UNIVERSIDADE FEDERAL DO PARANA

LUIZ EDUARDO NOCHI DE CASTRO

USE OF BREWER INDUSTRY RESIDUE IN THE DEVELOPMENT OF CLEAN
TECHNOLOGIES AND APPLICATION IN AN INDUSTRIAL ENVIRONMENT

PALOTINA
2021



LUIZ EDUARDO NOCHI DE CASTRO

USE OF BREWER INDUSTRY RESIDUE IN THE DEVELOPMENT OF CLEAN
TECHNOLOGIES AND APPLICATION IN AN INDUSTRIAL ENVIRONMENT

Dissertagcdo apresentada ao curso de Pods-
Graduagdo em Biotecnologia, Setor Palotina,
Universidade Federal do Parana, como requisito
parcial a obtengdo do titulo de Mestre em
Biotecnologia.

Orientador(a): Prof(a). Dr(a). Leda M. S. Colpini

PALOTINA
2021



Dados Internacionais de Catalogacio na Publicagio (CIF)

Castro, Luiz Eduardo Nochi de
355 Use of brewer industry residue i the development of clean
technologies and application in an industrial environment | Luiz
Eduardo Nochi de Castro — Paloting, 2021,
1068

Orientadoru: Leda M., 5. Colpini
Dissertagiio (mestrado) = Universidade Federal do Pasand,
Setor Paloting, Programa de Pos-graduagio em Biotecnologia,

1. Desenvolvimento sustentivel. 2. Meio ambiente, 3. Bagago
de malte. 4.Gesido de residuos. 5, Tratamento de éflucntes, 6,
Economia circular. | Colpini, Leda M. 8. [ Universidade Fe-
deral do Parana. 11, Titolo,

CD 602

Ficha catalografics elaborada por Likane Cristina Soares Sousa — CRB 911736




MIMISTERIO DA EDUCAGAD

SETOR PALOTINA

UNIVERSIDADE FEDERAL OO PARANA
PRO-REITORIA DE PESOUISA E POS-GRADUAGAD
P = T PROGRAMA DE POS-GRADUACAD BIOTECHMOLOGHA -
A0 BUBIFE

TERMO DE APROVAGAO

s mambros da Banca Examinadora dessgnada pele Colegsado do Programa da Pos-Graduagia am BICTECHNCGLOGIA da
Universidede Federal oo Perana loram convocadas para realizar 8 arglicio de Dwsertacdo o8 Mestrado da LLHZ EDUARDD
HOCHI DE CASTRO intitulada: Use of brewer Industry residue in the development of clean technologies and application in
an industrial envirenment, sob orentacas da Profa. Dra. LEDA MARIA SARAGIOTTO COLPFINI. gue apds tenem inqueics o aluna
& raszada a avakacdo do trabalho, sio de pamcer pala suva APROVACAD na rilo de defesa

A outorga do 1iuko de mesire estd sujela & homolegagao pelo colegiade, 80 alandemants de 10das as Indicagbes & comegles
soictadas pala banca @ ao pleno atendimento das demandas regimentais do Progrema de Pos-Graduagdo

PALOTIMA, 19 da Margo de 37021

Assinatura Eleirdoica
2ON03E0ET 14:4T:10.0
LEDA MARIA SARAGIOTTO COLPINI
Prasidante da Banca Examinador (UNIVERSIDADE FEDERAL DO PARANA)

Agginaburg Eleirénica
TOER02T 234806.0
LINDOMAR JOSE CALUMEY ALBUQUERCGUE
Avallador Extarna (UNIVERSIDADE FEDERAL DO ABC)

Asginatura Elstrdnica
SINER20R 08:24:25.0
GAANE GOMNGALVES LENZI
Avalindar Externe (UNVERSIDADE TECNOLOGICA FEDERAL DO PARANA)

RUA PIONEIRD, 2153 - PALOTINA - Parand - Brasil
CEP 85850-000 - Tel: (44) 3211-8500 - E-mait mestradobistecufprigmail.cam
Documanio assnado slbronicaments de acordo com o gisposio na iegisiagio federal Decrato B53% da 08 da outubro de 2115
Gargdo & autanticado palo SIGA-UFPR, com & seguinta identificagBe Grica: B384
Para autenticar este documento/assinatura, acesse hitpa.fwww. prppg.ufpr.brfsigafvisitanie/sutenticacaoassinaturas jsp
& insira o codigo 830884




A minha avé Vanda, gostaria que estivesse aqui para compartilharmos mais
essa vitoria, agora o que me resta sdo as lembrangas e a saudade,

Te amo...



AGRADECIMENTOS

A minha mae Denise, pelo amor e apoio incondicionais durante todo esse
percurso. Sem vocé nada disso teria sido possivel e ndo poderia ser mais grato por
té-la como mée e amiga.

A minha orientadora de Leda, ndo existem palavras suficientes para expressar
o tamanho carinho e aprego que tenho por vocé, um exemplo de profissional e docente
e que me ensinou tanto sobre a vida académica nesses ultimos 7 anos. Eu ndo seria
0 pesquisador que sou hoje sem vocé, obrigado por me ensinar tudo o que sei sobre
ciéncia. O nosso relacionamento € um dos mais especiais que qualquer aluno poderia
pedir, muito obrigado por ser essa maezona.

Ao restante da minha familia, obrigado por todo apoio e amor durante mais
essa etapa na minha vida, vocés séo incriveis.

As meninas da Rep 48, Débora, Larissa, Laryssa, Nathdlia e Rosana,
obrigado por cada momento compartilhado, cada memoaria, cada riso, dentro e fora do
lab. Vocés sao incriveis e eu amo muito.

A todos os meus amigos, n&o vou conseguir citar todos aqui, mas saibam que
vocés ocupam um lugar especial no meu coragéo e eu n&o poderia ser mais grato por
todos voceés.

A UFPR Campus Jandaia, por propiciar todo o apoio estrutural, técnico e
pessoal para realizagdo de todos os experimentos desse projeto, em especial aos
professores Fabio, Leomara, Maycon e Padilha.

A todos os meus colegas e docentes do Programa de Biotecnologia da UFPR
Setor Palotina, obrigado por cada ensinamento e momento compartilhado.

A Coordenacgao de Aperfeicoamento de Pessoal de Nivel Superior (Capes), o
financiamento do projeto através da bolsa foi um ponto importantissimo para a

realizagao desse trabalho, 0 meu muito obrigado.



“Amar os outros é a unica salvagéao individual que conheco:
ninguém estara perdido se der amor e as vezes receber amor em troca...”
(Clarice Lispector, A Descoberta do Mundo,1968)



RESUMO

O processo de industrializagdo no mundo ocorreu em varias etapas e promoveu
avangos tecnoldgicos indispensaveis aos dias de hoje, mas junto com esse
desenvolvimento desenfreado, a degradacdo do meio ambiente também ocorreu em
uma velocidade alta, resultando em uma grande poluicdo do ar e da agua. Foi
necessario que medidas fossem tomadas para tentar conter a evolucido desse
processo de degradacdo, em grande parte devido aos residuos gerados pelas
industrias. A gestdo ambiental passou a ser foco de pesquisas cientificas e o
desenvolvimento de tecnologias limpas foi iniciado e tem suas aplicagdes nos mais
diversos campos, como por exemplo na geragao de energia limpa. Diante deste fato,
o objetivo deste trabalho foi utilizar o bagaco de malte, para a produgao de tecnologias
limpas e aplicagdo em um ambiente industrial. Para isso, diversas técnicas foram
utilizadas para determinar os parametros fisicos, quimicos, morfolégicos, estruturais
e superficiais desse residuo, a fim de determinar seu uso na geragcdo de novas
tecnologias limpas e produtos de valor agregado. Foi possivel aproveitar o bagago de
malte, na geracao de tecnologias limpas, como a produgéo de vapor e energia elétrica
por meio de um sistema de cogeragao utilizando a biomassa sélida na combustao
direta em uma caldeira, com uma economia de aproximadamente 85% no volume total
de combustiveis, o que representa aproximadamente 3,8 milhdes de dolares
anualmente. Além disso, foi realizada a sintese do carvéo ativado utilizando as cinzas
residuais do processo de queima e a aplicagao do material adsorvente no tratamento
do efluente alimenticio, azul indigotina, esse material adsorvente pode ser produzido
a um valor de aproximadamente 9,35 dodlares o kilograma e utilizado para tratar em
torno de 5.500 L de efluente.

Palavras-chave: desenvolvimento sustentavel, meio ambiente, bagago de malte,
gestao de residuos, tratamento de efluentes, economia circular.



ABSTRACT

The process of industrialization in the world occurred in several stages and promoted
technological advances indispensable for today, but together with this unrestrained
development, the degradation of the environment also occurred at a high rate, resulting
in great air and water pollution. It was necessary that measures were taken to try to
contain the progress of this degradative process, largely due to the effluents generated
by the industries. The management of these residues became the focus of scientific
research and the development of clean technologies was initiated and has its
applications in the most diverse fields, such as in the generation of clean energy. In
view of this fact, the aim of this work was to use brewers’ spent grains (BSG), for the
production of clean technologies and application in an industrial environment. For this,
several techniques were used to determine the physical, chemical, morphological,
structural and surface parameters of this residue in order to determine its use in the
generation of new clean technologies and value-added products. It was possible to
reuse the BSG in the generation of clean technologies, such as the production of steam
and electric energy through a cogeneration system using the solid biomass in direct
combustion in a boiler, with a saving of approximately 85% in the total volume of fuels,
which represents approximately 3.8 million dollars annually. In addition, the synthesis
of activated carbon was performed using the residual ash from the burning process
and the application of the adsorbent material in the treatment of the food effluent,
Indigo Carmine, this adsorbent material can be produced at a value of approximately
9.35 dollars per kilogram and used to treat around 5,500 L of effluent.

Keywords: sustainable development, environment, brewers spent grain, waste
management, effluent treatment, circular economy.
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1 STATE OF ART

In the middle of the 18th century, the world underwent one of its greatest
transformations, more precisely between the years 1760 and 1850; the so-called
Industrial Revolution took place, the first of the other three that would still come during
the course of humanity until today. From that point in history, capitalism was
consolidated as the current economic system (HOBSBAWM and WRIGLEY,1999).

The 1st industrial revolution marked the end of manufacturing and the
beginning of machining, initially in the textile industries of England, but which would
spread throughout Western Europe. Also during this period the first change in the
energy matrix of the world occurred, the energy stopped being generated by man and
started to be produced by fuels, more specifically coal, which resulted in the invention
of the steam engine and the locomotive, a new mean for transportation (HOBSBAWM,
2000; STEARNS, 2013).

From the middle of the 19th century until the middle of the 20th century, the
2nd industrial revolution took the lead and the industrialization process spread to
Eastern Europe and reached countries like Japan and the United States. During this
stage, the energy matrix was expanded and petroleum began to be used as an energy
source, which led to the development of new technology, the combustion engine.
Electricity started to be widely used in industries and iron started to be replaced by
steel, causing the rapid expansion of the metallurgical industry (LEVIN, 2010;
STEARNS, 2013).

With the end of the Second World War, in the middle of the 20th century, the
3rd industrial revolution, also known as the Techno-scientific Revolution, began.
During this period, not only did the industrial sector have a considerable advance, but
there was also a boost in scientific advancement, in the development of new areas
such as, biotechnology, robotics, genetics, telecommunications, electronics,
transportation, among others. The transformation ceased to be simply of the means of
production, but started to consider social and environmental relations (RIFKIN, 2011).

However, with all the impulse that industrial revolutions provoked for the
development of the industrial sector around the world, the negative effects also began
to accumulate, the first and most significant was the disposal of human labor in general,

to be replaced by machines, leaving workers in precarious working conditions, which
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leads to precarious living conditions, low wages and not to mention the exploitation of
child labor. The polarization of capitalism pushed countries to adopt this monetary
system, called Laissez-Faire Capitalism, even if they had the minimum socio-political
structure, since until the 80s some countries were still colonies of European countries.
This late emancipation meant that countries had little to no time to develop and were
left to fend for themselves after centuries being relentlessly explored whether its
population or its natural resources, as is the case of Brazil and countless other
countries (HORRELL and HUMPHRIES, 1995; LEVY-LEBOYERD, 2014).

In addition to this social aspect, the industrial revolution also had a huge
negative impact on the environment, with the introduction of more and more devices
powered by the combustion of fossil fuels, the greater was the emission of greenhouse
gases, such as CO2 and SOx, causing an uncontrollably increase in the pollution of air
during the last centuries, leading to the development of phenomena such as the
greenhouse effect, heat islands, acid rain, among others (CANDELONE et al., 1995).

Besides to air pollution, the industrialization process in general intensified the
pollution of water bodies, when industries deliberately discarded their residues and
effluents in rivers and lakes (BARCA, 2011). A famous case of water pollution due to
industrialization is the Cuyahoga River in the state of Ohio in the United States, where
in 1969 after chemical waste disposal it caught fire and the waterway became a symbol
of how industrial pollution was destroying America's natural resources (BLAKEMORE,
2019).

In 2007, CNN reported that “up to 500 million tons of heavy metals, solvents
and toxic sludge slip into the global water supply every year” (OLIVER, 2007). In the
developing world, according to UNESCO, up to 70% of industrial waste is simply
dumped untreated into rivers and lakes (WWAP, 2017).China is a great example of
this, according to Greenpeace, about 70 percent of China's lakes and rivers are now
polluted with industrial waste, leaving 300 million people 'forced to depend on polluted
water sources' (GREEPEACE, 2014).

All these negative impacts on the environment, open a window of opportunity
for science, allied to governments and civil society, to take measures to contain the
progress of these pollutions, especially in the last decades. An environmental agenda

has been taken into account by most of the countries through conferences and decrees
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that have the intention of curbing and reducing the emission of these pollutants to
nature.

As, for example, the Stockholm Conference in Sweden in 1972, where the
Declaration of the United Nations Conference on the Human Environment was drafted,
the first document of international law to recognize the human right to a quality
environment, one that allows man to live with dignity (BRISMAN, 2011). In 1992, the
Rio-92 conference created Agenda 21, a document that established the importance of
each country to commit to thinking, globally and locally, on how governments,
companies, non-governmental organizations and all sectors of society could cooperate
in the study of solutions to socio-environmental problems (LAGO, 2007). At the end of
the 1990s, during the Kyoto Convention, the Kyoto Protocol was written, an
international treaty with stricter commitments to reduce the emission of gases that
produce the greenhouse effect, which is the cause of current global warming
(RICHARDSON, 1998).

After all these worldwide efforts to understand and take into account
environmental problems and their causes, science began to play a leading role in the
remediation of these degrading causes of the environment, through numerous
researches in the most diverse sectors of biodiversity, energy, air pollution, water
pollution, among others (O'RIORDAN, 2000). Being the focus of this work, address
how industries have taken measures to contain damage to the environment and ways
to remedy or reduce the generation of pollutants generated by their processes.

The manufacturing industry is the one that biggest responsible for
environmental pollution. To reduce carbon emissions in the industry, green/clean
manufacturing has been adopted as a way to produce low carbon emissions through
the efficient use of energy and control of pollutants, which is an important solution for
sustainability issues (SHI et al., 2019).

There is a necessary urge to restructure industrial systems to improve
sustainability through more efficient use of resources and reducing the volume of waste
generation (PROMENTILLA et al., 2018). The cleaner production concept promotes
recycling, reuse and reduction at source as preventive measures to achieve
sustainable development (ALMEIDA et al., 2015). These measures can be collectively

classified as clean technologies (CT). The evaluation of these CT options requires the
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simultaneous consideration of several and often conflicting criteria that cover the
economic, environmental and social dimensions (PROMENTILLA et al.,2018).

Low carbon manufacturing most of the time requires investments in CT, the
cost of investing is generally substantial and causes entrepreneurs to end up ignoring
environmental issues and treat the waste management stage as a burden and an
unnecessary cost, leading to the incorrect and often illegal disposal of these effluents
in the environment (SHI et al., 2019).

A study conducted in Brazil shows that the absence of policies to encourage
the adoption of high-cost clean technologies is the most important restrictive factor
(SILVA et al., 2017). Consequently, considerable regulation, policies and tools, such
as subsidies, cap-and-trade mechanisms, fines and environmental taxes, were
planned to encourage or stipulate companies' investment in clean technologies
(DONG al., 2014). The environmental/emission tax is one of the most effective
regulations applied by some countries (DRAKE et al., 2015). Faced with the
environmental tax, companies have reasons to invest in the implementation of clean
technologies to control carbon emissions by credit/tax reduction. From the consumer
point of view, with increased consciousness of environmental protection questions,
customers are more inclined to green products and are willing to pay more for the same
product (LIU et al., 2012). In the case of Brazil, industries adopt the ISO 14001
certificate as a differential in their products. This certification assures the consumer
that the entire production process has undergone an extensive study of environmental
monitoring and ensures that the process and the product respect the principles of
environmental management (JABBOUR et al., 2014).

Within the entire industrial process and the principles of environmental
management, waste control is one of the most important stages during the current
manufacturing process, since with a high number of industries, a high volume of waste,
whether solid or liquid, is produced (PETEK and GLAVIC, 1996). It is imperative that
these effluents receive the proper treatment so that they can return to nature without
causing any damage (CASTRO et al., 2019). Several techniques are used for the
treatment of effluents, such as primary treatments of flocculation, coagulation,
sedimentation and decantation; secondary treatments such as stabilization ponds,

aerated ponds, reactors with activated sludge and other types of bioreactors; in
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addition to emerging techniques, such as advanced oxidative processes, adsorption
and reverse osmosis (CASTRO et al., 2020).

Among all these innumerable techniques, CT becomes an important ally in
these pollutant reductions, reuse, and recycling processes. Recent studies have
shown the development of CT using industrial effluents, such as Marousek and
collaborators (2015) who used silage from the processing of corn, in the production of
biogas through anaerobic fermentation, this biogas can be used for the production of
heat and/or energy, avoiding the use of fuels based on fossil fuels. Zahan and
collaborators (2018) reported the use of palm oil and its by-product in the production
of biodiesel, a form of fuel that can replace petroleum-based fuel, leading to a decrease
in the emissions of harmful pollutants and greenhouse gases. Zhou et al. (2017), on
the other hand, shed light on the use of rare earth elements such as Ce, La, Gd, Au,
and Ag in the development of clean technologies such as wind power turbines, electric
vehicles, energy-efficient lighting, and catalytic converters.

The potential for exploring the use of waste for the production of clean
technologies and its use in an industrial environment is high and the trend is that more
and more scientists continue to research and develop knowledge that can be applied
effectively in society, causing a positive impact on the environment, so that the next
generations can enjoy the planet just as the past generations did, but with a better
environmental and collective awareness, with a consumption directed to the

minimization of residues and consequently greater preservation of the environment.



18

2 AIMS
2.1 RESEARCH AIM

In view of what was exposed previously, the aim of this work was to use
brewers’ spent grains, a brewer industry residue, for the production of clean

technologies and application in an industrial environment.

2.1.1 Research Objective

e Carry out a complete characterization of the brewers’ spent grains,
determining its parameters: physical, chemical, thermal, morphological,
structural and surface.

e Provide the characterization data for the brewers’ spent grain for use as a
database.

e Study the possible use of brewers’ spent grains as a solid fuel for energy
generation in an industrial cogeneration system.

o Perform synthesis and characterization of activated carbons obtained from
residual ashes of brewers spent grains burning process.

¢ Investigate the use of the activated carbon in absorptive processes of food dye
Indigo Carmine.

e Examine the technical-economic use of the activated carbon obtained in an

industrial environmental.
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CHAPTER |

All-around characterization of brewers’ spent grain

ABSTRACT

In this work was to carry out a complete characterization of the brewers’ spent grains
(BSG), determining its parameters: physical, chemical, thermal, morphological,
structural and surface, serving as a database for this specific material. The parameters
of moisture, ash, protein, fat, reducing and non-reducing sugars, starch, crude fiber,
acid and neutral detergent fiber, cellulose, lignin, hemicellulose, titratable acidity, pH,
crude energy, N2 adsorption/desorption isotherms, Fourier transform infrared
spectroscopy, scanning electron microscopy, thermogravimetric analysis and
differential exploratory calorimetry analysis were determined. All the results obtained
are consistent with the literature for those parameters. In addition to bringing results
that are not commonly found in other works, which can bring positive impact to the
scientific community, when other authors can consult this study to obtain the data they
need for the production of their works in the most diverse fields of science.

Keywords: malt bagasse, physical analysis, chemical analysis, thermal analysis,
structural analysis, morphological analysis.

Manuscript elaborated and formatted according to the guidelines of scientific
publication, submitted to the journal Food Chemistry: X. Available at:
<http://bit.ly/foodchemistryx>
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1 INTRODUCTION

Barley (Hordeum vulgare L.) is one of the most cultivated cereals in the world,
which is a source of important nutrients for both humans and domestic animals. In the
last decade, approximately 156 million tons of grain were harvested annually
worldwide (Serna-Diaz et al., 2020). Around 90% of barley grains are currently used
for animal feed and for the production of alcoholic beverages (Yu et al., 2018).

Historically, most of the production of barley has been used mainly for beer
production, since the Second World War its production has increased annually until
nowadays, where in 2018 the world production was estimated in 190 billion liters of
beer (Izydorczyk and Dexter, 2016; Barth-Hass, 2019). Beer is the alcoholic beverage
that is obtained from four ingredients: malt, hops, yeast and water; it is found in the
most diverse types such as, ale, stout, lager and porter and it is one of the oldest and
most famous beverages in the world (Ryan, 2014; Mangang et al., 2016).

Barley becomes an effective part as an ingredient in beer production during
the malting process, where the malt is originated. (Capece et al., 2018; Pascari et al.,
2018). During malting, the barley grain undergoes an enzymatic activation process with
the intention of leaving the starch present in the grains available for the mash process,
where the starch is broken down into smaller sugars (Kok et al., 2019; Ispiryan et al.,
2021).

The malting process is divided into, maceration, germination and drying and
after this process the malt is ready for beer production (Gei3inger et al., 2019), which
is divided into three major stages: mashing, boiling and fermentation (Almeida et al.,
2018). After the mashing step, the wort is filtered where all the particles present are
naturally sedimented, resulting from the agglutination of the husks with residues from
the process, generating the brewers’ spent grains (Juchen et al., 2018; Rojas-
Chamorro et al., 2020).

Brewers’ spent grains are the main residue generated by the brewer industry
and is produced on a large scale and at a low cost (Nocente et al., 2019; Saba et al.,
2019). Around 85% of all residues generated in the manufacture of beer, corresponds
to BSG, which is currently destined for animal feed to local farmers (Buffington, 2014;
Gupta et al., 2010). According to Ministry of Agriculture, Livestock and Supply (MAPA),
in 2018 Brazil was responsible for generated around 3 million tons of BSG (Brazil,
2019).
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With this high amount of by-product produced, its disposal can become
problematic and often harmful to the environment, if it ends up being disposal as
garbage in landfills (Buffington, 2014). In addition, BSG storage is often not viable,
especially in a large industry with a very high generation flow that does not have
enough physical space to store waste (Lynch et al., 2016).

Therefore, it is necessary to find possible applications for the use of BSG,
whether in nutritional applications for humans and/or animals, for energy generation or
as a source of extraction of macromolecules (Cordeiro et al., 2012; Nocente et al.,
2019). However, regardless of which application is decided to perform with the
material, it is essential that it be characterized, determining its physical, chemical and
thermal composition, among others. These parameters will serve as a basis for further
studies and have as much scientific relevance as the application itself.

For this reason, the objective of this work was to carry out a complete
characterization of the brewers’ spent grains, determining its parameters: physical,
chemical, thermal, morphological, structural and surface, serving as a database for this

specific material.

2 MATERIALS AND METHODS
2.1 SAMPLE PREPARATION

The samples of brewers’ spent grain (approximately 30 kg), were kindly
provided by a craft beer producers in the north region of the state of Parana, Brazil and
immediately stored after collection at 4 °C until use. Prior to use, the samples of BSG
were placed on the workbench and divided into quarters, two quarters were separated
for use and the other two dried in a convection oven at 60 °C for 12 h, this procedure
was repeated until there was a visual reduction of 80% of the initial mass. Then, the
samples were washed until the residual liquid did not show color, subsequently, stored
in plastic bags, vacuum sealed, labeled and frozen until use. The raw and dry BSG are

shown in Fig. 1.
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FIGURE 1 - BSG SAMPLES
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2.2 SAMPLE CHARACTERIZATION

2.2.1 Physical parameters

Titratable acidity was determined using titrimetric method as described by
AOAC (2000). pH was measured using a digital pH meter (Lucadema, LUCA 210)
calibrated with buffers at pH 4 and 7 and hygroscopicity was determined using Cai and
Corke adapted method (2000), at temperatures of 10, 25 and 35 °C in relative humidity
of 11, 43, 75 and 98%, using saturated solutions of LiCl, K2COs, NaCl and K2SOs4,
respectively. The energy generated from BSG were determined in according to ASTM

D5865, with a bomb calorimeter (IKA C5000), previously calibrated with benzoic acid.

2.2.2 Chemical parameters

Moisture content was determined by gravimetric method using an oven at
105°C, ash content was also determined by gravimetric method using a muffle furnace
at 550 °C, crude protein content was determined by the micro-Kjeldahl method and fat
content was determined by refluxing hot extraction using ethyl ether, all methodologies
was described by AOAC (2000). Reducing and non-reducing sugars were determined

by the method described by Somogyi-Nelson (Nelson, 1944). Starch content was
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determined using the spectrophotometric method described by Aued-Pimentel and
collaborators (1990). Crude fiber was determined by Weende method (AOAC, 1996)
and neutral-detergent fiber and acid-detergent fiber were determined by Van Soest
method (1967 and 1990). Finally, the contents of cellulose, hemicellulose and lignin

were determined by the methodology proposed by Van Soest and Wine (1968).

2.2.3 Thermal parameters

Thermogravimetric analysis was performed in a thermal analyzer (STA6000 -
PerkinElmer) with 6 milligrams of BSG that were inserted in a platinum sample holder.
Nitrogen was the carrier gas at a flow rate of 20 mL min-' and a temperature of 50 -
900 °C with a ratio of 10 °C min-'. The differential exploratory calorimetry analysis was
performed in a calorimeter (DSC 8500 Perkin Elmer) together with ultramicrobalance
(AD-6 Perkin Elmer) with a 50 puL aluminum pan at range of 20 - 150 °C with a constant

rate of 10 °C min-' and with nitrogen gas at a flow rate of 50 mL min-'.

2.2.4 Morphological, structural and superficial

The morphology was observed on scanning electron microscopy (SEM) with
energy dispersive spectroscopy (VEGAS - Tescan) equipped with an energy dispersive
X-ray microsound (EDS) Penta FET Precision by Oxford Instruments, using on double-
sided carbon tape and metallized with a thin layer of gold (5 nm, 35 mA). The materials
structures were studied by Fourier transform infrared spectroscopy (FTIR) measuring
diffuse reflectance from 4,500-10,000 cm™' (Bruker - Tensor 37) with a resolution of 4
cm™' and accumulating 128 scans in duplicate. The material surface was studied using
N2 adsorption/desorption isotherms that were measured in a sorption analyzer (NOVA
2000e - Quantachrome Instruments). The surface area, volume and pore diameter
were calculated using the Brunauer-Emmertt-Teller (BET) method and pore size

distributions with the Barret-Joyner-Hallenda (BJH) method.

2.3 STATISTICAL ANALYSIS

The results were expressed as mean * standard deviation, where all

parameters were determined in triplicate.
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3 RESULTS AND DISCUSSION
3.1 PHYSICAL PARAMETERS DETERMINATION

Table 1 shows the results obtained for the determination of physical
parameters for the BSG sample. It was possible to observe that the pH of the BSG
sample was approximately 5.5, a value that was already expected since the pH of the
wort in beer production varies around 5.1 to 5.6, an optimum pH range for the hydrolytic
enzymes present in the mixture can act on the break of sugars and in the production
of ethanol (Bamforth and Thomas, 2009).

The titratable acidity value of the BSG was approximately 2.3 mL of NaOH g
of sample, a relatively low value that was expected due to the nature of the sample,
which has a small amount of acidic species in its composition, since a large part of its
compounds are extracted in the production of beer. Some compounds such as amino
acids, fatty acids and phenolic acids may be responsible for this low value in the acidity
of the residue, even after all the processing of the malt (Kunze et al., 2019).

The energy generation value of the dry BSG sample was approximately 4,825
kcal kg™, a value considerably high and comparable to that of other materials used for
energy generation such as eucalyptus wood chips, which has a calorific value of
approximately 4,552 kcal kg, this indicates that BSG could be used for power
generation through direct combustion (Castro et al., 2019).

Other works in the literature have also reported similar results for the physical
characterization of BSG, Mathias et al (2015) found pH values of 5.41 and titratable
acidity of 3.60% when working with BSG. As for the energy parameter, Cordeiro et al
(2012) found a value of ranging from 4,701 to 5,028 kcal kg~' and Lifian-Montes et al
(2013) found a value approximately of 4,555 kcal kg-!, both working with dry BSG.

TABLE 1 - PHYSICAL PARAMETERS OF BSG SAMPLES.

Parameters Values
pH 549 +0.11
Titratable acidity
2.29+0.16
(mL of NaOH g of wet sample)
Energy (kcal kg™ of dry sample) 4,825.00 + 40.00
Hygroscopicity analysis
Room temperature Relative humidity H*

(°C) (%) (g of moisture 100 g*' of dry sample)
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11 27.22+0.11

43 20.72 £ 0.09
10

75 33.79 £ 0.33

98 43.40 +0.71

11 26.72+0.13

43 2912 +£0.07
25

75 33.33+0.24

98 39.84 +0.10

11 26.47 £ 0.09

43 27.03+0.32
35

75 31.06 £ 0.26

98 37.53 +£0.01

*H indicates the hygroscopicity value obtained for the dry BSG samples.

The hygroscopicity values for the BSG sample ranged from 26.47-43.40 g of
moisture g g' of sample. It was possible to notice that with the increase in the relative
humidity of the environment, the greater was the hygroscopicity value, since there is a
greater presence of water molecules in the air and, consequently, increasing the
capacity in which the BSG samples can absorb this moisture.

It was also possible to observe that with the increase of the room temperature,
there is a decrease in the hygroscopicity value of the samples, this fact may be related
to the influence of the temperature in the process of mass transfer between the water
molecules present in the air with the porous structure of the material, the tendency is
that with a higher temperature less moisture molecules are available for the BSG

sample to absorb, causing a slight decrease in the hygroscopicity value.

3.2 CHEMICAL PARAMETERS DETERMINATION

Table 2 shows the results obtained for the determination of the chemical

parameters of the BSG sample.

TABLE 2 - CHEMICAL PARAMETERS OF BSG SAMPLES.

Parameters Values (g 100 g*' of dry sample)
Moisture 77.86 = 0.53
Ash 2.34 £ 0.07

Protein 18.14 £ 0.25
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Fat 1.61+0.10
Reducing sugar 2.64 +£0.11
Non-reducing sugar 0.46 £ 0.05

Starch 26.64 + 1.65

Crude fiber 21.59+£1.60

Neutral-detergent fiber 36.78 + 2.47
Acid-detergent fiber 12.79 £ 1.01

Cellulose 23.99 £ 1.63

Lignin 3.35+0.45
Hemicellulose* 9.44 + 0.75

*Value determined by difference.

The moisture and ash content found for the brewers’ spent grain are similar
with the literature data. Mathias et al (2015) found values of 82.6% and 3.8% for
moisture and ash, respectively. While Mussatto et al (2006) evaluated the ash content
of BSG in 2.4% and Onofre and collaborators (2018) reported values for moisture of
78.2% and ashes of 3.76%. These variations are normal since parameters such as
geographic location, type of seed, soil composition, amount of rain, can influence the
chemical composition of barley and consequently the BSG. In addition, it is known that
the type of water used in the beer production process can influence the mineral
composition of the brewers’ spent grain (Clerck, 1962).

It is worth mentioning that the moisture content is directly related to the
hygroscopicity measure, as the moisture content of the BSG samples was high, it is
expected that the hygroscopicity would also be high, since the sample vaporization
water tends to return to the dry substrate when the relative humidity of the environment
is high, mainly by mass transfer mechanisms by diffusion (Incropera, 2007; Juarez-
Enriquez et al., 2017).

The determination of ash content is also an important parameter to be
observed, since in applications such as civil construction in the production of Portland
cement or synthesis of zeolitic materials, the composition of the ash is one of the main
factors to be taken into account (Bukhari et al., 2017; Zgureva et al., 2020a). In
addition, in the use of BSG as a fuel for power generation, the amount of ash produced
after burning can influence the dimensioning of the power generation system, in
addition to the generation of high amounts of residual ash, which can present a risk to

the environment, due to incorrect disposal (Baek et al., 2018; Zgureva et al., 2020b).
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The protein content of this work was similar to those reported in the literature
when dry BSG samples were studied. Zhang and Wang (2016) found a protein content
of approximately 23%, while Kezerle et al (2018) reported a value of 21% and Mussatto
et al (2006) a value for the protein content of 24%. As for the fat content, the values
varied with the results found in other studies in the literature, such as the result found
by Lifian-Montes et al (2013) reported a fat content of approximately 7.74% for BSG
samples and Vanreppelen et al (2014) found a value of approximately 8.17%, this high
fat value may be related to the presence of to higher quantity of hemicelluloses, starch,
and sugars in its structure of the BSG samples.

However, for the contents of reducing and non-reducing sugars and starch, no
values were found in the literature, most because of the low amount of studies that
carried out an in-depth study of the carbohydrate contents of this material, probably
due to the fact that these sugars in most are extracted during the mashing process,
leaving very small amounts to be quantified. Even so, Mathias and collaborators
(2015), through the DNS method was able to report a value of approximately 0.65% of
glucose-reducing sugars.

However, for the fibrous fraction, the contents of crude fiber, acid and neutral
detergent fiber of this work were similar to those in the literature; Lifian-Montes et al
(2013) reported values of 23.11%, 59.73% and 25.50% for crude fiber, neutral-
detergent fiber and acid-detergent fiber, respectively. This high content of
lignocellulosic fibers can be of great value to the food supplements industry, with the
intention of extracting dietary fibers for use in human supplementation (Lynch et al.,
2016). Another application for materials with a high fiber content is the production of
composites with rubber to reinforce tires (Zedler et al., 2018).

Finally, for the cellulosic fraction, the contents of cellulose and lignin were close
to those found in the literature. Lifan-Montes et al (2013) reported values of 22.46%
and 3.04% for cellulose and lignin, respectively, when working with dry brewers spent
grains. Kezerle et al (2018) report a value for cellulose of 22% and Vanreppelen et al
(2014) when working with BSG found values of 20.8% for cellulose content and 11.3%
for lignin content.

However, for the contents of hemicellulose and neutral-detergent fiber, values
similar to this study were not found in the literature available for BSG. This is due to
the fact that the contents are related to each other, the neutral-detergent fiber is the

sum of the cellulosic residues present in the sample, such as cellulose, lignin and
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hemicellulose, however these values may vary depending on the parameters used
during the production of the beer, as well as the way the barley grains are treated
during the malting and in addition to regional characteristics of each country, such as

soil and clime (Mongeau and Brassard, 1982).

3.3 THERMAL CHARACTERIZATION

Fig. 2 shows the results obtained for the thermal characterization of the BSG.

FIGURE 2 - THERMAL CHARACTERIZATION: a) TG AND b) DSC.
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In Fig. 2 a) the TG curve of the brewers’ spent grains presented two major
mass loss steps. The first loss occurs from 50 to approximately 105 °C, which is
attributed to moisture elimination follow by a mass loss of approximately 60%. The
second step occurs between 250 and 375 °C and represents the release of extractive
organic compounds, such as fats, waxes, alkaloids, glycosides, among others,
resulting from the thermal degradation of cellulose, lignin and hemicellulose, resulting
in @ mass loss of approximately 80%. A lesser loss of mass occurs in the range
between 450-750 °C, and it is the residue of the total degradation process of the
sample and reaches a final mass of approximately 5% of the initial mass and is
composed of inorganic species in the form of oxides (Cordeiro et al., 2012).

In the DSC curve showed in Fig. 2 b) for the BSG sample is possible to observe
three major peaks, the first one around 80 °C is an exothermic peak possible related
with the lignin glass-rubber transition with is similar to those reported for other

lignocellulosic materials (Ibbett et al., 2011). The second peak around 110 °C is related
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to an endothermic event and is related to the dehydration process of the sample, which
was also observed by the analysis of the TG curve. The third and final peak is related
to an exothermic event in approximately 135 °C, possible related to the glass-rubber

transition of the hemicellulose present in the BSG sample (Olsson and Salmen, 1997).
3.4 MORPHOLOGICAL CHARACTERIZATION

Fig. 3 shows the SEM images obtained for the BSG sample.

FIGURE 3 - SEM IMAGES: a) 1,000X MAGNIFICATION AND b) 5,000X MAGNIFICATION.
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It was possible to observe that the BSG sample had a rough surface with
laminar and granular particles, reasonably organized as shown in the 1,000x
magnification. In addition to presenting a porous and granular surface when observed
at 5,000x magnification.

This porous structure of the material, may be an indication that it can be used
for the synthesis of porous materials, such as adsorbents or zeolites and consequently
used in adsorption processes (Castro et al., 2019). Table 3 shows the results obtained

for the analysis of EDS.
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TABLE 3 - ELEMENTAL COMPOSITION OF BSG SAMPLE.

Element (%)
C (0] Si Mg K Ca
BSG 82.65 16.02 0.12 0.29 0.06 0.86

Sample

It was possible to notice that the major element in the BSG composition was
carbon with approximately 82.65%, followed by oxygen with approximately 16%. In
view of the nature of the sample and the results obtained in the chemical
characterization (Table 2) it was expected that carbon appear in greater quantity, since
the carbohydrate content of BSG is high and the chemical structure of this
macronutrients are mainly formed by bonds of C-H (Damodaran et al., 2008).

The elements in lower composition such as silicon (0.12%), magnesium
(0.29%), potassium (0.06%) and calcium (0.86%) come from the nature of the barley
grains used in the production of malt bagasse during the beer production process
(Bamforth and Thomas, 2009; Husted et al., 2004).

3.5 STRUCTURAL CHARACTERIZATION

Fig. 4 shows the FTIR spectra for the BSG sample.

FIGURE 4 - NEAR INFRARED SPECTRUMS (NIR) OF THE BSG AND SECOND DERIVATE.
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It was possible to observe through Fig 4 that the NIR spectrum was divided in
three regions. In region 1, which contains the wavenumbers from 8,300 to 9,000 cm™",
it was possible to identify characteristic vibration signals of the bonds -CHs, -CH2 and
-CH in the second overtone region. In region 2, from the wavenumbers of 6,900 to
7,700 cm™', the same vibrations were observed; this can indicate the possible presence
of cellulosic compounds, such as hemicellulose, lignin and cellulose (Li et al., 2015;
McLellan et al., 1991). While for region 3, which ranges from 5,000 to 5,700 cm', it
was possible to identify characteristics of vibration between the —C-C and H20 bonds

in the combination region (Xiaobo et al., 2010).

3.6 SUPERFICIAL CHARACTERIZATION

The N2 adsorption/desorption isotherms are shown in Fig. 5.

FIGURE 5 - BSG SURFACE CHARACTERIZATION: a) N2 ISOTHERM AND b) PORE DIAMETER
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The isotherm presented in Fig. 5 a) resembled a Type IV isotherm according
to IUPAC, characteristic of a microporous and mesoporous materials, the inflection
point of the isotherm corresponds to the formation of the first adsorbed layer that
covers the entire surface of the material (ALOthman, 2012; Sing, 1982). It was also
possible to notice the presence of an H2 hysteresis gap according to IUPAC, which
indicates the presence of ink-bottle-shaped type of pores (Cychosz and Thommes,
2018).

The pore distribution for the adsorbent are shown in Fig. 4 b), it was possible

to observe that the pore size distribution is concentrated in the range of approximately
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1.8 nm. Table 4 shows the BET surface area (So), mean pore diameter (dp) and pore

volumes (Vp) for the BSG sample.

TABLE 4 - SUPERFICIAL PROPERTIES OF THE BSG SAMPLE.

Adsorbent So (m? g) Vp (cm* g) dp (nm)
BSG 104.3 0.109 2.03

It was possible to observe that the BSG sample presented a high surface area
and a mean pore diameter of 2.03 nm, which indicates that the material has a porous
structure that fits in the mesoporosity range (2 < dp < 50 nm), these results corroborate
with those obtained in the isotherms of Fig. 5.

The data on the characterization of the brewers’ spent grains surface are
valuable for future studies, such as those related to the production of adsorbent
materials, since the base material (BSG) naturally presents properties of a good
adsorbent, such as a high surface area and the presence of a porous structure (Castro
et al., 2019; Zgureva et al., 2020).

4 CONCLUSIONS

It can be concluded that the characterization of the brewers’ spent grains
sample were carried out efficiently, producing results consistent with the literature, for
physical, chemical, thermal, morphological, structural and surface parameters. In
addition to bringing results that are not commonly found in other works, which can bring
positive impact to the scientific community, when other authors consult their databases
to obtain these results and consequent production of their works in the most diverse

fields of science.
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CHAPTER I

Study of the use of waste from brewing industry as biomass and its
application as a fuel for steam production in a cogeneration system

ABSTRACT

The present work aimed to study the use of brewers’ spent grains (BSG) as a fuel for
energy generation in an industrial cogeneration system, using wood chips as a control
sample. The BSG were undergone analysis to determine the density, particle size,
ultimate and immediate analysis, elemental ash composition and calorific power
analysis. The results indicated that BSG has a moisture content of 77.68%, ash 0.52%,
volatile material 95.94%, fixed carbon 3.57%, mean particle size of 0.28 mm, density
of 113 kg m® and lower calorific value of 17.84 MJ kg™'. Tests were carried out with
different mixing ratios between the BSG and wood chip to evaluate its effects on the
energy efficiency in the system. The 1:5 ratio of wood chips to BSG obtained the best
characteristics to be used as fuel in a cogeneration system, with an ash content of
0.39%, volatile material 97.3% and lower calorific value of 17.71 MJ kg™'. In addition,
the ash generated in the burning does not contribute to degradation processes inside
the boiler. The substitution of wood by BSG promoted an 82% reduction in the use of
wood chips and generated savings of approximately 3.8 million US dollars annually.

Keywords: brewers spent grains, malt bagasse, food waste, circular economy, heat
generation, bioenergy.
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1 INTRODUCTION

Brewers’ spent grains (BSG) are the main by-product generated during the
industrialization of malted barley for beer production [1-2]. They represent
approximately 85% of all residues generated during processing, it is estimated that for
every 100 L of beer, approximately 20 kg of BSG is generated [3-4]. According to the
Ministry of Agriculture, Livestock and Supply (MAPA), in 2018, Brazil was responsible
for producing 14 billion liters of beer, which generated around 3 million tons of BSG
[5]. While in the world, beer production was around 190 billion liters, with a generation
of waste of around 40 million tons [6].

Currently a large part of this waste is destined for animal feed, which generates
a low profit for the industry, around 40 USD per ton and the rest of the waste ends up
being disposed of like garbage in landfills [7-8]. One of the difficulties in processing this
residue is the moisture content (~ 80%) and rich polysaccharide and protein content,
which makes this biomass susceptible to the growth of microorganisms and
consequent deterioration [1,9]. In addition, transporting wet BSG is often costly, since
the material has a higher density and occupies a larger space, which means that
industries end up disposing of this waste to local farmers, however production ends up
exceeding demand most of the time [4,8].

Recent work in the literature has pointed out alternative uses on a small scale
for BSG, such as a source of sugars, protein and antioxidant, as a culture medium for
microorganism cultivation, use as a nutritional source for human consumption in the
formulation of foods such as cookies, bread and cakes [1, 4, 10-12]. Plus, the use of
BSG as biomass for energy production through cogeneration technologies can be an
attractive destination for the brewers themselves [13].

The development of technologies for the production of new renewable energy
sources has become arelevant issue in recent years, considering that an energy matrix
dependent on fossil fuels tends to collapse over time, since these fuels are not
renewable, in addition to increasing impacts on the environment and the emission of
greenhouse gases [14-16]. Thus, the use of biomass from lignocellulosic materials for
energy generation is a technology that has been explored in recent years as an
alternative to the use of fossil fuels [14, 17-18].

Brazil currently produces around 300 million tons of lignocellulosic waste

annually, such as rice, coffee and soy husks, waste from forest harvests, among others
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[19]. This high production impelled the industries to use their own residues for energy
generation and in the development of technologies, an example is the sugar-alcohol
mills, which uses sugarcane bagasse and straw as fuel for the boiler [20-21].

Usually, the use of biomass for energy production is the most widely used
method in the world, being responsible for approximately 97% of all bioenergy
generated [22-23]. In an industrial environment, solid biomass of different sizes can be
burned in furnaces or boilers and the scale of the installations can vary between small
to large scale with the power of generation varying between 500 and 3000 MW [24].

Two types of boilers are the most common, grate heating systems and fluidized
bed combustion chambers, these systems offer great flexibility regarding the use of
fuels and can be fed completely with solid biomass or by joint use with coal [25]. The
direct combustion of biomass produces heat to meet the needs of the industry, or to
produce high-pressure steam that is directed to turbines and consequently to electrical
energy generation [22]. Biomass combustion plants that produce energy through
steam turbo-generators have a conversion efficiency between 17 and 25%; however,
the use of cogeneration systems can increase this efficiency up to 85% [26-27].

Cogeneration is the concurrent production of electricity and heat, through a
system that uses biomass as fuel [22, 28]. By producing the two products in a
combined manner, these systems present themselves as a solution for saving energy,
through increasing energy efficiency and as a method of environmental preservation
[29]. Biomass cogeneration is considered an effective method for reducing greenhouse
gas emissions, due to low carbon dioxide emissions and in addition to using solid waste
from industrial processes that would be disposed of in landfills, contaminating the
environment and underground water bodies [29-31].

In view of this fact, BSG presents itself as a candidate to be used as solid
biomass in the production of energy by direct combustion in cogeneration systems,
once it has the favorable characteristics, such as high content of volatile material (~
90%) and oxygen (~ 40%) and low content of fixed carbon (~ 3%), these parameters
contribute to a better boiler combustion process [32-34]. Allied to this, studies in the
literature indicate a high value of gross calorific value, around 20 MJ kg-', while other
fuels such as wood chips and coal have approximately 15 and 23 MJ kg™ respectively

[35-37]. This makes BSG a plausible candidate for being a high efficiency fuel.
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Thus, the objective of this work was to carry out a study as to the possible use
of brewers’ spent grains as a solid fuel for energy generation through the production

of steam and application in an industrial cogeneration system.

2 MATERIALS AND METHODS
2.1 BIOMASS PREPARATION

BSG samples were gently provided by craft beer producers in the north region
of the state of Parana, Brazil, prior to use the BSG were quartered, opposite quarters
were used for the analysis and the other separated. Then, the samples were washed
until the residual liquid had light brown color to no color, stored in plastic bags, vacuum-
sealed, and frozen until use and part of the BSG was dried in oven at 60 °C for 12 h,
to remove all moisture from the samples that would be used in the tests.

The wood chips used in the study were kindly donated by a dairy in the north
region of the state of Parana, Brazil, the wood comes from the processing of eucalyptus
(Eucalyptus grandis), and the chips were cut until they had a uniform size of

approximately 5 mm.

2.1.1 Preliminary evaluations

In order to evaluate the BSG capacity as a possible fuel for the direct
combustion system, its gross and lower calorific value was determined, for both raw
and dry sample as a mean to evaluate the effect of the presence of water on the heat
generation. As a means of comparison, wood chips were used as a control sample

throughout the study.

2.2 FUELS CHARACTERIZATION

2.2.1 Ultimate analysis

The ultimate analysis was performed in the dry BSG samples to determine the
amount of carbon, hydrogen, nitrogen and sulfur, using an elemental analyzer
PERKIN-ELMER CHNS 2400. The oxygen content was determined by the difference

between the contents of the other elements.
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2.2.2 Calorific value analysis

The gross calorific value for both BSG and wood chips were determined in
triplicate according to ASTM D5865 [38] in a bomb calorimeter (IKA C5000), previously
calibrated with benzoic acid and the lower calorific value was determinate by Equation
1 [39].

LCV = GCV - 2,260 (0.09 H + 0.01 M) 1)

where: LCV (kJ kg™') is the lower calorific value GCV (kJ kg™') gross calorific value, H (%) hydrogen content of the
sample, M (%) moisture content of the sample.

2.2.3 Particle size analysis

The particle size analysis of the dry BSG sample was performed according to
ASTM D4749-87 in triplicate [40]. The sieves were used with opening of mesh 1.40;
0.85; 0.5; 0.35; 0.25; 0.18; 0.15; 0.09; 0.075 mm. From this, it was estimated the mean
diameter of each sieve (dp), according to the equation defined by Foust et al. (Equation
2) [41] and, consecutively, it was estimated the mean particle size of the sample (d;),
according to the Sauter diameter equation (Equation 3) [42].

Ind, = " 2) & =—1x
G

where: dp (mm) is the mean diameter of each sieve, es (mm) opening of the superior sieve, ei (mm) opening of the
inferior sieve, dg (mm) mean particle size of the sample, Ax; retained mass fraction between sieves.

3)

In addition to the mean particle size obtained by Equation 3, the granulometric
data was subjected to two graphical methods for estimating the particle diameter, (a)
mass distribution density (MDD) and (b) cumulative/augmentative distribution (CAD)
[43-44].

2.2.4 Bulk and relative densities and porosity

The bulk and relative density and porosity of dry BSG were determined in
triplicate according to ASTM E873-82, D792 and C1039, respectively [45-47]. To
determine the mass of the samples, an ACZET-CY224C analytical balance (+ 0.2 mg)

was used.
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2.2.5 Immediate analysis

The immediate analysis includes the determination of moisture, ash, volatile
matter and fixed carbon content of the dry samples, were determined according to the
standard ASTM E870 in triplicate [48].

2.2.6 Ash composition analysis

The properties and quantity of the biomass ash can cause operational
problems in the boiler, such as fouling, corrosion and slagging. Thus, to determine the
elemental composition of the ashes, the fuel was calcined in a muffle furnace at 600
°C = 25 °C in triplicate until constant weight.

The elementary analysis of the ashes was performed using the energy
dispersive X-ray spectroscopy (EDS) technique and was done in a Scanning Electron
Microscope TESCAN VEGAS3, where the samples were fixed to the surface of a

double-face adhesive tape and coated with a gold layer (5 nm, 35 mA).

2.3 ECONOMICAL EVALUATION

An economic analysis of the use of BSG as a fuel in a cogeneration system
was performed, based on the methodology of the Association for the Advancement of
Cost Engineering [49]. The assumptions for scale-up production costs comparisons
were made from the information presented in this study and considering only the use

of BSG for steam generation.
2.4 STATISTICAL ANALYSIS
The results were expressed as mean + standard deviation. The variables were

tested statically by ANOVA at a significance level of 0.05 and for the mean comparison

was performed the Tukey test.
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3 RESULTS AND DISCUSSION
3.1 ULTIMATE ANALYSIS

The results for the elemental analysis of BSG sample are shown in Table 1.

TABLE 1 - ELEMENTAL ANALYSIS OF THE BSG SAMPLE.

Elemental analysis (%)

45.16

44.14
7.12
3.58

W IT|Z00

The values for nitrogen, carbon and hydrogen content in the BSG sample are
similar to the results found in the literature [50-52]. Additionally, the values for sulfur
and oxygen are similar to those found in the literature [35, 52]. In addition, the high
carbon content makes BSG a good fuel for use in direct combustion in the boiler [21].
Also, the high oxygen content in combination with the hydrogen content, favors the

oxidation process in the exothermic reaction during the combustion of the fuel [53].

3.2 PRELIMINARY CALORIFIC POWER ASSESSMENT

Fig. 1 shows the results obtained for the BSG and wood chips calorific

analysis.
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FIGURE 1 - CALORIFIC VALUE OF BIOMASS.
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It was possible to observe that the presence of water in the BSG sample had
a negative effect on the calorific value of the sample, decreasing its energy efficiency.
For the dry sample, the GCV was approximately 20.47 MJ kg™!, while for the raw
sample this value was approximately 7.73 MJ kg', a decrease of almost 62%. This
decrease in the calorific value occurs, because during the burning of the fuel part of
the generated energy is used in the vaporization of the water relative to the moisture
content present in the sample [54-55]. Therefore, the higher the moisture content of
the fuel, the lower its heating power and consequently its energy efficiency.

In the case of BSG, whose humidity is around 80%, the material must be dried
before being used as biomass for direct combustion, since its calorific value is very
high, surpassing even that of the wood chip used in this study, which has a value of
approximately 17 MJ kg™', almost 20% less than that of dry BSG, which proves that
this biomass studied can be used for energy generation through direct combustion in
a boiler [32, 56].

Other authors reported values of calorific value similar to those found in this
study, Sperandio et al. [50] when working with BSG, found values for the GCV of
approximately 17 MJ kg™' and for the LCV of approximately 14 MJ kg™'. Whereas,
Lorente et al. [57], found a value for GCV of approximately 20.95 MJ kg-' and Dudek
et al. [58] a value for LCV of approximately 17.74 MJ kg".

Aware that the moisture of the fuel negatively affects the overall energy

efficiency of the system, it is necessary to dry the material as illustrated above.



49

However, industrial drying processes are most often costly, as they require a high
amount of energy, whether electric or in the form of steam, which means that biomass
is often not dried and used the way it came, which leads to energy losses and
consequently money. Thus, a drying kinetic study was carried out with BSG, the data

was tested using the Page model and the results are shown in Fig. 2.

FIGURE 2 - DRYING KINETICS AND FITTING DATA USING PAGE MODEL:
a) OVEN AT 60 °C AND b) EXTERNAL ENVIRONMENT AT AN AVERAGE TEMPERATURE OF
27 °C, AVERAGE WIND SPEED OF 8 km h-', AND AVERAGE HUMIDITY OF 73%.
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Observing the drying kinetics curves, it was possible to observe that for both
situations the Page model adjusted to the data with a correlation coefficient R? > 0.99.
In addition, the drying curve of the sample in the oven presented a drying coefficient
(k) greater than the sample dried externally. This can be explained by observing the
initial slope of both curves, for the oven curve in the initial minutes the kinetics is faster
and remains constant throughout the entire period.

While for the external drying curve after time t = 240 min, the kinetic becomes
faster until reaching equilibrium in 360 min, whereas for the oven dried sample, the
equilibrium is only reached after 420 min, this difference in the equilibrium time can be
explained by the presence of wind in the external environment, even with a

temperature much lower than that of the oven. The presence of ventilation in the
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external environment makes the heat exchange occur more efficiently, since in the
oven the heat exchange is through conduction mechanisms, while for external drying
we have the conduction and convection mechanisms [59].

In short, drying the BSG under the sun in an external environment proved to
be as efficient as drying in an oven, but with the advantage of not needing electricity
for the drying process or special equipment, being necessary to pay attention to the
presence of foreign objects or pests during exposure to the external environment. This
type of drying is already used in sugar and alcohol plants for the drying of sugarcane
bagasse, which will later be used in cogeneration systems for the production of steam
and electricity [20-21].

3.3 PARTICLE SIZE EVALUATION

As previously mentioned, the particle size tests were intended to determine
the particle size distribution as well as to determine the mean particle size of the BSG
samples. These characteristics are extremely important, as they give us information
about the behavior of the fuel when it is burned, since the contact area is one of the
variables that can accelerate the combustion reaction. In addition, the particle size
must be taken into account when dimensioning a boiler, since it can become a limiting
factor in the design, causing the particulate size to end up causing operational
problems. Fig. 3 shows the graphical models obtained for the mass distribution of the

BSG sample.

FIGURE 3 - GRAPHICAL DISTRIBUTION OF MASS FRACTIONS IN EACH SIEVE BY THE
METHODS: A) MDD AND B) CAD.
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It was possible to observe from Fig. 3 a) that the range between 0.15 and 0.5
mm was the one that concentrated most of the sample’s mass, approximately 70% of
the total mass, with the peak of the greatest mass fraction being on 0.25 mm;
graphically this indicates that the mean particle size has this diameter.

On the other hand, when looking at Fig. 3 b), by the intersection of the curves
of retained mass fraction and sieved mass fraction, it was possible to observe that the
mean particle size of the BSG was 0.287 mm, a value of approximately 13% higher
than that obtained by the MDD model.

This difference in the mean particle size values through graphic techniques
has been reported by other works in the literature, such as Jordan et al. [60], when
evaluating the mean particle size of sugarcane bagasse, reached a variation of up to
10%.

However, the analytical method of determining the mean particle diameter
using Equation 3 is a well-established and widely used method for determining the

mean particle size and the result for the BSG sample is shown in Table 2.

TABLE 2 - MEAN PARTICLE SIZE VALUE OF BSG FOR DIFFERENT DETERMINATION METHODS.

Methods*
Sample -
Analytical (Sauter) MDD Error (%) CAD Error (%)
Particle size (mm) 0.281 £ 0.0052 0.250 £ 0.012° 12.40 0.287 £ 0.0142 2.09

*Results are averages of three repetitions with deviation standard estimates. Same lower case letters
do not differ between tests (p < 0.05) [ANOVA and Tukey test].

Observing Table 2, the mean particle size value determined by the analytical
method was 0.281 mm, a value close to that obtained by the CAD graphic method of
0.287 mm. At a level of 5%, the value of the particle size between the analytical method
and the CAD method did not show a significant statistically difference, with a standard
error of approximately 2%, this indicates that the CAD graphic method was the one
that best converged the result and adjusted the particle size distribution data in the
best way.

Other works in the literature reported similar values of mean particle size of
BSG, Ozturk et al. [12], found values between 0.212 and 0.425 mm, whereas Hejna et
al. [61] reported values of approximately 0.275 mm. Variations between values are
expected since the barley used for BSG production can vary from country to country,

in addition to the time when planting is carried out, among other reasons.
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3.4 DENSITY AND POROSITY DETERMINATION

Table 3 presents the values of bulk density, relative density and porosity

obtained for a dry BSG sample.

TABLE 3 - DENSITIES AND POROSITY OBTAINED FOR THE DRY BSG SAMPLES.

Parameters BSG
Bulk density (kg m-3) 113.00 £ 4.00
Relative density (kg m) 133.00 + 3.00
Porosity 0.15+ 0.01

It was possible to observe, that the BSG had a low bulk density, approximately
113 kg m3, a value close to that found in the literature, as by Cordeiro et al [33], who
reported density values that varied from 117 to 121 kg m=3. This low density value is
an important variable to be taken into account when dimensioning the cogeneration
system, since fuels with low density tend to fly into the boiler when air is injected into
the system to feed the flame, causing operational problems such as incomplete fuel
burning, plugging of valves and filters, among others.

Therefore, it is necessary to make some adaptations for the use of BSG as a
fuel in the direct combustion process, such as the production of pellets or billets. In
both processes, the density of the material is increased and high contact area is
maintained, which facilitates the burning of biomass. In addition, the low porosity of the
BSG (0.15, Table 3) makes the fuel compaction more efficient, due to the low amount
of empty spaces in the material.

For a cogeneration system in operation, some adaptations can be made to use
BSG as solid biomass, such as the use of a conveyor screw to feed the fuel from a
high point in the boiler, this means that from the moment the BSG starts entering the
system until it reaches the bottom of the boiler, the material will be burned in this path.

Another adaptation is the concomitant use of BSG biomass with other fuels,
such as wood chips, the mixture of fuels increases the general density of the fuel and
the burning can be carried out without many adaptations to the system, in addition to
reducing the use of wood as a fuel, causing a positive impact on the environment.

Fagnani et al. [39], reported the concomitant use of flocculated sludge with

wood chips to generate energy in a poultry slaughterhouse, through direct combustion
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in a boiler. The mixture between the two fuels allowed both the saving of wood and a
use for the sludge that until so it needed a separate treatment for disposal.

Therefore, a study was carried out using different mixtures between BSG and
wood chips (Table 4) to evaluate the effect of the combination in main variables of this

study and the possible use of the mixture in a cogeneration system.
TABLE 4 - MASS COMPOSITION OF THE BSG AND WOOD CHIPS SAMPLES USED IN THE TESTS.

Mass proportions (%)

Assays BSG Wood chips
1 80 20
2 60 40
3 40 60
4 20 80

3.5 IMMEDIATE ANALYSIS

Fig. 4 shows the results obtained for the immediate analysis of the BSG, wood

chips and mixtures.
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FIGURE 4 - IMMEDIATE ANALYSIS FOR THE SAMPLES.
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Results are averages of three repetitions with deviation standard estimates. Same lower case letters
do not differ between tests (p < 0.05) [ANOVA and Tukey test].

Looking at Fig. 4 A), the moisture content of mixtures is lower than that BSG
itself, this occurs since the wood chip has moisture almost three times lower than BSG
causing the moisture in the mixtures to turn to be less, this reduction positively affects
the efficiency of the boiler. It was also possible to observe that for the mixtures there
was no statistically significant difference between the assays at a level of significance
of 5%.

This reduction in the value of the parameter when compared to the BSG was
repeated with the ash content, as shown in Figure 4 B). The value of ash content of
the mixtures was also lower than that of wood chips, between Assay 1 and Assay 2,
there was no significant statistical difference at a level of 5%. This reduction in ash
content is an extremely important parameter since the ash directly affects the useful
life of a cogeneration system, the accumulation of ash in the system can cause fouling

and other problems inside the boiler, so fuels that generate a small amount of ash must
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be chosen [21, 62]. In addition, the ash generated during burning is a waste that often
does not have correct disposal and can become a problem for the environment [63-
64].

In Fig. 4 C), the values for the volatile content did not show as much difference
between the mixtures and the BSG, with only a significant increase in the volatile
content concerning the wood chips. The volatile materials content of BSG and Assays
1 and 2 showed no significant statistical difference at a level of 5%. It is worth
mentioning that the increase in the volatile material content of wood chips when mixed
with BSG is an extremely important point, since the substitution of wood by biomass,
in addition to saving the use of a substrate that is removed from nature, promotes
better stability for the boiler.

Fig. 4 D) shows the data obtained for the fixed carbon content of the samples,
there was a noticeable reduction in the value between the wood chip and Assay 1, this
indicates the clear influence of the BSG in the mixture, promoting a reduction of
approximately 77%. This decrease is important, since fuels with a high fixed carbon
content tend to have their energy efficiency reduced [21].

In general, the mixture between BSG and wood chips had a positive influence
on the variables studied in the immediate analysis, and it is worth highlighting Assay
1, where the mass ratio was 80% BSG to 20% wood chips, that had all the best results

among the assays.

3.6 CALORIFIC VALUE EVALUATION TESTS

Fig. 5 shows the results obtained for the calorific value tests of the BSG, wood

chips and mixtures.
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FIGURE 5 - CALORIFIC VALUE ANALYSIS FOR THE SAMPLES.
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Results are averages of three repetitions with deviation standard estimates. Same lower case letters
do not differ between tests (p < 0.05) [ANOVA and Tukey test].

It was possible to observe that the calorific value of the samples as a whole
did not have much variation. The value of the gross and lower calorific value of the
mixtures was higher than that of wood chips, which shows the positive effect of adding
BSG to wood. It is worth mentioning that between BSG and Assay 1 there was no
significant statistical difference at a level of 5%, this fact signals that the mixture in
Assay 1 among all tests was the one that presented the best energy efficiency, with
GCV =20.05 MJ kg' and LCV = 17.71 MJ kg™".

Thus, taking into account all the experiments carried out and the parameters
determined, the mixture of 80% of BSG with 20% of wood chips from Assay 1, was the
one that presented the best set of results for the application of BSG as solid biomass
in a direct combustion process in a boiler of a cogeneration system, with a low ash
content (~ 0.39%), high volatile material (~ 97.35%) and high lower calorific power (~

17.71 MJ kg™"), inherent parameters of good fuel.

3.7 ASH COMPOSITION ANALYSIS

The results obtained for the EDS analysis of the ashes from Assay 1 are shown
in Table 5.
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TABLE 5 - INORGANIC COMPOSITION OF THE MIXTURE BETWEEN BSG AND WOOD CHIPS.

Oxide (wt% of ash)
A|203 Na20 MgO Kzo SiOz CaO P205
Assay 1* 10.61 1.35 1.22 6.62 19.40 9.08 1.16
*Assay 1: 80% of BSG and 20% of wood chips.

Sample

As previously mentioned, it is important to have information about the
composition of the ashes, as it provides us with important information about possible
negative effects that may occur inside the boiler in a cogeneration system, such as for
example fouling, corrosion and slagging.

The presence of alkali and alkali earth metals such as Na, K, Mg and Ca in the
composition of the fuel ash can be a factor that causes oxidative corrosion process on
the surface of the boiler, since during the combustion of the biomass, chlorine can be
released in the form of HCI or Cl2 and react with alkali metals to form volatile alkali
chloride in the gas phase [21, 65]. In addition, the vast majority of alkali metals in
gaseous form are deposited and condensate on the surface of the boiler at a lower
temperature. Thus, they trap solid particles in the flue gas, which leads to serious
corrosion, fouling and slagging, implying losses along with the heating exchanger
inside the boiler, causing a loss in the energetic efficiency in cogeneration systems [21,
66].

However, as seen in Table 5, the ash from the burning of the mixture in this
study does not contain chlorine in any amount, which leads us to believe that the fact
mentioned above, will hardly occur, also emphasizing that the mass fraction of alkali
type metals it does not exceed 15% of the total ash mass.

Moreover, the simultaneous burning of BSG with wood chips produced high
levels of Si and Al in the ashes, 19.40 and 10.61%, respectively. In general, most alkali
metals exist in the form of low reactivity aluminosilicates with a high melting point,
which makes the content of chlorine and viscosity of the ash deposition lower, which

means that the corrosion by ash deposition is slowed down [67-68].
3.8 ECONOMICAL EVALUATION
As illustrated in the previous topics, the use of BSG as a fuel for the boiler in a

cogeneration system has extremely positive impacts for the brewing industry, such as

the use of its main waste for electrical energy generation, reducing the cost of
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processing this waste, once that it will be used within the plant itself, reducing costs
with the usual boiler fuel, i.e. wood chips, and consequently decreasing the global cost
of the energy industry. Since BSG is produced in large quantities at a minimum price
and generates the same amount of energy, as the fuel that it previously had a cost,
whether economic or environmental.

In this sense, an economic study was carried out to evaluate the impact of the
use of the mixture between BSG and wood chips (Assay 1, Table 1) under the costs
of steam and energy generation in an industrial cogeneration system. For this,
Equations 4 and 5 adapted from Hugot [69] and the considerations made and

presented in Table 6 were used.

my hy - my, hy, (4) my — (hy — hy) (5)

— m —3
i mr He F n He

where: n (%) is the boiler efficiency, mv (kg h™') mass flow rate of steam, hy (3,423.10 KJ kg™') steam enthalpy, mw
(kg h'") mass flow rate of water, hw (335.08 KJ kg™') water enthalpy, mr (kg h™') mass flow rate of fuel, Hr (KJ kg™)
fuel lower calorific value.

TABLE 6 - ASSUMPTIONS FOR THE DIMENSIONING OF STEAM PRODUCTION IN THE
COGENERATION SYSTEM.

Input Amount Unit
Steam generate 1,000 Kg h-
Steam temperature 500 oC
Water temperature 80
Steam pressure 60 bar
LCV of Wood chips 14.17 MJ kg
LCV of Assay 1 17071
Operational days 270 days year'
Active operating 20 h day!
Steam use for heating 250 Kg h-
Isentropic efficiency of the steam turbine 60 %

In possession of the data of the considerations and using Equation 4, an
efficiency value for the boiler of approximately n = 80% was obtained, this value is
close to that found in the literature when a cogeneration system using biomass as fuel
was used [70-72]. Then, the amount of fuel needed to produce 1,000 kg h-! of steam
was determined using Equation 5.When wood chips were used, approximately 243 kg
h-1 of fuel was required, whereas for the mixture of Assay 1 was used approximately
218 kg h™! of fuel, a reduction around of 10% in the total volume of fuel.

However, of the 218 kg h' of fuel needed to produce 1,000 kg h' of steam,
only 20% of the mass was wood chips, which is around 44 kg h-', so the reduction was

approximately 82% in the use of wood chips, which is an expressive value if we take
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into account that the wood chips come from the exploitation of eucalyptus through the
cutting of trees and their consequent processing, this reduction represents a positive
carbon balance for the environment, since the deforestation will be slowed down,
maintaining a balance between the local fauna and flora.

From an economic point of view, the balance of costs and profits for the use of

BSG to generate steam through a cogeneration system is shown in Table 7.

TABLE 7 - ECONOMICAL BALANCE FOR THE PRODUCTION OF STEAM USING BSG AS FUEL
FOR BOILER DURING A DAY.

System Fuel Quantity Unit cost Total cost
(kg day™") (USD kg™) (USD day™)
Scenario A Conventional 100% Wood chips 4,860 3.50 17,010
Scenario B Mixture 20% Wood chips 880 3,080
80% BSG 3,480 none -

Observing Table 7, to meet the production demand of 20,000 kg day' of
steam, 4,860 kg h' of wood chips will be necessary for a system that uses only this
fuel, which generates a daily cost of approximately USD 17,010.00. While for a system
that uses a mixture of wood chips and BSG in a ratio of 1:4, the same demand can be
met with just 880 kg h-! of wood chips, which would generate a cost of USD 3,080.00,
a reduction of approximately USD 13,930.00 in fuel costs daily and annual savings of
approximately 3.8 million US dollars.

If we take into account that of the 20,000 kg day-! of steam produced, 5,000
kg day' was used in the form of steam to generate heat and the remaining 15,000 kg
day! were used to run a turbine with an efficiency of 60%, approximately 149 kWh day-
' of electricity would be generated, which can be used for internal supply to the industry
or sold to the electricity grid as surplus.

It is worth mentioning that all values for all variables were assumed in order to
illustrate the significant reduction in the amount of wood chips used and also in fuel
costs. The data in Table 6 can be adapted to the particular situations of each industry

and consequently the values can vary.

4 CONCLUSIONS

The determination of the physical, chemical and energetic parameters for the
brewers’ spent grain, aiming the use in an energy cogeneration system was carried

out. The analyzes were carried out taking into account the eucalyptus wood chip as a
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control sample and a means of comparison, since there are few studies that address
the use of BSG as a fuel for cogeneration.

According to the results presented, the BSG showed a moisture content of
77.86%, ash content of 0.52%, volatile material 95.94%, fixed carbon of 3.57%, the
mean particle size of 0.28 mm, a density of 113 kg m?3 and a lower calorific value of
17.84 MJ kg™'. This group of characteristics pointed out that BSG can be used as a fuel
for direct combustion in a boiler in a cogeneration system.

Tests were carried out combining different proportions of BSG and wood chips
in order to study whether the mixture of these fuels would bring beneficial results for
the generation of energy and its influence on the cogeneration system. It was observed
that the proportion between 80% of BSG and 20% of wood chips showed satisfactory
results to be used as boiler fuel instead of using only wood chips and/or BSG, such as
a low amount of ash, approximately 0.39%, high content of volatile material 97.35%
and a high lower calorific value of approximately 17.71 MJ kg™".

Combined with these characteristics, the ash from the burning of the mixture
between BSG and wood chips, generated a residue that has a low concentration of
alkali metals and a high concentration of aluminosilicate species, both of which cause
fouling, corrosion and slagging processes inside the boiler to be slowed down, thus
increasing the useful life of the system and its energy efficiency.

Finally, from a technical and economic point of view, the concomitant use of
wood chips and BSG in the proportion of 1:4, promoted a reduction of 82% in the use
of wood. In addition to having the potential to generate 20 ton day~' of steam and
approximately 149 kWh day' of electricity, saving approximately 3.8 million US dollars

annually.
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CHAPTER Il

Use of residual ashes from biomass burning process from brewer
industry in production of activated carbons for adsorption processes

ABSTRACT

In this work activated carbons were synthesized from residual ashes of brewers spent
grains burning process and were used for indigo carmine dye adsorption. The ashes
were chemical activated using three types of reagents, HNO3, Hz3PO4 and KOH and
the structure, morphology and surface of the adsorbents were characterized by
different techniques. The adsorbent synthesized with H3POas displayed the best
performance in removing dye molecules in 10 mg L-! solution, with a removal rate of
approximately 98% when using a concentration of 0.5 g L-! in a particle size of 0.088
mm. The surface area of the ashes enlarged from 120.3 to 605.1 m? g”' when H3PO4
was used as an activator, producing a high quality adsorbent, with an excellent cost
benefit, being it possible to be produced for a price of 9.35 USD kg, and it can be
reused up to four times. The Redlich-Peterson isotherm model provided a better fit to
the experimental data for indigo carmine dye adsorption on the adsorbent, and the
maximum adsorption capacity was approximately 100 mg g’ according to the
Langmuir model. The kinetic study showed that the adsorption process occurred in two
stages and the pseudo-first order kinetic model better described both. The
thermodynamic parameters involved in the adsorption mechanism, showed that it was
a spontaneous and favorable process, and due to its endothermic nature, an increase
in temperature leads to an increase in the amount of indigo carmine dye molecules
adsorbed.

Keywords: Indigo carmine, green synthesis, malt bagasse, food dye, food waste, beer
production.

Manuscript elaborated and formatted according to the guidelines of scientific
publication, submitted to the journal Chemical Engineering Journal. Available at:
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1 INTRODUCTION

Residual ash is formed by the process of burning fuel in boilers, during the
burning process the produced ash falls onto the bottom of the boiler, called the ashtray,
these ashes are classified as bottom ash, part of the ashes produced are also carried
by air in the process and end up getting trapped in the boiler filters, these ashes are
classified as fly ash [1-2]. Between the years 2017 to 2018, countries like India, China,
United States and Germany, produced approximately 350 million tons of residual ash,
and the estimate is that worldwide it has exceeded 700 million tons [1, 3].

Usually the residual ashes from the burning process are used on an industrial
scale for the production of construction materials, such as portland cement and
refractory bricks, however the unused parts of this waste end up being stored in an
area of the industry, or disposed of as garbage, which can lead to the degradation of
the local soil and create a possible risk for ground water bodies [4-6].

Studies in the literature have investigated the use of these residual ashes for
the production of zeolitic material [7-8]. However, the cost of the process and the
difficulty in synthesizing a material with a well-defined structure makes this use very
little explored [9-10]. Alternative uses for these ashes such as the production of
adsorbent materials, especially activated carbons, end up being a viable alternative to
be explored, since these materials are produced at a low cost and have favorable
characteristics for the production of an adsorbent. [11-12].

Overall, these residual ashes have the characteristics necessary to serve as a
good adsorbent, such as a high concentration of minerals, especially carbon, silicon
and aluminum and high volatile content, which helps generate a rich pore structure
[13-14]. This means that extremely efficient and low cost adsorbent materials can be
obtained, once the raw material is a residue and can easily be turned into an adsorbent
material [15].

Carbon based materials can be activated through various methods and
techniques, such as chemical activation with nitric acid, phosphoric acid, potassium
hydroxide, potassium carbonate or physical activation with steam, carbon dioxide,
ozone and others [16-22]. Before choosing an activation method, some factors require
special attention, such as the cost and time spent to synthesize the material, the
necessary equipment, the degree of difficulty of the synthesis, the type of reagent used

and its toxicity and especially the characteristics of the material produced [13, 23].
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Observing these factors, chemical activation becomes a viable alternative,
since they produce materials with a high micropore content and high surface area,
which can be used for the adsorption of high molecular weight species, such as azo
dyes. In addition, most reagents have low toxicity, activation occurs in a low reaction
time and in a low temperature around 300-400 °C, which optimizes the synthesis
process and reduces energy and personnel costs. Besides, the reagents needed are
most often inexpensive, which reduces the global cost of the process [13, 19, 24-26].

For the treatment of liquid industrial effluents, usually primary treatments are
used, such as coagulation, flocculation and sedimentation, these treatments are
classic and highly studied by the literature [11, 27-28]. However, they demand high
areas for construction, their use is directed to high volumes of effluent and
consequently uses high amounts of material to perform the treatment of the effluent
and generate high volumes of sludge that need further treatment [29-31]. In addition,
they are often unable to remove the molecules responsible for giving color to the
effluents, such as dye molecules, which makes other treatments steps necessary,
elevating the time and cost of the process [32-33].

The adsorption process is an alternative to traditional methods since it has
demonstrated to be efficient, simple to operate, with a low operational cost, zero sludge
production, no chemical requirement and extremely competent in discoloration
processes, in addition to being able to reuse the industrial waste in form of activated
carbon [32, 34-35].

The adsorption of industrial effluents, especially from the food industry, has
been studied in the literature in recent years and the results are in most cases more
satisfactory than other processes, which makes adsorption using activated carbon an
emerging technology that the industry may start to adopt for the treatment of its liquid
waste [11, 32, 36].

Thus, the aim of this study was the synthesis and characterization of activated
carbons obtained from residual ashes of brewers spent grains (BSG) burning process

and application in ad sorptive processes of food dye Indigo Carmine.
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2 MATERIALS AND METHODS
2.1 RAW MATERIALS PREPARATION

The material used for the preparation of the adsorbents came from the use of
biomass produced by the brewing industry, brewers’ spent grains, during the
production of lager beer, in the north region of the state of Parana, Brazil, the BSG
were used as fuel to generate steam in a boiler where the biomass was burned mixed
with woodchip and the residue generated by the burning process, bottom ash, was
used as raw material for the production of the adsorbents. The process of obtaining

the ashes is shown in Fig. 1.

FIGURE 1 - SCHEME FOR OBTAINING THE RESIDUAL ASHES USED IN THE PRODUCTION OF
THE ADSORBENTS.

[ Brewery process ] + Heer

Brewers' spent graims Brte S0 = 20 % WE
IERTey] |

[ Bodler ] + Sienim

Residual ashes
(RAS)

Once the ashes were obtained, a sample of the material was used to evaluate

its adsorptive capacity and its morphological, structural and surface characteristics.

2.2 ACTIVATED CARBON PREPARATION

The residual ashes were chemical activated using three methods to obtain the
activated carbon: (a) activation with potassium hydroxide (KOH), (b) phosphoric acid
(H3POa4) and (c) nitric acid (HNO3).

The activation using KOH was adapted from Lua and Yang [37], 20 g of ashes

were mixed with the same proportion of solid KOH (P.A), mechanically agitated for 30
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minutes and left to rest for 8 h to complete the impregnation process. After that, the
material was dried in the oven at 110 °C for 12 h. Then, the sample was carbonized at
400 °C for 3 h with a temperature ramp of 5 °C min-'. At last, the sample was washed
with HCI solution (0.1 mol L") until pH = 7 was reached, to remove excessive liquid,
the sample was dried in an oven at 105 °C for approximately 4 h or until it got
completely dry.

The activation using HsPO4 was adapted from Patnukao and Pavasant [38],
firstly, 20 g of ashes were mixed with HsPO4 solution (85% m/v) in a proportion of 1:1
(w/v), then the mixture was agitated for 5 min and left to rest for 8 h. Then, the material
was washed with approximately 150 mL of distilled water to remove the excessive acid
and dried at 110 °C for 12h. Thereupon, the sample was carbonized at 400 °C for 3 h
with a temperature ramp of 5 °C min-'. Lastly, the sample was washed with NaHCOs3
solution (2% m/v) until pH = 7 was reached, the sample was dried in an oven at 105
°C for approximately 4 h.

The activation using HNO3s was adapted from Rios et al. [39], 20 g of ashes
were treated with 100 mL of concentrated HNOs (P.A) under reflux at 80 °C for 6h.
After reflux, the material was washed with heated distilled water to remove the
excessive acid until approximately pH = 7, to remove excessive liquid the sample was
dried at 105 °C for 6 h. Then, the sample was carbonized at 400 °C for 3 h with a
temperature ramp of 10 °C min-".

The adsorbents obtained were stored in vacuum packages at room
temperature and labeled according to the activation method: Residual ashes (RAs),
KOH (KOH), HNO3 (HNO3) and H3PO4 (POa4).

2.3 ACTIVATED CARBON CHARACTERIZATION

The morphology was observed on scanning electron microscopy with energy
dispersive spectroscopy (VEGA3 - TESCAN) using double-sided carbon tape and
metallized with a thin layer of gold (5 nm, 35 mA). The N2 adsorption/desorption
isotherms were measured on a sorption analyzer (NOVA 2000e - Quantachrome
Instruments). The surface area, pore volume and pore diameter were calculated from
the Brunauer-Emmertt-Teller (BET) method, and pore size distributions were
calculated with the Barret-Joyner-Hallenda (BJH) method. The materials structures

were studied by Fourier transform infrared spectroscopy measuring diffuse reflectance
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from 4,000-10,000 cm™' (BRUKER - TENSOR 37). The surface charge distribution was
determined by the point of zero charge (PZC) [11].

2.4 ADSORPTION EXPERIMENTS
2.4.1 Preliminary tests

Preliminary adsorption assays were performed to evaluate the adsorptive
capacity of the materials in the removal of Indigo carmine (IC) dye (Fig. 2) in aqueous
solutions, varying some parameters such as, activation method, particle size and

concentration of the adsorbent.

FIGURE 2 - INDIGO CARMINE DYE STRUCTURE.

(m. wt. = 466.36 g mol'; Amax = 609.5 nm)

In the activation method test, it has been evaluated the effect of the different
methods of activation on the adsorptive capacity of the materials, in addition to
comparing the synthesized materials with commercial activated carbons (Synth,
particle size 4um and 5 mm) used in adsorption reaction in industries. The effluent
volume was 50 mL, adsorbent concentration (Cads) was 1 g L', dye concentration at
10 mg L', pH of a solution at 7.2 and reaction time (trea) of 12 h, these parameters
were constant during all tests.

With the material that obtained the highest percentage of removal of the dye
in solution during the test of the activation methods, a granulometric test was carried
out to evaluate the effect of the different particle sizes on the adsorptive performance
of the materials, the particle diameter evaluated varied between 0.088-0.168 mm.

Lastly, with the other parameters determined, the concentration of the
adsorbent was varied in order to find which value would have the greatest significance
in removing the dye from the solution, so the values were varied between 0.5-10 g L.

All tests were performed in an orbital shaker (TE-4200 Tecnal) at room
temperature of 25 °C. The adsorptive capacity of the material was evaluated by

removing the dye molecules present in the solution by the adsorbent, according to
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Equation 1, using an UV spectrophotometer (model EEQ-9006, Astral Scientific) at the

maximum wavelength of the dye at 609.5 nm to determine concentrations.

R= (COC;C) 100 (1)

where: R (%) is the percentage of removal of the IC dye from the solution by the adsorbent, Co (mg L") is the initial
concentration, C (mg L") is the final solution concentration.

2.4.2 Adsorption kinetics

In order to determine the equilibrium time (te) for the adsorption assays with
the IC dye, a kinetic study was performed using 50 mL of dye solution at 10 mg L', pH
of solution at 7.2 and the adsorbent that obtained the best results during the preliminary
tests. Aliquots were collected in the first 1, 5, 10, 15 minutes, and then collected every
15 minutes until equilibrium time. The amount of dye adsorbed (qt) in the adsorbent

phase was determined using Equation 2.

Co - Ct

q, = (22 Vv 2)

m

where: qt (mg g') is the quantity of IC dye adsorbed at time t, Ct (mg L") is the time t concentration, m (g) is the
mass of adsorbent, V (L) is the volume of the solution of the IC dye.

Then, the theoretical value of the amount of IC dye adsorbed on the equilibrium
(ge) was determined using four kinetic models, the pseudo-first order, pseudo-second
order, Avrami and Elovich models and then compared with the experimental value
obtained of amount of IC dye adsorbed in equilibrium (geexp). Furthermore, the diffusion
mechanism of the IC dye in the adsorbent was investigated using the intra-particle

diffusion model, all equations are presented in Table 1.

TABLE 1 - KINETIC MODELS USED IN THE EXPERIMENT.

Model Equation Equation number References
Pseudo-first order = q,(1-e™1") 3) [40]
kg2t
Pseudo-second order %= 1+(koq,t) *) [41]
h =kpq,? (5)
Avrami 9= e(1-e("‘A‘)nA) (6) [42]

Elovich g, = % In(aBt) (7) [43]
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7
Intra-particle diffusion 9= (kip ti) +C (8) [44]

where: ge (mg g') is the quantity of IC dye adsorbed at equilibrium; ki1 (min-') pseudo-first-order kinetic
constant; t (min) reaction time; k2 (g mg~' min-') pseudo-second-order kinetic constant; h (mg g-!' min-')
initial adsorption rate; ka (min™) avrami kinetic constant; na exponent avrami of time; 8 (g mg")
desorption constant; a (mg g-' min-') initial adsorptive rate; kip (mg g' min-%) intraparticle diffusion rate
constant; C (mg L") dye initial concentration.

2.4.3 Adsorption isotherms

It has been studied the adsorption equilibrium mechanism between the
concentration of dye molecules (Ce) present in the liquid phase (solution), with the
concentration of dye molecules (qe) present on the surface of the solid phase
(adsorbent), through adsorption isotherms and the influence of temperature on the
maximum absorbent capacity of the materials. Experimental isotherm data were
collected at different temperatures of 288, 298, 308 and 318 K and then adjusted using
four models, Langmuir, Freundlich, Redlich-Peterson and Temkin, all equations are

shown in Table 2.

TABLE 2 - ISOTHERMS USED IN THE EXPERIMENT.

Model Equation Equation number References
- 9 kL Ce (9)
| %™ T+ (k Co)
Langmuir 3 [45]
ARG 19
1
Freundlich .= ke <Ceﬁ) (11) [46]
_ _ kg Ce
Redlich-Peterson 9,= 1+ (@ C bR) (12) [47]
de = B In (kr Ce) (13)
Temkin RT 48
B=—— (14) el

where: k. (L mg™) is Langmuir isotherm constant; gm (mg g') maximum monolayer adsorption; RL
(dimensionless) separation factor; Co (mg L") initial dye concentration; ke (mg g') Freundlich isotherm
constant; n (dimensionless) adsorption intensity; kr (L g')/ar (L mg+{'®)/br (dimensionless) Redlich-
Peterson isotherm constants; B (J mol-') adsorption heat constant; kt (L mg') Temkin isotherm constant;
R (8.314 J mol' K-') ideal gas constant; T (K) temperature; b (dimensionless) constant related to the
intensity of the adsorption.

2.4.4 Thermodynamic study
A thermodynamic study was carried out in order to improve the understanding

regarding the energetic changes involved during the adsorption process at different

temperatures. Enthalpy (AH°), entropy (AS°), free energy of adsorption (AG°) and
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activation energy (Ea) were calculated for a better understanding of the effects of the
parameters under the interaction mechanism between adsorbent and adsorbate
involved in the adsorption process. The equations of Van'’t Hoff, Gibbs—Helmholtz and
Arrhenius were used to determine the parameters mentioned above, and they are

shown in Table 3.

TABLE 3 - THERMODYNAMIC EQUATIONS USED IN THE EXPERIMENT.

Model Equation Equation number References
AS°®  AH°
Van’t Hoff = - 15
In(k)= = &7 (15)
Gibbs-Helmholtz AG® = AH® - T AS° (16) [49]
Arrhenius In (k') =InA - Ea (17)

RT
where: k (L mg) is isotherm constant with better R2; AS® (J mol' K-1) adsorption entropy; AH® (J mol')
adsorption enthalpy; AG° (J mol) free energy of adsorption; k' (min-') kinetic constant with better R2; A
(dimensionless) pre-exponential factor; Ea (kJ mol-') activation energy.

2.4.5 Batch test

After the adsorption tests, the parameters evaluated that obtained the best
adsorptive performance were adopted for batch tests. In order to maximize even more
the removal of the IC dye of the aqueous solution, a 22 complete factorial design was
carried to assess the influence of the parameter inherent to the solution on the
adsorptive capacity of the activated carbons. The variables studied are shown in Table
4.

TABLE 4 - CONTROL VARIABLES CONSIDERED IN 22 FACTORIAL DESIGN.

Variable Axial point Low Level Central point High Level Axial point
(2) (-1) (0) (+1) (+V2)
pH 3 4 7 10 11
Reaction 16 20 30 40 44
Temperature

2.4.6 Reuse test

In order to assess the useful life of the adsorbents and their recycling capacity,
a reuse test was carried out with the adsorbent that have behaved in the best way

during the adsorption tests.
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2.4.7 Cost analysis

A cost analysis of the adsorbent synthesis was performed, based on the
methodology of the Association for the Advancement of Cost Engineering [50].
Assumptions for scaled-up production costs comparisons were made from the
information presented in this study and considering only the processing of residual ash

to activated carbon.

2.5 CHARACTERIZATION OF ADSORBENTS AFTER ADSORPTION PROCESS

In order to evaluate the effect of the adsorption process on the morphology
and surface of the material after the adsorption tests, the activated carbon was once
again characterized by SEM and N2 adsorption/desorption isotherms with BET

analyzes.

2.6 STATISTICAL ANALYSIS

The results were expressed as mean + standard deviation. The factorial design
statistical analysis was performed to assess the effect of factors under the response
variable and the interaction was tested statically by ANOVA at a significance level of
0.05, and for the mean comparison, it was performed the Tukey test. In addition, the

response variable was optimized using the SIMPLEX method.

3 RESULTS AND DISCUSSION
3.1 ACTIVATED CARBON CHARACTERIZATION

Fig. 3 shows the SEM images obtained for the adsorbents.
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In Fig. 3, it was possible to observe that all the materials presented a rugged

surface with laminar and granular particles. The RAs, commercials and the PO4
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showed a high distribution of pores on the surface, characteristic of materials with
excellent adsorptive capacity as shown in previous literature [11, 51]. However, the
surfaces of materials activated with KOH and HNO3 do not have pores on their surface,
probably due to the type of activation that the material was submitted [37, 52].

In Fig. 3 d), some crack in the structure from the aggregation state of the
material can be observed, these cracks may be the result of the thermal process that
the adsorbent activated with HNO3 has undergone which may have caused a collapse
in the structure, generating these flaws [37, 53].

The EDS analysis allowed the determination of the elemental composition of

the adsorbents is shown in Table 5.

TABLE 5 - EDS ANALYSIS.

Element (%)

Adsorbent C 0 Si N P
Commercial 5 mm 86.35 13.23 0.42 - -
Commercial 4p 89.06 10.78 0.16 - -
RAs 77.41 20.95 0.55 - 1.09
HNO3 32.53 50.55 8.43 8.49 -
KOH 61.27 35.82 2.91 - -
PO4 54.47 30.72 1.74 - 13.07

In general, carbon was the major element in the composition of adsorbents,
indicating that the materials were carbonized throughout the synthesis process; the
high carbon content can also be an indication that the material has the adsorptive
capacity [11]. The presence of oxygen was also expected, since the carbonization of
the materials was done in the presence of air. Silicon and phosphor come from the
inherent composition of the ash source, since barley and brewers’ spent grains are rich
in this mineral [54]. The presence of nitrogen comes from the reagent used during
synthesis, as well as the high phosphorous value in the PO4 sample.

Fig. 4 shows the N2 adsorption-desorption isotherms for the adsorbents

obtained.
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In Fig. 4 a), b) and c) the isotherms resembled the Type |, a typical

characteristic of microporous materials, while the isotherms in Fig. 4 d), e) and f)

resembled the Type I, characteristic of microporous and mesoporous materials [55-

56]. This shift in the isotherm format occurred after the activation of the material, where

the volume of N2 adsorbed decreased, probably due to the interaction between the

base material and chemical/thermal reactions that occurred during the activation

process, modifying the surface structure of the materials, especially the shape and

depth of the pores. Authors like Benedetti et al., Su et al. and Song et al., reported

similar behavior regarding the shift in isotherm format and adsorptive volume [57-59].

The pore distribution for the adsorbent are shown in Fig. 5, it was possible to

observe that the pore size distribution is concentrated in the range of approximately

1.8 nm, a range considered as micropore and commonly found in works that used

activated carbon as adsorbent [14, 60-61].
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FIGURE 5 - BJH PORE SIZE DISTRIBUTION ANALYSIS
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Table 6 shows the BET surface areas (So), mean pore diameter (dp) and pore

volumes (Vp) of the different adsorbents analyzed in this study.

TABLE 6 - TEXTURAL PROPERTIES OF THE ADSORBENTS.

Adsorbent S. (m? g) Vp (cm? g) dp (nm)
Commercial 5 mm 587.5 0.33 1.10
Commercial 4p 519.7 0.37 1.30
RAs 120.3 0.20 1.25
HNOs 133.7 0.09 2.88
KOH 124.8 0.05 2.52
PO4 605.1 0.01 2.01

It was possible to observe, that all surface area values increased after the
process of activation of the residual ash, for example, the activation process using
HsPO4 promoted an increase of almost six times higher, this increase on the surface
area after the activations shows that the methods are chosen, somehow managed to
improve the surface characteristics of the base material.

It is also worth mentioning that the PO4 adsorbent obtained a higher value of
surface area than the commercial adsorbents used as a control, which shows that this
synthesis method is effective and can generate high quality adsorbent materials.

By observing the pore diameter values, it was possible to determine that the
commercial materials and the RAs sample had a pore diameter characteristic of
micropore material (dp < 2 nm), while the other samples had slightly higher values,

falling in the mesoporous materials range (2 < dp < 50 nm), these results corroborate
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with those obtained in the isotherms of Fig. 4. The values obtained in this study are

similar to those found in the literature and are shown in Table 7.

TABLE 7 - LITERATURE RESULTS COMPARISON OF ACTIVATED CARBONS FROM BIOMASS.

Precursor BET surface area Chemical Activation Reference
(m2 g™) activator Temperature (°C)
Residual ash 605.1 H3PO4 400 This study
Macadamia nut 598.0 ZnClz Microwave [62]
P. oceanica fibers 502.9 KOH 600 [63]
Coffee grounds 640.0 H3sPOq4 600 [64]
Rice husk residue 585.0 H3POq4 400 [65]

Fig. 6 shows the FTIR spectra for the adsorbents obtained.

FIGURE 6 - NEAR INFRARED SPECTRUMS (NIR) OF THE ADSORBENTS AND SECOND
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In Fig. 6 a) and b) the spectrum was divided into two regions, where there were
expressive bands between 7,400 and 7,065 cm™! (15t region) with a maximum at about
7,231 cm'is characteristic of the first stretching overtone of hydrogen-bonded hydroxyl

groups (O-H) (carboxyls, phenols or alcohols) and linked to the water adsorbed in the
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activated carbon [17, 66]. The second region, with bands between 5,500 and 5,100
cm™! with a maximum at about 5,410 cm™' is characteristic of the second stretching of
carbonyl groups (C=0) of ketones, aldehydes or carboxyl groups [67].

In Fig. 6 c) the spectrum was divided into three regions, the first and second
regions are similar to the ones in Fig. 6 a) and b), however the third region with bands
between 4,710 and 4,210 cm™" with a maximum at about 4,333 cm-" is characteristic of
the combination between C-H + C-H groups (methyl, methylene or methine), which
indicates the presence of a carbon structure in the material [68].

While in Fig. 6 d) the spectrum was divided into four regions, again the first
and second regions are similar to the ones in Fig. 6 a) and b), the third region with
bands between 5,040 and 4,560 cm', with a maximum at about 4,756 cm™ is
characteristic of the combination band of N-H (amine, amide or nitroderivate), the
presence of nitrogen groups comes from the synthesis with HNO3 [68-69]. The fourth
region is similar to the third region of Fig. 6 c).

The results of the PZC analysis are shown in Fig. 7, IC dye solution pH = 7.2

at a concentration of 10 mg L.

FIGURE 7 - PZC ANALYSIS.
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The point of zero charge, evaluates the behavior of the surface of the
adsorbent, it may suggest the inclination of the surface of a material as to its acidity or

basicity, indicating that the material is negatively charged when the pHpzc is higher
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than the pH of the solution or positively charged when the pHezc is lower than the pH
of the solution [11].

It was possible to observe in Fig. 7 that the adsorbent presented different
values of pHpzc, consequently different surface charges, for Commercial 5 mm, HNOs3
and KOH the pHpzc it was higher than the pH of the solution, which indicates that the
surface is negatively charged, in that way causing cations to be adsorbed to the
material surface to balance the negative charges.

While the other activated carbon presented a pHpzc lower than the pH of the
solution, which indicates that the surface is positively charged and leads to the
attraction of negatively charged species, it is known that dye molecules present free
electrons in their structure, so there is a tendency to have a negative charge,
contributing to the adsorption process [70].

3.2 ADSORPTION EXPERIMENTS
3.2.1 Preliminary tests

Fig. 8 shows the results of the preliminary tests.

FIGURE 8 - PRELIMINARY TEST RESULTS: A) ACTIVATION METHOD; B) PARTICLE SIZE AND
C) ADSORBENT CONCENTRATION.
(PARAMETERS: Co =10 mg L, Cass = 1 g L, trea = 12, V = 50 mL, pH = 7.2, T = 25 °C)
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Results are averages of three repetitions with deviation standard estimates. Same lower case letters
do not differ between tests (p < 0.05) [ANOVA and Tukey test].
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In Fig. 8 a), it was possible to observe that the activation method had an
influence on the removing value of IC dye from the solution. Commercial 4p and H3PO4
were the samples that had the highest removal values, 90.23 and 98.09 %,
respectively. This great performance is linked to the characteristics of the material,
such as high surface area, high pore distribution and positive surface charge; all of
these parameters make the materials to be great adsorbents.

However, the other materials presented unsatisfactory results, with less than
25% of IC dye removal. Commercial 5 mm, KOH and HNO3 had the lowest removal
values, 9.19, 4.21 and 1.15 %, respectively. This low discoloration rate is due to the
surface charge of these materials, it presents a charge equal to the effluent, which
ends up causing the charges to be repelled and consequently hamper the adsorptive
process, even with other favorable characteristics such as the presence of pores and
high surface area.

With the results obtained in the activation method test of Fig. 8 a), the
adsorbent activated with HsPO4 was chosen as the study material and from this
moment on, all tests were performed with it.

Fig. 8 b) shows the results obtained in the granulometric test of the POa4
adsorbent, it was possible to observe that the particle size influenced the removal of
the IC dye from the solution. The test with 0.595, 0.42, 0.088 mm and bottom, showed
no statistical difference between the samples at a 5% level of significance, therefore,
the granulometry that presented the highest discoloration value, 0.088 mm, was
chosen.

In Fig. 8 c¢) all chosen PO4 concentration showed discoloration higher than
97% for the IC dye solution, with the intention of using the least amount of adsorbent
in order to save material and money, it was chosen to use the adsorbent concentration
of 0.5 g L, since 97.15% of dye removal is a value considered high and commonly
found in the literature [26, 51].

With the preliminary tests done, the best parameters of each test were adopted
from here for all the assays in this study. Summing up, chemical activation with H3PO4,
in particle size of 0.088 mm and in the concentration of 0.5 g L', obtained the best

removal results for the IC dye solution at 10 mg L.
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3.2.2 Adsorption kinetics

Fig. 9 shows the results of the adsorption kinetics obtained for the tests with
IC dye using the kinetic models and in Table 8 the parameters obtained during the data

adjustment.

FIGURE 9 - ADSORPTION KINETIC FOR IC DYE SOLUTION.
(PARAMETERS: Co=10mg L, Cass =0.5g L', V=50 mL, pH=7.2, T = 25 °C)
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TABLE 8 - KINETIC PARAMETERS OF THE EXPERIMENT.

Co OeExp Pseudo-first order Pseudo-second order
k1 Je R? RMSE k2 Qe h R? RMSE
0.05 19.51 0.98 0.001 0.01 18.62 3.47 0.82 0.002
Elovich Avrami
10 19.85 B a R? RMSE ka Qe na R? RMSE
0.25 5.07 0.94 0.001 0.04 20.27 0.69 0.96 0.007
Intra-particle diffusion’ Intra-particle diffusion?
kip (o R? RMSE Kip C R? RMSE
2.27 1.07 0.98 0.007 0.56 13.71 0.83 0.003

It can be observed in Fig. 9 a), that the kinetics of the dye was quick in the
initial stage of the adsorptive process, where approximately 50% of the total dye in the
solution was adsorbed in the first 15 min and from time, te = 105 min the adsorptive
equilibrium was reached with the quantity of IC dye adsorbed, ge = 19.85 mg g

The pseudo-first order model (eq. 3) was noted to be more suitable for the
adsorption data according to the relatively high correlation coefficient (R? > 0.98)
shown in Table 8, also, the kinetic rate was the highest with k1 = 0.05 min-'. In addition,

the ge values obtained theoretically by the pseudo-first, pseudo-second (eq. 4) and
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Avrami (eq. 6) models, deviated from the experimental value by 1.7, 6.6 and 2.1%,
respectively, which shows that the models fit well with the data, providing a reliable
estimative.

The intra-particle diffusion model (eq. 8) for the adsorption of IC dye molecules
on the PO4 adsorbent, is given in Fig. 9 b), and illustrates that more than one process
was involved in the adsorption process. The first stage (rapid removal, kip = 2.27 min-
1) could be attributed to boundary layer diffusion, where the dye molecules present in
the liquid phase are transported to the solid surface of the adsorbent by external mass
transfer factors and the following equilibrium stage (slow removal, kip = 0.56 min")
could be ascribed to the diffusion of IC dye molecules into the pores of the adsorbent
[71-72]. In Fig. 10, it was possible to observe how the discoloration process occurred

throughout the kinetic assays.

FIGURE 10 - ADSORPTION KINETIC FOR IC DYE SOLUTION AT 10 MG L.
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3.2.3 Adsorption isotherm

Fig. 11 shows the results of the adsorption isotherm obtained for the tests with
IC dye using the equilibrium models and in Table 9 the parameters obtained during the

data adjustment.
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FIGURE 11 - ADSORPTION ISOTHERM FOR IC DYE SOLUTION.
(PARAMETERS: Cags = 0.5 g L, teq = 105 min, V = 50 mL, pH = 7.2)
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TABLE 9 - ISOTHERM PARAMETERS OF THE EXPERIMENT.
Langmuir Freundlich
T (K)
Om ko RL R? RMSE kr n R? RMSE
288 56.47 0.09 092 0.97 0.02 11.63 2.89 0.90 0.04
298 65.78 0.07 093 0.98 0.02 11.23 2.62 0.91 0.05
308 92.46 0.04 096 0.98 0.03 9.95 2.15 0.94 0.05
318 100.00 0.04 096 0.97 0.05 8.64 1.89 0.97 0.05
Redlich-Peterson Temkin
T (K)
R ar br R? RMSE B kr R? RMSE
288 3.92 0.03 117  0.98 0.02 10.63 1.44 0.94 0.03
298 3.21 0.01 1.34 0.99 0.01 12.46 1.13 0.93 0.04
308 3.17 0.01 1.27  0.99 0.02 16.63 0.81 0.92 0.06
318 3.04 0.01 1.20 0.99 0.02 19.48 0.69 0.91 0.08

In Fig. 11 it is possible to observe that all the equilibrium curves followed the

same trend. While the initial dye concentration increased, the amount of dye molecules

adsorbed in the material surface also increased, followed by a plateau formation, from

the concentration of 40 mg L' onwards, representing a monolayer formation on the

adsorbent surface. In addition, the isotherms presented a concave shape, this

suggests they are favorable; that is, there is a great affinity between adsorbent and

adsorbate [72-73].
Observing the isotherms, it resembles type H isotherms according to Giles et

al. [74], in this type of isotherm, the solute (dye molecules) has such high affinity with

the adsorbent that in dilute solution, in this case 10 mg L™, it is completely adsorbed

and the initial part of the isotherm is vertical. Usually the adsorbed species are large
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units, i.e., azo dyes, cyanine dyes, polymeric molecules, in this study it is the Indigo
carmine food dye.

In Table 9, when observing the values of the correlation coefficient (R?) and
the square-root-mean error (RMSE), it was possible to note that the Redlich-Peterson
model (eq. 12) was better adjusted to the equilibrium experimental data with R? > 0.98
and RMSE < 0.02.

It is also important to remark that the Langmuir model (eq. 9 and 10) presents
important parameters on the equilibrium reaction mechanism, such as the maximum
amount of adsorbate in monolayer, which for temperatures of 288, 298, 308 and 318
K, gm was equal to 56.47, 65.78, 92.46 and 100 mg g, respectively. In addition, the
separation factor, R, for all temperatures studied was minor than one, which indicates
that the adsorptive process was favorable. Adsorption intensity factor, n, of the
Freundlich isotherm (eq. 11) also indicates whether the adsorption is favorable for n >
1 or not for n < 1. When observing Table 9, for all studied temperatures, the value of n
was higher than one, indicating that the adsorption of IC dye on activated carbon PO4
was a favorable process [75].

To test the statistical strength of the Langmuir model and its ability to predict
the values of maximum amount of adsorbate in monolayer, a test with the IC dye
solution at 100 mg L' and a reaction temperature of 35 °C was performed and the
deviation from the experimental value with the theoretical value of 92.46 mg g

obtained in Table 9, was evaluated.

FIGURE 12 - ADSORPTION KINETIC TEST EXPERIMENT FOR IC DYE.
(PARAMETERS: Co = 100 mg L', Cass = 0.5 g L', V=50 mL, pH=7.2, T =35 °C)
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In Fig. 12, it was possible to observe that the adsorptive equilibrium for the IC
dye solution at 100 mg L', was obtained after 720 min and with the quantity of dye
molecules adsorbed of 93.99 mg g-'. This value deviated approximately 1.6% from the
theoretical value obtained by the Langmuir model in Table 9, when the temperature
was 35°C. This indicates that the Langmuir model can predict with precision the

maximum monolayer adsorption values in the studied temperature range.

3.2.4 Thermodynamic study

Fig. 13 and Table 10 show the results of the thermodynamic study obtained

for the adsorption tests with IC dye solution.

FIGURE 13 - THERMODYNAMIC EXPERIMENT FOR IC DYE ADSORPTION PROCESS.
(Parameters: Co =10 mg L', Cags = 0.5 g L, teg= 105 min, V = 50 mL, pH =7.2)
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TABLE 10 - THERMODYNAMIC PARAMETERS OF THE EXPERIMENT.

T (K) Ea (kJ mol) AS° (kJ mol! K1) AH° (kJ mol") AG (kJ mol)
288 -4.71
298 -5.10

— 308 5.31 0.04 6.63 550
318 -5.89

Fig. 13 a) shows the Van’t Hoff plot for the adsorption of the IC dye onto PO4
activated carbon, once the Redlich-Peterson model fitted the isotherm data in the best
way, the values of the krp constant were used in the Van't Hoff equation (eq. 15) to
determine AS° and AH° and their values are shown in Table 10, 0.04 kJ mol-' K-"and
6.63 kJ mol', respectively.

The positive value of AH® indicates that the process is endothermic, being
justified by the fact that when the temperature is increased, the amount of adsorbate
adsorbed by the adsorbent increases as well, respecting the Le Chatelier’s principle of
chemical equilibrium disturbance [76].

Also, AH° smaller than 40 kJ mol' suggests that a physisorption process is
dominant; while the positive value of AS° suggests an increase in the degrees of
freedom (randomness) at the solid-solution interface during the adsorption of IC dye
onto POs4 activated carbon [49].

Fig. 13 b) shows the Gibbs-Helmholtz plot (eq. 16) for the adsorption process
in different temperatures, and the values of AG® are summarized in Table 10. The
negative values of free energy indicate that the adsorption process was spontaneous
and thermodynamically favorable, the higher the value of AG° the greater is the driving
force of adsorption, resulting in a higher adsorption capacity. For the physisorption
process, the AG° range is between -20 and 0 kJ mol-!, which includes the values that
came from this study and corroborates with the information obtained with AH® [49-76].

The pseudo-first order model was the one that obtained the higher R? in the
kinetics test, so the same test was carried out; however, with varying reaction
temperatures. The results are shown in Fig. 13 c) and the rate constant were
expressed as a function of temperature by the Arrhenius equation (eq. 17) in Fig. 13
d) and the slope is the activation energy, Ea.

The activation energy of this study was Ea = 5.31 kJ mol" (Table 10), usually
physisorption processes have activation energy in the range of 5-40 kJ mol-'. Lazaridis
and Asouhidou [77] stated that in an adsorption process with Ea lower than 25-30 kJ

mol', the diffusion process is the governing mechanism in the adsorption of the liquid
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phase molecules on the surface of the solid phase, corroborating with the results
obtained from the intra-particle diffusion model (eq. 8) shown in Table 8.

Therefore, AH°, AG° and Ea all suggested that the nature of the physisorption
process of IC dye molecules onto PO4 activated carbon surface. Khadhri et al. and
Harrache et al. [78-79], when studying the adsorption of the Indigo Carmine dye on
activated carbon they also concluded that the adsorptive process is mainly physical,

endothermic and spontaneous.

3.2.5 Batch test

The results of the statistical analysis of batch tests are shown in Table 11 and
Fig. 14.

TABLE 11 - ANOVA RESULTS FOR THE QUADRATIC MODEL OF RESPONSE SURFACE.

Source DF Sum of Mean square F value p-value
squares
pH 1 55.84 55.84 14.65 0.012
pH?2 1 19.77 19.77 5.18 0.072
Reaction Temperature 1 1.42 1.42 0.37 0.569
Reaction Temperature? 1 7.35 7.35 1.93 0.224
Residual 5 19.06 3.81
Total 9 96.88
R2=0.8032 R2.q = 0.6458
Fitted function z=1.861+2.354 x - 0.231 x2+ 0.803 y - 0.0127 y2 (18)

where: z (mg g') is the amount of dye adsorbed; x (dimensionless) is pH; y (°C) is reaction temperature.
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FIGURE 14 - STATISTICAL ANALYSIS OF THE EXPERIMENT.
(PARAMETERS: Co = 10 mg L", Cads = 0.5 g L, teq = 105 min, VV = 50 mL)
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It was possible to evaluate how the factors interfered in the response variable
by observing the Pareto chart in Fig. 14 a), where the factor x (pH) had a significant
statistical effect on the quantity of dye adsorbed (qge) in a significance level of 5%. This
result can also be observed in the Anova table (Table 11), where the variable pH was
the only one that had a p-value < 0.05. The residual error of the experiment was
v/3.81 = 1.95 (see the value in column 4, row 6 in Table 11).

In Fig. 14 b) the plot between the predicted and observed values is shown, it
was possible to observe that the regression model better adjusted the data with the
higher numerical value, in the region of ge = 18 mg g™!, where there is a greater
concentration of data. However, when calculating the RMSE of the data, the value was
approximately 1.01, which indicates that in a global context the model adjusted the
experimental data satisfactorily, even with a value of R? = 0.8032 (Table 11).

Fig. 14 c) presents the level curves obtained in the statistical analysis, the
burgundy region showed the highest values for the variable response, ge, when the

value of the x axis (pH) was between 3 and 7 and the value of the y axis (Reaction
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temperature) was between 20 and 40 °C, it shows that the best adsorptive capacity
occurs in an acid reaction medium and in mild temperatures.

Moreover, Fig. 14 d) shows the response surface obtained for the factorial
design; the graph has a downward-facing concavity that resembles a curve of a
second-degree equation. As well as the level curves, the burgundy region showed the
highest values for the quantity of indigo carmine dye adsorbed.

A second-order response surface model (Table 11, eq. 18) was obtained by
using the quadratic main effects model. To optimize the factorial design and maximize
the value of the variable response, ge, the model obtained was subjected to SIMPLEX
method analysis, to determine what is the optimum value of the factors, pH and
reaction temperature that generate the highest quantity of indigo carmine dye
adsorbed.

The calculations were performed using the solver tool in Excel®. The
restrictions used in the software were the levels imposed by the factorial design, 1 <
pH < 12 and 10 < Temperature < 55 °C and the objective was the response variable
itself. The optimization results were pH = 5.1 and reaction temperature = 31.6 °C, in

these experimental conditions the maximum value of ge = 20.5 mg g'.

3.2.6 Reuse test

Based on all the experimental results obtained in the study, the best
parameters of each variable were used to perform the reuse tests and the results are

shown in Fig. 15.
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FIGURE 15 - REUSABILITY TEST FOR THE IC DYE SOLUTION.
(PARAMETERS: Co = 10 mg L-!, Cags = 0.5 g L, teg= 105 min, V = 50 mL, pH = 5, T = 32 °C)
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Even after four cycles, the dye removal was approximately 76%, which
indicates that the activated carbon PO4 is a possible reusable adsorbent. It is also
worth mentioning that, after the first cycle, the amount of dye adsorbed was ge = 20.25
mg g, this value is close to the value found during the optimization of the adsorption
data of the previous topic (ge = 20.50 mg g™'), showing a deviation of approximately
1.22%. The values obtained in this study are similar to those found in the literature and

are shown in Table 12.

TABLE 12 - COMPARISON OF THE RESULTS OF THE REUSE TEST WITH RESULTS FROM THE
LITERATURE USING ACTIVATED CARBON FROM BIOMASS.

Numbers of Final removal

Precursor Adsorbate recycle (%) Reference
Residual ash Indigo carmine dye 4 75.89 This study
Coconut shell Malachite green dye 5 89.12 [80]
Date palm pits Methylene blue dye 4 74.80 [81]

Waste tea residue Acid blue 25 dye 3 92.86 [82]

3.2.7 Cost analysis

The recycling of any adsorbent is important in industries, once it decreases the
costs with material during the wastewater treatment stage. In view of this fact, a cost

analysis was carried out for the synthesis of PO4 activated carbon.
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The equipments were selected to meet the necessities of the synthesis
described in topic 2.2, quotations were made in the state of Parana, Brazil and all the
assumptions used are for a large industry that generates nearly 1,000 kg of residual

ash per day. Inputs and operating time parameters are listed in Table 13.

TABLE 13 - ASSUMPTIONS FOR SCALED-UP PRODUCTION OF ACTIVATED CARBON.

Input Amount Unit
Residual ash 1,000
H3PO4 1,700 Kg day’
NaHCO3 1,500
Water usage 200 m3 dia™
Electricity usage 80,000 kWh
PO4 yield 60 %
Operational days 270 days year"
Active operating 20 h day'

The scaled-up occurred linearly from laboratory processes and thus may
include some error in the amounts of materials needed to produce the adsorbents. The
values in Table 13 are an estimation of production costs, a large number of industries
have their own methods for the activated carbon production, but these data are not
available for the public. The analysis did not delve into characteristics such as
logistical, personnel, building and equipment costs, since most of these variables
depend on the country of production and considering that these expenses are present
in the global budget of the industry, not taking into account the creation of a new
industry for the synthesis of this material.

Cost estimates were based on a synthesis yield of approximately 60% and an
input of residual ash of 1,000 kg day™', thus the daily output of PO4 activated carbon
would be around 600 kg day-'. Another assumption is that 80% of the H3PQO4 can be
recovered during the washing step, concentrated and reused once, the same occurs
for the NaHCOs3, but with a recovery rate of 20% at the end of the neutralization step.
In the interest of saving costs, as well as in the bench scale synthesis, it was
considered that during the carbonization stage the oven would be supplied by ambient
air.

Table 14 shows the costs estimated for production of the PO4 activated carbon.
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TABLE 14 - PRODUCTION COSTS ESTIMATED FOR PO4 ACTIVATED CARBON.

Input Cost
Residual ash none
H3PO4 2,350 USD day!
NaHCO3 1,450 USD day'
Water usage 360 USD day’
Electricity usage 1,450 USD day!
Variable Total
Operational cost 5,610 USD day-'
Production rate 600 kg day’
Unit production cost 9.35 USD kg*

Based on the daily production of 1,000 kg of residual ash and an operational
cost of 5,610.00 USD, PO« activated carbon would cost approximately 9.35 USD per
kg. This value is higher concerning other values of activated carbon production found
in the literature, such as, 2.89 USD kg for pecan shells activated with phosphoric acid
[83] or 2.82 USD kg™' for almond shells activated with phosphoric acid [84]. However,
none of these studies presented industrial applications for the obtained adsorbents and
their process yield.

The adsorbent in our study is capable of treating approximately 5,500 L of IC
dye solution with 1 kg of material considering four reuse cycles. If compared with the
commercial 4-um activated carbon used during this study, the price of the kg of this
adsorbent is approximately 13 USD kg' (Synth®), approximately 40% more expensive
than activated carbon synthesized with HsPOa, reinforcing that the obtained adsorbent
presents a beneficial cost for application in an industrial environment in the treatment

of effluents step.

3.3 CHARACTERIZATION AFTER ADSORPTION PROCESS

Table 15 shows the BET surface areas (So), mean pore diameter (dp) and pore
volumes (Vp) for the PO4 activated carbon after the adsorption process in the

equilibrium time.

TABLE 15 - TEXTURAL PROPERTIES OF THE PO4 ACTIVATED CARBON AFTER ADSORPTION
PROCESS.

Adsorbent So (m2g™) V, (cm® g) dp (nm)
before 605.1 0.01 2.01
after 297.8 0.17 1.17
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All the studied parameters (Table 15) had a reduction in their values after the

adsorption process. The reason for this is that during the adsorptive process, the

number of active sites of the adsorbent tends to decrease with the reaction time, since

the dye molecules adhere to the surface of the material. This makes a smaller number

of pores available for the N2 used in the adsorption/desorption measures can percolate

the material, thus causing the equipment to accuse a lower value in the readings, which

makes sense, since the adsorbate molecules are attached to the surface of the

material.

Fig. 16 shows the N2 adsorption-desorption isotherms and the SEM images

for the POg4 activated carbon after the adsorption process in the equilibrium time.

FIGURE 16 - N2ADSORPTION-DESORPTION ISOTHERMS AND SEM IMAGES AT
MAGNIFICATION OF 500X OF PO4 ACTIVATION CARBON AFTER ADSORPTION PROCESS.
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It was possible to observe that the N2 adsorption/desorption isotherm had a

change in its shape, starting as an isotherm that resembles a type Il , characteristic of

microporous and mesoporous material, and then morphed into a type | isotherm,
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characteristic of microporous material, according to the IUPAC classification [55]. This
change of shape is inherent to the alterations observed in Table 15, when observing
the mean pore diameter values, before the adsorption process the material appeared
to have a mixture of mesopores and micropores in the structure and after the
adsorption only micropores.

This decrease in the presence of mesopores in the material structure happens
due to the preference for the dye molecules to be adsorbed in larger pores, due to the
size-exclusion effect, where molecules with high molecular mass, as is the case of
dyes, preferentially adhere to mesopores rather than micropores [85].

Observing the SEM images in Fig. 16, it was possible to notice that before the
adsorptive process, the material had high pore dispersion on the surface, while after
the adsorption process dye molecules could be found to be adsorbed on the surface
of the material, confirming the removal of the IC dye from the aqueous solution.

Fig. 17 shows the SEM images for the PO4 activated carbon during the kinetic

experiment.

FIGURE 17 - SEM IMAGES AT MAGNIFICATION OF 1,000X OF PO4 ADSORBENT DURING THE
KINETIC EXPERIMENT.
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It was possible to notice that over time more and more molecules of adsorbate

were being adhered to the surface of the adsorbent during the kinetic tests, until
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equilibrium time (te = 105 min), where all the dye was removed from the liquid phase

and transferred to the surface of the solid phase of the PO4 activated carbon.

Fig. 18 shows the SEM images for the PO4 activated carbon during the reuse

test.

FIGURE 18 - SEM IMAGES AT MAGNIFICATION OF 2,500X OF PO4 ADSORBENT DURING

THE REUSE EXPERIMENT.
—_i = = - e
A

pre-adsorpiion ‘ - 15t recycle
wonmes |\ ] PYRAN PURCAS M 0 R .
L4 _J Ll UM RS [ AR ke

[

~J
¥ o

}' o

=

2nd récycle Ird recyele

Lo T L Lipge i VISAL TUMCAS  mAi e Y v A | AL B
LLL LT [T e S

4th recyvele close-up
L AT IR (REEAN Y | wEGLh FEECAS gy ga 55 5 e I _ VDA VN R

It was possible notice that before the adsorptive process, the material had a

high distribution of pores on the surface, during the first recycling, some dye molecules
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started to adhere to the adsorbent surface and in consecutive reuses the amount
increased, until the last recycling, when a large part of the pores on the surface of the
material was occupied by molecules of the liquid phase, causing the amount of IC dye
adsorbed to be lesser than in the previous cycle.

In addition, out of curiosity, a SEM image was added with a close-up on a dye
molecule, in order to illustrate the shape of these adsorbates on a microscopic scale,
these molecules have a circular shape with a kind of hair on the surface, resembling a
hairball.

4 CONCLUSIONS

It can be concluded that three types of residual ash based activated carbons
were prepared using different methods of chemical activation. Through
characterization analysis, all materials changed the initial characteristics of the raw
material and somehow influenced its adsorptive capacity. The PO4 activated carbon,
presented the best performance in the preliminary adsorption tests, where
approximately 98% of the dye molecules were removed from the solution. Having this
fact in mind, it was chosen as the studied adsorbent. The surface area of the RAs
increased from 120.3 to 605.1 m? g™' when H3POs was used as an activator, which
shows that this synthesis method produced a high quality adsorbent, with an excellent
cost benefit, being it possible to be produced at a price of 9.35 USD kg™', a lower price
than the commercial activated carbon and can be reused up to four times, being a
promising candidate for application in an industrial environment.

The Redlich-Peterson isotherm model provided a better fit to the experimental
data for IC dye adsorption on the PO4 adsorbent and the maximum adsorption capacity
was approximately 100 mg g™ according to the Langmuir model. The kinetic study
showed that the adsorption process occurred in two stages and the pseudo-first order
kinetic model better described both. The thermodynamic parameters involved in the
adsorption mechanism, showed that it was a spontaneous and favorable process, and
due to its endothermic nature, an increase in temperature leads to an increase in the

amount IC dye molecules adsorbed.
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FINAL CONSIDERATIONS AND PROSPECTIVE FOR THE FUTURE

The research aim of the dissertation was successfully achieved. It was
possible to use the residue of the brewing industry, brewers’ spent grains, in the
generation of clean technologies, such as the production of steam and electrical
energy through a cogeneration system using solid biomass in the direct combustion in
a boiler, with a saving of approximately 85% in the total volume of fuels, which
represents approximately 3.8 million dollars annually. In addition, to the synthesis of
activated carbon using the residual ash from this burning process and the application
of the adsorbent material in the treatment of the Indigo Carmine food effluent, this
adsorbent material can be produced at a value of approximately 9.35 dollars per
kilogram and used to treat around 5500 L of effluent.

The use of a waste for the production of clean technologies that will be used
for the treatment of other wastes or incorporated in some way back into the production
process, should be the “gold standard” adopted by the industries in their waste
management and production-operating mode. This makes it possible to achieve a
circular economy, a circular system that employ reuse, remanufacturing and recycling
to create a closed-loop system, minimizing the use of resource inputs and the creation
of waste, pollution and carbon emissions.

Thus, the idea is that this work will serve as a guide for future research to be
carried out in the area of wastewater treatment and in the production of clean
technologies using residual waste, which can be used effectively in industrial
environments helping the production chain to become more sustainable and more

environmentally responsible.



