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Resumo geral do Trabalho de Conclusdo de Curso apresentado a UFLA como parte das
exigéncias do Curso de Engenharia Civil, para a obten¢do do titulo de Bacharel.

CARACTERIZAGAO DA MADEIRA DE MANDACARU (Cereus jamacaru, DC.) E
SEU USO NA PRODUGAO DE BIO-CONCRETO

Mariana Nayara Lima da Silveira

Julho, 2019.

RESUMO

A industria da construcdo civil provoca sérios prejuizos a natureza devido a grande extracdo
de recursos naturais e minerais necessarios para atender a demanda populacional, e a alta
geracdo de residuos. A busca por matérias-primas alternativas que sejam ambientalmente
menos impactantes €, portanto, primordial. Nesse contexto, os Cactos, familia Cactaceae, séo
uma boa possibilidade para alcancar as premissas do desenvolvimento sustentivel. Além de
serem renovaveis, essas plantas crescem com facilidade, sendo extremamente adaptaveis aos
mais diversos e rigorosos climas e solos inférteis. Atualmente, sua aplicacdo esta voltada para
a ornamentacdo, producdo de cosméticos e alimentacdo animal. A espécie Cereus jamacaru,
DC., conhecida popularmente como Mandacaru, possui uma estrutura lenhosa pouco
conhecida e, consequentemente, pouco explorada industrialmente. Diante o exposto, visando
a possibilidade de agregar valor ao material através do desenvolvimento de novas tecnologias,
a presente pesquisa objetivou a caracterizacdo do xilema secundario do Mandacaru alem do
desenvolvimento e caracterizagdo de bio-concreto produzido com o mesmo. Os resultados
serdo apresentados em forma de dois artigos. Foram utilizadas técnicas de Microscopia Otica
e Microscopia Eletronica de Varredura (MEV) para a caracterizagdo morfologica. A
quantificacdo da composicdo quimica foi obtida por andlises normalizadas em laboratdrio
(ABNT). Andlise Termogravimétrica (TGA), Espectroscopia Raman, Espectroscopia
Infravermelha com Transformada de Fourier (FTIR) e Difracdo de Raios-X (DRX) foram
realizadas. A Resisténcia a Compressdo Paralela as Fibras foi mensurada. Para produzir o bio-
concreto, a madeira foi submetida a um tratamento de lavagens em éagua quente (80°C). Flow
table test e testes de compressdo uniaxial foram realizados. Os resultados indicam que a
espécie possui alto teor de extrativos e cinzas e baixa densidade. A madeira apresentou
resisténcia média de 34 MPa. Os bio-concretos produzidos podem ser classificados como
leves e apresentam resultados promissores para 0 uso de Cereus jamacaru, DC. na indUstria
da construgdo civil.

Palavras-chave: Mandacaru. Madeira de cacto. Matérias-primas alternativas. Bio-concreto.
Concreto leve.
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CARACTERIZATION OF Cereus jamacaru, DC. (MANDACARU) WOOD AND ITS
USE IN BIO-CONCRETE PRODUCTION

Mariana Nayara Lima da Silveira

July, 2019.

ABSTRACT

The construction industry causes serious damage to nature due to the large extraction of
natural and minerals resources needed to meet the population demand, and the high
generation of waste. The search for alternative raw materials that are environmentally less
impacting is, therefore, paramount. In this context, Cacti, family Cactaceae, are a good
possibility to reach the premises of sustainable development. In addition to being renewable,
these plants grow with ease, being extremely adaptable to the most diverse and rigorous
climates and infertile soils. Currently, its application is focused on ornamentation, production
of cosmetics and animal feed. The species Cereus jamacaru, DC., popularly known as
Mandacaru, has a woody structure little known and, consequently, little industrially explored.
In view of the above, intending at the possibility of adding value to that material through the
development of new technologies, the present research aimed at the characterization of the
Mandacaru secondary xylem Dbesides the development and characterization of bio-concrete
produced with it. The results will be presented in the form of two articles. Optical Microscopy
and Scanning Electron Microscopy (SEM) techniqgues were used for morphological
characterization. Quantification of the chemical composition was obtained by standard
laboratory analysis (ABNT). Thermogravimetric Analysis (TGA), Raman Spectroscopy,
Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Diffraction (XRD) were
performed. Wood Compressive Strength was measured. To produce the bio-concrete, the
wood was subjected to a wash treatment in hot water (80 °C). Flow table test and uniaxial
compression tests were performed. The results indicate that the species has high extractive
and ash content and low density. The wood presented average resistance of 34 MPa. The bio-
concretes produced can be classified as lightweight and show promising results for Cereus
jamacaru, DC. use in the construction industry.

Keywords: Mandacaru. Cactus wood. Alternative raw materials. Bio-concrete. Lightweight
Concrete.
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PRIMEIRAPARTE
INTRODUCAO GERAL

1 INTRODUCAO

O objetivo geral desse Trabalho de Conclusdo de Curso foi caracterizar o Xilema
secundario da espécie Cereus jamacaru, DC., familia Cactaceae, conhecida popularmente
como Mandacaru, e avaliar a possibilidade de sua utilizacdo no setor da construgdo civil como
bio-agregado na producéo de bio-concreto leve.

A finalidade do trabalho foi dar base cientifica as pesquisas futuras envolvendo essa
matéria-prima  alternativa atraves de uma caracterizacdo aprofundada que aponte as
possibilidades de sua utilizagdo em aplicagdes industriais. Além disso, espera-se contribuir
cientificamente com o desenvolvimento sustentavel e com a valorizacdo do material.

O presente Trabalho de Conclusdo de Curso sera apresentado no formato artigo tendo
sido dividido em duas partes.

A primeira parte, nomeada de Introducdo Geral, ser4 composta por:

i.  Uma Introducdo que explana sobre a organizacdo e apresentacdo do trabalho bem
como sobre o objetivo geral e a finalidade;

ii.  Um Referencial Tedrico com elementos tedricos complementares aqueles ja presentes
na Introducdo de cada um dos artigos;

iii.  Consideracdes Finais que contemplardo a visdo da estudante e autora diante 0s
resultados obtidos no trabalho bem como a contribuicdo do desenvolvimento do
trabalho na aquisicdo de conhecimento académico.

A segunda parte € composta por dois artigos. O primeiro € um artigo que sera
publicado na se¢do Materials da Revista MDPI. O seu foco é a caracterizacdo quimica,
morfolégica, fisica e mecanica da madeira Cereus jamacaru, DC. O segundo artigo foi
publicado nos Anais do 60° Congresso Brasileiro de Concreto — CBC2018- IBRACON- ISSN
2175-8182 e apresenta com grande detalhamento o desenvolvimento e a caracterizacdo de

bio-concreto leve produzido com madeira de cacto particulada como bio-agregado.



2 REFENCIAL TEORICO

2.1 A espécie Cereus jamacaru, DC.

Segundo Barthlott e Hunt apud Davet (2005, p. 5) as Cactaceas, familia Cactaceae,
sdo dicotiledéneas suculentas. As espécies desta familia sdo origindrias de regides de estresse
hidrico e solos inférteis sendo principalmente conhecidas por suas estruturas e caracteristicas
peculiares de adaptacdo como os sistemas radiculares superficiais e extensos, alta relagdo
volume/superficie e células parenquimaticas especializadas em armazenar agua (COSTA,
1997)

O Geénero Cereus pertence a subfamilia Cactoideae, grupo Cereoideae. O significado
tanto em grego quanto em latim da palavra Cereus € “tocha”, e faz referéncia ao formato de
candelabro dessas plantas. As espécies desse género possuem flores, frutos e espinhos
semelhantes (BRITTON; ROSE, 1920).

O Cereus jamacaru, De Candolle, conhecido popularmente como Mandacaru, é
endémico do Brasil e abundante na regido nordeste da costa ao interior, sendo encontrado na
Bahia, Piaui, Cear4, Rio Grande do Norte, Paraiba, Alagoas e Sergipe, desde o nivel do mar
até 900 m de altitude. E invasor de areas Umidas, e ja foi encontrado em Santa Catarina e em
Sao Paulo. A planta pode chegar a 10 metros de altura e pode fornecer madeira de até 30
centimetros de largura (SCHEINVAR, 1985; LIMA apud MATA, 2009, p 1).

Segundo Sales et al. (2014), essa espécie de cacto € uma das que tem maior
importancia econbmica, medicinal e ambiental na regido nordeste brasileira.

Durante a seca a planta torna-se alternativa alimentar e fonte de &agua para o gado.
Além disso, seus frutos sdo consumidos in natura pela populacdo e por espécies de passaros
(LIMA, 1998; ARAGAO, 2000). Segundo Scheinvar (1985) seu cerne é utilizado como
matéria-prima para a fabricacdo de portas e janelas. H& ainda registros de uso da espécie
como “cerca viva” em substituigdo as conten¢des convencionais (HEWITT, 1993).

Segundo De Lucena (2012) algumas comunidades rurais na mesorregido do sertdo
utilizam a raiz para fabricacdo de colher de pau e ainda para o tratamento de doencas sendo

que essa Gltima finalidade também é descrita por Andrade et al. (2006b) e Lucena (2011).
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Apesar dessa utilizacdo para fins medicinais estar associada as crengas populares da
regido Davet et al. (2009), registraram propriedades antibacterianas no extrato de Mandacaru
e concluiram que h& perspectivas para a obtengdo de antibioticos naturais.

Por fim, Cereus jamacaru é popularmente utilizada como bioindicadora de chuva (DE
LUCENA, 2012; LUCENA et al., 2005).

Um aspecto interessante sobre a espécie € a facilidade de cultivo. Cavalcanti e
Resende (2006) ressaltam que de uma Unica planta é possivel retirar material para o cultivo de
outras cem e as técnicas para 0 plantio e manejo sdo bastante simples favorecendo a
implantacdo dos cultivos. Testes realizados no Campo Experimental da Caatinga, na Embrapa
Semi-Arido, e em propriedades de agricultores mostraram que em um hectare de caatinga, no
espacamento de um metro por um metro, é possivel cultivar cerca de dez mil plantas e colher
78 toneladas de matéria verde.

Diante 0 exposto fica claro que a madeira de cacto Cereus jamacaru, DC. é
subutilizada industrialmente sendo que 0s usos da espécie acima expostos sdo populares e ndo
contribuem para a valorizagdo econdmica da mesma.

O desenvolvimento de pesquisas para caracterizacdo aprofundada do xilema
secundario da espécie e que avaliem as possibilidades em aplicacbes tecnologicas podera
trazer vantagens econfmicas e sociais. Além disso, uma vez que se trata de um recurso
lignoceluldsico renovavel, a utilizagdo em quaisquer aplicacbes serd também ambientalmente

favoravel.

2.2 Concreto leve

De acordo com a NBR 12655 (ABNT, 2006a), o concreto leve é definido como o
concreto endurecido que, tendo sido seco em estufa, apresenta massa especifica entre 800 e
2000 kg/me.

Segundo Rossignolo e Agnesini (2005), existem trés tipos de concreto leves: concreto
sem finos, concreto com agregados leves e concreto aerado celular.

Eliminando as particulas mais finas da granulometria do agregado da-se origem ao

chamado concreto sem finos. Spratt citado por Garlet (1998, p. 36-38) afirma que o concreto
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sem finos pode ser usado para a confecgdo de painéis divisorios, construcdo de estruturas de
drenagem e como sub-base de quadras de esportes.

Substituindo 0 seixo ou a pedra britada por um agregado oco, celular ou poroso de
baixa massa especifica obtém-se um concreto cujo nome é o do agregado leve empregado.
Sdo muitas as aplicacbes dos concretos com agregados leves e Spratt citado por Garlet (1998,
p. 36-38), cita trés categorias como dominantes: Concretos estruturais, elementos de vedacéo
e isolamento térmico.

Finalmente, introduzindo grandes quantidades de vazios no interior da massa de
concreto produz-se o concreto aerado celular, com gas ou de espuma. Esse Ultimo, por sua
vez, € principalmente empregado em processos construtivos baseados na montagem de
elementos pré-moldados, como blocos, paredes de vedacéao e lajes (FILHO; TEZUKA, 1992).

Podem ser obtidos concretos leves com a combinacdo desses trés tipos, como o
concreto sem finos com agregados leves e o concreto aerado com um filler leve (GARLET,
1998).

Por outro lado, ao lidar com compdsitos de cimento e materiais lignocelulosicos tém-
se 0s desafios da incompatibilidade quimica entre os dois materiais (prejudica a hidratacdo do
cimento) e a degradacdo do material lignoceluldésico na matriz cimenticia (diminui a
durabilidade). BERALDO, 1997; BERALDO, 2011; GLORIA, 2015; ANDREOLA et al.
2016; ANDREOLA, 2017).

3 CONSIDERACOES FINAIS

A realizacdo do presente trabalho mostrou que a madeira de cacto, espécie Cereus
jamacaru, DC., é bastante peculiar, apresentando caracteristicas morfologicas (raios muito
grandes e compridos), mecanicas (resisténcia suficiente para pertencer a classe C30-
classificacdo NBR 7190, mas apresentando uma baixa rigidez), quimicas (alto teor de cinzas e
extrativos) e fisicas (densidade muito baixa) atipicas se comparadas as madeiras comuns. A
explicacdo mais provavel para esse fato é a necessidade de adaptacdo aos rigorosos climas e

solos pobres existentes em seu habitat natural.
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A concretizagdo na producdo de bio-concreto mostra que € possivel utilizar
industrialmente essa matéria-prima alternativa.

Fica como sugestdo para futuros trabalhos:

I.  Desenvolvimento de uma Caracterizacdo Mecanica mais aprofundada da espécie
Cereus jamacaru, DC. através da avaliagio da Resisténcia a Compressdo
Perpendicular, Resisténcia a Tracdo e Resisténcia ao Cisalhamento (ensaios nao
realizados devido a dificuldade de aquisicio da madeira em maiores fragmentos
aumentando a complexidade das caracterizacdes micromecanicas;

ii. Awvaliagdo da aplicabilidade da madeira de Mandacaru na producdo de Painéis de
Madeira Reconstituida como o MDP e OSB.

A pesquisa desenvolvida e descrita nesse trabalho foi de fundamental importancia na
formacdo académica da estudante que além de compreender melhor os conceitos vistos em
disciplinas, teve a oportunidade de colocar em prética conhecimentos tedricos e lidar com
topicos ndo abordados a nivel de graduagéo.

Enfatiza-se também o grande crescimento pessoal diante diversos desafios que
surgiram durante a caminhada cientifica e exigiram a tomada de decisGes eficazes e a busca

por solugdes.
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Wood and its use in Lightweight Bio-Concrete
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Abstract: The Cacti, family Cactaceae, are a good alternative to reach the premises of sustainable
development. In addition to being a renewable raw material, these plants grow with ease being
extremely adaptable to the most diverse and rigorous climates and poor soil. The species Cereus
jamacaru, DC., popularly known as Mandacaru, has a woody structure little known and,
consequently, little explored industrially. The present research aimed at the chemical and
morphological characterization of the secondary xylem of cactus in addition to the development and
characterization oflightweight bio-concrete produced using cactus wood as bio-aggregate. To obtain
the anatomical planes and study the fibrous elements the techniques of Optical Microscopy and
Scanning Electron Microscopy (SEM) were used. The quantification of the chemical composition was
obtained by laboratory normalized (ABNT) analyzes. Thermogravimetric Analysis (TGA), Raman
Spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD) were
performed. To produce the bio-concrete, the wood was submitted to a treatment of washing in hot
water (80°C). Flow tableand uniaxial compression tests were performed. The resultsindicate that the
species has high extractive and ash content and low density. The bio-concretes produced could be
classified as lightweight and show promising results for using Cereus jamacaru, DC. wood in the
Construction Industry.

Keywords: Mandacaru; Cactus wood; Renewable materials; Bio-concrete; Lightweight Concrete

1. Introduction

The humanity accelerated development has generated environmental problems since it causes a
constant and significant exploitation of the natural resources of the planet. In this context, the civil
construction sector stands as a great resources explorer and generator of polluting waste. Therefore,
there is a need to search for new technologies and materials that meet the requirements of sustainable
development [1-3].

In the development of composites materials, many studies were carried out on cementitious
matrix composites and lignocellulosic components and promising results were obtained, showing an
improvement in durability, strength and ductility [4-6]. There are many beneficial aspects in the use of
lignocellulosic biomass, including sustainability and low energy consumption.

Cacti, from Cactaceae family, are an innovative source of utilization, since these species have little
known and exploited secondary xylem, and are environmentally advantageous because they are
renewable. They also have a highly competitive potential in the current market, since they are
extremely adaptable to the most rigorous habitats, growing easily in regions of infertile soils, high
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temperatures and low humidity [7-9]. The cactus species Cereus jamacaru, DC., popularly known as
Mandacaru, is native from Caatinga, one of the most remote and understudied biomes for plant
products, an exclusively Brazilian biome [10].

Lack of knowledge about vegetables materials and their potentialities restrict their use. Therefore,
it isnecessary to realize their chemical, physical and morphological characterization in order to know
the right use according to their properties.

In this context, in the present research Mandacaru wood was characterized and the possibility of
its use in the production of a wood bio-concrete was verified.

Cactus wood presents peculiar characteristics when compared to common woods and a possible
explanation is the adaptation to their natural and harsh environment. The bio-concretes produced
could be classified as lightweight and presented good mechanical properties.

2. Materials and Methods

2.1. Materials

The wood of Mandacaru was obtained from a commercial planting in Barueri - SP, Brazil and
was extracted from the base of a three-year-old plant by manual cutting.

2.2. Anatomical Planes of wood by Optical Microscopy

For the preparation of the permanent wood histological slides for microscopic analysis of the
anatomical planes, the specimens were saturated by immersion in water and sectioned in a slide
microtome, set at a 15 um thickness. The histological sections of the Mandacaru secondary xylem were
discolored, dehydrated and colored with safranin 1%.

Afterwards, the cuts were mounted on the slides and cover slip, and these were fixed in Entellan.
Approximately ten permanent slides were taken from three specimens of different places on the shaft
and with a diameter, width and thickness of 2 x 2 x 2 cm, respectively.

To accomplish the necessary measurements the quantitative analysis was made with Image | free
software.

2.3. Scanning Electron Microscopy — SEM of the wood

First, specimens measuring 2.5 x 2.5 x 2.5 cm were prepared and then placed in a desiccator with
water in order to be saturated and to facilitate microtome cutting. After saturation, the specimens of
the cactus wood were taken to a microtome where fine cuts of 15 um thickness were made on the
surfaces of interest. The cuts were performed with the purpose of making the surface of the specimen
smooth and clean for better visualization of the wood structures. After that, new specimens with
dimensions of approximately 0.5 x 0.5 x 0.5 cm were prepared from the original specimens preserving
the surfaces where the histological sections were made. Finally, the samples were dried in an oven
with air circulation at 40 °C for 24 hours.

A general view of the wood microstructure was investigated using an SEM LEO EVO 40. The
microscope was operated under an accelerating voltage of 20 kV. A pre-coating with a thin layer of
gold was done to make the specimens conductive and suitable for analysis. Specimens were fixed in a
metal stub covered by a carbon-coated tape.

2.4. Morphological characterization of the fibers by Optical Microscopy

The quantitativemorphological characterization of the fibers was fulfilled with the production of
macerated, following themethod of [11], for analysis under optical microscope with a Image | software
to accomplish the necessary measurements.
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2.5. Chemical characterization

The material was ground and sieved to generate particles with length between 0.25 and 0.40 mm.
The quantification of the total extractives was made from an adaptation of [12]. Standards [13] and
[14] respectively, were used to determine the content of ash and insoluble lignin.

Holocellulose content was obtained following the procedure described by [15] and starting from
dry holocellulose the cellulose content and hemicelluloses were determined following the procedure
described by [16].

2.6. Thermogravimetric Analysis (TGA)

Particles of cactus wood with a maximum size of 0.074 mm were subjected to a heating. The
thermogravimetricanalyses were performed in a Shimadzu DTG-60AH TA instrument. Samples were
heated from 25 to 1000 °C in nitrogen flowing at 50 mL/min with a heating rate of 10 °C/min. The
degradation temperature was determined from inflection of the baseline in the differential
thermogravimetric (DTGA) curve.

2.7.FT-IR Spectroscopy -Attenuated Total Reflectance (ATR)

The samples of cactus wood (particles of cactus wood with a maximum size of 0,250 mm) were
analyzed in Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR)
analyses was performed using a FTIR Spectrometer Varian 600-IR Series equipped with a GladiATR
from Pike Technologies for ATR-FTIR measurements. The sample was scanned from 4000 to 400 cm™!
with 32 scans averaged for each spectrum at a resolution of 4 cm-.

2.8. X-my Powder Diffraction (XRD) Analysis

X-ray diffractometry (XRD) powder patterns was measured with an X-ray diffractometer (Bruker
D8 Focus Advance Eco) with a Cu-Ka source (A= 1.5418 A) in the 20 range of 10-40 at a scan rate of 2°/
min.

The crystalline fraction (CF) of macerated cactus fibers [11] was determined based on the
asymmetric coordinate units of cellulose. The coordinates were extracted from crystallography
information data (.cif) [17]. The procedure to obtain the crystallography information file was executed
according to [18], using the free software Mercury version 3.10 [19], where patterns with customized
full width at half maximum (FWHM) values were created until the values obtained by XRD were
reached.

To calculate the theoretical crystalline fraction, the simulation was carried out with crystal
information files containing the published coordinates of the asymmetric units of cellulose If because
they are the most abundant innature. The amorphous fraction was created by using a pwhm of 9.0 for
the cellulose II pattern calculated with the .cif file [20]. Then, the simulated theoretical crystallinity
index was calculated according to Equation 1.

Avs- A
CF = 2o Zam
A

= %100, @)
am
Where Ay is the area of theoretical crystalline fraction and I@m) is the area of theoretical
amorphous fraction of cellulose. For comparison, the Segal’s crystalline index was calculated
according to Segal method [21].
The crystallite size of sample was calculated using Scherrer equation (Equation 2) [22,23]. This
step was carried out on the theoretical curves.
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Where 1 is the size perpendicular to the lattice plane represented by the peak in question (200), K
is a constant that depends on the crystal shape, A is the wavelength of the incident beam in the
diffraction experiment, (3 is the FWHM in radians and 6 is the position of the peak in radians.

2.9. Raman Spectroscopy

Previously to measurement, the samples of wood were macerated by the method [11] and stored
in ethanol. These samples ware used in Raman spectroscopy measurements that was realized using a
532 nm excitation LASER (green) on Labram HR Evolution/ Raman spectrometer from Horiba
Scientific with an objective lens of 50x. The measurements were performed at 10% of LASER intensity
in range from 4000 to 250 cm-™.

From the normalized intensity of the Raman spectra it was possible to estimate the crystallinity of
the cellulose of the cactus fibers by Eq.3, described by [24]:

X _ Usg0 + I3096)—0.0286 3)
Raman ™ 0.0065 ’

2.10. Mechanical characterization by axial Compressive test

Compressive tests of specimens with 10 x 10 x 20 mm (width x height x length) size were
performed in an electromechanical testing machine developed by Kammrath Weiss Gmbh. A load cell
of 55 kN were used. The tests were carried out using a displacement rate of 0.1 mm/min. The
specimens dimension was selected based on standard DIN 52185, witch recommend specimen size of
30 x 30 x 60 mm. The reduced size of the specimens was selected due the obtained cactus wood,
presenting small pieces.

Figure 1. Specimens cross-section and dimensions on mold(a); Low speed precision saw (b); Sample
cutting process (c).

Literature confirm the possibly of perform mechanical evaluation with small or also called micro
specimens. According Weibull, the probability of defects occurringin a solid is proportional to its size,
and consequently the mechanical resistance is statistically higher in small test pieces [25-27]. Oposite
results were founded by [26]. According the authors the compression strength value of the micro-size
samples 3mm x 3mm x 5 mm) was 2.6 % lower compared to the standard-size samples (20 mm x 20
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mm x 30 mm). Authors conclude micro-sizetest samples can be used to estimate the standard-size test
results. Similar conclusions was also obtained by [27,28].

- Laser Load
" beam 4LVDT p Cell

< Prismatic
4 wood
specimen

Figure 2. Compressive test setup: Laser beam for specimen alignment (a) and Electromechanical
testing machine stage with a wood specimen (b).

2.11 Physical characterization: Basic Density and Water Absortion

To determine the basic density of wood and the water absorption capacity, a procedure adapted
to the one described in [29] was used. Small sections of Mandacaru were left submerged in water to
the point of saturation and after that both their mass and the saturated volume were measured. After
72 hours in the oven at 103 + 2 ° Cits dry mass was measured.

2.12 Lightweight bio-concrete production

2.12.1. Bio-aggregate

For production of the bio-concretes, the bio-aggregate was milled in a hammer mill and particles
with alength of approximately 0.5 to 10 mm wereused. A washingcycleexperiment, based on [2] was
performed to determine the amount of washing required to reduce extractives. In this work it is
proposed to wash eight times the particles in hot distilled water. A ratio of 1 g/60 ml was used
between particle mass and water volume and the whole heated at 80° C for one hour. After the
washing, the particles were separated and washed again in order to start another cycle.

A gradual variation of the water coloration (Figure 3) was observed, and that can be explained by
the reduction of the extractives of the biomass. It should be noted that this removal of extractives
occurred mainly during the first three washing cycles since the difference in coloration from the third
to the eighth waste water, was not significant. Thus, it was established that the par ticles should be
subjected to 3 cycles of washes before being used for the production of the bio-concrete.
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Figure 3. Waste water of wood particles after 8 washings cycles

The apparent density of the bio-aggregates particles was characterized according to [30]. The
result was 0.25+0.05 g/cm?

2.12.2. Binder and additives

Previous work on wood cement composites [31-33] obtained satisfactory results using Brazilian
CPV-ARI Portland cement (cement of high initial strength) as binder. The chemical composition and
density of the cement can be verified in Table 1.

Table 1. Chemical composition and density of cement CP'V - ARI.

Chemical compost Percentage (%)
CaO 70.140
SiO2 15.475
ADlOs 4.870
SOs 4207
Fex0Os 3.458
K0 1.028
SrO 0.407
TiO:2 0.244
MnO 0.138
CuO 0.016
ZnO 0.015

Density 3.17 g/cm3

3% calcium chloride (CaCl2) addition (based on the cement mass) is also used to accelerate the

cement hydration.

2.11.3. Bio-concrete production

Table 2 shows blends composition used for the production of cactus bio-concretes (CBC). The
cement consumption and the volume of wood were set following [32] and for all mixtures the water-
to-cement ratio (w/c) ratio was 0.4.

Knowing the high water absorption of the biomass, it is important to have enough water to keep
the fibers saturated to allow the cement to hydrate and also to guarantee the consistency of the bio-
concrete [32, 33], so, an amount of water was added to compensate the absorption of the bio-
aggregate. For CBC100, 100% of compensating water (relative to wood mass) was added and 200%
was added to CBC200. The variation in compensating water had the objective toevaluate thenecessity
of its placement in front of the wood’s absorption obtained and the desired workability.

Table 2. Blend Compositions.

Wood Mass ratio
Blend I i
en ve :l me Cement Wood Water Compensation CaClL
(%) water
CBC100 45.0 1 0.145 0.4 0.145 0.03

CBC200 45.0 1 0.145 0.4 0.290 0.03
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The cactus bio-concretes (CBC) were produced in a 5 liters planetary mixer. The calcium chloride
was previously dissolved in water in a reserved container forming a homogeneous solution. Then, the
cement and wood particles were introduced in the mixer and homogenized for 1 min. Next, the water
was gradually added to the dry materials for 1 more minute, followed by an interruption for manual
release of the material attached in the mixer bottom. The mix continued until reach 05 min of total
time.

Cylindrical specimens of 5 x 10 cm (diameter x height) were produced. The molds were filled in
three layers and the type of compaction was manual with 15 strokes per layer. The specimens were
protected against moisture loss until demolding, which happened 24 hours later. Finally, the
specimens were placed in a humid chamber at 20 °C (= 2 °C) and 95% (+ 2%) humidity until they
reached 28 days.

At fresh state, the property evaluated was the consistence index through the flow table test. The
consistence index of each mixture was obtained from the average of the spreading diameters. Based
on the Brazilian standard [34], the compressive test was performed after 28 days in a Shimadzu-1000
kN universal test machine, at a speed of 0.3 mm/min.

The vertical displacements were obtained from the average reading of two linear variable
differential transformers LVDTs. For each mixture, four cylindrical specimens were tested. The
modulus of elasticity was determined according to the requirements of standard [35].

3.Results and Discussion
3.1. Physical properties

The results obtained for the basic density and the wood water absorption arein Table 3.

Table 3. Physical properties.

Water absorption (%) Basic density (g/cm?)
199+11 0.34+0.1

Following the classification of [36], the wood of the Cereus jamacaru, DC. can be classified as low
density since the value of 0.34 g/ cm?® is less than 0.50 g / cm?. The values found are consistent since
the low density can be caused by a high internal porosity.

3.2. Morphological characterization

With the analysis of the three planes of the secondary xylem: transversal, radial and tangential
(Figure 4) it was possible to identify the microscopic characteristics.

There are Growth Rings boundaries indistinct and not visible. Diffuse porosity, multiple vessels,
2-3 mostly but with the presence of solitary vessels. Vessels Frequency is 56.1/mm?2 and wood vessel
diameter average is 61.58um (Table 4). The vessels shape is sphere and with tyloses or deposits.

The Vessels Frequency obtained can be considered high if compared to the values of [37] that
study trees of nine eucalypt species (common hardwood in Brazil) and found values of Vessels
Frequency between 9.2 and 14.7/mm?2 This fact corroborates with the low density and high water
absorption founded.
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200 um

Figure 4. Mandacaru wood plans with 4X objective lens: transverse (a), longitudinal radial (b) and
longitudinal tangential (c). Images in scanning electron microscopy: transverse (d), longitudinal radial
(e) and longitudinal tangential (f).

Table 4. Cereus jamacaru, DC. microscopic characteristics!.

RL (um) RF (no/mm? DV (um)  VF (no/mm?)

Average 156.85 2.3 61.58 56.1
SD 3941 048 9.54 8.97
VC 25.13% 21% 15.49% 15.99%

1 Rays Larger (RL); Rays Frequency (RF); Diameter Vessel (DV); Vessels Frequency (FV); Standard De viation (SD);
Variation Coefficient (VC).

It was still identified simple perforation plates (Figure 5a), intervessel pits alternate with the
presence of opposite (Figure 5b, 5c). The Axial parenchyma is rare and non-lignified parenchyma
between axial elements was observed in bands.

Rays are visible to the naked eye in Mandacaru wood (Figure 5d), being multiseriate with width
less than ten cells. Larger rays of 156.85 um and 2.3/mm?2 frequency (Table 3). The rays are heterogeneous
withupright cells in marginal and square cell in the center. It was not possible to make the length rays
measurement because even in the objective of 4x it is impossible to see the whole ray. Thus, confirming
how much the rays of the species studied are very long and wide to the point of being visualized with
the naked eye.

Mandacaruhas structures that indicate water security and storage of substances, such as septate
fibers and parenchyma, besides the rays being larger and long. It can be an adaptation to the
environment where the species is normally found. The wood has larger vessels, with larger intervessel
pits and simple perforation plates (Figure 5), indicating that they have water security characteristics
[38].
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Figure 5. (a) Simple perforation plates; (b) Pits; (c) Scanning electron microscope pits; (d) Rays cells
with deposits of substance inside.

3.3. Analysis of fibrous elements

The analysis of the fibrous elements is important because they influence the characteristics of the
wood and, consequently, the destination that can be given to it. In Figure 6 the Mandacaru fibers (a, b,
¢) and vessel elements (a) can be seen.

Figure 6. Cereus jamacaru, DC. fibrous elements with increase in 4x objective lens (a) and 40x (b, c). In

(b) we can see a septate fiber.

From the generated images with objective lens of 4x it was possible to measure the fibers length
and from the images generated with objective lens of 40x, it was obtained the fibers diameter and the
lume thickness. The cell wall thickness was obtained by Equation 4:

(D-LT)
— @

Where CWT is the cell wall thickness, Dis the diameter of the fibers and LT is the lume thickness.
The results are on Table 5.

CWT =
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Table 5. Dimensional morphological analysis of Cereus jamacaru, DC. fibers (um).

Length Diameter Lume Thickness Cell Wall Thickness

801.7 +206.5 346+7.7 191+7.2 78+19

According to [39] C. Jamacaru fibers are short, and that can negatively influence tensile strength
and burst strength.

If the cell walls are thin in relation to fiber diameter, it can result in lower stiffness, lower
compressive strength, lower wood density and it is an indicator of low cellulose content. In order to
evaluate this question the stiffness coefficient can be calculated with Equation 5:

2CWT

SC=—- ®)

Where SC is the stiffness coefficient, CWT is the cell wall thickness and D is the fiber diameter.
Once the division results in an average coefficient of 0.451 the cell wall can be classified as medium

thickness [40-42].
It is also possible to calculate the spin index of C. Jamacaru fibers from Equation (6) below:

=2 6)

D

Where £ is the spin index, L is the fiber length and D is the fiber diameter. The more the
diameter approaches the fiber length, i.e, thelower £, the greater the mechanical stability for a given
load application parallel to the fiber direction. The average index found was 23.17 and is a good result
when compared to values obtained in other characterization works 78.8 [42], 36.66 [43] and 65.26 [44].
3.4. Chemical analysis

The results obtained through the chemical analysis are shown in table 6.

Table 6. Cereus jamacaru, DC. chemical composition (%)

Total Extractives Insoluble Lignin Cellulose Hemicelluloses Ashes Total

182+2.3 1.7+0.9 21.4+3.1 16.2+3.1 36.4+1.7 93.9+11.1

The chemical analyzes indicated a very high content of extractives and ashes when compared to
the average contents in hardwood and softwoods. Since these are components of low molecular
weight, this result corroborates with other indicators of low density [45].

This high content of extractives canbe a harmful factor for possible industrial applications which
could imply the need for pre-treatment of wood, for example, washing in water to reduce extractives
and use in cement composites [31-33].

The cellulose content is low compared to the average contents in hardwood and softwoods w hat
is not favorable since the structure of the cellulose exerts great influence on the physical and
mechanical properties of the fibers, as elasticity and tensile strength, desirable properties for
constructive elements. Hemicelluloses can cause disadvantageous properties such as hygroscopy,
swelling and plasticity [45]

Lignin chemical structureacts as anatural reducer of susceptibility towood degradation. The low
concentration presented by C. Jamacaru,DC. can therefore entail higher costs with treatments and
products that avoid this degradation. In addition, this value of content is not interesting for energy
applications [45].

3.5. Thermogravimetric analysis
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The thermogravimetric analysis resulted in the curves shown in Figure 7. The constituent
molecules of a material degrade at specific temperatures. This means that significant falls in the
weight decay curve show the disintegration of a given compound. By deriving the weight curve these
falls are converted into easily identifiable characteristic peaks.

Peaks prior to 100 °C are due to evaporation of free water. The degradation of cellulose begins to
occur at 210°C followed by major endothermic reaction of depolymerization with DTG peaks at 360
°C. The depolymerization of hemicellulose occurs between 180 and 350°C, and and the degradation of
lignin between 250 and 500°C [46-48].

For Cereus jamacaru, DC. species a large peak can be seen in the DTG curve around these
temperatures. What probably happened was an overlapping of peaks that made it impossible to
analyze each component separately. In addition to this large peak, two smaller ones can be observed
around 200-250°C and 400-430°C. According to the aforementioned literature, it is probably due to the
initial degradation of the hemicellulose and final of the lignin, respectively.

What remains at the end of the process (in that case almost 16%) is carbon, i.e. the ashes
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Figure 7. Thermogravimetric analysis of Cereus jamacaru, DC. wood.

3.6. FT-IR analysis of Mandacaru wood

The spectra of cactus wood showed some characteristic peaks, for example, in the 1595 cm-! range
and 1030 cm-! (Figure 8). This peaks are representations of C = C stretching bonds, aromatic rings and
also compounds such as flavonoids (compounds that make up the tannins) and stretches = C-O-C=,
oxo-aromatic components, respectively. The band corresponding to the O-Hbonding represented by
the peak of 3280 cm was well defined, with a band well representative of the amount of water
present in the sample.
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Figure 8. The FT-IR spectra of cactus wood.

Other peaks appear on the graph thus completing the set of chemical bonds cactus wood presents
as carbon, oxygen, hydrogen and nitrogen bonds. Other O-H bonds appear along the peaks in
addition to carbon-carbon bonds and are known to be strong chemical bonds.

Table 7. FT-IR peaks for cactus wood [49-57].

FTIR bands assignment of cactus wood and peaks (cm-?)

Cactus Wood Band assignment
3280 O-H stretch
2985 C-H stretching aromatic compounds
2916 C-H stretch. Aliphatics
2846 O-H stretch. Carboxylic acids
2361 N=C=O stretch
1727 C=0 stretch. Carbonyl
1595 C=C stretch. Aromatics (6C) also flavonoids
1511 C=C-H stretch. Aromatic (in-plane) also furanics
1418 C-H deform. Aliph. C-C str. Ring B
1370 C-H bend. O-H bend (catechin)
1321 C-H bend. Aromatic conjugated sequences of polymer backbones
1245 O-H bend. in-plane deformation
1185 Phenyl acetates. C-O bending. C—-H bend. Arom.
1030 stretch =C—O-C=. Breathing oxo-aromatic compounds
891 C-H bend aromatic

Two peaks around 2920 and 2850 cm-!, highlighted in figure 8, are related to asymmetric and
symmetric methyland methylenestretching groups, and based on [46] could be attributed to the high
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extractives content in this wood. In their study, the authors obtained the spectra of several species and
observed sharp peaks in theseregions precisely for the wood that contained higher extractive content.
According to the authors, this can be explained by some compounds in organic extractives, like fatty
acid methylesters and phenolic acid methylesters, which contain methyl and methylene groups. This
result corroborates with the chemical analysis.

3.7. Crystallography analyses of Mandacaru fibers

X-ray diffraction (XRD) of the cactus plant fibers is shown in Figure 9. These patterns are typical
of semi crystalline materials with an amorphous halo and crystalline peaks. The XRD patterns of
cactus fibers exhibited a sharp peak near to 20 =22.6°, which was assigned to the (200) lattice plane of
cellulose I. Cellulose I is a structure that comprised repeating f-(1 — 4)-d-glucopyranose units with
building blocks of parallel glucan chains.

The peaks can move in the powder diffraction pattern due to the difference in the dimensions of
the unit cell, which requires the editing of the crystallographic information file (CIF) before making
the theoretical curves [58,59].The peak dislocation at 20 = 22.6 ° to lower values of 20 is due to the
slight increase of one axis in the unit cell. The shoulder of the peak around 20=20.4° corresponding to
planes (012) and (102), may be due to the absence of preferential orientation of the crystals [58].

The CF (59.12%) calculated using the Mercury software (Table 8) presents slightly different
values from those obtained by the Segal method (55.34%). According to [58], the Segal method has
long been used because of its simplicity, but its results are controversial, because underestimates the
amorphous fraction of cellulose. The CI values calculated by the Segal method may be smaller than
the actual values; this is because the FWHM in XRD patterns like these is broader than the formula of
Scherrer indicates for crystallites of a given size. XRD patterns with large FWHM may result in peak
overlap, overestimating the intensity in the region related to the amorphous fraction of cellulose [18,
59].
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Figure 9. X-ray diffraction (XRD) of the cactus fibers.



Materials 2019, 12, xFOR PEER REVIEW 30

Table 8. Mandacaru fibers crystallography.

Crystalline fraction — Segal’s crystallinity Crystallite size -
CF (%) index — CI (%) CS (nm)
59.12 55.34 2.37

3.8. Raman analysis of Mandacaru fibers

The Figure 10 shows Raman spectra of cactus fibers. Raman spectroscopy is useful to identify the
chemical composition of lignocellulosic compounds and rapidly characterize these materials [60, 61].
In Raman spectra, the band at 380 cm-! is attributed to cellulose and band at 899 cm-! corresponds to
the in-plane symmetric stretching of the C—-O-C [62, 63]. The vibrational mode associated with (C-O-
C) of the p - (1-4) glycosidic linkages of the glucopyranose units at 1120 cm™! corresponding to the
symmetrical stretching, encompasses both cellulose and hemicelluloses. The band at 1096 cm-, is
assigned to the asymmetric (C-O-C) stretching mode, not being influenced non-cellulosic
carbohydrates [61]. The band at 1380 cm! is associated with CHz deformation vibrations and band at
1460 cm-! is due to CH2 bending region [63, 64]. The peak at 1627 cm-! may be attributed to phenyl
groups of residual lignin that is normally identified in region between 1600 — 1700 cm-! [60, 61]. The
strong band at 2891 cm! is due to symmetric and asymmetric stretching vibrations of CH2 [63].
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Figure 10. Raman spectra of cactus fibers.

The cellulose crystallinity estimated by 380-Raman method was 57.32%, close to values obtained
for crystallinity obtained by XRD analysis using Segal (55.34%) and Mercury (59.12%) methods.
3.9. Wood Compressive Strength

Figure 11 present theresults of axial compressive test of wood. The summary of average data and
scattering is shown in Table 8. The results indicate that Cereus Jamacaru, DC wood has a compressive
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strength of 38.2 MPa. This value can classify the studied wood in a C30 strength class according to
[65].

The presented average value indicate Cactus Wood as strongest than Cedro Doce, (Cedrela sp),
Quarubarana (Erisma uncinatum) and Cedrona wood (Cedrelinga catenaeformis). The C30 strength also
includes Cedro Amargo (Cedrela odomata), Cupituba (Goupia glabm), and Branquilho (Terminalia sp)
wood [66].

Even presenting an expressive compressive strength, the studied wood has a low stiffness,
leading to a high deformation capacity. For the C30 strength classification is expected a stiffness of
around 14.5 GPa. The studied cactus wood presented a stiffness of 2.31 GPa.

This values is near to woods such as Caixeta (Simarouba amara Aubl.), Cambara (Erisma uncinatum
Warm), Quarubarana (Eisma uncinatum), Cedro Doce (Cedrella spp) and Pinus bahamensis (Pinus caribea
var. bahamensis) with values of7.2,10.4, 9.06, 8.05, 7.1GPa, respectively [67].

O 71 717 1

[$)
o
I
I

N
o
I

N
o
[

— Cactus Wood Curves
=¥ Cactus Wood MediumCurve

Compressive Strength (MPa)
3
|

B 4
o
|

0 1 [ 1 l 1 l 1 l 1

0 0.04 0.08 0.12 0.16 0.2
Strain (mm/mm)

Figure 11. Axial compressive curves of cactus wood Cereus jamaracu,DC. t.

Table 9. Results of axial compressive test of cactus wood Cereus jamacaru, DC.

Sample Specimen side Compressive  Stiffness Strain at peak
dimension (mm) strength (MPa) (GPa) load (mm/mm)
Cactus Wood
(Cereus 10 38.20+2.94 23+0.34 0.022 +0.001
Jamacaru,DC)

3.10. Bio-concretes

The characterization of cactus wood highlights the peculiar morphological structures and
chemical composition that allow it to have a low density far below the other hardwoods. For that
reason, it is assumed that a good purpose for use would be in the production of lightweight bio-
concretes.

3.10.1. Fresh state properties
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During the production of the bio-concretes no segregation or exudation occurred and the
particles were homogeneously distributed in the pulp and the adhesion between the wood and the
other components was ideal. Also, the mixtures achieved good workability [32] as can be seen by
analyzing the results in Table 10.

Table 10. Flow table test (units in mm).

Blends CBC100 CBC200
Consistency index 225 2825

As expected, CBC200 showed the higher spreading, for having more compensating water than
CBC100. This result indicates that the higher quantity of compensation water (200%) in the mixtures
positively influenced its workability.

3.10.2. Hardened state properties

The composites with cactus wood and cement studied were demolded with one day of age
indicating that the wood washing and the addition of calcium chloride were effective in preventing
delay/inhibition of cement hydration reactions. After 28 days of age the CBC were submitted to the
uniaxial compression test, and the stress vs strain curves are presented in the Figure 12.
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Figure 12. Typical stress-strain curves of bio-concretes submitted to compression test.

The values of maximum strength as well as the modulus of elasticity and density of the bio-
concretes studied are shown in Table 11.
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Table 11. Bio-concretes physical and mechanical properties.

Blend Compression Strength (MPa)  Strain (pe) E (GPa) Density (kg/m?3)
CBC100 11.77 +1.04 24448.03+3810.72 5.33+£0.25 1451.6
CBC200 8.18+0.19 183374 +51224  4.47+0.35 1284.0

The bio-concretes ranged from 1284 to 1451.6 kg/m?® of density. According to [68], they can be
classified as lightweight materials, since they have a density of less than 1800 kg/m3. The determinant
variables on density were the amount of water and cactus wood (more water and more cactus wood
resulted lower densities).

With the stress versus strain curve generated, it was possible to observe that the bio-concretes
presented aninitial elasticlinear behavior, followed by a region of marked nonlinearity until reaching
the maximum tension. The rounded aspect of the curve can be explained by micro cracking pre-
rupture of the bio-concrete that increases the deformations recorded by the LVIDs.

The blends reached between 7.4 and 10.5 MPa of compressive strength.

It was observed that by reducing the compensating water in half the bio-concrete had a density
gain of 11%, decrease of the MOE of 10% and 30% of resistance gain, but loss of workability.

CBC200 showed similar results to those of [33] that use bamboo particles as bio-aggregate,
obtained maximum resistance of 4.20 MPa, MOE of 2.35 GPa and 788.47 kg/m? of density and 285 mm
of spreading. These results show that in cement matrix fixation the cactus bio-concrete obtained better
properties than the bamboo, which is probably due to the large amount of fine particles present in the
mixture, which reduced the amount of voids, densifying the mixture and consequently increasing
mechanical properties.

Comparing with the general literature existing, bio-concretes with cactus wood although less
resistant have as main differential the low density that they can achieve and the fact of maintaining a
relatively high stiffness [2, 32-33].

4. Conclusions

The morphological and chemical characterization of cactus wood of the species Cereus jamacaru,
DC. led to interesting and quite atypical results when compared to common woods. The most
plausible explanation is the adaptation to their natural habitat of severe climate and poor soil.

It is suggested as a future work the mechanical characterization of this wood in order to better
verify its applicability in situations that require mechanical resistance, besides the development of
other types of composites.

With regard to bio-concretes, the washing treatment on the cactus wood particles together with
the use of the Portland cement CPV-ARI and the addition of calcium chloride were effective in
guaranteeing the cement hydration and in the hardening of the bio-concretes.

Finally, the objective of producing lightweight bio-concretes was reached given the low final
density of the products.In addition, good physical, mechanical and workability properties (properties
of interest in construction) havebeen reached and it can be concluded that cactus wood can be used as
an alternative lignocellulosic source in the production of bio-concretes for use in various purposes in
the construction industry.
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Resumo

A presente pesquisa objetivou 0 desenwvolvimento e caracterizagcdo de bioconcretos leves produzidos com
madeira proveniente de fonte lignocelulésica alternativa. A madeira de Cacto Cereus jamacaru foi utilizada.
Para sua utilizagdo um tratamento com lavagens em agua quente (80°C) foi realizado. Na matriz estudada
foi utilizado Cimento Portland CP V- ARI com relagcdo agua: cimento de 0,4 e 3% (em relagcdo a massa de
cimento) de cloreto de célcio. Foram produzidos bioconcretos com particulas de madeira classificadas como
esverdeadas e amarronzadas. Para cada tipo de particula foram desenwohidos tracos variando a
porcentagem de agua de compensacao (100 e 200%), o relagdo cimento-madeira (3,4 and 7) e o método
de adensamento (com soquete ou ndo). A caracterizacdo das misturas no estado fresco foi realizada
através do ensaio de espalhamento (flow table). Os corpos de prova foram submetidos a cura Umida (21°C
e UR=100%) e ensaiados com idade de 28 dias. A caracterizacdo no estado endurecido foi realizada
através de ensaio de compressao uniaxial, calculo do modulo de elasticidade (NBR 8522) e determinagéo
da densidade aparente dos compositos. As misturas com particulas esverdeadas atingiram entre 872,5 e
1347,1 kg/m3 de densidade e entre 1,72 e 8,94 MPa de resisténcia & compressdo. A densidade dos
compositos com as particulas marrons variou de 997,4 a 1451,6 kg/m? e a resisténcia a compresséo de 3,38
a 10,51 MPa. Os compdsitos podem ser classificados como bioconcretos leves, pois apresentaram uma
densidade menor do que 1800 kg/ms. Pode-se concluir que a madeira de cacto Cereus jamacaru pode ser
utilizada como uma fonte lignocelulésica alternativa na producéo de bioconcretos que poderdo encontrar
diversas aplicagdes no setor da construgéo civil.

Palavra-Chave: Concreto leve; Bioconcreto; Madeira de Cacto; Sustentabilidade; Construgdo Civil.

Abstract

The present research aimed at the dewvelopment and characterization of light bioconcretes produced with
wood from an alternative lignocellulosic source. The cactus wood Cereus jamacaru was used. For its use a
treatment with washes in hot water (80°C) was carried out. In the studied matrix was used Portland cement
CP V-ARI with relation water: cement of 0.4 and 3% (in relation to the cement mass) of calcium chloride.
Bioconcretes were produced with wood particles classified as greenish and browned. For each type of
particle, traces were deweloped varying the percentage of compensation water (100 and 200%), cement-to-
wood ratio (3,4 and 7) and moulding method (compacting with metal rod or not). The characterization of the
fresh mixtures was performed through the flow table. The specimens were submitted to humid curing (21° C
and UR = 100%) and tested at age 28 days. The characterization in the hardened state was performed by
uniaxial compression test, elastic modulus calculation (NBR 8522) and determination of the apparent density
of the composites. The blends with greenish particles reached between 872 and 1347 kg / m 3 of density and
between 1.72 and 8.94 MPa of compressive strength. The density of the composites with the brown particles
varied from 892 to 1452 kg / m3 and the compressive strength of 3.38 to 10.51 MPa. It can be concluded that
Cereus jamacaru cactus wood can be used as an alternative lignocellulosic source in the production of
bioconcretes that can find several applications in the civil construction sector.

Keywords: Lightweight concrete; Bioconcrete; Cactus Wood; Sustainability; Construction.
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1 Introducao

De acordo com Gloria (2015), a indastria da construcdo civil € uma das grandes
geradoras de residuos e a maior consumidora de recursos naturais, sendo, portanto,
urgente a busca por novos recursos e tecnologias que causem uma menor agressao ao
ambiente. Nesse contexto insere-se a utilizacdo de fontes lignocelulésicas alternativas
para 0 desenvolvimento de materiais ndo convencionais que atendam as necessidades
desse setor em termos de impacto ambiental (MESQUITA, 2015; SOLTAN, 2017). As
principais vantagens desses materiais lignocelulésicos sdo o aprisionamento de carbono,
dependendo da aplicacao e o fato de serem renovaveis.

Os cactos, género Cactaceae, se apresentam como uma fonte lignocelulésica inovadora
na construgdo civil uma vez que segundo Takane et. al (2009) os principais usos dessas
espécies sao para ornamentacdo (vasos, terrarios e plantas para paisagismo), produtos
medicinais, cosmeéticos e em locais de clima muito severo séo utilizados para alimentacéao
animal e como cerca viva. A principal vantagem dessas plantas sdo o facil cultivo e
manejo uma vez que sobrevivem a regides de estresse com altas temperaturas, déficit
hidrico e baixa umidade, o que serviu de motivacdo para que hoje existam muitos
produtores mundiais e brasileiros dessas espécies (TAKANE et. al, 2009).

Os compdsitos cimenticios de biomassa vegetal sdo constituidos basicamente de
aglomerantes minerais combinados com agregados vegetais (bioagregados) e outros
aditivos (BERALDO, 2011). O autor ainda afirma que as principais vantagens do uso
desses compdsitos sao a grande disponibilidade de matéria prima, que é renovavel e a
baixa massa especffica final do produto, estando entre 400 a 1500 kg/ms3. Outras
vantagens sdo a resisténcia aos agentes biodegradadores, a boa estabilidade
dimensional permitindo o emprego desses materiais em ambientes externos sem recorrer
a protecdes, a resisténcia a impactos e o fato de possuirem propriedades termo acusticas
mecanicas satisfatérias. De acordo com Beraldo (1997), em muitas aplicages, esses
materiais substituem com eficiéncia os materiais convencionais utilizados na construcao,
apresentando desempenho técnico, por vezes, superiores a eles.

Um desafio na producao dos compdsitos cimenticios com materiais lignocelulésicos, que
podem ser chamados de bioconcretos, € a incompatibilidade quimica entre o cimento e a
biomassa vegetal que pode levar ao retardo/inibicdo das reacbes de hidratacdo do
cimento. Segundo Simantupang et al. (1978), os extrativos presentes na madeira sdo 0s
principais responsaveis por esse impedimento da solidificacdo do cimento. Beraldo (2011)
explica que ndo se pode adicionar nenhuma espécie vegetal no seu estado natural ao
cimento, uma vez que 0s constituintes quimicos da planta sdo muito sensiveis ao meio
alcalino da matriz de cimento e salienta a importancia e eficacia de se aplicar tratamentos
preliminares na planta aliados ao uso de aceleradores de pega. Em seus estudos obteve
resultados de endurecimento satisfatorios utilizando Cimento Portland CPV-ARI, adicéo
de 3% de cloreto de calcio e amostras previamente lavadas com agua quente para
reducéo dos extrativos.
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A relagdo é&gua: cimento é uma variavel de extrema influéncia na resisténcia do
bioconcreto e segundo Andreola (2017) a hidratacdo do cimento ocorrera completamente
somente se essa relacdo for maior que 0,38. Por causa da alta absorcdo de agua da
biomassa, é importante ter agua suficiente para manter as fibras saturadas, permitir a
hidratacdo do cimento e também para garantir a consisténcia do bioconcreto. Outro fator
importante a ser analisado na producdo de bioconcretos € a granulometria do material
lignocelulésico que sera utilizado bem como o formato das particulas. Beraldo (1997)
verificou a falta de aderéncia entre o bambu e a pasta de cimento quando sao utilizados
colmos inteiros de bambus de grande diametro, que ndo apresentam as brotacfes
laterais. Latorraca (2000), concluiu que a granulometria tem influéncia significativa até
mesmo no tempo de pega e solidificacdo do cimento.

Diante 0 exposto, a presente pesquisa objetivou o desenvolvimento e caracterizagao
fisico-mecanica de bioconcretos leves produzidos atraves da utilizagdo de madeira de
cacto como bioagregado a fim de verificar a possibilidade de uso como matéria-prima
alternativa na construgéo civil.

2 Materiais e métodos experimentais
2.1 Bioagregado

A madeira de cacto utilizada foi da espécie Cereus jamacaru da cidade de Barueri - S&o
Paulo, Brasil. As amostras foram obtidas da base de uma arvore adulta com trés anos de
idade por corte manual. Foi observado que o Mandacaru, nome popular da espécie,
originou fragmentos de madeira com diferentes aspectos a depender da posi¢cao no caule
de onde eram extraidos. Para producdo dos compdsitos tomou-se o cuidado de separar
os de coloracdo esverdeada escura (fragmentos escuros com maior proximidade as
folhagens do cacto) daqueles que possuiam coloragcdo mais amarronzada (fragmentos
claros advindos de uma regido mais interna do tronco).

Figura 1 - Comparacdo entre os fragmentos marrons claros (a direita) dos fragmentos eswverdeados escuros
(a esquerda)

Os fragmentos foram reduzidos a menores dimensées com auxilio de um moinho martelo
e todas as particulas geradas cujo comprimento ultrapassou trés vezes o valor do
didmetro foram descartadas devido ao possivel prejuizo de aderéncia que as mesmas
podem gerar no composito final.
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Figura 2 — Particulas descartadas esverdeadas (a direita) e amarronzadas (a esquerda).

Com as particulas restantes foi realizada uma andlise granulométrica para melhor
entendimento da dimensao das particulas pés-moagem.
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Figura 3 — Curvas granulométricas para particulas esverdeadas e amarronzadas.

Para determinacdo da quantidade de lavagens necesséarias para redugdo dos
extrativos foi realizado um experimento de ciclos de lavagens. Com um Agitador
Magnético com Aquecimento da marca IKA e modelo C-MAG HS 7, um Termdmetro
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Eletrébnico de Contato, também da marca IKA e modelo ETS-D5 e dois béqueres
com capacidade de 500 mL foi montado o sistema da figura a seguir:

Figura 4 — Esquema para realizacdo do ciclo de lavagens das particulas de Cacto.

Foram adicionados 300 ml de agua destilada e 5 g de particulas de cacto ao béquer.
A 4gua era mantida a 80° C durante uma hora, sua coloracéo final registrada e entdo
se iniciava um novo ciclo. Os ciclos foram repetidos até que se notou que a agua ao
final da lavagem estava limpa.

Para caracterizar fisicamente o bioagregado foi realizado ensaio de densidade
bésica e absor¢cdo de 4gua da madeira (NBR 11941/ABNT 2003) pré-moagem e
ensaios de massa especifica aparente (NM 52/2009) e teor de umidade (NM
9939/2011) pos-moagem. Os resultados para os dois tipos de particulas
(esverdeadas e amarronzadas) foram proximos o suficiente para serem
considerados iguais e estdo expressos na tabela 1.

Tabela 1 — Caracterizacdo fisica do bioagregado Cereus Jamacaru.

Densidade basica (kg/m?3) 340
Absorcao de dgua (%) 199
Teor de umidade (%) 6,3

Massa esp. aparente (kg/m3) 250

2.2 Aglomerante e aditivo

Foi utilizado como aglomerante o Cimento Portland CP V — ARI (cimento de alta
resisténcia inicial). A composicdo quimica e a densidade do cimento s&o
apresentadas na tabela a seguir:
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Tabela 2 — Composicdo quimica e densidade do CP V — ARl (ANDREOLA et al. (2016))
Composicado quimica CPV -ARI

CaOo 70,140%
SiO; 15,475%
Al; O3 4,870%
SOs3 4,207%
Feo03 3,458%
K20 1,028%
SrO 0,407%
TiO, 0,244%
MnO 0,138%
CuO 0,016%
ZnO 0,015%
Densidade 3170 kg/m3

Para acelerar a pega do cimento adicionou-se 3% (com relacdo & massa de
cimento) de cloreto de calcio (CaCl,) as misturas.

2.3 Bioconcretos

A tabela 3 mostra as relagbes massicas cimento: madeira utilizadas para producdo
dos bioconcretos de cacto (BC). As letras L e F indicam o tipo de particula utilizada,
sendo L para as amarronzadas e F para as mais esverdeadas. Para todas as
misturas o a relacdo agua: cimento (A/C) usada foi de 0,4.

A definicdo dessas composicdes foi dada da seguinte maneira: para as misturas
BCL 100, BCL 200 e BCF 200 foi fixado o consumo de cimento e o volume de
madeira seguindo Andreola (2017). A variagdo na agua de compensacao teve como
objetivo avaliar a real necessidade de sua colocacao diante a absorcdo de madeira
obtida (quase 200%, com relacdo a massa de madeira) e a trabalhabilidade
desejada; para as misturas BCL 3, BCF 3 e BCL 4, foi utilizado 200% de agua de
compensacdo (com relacdo a massa de madeira) e foi fixado a relacdo massica
cimento: madeira seguindo os resultados obtidos por da Gloéria (2015) e os nimeros
3 e 4 indicam essa relacao.
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Tabela 3 — Composi¢do das misturas

Consumo Volume Relagdo Méssica
: de de . i
Mistura cimento madeira Ciment Madeira Agua Aguade . CaCl
(kg/m3) (%) 0 compensacgéo

BCL 100 775,000 45 1 0,145 0,4 0,145 0,03

BCL 200/

BCE 200 775,000 45 1 0,145 0,4 0,290 0,03
BCF3 488,093 65,1 1 0,333 0,4 0,667 0,03
BCL4/

BCF4 582,935 58,3 1 0,250 0,4 0,500 0,03

Os bioconcretos de cacto (BC) foram produzidos em uma argamassadeira
planetaria, com cuba de 5 litros de capacidade e batedor em aco inoxidavel.
Inicialmente misturou-se a dgua com o cloreto de célcio em recipiente reservado
formando uma solucdo homogénea. O cimento e as particulas de madeira também
foram misturados separadamente sendo o0s primeiros a serem colocados no
equipamento. Em baixa velocidade de rotacdo (136 rpm), durante o primeiro minuto,
adicionou-se gradativamente, a solucdo liquida na argamassadeira. Interrompeu-se
entdo o giro para desprendimento manual do material que se prendia as paredes da
argamassadeira. O conjunto todo foi misturado por mais 3 minutos e repetia-se o
processo de desprendimento das paredes. Nesse intervalo € que se misturava a
adgua de compensacao. Finalmente misturou-se por mais 1 minuto para atingir uma
boa homogeneidade na mistura.

Foram produzidos corpos de prova cilindricos de 5 x 10 cm (diametro e altura). O
preenchimento dos moldes foi realizado em trés camadas, e variou-se o tipo de
compactacdo: manual com 15 golpes por camada (BCL/BCF 200 e BCL 100) e
mesa vibratéria (BCL 3, BCF 3 e BCL 4). Os moldes foram protegidos contra a perda
de umidade até a desmoldagem, o que aconteceu 24 horas depois. Por fim, os
corpos de prova foram colocados em camara umida a 20°C (x 2°C) e umidade de
95% (+ 2%) até atingirem idade de 28 dias.

Durante a producdo dos compdsitos foi observado que nao houve segregacao ou
exsudacdo entre as misturas e que a aderéncia entre a madeira e os demais
componentes foi ideal (ver Figura 5).

No estado fresco foi avaliada a propriedade de indice de consisténcia das misturas
atravées do ensaio de espalhamento (flow table test). O resultado final para cada
mistura foi obtido a partir da média entre os diametros alcancados (Figura 5).

ANAIS DO 60° CONGRESSO BRASILEIRO DO CONCRETO - CBC2018 — 60CBC2018 43



600 Anais do

CONGRESSO 600 Congresso Brasileiro do Concreto 0
BRASILEIRO CBC2018

FOZOOMUAMVIITALI CCSETIMNERD - 2900

@ 2018 - IBRACON - ISSN 2175-8182

Figura 5 - Ensaio de espalhamento (flow table test).

Com base na norma brasileira NBR 5739 (ABNT 2007), o teste de compressao foi
realizado apos 28 dias em uma maquina universal modelo Shimadzu-1000 KN. A
velocidade de ensaio foi de 0,3 mm/min e os deslocamentos verticais foram obtidos
a partir da leitura média de dois LVDTs. Para cada mistura, trés corpos de prova
cilindricos foram ensaiados. Foi também determinada a densidade aparente dos
bioconcretos e o modulo de elasticidade, este Ultimo segundo as prescricdes da
norma NBR 8522 (ABNT 2008).

3 Resultados
3.1 Reducdao dos Extrativos

Observa-se uma variacdo gradual da coloracdo da agua com a lavagem em agua
guente deionizada. A mudanca de cor (Figuras 6 e 7) é perceptivel em cada um dos
ciclos e pode ser explicada pela reducdo dos extrativos vegetais da biomassa.
Também € possivel observar que a remog¢ao dos extrativos acontece principalmente
durante os trés primeiros ciclos de lavagem uma vez que a diferenca de coloracao
entre aterceira e a quarta agua residual ndo foi significativa.

Figura 6 - Comparagcdo da coloracdo da agua ao final de cada ciclo de lavagem para as particulas
eswverdeadas.
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Figura 7 - Comparagdo da coloracdo da agua ao final de cada ciclo de lavagem para as particulas
amarronzadas.

Com o experimento do ciclo de lavagens ficou estabelecido que as particulas devem
ser submetidas a 3 ciclos de lavagens antes de serem utilizadas para a producéo do
bioconcreto.

3.2 Propriedade do estado fresco

As pastas atingiram boa trabalhabilidade como pode ser conferido analisando os
resultados da tabela 4.

Tabela 4 — Resultado do ensaio de espalhamento

Mistura BCL 100 | BCL200|BCF200| BCL4 |BCF4|BCF3
Indice de
consisténcia (mm) 225 2825 298,5 2875 2575 | 2225

3.3 Propriedades no estado endurecido

Apés 24 horas de sua produgdo os corpos de prova foram desmoldados e foi
possivel perceber uma boa homogeneidade das particulas na matriz cimenticia
(Figura 8).

i Jfé' & J & > .
Figura 8 — Homogeneidade dos bioconcretos. Vista do topo de um CP (a direita) e vista interna (corte
transversal (a esquerda).

Apos 28 dias de idade os BC foram entdo submetidos ao ensaio de compressao
uniaxial e com os dados gerados foi possivel gerar graficos de tensdo — deformacao
axial para as misturas.
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Os valores da maxima resisténcia atingida bem como o médulo de elasticidade e a
densidade dos bioconcretos estudados estdo apresentados na Tabela 5.

Tabela 5 — Propriedades dos bioconcretos no estado endurecido

Mistura (MPa)

Resisténcia E Densidade

(GPa) (kg/m3)

BCL 100 10,51

BCL 200 7.44
BCF 200 8,94
BCL 4 3,39
BCF 3 1,72
BCF 4 3,14

11,52  1451,60
10,30  1284,00
11,98  1347,10
2,55 997,40
2,30 872,50
2,03 999,60

4 Discussao
4.1 Extrativos
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Os compdésitos com madeira de cacto e cimento estudados foram desmoldados com
um dia de idade indicando que o tratamento de lavagens utilizado, bem como a
adicdo de cloreto de célcio e a utilizacdo de cimento CP V- ARI foram eficazes na
prevencdo de retardo/inibicdo das reacdes de hidratacdo do cimento.

4.2 Indice de Consisténcia

As misturas BCF 200 e BCL 200 com 200% de agua de compensacao e consumo
de cimento fixado e a mistura BCL 4 com relacdo cimento: madeira de 1:0,25
atingiram melhor trabalhabilidade, tendo os valores de espalhamento ficado entre
282,5 e 298,5 mm. Esse resultado indica que a maior quantidade de madeira nas
misturas influenciou negativamente a trabalhabilidade.

4.3 Densidade aparente dos bioconcretos

Os bioconcretos com particulas esverdeadas atingiram entre 872,5 e 1347,1 kg/m3
de densidade aparente enquanto que a densidade dos bioconcretos com as
particulas amarronzadas variou de 997,4 a 1451,6 kg/m3. Os compdsitos produzidos
podem ser classificados, segundo Rilem (1978), como materiais leves, pois
apresentaram uma densidade menor do que 1800 kg/m?>. As variaveis determinantes
para obtencdo de menores densidades foram a maior quantidade de agua e de
madeira de cacto adicionadas e ha indicios nos resultados (analise BCL 200 versus
BCF 200; BCL 4 versus BCF 4) de que para misturas semelhantes com tipos de
particulas diferentes as amarronzadas resultam em bioconcretos com menores
densidades.

4.4 Resisténciaacompressao e Rigidez

Com a curva de tensdo versus deformacdo gerada foi possivel observar que os
compositos apresentaram um comportamento linear elastico inicial, seguindo-se por
uma regido de nao linearidade acentuada até atingir a tensdo maxima. O aspecto
arredondado da curva pode ser explicado pela microfissuragdo pré-ruptura do
bioconcreto que aumenta as deformacgdes registradas pelos LVTD’s.

Como ja era esperado, as misturas com maiores consumo de cimento e menores
quantidades de agua de compensacgao atingiram maior resisténcia a compressao e o
MOE acompanhou essa tendéncia.

As misturas com particulas esverdeadas atingiram entre 1,72 e 8,93 MPa de
resisténcia a compresséo e as amarronzadas entre 3,38 e 10,51 MPa. Nao h& dados
gue mostrem qualquer tendéncia em relacdo a maxima tenséao atingida variando-se
apenas o tipo de particula.

Os corpos de prova com consumo fixo de 775 kg/m3 (BCL 100, BCL 200 e BCF 200)
atingiram melhor relacdo resisténcia/densidade e maior rigidez, ou seja, menores
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deformacdes para uma dada solicitacdo, que € propriedade de grande interesse na
engenharia civil. Analisando os resultados das misturas BCL 100 e BCL 200
observa-se que reduzindo a agua de compensacao pela metade o bioconcreto teve
um ganho pequeno de densidade, aumento do MOE, um ganho significativo de
resisténcia e uma grande perda de trabalhabilidade.

Para o mesmo traco de BCF 3 - no qual foi possivel obter 1,72 MPa de resisténcia,
2,30 GPa de MOE e 872,5 kg/m3 de densidade- da Gloria (2015) obteve, utilizando
serragem de madeira, 15,97 MPa de resisténcia, 4,03 GPa de MOE e 1250 kg/m3 de
densaidade. Andreola et. al. (2016) estudaram bioconcretos com particulas de
bambu e obtiveram 12,01 MPa de resisténcia, 4,03 GPa e 1157 kg/m? de densidade.
Esses dados mostram que para essa metodologia de calculo de traco os compadsitos
com madeira de cacto apesar de menos resistentes tem como principal diferencial a
baixa densidade que conseguem atingir e o fato de manterem uma rigidez
relativamente alta. A comparacdo com os resultados do estudo de Beraldo (1997),
que também trata da produgcdo de um compdsito cimenticio com particulas de
bambu corroboram com a andlise anterior.

O trago das misturas BCL 200 e BCF 200 - cujos resultados séo respectivamente:
7,44 MPa para maxima resisténcia, 10,29 GPa de MOE, densidade de 1284 kg/m3 e
espalhamento 282,5 mm; 8,93 MPa para maxima resisténcia, 11,98 GPa de MOE,
densidade de 1347,1 kg/m3® e espalhamento 298,5 mm - sdo semelhantes ao de
Andreola (2017) que trabalhando com particulas de bambu obteve maxima
resisténcia de 4,2 MPa, MOE de 2,35 GPa e 788,47 kg/m3 de densidade e 285 mm
de espalhamento. Esses resultados mostram que na fixacdo do consumo de cimento
o bioconcreto de cacto obteve melhores propriedades que o bambu o que se deve
provavelmente a grande quantidade de finos presentes na mistura que reduziu a
quantidade de vazios, densificou a mistura e trouxe como consequéncia 0 aumento
das demais propriedades.

5 Conclusoes

O tratamento das particulas de madeira de cacto aliado ao uso do Cimento Portland
CPV-ARI e a adicao de cloreto de calcio foram eficazes na garantia da hidratagdo do
cimento e no endurecimento dos bioconcretos.

As misturas com 0s maiores consumo de cimento e com 200% de agua de
compensacao apresentaram melhor trabalhabilidade que as demais.

H& indicios nos resultados de que para misturas semelhantes (mesmo traco) as
particulas esverdeadas resultam em bioconcretos com maiores densidades. Nao foi
observada, no entanto, uma tendéncia para a Resisténcia a compressdao com
relacdo ao uso das particulas (esverdeadas e amarronzadas).
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Os corpos de prova com consumo fixo de 775 kg/m3 atingiram melhor relagéao
resisténcia/densidade e maior rigidez e no geral observou-se que 0s bioconcretos
com maior resisténcia apresentaram maiores valores de MOE.

Finalmente, o objetivo de produzir bioconcretos leves foi atingido dada a baixa
densidade final dos produtos. Além disso, boas propriedades fisicas, mecéanicas e de
trabalhabilidade (propriedades de interesse na construgdo civil) foram atingidas
podendo-se concluir que a madeira de cacto pode ser utilizada como uma fonte
lignocelulésica alternativa na producdo de bioconcretos para utilizacdo em diversos
fins no setor da industria da construcao civil.
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