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RESUMO

ZANUNCIO, Antonio José Vinha, D.Sc., Universidade Federal de Vigasajro de
2016.Avaliacdo de clones de eucalipto sujeitos a danos pelos vergagtilizacéo de
sua madeira na industria florestal.Orientador: Jorge Luiz Colodette. Coorientassor
Angélica de Cassia Oliveira Carnegéernando José Borges Gomes.

Danos por ventos sao frequentes em plantios florestais do género Eucalyptus,
entretanto, poucos estudos abordam esta tematica. Desse modo, o0 objetiesel ésia
avaliar caracteristicas da madeira que estdo associadsisténcia das arvore a acao
dos ventos e propor possiveis usos para a madeira danificada pelo veoapithio

um, uma nova metodologia para avaliacdo da resisténcia das arvorasacagdo dos
ventos foi testada, caracteristicas da madeira foram levardaglesas caracteristicas
foram relacionadas com os dados histéricos de danos por ventos. A nova mitodolog
apresentou alta relagdo com os dados histéricos de danos por ventos. Clomesarom
densidade bésica, fracdo parede das fibras, modulo de elasticidadeatas fadmela
média, dureza das fibras, médulo de ruptura, tensdo de crescimentm eagulo
microfibrilar apresentaram maior resisténcia a quebra por ventos.pi@ulcadois
estudou a utilizacdo da madeira quebrada por ventos para a fabrimgdapa
celuldsica e papel. A propor¢do de madeira de dois anos que pode sefautiirau
com o parametro e nivel de refino. Entretanto, polpa produzida com 5% dieantkdle
dois anos e 95% daquela de sete anos apresentou a mesma qualideqelgusom
100% de madeira desta ultima idade. O capitulo trés avaliou za¢dib de arvores
tombadas por ventos na fabricagdo de madeira sélida. Os clones tapaesdmoa
resisténcia mecanica, entretanto com grandes variacdes epraudsdades fisicas. A
madeira dos materiais com densidade mais uniforme no sentido radiakae bai
coeficiente de anisotropia sdo mais propicio para utilizacdo em estrataravelaria.

O capitulo quatro avaliou o potencial da madeira quebrada pelo pat@eracao de
energia. O poder calorifico dos materiais pouco variou, entretanto aquelesatom
densidade basica tiveram maior densidade energética, tornandosogropacios para

geracado de energia por queima direta ou producéo de carvao vegetal.



ABSTRACT

ZANUNCIO, Antbnio José Vinha, D.Sc., Universidade Federal de Vicosaiadg
2016.Evaluation of eucalyptus clones subject to wind damage and uskits wood

in the forest industry. Adviser: Jorge Luiz Colodette. Co-advisers: Angélica dei€ass
Oliveira Carneiro and Fernando José Borges Gomes.

Wind damage is common in eucalyptus forest plantations; however few sstudie
addressed this issue. Thus, the aim of this thesis was to evah&tevaod
characteristics that make trees resistant to wind action, and prppssible uses for
timber felled by the winds. In chapter one, a new methodology to evaliede
resistance against wind action was tested. Besides, the woodtehatas were
evaluated and related to historical data of wind damage. The eé&vwdology showed

high correlation with historical data from damage by wind. Clones wih basic
density, cell wall fraction and modulus of elasticity of the fibsat the middle lamella,
hardness of the fibers, modulus of rupture; growth stress and low microfibril arrgle we
more resistant to wind damage. In chapter two, the use of broken treesdyow
manufacture of pulp and paper was studied. The proportion of two-years-old wood
which can be used varied with the parameter and refining level, but pulp edodiib

95% of seven-year-old wood and 5% of two-years-old wood has similar qoatlitys

with 100% of seven-year-old wood. Chapter three evaluated the use of éadtfeés

for solid wood manufacturing. The clones showed good mechanical properties,
however, with high variation between their physical properties. Mdgeanith uniform
density in the radial direction and low coefficient of anisotropy arebkit structures

and furniture industry. The chapter four evaluated the potential of wind brokeridree
power generation. The calorific value of the materials was simmidrttaose with high
density resulted in higher energy density, making them better for power gemerat

both for direct burning and charcoal production.

Vi



1 INTRODUCAO GERAL

1.1 O género Eucalyptus

O género Eucalyptus pertence a familia Myrtaceae e inclui apgdaimente
700 espécies, com grande maioria originada da Australia, onde coostj@mnero
dominante da flora, algumas espécies também podem ser encontradas riauihé e
Indonésia (BOSCARDIN, 2009

A boa adaptagédo do género Eucalyptus ao Brasil aliado aos investiraentos
pesquisa e treinamento de mao de obra fizeram das florestas plantadagéieso as
mais produtivas do mundo, ampliando a sua utilizacdo. Atualmente a anddste
género é utilizada na producéo de polpa celulésica e papel, enengés,pastruturas,
movelaria e outros (LONGUE JUNIOR e COLODETTE, 2013).

A éarea de florestas plantadas no Brasil abrangia aproximadamente h§@amil
de hectares em 2014, sendo que deste total, 5,5 milhdes de heearateyénero
Eucalyptus, concentrados principalmente nos estados de Minas GeraiauBad/mato
Grosso do Sul, Bahia, Rio Grande do Sul e Espirito Santo (IBA, 2015) (Tabela 1).

Tabela 1- Area plantada com espécies do género Eucalyptus em diferentéssesta
(IBA, 2015).

Estado Area ocupada por arvores de eucalipto em 2014 (ha)
Minas Gerais 1.400.232
Séao Paulo 976.186
Mato Grosso de Su 803.699
Bahia 630.808
Rio Grande do sul 309.125
Espirito Santo 228.781
Total 5.558.653

Entre as principais espécies cultivadas no Brasil, destacam o Eucalyptus grandis,
Eucalyptus urophylla, Eucalyptus camaldulensis e outras (IBA, 2015). Gpéaie
possui caracteristicas diferentes, desse modo, a escolha do materiatibizado deve
levar em consideracao as exigéncias edafoclimaticas e o uso fmaldéaa (BOTREL
et al., 2010; TRUGILHO et al., 2015).



1.2 O hibrido Eucalyptus grandis x Eucalyptus urophylla

A utilizagdo de hibridos foi um dos fatores importantes para o sucesso das
florestas plantadas no Brasil. A utilizacdo destes materaiativa por possuirem em
uma unica planta, caracteristicas presentes em espécies distintas.

O hibridoEucalyptus grandig Eucalyptus urophylla& o mais importante para o
sucesso das florestas plantadas no Brasil. Ele se destaca na @mrbelugadeira por
apresentar rapido crescimento, com ciclo de corte entre seisanestBASSA et al.,
2007; CASTRO et al., 2013). Este hibrido, amplamente utilizado na industra@pde p
celulésica e papel, se mostraram altamente adaptado a estaidndésido a sua
densidade basica, composicdo quimica e qualidade das fibras,ntprdsealtos
rendimentos e alta qualidade na polpa produzida (QUEIROZ et al., 2004; B3R Bt
al., 2014).

1.3 Danos pelos ventos

O vento é o deslocamento do ar atmosférico, sendo influenciado por fatores
como altitude, latitude, longitude, radiacdo solar e umidade (MITCHRDLR). A
direcdo do vento parte da area de maior pressdo atmosférica gasadér menor
pressdo e quanto maior a diferenca entre as pressdes dessasndi@asera sua
velocidade.

O vento é um fenbmeno que causa disturbios consideraveis em florestais natur
e plantadas, sendo registrados danos desde 1940 (MOORE et al., 2013). Atuaknente
danos pelos ventos em florestas ocorrem no mundo inteiro (MOORE et al., 2013;
LAGERGREN et al., 2012; MITCHELL, 2012). Em 1999, o volume de arvores
quebradas pelo vento correspondeu a 175 milhdes de metros cubicos na Europa
(BOMERSHEIM, 2000).

A passagem dos ventos facilita a circulagdo de ar na copatafal a
transpiracdo e a troca de oxigénio e dioxido de carbono com a atmosfEGHEAL,
2012). Entretanto, segundo mesmo autor, a a¢cao dos ventos causa um esforco de flexa
na arvore, resultando na producédo de lenho de reacdo para melhorar a eessténci
flexdo. Este lenho possui propriedades indesejadas na fabricacdo de hifsécaee
no uso como madeira solida, diminuindo o valor de mercado da madeira.

O relevo altera a velocidade dos ventos e por isso pode maximizar ouzami

os danos dos ventos nas plantacdes florestais. Os ventos aumentatocaiade
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guando atingem as encostas. Nas regifes de vale, a canalizac&entiiss pode
aumentar a sua velocidade e com isso causar danos as plantacdes florestais.

No Brasil, os danos por ventos em plantacdes de eucalipto saoadegst
principalmente no oeste e no norte de Minas Gerais, sul da Bahia,cESpintb, vale
do Paranaiba e oeste de S&do Paulo (ROSADO, 2006). Nos ultimos anos, os ldanos pe
acao dos ventos em plantacdes florestais na regido do Rio Doce sadaauejuizos
econdmicos (CENIBRA, 2014) (Figura 1). Atualmente, os danos causados pela acéo
dos ventos vém sendo monitorados desde 1998. Com base nesses dados, o0 ano de 201(
foi marcado pela maior incidéncia de quebras de arvores pela acao @oceemtmais
de 2500 hectares quebrados (CENIBRA, 2014).
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Figura 1- Area em hectares quebrada pelos ventos na regi&o baixa da empresa Cenibra.

Estes danos ocorrem principalmente entre 24 e 36 meses apos o platdio, nes
periodo, o estagio de crescimento (relagcdo copal/tronco) deixa assamais
vulneraveis aos efeitos maléficos dos ventos (ROSADO, 2006). A acédontos pede
guebrar ou entortar a arvore (ATAIDE et al. 2015). No primeiro caso, a quebra pode
ocorrer em altura variavel, além do prejuizo econdémico, este dano poder resulta
aumento das chances de erosao do solo descoberto. No segundo caso, a arvare perde
sua dominancia apical, gerando brotacdes ao longo do fuste com o passaogjos
estas brotacfes resultardo em arvores sem aspecto retilineo.

Os danos pelos ventos afetam negativamente toda a cadeia produtiva das
florestas plantadas. Quando ocorre a quebra, a colheita deste matexialagnerosa e
demanda maior tempo devido ao menor diametro de suas toras, apos a detitada

madeira, um novo plantio precisa ser implantado precocemente, por fim, ieancade
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dois anos de idade possui baixo diametro e densidade basica (BRA2@14),,0 que
dificulta a sua utilizagcdo. No caso em que ha entortamento da,aovp@/oamento
perderd parte da sua produtividade e como as arvores apresentam tortuosidade, a
colheita também serd mais demorada e onerosa.

A suscetibilidade dos clones contra os danos pelos ventos pode variar conforme
o material genético (Braz et al., 2014; Ferreira et al., 2010), justifiestddos sobre a
qualidade da madeira e parametros dendrométricos das arvores a fiimrdean os

danos por ventos.

1.4  Madeira de eucalipto para producdo de polpa celulésica e papel

Atualmente, a madeira é a principal fonte de matéria primagppraducédo de
polpa celulésica e papel no mundo. Quanto ao tipo da polpa celulésica papdezid
divide em dois grupos, a fibra curta, proveniente das folhosas e a fibra longa
proveniente das coniferas. O primeiro grupo € recomendado para fabricacdo de papeis
de impresséo e tissue, enquanto o segundo grupo é recomendado princigadnaente
producédo de papeis para embalagem (BASSA et al., 2007; MOKFIENSKI et al., 2008).

O setor de producéo de polpa celulésica e papel atravessa excelentéamamen
Brasil. Em 2013, foram consumidos aproximadamente 56 milhdes de metros cubicos de
madeira para este fim. O que resultou na producdo de 16,4 milhdesethas de
polpa celulésica e 10,4 de papel, transformando o Brasil no quarto maior praeuto
polpa celuldsica e 0 nono maior produtor de papel no mundo (IBA).2015

A maioria da polpa celul6sica produzida no Brasil € exportada para a Europa,
Estados Unidos e Asia, onde é utilizada principalmente como engiéma para a
producdo de papéis tissue e para impressao e escrita (IBA, 2015). A rdeipapel
exportado pelo Brasil tem como destino os demais paises da Amérioa, dmr8
aproximadamente 50% do total, a América do Norte, Europa e Asia taapaéatem

como destinos do papel produzido no Brasil.

1.5 Madeira de eucalipto para produgdo energética

No Brasil, visando a geracdo de energia, a madeira do género Euc&lyptus
utilizada através da sua queima direta ou através da producdo de cegedal v
(LONGUE JUNIOR e COLODETTE, 2013), sendo interessante que ela ploaswa
umidade (ZANUNCIO et al., 2013a; ZANUNCIO et al., 2013b), alto teor tatasos
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(ZANUNCIO et al., 2014), alto teor de lignina e baixa proporcéo siringil/gilada
lignina (PEREIRA et al., 2013).

Em 2014, foram consumidos 50 milhdes de metros cubicos de madeira para
producdo de energia no Brasil (FAO, 2015). A maioria deste material foi ciolasum
através da queima direta e atende a populacdo de baixo poder aquigist@ando a
importancia social deste produto.

O carvao vegetal é utilizado principalmente como termorredutor na poodaca
ferro-gusa, ferro-ligas e aco. Em 2013, 215 industrias utilizaram cargétalveeste
processo, sendo que 80% se encontravam no estado de Minas Gerais (IBA, 2015

O setor de carvao vegetal enfrenta grandes desafios no Brasil, em 2013, foram
produzidas 5,3 milhdes de toneladas de carvao vegetal, entretantas 8366 eram
provenientes de florestas plantadas, criando uma pressdo sobre os rem@siesc
florestais nativos (IBA, 2015

1.6  Madeira de eucalipto como produto sélido

A utilizagdo da madeira como produto soélido abrange a madeira rolica,
falguejada ou serrada, além da utilizacdo dos painéis (LONGUE RINGO
COLODETTE, 2013). Este segmento de utilizacdo da madeira depende ddesetor
construcdo civil e movelaria, que consumiu 7,99 milhdes e exportou 1,24 rdi¢ha
metros clbicos em 2014BA, 2015).

A madeira utilizada para estes fins deve possuir alta resestémecanica,
mostrando alto modulo de ruptura, modulo de elasticidade, resistéommpaessao e
resisténcia a tragdo (MULLER et al., 2014). Entre as propriedades,fésinasessario
gue a madeira tenha alta estabilidade dimensional (LOPHS 20&1), representado
pela razdo entre o inchamento tangencial e radial, chamadooadiiente de
anisotropia.

Sendo assim o presente trabalho teve como objetivo avaliar aorelagé as
caracteristicas da madeira e os danos pelos ventos, além de prop&igpotbzacdes
para a madeira tombada pelo vento.

Assim, esta tese foi estruturada em quatro artigos, conforme apreseatados
seqguir:

- Artigo | : Characterization of Eucalyptus grandi€ucalyptus urophylla clones

subject to wind damage.



- Artigo 1l : Pulp manufacturing with wood of Eucalyptus grandiEucalyptus
urophylla trees broken by wind.

- Artigo 1l : Anatomical, ultrastructural, physical and mechanical properties of
two-year-old Eucalyptus clones subject to wind damage for solid wood production.

Artigo IV: Chemical and energetic characterization of Eucalyptus grandis

Eucalyptus urophylla clones subject to wind damage.



1.7 LITERATURA CITADA

ATAIDE, G. M.; CASTRO, R.V.O.; CORREIA, A.C.G.; REIS, G.G.; REIS, M.G.F,;
ROSADO, AM. Interacdo arvore e ventos: aspectos ecofisiologicovieukilrais.
Ciéncia Florestal, v. 25, n.2, p. 523-536, 2015

BARBOSA, B. M. B.; COLODETTE, J. L.; CABRAL, CP. T.; GOMES, F.J. B,
SILVA, V. L. Efeito da fertilizagdo na qualidade da madeira Elecalyptus spp.
Scientia Forestalis v.42, n.101, p.29-39, 2014.

BASSA, A.; SILVA JUNIOR, F. G.; SACON, V. M. Misturas de madeida
Eucalyptus grandis Eucalyptus urophyllee Pinus taeda para producéo de celulose
kraft através do Processo Lo-SolidsSientia Florestalis v.51, n.75, p.19-29, 2007.

BOMERSHEIN, W. P. After the storms: impact of the december 1999 stehich hit
Europe. Forest and Fishery Products Division. US Department of Agriculturgrrore
Agricultural Service. 2000.

BOSCARDIN, P. M. D. Morfoanatomia, fitoquimica e atividades biologidas
Eucalyptus benthamii maiden et Cambagdlyrtaceae. 2009. 139 f. Dissertacao
Universidade Federal do Parand, Curitiba.

BOSCHETTI, W.T.N.; PAES, J.B.; OLIVEIRA, J.T.S.L.;, DUDECKI, L.
Caracteristicas anatdmicas para producdo de celulose do lenho &® deagrvores
inclinadas de eucalipto. Pesq. agropec. bras. v.50, n.6, p.459-467, 2015.

BOTREL, M. C. G., TRUGILHO, P. F.; ROSADO, S.C.S.; SILVA, J.R.M.€8éb de
clones de Eucalyptus para biomassa florestal e qualidade da m@tkzi@a Florestal
v.24, n.2, p.465-477, 2010.

BRAZ, R.L.; OLIVEIRA, J.T.S.; ROSADO, AM.; VIDAURRE, G.B.; PAES, J.B,;
TOMAZELLO FILHO, M.; LOIOLA, P.L. Caracterizacdo anatomidesica e quimica

da madeira de clones de Eucalyptus cultivados em &reas sajedigdo de ventos.
Ciéncia da Madeira, v. 5, p. 127-137, 2014.

CASTRO, R.V. O.; SOARES, CP.B.; MARTINS, F. B.; LEITE, H.G.Crescimento e
producédo de plantios comerciais de eucalipto estimados por duas catégonadelos.
Pesquisa Agropecuaria Brasileira v.48, n.3, p.287-295, 2013.

CENIBRA. Avaliagdo dos danos por vento. Pesquisa e Desenvolvimento dlorest
Relatério Técnica Belo Oriente, 2014.

FAO. Organizacdo das Nacfes Unidas para Alimentacdo e Agriculistatisticas,
2015. Disponivel em: <http://faostat.fao.org/faostat>.

FERREIRA, S.; LIMA, J.T.; TRUGILHO, P.F.; SILVA, J.R.M.; ROSADO, A.M,;
MONTEIRO, T.C. Resisténcia mecanica de caules de clones déyitusacultivados
em diferentes topografias. Cerne, Lavras, v. 16, Suplemento, p. 133-140, 2010.

IndUstria Brasileira de Arvorefnudrio estatistico da IBA: ano base 20142015. 80
p. < http://iba.org/images/shared/iba_2015xpdf



LAGERGREN, F.; JONSSON, A. M.; BLENNOW, K.; SMITH, B. Implenting
storm damage in a dynamic vegetation model for regional applicatiossveden.
Ecological Modelling, v.247, n.1, p. 7482, 2012.

LONGUE JUNIOR, D.; COLODETTE, J. L. Importancia e versatilidddemadeira de
eucalipto para a industria de base florefRaksquisa Florestal Brasileirav. 33, n.76,
p. 429-438, 2013.

LOPES, C.S. D.; NOLASCO, A. M.; TOMAZELLO FILHO, M.; DIAS, C.T. S;
PANSINI. A. Estudo da massa especifica basica e da variacansiime da madeira
de trés espécies de eucalipto para a industria movela@acia Florestal v.21, n.2, p.
315-322, 2011.

MITCHELL, S. J. Wind as a natural disturbance agent in foresigithesis.Forestry,
v.86, n.2, p.147157. 2012.

MOKFIENSKI, A; COLODETTE, J. L.; GOMIDE , J. L.; CARVALHO, AM. L. A.
Importancia relativa da densidade de madeira e do teor de carboidratos nenéndi
de polpa e na qualidade do prod@@ncia Florestal v.18, n.3, p.407-419, 2008.

MOORE, J. R.; MANLEY, B. R.; PARK, D.; SCARROTT, C. J. Quantification of wind
damage to New Zealand’s planted forests. Forestry, v.86, n.2, p.173183, 2013.

MULLER, B. V.; ROCHA, M. P.; CUNHA, A. B.; KLITZKE, R. J.; NICOETTI, M.
F. Avaliacdo das Principais Propriedades Fisicas e Mecanicaadizirisl de Eucalyptu
benthamii Maiden et Cambagdéoresta e Ambiente v.21, n.4, p.535-542, 2014.

PEREIRA, B. L. C.; CARNEIRO, A. C. O.; CARVALHO, A. M. M. L;
COLODETTE, J. L.; OLIVEIRA, A. C.; FONTES, MP. F. Influence of chemical
composition of eucalyptus wood on gravimetric yield and charcoal prapertie
Bioresources v.8, n.3, p.4574-4592, 2013.

QUEIROZ, SC.S.; GOMIDE, J. L.; COLODETTE, J. L; OLIVEIRA, R. C. Influéncia
da densidade béasica da madeira na qualidade da polpa kraft de ldlméss de
Eucalyptus grandis W. Hill ex Maiden x Eucalyptus urophylla S. ak&R. Arvore,
v.28, n.6, p.901-909, 2004.

ROSADO, A.M. Avaliacdo da tolerancia de arvores de eucalipto a qpebrzento.
2006. 43 p. Monografia (Especializacade)Universidade Federal de Vigosa, Vigosa,
2006.

TRUGILHO, P. F.; GOULART, S. L.; ASSIS, C. O.; COUTO,®..S.; ALVES, I.C.

N.; PROTASIO T. P.; NAPOLI, A. Caracteristicas de crescimento, composica@guim
, fisica e estimativa de massa seca de madeira em cloegsteies de Eucalyptus
jovens, 661666.Ciéncia Rural, v.45, n.4, p.661-666, 2015.

ZANUNCIO, A. J. V.; MONTEIRO, T.C. M.; LIMA, J. T.; ANDRADE, H. B;
CARVALHO, A.G. Biomass for energy use of Eucalyptus urophylla and Corymbia
citriodora logsBioresources v.8, n.4, p.5159-5168, 2013a.



ZANUNCIO, A. J. V.; LIMA, J. T.; MONTEIRO, T.C. M.; CARVALHO, A. G,
TRUGILHO, P. F. Secagem de toras de Eucalypt@orymbia para uso energeético.
Scientia Forestalis n.41, p.99, p. 353-360, 2013b.

ZANUNCIO, A.J.V.; CARVALHO, A. G; TRUGILHO, P. F.; MONTEIRO, TC. M.
Extractives and energetic properties of wood and charBealista Arvore, v.38, n.2,
p.369-374, 2014.



2 CAPITULO 1: Characterization of Eucalyptus clones subject to
wind damage

Abstract

Currently, eucalyptus wood is the main source of raw material for pulp
production in South America, but obstacles, such as damage caused byctiang a
can reduce its productivity by breaking or bending trees. This work aintedtta new
methodology to assess the resistance of trees to wind damage and rdetidreni
characteristics that increase clone resistance to winds. Bis@anee to breakage, basic
density, ultrastructure, anatomy, mechanical properties, growth stress anttathe
composition of wood have been evaluated in seven two-years-old Rlusady andis<
Eucalyptus urophylla clones, collected from a region with a high incedehavind
damage. The Pearson correlation coefficient between the treenesigicdbreakage and
the ratio between the area damaged by the winds and the tetalaméed was -0.8392,
showing the efficiency of the methodology adopted. Trees with a high bastyde
cell wall fraction, modulus of elasticity of the middle lamella &bdrs, fiber hardness,
modulus of rupture, growth stress and low microfibril angle and height and width of the
rays showed greater resistance to wind damage. Therefore, theosedaones with
these features may reduce the incidence of damage by winds in Eucalyptus pk&ntatio

Key words: basic density; cell wall fraction; cell wall ultrastruetdiber; wood.
2.1  Introduction

The forestry segment represents 6% of the gross national product in(EAzil
2014). Eucalyptus wood is the main raw material in this industry andearsed to
produce pulp (Gomes et al., 2014; Pirralho et al., 2014), energy (Guerra et al., 2014;
Zanuncio et al., 2013), panels (Bal aBektas, 2014), and lumber (Ananias et al.,
2014). Despite the favorable outlook, environmental factors such as wind daozages,
limit or disable the Eucalyptus wood production in the field.

Wind is a phenomenon that causes disturbances in natural and plantés] fores
with damage recorded since 1940 (Mitchell, 2012) and reports worldwide (Al&n et
2012; Moore et al., 2013; Lagergren et al., 2012; Kramer et al., 2014). In Bnezil, t
damage caused by wind in the forest plantations of the Eucalyptus spp. roacuiss
24 and 36 months after planting, and depending on the material and intensigy of t
winds, this damage can exceed 20% of the planted area (Cenibra, 2014).

The winds can bend or break trees (Mitchell, 2012). In the first case, bending
results in the loss of apical dominance (Panshin and De Zeew, 1980), reduoitg
production and quality (Boschetti et al., 2015). In the second case, breakiegf
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affects the entire supply chain, as harvesting trees with smadleretérs reduces the
efficiency of this operation and increases costs (Spinelli et al., 2088\, éi al., 2015),
in addition, a new cultivation needs to be prepared.

Studies on wind damage in forests focus on the effect of weather oarditi
(Kramer et al., 2014; Moore et al., 2013; Hale et al., 2015), and those of tbengna
physical, mechanical properties of wood and ultrastructure of the cell wall, are primarily
directed toward the using and identification of plants (Donaldson, 2008; McLehn et
2010; Niklas and Spatz, 2012; Uetimane and Ali, 2011). Thus, the objecties of
study was to propose a new methodology for assessing the resistarreesotot
breakage, evaluating the properties of Eucalyptus wood, and relating th&aeeto

resistance against wind damage.

2.2  Methodology

2.2.1 Biological material

Five two-year-old Eucalyptus grandssEucalyptus urophylla (B, C, D, E, F)
and two two-year-old Eucalyptus grandis clones (A, G) from Belo Oridviteas
Gerais State, Brazil, 42°22'30" “South longitude” and 19°15'00" “West latitude” were
selected. This region and Eucalyptus age was chosen because thewn Ihégte
incidence of wind damage.

Four trees per clone were cut and two discs were removed at 1.3 meters height to
evaluate the anatomy, basic density and ultrastructure of the wood and-aéteedog
was removed above these discs for characterization of the wood’s mechanical
properties. Resistance to breakage and growth stress in trees was conudoted i
other trees, per clone.

2.2.2 Tree Resistance Test

A rope was tied at 85% of the total height of the tree to be testdhluate the
force required to breach in the field. A pulley was attached 12 neterg in a rope
between two nearby trees. The rope tied in the tree to be testl ghsough this
pulley and another pulley was coupled with a dynamometemeasure the force
necessary to break the tree. At the end of the rope, a motor wasoysat the tree
(Figure 1), according to Braz et al. (2014a; 2014b).
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Figure 1: Representation of test for resistance of the trees to breakage.

The data of the area broken by the wind and the total planted area were
cataloged for each clone. The force to break the tree and the rateehdtve damaged
area and the total planted area, per clone, was analyzed by tiserPearrelation
coefficient, to assess the quality of the tree resistance test.

2.2.3 Basic density characterization of wood

The basic density of wood was determined from the ratio of the wood dry mass
and the wood green volume in one of the 5 cm discs removed from the tdeight
of 1.3 meters, according to standard NBR 11941 (Associacao Brasileira dadNorm
Técnicas - ABNT, 2003).

2.2.4 Anatomical characterization

A sample was obtained from the intermediate position, from pith to bark, from
one of the 5 cm discs, for anatomical characterization. Histologgcdlons were made
(Johansen, 1940) and the macerated material was prepared (Franklin, 1945). The
microscopic description of the wood was done according to the International
Association of Wood Anatomists - IAWA (1989). The fiber cell wall thickness
obtained by the difference between the width of the fiber and the lumeretdia

divided by two. The cell wall fraction was calculated according to the equation 1
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(2 XC.W.T)x100
FW.

C.W.F.= (2)
Where, C.W.T. = cell wall thickness (um); F.W. = fiber width (um); CW.F. =

Cell wall fraction (%).

2.2.5 Measurement of microfibril angle

The microfibril angle of the S2 layer was determined in the sample fased
anatomical characterization. After saturation, the blocks were cutltpm thick
sections with a microtome, in the tangential plane, and were nedevdh hydrogen
peroxide solution and glacial acetic acid in a 2:1 ratio at 55°C for 24 hoexs. tNe
fibers were washed in distilled water and temporary slides wererptefgameasure the
microfibril angle.

The measurement of microfibril angle was performed by polarized light
microscopy (Leney, 1981), using an Olympus BX 51 microscope adapted witirya rot
stage, graduated from 0° to 360°, connected to the image analysis prigea®,Pro-

plus.

2.2.6 Nanoindentation

A sample was removed from the opposite position to that used for andtomica
characterization. A 3 x 3 x 3 mm specimen was made from this samglembedded
in epoxy resin solution to determine the modulus of elasticity and hardhéss S2
layer of the fiber and the middle lamella. The nanoindentation was pedarsigg the
Tribolndenter Hysitron TPOO®. The maximum applied load was 100 uN for 60
seconds, with discharge performed in 20 uN/s. The elastic modulus was determined

according to the equation 2

-1

MOE = (1 —vm?) x (é — 1;1?2) (2)

Where: MOE = modulus of elasticity (GPa); According instructions from the
device manufacturer, vi = 0.07; vm = 0.35 and Ei = 1140 GPA. The reduced Modulus
(Er) was obtained from the load-displacement curve from the initial sbdpine

unloading wherein the elastic response was generated (Mufioz et al., 2012).
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The hardness was determined by the maximum load supported by theespecim

divided by the contact area, according to the equation 3:

__ Pmax
H = (3)

Where: Pmax = maximum load of indenter penetration; A = Projected contact

areas at maximum load.

2.2.7 Mechanical characterization and growth stresses

A central plank was removed from the three-meter log with a sade ldad
samples were made for evaluation of the wood’s mechanical properties. The
compression parallel to the grain, modulus of elasticity (MOE), and modutupture
(MOR) were determined according to ASTM (American Society for Testind
Materials— ASTM- 1997).

The longitudinal displacement was obtained with @I®AD’s sensor. This
method consisteth install two nails, separated by 45 mm, in the longitudinal direction
of the debarked wood (Dassot et al., 2015). These nails were connectedhs$oratse
record the longitudinal displacement, and a hole was made betweemtbe®els. The
longitudinal displacement was recorded and the growth stressafatadcaccording to

the equation 4
__ LD XMOE
G.S.= — — 4)
Where: GS = growth stresses; LD = longitudinal displacement (QE =

modulus of elasticity (Mpa).

2.2.8 Wood chemical characterization

One disk from each treeasmilled with a Standard Wiley knife mill with a 2
mm screen. This material was sieved with a 40-60 mesh sielvtha retained fraction
was used to determine the total extractives according to ABTM05-94 (American
Society for Testing and Materials, 1994); besides the soluble lignimi@® and
Demuner, 1986); insoluble lignin (Goldschimid, 1971) dipdin’s syringyl/guaiacyl
(S/G) ratio (Lin and Dence, 1992). The total lignin was obtained with the sum of soluble
and insoluble lignin. Finally, the holocellulose content was deternbigeslibtracting

these components from 100.
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The same sample was used for elemental analysis. The carbon, hydndgen a
nitrogen content, based in wood dry mass, were quantified with a univeedgzex
Vario Microcube model. The oxygen content was obtained by subtractingathen,

hydrogen and nitrogen from 100.

2.2.9 Statistical analysis

The variance homogeneity (Bartlett's test at 5% significance) anthlityrtest
were performed (Shapiro-Wilk test at 5% significance). The means ofdagnent
were compared with the Scott-Knott test at 5% probability. ThesBeacorrelation
coefficient between the wood properties and the ratio between the damaged and the total
area planted, per clone, was generated to assess the chaiccthiastbest related to

clone resistance against wind damage.

2.3 Results and discussion

The area of wind damage per clone represented 11.7; 1.49; 0.1; 1.17; 5.9; 9.9;
15.1 and 1.82 of the total planted area for clones A to G, respectivelyfoide
required to break the trees varied between 16.2 and 45.6 kgf. Clones B, Chadd&aD
smaller area affected by winds and a higher force required to break stsré®dting in
a correlation coefficient between these variables of - 0.8392 (Figureh®).v&lue
shows that the high force needed to break results in lower damage atethhigue

can be used to evaluate the Eucalyptus clones resistance to wind damage.
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Figure 2: Relationship between the force needed to break the treesearatighof

damaged area by the winds and total planted area.

The basic density, microfibril angle, and the ratio between tivas@arameters
showed relationship with wind damage (Table 1). A higher basic densitifexsn
higher wood material per unit volume and greater resistance to breakéges (and
Spatz, 2010; Niklas and Spatz, 2012). In addition, a smaller microfibril angle provided a
better arrangement of cellulose chains, and therefore, a higher mechasis&@nce
(Donaldson, 2008; Cortini et al., 2014). These two features can be summarized in jus
one, as the ratio between the basic density and microfibril angle (Matea., 2010;

Hein et al., 2013), parameter that showed a better relationship with mesistgainst
winds.

Table 1: Basic density, microfibril angle and the ratio betweeretphasameters in the
seven Eucalyptus grandis x Eucalyptus urophylla clones.

Clone Basic density (g/cm) Microfibril angle (°) Bd/Ma (g/cm’/°)

A 0.372*7a 10.40°? b 0.035%°%a

B 0.423*%¢ 9.16"?a 0.045F% ¢

C 0.421%Y¢ 9.2199 g 0.0466%% ¢

D 0.383*Ya 10.11®p 0.0372°7a

E 0.412*Yp 10.45°2 p 0.0398"% ¢

F 0.378*Y a 9.56"° a 0.038%°%p

G 0.370*a 10.88°% ¢ 0.034%%a
*r -0.8475 0.7089 -0.869

Bd/Ma = ratio between basic density and microfibril angle. Mdalhswed by same
letter vertically by parameter does not differ by the Scott-Knettde 5% probability.
Values in superscript represent the coefficient of variation. r* = Bearsrrelation
coefficient between the variable and the ratio between wind giararea and the total

area planted.



Trees with high basic density and low microfibril angle showed greater
resistance, and therefore, should be recommended for areas with high incidemno® of
damage.

The ratio between the basic density and microfibril angle (Den/MF&shawn
the best relationship with the area damaged by the wind (%), but for prgetiposes,
it is possible to use only the basic density to evaluate thetaese of clones against
wind, because its determination is quicker and easier than the microfibril angle.

All the evaluated anatomical parameters varied between the ([bable 2).
Among the fiber classification parameters, the lumen diameter, akltmckness, and
cell wall fraction had the highest coefficient of variation. he tevaluation of the
histological sections, the highest values of the coefficient of variation were found for the
height and width of the rays, demonstrating the anatomical constitughtshigher
variation in wood.

Table 2: Anatomical analysis of seven Eucalyptus grandis x Epuoalyrophylla
clones

Cl. F.L.(mm) F.W. (um) L.D.(um) CW.T.(um) C.W.F. (%)
A 0.929%c¢ 20.08%Ye  12.06"%c 3.98""Y¢ 39.719p
B 0.873“%p 18.02'*"d  10.18"%p 3.9214¢ 43.68'°¢
C 0.971*9d 18.493%(d 9.771"3)p 4.36%%d 47.26"3 d
D 0.904%7p 16.64p 9.1, 3.73%9p 45.01% ¢
E 0.794%%a 156#3%*Y3a 8.9%6%5 3.38'93 43.24*%2 ¢
F 083193 18.76"3Yd  11.93'%%¢ 3.41%%%5 36.63%%a
G 0.822""a 17.62%%9¢c  10.4#%%p 3.57%p 40.96%%p
*r -0.4637 0.3001 0.6128 -0.4817 -0.7826

Vessel diameter  Freq. (pores/mnf) Ray height Ray width
(Hm) (Lm) (Wa)

A 100.1*%p 10.4%%p 217.8%9p 8.483°(d
B 113.233%p 8.83%2Y 4 226.3%9p 6.28%%a
C 90.0%%a 10.14°)p 239.3'%°)p 6.8419p
D 77.5%2 g 14,3119 ¢ 199.3743 7.39%3¢
E 106.6"?p 13.9*9d 207.3"%3 5.80"a
F 91.643Ya 12.14%4¢ 226.3'"2)p 8.53'"?d
G 109.6"*°'b 11.1%%%¢ 306.4'% ¢ 7.64%%% ¢
*r 0.3768 -0.006 0.5724 0.5869

CL.= Eucalyptus grandis x Eucalyptus urophylla clone; F.L. = FibertherfgW.=

fiber width; L.D.= Lumen diameter; C.W.T. = Cell wall thickness; G:\W.Cell Wall

Fraction; Freq.= Vessel Frequency. Means followed by the same letteaNe by

parameter does not differ by the Scott-Knott test at 5%. Values in stperepresent
the coefficient of variation. r* = Pearson correlation coefficient betwihe variable
and the ratio between wind damaged area and the total area planted.
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Materials with a lower lumen diameter and higher cell walickimess
corresponded to clones that had smaller damaged area by winds (%iperbéave
structural function in hardwoods and their morphology influenced the mechanical
properties of wood (Uetimane and Ali, 2011; Slater and Ennos, 2013). The lumen
diameter and cell wall thickness had a different influence on thbéanaal properties
of wood (Kollmann and Coté, 1968). These two parameters can be related to one
variable, the cell wall fraction, an anatomical variable which Ihedbest relationship
with the area damaged by winds, having a Pearson's correlation coefficient of - 0.7826.

The vessels conduct water in plants and do not have a structural fuiitti®n.
explains the lack of relationship between this structure and wind dafiageay cells
have thin walls, resulting in low mechanical resistance (Pareii De Zeew, 1980),
and for this reason, they offer little resistance to wind. This wedeewed by the
Pearson correlation coefficient between the height and width of the rdy$7@4 and
0.5869, respectively, with the area damaged by winds.

Thus, between the anatomical characteristics of the wood, theaikfraction
showed a better relationship with the resistance of trees agaimds$ and should be
considered when selecting clones for areas with high incidence of wind damage.

The fibers showed higher values for modulus of elasticity, while the middle
lamella had higher hardness values (Table 3). The higher cell waibfraatd lower
microfibril angle resulted in a higher modulus of elasticity of the fibendlGet al.,
2004; Borrega and Gibson, 2015), increasing its resistance against winds. krsmal
microfibril angle resulted in a better arrangement of these structurelseéM et al.,
2010; Hein et al., 2013), increasing the fiber resistance per unit aredhwmdts
hardness (Li et al., 2014). The middle lamella connects the atjeels (Panshin and
De Zeew, 1980), being important in the tree structure, thus the modulus itglast
this structure showed a relationship with resistance to wind damiagdly Rhere was
no relationship between the hardness of the middle lamella and thamesiagainst

winds.
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Table 3: Modulus of elasticity (MOE) and Hardness (H) of the fibers raiddlle
lamella obtained by nanoindentation in seven Eucalyptus grandis x E. urophy#a clo

Hardness of

Hardness of S2 Moe of middle .
middle lamella

Clone Moe of S2 layer

(Gpa) layer (Gpa) lamella (Gpa) (Gpa)

A 12.6"Yb 0.269" Y a 7.95%9p 0.298"9p
B 14.179p 0.278"Yp 8.471"°p 0.302%p
C 15.5%9 ¢ 0.289"9¢ 9.974"%¢ 0.338%9¢
D 13.2"Yp 0.302°% ¢ 9.61%9¢ 0.323"9¢
E 13.6°%¥p 0.278%%9p 7.158%% 3 0.274"9 a
F 11.0°¥a 0.256°9 a 6.12"9a 0.301"¥p
G 11.6'%a 0.266"Ya 7.13"9a 0.299%%p
*r -0.8148 -0.7861 -0.7559 -0.5161

Means followed by the same letter vertically by parameter doediffet by the Scott-
Knott test at 5%. Values in superscript represent the coefficient oftigaria* =

Pearson correlation coefficient between the variable and the ratio evetwind

damaged area and the total area planted

The mechanical properties of wood and the growth stress of trees showed a

relationship with the area of wind damage (%) (Table 4).

Table 4: Compression parallel to grain (C.P.G.), modulus of rupture (MOR), modulus of
elasticity (MOE), Longitudinal displacement (L.D.) and growth stfg3sS.) of the
seven clones E. grandis x E. urophylla

Clone C.P.G.(Mpa) MOR (Mpa) MOE (Mpa) L.D.(mm) G.S.(Mpa)
A 32.9%%9p 50.70""9p  5423%%p  0.099°Ya  11.79%7a
B 34.11%Yp 62.76"°)¢c 5643'%p 0.138%%p  17.23%3%¢
C 40.79°d 74.6312d 70389 0.156%°¢c  24.48%*°(
D 32.8%%9p 59.33%°)¢c 548343Yp 0.116”"a  14.18*"Yp
E 36.1M12¢ 70.22199¢ 6235°3¢ 0.1258%89p 17.4%83¢
F 35.6'%%¢c 55.31%p 59941%°)¢ 0.141%*%p 18.3**Y¢
G 33.9%09)p 51.78°Yp 4521193 0.102*"Pa  10.11%Ya
*r -0.4021 -0.7590 -0.6525 -0.6099 -0.6252

Means followed by the same letter vertically by parameter doediffext by the Scott-
Knott test at 5%. Values in superscript represent the coefficient oftigaria* =

Pearson correlation coefficient between the variable and the ratio dmetwind

damaged area and the total area planted.

The modulus of rupture showed a better relationship with the area daimaged
the winds per clone (%), followed by the modulus of elasticity and compressallepa
to grain, respectively. The modulus of rupture had a relationship witleethevall
fraction and basic density (Dixon et al., 2015; Longui et al., 2014), panmsntiedd also
showed high correlation with the area damaged by the winds per clone (%). This

showed how wind resistance was the result of a set of wood characteristics.
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The Pearson correlation coefficient between the growth stress anarehe
damaged by winds (%) was - 0.6252. The growth stresses resulting from thalinte
forces that keep the trees standing (Archer, 1989; Jullien et al., 2013), bportgim
in areas with wind damage. However, a high growth stress incréesawcidence of
defects such as cracks and warping, reducing the wood value (Chauhan and Walker,
2011; Solorzano et al., 2012). Thus, plants with high growth stresses are doitable
planting in areas with high wind damage, but this may compromise woodbuse
sawmill.

The wood chemical characterization is presented in table 5. Wmseno
relationship between the wood chemical composition and area damageel Wwints
per clone (%). The woochemical composition has a structural role in the wood (Fengel
and Wegener, 1984). However the variation of other factors, such as anatoray, basi
density and microfibril angle minimizes the effect of the wood chenaicalposition
against wind damage.

Table 5: Chemical composition of two-years-old Eucalyptus grandisuealifptus
urophylla clones (Cl.)

Sol. Lig. Ins. Lig Tot. Lig.

Cl. Ext (%) Ash (%) (%) %) %) SIG Hol. (%)
A 225° 0450°a 4.1%°a 26.4°b 30.5°b 3.42°b 66.8°b
B 295'd 0.385’a 4.7'a 26.0'b 30.7'b 3.1%'a 65.97°a
C 1.23°b 0.40%5'a 4.3?%a 26.8°b 31.1'b 3.11*°a 67.27°Db
D 217%c 0.405°a 4.1°a 27.87°c 31.9°c 298°a 6553°a
E 258'c 0428'a 44'a 252%a 29.67a 299%a 67.44*D
F 27%%c 0.390%a 4.2*?a 264% 306"b 3.3%°b 66.3d%a
G 295%d 0.420°a 4.7°% 26.3°b 31.0°b 2.97°a 65.633%a
*  0,3137  0,3119 0,1181 -0,2968 -0,2921 0,2980 -0,1547
Cl. Carbon (%) Oxygen (%) Hydrogen (%) Nitrogen (%)
A 50.66°a 42.80"a 5.85°a 0.03*'a
B 50.49°a 43.02'a 5.76'°a 0.03*?a
C 50.90°a 42.35%3 5.90¢“a 0.05**a
D 50.3¢0°a 43.28°a 5.8%%a 0.07*?a
E 50.78°%a 4258°a 5.88“a 0.02*?a
F 50.43"a 42.951a 5.85°a 0.03*"a
G 50.77%a 42.63"a 5.89"a 0.08“%%a
*r 0,1742 -0,1475 0,3634 0,1169

Means followed by the same letter vertically by parameter doediffext by the Scott-
Knott test at 5%. Values in superscript represent the coefficient oftivaria* =
Pearson correlation coefficient between the variable and the ratio dvetwind
damaged area and the total area planted.

The smallest area (%) of the clones B, C, and D damaged by windsts tthee

greater cell wall fraction of these materials. This results irhitjeer basic density and
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better mechanical properties of fiber (Vincent et al., 2014) and wooe@r8lad Ennos,
2013) and, with a smaller microfibril angle, improves the resistandbeofvood to
breakage and tree resistance against wind. On account of thesderistiics; these

materials are more suited for areas with a high incidence of wind damage.

2.4  Conclusion

The methodology used is adequate to evaluate the resistance of pEwgaly
clones to winds, with the clones B, C, and D showing lower area daf#ggand a
higher force to break its trees. The resistance against wind damagedé&sutt several
factors inherent to the wood quality. Higher basic density, cell walidra modulus of
elasticity of the middle lamella and fibers, fiber hardness, modulus of eymgrowth
stress and lower microfibril angle and height and width of the rays shoalyptus
trees with better resistance to breakage, and therefore, are suitablesowdhea high

incidence of wind damage.
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3 CAPITULO 2: Pulp manufacturing with wood of Eucalyptus grandis
x Eucalyptus urophylla trees broken by wind

Abstract

Forest plantations may be damaged by winds, especially 24 months after
planting and the reduced quality of the wood fibers hinders cellulosic pulp production.
The objective was to evaluate the use of these materials for mipfacturing in
mixture with seven-year-old wood. The pulp of two Eucalyptus grandiscalyptus
urophylla clones were produced, bleached, and refined with 100, 95, 85, 75, and 0% of
seven-year-old wood, related to cutting age. Wood from two-year-ad, tiiee age at
which most trees are damaged by wind was used to completereairheint. A 5 cm
thick disk was taken from a 1.3-m height for each tree, for anatonaicdl
ultrastructural characterization. The seven-year-old wood showed a logeericy of
vessels and fibers with a higher length, cell wall fraction, moduludastigty and
hardness, and a lower microfibril angle. The refining of pulps decreased thty epali
specific volume, increased air resistance and improved the medhanuiparties. The
addition of two-year-old wood in pulp production reduced the mechanical pesper
and opacity, and increased the air resistance of the paper. The propottentwb-
year-old wood that can be used in pulp production varied with the clone, patandte
refining level. However, the pulp produced with 5% of two-year-old wood and 95% of
seven-year-old wood was similar to that produced with 100% of seaameyd wood.
Therefore, 5% of two-year-old wood can be used for pulp production without loss in
quality.

Keywords: Fiber, nanoindentation, opacity, tear index, tensile index

3.1 Introduction

In Brazil, the planted forests of Eucalyptus produce an average of/Ba/year
(IBA, 2015) in a cutting cycle of seven years. These results are bechuomate
conditions and investment in research. The wood from these crops are useitifde
purposes, such as, production of panels (Bal and Bektas, 2014), energy (Rousset et al.,

2011; Zanuncio et al., 2013), lumber (Ananias et al., 2014) and cellulose pulp (Muguet
et al., 2013; Gomes et al.,, 2014). This generates jobs and taxes for theamrazil
economy, but the damage by winds may limit the performance of this segment.

Wind damage results from air displacement from a low to a high pressare are
(Mitchell, 2012; Moore et al., 2013). In Brazil, these damages are common i
Eucalyptus plantations, mainly between 24 and 36 months after plantingngeap to
20% of the planted area (Cenibra, 2014).

The losses by the winds reach the entire production chain. When the wind bend

the trees, they remain in the field to complete its cycle, hemie timber will present
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greater amount of reaction wood, hindering the production of (Bdgchetti et al.,
2015). When the trees are broken by the wind, the wood harvest with ar shzatieter
increases the cost of this operation (Hiesl et al., 2015; Spinelli, 2009) and a new
cultivation must be started early. Trees broken by the wind have poolay §bars
because of early wood age (Ramirez et al., 2009), hindering its industriair ygep

and paper manufacturing (Pirralho et al., 2014; Severo et al., 2013). Thus, thiswood
considered for lower value use, such as power generation (Guerra et al., 2014).

The use of wood broken by wind in pulp and paper production can reduce the
financial loss caused by the wind damage. The objective of this stady to
characterize the anatomy and ultrastructure of the wood and assess the pulp quality from
two Eucalyptus grandig Eucalyptus urophylla clones made with mixtures of two and

seven-year-old woods.

3.2  Methodology

3.2.1 Biological Material

Two Eucalyptus grandis Eucalyptus urophylla clones with seven and two-
year-old wood were selected. The first age refers to the cuttingatishéhe second to
the highest wind damage. Three trees per clone and age were harvediskdo5 cm
was removed from a height of 1.3 m, for anatomical and ultrastructurattdraation.
Finally, one meter logs were taken at 0, 25, 50, 75 and 100% of the commaegtial he

for pulp production.

3.2.2 Anatomical characterization

A wood sample (1.5 x 1.5 x 1.5 cm) was removed from intermediate position
from pith to bark in the disk, at a height of 1.3 m. The slides (Johansen, dréi@he
macerated material (Franklin, 1945) were prepared. The microscopicptiescaf the
wood was done according to the International Association of Wood Anatomists (IAWA,
1989). The cell wall thickness and the cell wall fraction of the fibesewalculated

with the equations

F.W.—-L.D.
CWT= ——F7—
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_ (2xC.W.T)x 100

C.W.F.
F.W.

Where, C.W.T. = cell wall thickness (um); F.W.= fiber width (um); L.D.=

Lumen diameter; C.W.F. = Cell wall fraction (%).

3.2.3 Microfibril angle measurement

The microfibril angle of the S2 layer was determined using thee ssample
used for anatomical characterization. After saturation, the samplecwasith a
microtome in the tangential plane, in 10 um thick sections. Thesemarerated with
hydrogen peroxide solution and glacial acetic acid in the ratio 2:1 atf6b22 hours.
Next, the fibers were washed in distilled water and temporary slides pvepared to
measure the microfibril angle.

The measurement of the microfibril angle was performed by polarizatl lig
microscopy (Leney, 1981), using an Olympus BX 51 microscope, adapted notdrya
stage, graduated from 0° to 360°, and connected to the image analysisnprogage
Pro-plus. The size was increased 200 times and 20 fibers wereethggr wood

sample.

3.2.4 Nanoindentation

A sample (1.5 x 1.5 x 1.5 cm) was removed from the opposite position to that
used for anatomical characterization. From this sample, a 3 x 3 x §oguimen was
made and embedded in epoxy resin solution to determine the modulus oitglastc
hardness of the S2 layer of the fiber and the middle lamella. The nanatnoientas
performed in a Tribolndenter Hysitroml-900®. The maximum applied load was
100uN for 60 seconds, with discharge performed in 20 uN/s. The modulus of elasticity
was determined according to the equation:

MOE = (1 — vm?) x [ — 1—vi?
=L Tvm Er Ei

Where: MOE = modulus of elasticity (GPa); according to device matué
instructions, vi = 0.07; vm = 0.35, and Ei = 1140 GPA. The reduced modulus (Er) was
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obtained from the load-displacement curve, from the initial slope of unlgamiregein,
the elastic response was generated (Mufioz et al., 2012).
The hardness was determined by the maximum load supported by theespecim

divided by the contact area, according to the equation:

_ Pmax
A
Where: H= hardness (GPa); Pmax = maximum load of nanoindenter penetration;

and A = Projected contact areas at maximum load.
3.2.5 Manufacturing and characterization of the pulp
Wood pulping was done to obtain pulp with a kappa number 18 + 0.5. The
pulping was carried out using 600g of dry wood, 25.3% sulfidity, liqogaveod ratio
of 4: 1, cooking temperature of 170 ° C and residence time of 60 minutes. Thireffec

alkali and yield are shown in Table 1.

Table 1: Effective Alkali, total yield, screened yield and reject yield of pulping

Treatments Clone A
T1 T2 T3 T4 T5
Effective alkali(%) 17.0 16.7 16.7 16.6 16.0
Screened yield (%) 50.4 50.2 50.3 50.0 49.6
Reject yield (%) 0.03 0.02 0.02 0.03 0.03
Total yield (%) 50.4 50.2 50.3 50.0 49.6
Treatments Clone B
T1 T2 T3 T4 T5
Effective alkali (%) 15.7 15.4 15.4 15.3 14.7
Screened yiel@b) 50.7 50.3 50.1 50.5 49.8
Reject yield (%) 0.02 0.03 0.04 0.03 0.03
Total yield (%) 50.4 50.2 50.3 50.0 49.6

Pulps were made with 100% seven years wood (T1); pulp made from 95% (T2); 85%
(T3) and 75% (T4) seven years old wood and 100% two years wood (T5).

The bleaching was done to obtain pulp with brightness 90% ISO = 1. Tipe pul
were bleached by sequence OD(EP)D. The oxygen delignification (O stageyn at
10% consistency, 100 °C, 60 min, 700 kPa presgarkg NaOH/odt pulp, and 20 kg
OJ/odt pulp. The first chlorine dioxide stage (D) was carried out at 90°C for 120
minutes, 10% consistency, end pH betweent@.8.0 and kappa factor of 0.23. The
hydrogen peroxide stage was carried out at 80°C for 120°@tdid6 consistency. The
second dioxide stages (D) was carried out 80°C for 128°00)% consistency and end

pH between 4.50 5.0.
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Samples were refined to 0, 500, 1500, and 3000 revolutions in the PFI mill. The
pulping was carried out with seven-year-old wood in proportion of 100, 95, 85, 75, and
0%, the supplement of each treatment utilized two-year-old wood.

The paper produced with pulp from different mixtures of two and seven-year-old
wood was analyzed according to the “Technical Association of Pulp and Paper

Industry-TAPPI” (Table 2).

Table 2. Physical, mechanical and optical characterization of sheets produced.

Test Standard
Refining in PFI mill TAPPI T248 sp-08
Paper sheets for tests TAPPI T205 sp-06
Schopper Riegler degree - °SR TAPPI T423 cm-07
Brightness TAPPI 452 om-08
Opacity TAPPI 1214 sp-07
Resistance to air passage TAPPI T460 om-02
Tear Resistance TAPPI T414 om-04
Tensile index and stretch TAPPI T494 om-06
Stretch TAPPI T494 om-06

3.2.6 Statistical analysis

The variance homogeneity (Bartlett's test at 5% significance) and normeaiity w
performed (Shapiro-Wilk test at 5% significance). The means obtained in the
anatomical characterization were analyzed by t-test at 5% pnbpadiid those
obtained in the pulp characterization were subjected to Scott-Knott at 5% probability

3.3 Results and discussion

The wood anatomical composition and mechanical properties of the S2atiell w

layer and middle lamella varied between clones and ages of the same clone) Table
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Table 3. Anatomical and ultrastructural characterization of Eucalyptusdigra
Eucalyptus urophylla clones with two and seven years old

Cl. Age F.L.(mm) F.W. (um) L.D. (um) C.W.T.(um) C.W.F. (%)
A 2 0.822"%"a  17.62"%%a  10.47"°b 3.57'%a  40.96°3a
7 1.01*"°b 16.97%4% 7.45°%% 4.73" 55.83%°p
g 2 0.831%°%a  18.76™"a  11.93'%%p 3.41°%%a 36.63"°“a
7 1.03%% 18.41%% 9.63"“a 4.18"%p 46.25p
. Freq. Microfibril
Cl. Age Diam. (um) (pores/mnf) Alt. (um) Larg. (um) angle (°)
A 2 109.6"*°a  11.1%°a  306.4%a  7.64%%a 10.88°°b
7 112.5°'a 9.5%p 315.6'"a 7.12 >4 9.35%a
g 2 91.64%*'a  12.1™"'a  226.3'"?a  8.53'"“a 9.56"°b
7 110.6%%p 9.5M"4p 235.5 8.121%°3 9.02°?a
cl Moe of S2 layer  Hardness of S2 Moe of m.l. Hard. of m.l.
' (Gpa) layer (Gpa) (Gpa) (Gpa)
A 2 11.0%%a 0.256°%a 6.12""a 0.301°a
7 16.5"%b 0.310'b 6.28"%a 0.306"°a
g 2 11.6"%a 0.266'°a 7.13"%a 0.299°7a
7 15.9%b 0.305°°h 7.22"1a 0.3137a

CL. = Eucalyptus grandis Eucalyptus urophylla clone; F.L.=Fiber length; F.W.=Fiber
width; L.D.=Lumen diameter; C.W.T.= Cell wall thickness; C.F.R.=Cell Wall krart
Ves. Diam.= Vesssel diameter; Freq.=Vessel Frequency; Moe of m.|.-oMuoéldle
lamella; Hard. of m.l.= Hardness of middle lamella. Means followed bgadhee letter
vertically per parameter does not differ by the t-test at 5% probabi#jues in
superscript represent the coefficient of variation.

Two-year-old wood fibers had a higher microfibril angle and smallethezgd
cell wall fraction in both clones. This can be explained by the disorganized foyduc
of cells during the beginning of the cambial activity, resulting inkeedibers. The
organization of the cambial activity results in fibers with a fnahicrofibril ange
(Donaldson et al., 2018; Lima et al., 201dnd greater length and cell wall fraction, as
the age increases (Panshin and Zeeuw, 1980). This agrees with a gedabeall
fraction with increasing age of Eucalyptus grandisEucalyptus urophylla and
Eucalyptus globulus (Quilho et al., 2006; Ramirez et al., 2009) and reduction of
microfibril angle in Eucalyptus grandis (Lima et al., 2014).

The pore frequency decreased in 14.41 and 21.48% with increasing age in the A
and B clones, respectively. The highest growth rate and concentratioiofima the
trees during the first years changed the cambial activity and iecrethe pore
frequency (Panshin and Zeeuw, 1980; Nugroho et al., 2012; Leal et al, 2003). The pores
are important during pulping (Pirralho et al., 2014), because they facilithged t
penetration of reagents into the wood. Finally, the height and width ofaylsewere

similar in the two and seven-year-old wood of both clones.
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A lower microfibril angle results in better arrangement of these stas;tu
increasing the mechanical resistance per unit area, and thusartheess (Li et al.,
2014). And with a higher cell wall fraction, increase modulus of elasti€ithe fiber
S2 layer (Gindl et al., 2004; Mufioz et al., 2012). The fibers are theigainc
constituents of pulp and paper and therefore, they have to present good mechanical
properties (Pirralho et al., 2014). Finally, increasing age did not affechélcbanical
properties of the middle lamella.

Clone B had a higher gain in the Schopper Riegler (°SR) degree during refining,
and the same was found per clone with an increase in the proportion of wood avith tw
years old (Figure 1). This showed that smaller fibers with lowlened fractions have
a better fit between them, reducing the empty spaces and imgreasistance to the
water passage, and thus, increasing the Schopper Riegler degree (Severo et al., 2013), as
reported for Corymbia citriodora, Pinus contorta and Pinus sylvestris (8tlale,

2012; Severo et al., 2013).

6.~ Tl —m T2 —a-T3 -x-T4 T5
X
50 - ,.r"/:‘
o 40 =TT
9 =T T
30 - == T
X =T
f/"j:‘"
20 2 -~
Clone A
10! T T T T T 1
0 500 1000 1500 2000 2500 300
Number of revolutions
60, — ¢ T1 B—-T2 —a-T3 --%-T4 T5
X
50 =
=TI
40 =z
o == ==
S)n —J-"—’._’:’t”
30 AT =TT
//.’
209 °
Clone B
10! T T T T T 1
0 500 1000 1500 2000 2500 300

Number of revolutions

Figure 1: Schopper Riegler (°SR) degree with different number of revolutions during
refining in pulps made from wood with two and seven years old; Pulps weles \wiid
100% of seven years old wood (T1); pulp made from 95% (T2); 85% (T3) and 75%
(T4) of seven years old wood and 100% of two years old wood (T5).
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The specific volume decreased with refining and utilization of tearpld
wood (Table 4). The lower cell-wall fraction of wood fibers with two-yelalr-
facilitated the arrangement between them, and thereby, reduced thiec spdome.

This also explained the reduction in the specific volume with interefining, because

the collapse of cells through this technique improved the arrangement dighsednd
reduced this parameter (Biermann, 19%pecially in the initial refining levels. The
addition of 25% of two-year-old wood in the manufacture of cellulose pamai
reduce the specific volume of the pulp compared with that produced with 10@%- se
year-old wood. However, treatment with 100% two-year-old wood showed lower values
for this parameter.

The refining and utilization of two-year-old wood for pulp production increased
the air resistance (Table 4). Refining induced a collapse of thes filbeproving their
arrangement in the paper sheet by reducing the empty spaces arasimgcrair
resistance. Wood fibers with two-year-old have a lower cell fradtion and the worst
mechanical properties, and therefore, are more fragile (Gindl et al., 200z et al.,
2012), resulting in large amount of fines that fill the voids of the papghander the
air passage (Santos and Sansigolo, 2007; Pirralho et al., 2014). However, the addition of
5% of two-year-old wood in the paper production showed similar values to dfiose

pulps produced with 100% seven-year-old wood.
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Table 4: Specific volume and air resistance with different levels of revolution during the
refining of wood pulps made with two and seven years old of Eucalyptus grakdis

urophylla wood

Specific volume (crtig)

Clone Treatment

Revolutions during the refining

0 500 1500 3000

T1 2.15%%Aa 1.64°®Ba 1.35%°Ca 1.16**Da
T2 2.12* Aa 1.65*'Ba 1.37%°Ca 1.19*°Da

A T3 2.12%°Aa 1.69°°Ba 1.32%°Ca 1.18%'Da
T4 2.14*° Aa 1.68°°Ba 1.29°'Ca 1.16*'Da
T5 1.96%°Ab 1.49*'Bb 1.20%3Cb 1.10°*Db
T1 2.12*1 pa 1.58*'Ba 1.30%°Ca 1.15*°Da
T2 2.10*° Aa 1.54°°Ba 1.36%%Ca 1.13%*Da

B T3 2.13%*%Aa 1.57°°Ba 1.35%%Ca 1.15**Da
T4 2.08%*Aa 1.58*'Ba 1.32%°Ca 1.14*°Da
T5 1.94*°Ab 1.42°%Bb 1.22%"Ch 1.14*°Da

Air resistance (s/100 ch
Clone Treatment Revolutions during the refining
0 500 1500 3000

T1 0.95%°Aa 2.26"°Ba 6.76°°Ca 46.9°Da
T2 1.13*?Aa 2.33"'?Ba 6.55“*Ca 48.9°°Da

A T3 3.26%*Ab 11.9"%Bb 26.9"1Cb 59.3°Db
T4 4.11"°Ac 13.9'°Bb 42.9%8Cc 93.6%°Dc
T5 7.6"°Ad 18.7*°Bc 60.6°Cd 186.9%“Dd
T1 1.13%%%Aa  3.45™°Ba 8.56°"Ca 53.6°Da
T2 1.29%%°Aa 3.59'*°Ba 8.88"'ca 54.2°°Da

B T3 4.69%* Ab 14.5%'Bb 36.8°%Chb 65.9'°°Db
T4 5.45%°Ab 18.9°Bc 56.1°"Cc 100.9*°Dc
T5 8.13*'Ac 26.8“"Bd 89.73Cd 225.6°°Dd

Pulps were made with 100% seven years wood (T1); pulp made from 95% (T2); 85%
(T3) and 75% (T4) seven years old wood and 100% two years wood (T5). Means
followed by the same capital letter per line and lower caser Ipdr column did not
differ between them by the Scott-Knott test at 5%. Values in supersepisent the
coefficient of variation.

The tear index decreased with the use of two-year-old wood andsedreéth
the refining process (Table 5). Refining increases the contact surfacdensifies the
connections between the fibers, but it damages the fiber and redsigesistance
(Aracri and Vidal, 2012; Biermann, 1996). Gains in tear index were higher up to 1500
revolutions because of the high number of connections between fibers with logedama
in their structure, but with 3000 revolutions, such damages were more intahse a
reduced the gain in tear index. The lower gain in the tear index with 3000 rewslatio
refining was found with 100% two-year-old wood because of the presence of fibers with
poorer mechanical properties (Mufioz et al., 2012), which broke during the paper

production process, explaining the reduced tear resistance.
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The addition of two-year-old wood resulted in paper more fragile to tear.
However, proportions up to 5% of this wood did not decrease the tear index, sgggest
that this wood proportion of wind felled trees can be used in pulp production.

The addition of two years old wood in the pulp production decreaseddikete
index while refining increased its values (Table 5). The tensilexiddpends on the
number of inter-fiber connections (Sixta, 2006; Gorski et al., 2012). The highest
average length and the lowest production of fines in cellulosic pulp from geeeold
wood guaranteed greater connectivity between the fibers and a highler itedex (Fu
et al., 2015)Refining also increases the inter-fiber bonds (Biermann, 1996), resulting in
a higher tensile index.

Pulp without and with 500 revolutions of refining allowed the addition of 15%
of two-year-old wood in its production without affecting the tensile indexpewed to
pulp produced from sevyear-old wood. However, in more severe refining conditions,
only pulp produced with up to 5% two-year-old wood showed a similar tendi ito
that produced with 100% seven-year-old wood.

The stretch (%) of the paper followed a similar trend in relationship to the tensile
index, decreasing with the addition of two-year-old wood and increasihgrefihing
(Table 5). The stretch depends on fibers length and low fine production, allowing a
greater number of connections between the fibers and a greater stretbeh pafper
(Sable et al.,, 2012; Severo et al.,, 2012). The increase in inter-fiber consgcti
propitiated by refining, besides the quality of the fibers, increased rételhsin both
clones evaluated, with higher gain up to 1500 revolutions. The addition of up to 15%

two-year-old wood, age with higher wind damage, did not reduce the pulp stretch.
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Table 5: Tear Index (mN.m2 / g), tensile index (Nm / g) and stretch {(%iffarent
levels of revolution during the refining in pulps made with two and severs yda

wood of Eucalyptus grandssE. urophylla

Tear index (mN.m2/ g)

Clone Treatment

Revolutions during the refining

0 500 1500 3000
T1 5.01%°Aa 6.64“Ba 10.35**Ca 12.56"' Da
T2 5.15“Aa  6.53°°Ba 10.09*°Ca 12.35*?Da
A T3 4.63%'Ab  5.95°'Ba 9.78*°Cb 11.15*°Db
T4 4.31%'Ab 5.35°°Bb 9.36*%Cb 10.63*°Db
T5 3.42°*Ac  4.85"'Bb 7.75%'Cc 8.12**Dc
T1 456°*Aa  5.95°°Ba 9.85"°Ca 11.51°°Da
T2 443 °Aa  5.92''Ba 9.77'Ca 11.22*'Da
B T3 4.15"*Ab  5.29°%Bb 8.12°Cb 9.30**Db
T4 4.00°Ab  5.11%'Bb 7.91°Cb 9.63>'Db
T5 3.52%9Ac  4.52%?Bc¢ 6.43°Cc 7.45%3Dc
Tensile index (Nm / g)
Clone Treatment Revolutions during the refining
0 500 1500 3000
T1 25.6°%Aa 44.5'Ba 60.4°>Ca 77.5"“Da
T2 25.1°°Aab  45.1°°Ba 59.7>%Ca 77.8°Da
A T3 25.2°°Aab  44.2°°Ba 56.6*°Cb 74.17°Db
T4 24.0°°Ab 40.2°“Bb 54.1°“Cc 72.5""Dc
T5 21.5%Ac 36.5°*Bc 53.3°Cc 66.6"* Dd
T1 25.8%Aa 45.5°"Ba 65.2*7Ca 80.4°>'Da
T2 25.6%°Aa 45.3°Ba 65.8>?Ca 79.6*"Da
B T3 25.3>Aa 42.6°'Bb 61.6>“Cb 76.0*"Db
T4 24.8°%Aa 40.5°'Bc 58.8>?Cc 74.8*%Dc
T5 22.3%'Ab 39.6°?Bc 56.3°Cd 73.2*°Dd
Stretch(%)
Clone Treatment Revolutions during the refining
0 500 1500 3000
T1 1.98°%Aa 2.43"Ba 3.787Ca 4.11°Da
T2 1.88"“Aa 2.33'Ba 3.60°' Ca 4.00'Da
A T3 1.85"%Aa 2.2¢°Ba 3.69°%Ca 4.05° Da
T4 1.56"°Ab 2.227°Bb 3.23°Cb 3.77'Db
T5 1.34"Ac 2.00°Bc 2.88“Cc 3.25%Dc
T1 1.88%%Aa 2.38“*Ba 3.24>Ca 3.79°%Da
T2 1.76°Aa  2.227°Ba 3.09°%Ca 3.60°Da
B T3 1.76%%Aa 2.28°Ba 3.25%%Ca 3.5%%Da
T4 1.51"*Ab  2.05°Bb 3.00°?Chb 3.22“Db
T5 1.28%°Ac 1.903Bb 2.66%°Cc 3.10'Db

Pulps were made with 100% seven years wood (T1); pulp made from 95% (T2); 85%

(T3) and 75% (T4)

seven years old wood and 100% two years wood (T5). Means

followed by the same capital letter per line and lower caser Ipdr column did not
differ between them by the Scott-Knott test at 5%. Values in sug@rsegresent the
coefficient of variation.

36



The refining and addition of two-year-old wood in pulp production reduced its
opacity (Table 6). The opacity is related to the ability of light ingbeating the paper
(Sixta, 2006). A higher value imply in lower passage of visible lighe fiter from
seven-year-old wood had a greater cell wall fraction and mesdiaproperties,
providing greater resistance to collapse and resulting in paper withr higidevolume.
Thus, the transition of light between these void spaces and the fibevatletauses
them to scatter, preventing its passage through the paper and incrbasiogacity
(Biermann, 1996; Anjos et al., 2014). The reverse occurred with refining, where the

fibers collapsed, reducing the paper opacity.

Table 6. Opacity (%) at different levels of revolution during the refininguips made

with two and seven years old wood of Eucalyptus graxndisurophylla

Revolutions during the refining

Clone Treatment

0 500 1500 3000

T1 84.8%°Aa  80.7“'Ba 77.5"Ca 72.3*Da

T2 84.2-Ab  80.2***Ba 77.8**Ca 72.7*Da

A T3 84.8'%aAb  80.4"°Ba 77.4%%Ca 72.8"°Da
T4 84.3%ap  81.3'°Ba 78.5*Ca 73.6-%*Db

T5 82.6%Ac  78.7'Bb 75.8%**Cb 70.3°°Dc

T1 80.5"Aa 78.3*Ba 75.4'*Ca 72.1%*Da

T2 80.6-Aa  78.6"*Ba 76.3%**Ca 72.8*'Da

B T3 81.0"Aa 78.1%*Ba 76.2**Ca 70.1*%*Db
T4 78.1%°°Ab  77.6-*°Bb 76.1**Ca 70.6"*'Db

T5 78.4*Ab  75.8%°%"Ac 74.3Y%°Cb 70.4-*Db

Pulps were made with 100% seven years wood (T1); pulp made from 95% (T2); 85%
(T3) and 75% (T4)of seven years old wood and 100% two years old wood (T5). Means
followed by the same capital letter per line and lower caser Ipdr column did not
differ between them by the Scott-Knott test at 5%. Values in sup#reepresent the
coefficient of variation.

Refining improved mechanical properties and reduced the paper opacity. Thus, it
IS necessary to achieve an optimal point to obtain acceptableesv for these
parameters, because high mechanical properties and opacity valudesmesl for
printing and writing paper (Biermann, 1996; Anjos et al., 2014; Severo et al, 2013).

The proportion of wood broken by wind that can be used in the pulp production
varied according the parameters, the genetic material, and refimérgity. However,
its use up to 5% did not change the pulp properties. Thus, this proportuoggested

when using wood broken by wind in pulp production, without quality loss.
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3.4 Conclusion

The wood from two-year-old Eucalyptus plants showed a higher frequency of
vessels and fibers with lower length, lower cell wall fraction, modofuedasticity and
hardness, and a higher microfibril angle. This wood can be used in pulp production at
5%, when mixed with seven-year-old wood without loss of quality. The useoef t
year-old wood, above this percentage, reduced the tensile index, teaaimtstretch,
and increased the opacity and air resistance of the paper. Refining idctteadear
index, tensile index, air resistance and stretch, and decreased opacjthettausse of
its importance, this step should be considered before using wood broken byfavinds

manufacture of pulp.
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4 CAPITULO 3: Anatomical, ultrastructural, physical and mechanical
properties of two-year-old Eucalyptus clones subject to wind
damage for solid wood production

Abstract

Wind damages may require early harvest of Eucalyptus wood, theseetamag
occur mainly 24 months after planting, being necessary to create ugbss farood.
This study aims to characterize and propose uses of two-yeamokdygtus wood.
Four Eucalyptus grandis Eucalyptus urophylla and two Eucalyptus grandis clones
have been selected and their anatomical, ultrastructural, phyaichlmechanical
characteristics evaluated. Clone A showed more robust fibers with betegfibril
arrangement, resulting in better mechanical properties, and therefore, e bett
performance for structural use. Clone F showed a low variation of basitydentie
radial direction, facilitating its machinability, and with the CldBeshowed a lower
anisotropic factor, and therefore, is recommended for locations with higitieasi of
humidity. The heterogeneity of the characteristics of the evaludedscconfirms the

need for further studies, to choose those most adequate to each use.

Key words: fiber, modulus rupture, nanoindentation, x-ray densitometry, wood

4.1 Introduction

Wood is a heterogeneous material, therefore, its use requires spa@fidbe
anatomical and ultrastructural characteristics reflect the igdlynd mechanical
behavior of wood (Mufioz et al., 2012; Hein et al., 2013; Longui et al., 2014), and
therefore, its use depends on a complete survey of these features.

Natural phenomena, such as wind damage, can induce wood harvest when the
trees are young. This damage occurs mainly 24 and 36 months after piantizgd
depending on the material and intensity of the winds, this damagexcaed 20% of
the planted area (Cenibra, 2014).

The lack of alternatives for this material leads to its use for energyréGeteal.,
2014). The low diameter is a limitation for use of two-years-old eucalypes for
solid wood production (Murara Junior et al., 2005). However, the trees broken by wind

need to be removed from planted forests, thus, its possible get this wooud foride,
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allowing their use in the production of small objects (Vieira et al., 2010)iratite
furniture industry (Lopes et al., 2011).

Using two-year-old wood depends on a complete study of their anatomy,
ultrastructure, physics and mechanics. Therefore, the aim of this stadyto

characterize two-year-old Eucalyptus clones and suggest uses for thisimateri

4.2  Methodology

4.2.1 Biological Material

Three two-year-old trees were selected from each of the four Etabyandis
x Eucalyptus urophylla (A, D, E, F) and two Eucalyptus grandis (B, C) slohee
trees were collected in Belo Oriente, Minas Gerais State, Brazil, 42°22'30" “South
longitude” and 19°15'00" “West latitude”. This region and Eucalyptus age was chosen
because they have a high incidence of wind damage.

Three 5 cm thickness disks were removed at 1.3 m above the grountblevel
determine the density, anatomy, and ultrastructure of its wood. A threz-logtwas
removed from just above this position, and central plank was obtained ® thek
samples for the mechanical characterization and evaluation of thexsiima&l and

volumetric variation of the wood.

4.2.2 Anatomical characterization

A sample was obtained from an intermediate position from pith to itadge
of the 5 cm disks that was removed from 1.3 m above the ground level. biisablo
slides (Johansen, 1940) and macerated materials were prepared (Franklin, 1945). The
length and width of the fiber, lumen diameter, diameter and frequenitye ofessels,
and height and width of the rays were measured. The cell wall thickness of the fiber was
obtained by the difference between the width of the fiber and the lumeretdia
divided by two. The cell wall fraction was calculated using the equation:

(1)

(2 XC.W.T)x100
FW.

C.W.F.=

Where, C.W.T. = cell wall thickness (um); F.W. = fiber width (um); C.W.F.

Cell wall fraction (%).
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4.2.3 Microfibril angle measurement

The microfibril angle of the S2 layer was measured in the specinseqisin the
anatomical characterization. After saturation, the wood blocks were itht av
microtome in the tangential plane in 10 um thick sections and matevitehydrogen
peroxide solution and glacial acetic acid in the ratio 2:1 at 55°C for 24 lwopregare
temporary slides.

The measurement of the microfibril angle was performed by polarizat lig
microscopy (Leney 1981), with an Olympus BX51 microscope adapted with a rotary
stage, graduated from 0° to 360°, connected to the image analysis pragagenRro-

plus.
4.2.4 Nanoindentation

A sample was removed in the opposite position to that used for andtomica
characterization. A 3 x 3 x 3 mm specimen was made from this samgplembedded
in epoxy resin solution to determine the modulus of elasticity and hardhéss S2
layer and the middle lamella. The nanoindentation was performed in a Tribtdnde
Hysitron TI900®. The maximum applied load was 100 uN for 60 seconds, with
discharge performed in 20 uN/s. The modulus of elasticity of the fiber was determined

according to the equation:

MOE = (1 - vm?) x (5-— 1‘”i2)_1 )

Er Ei

Where: MOE = modulus of elasticity (GPa); According instructions from the
device manufacturer, vi = 0.07; vm = 0.35 and Ei = 1140 GPA. The reduced Modulus
(Er) was obtained from the load-displacement curve from the initial stbpie
unloading wherein the elastic response was generated (Mufioz et al., 2012).

The hardness was determined by the maximum load supported by theespecim

divided by the contact area, according to the equation 3:

Pmax
H=—=—=0)
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Where: Pmax = maximum load of indenter penetration; A = Projected contact

areas at maximum load.

4.2.5 Characterization of the physical properties

The basic density of the wood was determined by the ratio betwednytheass
and green volume of wood in one of the 5 cm disks removed from 1.3 m above the
ground level, according to NBR1194 (Associacdo Brasileira de Normasca&gchi
ABNT, 2003).

The wood samples were subjected to x-ray densitometry, to determine the
apparent density variation in the radial direction. Diametral sanyes obtained in
one of the disks removed at 1.3 m above the ground. These sections were azhdttion
23°C and 50% relative humidity. The analysis was performed using the TRQ-01XTree
Ring Analyzer equipment.

Thirty samples (2 x 2 x 4 cm) per clone were saturated with water and the
volume and dimensions were recorded, the volume of the sample was oliigined
immersion in liquid, and the radial and tangential dimensions weasured with a
caliper. Next, the samples were dried at 103°C and the volume andsthme were
recorded again. The volumetric swelling of the wood was determined) uke
equation:

(Vs —Vd) x 100
vd
Where: VS(%) = volumetric swelling; Vs = volume of saturated wood; and Vd =

VS (%) =

volume of dry wood.
The radial swelling was determined using the equation:

(RLs — RLd) x 100
RLd

Where: RS(%) = radial swelling; RLs = radial length of the satunatext]; and

RS (%) =

RLd = radial length of dry wood.
The tangential swelling was calculated according to the equation:

(TLs —TLd) x 100
TLD

Where: TS (%) = tangential swelling; TLs = tangential length of saturated wood;

TS (%) =

and TLd = tangential length of dry wood.
Finally, the anisotropic factor was determined by the ratio between th

tangential and radial swellings.
45



The dry wood mass was obtained from thirty samples (2 x 2 x 4 cm), dried at

103°C and placed in a climatic chamber at 23°C and 50% relative humidity foyd.5 da

The equilibrium moisture content was calculated using the equation:

(WM — DM) x 100

EMC (%) = DM

Where: EMC = equilibrium moisture content; WM = wet mass; DM = dry mass.

4.2.6 Mechanical characterization

The samples were conditioned at 23°C and 50% relative humidity to ztabili

their mass. The compression parallel to the grain was determinedhieasamples with

2 X 2 X 4 cm, and the modulus of elasticity (MOE) and rupture (MOR) from samples

with 2 x 2 x 30 cm, in a procedure adapted from the American Society fong aesid
Materials (ASTM-1997). Thirty samples were used per clone.

4.2.7 Statistical analysis

The variance homogeneity (Bartlett's test at 5% significance) anchiity test
were performed (Shapiro-Wilk test at 5% significance). The means of &eistnvere

compared with the Scott-Knott test at 5% probability.

4.3 Results and discussion

The anatomical parameters evaluated varied among the clones {Jalblee
height and width of the rays showed higher coefficients of variation idlassification
of histological sections of Eucalyptus wood. The lumen diameter, cdllthiwekness
and cell wall fraction showed higher values for this parameter in tksifadation of
fibers, indicating constituents with higher wood variation. All parametershe

evaluation of the ultrastructure of the wood had coefficient of variation below 10%.
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Table 1: Anatomical and ultrastructural characterization of tweo-gkhEucalyptus
grandisx Eucalyptus urophylla clones

Cl. FL@Mmm) FW.(um) LD.(um) CW.T.(um) C.W.F. (%)
A 0971  18.53%% 9.81"%p 4.36"%% 47.3%9¢
B 0.823"%75 17.6%%  10.4%% 357173 40.9%9a
C 0929"°%  20.1%*%  12.1%%%y 3.98'"h 39.7172
D 0.873“% 18.0%%  10.2%% 3.9317%y 43.71%9p
E 088"™b 17.9%%n  10.2%% 3.80'" " 42 879
F 0.794%% 157139 8.91%4, 3.38173, 43.31%9p

Ves. Diam. (um) Freq. (pores/mrzr) Ray height (um) Ray width (um)
A 90.113% 10.1%p 239.3'%° 6.847°p
B 109.6*°h 11.14%%p 306.4% % 7.641%8¢
C 100.1%%Y; 10.4%%8p 217.8'; 8.481%°q
D 113.213%%p 8.8y 226.3'2%; 6.281°%%
E 112.83p 10. 7128y 278.3'%%p 6.13'%%3
F 106.65%h 13.9*%% 207.3'"% 5.80'"a
CL Microfibril  Moe of S2 Hardness of Sz Moe of m.l. Hard. of m.l.
angle (°) layer (Gpa) layer (Gpa) (Gpa) (Gpa)
A 9.21%%  1558°9( 0.289"%p 9974 %)¢ 0.335%9¢
B 10.88°°d 11.6"%a 0.266*Ya  7.13"%a 0.299°%9p
C 104%%  12.6"Yp 0.269%%a  7.95°%p 0.298"%p
D 9.16%a 14.1"9¢ 0.2789p  8.47%"p 0.302"*%p
E 9.8"%p 13.2"9p 0.263"12a  8.674"1%p 0.309"%b
F  10.45%°% 13.6°Yb 0.278%%p  7.158°%3 0.274"* g

CL. = Eucalyptus grandis Eucalyptus urophylla clone; F.L.=Fiber length; F.W.= fiber
width; L.D.=Lumen diameter; C.W.T.= Cell wall thickness; C.F.R.=Cell Wall iart
Ves. Diam.= Vesssel diameter; Freq.=Vessel Frequency; Moe of m.|.-oMuoéldle
lamella; Hard. of m.l.= Hardness of middle lamella. Means followed bgahee letter
vertically per parameter does not differ by the Scott-Knott test at 5% probability. Values
in superscript represent the coefficient of variation.
Clone A had a greater cell wall thickness and a smaller lumeretekanwith a
reverse tendency for Clone C. Thus, Clone A showed the largest cell acilbrir,
while Clone C the lowest. The fibers are the main components of hardwood (Panshi
and De Zeew, 1980), and therefore, a high cell wall fraction ensures betteamoat
properties to the timber, as reported Eucalyptus propinqua wood (Longui et al., 2014).
The frequency and the average diameter of the pores, which vary between
clones, are hollow structures that increase the wood permeability (Parghibe
Zeew, 1980). Thus, a higher frequency and diameter of these structuresrasyidtoid
response to the drying (Shahverdi et al., 2012) and preservative treatnaagity i,
2012). The ray cells are fragile because of their thin cell wallsdGaied Eler, 2015),
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thus, materials with a higher height and width of the rays mayih&amor mechanical
properties, limiting their use for structural purposes.

Clones A and D had the lowest microfibril angle values. The arrangeshéhe
cellulose chains in the cell wall was fundamental to its sthre(i@bnaldson, 2008; Hein
et al., 2013). Combining the fact that Clone A showed larger cell wallidra the
fibers of this material showed higher hardness and modulus of elasti@yopposite
happened for clone B, which, due to its high microfibril angle and low cdll wa
fraction, showed the lowest values for modulus of elasticity (MOE) rendness of
fibers.

The physical behavior of wood differed between the Eucalyptus clonesitbut w

less variability for equilibrium moisture and basic density (Table 2).

Table 2: Basic density, equilibrium moisture content, volumetric swellradial
swelling, tangential swelling and anisotropic factor in six two-y#drEucalyptus
grandisx Eucalyptus urophylla clones

Clone Basic density (g/c) Equi. mois. cont. (%) Vol. swell. (%)
A 0.421%%d 11.23°Y a 18.24"3p
B 0.373*%% 10.58°7 b 16.43"? 3
C 0.372*% 10.558%9 b 16.62%¥ a
D 0.423*d 11.32'9a 20.99"% ¢
E 0.387*%p 10.41®p 16.53°%
F 0.412*% 10.56°Yp 16.91°" a
Rad. swell (%) Tang. swell (%) Anisotropic factor
A 5.89""p 10.23"% 1.76"b
B 5.24"9, 8.86%%, 1.66"%a
C 5.68%% 9.78"%p 1.74"%p
D 6.217-%% 11.54%°d 1.81"%%
E 5.13%Y3 9.2189, 1.74"%p
F 6.28%%c 9.67%% 1.6279

Equi. mois. cont,=Equilibrium moisture content; Vol. swell.=Volumetric sngllRad.
swell.=Radial swelling; Tang. swell.= Tangencial swell. Mean®¥ad by the same
letter vertically per parameter does not differ by the Scott-Kndttates% probability.
Values in superscript represent the coefficient of variation.

The basic density, equilibrium moisture content, volumetric, radial, and
tangential swelling were higher for Clone D and lower for Clone B. Masewith a
higher basic density have a higher mass per unit volume, resulting highar
adsorption of humidity and increasing the equilibrium moisture content (P&RA et
al.,, 2011) and linear and volumetric swelling (Schulgasser and Witztum, 2015; Rouco
and Mufioz, 2015).
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All materials had a lower radial swelling than tangential swelling. The reason for
this is still debated, but this may be because of the orientation odyheells, which
provided their microfibrils in the radial direction, offering greater resistatec
compression (Kollmann and Co6té, 1968; Glass and Zelinka, 2010). This was also
reported for Corymbia citriodora, Eucalyptus grandis, Eucalyptus saligna aod Pi
elliottii (Pelozzi et al., 2012; Menezes et al., 2014).

The anisotropic factor did not show any relationship with the basictgenisi
wood, even being the ratio of the tangential and radial swelling. Ohedti value for
the anisotropic factor in clone D indicates that its wood has restritste in places with
high humidity variation. However, treatments such as acetylation (Einamd Mai,

2015; Xie et al., 2013) and heat treatment (Korkut, 2012; Zanuncio et al., 2014b) can
reduce the variation in the wood dimensions and allow its use in such places.

The X-ray densitometry showed that even clones with similar axetagsity,

may have different density patterns along the radial direction (Figure 1).

49



Clone A ,
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Figure 1: X-ray densitometry of the most representative samplesigee. Dist =

distance from pith (cm.); Ap. den. = Apparent density (Jjcid = average apparent

density of the sample.

The apparent density of the samples was higher in the pith region corregpondi
to the parenchymal cell deposits, such as crystals and starahegrawhich interacted

strongly with the x-rays, resulting in high apparent density (Panshin andebw,
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1980; Belini et al., 2011). The region corresponding to these parenchyma azheiv
accounted for the average apparent density, because it was not considered as wood.

Sample F showed less variation in the apparent density from pith toadal,
Clone A showed the highest variation. The density has relation with drying (Zanuncio et
al., 2013b; Zanuncio et al., 2015) and wood machinability (Moura et al., 2011). Thus,
materials with a homogeneous density along the radial directionahenae uniform
behavior, facilitating its use.

The mechanical properties varied between clones, with the higilass for the

modulus of elasticity and the least for the compression parallel to the grain (Table 3).

Table 3: Modulus of rupture (MOR) and elasticity (MOE) and compression pérallel
the grain in six two-year-old Eucalyptus grandiSucalyptus urophylla clones

Clones MOR (Mpa) MOE (Mpa) Comp. par. (Mpa)
A 74.6"4 7038*d 40.8%°%
B 51.8%%Y3 452712 33.919%7
C 50.7134 542312 32.9%9%%
D 62.81%°% 5643"%p 34,1191,
E 57.6%h 524719 32.7%%a
F 70.21%4g 6236°°c 36.1%%p

Comp. par.= Compression parallel to the grain; Means followed by the sdime |
vertically per parameter does not differ by the Scott-Knott test at 5% probability. Values
in superscript represent the coefficient of variation.

Clone A had a higher mechanical strength, suggesting it is mosblsuior
structural use and furniture manufacture subjected to mechanical sue$s,as
bookcases and chairs (Lopes et al., 2011).

Materials with greater cell wall fraction showed higher basic tensducing
the dimensional stability, and with the lower mocrofibril angle, improtked
mechanical properties of the fibers and consequently the wood as a whde. T
demonstrated how the anatomical and ultrastructural characteraftested the

physical and mechanical characteristics of the wood, and consequently, its use.

4.4  Conclusions

The evaluated parameters varied among the Eucalyptus clones. Tdralsa
with greater cell wall fraction resulted in higher basic density,camdequently, higher
dimensional instability. Those with the lower microfibril angle arabid density

indicated better mechanical properties. Clone A showed a low miclddimgle, high
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cell wall fraction, and better mechanical properties for fibers and wood ansLiteisle
for structural use. Clones B and F showed a low anisotropic factor anduwitatde for
use in locations with high humidity variations. The heterogeneity ofntlagerial
revealed the importance of a comprehensive study of each clone, to Hefinest use

of its wood.

Acknowledgments

To Coordenacdo de Aperfeicoamento de Pessoal de Nivel Superior (CAPES),
Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico (CNPq), Fundacéao de
Amparo a Pesquisa do Estado de Minas Gerais (FAPEMIG) for financial support
Global Edico Services corrected and proofread the English of this manuSetigbse

Nipo-Brasileira S.A to provide the biological material.

References

AMERICAN SOCIETY FOR TESTING AND MATERIALS- ASTM. 1997. Standard
methods of testing small, clear specimens of timber. D94t3. 23-53 in Annual book
of ASTM standards. Denvers: 1997. 679 p

ANANIAS, R.A; VILLARROEL, V.S.; PEREZ-PENA, N; ZUNIGA, L;
SEPULVEDA, L.S.; LIRA, C.S.; CLOUTIER, A.; ELUSTONDO, D.M.; Collap®f
Eucalyptus nitens wood after drying depending on the radial locatiom it stem.
Drying Technology. v.32, n.14, p.1699-1705. 2014.

ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS. NBR 11941: madeira:
determinacao da densidade basica. Rio de Janeiro, ABNT, 2003. 6 p.

BAL, B.C.; BEKTAS, 1. Some mechanical properties of plywood produced from
eucalyptus, beech, and poplar veneer. Maderas, Ciencia y Tecnologia, v.16, n.1, p.99-
108, 2014.

BELINI, U.L.; TOMAZELLO FILHO, M.; CASTRO, V.R.; MUNIZ, G.I.B.; LASSO,
P.R.O.; VAZ, C.M.P. Microtomografia de raios X (microCT) aplicada na caraatéiz
anatébmica da madeira de folhosa e de conifera. Floresta e AmbiE8iter.1, p.30-36,
2011.

CENIBRA. Avaliagdo dos danos por vento. Pesquisa e Desenvolvimento dlorest
Relatério Técnica Belo Oriente, 2014.

DONALDSON, L. Microfibril angle: measurement, variation and relahips -a
review. IAWA Journal, n.29, v.4, p.345-386, 2008.

FAO. Organizacdo das Nacdes Unidas para Alimentacdo e AdraulEstatisticas,
2015. Disponivel em: <http://faostat.fao.org/faostat>.

52



FRANKLIN, G.L. Preparation of thin sections of synthetic resins and woo&kin
composites, and a new macerating method for wNature, v.155, n.3924, p.51-51,
1945.

GLASS, S.; ZELINKA; S. L. Moisture Relations and Physical Propedfé&/ood. In:
Ross R, editor. Wood Handbook. Centennial Edition. FPL-GTR-190. U.S. Department
of Agriculture, Forest Service, Forest Products Laboratory, 2010.

GOMES, V. J.; LONGUE JUNIOR, D.; COLODETTE, J. L.; RIBEIRO, R. AeT
effect of eucalypt pulp xylan content on its bleachability, refinabélitd drainability.
Cellulose, v. 21, p. 607-614, 2014.

GRICAR, J.; ELER, K. The frequency of ray and axial parenchyma versusirigee-
width in silver fir (Abies alba Mill.). Trees, v.29, n.4, p.162827, 2015.

GUERRA, SPS.; GARCIA, EA.; LANCAS, KP.; REZENDE, MA.; SPINELLI, R.
Heating value of eucalypt wood grown on SRC for energy production. Fuel, v.137, n.1,
p.360-363, 2014.

HEIN, P. R.; SILVA, J. R.; BRANCHERIAU, L. Correlations among microfilangle,
density, modulus of elasticity, modulus of rupture and shrinkage in 6-yar-ol
Eucalyptus urophyllax E. grandis. Maderas. Ciencia Y Tecnologia, v.15, n.2, p.171
182, 2013.

HIMMEL, S.; MAI, C. Effects of acetylation and formalization on the dyramater
vapor sorption behavior of wooHolzforschung. v.69, n.5, p. 633-643, 2015.

INDUSTRIA BRASILEIRA DE ARVORES. Anuério Estatistico da IBA 2014no
Base 2013, 100 pp, 2014. Disponivel em
http://www.bracelpa.org.br/shared/iba_2014 pt.pdf.

JOHANSEN DA. Plant microtechnique. New York: McGraw-Hill; 1940. 523 p

KOLLMANN, F. F. P.; COTE, W. A. Principles of wood science and technolsglyd
wood. New York: Springer, 1968. 592p.

KORKUT, S. Performance of three thermally treated tropical woodegpeommonly
used in Turkey. Industrial Crops and Products. v.36, n.1, p.355-362, 2012.

LENEY, L. A technique for measuring fibril angle using polarized light. Waad
Fiber, v.13, n.1, p.13-16, 1981.

LONGUI, E.L.; ROMEIRO, D.; PFLEGER, P.; LIMA, I.L.; SILVA, F.G.; ARCIA,
J.N.; BORTOLETTO, G.; FREIRE NETO, A.O.L.; FLORSHEIM, S.M.B. Radia
variation of anatomical features, physicomechanical properties and oahemi
constituents and their potential influence on the wood quality of 45-yédttmalyptus
propinqua. Australian Forestry, v.77, n.2, p.78-85, 2014.

LOPES, C.S.D.; NOLASCO, AM.; TOMAZELLO FILHO, M.; DIAS, C.T.S,
PANSINI. A. Estudo da massa especifica basica e da variacaositome&l da madeira
de trés espécies de eucalipto para a industria moveleiraiCBoestal, v. 21, n. 2, p.
315-322, abr.-jun, 2011.

53



MENEZES, W.M.; SANTINI, E.J.; SOUZA, J.T.; GATTO, D.A.; HASELN, C.R.
Modificacdo térmica nas propriedades fisicas da madeira. Ciéncia Rdel, G,
p.1019-1024, 2014.

MOURA, L.F.; BRITO, J.0.; NOLASCO, A.M.; ULIANA, L.R. Effect of themh
rectification on machinability of Eucalyptus grandis and Pinus caaibaar.
hondurensis woods. European Journal of Wood and Wood Products. v.69, n.4, p. 641-
648. 2011.

MUNOZ, F.; VALENZUELA, P.; GACITUA, W.Eucalyptus nitens: nanomechanical
properties of bark and wood fibers. Applied Physics A. v.108, n.4, p.1007-1014. 2012.

MURARA JUNIOR, M.l; DA ROCHA, M.P.; TIMOFEICZYK JUNIOR, R.
Rendimento em madeira serrada de Pinus taeda para duas metodig#odgassiobro.
Floresta, v. 35, n.3, p.44383. 2005

PANSHIN, A. J.; DE ZEEUW, C. (1980). Textbook of wood technology. 4.ed. New
York: McGraw-Hill Book. 722 p.

PIRRALHO, M.; FLORES, D.; SOUSA, V.B.; QUILHO, T.; KNAPICA, S.;
PEREIRA, H. Evaluation on paper making potential of nine Eucalyptusespbased
on wood anatomical features. Industrial Crops and Products, v.54, n.2-38327
2014.

PEREZ-PENA, N.; VALENZUELA, L.; DIAZ-VAZ, J.E.; ANANIAS, R.APrediccion
del contenido de humedad de equilibrio de la madera en funcién del pesdies de
la pared celular y variables ambientales. Maderas. Ciencia ryolbgga, v.13, n.3,
p.253-266, 2011.

PELOZZI, M.M.A.; SEVERO, E.T.D.; CALONEGO, F.W.; RODRIGUES, P.L.M.
Propriedades fisicas dos lenhos juvenil e adulto de Pinus elliottilrkvge. elliottii e
de Eucalyptus grandis Hill ex Maiden. Ciéncia Florestal, v. 22, n. 2, p. 305-313, 2012.

ROUCO, MCA,; MUNOZ, GR. Influence of blue stain on density and dimenisiona
stability of Pinus radiata timber from northern Galicia (Spain). Holzforsghw9,
n.1, p. 97-102, 2015.

ROUSSET, P.; FIGUEIREDO, C.; SOUZA, M.R.; QUIRINO, W. Pressure effect on
the quality of eucalyptus wood charcoal for the steel industry: A statigtnalysis
approach. Fuel Processing Technology, v.92, n.10, p-1897, 2011.

SHAHVERDI, M.; DASHTI, H.; TAGHIYARI, HR.; HESHMATI, S,
GHOLAMIYAN, H.; HOSSEIN, MA. The Impact of red heartwood on drying
characteristics and mass transfer coefficients in beech wood.akugitirnal of forest
science. v.130, n.2, p.85-101. 2012.

SCHULGASSER, K.; WITZTUM, A. How the relationship between dgnsnd
shrinkage of wood depends on its microstructure. Wood Science and Technology, v.49,
n.2, p.389-401, 2015.

TAGHIYARI, HR. Correlation between gas and liquid permeability in some nanosilver-
impregnated and untreated hardwood. Journal of Tropical Forest Science, v.24, n.2
p.249-255. 2012.

54



VIEIRA, R. S LIMA, J.T.; SILVA, J.R.M.; HEIN, P.R.G.; BAILLERESH.;
BARAUNA, E.E.P. Small wooden objects using eucalypt sawmill wood evast
Bioresources, v.5, p.1463-1472, 2010.

XIE, Y.; FU, Q.; WANG, Q.; XIAO, Z.; MILITZ, H. Effects of chemitanodification
on the mechanical properties of wood. European Journal of Wood and Wood Products.
v.71, n.4, p.403416, 2013.

ZANUNCIO, A. J. V., MONTEIRO, T. C., LIMA, J. T., ANDRADE, H. GAND
CARVALHO, A. G. Biomass for energy use of Eucalyptus urophylla and Corymbia
citriodora logs. Bioresources, n.8, v.4, p.5159-5168, 2013a.

ZANUNCIO. AJ.V; LIMA, J.T., MONTEIRO, T. C.; TRUGILHO, P. F,;
CARVALHO, A.G. Secagem de toras de EucalyptuSorymbia para uso energético.
Sci. For., v. 41, n. 99, p. 353-360, set. 2013.

ZANUNCIO, A. J. V.; CARVALHO, A.G.; TRUGILHO, P. F.; MONTEIRO, T. C.
Extractives and energetic properties of wood and charcoal. Revista Arvore, v.38, n.2,
p.369-374, 2014a.

ZANUNCIO, AJ.V.; MOTTA, J.P.; SILVEIRA, T.AS.; FARIAS, E.S.; TRRILHO,
P.F. Physical and colorimetric changes in Eucalyptus grandis woed ld&at
Treatment. Bioresources, v.9, n.1, p.293-302, 2014b.

ZANUNCIO. A.J.V.; CARVALHO, A.G.; SILVA, L. F.; LIMA, J.T.; TRUGLHO, P.
F.; SILVA, J.R.M. Predicting moisture content from basic density and deardaring
air drying of Eucalyptus and Corymbia logs. Maderas. Ciencia y tecnplogig n.2,
p.335-344, 2015.

55



5 CAPITULO 4: Chemical and energetic characterization of Eucalyptus
clones subject to wind damage

Abstract

Wind damages are common in forest plantations and the use of thicamaoanimize
losses. The objective was to evaluate the chemical compositiorthandnergetic
potential of wood and charcoal from trees subject to wind damage. Siyeaws-old
Eucalyptus grandis Eucalyptus urophylla and two Eucalyptus grandis clones were
selected in a region where wind damage is frequent. The basic deakityfic value,
chemical composition of wood and calorific value, apparent relativetgeimsmediate
chemistry and gravimetric yield of charcoal were determined falaies. Wood with
high lignin content and low S/G ratio had higher gravimetric yield. Tiergetic
density of wood and charcoal showed high relationship with the basic andrdppare
relative density, respectively. All materials showed potentialbioenergy, but the
clone E stood out with higher gravimetric yield and energy densityg i most
suitable for this purpose.

Keywords: Charcoal; calorific value; gravimetric yield; lignin.

5.1 Introduction

The winds are characterized by the air movement from areas withchigiv
pressures (Kramer et al., 2014; Moore et al., 2013; Hale et al., 2015). Wind damage
forests are reported since 1940 (Mitchell, 2012) in many regions of the world (Moore et
al., 2013; Lagergren et al., 2012; Kramer et al., 2014).

Wind damages occur mainly from 24 to 36 months old in eucalyptus plants and
it can bend or break the trees. The first causes loss of apical doearahceduced the
productivity. In the second, it is necessary to harvest broken maadgblant a new
forest. In both cases, losses are considerable and threaten eucalyptus plantations.

Trees broken by winds are mainly young, resulting in small diameter, low
density and poor quality fibers (Ramirez et al., 2009; Veenin et al., 2005), hopderi
use in pulp (Severo et al., 2013) and lumber (Luna et al., 2013) production. Therefore,
these materials are used mainly for energy purposes (Guerra et al., 2014).

The aim of this study was to characterize the chemical and engygtential of
wood and charcoal from eucalyptus clones subject to wind damage.

5.2  Material and methods

5.2.1 Biological Material
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Three trees per each of gi, B, D, E, G, H) two-years-old Eucalyptus grandis
x Eucalyptus urophylla and two Eucalyptus grandis (C, F) clones weretedlli® the
region of Belo Oriente, Minas Gerais state, Brazil (42°22°30” S and 19°15°00” O). This
age and region were chosen because they have high incidence of wind damage.

Disks were withdrawn at 1.3 meters above ground level, from each fiedked
and the basic density, chemical and energetic properties of thesgalmateere

analyzed.

5.2.2 Wood chemical characterization

One disk from each tree was milled with a Standard Wiley knifewith a 2
mm screen. This material was sieved with a 40-60 mesh smelvtha retained fraction
was used to determine the total extractives according to ABTM05-94 (American
Society for Testing and Materials, 1994); besides the soluble lignin il@oand
Demuner, 1986); insoluble lignin (Goldschimid, 1971) dipdin’s syringyl/guaiacyl
(S/G) ratio (Lin and Dence, 1992). The total lignin was obtained with the sum of soluble
and insoluble lignin. Finally, the holocellulose content was determinesulbyacting
these components from 100.

The same sample was used for elemental analysis. The carbon, hydndgen a
nitrogen content, based in wood dry mass, were quantified with a univesdgtex
Vario Microcube model. The oxygen content was obtained by subtractingathen,

hydrogen and nitrogen from 100.

5.2.3 Physical and energetic characterization of wood and charcoal

The wood basic density was determined according to NBR 11941 (Associacao
Brasileira de Normas Técnicas- ABNT, 2003), the gross calorific valcerding to
NBR 8633 (ABNT, 1983) and the wood energetic density by the product of these two
parameters.

The wood was carbonized at 1.67 °C/min heating rate, until 450 °C and 30 min
residence time in electric furnace at atmospheric pressure and controbedceref
oxygen. The ash, volatile matter and fixed carbon were evaluateddarto ABNT
NBR 8112 (ABNT, 1983): the gross calorific value according to ABNT NBR 8633
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(ABNT, 1983) and apparent relative density according to ABNT NBR 9165 (ABNT,
1985). The charcoal energy density was determined by the product of the apparent
relative density and gross calorific value. The elemental asabfscharcoal was

performed similarly to that of the wood.

5.2.4 Statistical analysis

The variance homogeneity (Bartlett's test at 5% significama®narmality test
(Shapiro-Wilk test at 5% significance) were performed. Means ofnmesds were

compared with the Scott-Knott test at 5% probability.

5.3 Results and discussion

The extractives, ash, soluble, insoluble and total lignin, holocelluige& 5/G
ratio and elemental composition were determined to characterizae@oibe chemical
composition (Table 1).

Table 1: Chemical composition of eight two-years-old Eucalyptus gsanéiucalyptus
urophylla clones (Cl.)

Sol. Lig. Ins. Lig Tot. Lig.

Cl. Ext (%) Ash (%) (%) %) %) S/IG Hol. (%)
A 2587c 0425'a 44'a 25.7°a 2967a 299°a 67.44°D
B 0.73%a 0.370°a 45%a 245%a 29.0°a 3.9%°c 69.90*c
C 225°% 0450°a 4.1°a 26.4°b 30.5“b 3.42°b 66.8“b
D 295'd 0.385'a 4.7%'a 26.00'b 30.7'b 3.1%%'a 65.97°a
E 1.23°b 040%'a 4.3?a 26.8%b 31.1*'b 3.11*%a 67.27°Db
F 295“d 0.420%a 4.7%a 26.3°b 31.0°b 297%a 65.63°a
G 27%%c 0.390°a 4.2%a 264% 306°b 3.3%°b 66.30°%a
H 2.17%c 0.405°a 4.1*°a 27.87°c 31.9°c 298°a 6553°a
Cl. Carbon (%) Oxygen (%) Hydrogen (%) Nitrogen (%)
A 50.78°a 4258°a 5.88“a 0.02"“a

B 50.55'a 42.67%a 5.78%a 0.06">a

C 50.66°a 42.80“a 5.85“a 0.03*'a

D 50.49°a 43.02'a 5.76°a 0.03*?a

E 50.90°a 42.35%3 5.90¢%a 0.05**a

F 50.77%a 42.63"a 5.89"a 0.08*%a

G 50.43"a 42951 a 5.85°a 0.03*"a

H 50.30°a 43.28°a 5.8%%a 0.07*?a

Cl.= Eucalyptus grandis Eucalyptus urophylla clone; Ext.= Extractives; Sol. Lig.=
soluble lignin; Ins. Lig= Insoluble lignin; Tot. Lig.= Total lignin; &#
syringyl/guaiacyl ratio in the lignin; Hol.= holocellulose. Means folkoMby the same
letter does not differ by the Scott-Knott test at 5%. Values in supgrsepresent the
coefficient of variation.
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The clone B showed lower extractives content, while the D and Rhead
highest. The extractive content of the eight clones evaluatedomes than those
reported for seven-years-old Eucalyptus grandiSucalyptus urophylla, Eucalyptus
urophylla and Eucalyptus paniculata, 3.41 and 9.12% (Arantes et al., 2011; Zatuncio
al., 2014). The proportion of extractives in the xylem is higher at the heartwood
(Adamapoulos et al. 2005). The process that turns sapwood into heartwoopliéninci
in two-years-old trees (Sousa et al., 2013; Gominho et al 2015), resaltgpds with
low extractives content. For energy use, some extractive classdsas those soluble
in dichloromethane have high resistance to thermal degradation (MészatqQ2007),
which increases charcoal gravimetric yield, gross calorific vahe volatile matter
(Zanuncio et al., 2014). All materials showed similar ash quantity, whistesent
impurities and hinder the use of wood for energy (Bustamante-Garcia et a)., 2013

The soluble lignin content of the materials were similar in @&ldlght clones,
therefore, total lignin content followed the trend of insoluble ligninhkigher values
for clone H and lower for A and B clones. The lignin is important becaugs bigh
carbon content (Fengel and Wegener, 1984) and resistance to high temgerature
(Varfolomeev et al., 2015), what makes its presence desirable for energy mmoducti
The lignin quality also influences the energy use (Pereira 2(Hl3), because wood
with high S/G ratio, as that of clone B, have structure with fewer leskdmptween
carbons, and therefore, lower resistance to thermal degradation (Prasad et al., 2015).

The clones with lower lignin content showed higher holocelulose quaasity,
reported for the clone B. Holocellulose has high oxygen content (Sjéstrén, 1981) and
poor resistance in high temperatures (Moreno and Font, 2015), reducing its ccalorifi
value and carbonization yield (Liu and Han, 2015) and being unwanted in wood for
energy production.

All wood materials showed similar elemental composition. Matekath high
carbon and low oxygen content are most desirable in the wood for energy production,
because they increase wood calorific value and the gravimetret gfiedarbonization
(Soares et al., 2014). High nitrogen content is unwanted due to its pollutionigdptent
generating toxic oxides during charcoal combustion that can induce acid rasoiand
acidification (Demirbas, 2004).
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5.3.1 Physical and energetic characterization

The wood of Eucalyptus grandis x Eucalyptus urophylla clones showed higher
basic density, while the charcoal produced presented high calorific aatuenergy
density (Table 2).

Table 2: Density (g/ci), gross calorific value (MJ/g) and energy density (MJjcof
the wood and charcoal from eight Eucalyptus grandis x Eucalyptus urophylla clones

Clone . . Wood — .
Basic density Gross calorific value Energy density
A 0.412°'b 19.13%*?a 7.92%¢
B 0.331*°a 19.95*°b 6.61°%a
C 0.372*%a 19.80*"b 7.3%%b
D 0.423%%¢ 19.92°°b 8.44*d
E 0.421*'¢c 19.80*°b 8.31%3%d
F 0.370°°a 19.79*'b 7.29'b
G 0.370*°a 19.02°%a 7.094b
H 0.383%'a 19.96*'b 7.65°b
Charcoal
Apparent relative density Gross calorific value Energy density
A 0.305°°¢c 29.68"a 9.08%%e
B 0.235°'a 29.89*"a 7.12*b
C 0.241%%a 29.29%% a 7.15"b
D 0.296°°c 29.29°>'a 8.61"“d
E 0.308%*c 29.30*°a 9.08" e
F 0.227%*°a 29.30%*%a 6.68°a
G 0.258%'a 29.31*%a 7.5%°b
H 0.271%°b 29.31*'a 7.948%¢

Means followed by the same letter does not differ by the Scott-kesitat 5%. Values
in superscript represent the coefficient of variation.

The charcoal from clones with higher wood basic density had higher apparent
relative density with Pearson correlation coefficient of 0.891 between vhesdles.
This trend was also reported for E. grandis x E. urophylla and E. urophiflghree,
four, five and seven years old (Castro et al., 2013; Pereira et al., 2013)h&rceal
with apparent relative density has better mechanical properties ana fovee
production and therefore desirable for energy production (Antal and Mok, 1990).

The gross calorific showed low variation in the wood and charcoal. This
parameter is related with wood chemistry, being directly proportitmahe lignin
(Pereira et al.,, 2013) and extractives content (Zanuncio et al., 2014), amdelgv
proportional to that of holocellulose (Liu and Han, 2015). The low variation in wood
chemistry resulted in low variation of the calorific value of wood and charcoal.

Carbonization reduced the basic density and increased the gross caétuéic

of all clones, being the second effect with highest proportion, and therefore, the charcoal
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had higher energetic density than the wood in most of the cloneseselébis trend
was observed for Eucalyptus grandis x Eucalyptus urophylla with threenii/zeeven
years old (Soares et al., 2014) and for native wood of Luehea divaricata, i€asear
sylvestris, Guazuma ulmifolia and Rapanea ferruginea (Costa &0a#l). The low
variation of the gross calorific value of wood and charcoal among cleseied in
high relationship between energetic density and wood basic density hancoal
relative apparent density, with Pearson correlation coefficient of 0.9730.298,
respectively.

The gravimetric yield in charcoal production ranged from 30.60 to 33.84%, the
fixed carbon from 17.99 to 23.28%, volatile matter from 17.99 to 23.28% and ash from
0.600 to 0.685% (Table 3).

Table 3: Gravimetric yield (Grav), fixed carbon (F.C.), volatile matteM(y ash (%)
and elemental composition from charcoal of eight Eucalyptus granéiscalyptus
urophylla clones

Clone Grav. (%) F.C. (%) V.M. (%) Ash (%)
A 32.29°b 76.27°a 23.28°¢ 0.600°a
B 30.962a 79.86°b 19.49"b 0.625%a
C 31.73%b 81.15°¢ 18.4G“*a 0.685“a
D 31.13'a 79.69'b 19.6%°b 0.660°a
E 33.47°¢ 76.35"a 23.00%¢ 0.645°a
F 33.47°c 78.63°b 20.72°b 0.655“a
G 30.60"a 81.36"¢ 17.99°a 0.645°a
H 33.84°¢ 77.16" a 22.14%¢ 0.670%a

Clone Carbon (%) Oxygen (%) Hydrogen (%) Nitrogen(%o)
A 82.38% 11.75%% 3.28%%a 0.13>%a
B 80.08%% 14.10%*% 3.20*% 0.12%1a
C 81.43%% 13.44%% 3.20*% 0.09°%a
D 80.91* 14.19%% 3.29*1a 0.11°%
E 78.01%a 16.08%*% 3.15%% 0.16°a
F 77.41%% 18.01%a 3.37%% 0.07°%a
G 77.68%°a 17.57*'a 3.32%% 0.07°%
H 77.68%%a 17.31%%a 3.31%% 0.06°%a

Means followed by the same letter does not differ by the Scott-kasitat 5%. Values
in superscript represent the coefficient of variation.

The gravimetric yield of the clones E, F and H were higher with &ears
correlation coefficient of 0.6358 and -0.6424 with the total lignin content anda865
The gravimetric yield is the main quantitative parameter for claarproduction
(Rousset et al., 2011) showing how the quantity and quality of lignin in the weod a

important for carbonization.
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Clones C and G showed higher fixed carbon and low volatile matter. High fixed
carbon contents result in slow burning of the material and better meahpraperties
of charcoal, facilitating its use in steelmaking. On the other handghavblatile matter
content is important to the calorific value and charcoal reactiditya] and Mok, 1990,
Demirbas, 2001; Rousset et al., 2011).

The ash content increases after carbonization in all materials.o¢bisred
because the minerals in the wood resist to high temperatures and, theteforat
degrade during carbonization. Thus, the increase in ash percentage was thee t
degradation of other constituents, especially holocellulose (Moreno and Font, [2015).
the furnace for steel production, minerals presents in charcoal may agdfsel the
mechanical properties of steel, which makes them undesirable jproisss (Oliveira
et al., 1982).

The charcoal elemental composition varied with the geneticrialatenlike the
wood elemental composition, showing that the wood behavior at higietatares can
be complex. There was an increase in the carbon content and a detmeaggen and
hydrogen content in for all materials. Carbon present in greater proportion in wood
components with high resistance to thermal degradation, such as ligrereas the
oxygen and nitrogen are present in in greater proportion in the holocellulosh, héts

low resistance to high temperatures.

5.4 Conclusions

The clones E, F and H had higher gravimetric yield, while the andDE higher
energy density in the wood and charcoal. The gravimetric yield wadatedavith the
lignin content and S/G ratio, while the energy density had a higtedioreto density.
All clones showed potential for energy generation, especially the clomalng this

an important alternative to use wind broken trees.
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6 CONCLUSOES GERAIS

A técnica proposta para avaliacdo dos clones contra a ag¢do dos ventos se
mostrou satisfatoria, com indice de correlacdo de Pearson de -0.8&92 tta para
quebra da arvore e a razdo entre a area danificada pelo vento e aahngartatda
evidenciando que quanto maior a forca necessaria para quebra da arvore, menor sera
area quebrada pelo vento para aquele matérialelhoria na qualidade da madeira dos
clones de Eucalyptus € uma importante alternativa para reduzimos palo vento.

Entre as caracteristicas da madeira avaliadas, a densidade résaxz destaque,
devido a sua rapida determinacéo, baixo custo para aplicacdo de peEstapresentar
correlagdo de Pearson de -0,8475 com é&rea danificada pelo vento em porcentagem,
evidenciando que quanto maior a densidade béasica do material, menor &ee a
guebrada pelo vento. Outras caracteristicas também foram importansetegdo de
clones resistentes a acédo dos ventos, visto que materiaidtadragiio parede, modulo

de elasticidade das fibras e lamela média, dureza das fibras, ndedulptura, tenséo

de crescimento e baixo angulo microfibrilar foram encontrados nos clones com menor
area danificada pelos ventos (%). Desse modo, tais caractedstieas ser visadas em
clones de eucalipto que serdo plantados em areas com altanérecidé danos pelos
ventos.

Visando a utilizacdo da madeira quebrada pelo vento para a fabritapétpa
celuldsica. A proporgdo de madeira de dois anos, correspondente a idade oom mai
indice de quebra pelo vento, que pode ser utilizada na fabricacdo de jlifsicze
variou com o clone, parametro e nivel de refino. No entanto, a polpa produzida com 5%
de madeira de dois anos e 95% daquela de sete anos foi semelhaste@yued0%
de madeira desta ultima idade em todos os parametros avaliadastoP@ode-se
utilizar 5% de madeira de dois anos sem perda da qualidade do produto. A raz#o pa
gueda na qualidade da polpa se deve principalmente as caraatedratomicas, visto
gue a madeira de dois anos apresentou fibras com menor fragdo paredenentopri
maddulo de elasticidade, dureza e maior &ngulo microfibrilar.

Para a utilizagdo da madeira quebrada pelo vento para maiieiea ©s clones
avaliados apresentaram caracteristicas distintas, confirmandossidade de estudos
por clone para uma melhor utilizagcdo dos mes@ssclones com fibras mais robustas e
melhor arranjo microfibrilar resultaram em melhores propriedades mecéanicas e, por isto,
melhor desempenho para uso estrutural. Os clones com variacdo da densidade

sentido radial apresentam comportamento mais uniforme, facilitando sua
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trabalhabilidade. Por fim, clones com menor coeficiente de anisotrsfia
recomendados para locais com alta variacado de umidade.

Para utilizacdo na geracao de energia, todos 0os materiais apessgmigencial
para bioenergia, tanto a partir da queima direta quanto através dadabrite carvao.
Madeiras com alto teor de lignina e baixa relacdo S/G apresentaratimento
gravimétrico maior, visto que esta estrutura possui alta resisgiatias temperaturas,
prevalecendo no carvao produzido a 450 °C. Enquanto que uma alta densidade basica
da madeira resultou em alta densidade energética da madeird® @&sto que houve
pouca variagdo do poder calorifico dos materiais. Evidenciando como as pagsieda

fisicas e a composicao quimica da madeira sdo importantes na sua utilizagéicane
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