of Sips isotherm indicates the combined features of Freundlich and
Langmuir equations (NAYAK; PAL, 2020). Investigating the use of overripe
Abelmoschus esculentus seeds as an adsorbent to remove NB from aqueous
medium, Nayak and Pal found that indeed, the adsorption isotherm that better

represented the equilibrium process was Sips model.

Overall, by evaluating and comparing the adjusted-R? values, all the
experimental data seem to have adjusted well to the Sips model. However, except for
NB, the standard error values were very high - sometimes they were even higher
than those predicted for the variables. Thus, it is inferred the data showed better
adjustment to the Freundlich isotherm for MB, MG, and BF dyes. Freundlich
parameter n indicates the type of isotherm. Therefore, if n > 1 adsorption is favorable,
and if n < 1 the process it is unfavorable. In all cases, n values were above 1,
confirming the spontaneous nature of the adsorption (AL-GOUTI; DA'ANA, 2020).

In Figure 23, it is noted that the isotherms of the MG and BF dyes have
formats that resemble linear isotherms, which are the simplest adsorption case where
the amount adsorbed is directly proportional to the solute concentration in the mobile
phase (RANA et al., 2019). This can also be observed in the values of n obtained for
the Freundlich model - in all cases, the values were very close to 1, especially for the
BF dye. From the Freundlich equation, when n —1, the isotherm tends to be ge =

Kr.Ce, which indicates a straight line.

From the Tables, it is noted that MB also demonstrated a satisfactory fit to the

Langmuir model. Chen and coworkers (2017) produced an Agar-GO aerogel by
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vacuum freeze-drying, for the adsorptive removal of MB dye. They observed that the
adsorption isotherm data were best fitted to Freundlich model, although the R? values
for Langmuir and Freundlich isotherms were quite close to each other, being both
over 0.98. Thus, the results found in the present work are in agreement with the

literature.

4.2.4 Modeling of adsorption kinetics

Adsorption kinetic curves are depicted in Figures 24, 25 and 26 for the cationic
dye’s adsorption using the hydrogel samples - 70%Agar 30%GO, 75%Agar 25%GO,
and 80%Agar 20%GO.

Figure 24 - Kinetics for the cationic dyes adsorption onto the hydrogel (70%Agar 30%GO) on
a dry basis (Experimental conditions: mags= 0.20 g hydrogel (0.00417g dry basis); Vso.= 50
mL; T= 24 °C; 250 rpm; pH =8 for MB, NB, and pH~ 6 for BF and MG).
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Figure 25 - Kinetics for the cationic dyes adsorption onto the hydrogel (75%Agar 25%GO) on

a dry basis (Experimental conditions: mags= 0.20 g hydrogel (0.00432g dry basis); Vso.= 50
mL; T= 24 °C; 250 rpm; pH =8 for MB, NB, and pH~ 6 for BF and MG).
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Figure 26 - Kinetics for the cationic dyes adsorption onto the hydrogel (80%Agar 20%GO) on
a dry basis (Experimental conditions: mags= 0.20 g hydrogel (0.00435g dry basis); Vso.= 50
mL; T= 24 °C; 250 rpm; pH =8 for MB, NB, and pH~ 6 for BF and MG).
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The respective modeling parameters are exhibited in Table 8. For MG and BF,
the dye concentration decreased faster in the first 300 min of the experiment, and
from there, the decrease becomes slower, until it reaches equilibrium. On the other
side, for MB and NB, the dye concentration decreases rapidly in the first 480 min,
and from that point, the decay becomes smoother, tending to the equilibrium. The
observed behavior explained above is in accordance with the linear driving force

model, i.e., the adsorption rate decreases as the driving force decreases.
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Table 8 - Parameters for the hydrogel samples (dry basis) calculated by adjusting the kinetic

models to adsorption experimental data.

Results
Hydrogel Model Parameters
MB NB MG BF
LDF Knor (Min) 6.90 10° 4.3010° 6.8010° 8.1010°3
Dif.or (M2.mint) 1.0410° 6.4510%° 1.0110° 1.2210°
R? 0.91 0.81 0.98 0.98
80% Agar QDF Knoor (Min™) 2.6010° 2.4010° 2.9010° 3.8010°
20% GO Difopr (M2.min) 6.40 10° 591101° 7.14 10 9.35107°
R? 0.99 0.93 0.99 0.95
FD Difep (M2.min’t) 8.80 10° 7.40101° 9.5010% 1.2010°
R? 0.99 0.92 0.99 0.93
LDF Knor (Min) 6.40 10° 6.2010° 9.5010° 9.7010°3
Difior (M2.mint) 9.60 10° 9.30101° 1.4310° 1.4510°
R? 0.80 0.72 0.95 0.97
75% Agar QDF Knoor (Min) 2.1010° 3.3010° 4.0010° 4.6010°3
25% GO Difopr (M2.min) 5.17 101° 8.12101° 9.8510%° 1.1310°
R? 0.95 0.89 0.99 0.95
FD Difrp (M2.min"t) 7.6010%° 1.1010° 1.4010° 1.4010°
R? 0.96 0.88 0.98 0.92
LDF Knior (Mint) 9.80 103 0.13 1.30 102 1.20107?
Difior (M2.mint) 1.4710° 1.9510% 1.9510° 1.8010°
R? 0.71 0.84 0.91 0.96
70% Agar QDF Knoor (Mint) 2.8010° 190102 5.3010° 5.4010°
30% GO Difopr (M2.min) 6.89 10° 4.68 10° 1.3010° 1.3310°
R? 0.88 0.88 0.97 0.97
FD Difrp (M2.mint) 1.1010° 6.3010° 1.8010° 1.7010°
R? 0.91 0.89 0.95 0.94

Source: The Author (2022)

From Table 8, the models fit satisfactorily to the experimental data. Evaluating
the coefficients of determination for the hydrogel sample 80%Agar 20%GO, the
values presented were above 0.90, except for the regression of the LDF model to the
data obtained for NB, in which R? =0.80. LDF showed the best fit for the kinetic data
of BF dye. In contrast, for MB and NB, the best adjustments were for the QDF and
FD models. All models fitted well with the data obtained for MG dye, since R? 20.98.
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The effective diffusivity values estimated for each case indicated that the adsorption
of basic fuchsin and malachite green reached the equilibrium faster than NB and MB
(RIOS et al., 2020).

4.2.5 Adsorption mechanism for the cationic dyes

Because it is considered a mass transfer process, adsorption can be
characterized by the following consecutive steps: bulk diffusion, film diffusion,
intraparticle diffusion, and finally the attachment by adsorption (LI et al., 2020). As
depicted in the SEM micrographs (Topic 3), the biocomposite structure has a great
amount of interspaces and channels, which indicates that the dyes molecules can be

adsorbed through pore diffusion mass transfer (LI et al., 2021).

Batch adsorption kinetics study of MB dye using an agar-graphene oxide
aerogel, carried out by Chen and coworkers (2017), suggested that MB diffusion
limited the adsorption rate onto the agar-GO aerogel. The authors presumed the
adsorption mechanism was based on the electrostatic interactions between the
cationic dye and the composite aerogel. They propose that the process was divided
in two stages, being the first one related to external diffusion, in which the adsorption
rate is higher due to the availability of large active sites on the materials surface (film
diffusion); the second one is a slower adsorption stage, controlled by diffusion inside

the adsorbent particle (pore diffusion).

The removal mechanism proposed for this work can be visualized in Figure
27, in which the green lines in the 3D composite indicate the agar polymer helical
structure involving the GO nano sheets. Firstly, dye molecules interact with the active
sites on the hydrogel surface; then, the molecules start diffusing into the pores to
access the more GO active sites (slower stage). Interactions at GO active sites can
occur through hydrogen bonding, electrostatic attractions, or Tr-1m conjugation
interactions (LI et al., 2021).
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Figure 27 - Proposed mechanism for the adsorption of cationic dyes on the agar-GO
hydrogel biocomposite. The dye molecules are firstly attracted to the hydrogel surface (1%

stage); next, the molecules diffuse into the particles to access the GO active sites (2" stage).

1st Stage - Film diffusion 2" Stage — Pore diffusion

Source: The Author (2022)

Although some pure agar aerogels have been used in previous works to
remove dyes from water, the adsorption capacity of these materials is still not quite
satisfactory (HUANG et al., 2020). Thus, performing adsorptive tests for the four dyes
with Agar-GO (80%Agar 20%GQO) and pure agar hydrogels under the same
conditions of the batch tests (Figure 28), it was observed that the removal efficiencies
were more than double for Agar-GO, as compared to pure agar. Therefore, although
the cationic dyes might also interact with the hydroxyl groups present in the agarose
and agaropectin chains of agar (SAMIEY; ASHOORI, 2012), it is suggested that the
main responsible for adsorbing the dyes in the composite are the active sites present
in GO (TANG et al.,, 2020). The fact that the adsorptive capacity of the dyes
increases as the percentage of GO in the composite increases, as it could be seen in

the batch tests, also supports this hypothesis.



Figure 28 - Results for the adsorptive tests comparing the removal

efficiencies of the pure agar hydrogel and Agar-GO (80%Agar 20%GO)

hydrogel for the 4 dyes — MB, NB, MG, BF (experimental conditions: t
=48 h; V=50 mL; mags =0.20g (wet hydrogel); T =24 °C; 250 rpm; pH ~6)
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FTIR and energy dispersive spectroscopy (EDS) measurements of the

hydrogel before and after adsorption with one of the studied dyes (methylene blue)

were also performed. Results of both analyses corroborate the explanation given in

the proposed mechanism, as can be seen in the Figure 29.

Figure 29 - FTIR spectroscopy (a) and EDS (b) of Agar-GO (80%Agar 20%GOQO) before and

after adsorption of MB
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Figure 29 a, exhibits the maintenance of the bands related to the Agar-GO
biocomposite for the samples before and after MB adsorption. However, in the
sample after MB adsorption, it occurs the appearance of bands at: 1600 cm
ascribed to C=C stretching and N-H bending; 1330 cm™ attributed to S=0 stretching;
1250 cm* due to C-N stretching, and at 700 cm™ observed in benzene derivatives.
Observing the chemical structure of MB dye in Figure 19 it can be assumed that
these new bands are related to the adsorption of the dye on the surface of the

composite material.

The EDS analysis, in Figure 29 b, indicates that after adsorption of MB there is
an increase in the wt.% of Sulfur. This finding agrees with the presence of these
elements in the structure of MB, confirming it's loading on the hydrogel, which is
composed basically of C and O elements. The residual amount of S in the pristine
hydrogel might be from the sulfuric acid which was used for the initial oxidation of

graphite during GO preparation.

4.2.6 Regeneration and reuse of the adsorbent

Five adsorption—desorption batch cycles were completed during the agar-GO
hydrogel regeneration and reused, as depicted in Figure 30. The adsorption capacity
increased after the 15t regeneration, especially for MG and BF, preserving nearly the
same values after that, even at the end of the last cycle. This may have been caused
by the possible presence of sodium hydroxide ions remaining in the material, even
after successive washes. In this case, washing the material after regeneration may
have interfered with the results, since the same behavior was not observed when the
washing was done continuously in fixed-bed, as it will be detailed in the next topic
(Topic 5). In addition, the presence of foreign ions may affect the process, competing

or favoring the adsorption.
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Figure 30 — Batch adsorption/desorption cycles after regeneration with 0.30 M NaOH

(Experimental conditions: mags= 0.20g hydrogel (wet basis); V.=50 mL; T =24 °C; 250 rpm).
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Studying the removal of triclosan from aqueous medium using magnetic
porous reduced GO as adsorbent, Li and coworkers (2020) noted that the
nanocomposite could be satisfactorily regenerated for up to five adsorption-

desorption cycles.

In addition, Fang et al. (2018) also found promising results regarding the
regeneration and reuse of magnesium ascorbyl phosphate graphene-based monolith
produced for bisphenol A adsorption. Even after five cycles of regeneration, the
adsorption capacity of the material still maintained 88%, indicating a promissing

potential for regeneration and reuse of the GBM produced.

4.2.7 Phytotoxicity before and after adsorption

Results in terms of relative growth index and germination index obtained with
the phytotoxicity tests using cucumber, arugula and cress seeds are shown in Figure
31.
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Regarding the positive control, seeds with irregular root development were
noticed, as it was already expected. In the assays performed with the positive
control, irregularities regarding defective primary root (atrophied, necrosed or
absent), were observed. According to Mafias and De las Heras (2018) an irregular
seedling would not be able to develop in a normal plant when grown in soil under

favorable conditions, as it present irreparably defective essential structures.

Figure 31 — Results for the phytotoxicity assays performed using cucumber (a), cress (b) and
arugula (c) seeds (Experimental conditions: number of seeds/ Petri drish =5 (cucumber), 10
(cress and arugula); t =120 h; T =24 °C; T= 22.5 + 2.5 °C; negative control = H,0).
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There are not clear and official statements, however, according to Mafas and
De las Heras (2018), Gl values equal to or higher than 80% indicate that phytotoxic
substances are found at very low concentrations in the sample (or even indicate their

absence). On the other hand, Gl values below or equal to 50% possibly indicate the
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strong presence of phytotoxic substances. Values between 50 and 80% might
indicate a moderate presence of phytotoxicity. Therefore, it can be assumed that a Gl

values under 50% implies the phytotoxicity of the sample.

Thus, according to Figure 31 a, it is noted that the samples after adsorption
with the hydrogel, studied with cucumber seeds, had very low or moderate phytotoxic
substances, since Gl was over 50%. Although the samples studied with cress (Figure
31 b) and arugula (Figure 31 c) seeds presented phytotoxic substances specially for
MG and BF, since Gl was under 50% in both cases, it is noted that there are no
indications of increase in the phytotoxicity of the solution of any of the dyes studied
after the adsorption with the Agar-GO biocomposite (using hydrogel produced with
80% of agar and 20% of GO).

Such results may indicate that, in fact, the composite hydrogel would not
represent a source of secondary contamination for the aqueous medium, despite the
fact that pure GO can affect plant growth and development. Although, it is important
to highlight that the potential phytotoxic effects of graphene-based materials depend
on many factors, such as the plant species, exposure concentration and time of
exposure (WANG et al., 2019).

In this case, probably, besides GO not being so easily detached from the
composite in agueous medium, even if some amount of GO has leached into the
medium, the concentration was so residual that it did not affect root growth,
compared to the solution before adsorption.

4.3 FINAL THOUGHTS

Three hydrogel samples prepared using graphene oxide and agar were tested
as adsorbents for the removal of anionic and cationic dyes from water. Preliminary
kinetic tests indicated that the hydrogels tested were efficient in removing cationic
dyes, however, there was practically no significant removal of anionic dyes. Batch
experiments showed practically no change in adsorptive capacity when varying the
pH of BF and MG solutions. For MB the adsorptive capacity increases gradually, and
for the NB, the change is noticed more significantly when pH is increased from 6 to 8.
MB, MG, and BF isotherms were best fitted to Freundlich model, and NB isotherm

fitted Sips model. Kinetic data were satisfactorily adjusted to LDF, QDF, and Fick’s
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Diffusion equations. The maximum experimental adsorption capacities, on a dry
basis, were obtained for the sample produced with 70% of Agar and 30% of GO,
being 141.48 mg.g™* (MB), 284.69 mg.g! (NB), 52.29 mg.g! (MG), and 34.00
mg.g~! (BF). The hydrogels also demonstrated a good regenerative potential, and a
decrease in the phytotoxicity effects of the effluents was observed after adsorption.
Thus, after the proposed treatment, the composite hydrogel produced would not

represent a source of secondary contamination for the agueous medium.
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5 CONTINUOUS REMOVAL OF DYES FROM WATER AND TEXTILE
WASTEWATER USING AGAR-GRAPHENE OXIDE HYDROGEL IN FIXED-
BED ADSORPTION COLUMN

Hydrogel biocomposite using graphene oxide and agar biopolymer was
synthesized to treat textile wastewater through fixed-bed adsorption. Fixed-bed
experiments were carried out, and the adsorption capacities obtained (single-
component) for the cationic dyes on a dry basis were 226.46 mg.g~* (NB), 79.51
mg.g~t (MB), 58.25 mg.g™* (MG), 38.11 mg.g™! (BF). LDF model was fitted with the
experimental breakthrough curves. The column packed with the agar-GO hydrogel
was tested for the treatment of synthetic textile wastewater, as well as a real textile
wastewater sample. Color and total organic carbon (TOC) were evaluated and there
was an indication of the adsorbent selectivity for the separation of the dyes, which
can facilitate the cationic dyes recovery. Agar-GO proved to be a viable and eco-
friendly alternative, since a small amount of material was used to treat over 6 L of the
synthetic wastewater, being most of the composite biodegradable, as it was made up
of 80% agar biopolymer. Moreover, the material exhibited remarkable regenerative
capacity of the bed, proving its effectiveness for applications in industrial textile

wastewater treatment.
Part of this main topic has been published:

DE ARAUJO, C. M. B. et al. Wastewater Treatment Using Recyclable Agar-graphene
Oxide Biocomposite Hydrogel in Batch and Fixed-bed Adsorption Column: Bench
Experiments and Modeling for the Selective Removal of Organics. Colloids and

Surfaces A: Physicochemical and Engineering Aspects, v. 639, p. 128357, 2022.

5.1 METHODOLOGY

Graphene oxide aqueous suspension was produced in the Laboratories of the
Research Group on Environmental Technologies and Processes (GPTA), located at
the Federal University of Pernambuco (UFPE, Brazil). All the fixed-bed adsorption
experiments described in this topic were performed in the Laboratory of Separation
and Reaction Engineering - Laboratory of Catalysis and Materials (Associated
Laboratory LSRE-LCM), at the Faculty of Engineering of the University of Porto
(FEUP, Portugal).
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5.1.1 Materials

Breakthrough experiments were conducted in a borosilicate glass column
packed with the agar-GO biocomposite hydrogel prepared with 80% of Agar and 20%
of graphene oxide, as it was the sample that presented a higher mechanical
resistance during the batch tests. The column (GE Healthcare, XK 16/20) inner
diameter was 1.6 cm, with a total height of 20 cm (adjustable). For packing the
column, 6.0 g of wet hydrogel was used (equivalent to 0.1304 g of adsorbent on a dry
basis), and the bed height was 7.0 cm. The packaging was carried out with the
column partially filled with water to prevent the hydrogel from drying out, and the bed

was compacted naturally by gravity.

5.1.2 Fixed-bed adsorption

Before starting the adsorption tests, water was pumped through the system for
~20 min, to remove air bubbles and check for leaks. The flowchart diagram of the
fixed-bed experiments is given in Figure 32 a, and Figure 32 b exhibits a detailed
scheme of the column used during the experiments. Figure 32 ¢ shows a photograph
of the experimental apparatus.
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Figure 32 - Process diagram for the experimental setup of fixed-bed tests (a); detailed
scheme of the packed bed column used for the breakthrough experiments (b); photograph of

the experimental apparatus at FEUP laboratories (Porto, Portugal) (c).
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As it can be seen, the system has a positive displacement pump, and in the
suction line, there is a valve that allows changing the supply between the two tanks.
At the beginning of each experiment, the feed and regeneration solutions were
purged before the column inlet to reduce the dead volume. The fluid was pumped to
the adsorption columns in an upward flow. The samples were collected manually at

the top of the column at given time intervals.

Some operational parameters that describe the behavior of the breakthrough
curve, such as the bed density (poed) and the adsorbent density (pad) were estimated
experimentally by pycnometry. To estimate the bed porosity (bulk porosity, €b), blue

dextran (Merck, molecular weight: 2000000 g.molt) was used as a tracer.

5.1.2.1 Single-component breakthrough curves

Fixed-bed experiments were carried out for diluted solutions of each dye. The
average flow rate was 2.0 mL.min'tin each case, with a feed concentration of 20 mg
L™ for NB and 10 mg L™ for MB, BF and MG. Tests were also carried out with a
volumetric flow rate of 4.0 mL.min! for MB and BF, to verify how the increase in
flowrate affects the adsorption of dyes with different structures - BF and MG dyes
have more similar molecular structures between them, compared to MB and NB. The
initial pH was adjusted to 8.0 for MB and NB solutions, and the experiments were
conducted at 24 °C.

The breakthrough curves were obtained from the fixed-bed experiments, and it
was possible to estimate the breakthrough times, tsr; the exhaustion times tex; the
stoichiometric times, tst; and the adsorption capacities, ge. The breakthrough time and
the exhaustion time were the times in which C/Co = 0.05 and C¢/Co = 0.95,
respectively. tst is given by Equation 15, ge is given by Equation 16, and the removal

efficiency of the column was calculated using Equation 17.

o c

tse = J, (1——-o)dt (15)
Cco0.Q ][5 -z=)dt|-ev.coo

g, = el ez (16)

o Ct
_ Jo (—gpadt

%R .100% (17)
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Being C« the equilibrium concentration, and Co =C; Q the constant inlet flow
rate; € the column bulk porosity; V the volume of the column, and m is the mass of
adsorbent in the fixed-bed column (RIOS et al., 2020). Moreover, t; in Equation 17 is
the overall time in which C;t -Ce (DOTTO et al., 2015).

Regarding the modeling of the breakthrough curves, the experiments were
simulated by a model comprising a mass balance, linear driving force model (LDF) to

describe the mass transfer, and the corresponding boundary and initial conditions.

Following the phenomenological approach, the mass balance for the
adsorbate in fixed-bed is given by Equation 18. It considers convection flow, axial

dispersion, accumulation in the fluid, as well as the rate of adsorption onto the

adsorbent.
a%c ac  9C (1-ep)0q _
axgz ~ Vig, T o e Ot 0 (18)

Where C is the concentration of adsorbate in the fluid phase (mg.L™?), g is the
amount of dye in the solid phase (mg.g?), z is the distance from the bed entrance
(m), t is the time (min), &b is the bed porosity, and Dax is the coefficient of axial
dispersion. Equation 19 gives the relationship between Dax and Peclet number (Pe).

ViHp

Pe =

(19)

Dax

In which Hp is the bed height (m), and vi is the interstitial velocity of the fluid
(m.mint). For the modeling, it was considered that the mass balance to the particle
was described by the Linear Driving Force equation (Equation 7), using the data
estimated during batch tests as a starting point for making the adjustments. The
isotherm parameters were obtained from the fit of equilibrium experimental data to
the isotherm’s models - Freundlich model was used for MB, MG, and BF, as Sips
model for NB dye. It was assumed that for t= 0 — Co= qo= 0, and the boundary

conditions were:

ac
Z=Hp— £=0 (20)

220 — Doy =1;(C — Ca) (21)

The values of the coefficients of determination were estimated using the
Equation 12 given in Topic 4.
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5.1.2.2 Fixed-bed regeneration and reuse

Column regeneration and reuse are key factors for the feasible application of
adsorption in industrial processes (DOTTO et al., 2015). Therefore, the regeneration
of the column was done by feeding the system with 0.30 M NaOH, applying the same
flowrate and temperature (24 °C) used for the adsorption tests. After desorption, the
feed (NaOH) has been switched, using the valves to purge the basic regeneration

solution, and the system was continually washed with deionized water until pH =7.

This process was done at least 3 times for each system with the respective

dyes studied.

5.1.2.3 Fixed-bed adsorption for a mixture of dyes and textile wastewater treatment

Dynamic experiments were also conducted for a mixture of the four dyes
(~12.5 g of dyes per L of water, pH =8.0), a synthetic textile wastewater sample
produced in the laboratory, and a real textile wastewater sample collected in textile
finishing industry (Portugal). After collection, the raw wastewater was kept in a
freezer at a temperature close to 0 °C, without any chemicals addition to try to
preserve its original characteristics and to avoid rapid degradation. The raw
wastewater sample was used in full concentration during the tests. The average flow

rate of 2.0 mL.min* was applied for the bench tests.

Wastewater characterizations were carried out based on the methodology
proposed by the Standard Methods for the Examination of Water and Wastewater.
Measurements of the initial temperature, pH, color, turbidity, conductivity, Total
Organic Carbon (TOC), and Inorganic Carbon (IC) contents were performed for the

real wastewater sample.

For synthetic wastewater production, the dye solutions were prepared with
distilled water, and mixed. Then, the mixture of the dyes had its temperature raised to
60 °C, when the dispersing, lubricating agents and Na:SOa4 were gradually added,
with the system under constant magnetic stirring at 350 rpm for 20 min. Then, the
temperature was raised to ~100 °C for 1h. Thereafter, the solution gradually cooled
at room temperature (24 °C) (CHAUDHARY; GUPTA; GUPTA, 2017; SA LUIS,

2009). Before proceeding with fixed-bed experiments, the pH was corrected to 8.0.
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The change in color due to adsorption was verified by scanning the samples in
the visible region (400—-700 nm). This quantification was performed by numerically
calculating the areas under each spectral curve over time (O. SALOMON et al.,
2020). The change in color, TOC and turbidity were response parameters for the
tests with real textile wastewater. Color and TOC were response parameter for the

tests with the synthetic wastewater as well.

5.2 RESULTS AND DISCUSSION

Results regarding the application of agar-GO nano-biocomposites as
adsorbents to remove the cationic dyes (sinlge component and mixture), as well as
synthetic and real textile wastewater samples, in fixed-bed process will be addressed
and discussed in this section.

5.2.1 Estimating operating parameters

The operational parameters that described the behavior of the breakthrough

curve were estimated by pycnometry for the hydrogel sample produced with 80% of
Agar and 20% of GO. Thus, the value obtained for bed density was 0.373 g.cm-3, and

the adsorbent density was 1.011 g.cm'3, very close to the density of liquid water
(approximately 1 g.cm-3). This was already expected since the hydrogel is composed
of about 98% water.

Bulk porosity was estimated using blue dextran as a tracer, as well as the
Peclet number and coefficient of axial dispersion. The result is shown in Figure 33.
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Figure 33 — Results for tests estimating the bulk porosity

using blue dextran in duplicate (Conditions: mpeg= 6.0g
hydrogel (~0.13g dry basis); T =24 °C; Q=2.0 mL.min%)
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In this case, the average value of €, was 0.585, Pe number was 7.62, and Dax

was 1.56 10 m2.minl. As it can be seen in the experiment carried out in duplicate,

the passage time of the tracer through the column is quite small, compared to the

total times of the experiments carried out with the cationic dyes (approximately 24 h),

as will be detailed in the following topics.

5.2.2 Fixed-bed adsorption for single components

Breakthrough curves for each cationic dye tested when the volumetric flowrate

was 2.0 mL.min, using the hydrogel, are exhibited in Figure 34 a; as the

breakthrough curves for the adsorption of single MB and BF onto the hydrogel,

varying the volumetric flowrates are shown in Figure 34 b. Values of breakthrough

time and exhaustion time were estimated, depicted in Table 9, along with other

experimental parameters.
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Figure 34 - Breakthrough curves for the adsorption of single MB, NB, MG, BF onto agar-GO

hydrogel when Q = 2.0 mL.min (a); breakthrough curves for the adsorption of single MB and

BF onto the hydrogel, varying the flowrate (b) (Experimental conditions: mpeq= 6.0 g hydrogel
(~0.13 g dry basis); T = 24 °C; pH=8 for MB, NB, and pH~6 for BF and MG).
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Table 9 - Experimental values of the parameters from the breakthrough curves (dry basis)

Dye Q ter tex tf Total tst Removal gefixed-bed
(mL.min?t) (min) (min)  (min) (min) efficiency (%) (mg.g?)
MB 2 182 945 1590 549.40 34.55 79.51
4 52 489 705 220.06 31.21 62.65
BF 2 122 428 600 272.09 45.35 38.11
4 37 239 340 131.67 38.73 35.34
MG 2 197 1015 1680 447.95 26.66 58.25
NB 2 209 1145 1530 656.20 42.89 226.46

Source: The Author (2022)

Breakthrough times for the average flowrate of 2.0 mL.min"! ranged from 3 -
3.5 h for MB, MG, and NB, while for BF it was near 2 h. Nevertheless, tests carried
out under the same experimental conditions when the flowrate was higher (4.0

mL.mint), showed tsr values almost 3 times smaller compared to the lowest flowrate.
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All breakthrough curves in Figure 34 present a symmetric S-shape, being the
basic fuchsin curves the most S-shaped ones. Dispersion effects are also observed
in the breakthrough curves. Dispersion effects happen for several reasons, such as
axial dispersion, mass transfer resistances, the non-ideal packing of the column, and
the fluid distribution throughout the column (DELGADO, 2006).

From Table 9, for tests with lower flow rate, the adsorbed quantities of dye
from the breakthrough curves onto the agar-GO hydrogel (dry basis) were 79.51 mg
g~! for MB, 226.46 mg g* for NB, 58.25 mg g~* for MG, and 38.11 mg g™ for BF. The
higher value was obtained for Nile blue A, followed by methylene blue, malachite
green and basic fuchsin, in this respective order. These values were already

expected, following the adsorption equilibrium isotherms.

Breakthrough curves can be affected by various parameters, including the inlet
flow rate. When increasing the volumetric flow rate, in general, there was a small
decrease in the removal efficiencies of the respective dyes, MB and BF. It was also
notorious the decrease in the values of adsorptive capacities when the flow rate was
increased from 2.0 to 4.0 mL.min%. Indeed, by increasing the flowrate, one can
expect two outcomes, if the system is under external mass transfer control, the
breakthrough time should then increase, since the film will be reduced by increasing
the flowrate. On the opposite, one can increase the internal mass transfer resistance
by not giving enough contact time between the adsorbate and the adsorbent, which
seems to be the case.

By evaluating the fixed-bed adsorption of MB by ultrasonic surface modified
chitin supported on sand, Dotto and coworkers (2015) observed that at lowest flow
rates, the residence time in the bed was sufficient to guarantee the diffusion of the
dye in the adsorbent structure. On the other hand, by increasing the flowrate, the

residence time was not sufficient leading to a kinetically controlled process.

Comparing the adsorption capacities in Table 9 when Q =2.0 mL.min"%, for MB
and NB, the values from the isotherms in batch and those from fixed-bed
experiments exhibited errors below 20% in between them. The same was not
observed when comparing batch and fixed-bed values of ge for MG and BF, as the
errors were >20%. That can be justified by the fact that the feed concentrations in
fixed-bed (Ce) were outside of the concentration interval studied in the batch
experiments, as exhibited in Figure 35. This explains why ge was higher in the
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adsorption column experiments for MG and BF. Furthermore, these differences could

be attributed to the sum of small experimental errors, that due to the long

experimental times, become more significant (RIOS et al., 2020).

Figure 35 - Batch isotherms (black dots), and the blue dot regarding the experimental values

q. (mg.g)

9. (mg.g™)

160

from breakthrough curves for the cationic dyes MB, NB, MG, BF (dry basis).

140 4

120

100

10

]
80 i
[ ]
80 °
40 - ®
o MB
20
0e . . - T T . T T r
0 1 2 3 4 5 B 7 8 9
C. (mg.L)
100
90 -
80 - MG
70 -
60 -
50
40 L
°
30 A 9
°
20 - P
10 4
0@

4 5 6 7 8
C. (mg.L")

280

240 -

27

™
°
200 - °
o 160
o
E 120
[}
= °
80 -
™ NB
40
°
0 @——— ’ ’ . . r ’
0 3 6 9 12 15 18 21 24
Ce (mg.L")
80
50 1 BF
40 1
= ®
9
o 30
E .
» ™
=3 20 -
.
o
10 b
0 @

C, (mg.L")

Source: The Author (2022)

5.2.3 Fixed-bed regeneration

The regeneration and reuse of the adsorbent is necessary for a successful

adsorption process, which is essential for the industrial applications. According to

Mohan et al. (2017), the adsorbent regeneration reduces the operational cost of the

adsorption plant. Therefore, Figure 36 depicts the results of fixed-bed regeneration

and reuse for the dyes MB, NB, MG, and BF. The regeneration experiments were

carried out similarly to fixed-bed adsorption tests but using 0.30 M NaOH as the
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regenerative solution. Deionized water was used in abundance to wash the bed and
neutralize the pH continuously. As it can be seen, the results indicate the system
exhibit good regenerative performance, since for each system, the curves were all

superimposed on each other.

Figure 36 - Results of fixed-bed regeneration and reuse for the 4 dyes — MB, NB, MG, and
BF. (Experimental conditions: mpeq = 6.0 g (0.13g on a dry basis); Q. =2.0 mL.min%; T = 24
°C; pH =8 for MB, NB, and pH~ 6 for BF and MG for the adsorption tests)
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It is essential to observe from Figure 36 that when the adsorbent is
regenerated and reused, the breakthrough curves obtained, under the same
conditions, did not show significant changes, remaining virtually constant, with similar

values and shape. That corroborates with the idea that washing the material after
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regeneration in batch mode might have interfered with the results for the reuse

obtained in that case.

Evaluating the the removal of Pb (II) from water using GO decorated by MgO
nanocubes in a fixed-bed adsorption column, Mohan et al. (2017) observed that for
the three adsorption-desorption cycles with 0.1 M HCI, the regeneration efficiency
was 97%. This reinforces the fact that GBM and its derivatives have remarkable
regenerative potential, which represents a competitive advantage over other
adsorbent materials.

5.2.4 Modeling of the breakthrough curves

Regarding the modeling of the breakthrough curves, LDF model for mass
transfer was coupled to the mass balance, and results obtained after solving the
system of equations numerically are depicted in Table 10 and Figure 37. As seen,
the model exhibited a good prediction of the experimental data, being adequate to
represent the experimental breakthrough curves. R? values were 0.98 for MB, 0.99
for NB, and 0.94 for MG. The least suitable fit to the model was presented for BF dye
(R?=0.88).

In addition to the sum of small experimental errors that become more
significant because of the long experimental times, the observed deviation between
experimental values and simulation for basic fuchsin (reflected in the coefficient of
determination below 0.90) may be related to the condition that the modeling of
breakthrough curves was proceeded based on the parameters from modeling of
batch equilibrium data. As the equilibrium concentration was outside of the
concentration interval used in batch tests, this difference was more significantly
reflected in the fixed-bed parameters of BF dye - see Table 9.

To illustrate that, Appendix C presents the breakthrough modeling for BF,
considering the adsorption capacity, as well as the equilibrium concentration of the
fixed-bed experiment. Thus, in this case, keeping the other parameters constant (kn,
Pe, Da), the R? value rised from 0.88 to 0.94. Comparing the estimated values
(Freundlich model) of the adsorptive capacities when Ce =9.28 mg.L* with the value

obtained experimentally in fixed-bed test, the relative error (%) decreases from
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23.43% to 12.88% when the fixed-bed experimental point is included in the batch

isotherm.

Figure 37 - Experimental values and breakthrough curves predicted by the model
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Table 10 - Parameters predicted for the breakthrough curves (dry basis).

Results
Parameters
MB NB MG BF
Kn (mint) 3.70 103 4.30 103 5.20 107 7.50 10
Dax (M?.min‘1) 9.20 10° 2.510* 6.50 10° 1.56 10°
Pe 12.93 4.76 18.31 76.28
R? 0.98 0.99 0.94 0.88

Source: The Author (2022)
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Observing the parameters in Table 10, it is indicated by the kn values
estimated that the adsorption of BF and MG reached the equilibrium faster than MB
and NB. The same behavior was noted when modeling kinetic data in batch. The
highest Peclet number (Pe) was obtained for BF (Pe =76.28), and the lowest value
was for NB (Pe =4.76). In fact, the S-shaped breakthrough curves for MB, MG, and
NB dyes were more inclined compared to the curve for BF, which in turn revealed a
higher estimated Pe number. This can indicate the predominance of advective
transport in the system (NASCIMENTO et al., 2021).

Experimental values of adsorption capacity in the equilibrium, obtained on a
dry basis, were compared with ge values reported in previous works using different
adsorbents, as shown in Table 11. It must be mentioned that the chemical groups on
the materials surface, the surface area, morphological structure of the adsorbents,
and pH should be considered, as these are essential parameters (PARLAYICI,
2019). Data revealed that, in general, the synthesized hydrogel using agar-GO
demonstrated high adsorption capacities in fixed-bed system, being effective in

removing the cationic dyes from water.
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Table 11 - Experimental adsorption capacities of the cationic dyes onto the agar-GO

composite (dry basis) in a fixed-bed system compared to previous works.

Adsorbent Dye mags. (9) height

Bed

CO dye

Qo

e (Mg.g* Reference
(mg.LY) (mL.min™?) 9 (mg.07)

(cm)
Unmodified citrus
peels encapsulated (AICHOUR et
_ _ 4.00 35 200 2.0 31.45
with calcium al., 2019)
alginate
50¢g
Ultrasonic surface USM-
N N N (DOTTO, G. L.
modified chitin MB  chitin, 25.0 50 10.0 51.80
et al., 2015)
supported on sand 180.0g
sand
(RIOS et al.,
Shaped MCM-41  MB - 2.8 10 1.8 55.00
2020)
NaOH-modified rice (CHOWDHURY;
MG - 4.5 50 5.0 57.61
husk SAHA, 2014)
Poly(Acrylonitrile  mB 26.50
Co-Acrylic Acid) (ADEY!I et al.,
N _ - 6.0 50 5.0 .
Modified with MG 24.00 2020)
Thiourea
Wastes from the BF  28.00 25.0 200 20.0 124.50
Pacara Earpod tree ' ' ' ' (0. SALOMON
et al., 2020)
Ironwood seeds BF  29.00 25.0 200 20.0 76.50
Agar-GO composite VB 10 79.51
hydrogel
NB 20 226.46
0.13 7.0 2.0 This work
MG 10 58.25
BF 10 38.11

Source: The Author (2022)

*  Simultaneous adsorption of MG and MB dyes binary mixture.
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5.2.5 Mixture of cationic dyes and synthetic textile wastewater treatment via

fixed-bed adsorption

Figure 38 a depicts the breakthrough curves for the areas below each
absorption spectra in the visible region, for the mix of the dyes and the synthetic
textile wastewater, as well as the respective absorption spectra for each case over
time (Figures 38 b and c). The increase in Atotait)/ATotaio follows the growth in the
peaks of the absorption spectra as time increases. The breakthrough time for the
mixture of dyes was about 1.75 h and is probably ascribed to the fact that basic
fuchsin starts to leave the system earlier than the other dyes, as seen in the

individual continuous tests with each dye.

The absorption spectra allow to observe the same behavior, and after BF,
malachite green also begins to leave the column gradually. After 11.5 h, it is noticed
that the MB and NB dyes start to leave the column in higher quantity. The formation
of small "steps" is seen in the breakthrough curve for the mixture, indicating the
beginning of the dye output according to the greater or lesser affinity of the dyes with

the adsorbent.
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Figure 38 - Breakthrough curves for the areas of the absorption spectra in the visible region
for the mix of the dyes and synthetic wastewater (a); absorption spectra of the mixture of
dyes over time (b); absorption spectra of the synthetic textile wastewater over time (c)

(Experimental conditions: mpes= 6.0 g hydrogel (0.13g dry basis); Q =2.0 mL.min; T =24 °C;

pH=8).
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Source: The Author (2022)

The total time of the experiment was also much higher than single solute
adsorption, being over 48 h, with an exhaustion time of 46.2 h (see Table 12). As
reported by Walker and Weatherley (2000), the reduction in the fixed-bed efficiency
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is expected in multi-solute adsorption systems, being attributed to the occurrence of

competitive adsorption.

Table 12 - Breakthrough curve parameters for the mixture of dyes and synthetic wastewater

Sample ter () tex (h) tt Totar (D) Total volume of
wastewater (L)

Dyes mixture 1.75 46.20 48.50 5.82

Synthetic textile wastewater 0.21 54.10 56.70 6.80

Source: The Author (2022)

The formation of "steps" in the breakthrough curve was also observed analyzing
the produced textile wastewater. There was a considerable decrease in the tsr value,
which reduced more than eight times as compared to the system with only a mixing
of dyes in water. Besides different types of dyes, the textile wastewater produced has
significant loads of other organic compounds (dispersing and lubricant agents) and
can act as colorless agents affecting adsorption. Some of these colorless compounds
can likely interfere, hampering the adsorption of the dyes, forming the first “steps” in

the curves more rapidly. The exhaustion time also increased to 54.1 h.

In Figure 39, the breakthrough curve of TOC evolution over time is exhibited.
The increase in TOC) /TOCo is fast, being over 0.87 in the first 30 min of the test;
and bed exhaustion was observed in less than 2 h, quite different behavior from what
was observed for color removal. As the textile wastewater produced has greater
amounts of other organic compounds (compared to the dyes), these colorless
compounds start to come out right at the beginning of the treatment, probably
because most of them are not adsorbed by the biocomposite hydrogel. That is an

indication of the adsorbent selectivity to separate the dyes.
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Figure 39 - Breakthrough curve for TOC removal from the

synthetic textile wastewater using Agar-GO hydrogel
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Source: The Author (2022)

According to Tang et al. (2020), agar/reduced GO composite was indeed
capable of selectively adsorbing organic dyes. In this case, the selectivity could be
ascribed to charge complementarity as the anionic groups on the biocomposite
surface strongly attract the cationic groups in the dyes. Therefore, the dyes in
wastewater could be partially recovered after adsorption/desorption treatment, with

the possibility of returning to the coloring stage in a textile mill.

5.2.6 Real textile wastewater treatment via fixed-bed adsorption

Table 13 shows some characteristics of the raw wastewater from the textile
mill, and the same wastewater after filtration using paper filter. Overall, the values
found for the parameters regarding the real effluent agree with what was observed in
previous works (ARAUJO et al.,, 2020; HAYAT et al.,, 2015). However, the value
obtained for TOC was slightly lower than that observed by Biswas, Ray and
Majumder (2020).
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It is worth mentioning that that these parameters are influenced by the type of
treatment used and the stage of the process the effluent is collected in the industrial

wastewater treatment plant.

Table 13 - Characteristics of the textile wastewater before fixed-bed adsorption treatment

Raw textile Filtered textile  Reference for raw
Parameters
wastewater wastewater wastewater
Araujo et al. (2020),
pH 7.83 7.94
Hayat et al. (2015)
Turbidity (NTU) 148.95 45.52 Hayat et al. (2015)
o Araujo et al. (2020),
Conductivity (mS/cm) 7.25 7.10
Hayat et al. (2015)
Color (nm) 236.23 154.44 -
Biswas, Ray,
TOC (mg/L) 175.20 127.50 _
Majumder (2020)
IC (mg/L) 153.45 149.80 -

Source: The Author (2022)

The raw wastewater presented an intense red-brownish color to the naked
eye, as exhibited in Figure 40 a. Figure 40 b depicts the breakthrough curves for the
areas below each absorption spectra in the visible region, for the real textile
wastewater, as well as the respective absorption spectra for each case over time
(Figure 40 c). Figure 41 shows the breakthrough curves for the evolution of turbidity

and TOC over time.
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Figure 40 - Photograph of the raw textile wastewater sample used in the fixed-bed tests (a);
breakthrough curves for the areas of each absorption spectra in the visible region for the real
textile wastewater (b); absorption spectra of the real textile wastewater over time (c)
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Figure 41 — Breakthrough curves for the evolution of turbidity over time (a); breakthrough
curves for the evolution of TOC over time (b) (Experimental conditions: myeq = 6.0 g hydrogel
(0.13 g dry basis); Q= 2.0 mL.min’}; T = 24 °C)
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From Figure 40 b it is observed that in about 30 min of the experiment the
exhaustion time had already been reached. Breakthrough time (tst) occurred in less
than 5 min of experiment. From the curves obtained in Figure 41, it was observed
that both the breakthrough curve for TOC and for Turbidity presented behaviors
similar to what is observed in Figure 40 b, since in less than 30 min tex had already

been reached in both cases.

This can be attributed to the fact that most of the dyes present in the effluent
are anionic (direct and reactive), since this effluent did not come from the dyeing of
polyacrylic fibers (which in turn uses cationic dyes in the dyeing process). As
previously discussed, the active sites of the biocomposite have a greater affinity for
cationic substances, where interactions occur more easily on the surface of the
adsorbent material. This, once again, indicates that indeed, the developed hydrogel
selectively removes cationic dyes present in textile effluents. These cationic
substances could even be fully recovered from industrial wastewaters, since the

biocomposite produced has a remarkable capacity for regeneration and use.

For comparison purposes, Table 14 shows the parameters of the fixed-bed
adsorption tests for both the synthetic and real textile wastewater. Figure 42 depicts

the respective breakthrough curves obtained. Comparing the data from both
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experiments, it is noted that while the tex value for the real wastewater is 30 min, the

exhaustion time for the synthetic wastewater was over 54 h.

A great difference was also noticed between the total volumes of wastewater
through the system. For the real textile wastewater, less than 250 mL of effluent were
obtained at the end of the experiment with the fixed-bed column; for the synthetic
wastewater, it was possible to obtain almost 7 L of effluent at the end of the process.
Comparing the breakthrough curves in Figure 42, it is clear that, in fact, the proposed
system was not efficient to treat the real wastewater sample, for the reasons already

mentioned.

Table 14 - Breakthrough curve parameters of synthetic wastewater and real textile

wastewater for color removal

Textile Total volume of

wastewater ~ Yetype  ter(h) tex (n) trow () astewater (L)
Synthetic Cationic 0.21 54.1 56.7 6.80
Real (raw) Anionic <0.10 0.50 2.00 0.24

Source: The Author (2022)

Figure 42 — Breakthrough curves for the areas of absorption

spectra in the visible region for real and synthetic textile

wastewater
1 ? vQ
= ]
S 0.9 _ w*
m -
@ 0.8 ’.’
2 o7 pos
E— ¢ 2
L2 06 A
2’ * e
© 0.5 1
™ ]
e 0.4 - # Synthetic textile
< 1 wastewater
= 0.3
= | o
T 02 - ’ ® Real textile
R |* wastewater
< 0.1 I
0 .
0

6 12 18 24 30 36 42 48 54 60
t (h)

Source: The Author (2022)



127

In general, the results shed light on the practical use and viable application of
graphene-based materials for the continuous treatment of water and industrial
wastewater. Agar-GO hydrogel proved to be a feasible, economical, and
environmentally friendly alternative since a small amount of material - 0.025 g of GO
and 0.100 g of agar - is necessary to form the 6.00 g of hydrogel used to pack the
column. Moreover, most of the material is of biodegradable nature, and it also
showed remarkable regenerative and reuse capacity, proving its effectiveness and

efficiency for application in industrial textile wastewater treatment.

The difficulty in separating the GO nanosheets from water did not represent a
problem during the use of the hydrogel, which was exceptional for using the
nanocomposite in the column. That also possibly reduces the risk of GO being
leached by water during the process, which could represent a source of secondary

contamination for water bodies.

5.3 FINAL THOUGHTS

Fixed-bed experiments using the hydrogel produced with 80% Agar and 20%
GO indicated that the adsorption capacities of each dye separately, on a dry basis,
were 79.51 mg.g~t (MB), 226.46 mg.g~* (NB), 58.25 mg.g~* (MG), and 38.11 mg.g~*
(BF), demonstrating good regenerative potential. LDF model was fitted with the
experimental data of breakthrough curves. The column packed with the agar-GO
hydrogel was tested for the treatment of synthetic textile wastewater, and there was
an indication of the adsorbent selectivity for the dye’s separation. Agar-GO proved to
be a viable, economical, and eco-friendly exciting alternative, since a small amount of
adsorbent was used to continuously treat textile wastewater, being most of the
composite biodegradable. Furthermore, the novel material showed remarkable
regenerative capacity, proving its effectiveness and efficiency for wastewater

treatment.
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6 SELECTIVE REMOVAL OF CHLOROQUINE AND SAFRANIN-O FROM WATER
USING AGAR-GRAPHENE OXIDE HYDROGEL

Chloroquine diphosphate, a drug normally used to treat malaria, has gained a
lot of attention since the beginning of the COVID-19 pandemic, and its consumption
has increased significantly in countries like Brazil, even after its proven controversial
effectiveness to treat the disease. In this topic, Chloroquine (CQ), and the cationic
dye Safranin-O (SO) were removed from water using the agar-graphene oxide (Agar-
GO) hydrogel, produced via simple one-step jellification process. Batch experiments
were performed, with adsorption isotherms satisfactorily fitting (R?> 0.98) Sips (SO)
and Freundlich (CQ) isotherms. Driving force models and Fick's diffusion equation
were applied to the modeling of kinetic data, and a satisfactory fit was obtained.
Adsorption competitiveness tests carried out in batch indicated that competitive
adsorption occurs when both components are mixed in water solution - the
adsorptive capacities dropped ~10 mg.g* for each component, remaining 41 mg.g*
for SO and 31 mg.g! for CQ. Fixed-bed breakthrough curves obtained in an
adsorption column showed adsorption capacities over 63 mg.g* and 100 mg.g* for
CQ and SO, respectively, also exhibiting outstanding regenerative potentials. Overall,
the biocomposite produced using graphene oxide proved to be a viable and
environmentally friendly alternative to continuously remove both contaminants from

water.
Part of this main topic has been published:

DE ARAUJO, C. M. B. et al. Continuous removal of pharmaceutical drug Chloroquine
and Safranin-O dye from water using agar-graphene oxide hydrogel: selective
adsorption in batch and fixed-bed experiments. Environmental Research, v.216, p.
114425, 2022.

6.1 METHODOLOGY

Graphene oxide aqueous suspension was produced in the Laboratories of the
Research Group on Environmental Technologies and Processes (GPTA), located at
the Federal University of Pernambuco (UFPE, Brazil). All the adsorption experiments
(both batch and fixed-bed) described in this topic were performed at the Laboratory

of Environmental Management, Control and Preservation (LGCPA), in the
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Department of Chemical Engineering at the State University of Maringa (UEM,

Brazil).

6.1.1 Materials

GO preparation was performed using analytical grade graphite powder (Synth,
Brazil), KMnO4 (Quimica Moderna, Brazil), and H2SO4 (AnalaR NORMAPUR VWR
Chemicals, France). The Agar-GO hydrogel (80% agar 20% GO) synthesis was
performed using the analytical grade agar powder for laboratory and industrial use,
obtained from Anidrol (Brazil), used without further purification. The methodologies
involving the synthesis of GO, as well as the production process of the hydrogels, are

described in detail in Topic 3.

Safranin-O (certified by the Biological Stain Commission) was obtained from
Inlab (Brazil), and chloroquine diphosphate was purchased from a local drugstore
(Farméacia Catanduvas, Brazil). Both analytical grade compounds were used without

purification. 0.3 mol.L solutions of HCI and NaOH were used for pH adjustment.

Stock solutions of SO and CQ were prepared by dissolving each compound in
distiled water to a volume up to 1000 mL. The working solutions used in the
experiments were prepared by diluting the respective stock solutions with deionized
water to the required concentrations (5, 10, and 20 mg.L). Table 15 exhibits some

characteristics regarding SO and CQ.



Table 15 - Characteristics of the adsorbates used in this work.
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Name

Chloroquine diphosphate

Safranin-O

Synonyms

Molecular structure

Molecular formula

Maximum wavelength

(Amax NM)

Molecular weight

(g.molY)

CAS Number

N4-(7-Chloro-4-quinolinyl)-N1,N1-

dimethyl-1,4-pentanediamine
diphosphate salt, N4-(7-

chloroquinolin-4-yl)-N1,N1-

diethylpentane-1,4-diamine

diphosphate

H
CHs CHs

HN)\/\/N*\../CH:3

= . 2H3PO4
~
Cl N

CisH26CIN3 - 2H3PO4

343

515.86

50-63-5

Basic Red 2,
Gossypimine, Cotton
Red, 3,7-diamino-2,8-
dimethyl-5
phenylphenazonium
chloride

C20H19CIN4

518

350.84

477-73-6

Source: The Author (2022)

6.1.2 Batch adsorption experiments

Batch adsorption experiments were performed using a mass of the wet

hydrogel with 25 mL solutions of SO and CQ, 20 mg.L! each, in separate sealed

flasks. The flasks were then placed in a shaker for constant stirring at 250 rom and T

= 25 °C. After the specified contact time, the samples were removed from agitation

and the supernatant was collected after decanting the hydrogel, and the final and

initial concentrations were determined in a UV-Vis spectrophotometer according to

the Amax values presented in Table 15.

Preliminary adsorption kinetic experiments were carried out in order to verify,

for different initial concentrations of adsorbates (5, 10, and 20 mg.L!) and a fixed

mass of wet hydrogel (0.20 g), the time needed for the systems to reach equilibrium

of adsorption. The adsorption capacity, q, was calculated using Equation 1.
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Thereafter, the effect of changing the initial pH of CQ and SO solutions was
evaluated in terms of removal efficiency in batch, %R (Equation 1 — Topic 3). The
initial pH values of the solutions were adjusted using 0.30 mol.L* NaOH and HCI

solutions.

6.1.2.1 Adsorption equilibrium and isotherms modeling

Adsorption isotherms of Chloroquine diphosphate and Safranin-O were
obtained by adding 25 mL of the specified adsorbate solution (20 mg.L™?) into flasks
containing a specific mass of wet agar-GO. In each case, 0.10, 0.20, 0.50, 0.80, and
1.00 g of the hydrogel were weighted and used for the tests. Experiments were
conducted in the natural pH of the adsorbates. The flasks were placed under
constant stirring at 24 °C for 6 h (CQ) and 24 h (SO), to ensure the equilibrium was

reached.

Using experimental data, the adsorption behaviors of the organic
contaminants were evaluated using Langmuir (Equation 3), Freundlich (Equation 4)
and Sips (Equation 5) adsorption isotherm models.

6.1.2.2 Adsorption kinetics and modeling

Kinetic experiments were conducted by placing 0.20 g of the wet agar-GO
biocomposite into 25 mL of each CQ and SO solutions at an initial concentration of
20 mg.L1. Experiments were conducted in the natural pH of the adsorbates. Samples
were taken and the concentrations were estimated at different time intervals in the
range of 0 to 6 h for chloroquine, and from 0 to 24 h for Safranin-O. Studying the
adsorption kinetics is important to determine and understand the rate-limiting
mechanism of both adsorbates on the hydrogel of agar-GO.

The mass balance in a batch adsorption tank is given by Equation 6. The
model was fit to the experimental data by applying the driving force models and
Fick’s equation, and the parameters were obtained by solving a system of differential
equations. The Linear Driving Force (LDF) and Quadratic Driving Force (QDF)
models are given by Equations 7 and 8, respectively. The effective homogeneous
diffusivity (Dif) was estimated by Equation 9 for LDF model, and Equation 10 for QDF
model, with R referring to the particle radius (RIOS et al., 2020).
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The diffusivity inside the particle was directly estimated using the Fick’s
Diffusion (FD) equation, doing the mass balance for a control volume inside the

spherical particle (Equation 11).

6.1.3 Fixed-bed adsorption

Fixed-bed experiments were carried out for diluted solutions of CQ and SO,
with an inlet concentration of 20 mg L™. The average flow rates in each case were
around 2.0 mL.min™! and 4.0 mL.min™%, to analyze the effect of the flowrate in the
adsorption of both organic substances. Experiments were conducted at 24 °C with

initial pH = 7.

Breakthrough curves were obtained using a borosilicate glass column packed
with the biocomposite hydrogel. The process diagram of the fixed-bed experiments is
given in Figure 43 a. The column used was purchased by the LGCPA (UEM) from
GE Healthcare - XK 16/20, inner diameter 1.6 cm, total height 20 cm adjustable
(Figure 43 b). 6.0 g of wet hydrogel was used for packing the column (~0.13 g of
adsorbent on a dry basis), which was equivalent to a bed height of approximately 7.0
cm. The bed was compacted naturally by gravity and particle diameter was ~3 mm.
Before starting the column adsorption, water was pumped through the system, using
a peristaltic pump, for a few minutes, to prevent leaks and eliminate possible air
bubbles. The fluid was pumped to the adsorption column in an upward flow, and

samples were collected manually over time at the top of the column.
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Figure 43 - Process diagram depicting the experimental setup for fixed-bed

adsorption experiments (a); photograph of the packed column (b).

Fixed-bed
adsorption
column

Treated water tank

Peristaltic pump
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Contaminated water tank

Source: The Author (2022)

Bed regeneration was performed by feeding the system with 0.30 M NaOH,
applying the same flowrate and temperature used for the respective adsorption test.
After desorption, the feed (NaOH solution) has been switched, and the system was

continually washed with deionized water until pH =7.

From the breakthrough curves, the breakthrough time (tsr), exhaustion time
(tex), stoichiometric time (tst), and the adsorption capacities (ge) were estimated. It is
worth mentioning that the breakthrough time and the exhaustion time were
considered the times in which C:/Co = 0.05 and C: /Co = 0.95, respectively. tst is given
by Equation 15, ge is given by Equation 16, and the removal efficiency of the column
was calculated using Equation 17 (DOTTO et al., 2015; RIOS et al., 2020).

6.1.3.1 Modeling of fixed-bed breakthrough curves

Modeling of the breakthrough curves was performed similarly to what was
proposed in Topic 5. Therefore, the experiments were simulated by a model
comprising a mass balance, linear driving force model (LDF) to describe the mass

transfer, as well as the corresponding boundary and initial conditions.

The mass balance for the adsorbate in fixed-bed is given by Equation 18. It

considers convection flow, axial dispersion, accumulation in the fluid, as well as the
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rate of adsorption onto the adsorbent. The relationship between Dax and Peclet

number (Pe) was given by Equation 19.

For the modeling, it was considered that the mass balance to the particle was
described by the Linear Driving Force (LDF) equation (Equation 7). The isotherm
parameters were obtained from the fit of equilibrium experimental data to the

isotherm’s models — Freundlich isotherm model for CQ and Sips model for SO dye.

The values of the coefficients of determination were estimated using the
Equation 12 given in Topic 4.

6.1.4 Adsorption competitiveness in batch

Experiments regarding adsorption competitiveness were carried out by
following the same procedure as the single-component experiments. In this case, the
concentration of each component in the mixture was approximately 10 mg.L*, and
pH = 7, approximately. Results were compared with those from single-component
adsorption in terms of the equilibrium adsorption capacity (ge), and removal

efficiencies (%R).

6.2 RESULTS AND DISCUSSION

Results regarding the application of agar-GO nano-biocomposites as
adsorbents to remove Safranin-O and Chloroquine diphosphate from water will be
addressed and discussed in this section.

6.2.1 Batch adsorption

Results regarding the application of agar-GO nano-biocomposites to remove
Safranin-O and Chloroquine diphosphate from water, in batch adsorption process will

be addressed and discussed in this section.

6.2.1.1 Preliminary kinetics

Batch adsorption kinetics, obtained experimentally for CQ and SO at different
initial concentrations, are exhibited in Figure 44. Overall, for CQ, the adsorptions

capacities increased faster within the first 60 min of the experiment. From there, the
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equilibrium is reached in approximately 120 min for all concentrations studied. On the
other hand, for SO, the adsorptions capacities increased faster within the first 90 min
of the experiment. From there, the equilibrium was reached within 120 min when the
initial concentration was 5 mg.L, and within 1200 min for the initial concentrations

over 10 mg.L™.

Figure 44 - Preliminary adsorption kinetics at different initial concentrations of Chloroquine
and Safranin-O (Conditions: m= 0.20 g (0.0043 g dry basis); Co= 20 mg.L%; V=25 mL; T= 24

°C; 250 rpm).
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A similar behavior was observed in Topic 4 for the results of preliminary
adsorption kinetics for the cationic dyes MB, NB, MG, and BF. It was noted that long
contact times of 24 h, and up to 48 h for some dyes, were necessary to ensure that

equilibrium was reached indeed.

6.2.1.2 Effect of the initial pH

The influence of changing the initial pH of the solutions is depicted in Figure
45. It must be mentioned that the pH range used in each case was different, as the
effect of protonation in Chloroquine when pH > 8 causes its concentration to be read

at a much lower value than corresponds to reality.



136

Figure 45 - Effect of the initial pH in the removal efficiency of

Chloroquine and Safranin-O (Conditions: t = 6 h (CQ) and 24

h (SO); m=0.20g (0.0043 g dry basis); CO= 20 mg.L?; V=25
mL; T= 24 °C; 250 rpm).
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Figure 45 shows that removal efficiency grows gradually, as the pH increases
for both components, being more evident when the pH goes from 7 to 8 for CQ, and
from 8 to 9 for SO (ADEY!I et al., 2020). This behavior was previously observed when
analyzing the effect of the initial pH on the adsorption of methylene blue by
graphene-based materials (CHEN et al.,, 2017). That could be related to the

adsorbent charge and molecular charge of adsorbate.

As SO is a cationic dye and CQ is a weak base, the great quantity of H* in the
medium will compete with SO and CQ for the adsorption sites in acid medium,
causing electrostatic repulsion, decreasing the adsorption capacity. Therefore, the H*
competition will be less significant when the pH increases and oxygen groups of
Agar-GO deprotonate, increasing the electrostatic attraction and the adsorption
capacity (CHEN et al., 2017).

6.2.1.3 Adsorption equilibrium isotherms

Experimental equilibrium data, and the results for the adjustments to

Langmuir, Freundlich, and Sips adsorption isotherms are depicted in Figure 46. The
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higher Agar-GO adsorption capacity was exhibited for the cationic dye SO, followed
by CQ. In general, the isotherms exhibited an increase in the adsorption capacity, as
the equilibrium concentration gradually increased. In the present work, the maximum
adsorption capacities values on a dry basis, obtained experimentally, were 52.78
mg-g* for CQ, and 85.83 mg-g* for SO.

Evaluating the chloroquine adsorption by plantain peel activated carbon-
supported zinc oxide nanocomposite, Dada et al. (2021) observed the maximum
adsorption capacity of 50.51 mg.g* at 303 K, very similar to what was found in the
present work. When studying the adsorptive removal of chloroquine using an
adsorbent synthesized through the combination of babassu coconut activated carbon
and graphene oxide, Januéario and coworkers (2022) found a maximum adsorption

capacity value for CQ of 37.65 mg.g™.

Nehaba et al. (2019) used tea waste and active carbon manufactured from
dates’ stone as adsorbents to remove Safranin-O. In their study, the authors found
maximum adsorption capacity values of 14.81 mg.g* and 20.04 mg.g* for tea waste

and the activated carbon, respectively.

Overall, the values found in those previous works for the adsorption capacities
at the equilibrium were lower than the obtained in the present work, using the Agar-
GO hydrogel as adsorbent, considering both adsorbates analyzed (SO and CQ). On
the other hand, Debnath and coworkers (2017) produced a chitosan composite
crosslinked with graphene oxide for the removal of SO by ultrasonic adsorption from
water. In the adsorption equilibrium study, the authors observed the maximum

adsorption capacity of 279.6 mg.g* at 298 K, predicted by the Langmuir equation.
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Figure 46 - Equilibrium adsorption isotherms for Chloroquine and Safranin-O (Conditions: t =
6 h (CQ) and 24 h (SO); Co= 20 mg.Lt; V=25 mL; T= 24 °C; 250 rpm).
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Table 16 - Adsorption isotherm parameters (on a dry basis) calculated by adjusting the

models to the experimental data.

Chloroquine Safranin-O
Model Parameters
Result  Std. Error Result  Std. Error
Freundlich K (mg¥®M. (g?). 20.68 1.75 24.45 3.65
LUy

n 3.16 0.36 1.91 0.26

Reduced x? 6.21 - 45.02 -

Adjusted R2 0.98 - 0.96 -
Langmuir gm. (Mg.g%) 53.66 5.73 122.50 10.65
Ki(L.mg?) 0.48 0.20 0.21 0.04

Reduced x? 26.73 - 17.0 -

Adjusted R2 0.92 - 0.98 -
Sips gms (Mg.g?Y) 55.0 25.21 88.91 5.78
Ks (L.mgh)m 0.56 0.35 0.22 0.03
m 0.81 0.77 1.76 0.35

Reduced x? 29.73 - 7.79 -

Adjusted R2 0.91 - 0.99 -

Source: The Author (2022)

The fitting of the isotherm’s parameters was performed using non-linear data

regression. Data regarding the non-linear modeling are presented in Table 16. As
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observed, SO equilibrium data better adjusted to the Sips isotherm (R? = 0.99),
although values of coefficient of determination over 0.95 were observed for all
isotherm models used. The compatibility of Sips isotherm demonstrates the
combined features of Langmuir and Freundlich models. The Freundlich isotherm
model was better fit to CQ equilibrium data, as the R? value in this case was 0.98,
which indicates the adsorptive process of the organic compound occurs in

multilayers. For CQ, the other isotherm models showed R? values below 0.95.

Evaluating the removal of SO by ultrasonic adsorption from agueous solution,
Debnath et al. (2017) produced a Chitosan composite crosslinked with GO. In their
study, the Redlich Peterson isotherm model described the adsorption with more

resemblance to the Langmuir isotherm than Freundlich.

Dada et al. (2021) studied the chloroquine adsorption by plantain peel
activated carbon-supported zinc oxide nanocomposite. However, in this case, the
authors noted that Langmuir and Temkin isotherms were better adjusted to the

experimental equilibrium data, exhibiting coefficients of determination over 0.99.

6.2.1.4 Modeling of adsorption kinetics

Adsorption kinetic data are depicted in Figure 47 for the adsorption of both CQ
and SO, and the respective modeling parameters are exhibited in Table 17. For the
cationic dye SO, the initial concentration decreased faster in the first 5 h of the
experiment, then the decrease was slowed, until the equilibrium was reached.
Although, for CQ, the initial concentration of the pharmaceutical drug decreased
faster in the first 1 h and 30 min, tending to the equilibrium after that. Therefore, CQ
take less time to reach equilibrium compared to SO. It was observed that 24 h was
sufficient to guarantee a steady state for the dye, and 6 h was sufficient to guarantee
the equilibrium of adsorption for the drug. From the graphs, it is seen that the
adsorption rate decreased as the driving force decreased. The same kinetic behavior
was observed in previous works for the adsorption of cationic dyes (ARAUJO et al.,
2022; DUMAN et al., 2020).

From Table 17, parameters for the hydrogel calculated by adjusting the kinetic
models (LDF, QDF and FD) to adsorption experimental data are given on a dry basis.

Analyzing the coefficients of determination for the adsorption of Chloroquine, the
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values presented were above 0.90, and QDF and FD models showed the best fit to
the kinetic data. Regarding the R? values for the adsorption of Safranin-O, except for
the regression of the LDF model to the data obtained, in which R? = 0.88, QDF and
FD models showed a good fit to the kinetic data (R? = 0.97). Comparing the effective
diffusivity values, it is indicated that indeed, the adsorption of CQ reached the

equilibrium faster than SO.

Table 17 - Parameters for the hydrogel (dry basis) calculated by adjusting the kinetic models

to adsorption experimental data.

Results
Model Parameters
Chloroquine Safranin-O

LDF knLor (Min't) 0.12 2.50 102
Difior (M2.mint) 1.80 108 3.7510°

R? 0.94 0.88
QDF Knaor (Min) 5.90 102 1.10 1072
Difoor (M2.minY) 1.45 1078 2.71 10°

R? 0.95 0.97
FD Difep (M?.min‘t) 1.80 108 3.30 10°

R? 0.91 0.97

Source: The Author (2022)

Figure 47 - Modeling of adsorption kinetics for Chloroquine and Safranin-O (Experimental
conditions: m=0.20 g (0.0043 g dry basis); Co= 20 mg.L?; V=25 mL; T= 24 °C; 250 rpm).

24 20
2 ¢ 18 L W Safranin
20 —LDF
18 | - -QDF
-- FD
16 —_
= ] -
= 14| O ey = i
- ® o o © * * * o
o 12 E
E S
— 10 (5'
O 8 € Chloroquine | = g N ASE S ge @ = @ =t = === = = -
6 1 —LDF 4
41 ---QDF
2 -. FD 2
0 - - - - — - - R 0 T T - - -
0 30 60 90 120 150 180 210 240 270 300 330 360 390 0 150 300 450 600 750 900 1050 1200 1350 1500
t (min) t (min)

Source: The Author (2022)



141

6.2.2 Agar-GO adsorption mechanism

The removal mechanism proposed is presented in Figure 48, where the blue
lines in the Agar-GO composite indicate the polymer helical structure wrapping GO
nano sheets. As shown in the SEM micrographs (Topic 3), the Agar-GO aerogel
structure presents many interspaces and channels, indicating that the adsorption of
adsorbate molecules can occur through pore diffusion mass transfer. Thus, it is
proposed that the adsorption mechanism is based on the electrostatic interactions
between the cationic structures in CQ and SO molecules, and the composite.

As mentioned, Safranin-O is a basic dye, as well as MB, NB, MG, and BF
dyes. Chloroquine, in turn, is considered a weak base, having 1 or 2 protonated
Nitrogen in its structure, depending on the pH of the medium. In fact, Chloroquine is
a diprotic weak base that can exist in both protonated and unprotonated forms (AL-
BARI, 2014). Therefore, the compounds (SO and CQ) have in common the fact that

both have some "basic" characteristic.
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Figure 48 - Mechanism proposed for the adsorption of

organic substances with basic characteristics onto the

Agar-GO hydrogel composite
(1) Film diffusion

= e2HPO,

cl N (ca)

(1) Pore diffusion

Source: The Author (2022)

In Figure 48, firstly, the adsorbates interact with the active sites on the
adsorbent surface. Then, the molecules diffuse into the composite pores to access
the more GO active sites (slower/ limiting step). As explained in Topic 4, the
interactions between GO active sites and the molecules might occur through

electrostatic attractions, hydrogen bonding, or 1r-11 conjugation interactions.
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6.2.3 Fixed-bed adsorption column

Breakthrough curves for each contaminant, using the agar-GO hydrogel
packed bed, are exhibited in Figure 49 for different volumetric flowrates. Overall, the
breakthrough curves present a S-shape, except for the curve for SO at a higher
flowrate condition. Dispersion effects are observed in the breakthrough curves, and
that probably occur because of the non-ideal packing of the column, axial dispersion,

mass transfer resistances, as well as the fluid distribution throughout the column.

Breakthrough times and exhaustion times were estimated and can be found in
Table 18. Breakthrough times for Chloroquine were equal to 91 min (2.0 mL.min?1)
and 21 min (4.3 mL.min); and for Safranin-O ts were equal to 75 min (2.0 mL.min?)
and 9 min (4.5 mL.min1). Furthermore, by increasing the flowrate, if the system is
under internal mass transfer resistance (which seems to be the case here), when the
contact time between the adsorbate and the adsorbent decreases, the ts also
decreases (DOTTO et al., 2015). That corroborates with the theory that pore diffusion

is the controlling/ limiting step during the adsorption process.

Glyphosate removal from water using a composite of GO and MnFe204
nanoparticle supported on activated carbon was investigated by (MARIN et al., 2019)
in a fixed-bed adsorption system. The authors observed that although the increase in
flowrate helps to reduce the external mass transfer resistance in the liquid film, very
high flowrates greatly reduce the adsorbent/adsorbate contact time inside the

column, which can negatively influence the contaminant removal process.

On the other hand, the experimental data in Table 18 demonstrate that for
each adsorbate, tests with different flow rates exhibited approximately the same
values for the respective adsorption capacities on a dry basis (66.15 mg.g* and
63.89 mg.g* for CQ; 101.52 mg.g* and 100.64 mg.g* for SO). Similar values of
removal efficiencies were observed as well, for each adsorbate, even when changing

the flow rates.

Zaka and coworkers (2021) evaluated the efficiency of reduced graphene
oxide magnetite to remove the anti-inflammatory drugs Sodium diclofenac and
Aspirin from wastewater. In addition to batch experiments, the authors also
performed fixed-bed adsorption tests using the nanocomposite produced, where they

found adsorption capacity values equal to 5.249 mg.g! (Sodium diclofenac) and
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23.59 mg.g? (Aspirin), predicted by the Thomas model (ZAKA; IBRAHIM; KHAMIS,
2021).

Figure 49 - Breakthrough curves for Chloroquine and Safranin-O at different flowrates
(Conditions: m=6 g (0.13 g dry basis); Co= 20 mg.L?; T= 24 °C).
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Table 18 - Experimental values of the parameters from the breakthrough curves (dry basis).

Contaminant  Q (mL.min?) (r;[1Bii1) (r:1E|);1 ) méa)' te(min) %R Je (fzglc;-_lla)ed
Chloroquine 2.0 91 435 540 211.66 39.20 66.15
(CQ) 4.3 21 230 280 9491 33.90 63.89
Safranin-O 2.0 75 737 1230 336.50 27.36 101.52
(SO) 45 9 402 480 146.30 30.48 100.64

Source: The Author (2022)

Comparing the adsorption capacities values from the fixed-bed experiments
with the ge from the isotherms in batch, the errors were >10%. That could be
attributed to the fact that the feed concentration (which is also the equilibrium
concentration, Ce) was outside of the concentration interval used to plot the

isotherms (See Figure 50). Although, the sum of small experimental errors, through
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the long experimental hours must also have contributed to make this difference more
significant (RIOS et al., 2020).

Figure 50 — Batch isotherms and the blue dot highlighted
regarding the experimental values from breakthrough curves
for the contaminants CQ and SO (dry basis)
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When the adsorbent is regenerated and reused using 0.30 M NaOH, the
breakthrough curves obtained, under the same conditions, did not show significant
changes, remaining virtually constant, with similar experimental points and shape, as
shown in Figure 51. This behavior was also observed for the breakthrough curves
obtained for the cationic dyes in Topic 5.

Graphene-based materials such as composites and those obtained after the
functionalization of GO also showed remarkable potential for regeneration and reuse
(after adsorption) in previous works. Studying the adsorptive removal of methylene
blue dye using the amino-iron oxide functionalized graphene oxide as adsorbent,
(FRAGA et al., 2019) noted that the adsorbent maintained its removal rate over 95%

even after 10 adsorption-desorption cycles.
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Figure 51 - Breakthrough curves for Chloroquine and Safranin-O with the hydrogel before

and after regeneration with NaOH and reuse (Conditions: m= 6 g (0.13 g dry basis); Co= 20

mg.L?; T= 24 °C).
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Regarding the modeling of the breakthrough curves, LDF model for mass
transfer was coupled to the mass balance, and the results obtained after solving the
system of differential equations numerically are exhibited in Table 19 and depicted in
Figure 52. Similar to what was observed in Topic 5 for the modeling of the
breakthrough curves obtained for the cationic dyes MB, NB, MG and BF, the LDF
model also exhibited a good prediction of the experimental data, being adequate to
represent the experimental curves. R? values were 0.90 and 0.93 for the modeling of

CQ and SO breakthrough curves, respectively.



147

Figure 52 - Experimental values and breakthrough curves predicted by the model

(Experimental conditions: mpes= 6.0g hydrogel (~0.13 g dry basis); Q =2 mL.min; T =24°C)
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Table 19 - Parameters predicted for the breakthrough curves (dry basis).

Results
Parameters
CQ SO
kn (min't) 2.20 107 6.90 103
Dax (M?.mint) 1.60 10* 2.80 10*
Pe 7.44 4.25
R? 0.90 0.93

Source: The Author (2022)

Observing the parameters in Table 19, it is indicated by the kn values

estimated that the adsorption of CQ reached the equilibrium faster than SO. The

same behavior was noted when modeling kinetic data in batch. Peclet number

obtained for CQ breakthrough curve was very close to the estimated value using blue

dextran as a tracer (Pe = 7.62 — See Topic 5). On the other hand, Peclet number

estimated for SO breakthrough curve was very close to those obtained for NB dye

(Pe = 4.76). That results might indicate the predominance of advective transport in
the continuous system (NASCIMENTO et al., 2021).
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6.2.4 Adsorption competitiveness

Studying the adsorption competitiveness in batch (Figure 53) the maximum
adsorption capacities and the removal efficiency of both organic contaminants under
binary conditions were lower than those under single-component conditions.
According to the results, compared to the single-component adsorption isotherm, the
reduction rates (%) of maximum adsorption capacity in the binary adsorption system
were around 19% for SO and 22% for CQ. As the reduction rates considering the
removal efficiency in the binary adsorption system were around 20% for SO and 26%
for CQ.

These results indicate that the adsorption of both CQ and SO onto agar-GO
was almost equally affected by the competitive adsorption (PARK et al., 2015). Bai et
al. (2020) studied the simultaneous adsorption of two cationic dyes (methylene blue
and neutral red) using a composite of alginate hybridized with graphene oxide in both
single and binary systems. The authors noted that in a single solute the dyes were
adsorbed by the composites due to hydrogen bonding, electrostatic attraction, and
-7 interaction. Although, competitive adsorption of both dyes was observed in the
binary system, and the authors ascribed that to the structure formulas and molecular

sizes of the dyes.

Figure 53 - Competitiveness for Chloroquine and Safranin-O (Experimental conditions: t= 24
h; m=0.20 g (0.0043 g dry basis); Comx= 10 mg.L* for CQ and SO each in the mix; V=25
mL; T= 24 °C; 250 rpm).
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6.3 FINAL THOUGHTS

Agar-GO hydrogel was used as adsorbent to remove the cationic dye
Safranin-O and the pharmaceutical drug Chloroquine, and the competitiveness of the
adsorption using the biocomposite was tested. From the batch experiments, the
adsorption isotherms satisfactorily fitted (R? >0.98) Sips (Safranin-O) and Freundlich
(Chloroquine) isotherms. Driving force models and Fick's diffusion equation were
applied to the modeling of kinetic data, and a satisfactory fit was obtained in both
cases. Adsorption competitiveness carried out in batch indicated that competitive
adsorption occurs when both components were mixed in water, as the adsorptive
capacities dropped approximately 10 mg.g* for each component, remaining 41 mg.g-
! for safranin-O and 31 mg.g* for chloroquine. Fixed-bed breakthrough curves
obtained in an adsorption column showed adsorption capacities over 63 mg.g* and
100 mg.g™? for chloroquine and Safranin-O, respectively, also exhibiting outstanding
regenerative potentials. Overall, the biocomposite produced using GO proved to be a
viable and environmentally friendly alternative to continuously remove emergent

contaminants from water.
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7 CONCLUSIONS AND PERSPECTIVES

This topic presents the overall conclusions of the thesis, focused on the
development of hydrogel biocomposites using graphene oxide and the biopolymer
agar, for applications in the continuous treatment of water and industrial
wastewaters, through fixed-bed adsorption. In addition to the general conclusion, this
topic also presents some perspectives for future works that may be explored beyond

the subject studied.

7.1 CONCLUSIONS

Studying the GO production, it was noticed that decreasing, up to a certain
extent, the amount of acid during GrO production promoted to a lower degree of
graphite oxidation, which enabled a better interaction of the material with anionic
dyes via -1 interactions. However, satisfatory oxidation still occurs, showing the
possibility of reducing the amount of acid used during the synthesis.
Characterizations of three biocomposite (Agar-GO) hydrogels synthesized in different
proportions evidenced GO interaction with the polymeric matrix, resulting in 3D
materials, with visually disordered morphologies, and a variety of oxygen functional

groups.

Preliminary batch kinetic tests indicated that the hydrogels were efficient in
removing cationic dyes, but the same was not observed for the anionic dyes. MB,
MG, and BF isotherms were best fitted to Freundlich model, and NB isotherm fitted
Sips model. Kinetic data were satisfactorily adjusted to LDF, QDF, and Fick’s
Diffusion equations. The maximum experimental adsorption capacities, on a dry
basis, were obtained for the sample produced with 70% of Agar and 30% of GO,
being 141.48 mg.g™! (MB), 284.69 mg.g! (NB), 52.29 mg.g! (MG), and 34.00
mg.g~! (BF). Fixed-bed experiments were performed for the sample produced with
80% of Agar and 20% of GO, since it presented a higher mechanical resistance
during the tests; and the adsorption capacities obtained, on a dry basis, were 79.51
mg.g~t (MB), 226.46 mg.g~! (NB), 58.25 mg.g™* (MG), and 38.11 mg.g~* (BF), also
demonstrating good regenerative potential. The column packed with the hydrogel
was tested for the treatment of synthetic textile wastewater, and there was an

indication of the adsorbent “preference” for the separation of cationic dyes.
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In addition, the hydrogel was tested as adsorbent to remove Safranin-O and
the pharmaceutical drug Chloroquine, and the adsorption competitiveness for the dye
and the drug using the biocomposite as adsorbent was tested. From the batch
experiments, the adsorption isotherms satisfactorily fitted Sips (SO) and Freundlich
(CQ) isotherms. Driving force models and Fick's diffusion equation were applied to
the modeling of kinetic data, and a satisfactory fit was obtained in both cases. Tests
regarding adsorption competitiveness carried out in batch indicated that competitive
adsorption occurs when both components were mixed in water, as the adsorptive
capacities dropped approximately 10 mg.g* for each component, remaining 41 mg.g-
L for SO and 31 mg.g™* for CQ. Finally, fixed-bed breakthrough curves obtained in an
adsorption column showed adsorption capacities over 63 mg.g* and 100 mg.g* for
CQ and SO, respectively.

Overall, the agar-GO hydrogels exhibited a remarkable regenerative capacity
in all experiments performed - both in batch and fixed-bed, also with the cationic dyes
and the pharmaceutical drug tested. The novel material synthesized proved to be a
viable, economical, and environmentally friendly alternative, since most of the
composite is biodegradable, and a small amount of adsorbent was used to
continuously treat wastewater. Moreover, a decrease in the phytotoxicity effects of
the effluent was observed after adsorption; thus, the composite produced would not

represent a source of secondary contamination for the aqueous medium.

7.2 PERSPECTIVES

Although the Agar-GO hydrogel has shown satisfactory results for the removal
of organic compounds with cationic or weak base characteristics in aqueous media, it
would be interesting to test the removal of other types of contaminants with a positive
charge, such as heavy metal ions. A study was carried out in the laboratory for the
removal of Cd?*, Pb?* and Ni?* using Agar-GO, however, due to the difficulty of
accessing the equipment for quantification, it was only possible to perform a few
preliminary tests. However, there is the perpective of obtaining promising results in

this area.

In addition, there is also the possibility of testing other types of graphene-

based materials during composite synthesis, such as reduced graphene oxide, or
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functionalized GO. This could be done to expand the range of contaminants that can

be adsorbed by the developed material.

Since the material developed showed mechanical stability for tests in fixed-
bed, a possibility for future work could also involve testing the material as an
adsorbent in other types of continuous systems - simulated moving bed (SMB), for
example. The influence of sonication on the adsorption of cationic dyes and

pharmaceuticals can also be explored using the hydrogel as adsorbent.
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APPENDIX B - BREAKTHROUGH MODELING OF BF DYE CONSIDERING THE
ABSORPTIVE CAPACITY AND EQUILIBRIUM CONCENTRATION OF THE FIXED-
BED EXPERIMENT

B.1 PARTICLE SIZE DISTRIBUTION FOR AGAR-GO

The patrticle size distribution of the hydrogels was performed for each sample
produced, placing an amount of the sample produced under a plastic surface with a
white background, gently separating the wet hydrogel pieces with a spatula. With a
transparent ruler next to the surface containing the sample, photographs were taken.
From these photographs, the average particle sizes were estimated using statistical
software - See Figure 54. As observed, the average particle size for all samples was

approximately 0.3 cm.

Figure 54 - Average particle size for the hydrogel samples produced
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APPENDIX C - BREAKTHROUGH MODELING OF BF DYE CONSIDERING THE
ADSORPTIVE CAPACITY AND EQUILIBRIUM CONCENTRATION OF THE FIXED-
BED EXPERIMENT

C.1 MODELING RESULTS

Considering the adsorption capacity and the equilibrium concentration of the
fixed-bed experiment with basic fuchsin (BF), modeling of the breakthrough curve
was performed (Figure 55), keeping the other parameters constant - kn = 0.075 min,
Pe =76.28, Dax =1.56 10° m2.min=. In this case, R? value increased from 0.88 to
0.94.

Values of the parameters obtained from the Freundlich isotherm, after
including the experimental point obtained in fixed-bed test to those obtained in batch
were: Kr =1.74 (mg-(m, (g1). LYM), n =0.745. With the parameters obtained from the
Freundlich isotherm, after including the fixed-bed experimental point to those
obtained in batch, ge was estimated when Ce =9.28 mg.L? (equilibrium concentration
for fixed-bed tests). Therefore, the estimated ge values were 29.18 mg.g* (batch
isotherm), and 33.20 mg.g? (batch isotherm including the fixed-bed experimental

point), which is closer to the fixed-bed experimental value ge = 38.11 mg.g™*.

Figure 55 - Experimental values and breakthrough curve
predicted for BF dye (Experimental conditions: mpes= 6.0g
hydrogel (~0.13 g dry basis); Q =2 mL.min; T =24°C)
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