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RESUMO

Os criogéis de celulose sdo materiais sélidos que apresentam baixa densidade, comparavel a
espumas de poliuretano e poliestireno expandido, e sdo muito estudados nas areas de adsor¢ao
e isolamento térmico devido sua elevada porosidade (acima de 90%) e baixa condutividade
térmica (proxima a do ar — 0,03 W m™ K1), A utilizagdo de estruturas de carbono, tais como o
grafeno e nanotubos de carbono, em criogéis, cresce a cada ano, porém o alto custo e
tecnologia na sintetizagdo desses materiais torna-0s Ccustosos nos processos industriais.
Visando a diminuicdo de custos, a substituicdo dessas estruturas pelo biochar, torna-se
interessante visto que 0 mesmo pode ser produzido a partir de residuos agricolas. A utilizacdo
do biochar como refor¢o para criogéis de celulose tras propriedades interessantes para o
mesmo, como 0 aumento da resisténcia mecénica e capacidade de adsorcdo (6leos,
corantes,...). O presente trabalho teve como objetivo produzir criogéis de celulose/biochar e
estudar estes materiais quanto a suas propriedades mecéanicas, térmicas e de adsorcao.
Inicialmente foram comparados os criogéis de celulose/biochar com criogéis de
celulose/nanoplaquetas de grafeno (GNP), para avaliar o comportamento das propriedades do
biochar em relacdo as GNPs. Os criogéis foram produzidos a partir de uma suspensdo de
celulose com concentracdo de 1,5% (m/m) obtida em um moinho de pedras, e a esta foi
adicionado o biochar em concentracdo de 0-100% (m/m) em relacdo a concentracdo de
celulose. A suspensdo de celulose/biochar foi congelada e liofilizada para a obtencdo dos
criogéis. Foram avaliadas as propriedades mecanicas, térmicas e de adsorcdo dos criogeis,
sendo que no contexto geral, o biochar apresentou potencial para ser utilizado na substituicdo
de estruturas de carbono comercialmente utilizadas, tal como as nanoplaquetas de grafeno. Na
sequéncia do trabalho, foram avaliadas diferentes concentracfes de celulose e biochar nos
criogéis e avaliadas suas influéncias nas propriedades de condutividade térmica e capacidade
de adsorcao de 6leos. Os criogéis de celulose/biochar, apresentaram porosidade acima de 90%
e densidade aparente inferior a 0,035 g cm?® o que demostram que sdo materiais
extremamente leves. A adicdo do biochar aos criogéis de celulose proporcionam um aumento
de cerca de 60% na resisténcia a compressdo do mesmo. A condutividade térmica dos criogéis
foi de 0,021 a 0,026 W mK, a adicdo do biochar ndo apresentou influéncia significativa
nesta propriedade. Porém os criogéis de celulose/biochar possuem capacidade para serem
utilizados como isolantes térmicos devido sua condutividade térmica ser muito proxima a
condutividade térmica do ar e também aos materiais utilizados comercialmente. Para a
capacidade de adsorcdo, a adicdo de 5% de biochar (m/m em relacéo a celulose) ao criogel de
celulose aumentou cerca de 76% a capacidade de adsorcdo de petréleo. No estudo da cinética
e isoterma de adsorcdo os modelos que mais se ajustaram ao processo foram pseudossegunda
ordem e Langmuir, respectivamente. Com isso, conclui-se que o processo de adsorcéo de
petroleo pelo criogel de celulose ocorre em monocamada. No geral, a utilizagdo do biochar
como substituto de estruturas de carbono em criogeis de celulose, apresentou propriedades
semelhantes aos produtos comerciais utilizados como adsorventes e isolantes térmicos
mostrando-se adequados para estas aplicagdes.

Palavras-chave: celulose, biochar, criogel, adsorcéo, isolamento térmico.



ABSTRACT

Cellulose cryogels are solid materials that have low density, comparable to polyurethane and
expanded polystyrene foams, and are widely studied in the areas of adsorption and thermal
insulation due to their high porosity (above 90%) and low thermal conductivity (close to that
of air — 0.03 W m? K?). The use of carbon structures, such as graphene and carbon
nanotubes, in cryogels, grows every year, but the high cost and technology in synthesizing
these materials make them costly in industrial processes. To reduce costs, the replacement of
these structures by biochar becomes interesting since it can be produced from agricultural
residues. The use of biochar as a reinforcement for cellulose cryogels brings interesting
properties to it, such as increased mechanical strength and adsorption capacity. The present
work aimed to produce cellulose/biochar cryogels and to study these materials in terms of
their mechanical, thermal, and adsorption properties. Initially, cellulose/biochar cryogels were
compared with cellulose/graphene nanoplatelet (GNP) cryogels to evaluate the behavior of
biochar properties to GNPs. The cryogels were produced from a cellulose suspension with a
concentration of 1.5% (m/m) obtained in a stone mill, and to this was added biochar in a
concentration of 0-100% (m/m) to cellulose concentration. The cellulose/biochar suspension
was frozen and lyophilized to obtain cryogels. The mechanical, thermal, and adsorption
properties of cryogels were evaluated, and in the general context, biochar showed potential to
be used in the replacement of commercially used carbon structures, such as graphene
nanoplatelets. Following this work, different concentrations of cellulose and biochar in
cryogels were evaluated and their influence on the properties of thermal conductivity and oil
adsorption capacity was evaluated. Cellulose/biochar cryogels showed porosity above 90%
and bulk density below 0.035 g cm=, which demonstrates that they are extremely light
materials. The addition of biochar to cellulose cryogels provides an increase of about 60% in
its compressive strength. The thermal conductivity of the cryogels ranged from 0.021 to 0.026
W mtK?, the addition of biochar had no significant influence on this property. However,
cellulose/biochar cryogels are capable of being used as thermal insulators because their
thermal conductivity is very close to the thermal conductivity of air and also to the materials
used commercially. For the adsorption capacity, the addition of 5% biochar (w/w to cellulose)
to the cellulose cryogel increased the oil adsorption capacity by about 76%. In the study of
adsorption kinetics and isotherm, the models that best fit the process were pseudo second
order and Langmuir, respectively. Thus, it is concluded that the process of adsorption of
petroleum by the cellulose cryogel occurs in a monolayer. In general, the use of biochar as a
substitute for carbon structures in cellulose cryogels presented properties similar to
commercial products used as adsorbents and thermal insulators, proving to be suitable for
these applications.

Keywords: cellulose, biochar, cryogel, adsorption, thermal insulation.
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1 INTRODUCAO

Os aerogéis, solidos porosos sintetizados por meio da via sol-gel (quando da utilizacao
da liofilizacdo para o processo de secagem, chamam-se criogéis), apresentam estruturas de
rede tridimensionais em que seus poros sdo preenchidos por ar, tendo como principal
aplicacdo, adsorcdo de corantes, 6leos e solventes, e, também como isolante térmico devido
sua baixa condutividade térmica. No primeiro caso os aerogéis de celulose apresentam
elevada capacidade e rapida taxa de adsorcdo de o¢leo, matérias-primas e métodos de
sintetizacdo simples e baratos superando diversos outros aerogéis (XIANG et al., 2019; Ml et
al., 2018; HAN et al., 2016). Para a aplicacdo de isolamento térmico, as estruturas de carbono
vem sendo utilizadas para aumentar as propriedades mecanicas do aerogel de celulose (entre
40 e 60% de aumento na resisténcia a compressdo em relacdo aos aerogéis sem a adicdo de
cargas), uma vez que essas particulas ndo afetam a condutividade térmica dos mesmos
(LAZZARI et al., 2019; GE et al., 2018).

A utilizacdo da celulose para a producédo de aerogéis/criogéis torna-se interessante pois
é uma fonte econdmica, renovavel, biodegradavel e abundante no meio ambiente e, pode ser
processada em larga escala utilizando métodos bem desenvolvidos pela inddstria
(NAKAGAITO; KONDO; TAKAGI, 2013; FISCHER et al., 2006).

Diversos autores reportaram pesquisas no desenvolvimento de aerogéis de celulose e
formas alotrépicas de carbono, tais como: o éxido de grafeno (XIANG et al., 2019; Ml et al.,
2018; WAN; LI, 2016) e os nanotubos de carbono (CONG et al., 2018; HWANG; WOO;
PARK, 2018) (como fonte de carbono) para diferentes aplica¢Bes. Entretanto, a grande
quantidade de produtos quimicos e geracdo de residuos acidos durante a sintese destes
precursores, associado a complexas e caras tecnologias, além dos equipamentos envolvidos no
preparo, restringem a sua producdo em larga escala (Ml et al., 2018; CONG et al., 2018; Bl et
al., 2013). A adicdo destes materiais agregam propriedades como hidrofobicidade e
compressibilidade as propriedades dos aerogéis (XIANG et al., 2019; Ll et al., 2014).

Devido seu baixo custo, ndo-toxicidade a humanos e abundancia na natureza, a
utilizacdo de precursores organicos, como fonte de matéria-prima carbonosa vem recebendo
crescente atencdo na Ultima deécada. Matérias-primas organicas, ao serem submetidas ao
processo de pirdlise, produzem um residuo solido carbonéaceo (biochar) que possui elevado
valor energético, além de ser um produto de valor agregado. A combinacdo de propriedades

tais como, area superficial, volume de poros e estabilidade a longo prazo permite que este
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material possa ser utilizado para muitos propositos, tais como, tratamento de &guas residuais,
precursor de catalisadores, aditivos para digestdo e compostagem anaerdbica, armazenamento
de energia, além de reforco em aerogéis. Além disso, a inclusdo deste biochar traz algumas
vantagens, resisténcia a chama e impermeabilidade a agua (ZHANG et al., 2019; WAN; LI,
2016; SKOUTERIS et al., 2015; BASU, 2010).

Considerando as propriedades mecénicas inferiores dos aerogéis de celulose e os caros
precursores e tecnologias envolvidas no processo de producdo de aerogeis de grafeno, séo
necessarios estudos para a substituicdo de precursores mais eficientes para a melhoria destas
propriedades. Como mencionado anteriormente, diversos autores apresentam pesquisas com
adicdo de Oxido de grafeno ou nanotubos de carbono aos aerogeéis, porém ndo foram
encontrados, na literatura, trabalhos que apresentem a adicdo de biochar em aerogéis. A
celulose oriunda de Pinus elliotti, foi utilizada no presente trabalho como matéria prima para a
producdo dos criogéis e também do biochar, possibilitando desta forma agregar valor a esta

biomassa.
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2 OBJETIVOS

2.1 OBJETIVO GERAL
Avaliar as propriedades mecanicas, térmicas e de adsorcdo de criogéis de

celulose/biochar.

2.2 OBJETIVOS ESPECIFICOS

Os objetivos especificos deste trabalho sdo:

- Desenvolver criogéis de celulose/biochar e celulose/nanoplaquetas de grafeno e
comparar suas propriedades mecénicas, fisicas e térmicas e aplicagbes como adsorvente e
isolante térmico.

- Avaliar a influéncia da concentracdo de biochar (0-100% m/m) nas propriedades
mecanicas e térmicas dos criogéis de celulose.

- Avaliar a influéncia da concentragdo de biochar (0-20% m/m) na capacidade de
adsorcéo de petroleo do criogel de celulose e realizar os estudos de cinética e isotermas de

adsorcao.
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3 FUNDAMENTAGCAO TEORICA

3.1 AEROGEIS

Aerogel é uma terminologia geral utilizada para referenciar qualquer material
preparado, normalmente, pelo processo sol-gel e um processo de secagem adequado no qual a
estrutura tridimensional e a rede porosa sdo preservados (MALEKI, 2016; AEGERTER;
LEVENTIS; KOEBEL, 2011; FRICKE, 1992).

O termo “aerogel” foi introduzido por Steven Kistler em 1932. O pesquisador
desenvolveu uma nova tecnologia para a secagem dos geéis, a secagem supercritica, que até
entdo eram realizadas por evaporacdo. Nesta técnica, o liquido impregnado no gel foi
evacuado apos ser transformado em um fluido supercritico. O pesquisador desenvolveu
aerogéis a partir de diversos materiais como silica e alumina, e com materiais mais
diferenciados como Oxidos de metais (tungsténio, ferro e niquel) e compostos organicos
(celulose, albumina de ovo, gelatina, entre outros). Devido a estes estudos, Kistler percebeu o
potencial de utilizacdo dos aerogéis em aplicacfes como catalisadores, agentes espessantes,
materiais isolantes ou repelentes de agua quando eram hidrofébicos (AEGERTER;
LEVENTIS; KOEBEL, 2011).

As principais caracteristicas apresentadas pelos aerogéis, segundo Maleki (2016)
Hising e Schubert (1998) sdo: possuir massa especifica extremamente baixa (0,003 — 0,5
g.cm™), 0 que gera a uma elevada porosidade (80 — 99,8%), e area de superficie interna
elevada (500 — 1200 m2.g?). A combinacio dessas propriedades com a modificacio da
superficie e a capacidade de ser processado em diferentes morfologias e tamanhos,
proporciona aos aerogéis inumeras aplicaces. Além de resultar em propriedades fisicas
interessantes, tais como: baixa condutividade térmica, baixa velocidade do som, indice de
refracdo baixo combinado com alta transparéncia éptica (principalmente nos aerogéis de
silica), quando comparados com materiais comerciais como espumas de poliuretano
(MALEKI, 2016).

3.1.1 Processo sol-gel
O desenvolvimento da ciéncia e tecnologia sol-gel, iniciada em meados do século
XIX, é acompanhado por importantes aplicagdes praticas. Inimeros estudos utilizando esta

tecnologia foram relatados durante os anos para a preparacdo de materiais vitreos e cerdmicos

! Composto de um gel sélido microporoso em que a fase dispersa é um gas. Fonte: IUPAC.
Disponivel em: https://goldbook.iupac.org/htmI/A/A00173.html Acesso em jan. 2019.
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em temperaturas consideravelmente baixas (DIMITRIEV; IVANOVA; IORDANOVA,
2008). O processo sol-gel envolve trés etapas (Figura 3.1): solugéo, gelificacdo e secagem. Na
primeira etapa ocorre a formagdo do sol?, em seguida, estas particulas se unem através de
interacbes eletrostaticas formando estruturas tridimensionais, atingindo o ponto de
gelificagdo. A transicdo gel-aerogel pode ser realizada através de diferentes técnicas de
secagem, tais como: secagem supercritica, natural, por troca de solvente, superficie
modificada, liofilizacdo, entre outras (ESQUIVEL-CASTRO et al., 2018; HUSING;
SCHUBERT, 1998).

( Extracdo do
‘ solvente ‘
| (secagem) | Aerogel

Fase dispersa Secagem
supercritica
| Reacdo de
hidrolise e Formagéo de sol Formacio da ‘ Gehﬁcagao Criogel
condensagdo
¢do | Q | rede Lloﬁhza(;ao
e e
Meio de dispersdo % Evaporagao

Xerogel

Figura 3. 1 - Processo sol-gel para sintese de aerogéis.
Fonte: adaptado de ESQUIVEL-CASTRO et al., 2018.

A principal caracteristica dos aerogéis é a sua estrutura altamente porosa, que €
alcancada sob condicfes controladas. Parametros quimicos como o tipo de precursores e as
condicdes de reacdo, influenciam diretamente a formacdo de redes na microestrutura
resultante. Por sua vez, a microestrutura influencia as propriedades macroscopicas do sélido
resultante. Nos aerogeis estas redes formadas podem ser preservadas praticamente inalteradas
pelas técnicas de secagem bem desenvolvidas (HUSING; SCHUBERT, 2002).

Os processos de secagem mais utilizados em pesquisas atualmente séo a secagem
supercritica e a liofilizacdo. No primeiro, o solvente é submetido ao seu estado supercritico
impossibilitando assim a formacéo da interface liquido/gas nos poros, o que evita tensdes

superficiais e a retracdo da rede tridimensional. Na liofilizacdo, também chamada de

2 Sol: particulas coloidais (fase dispersa) estdo dispersas em um solvente (meio de dispersdo) por
reacGes de hidrolise e condensacdo. Fonte: (ESQUIVEL-CASTRO et al., 2018; HUSING; SCHUBERT, 1998).
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criosecagem, a substituicdo do solvente (geralmente agua) é realizada através da sublimac&o
do mesmo. Neste processo, o tamanho e distribuicdo dos poros estdo relacionados diretamente
com a velocidade de congelamento do gel e a formacao dos cristais de gelo (GANESAN et
al., 2016; DU et al., 2013; HUSING; SCHUBERT, 1998).

O termo “aerogel”, é comumente utilizado na literatura para referenciar todos 0s
tipos de aerogéis, porém, alguns autores utilizam a nomenclatura de acordo com o0 processo
utilizado, como por exemplo, “criogel” quando é utilizado a secagem por liofilizacdo ou

“xerogel” quando a secagem é por evaporacéao.

3.1.2 Materiais utilizados na producdo de aerogéis

Desde sua introducdo, em 1932, avancos tecnoldgicos na sintese dos aerogeis foram
apresentados ao mundo cientifico, dentro dos quais, diferentes tipos de matérias-primas
utilizadas em sua producédo. Além da silica (ZHAO; LI; ZHANG, 2018; FU et al., 2016; SUN
et al., 2014), materiais organicos naturais como fibras naturais de celulose (LAZZARI et al.,
2017; ZANINI et al., 2016; FU et al., 2016; NAKAGAITO; KONDO; TAKAGI, 2013),
algoddo (CHENG et al., 2017; Bl et al., 2013), amido (CHANG; CHEN; JIAO, 2010) e argila
(MADYAN; FAN, 2019); orgéanicos sintéticos como &lcool poli vinilico (JAVADI et al.,
2013), polidimetilsiloxano (HU et al., 2014) e grafeno (CHEN et al., 2018a; Ml et al., 2018;
HU et al., 2013).

Os aerogéis de silica (SiO2), por exemplo, apresentam uma alta transparéncia que é
préxima a do vidro, uma condutividade térmica correspondente as espumas de poliestireno ou
de poliuretano, ou areas de superficie especificas, que também sdo encontradas no carvao
vegetal. Porém, estes aerogéis apresentam baixa resisténcia mecéanica, baixa tenacidade e
grande fragilidade, comparado as espumas comerciais, 0 que limitam sua aplicacdo em
algumas areas (FU et al., 2016; HUSING; SCHUBERT, 1998). De forma a atenuar esses
efeitos e melhorar suas propriedades, alguns materiais como celulose e grafeno foram
estudados como reforco nos aerogeis de silica (DERVIN et al., 2017; FU et al., 2016; FENG
etal., 2016; DEMILECAMPS et al., 2015).

Os aeroggéis de celulose, por serem produzidos a partir de fontes renovaveis (plantas,
madeira, algas e animais), podem ser considerados ambientalmente corretos e podem reduzir
0 custo de fabricacédo devido ao baixo custo da matéria-prima. A baixa densidade das fibras de
celulose proporciona aos aerogéis de celulose alta porosidade (acima de 90%), além de

resisténcia mecanica devido a estrutura tridimensional formada pelas fibras de celulose
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(FENG et al., 2015; XIAO et al., 2015; INNERLOHINGER; WEBER; KRAFT, 2006).

Jiménez-Saelices et al. (2017) compararam aerogéis de celulose nanofibrilada (NFC)
preparados por dois meétodos de liofilizacdo: por aspersdo (SFD) e convencional (CFD).
Diferencas nas estruturas foram percebidas a partir das micrografias onde 0s aerogeis
preparados por CFD exibiram uma morfologia de folha 2D com macroporos, ja 0s aerogeis
obtidos por SFD produziram uma morfologia de estrutura nanoestruturada de fibrilas
tridimensional, com tamanho de poro variando de poucas dezenas de nandmetros a alguns
microns. A estrutura do aerogel CFD oferece uma resisténcia a compressdo superior a
estrutura do SFD, permitindo alcancar maior médulo de compressao. Porém, o resultado mais
importante do estudo foi que os aerogéis SFD apresentaram uma condutividade térmica cerca
de 50% menor (0,016 — 0,018 W m™* K'!) em relagéo aos aerogéis CFD (0,029 — 0,032 W m'!
K.

Utilizando estruturas alotropicas de carbono (carbono, grafite, grafeno, nanotubos de
carbono, entre outros), foram produzidos diversos tipos de aerogéis, tais como:

- aerogéis de carbono: produzidos, inicialmente, a partir da carbonizacdo de aerogeis
de resorcinol-formaldeido (RF), apresentando elevada area superficial quando o sélido é
ativado com didxido de carbono (DU et al., 2013). Porém, aerogéis de carbono produzidos a
partir de matérias primas organicas naturais (celulose, quitosana, amido, entre outros) exibem
algumas vantagens por serem atoxicos, de baixo custo e abundantes na natureza (CHANG;
CHEN; JIAO, 2010).

- aerogéis de nanotubos de carbono: utiliza-se nanotubos de carbono devido suas
propriedades mecénicas, térmicas e elétricas. Devido a fragilidade desses aerogéis,
pesquisadores utilizaram reforcos como alcool poli vinilico (BRYNING et al., 2007) a fim de
melhorar a resisténcia mecanica e estabilidade do material. Neste caso, 0s aerogéis
suportaram 8000 vezes seu proprio peso, além de apresentarem-se altamente porosos. Estes
aerogeéis sdo muito estudados para aplicacGes em eletrodos porosos para baterias, células de
combustiveis e supercapacitores, devido suas propriedades eletronicas que sdo facilmente
moduladas por pequenas variag¢Oes estruturais (WANG; ELLSWORTH, 2009; EBBESEN et
al., 1996).

- aerogéis de grafeno: o grafeno possui propriedades quimicas e fisicas semelhantes
aos nanotubos. Wang e Ellsworth (2009) produziram o primeiro aerogel de grafeno, onde
sintetizaram o grafeno a partir do 6xido de grafite, através do método Hummers. Os autores

mencionam que estes aerogéis sdo superiores aos aerogéis de carbono em aplicagbes como



19

sensores, dispositivos de armazenamento de energia, nanocompdsitos de alto desempenho,

entre outros.

3.1.3 Aplicacges dos criogéis de celulose

3.1.3.1 Isolamento térmico

Isolantes térmicos sdo sélidos ou fluidos que apresentam baixa condutividade e
elevada resisténcia térmica, utilizados como barreira a transferéncia de calor entre o sistema e
0 meio, de modo que a energia possa ser conservada. Suas aplicagdes véo de climatizagéo
(condicionamento de temperatura em um ambiente fechado); conservacdo, estocagem e
processamento de alimentos; economia de energia, entre outros (CUCE et al., 2014a; CRUZ,
2009).

Materiais isolantes convencionais, tais como espumas de poliuretano e poliestireno
expandido, s&o muito utilizados atualmente. O desenvolvimento de materiais de alto
desempenho aliado a menores espessuras é uma necessidade para o mercado de isolamento
(CUCE et al., 2014b; KOEBEL; RIGACCI; ACHARD, 2012).

A capacidade de isolamento de um material é medida de acordo com a condutividade
térmica, ou seja, quanto menor for a condutividade térmica maior serd a capacidade de
isolamento. Em engenharia térmica, outras propriedades dos materiais isolantes séo
importantes, como a densidade aparente e a capacidade calorifica especifica do isolante
(SILVA, 2013).

Condutividade térmica de um material é definida como “a taxa de transferéncia de
calor por meio de uma unidade de comprimento de um material por unidade de area por
unidade de diferenca de temperatura”. Esta propriedade mostra a capacidade de um material
de transferir calor, valores altos de condutividade térmica indicam que o material é bom
condutor, enquanto que baixos valores de condutividade térmica indicam que o material é um
bom isolante. Por exemplo, o diamante € um excelente condutor térmico pois sua
condutividade térmica é de 2.300 W m™* K, ja o ar € um bom isolante térmico pois sua
condutividade térmica é de 0,026 W m* K, ambas em temperatura ambiente (CENGEL;
GHAJAR, 2012).

Recentes pesquisas trazem o desenvolvimento de novos materiais para serem
utilizados em isolamentos térmicos. Tais como, os aerogéis de silica (SILIGARDI et al.,
2017),  celulose (GUPTA et al., 2018; JIM; BERNARD; GROHENS, 2016) e
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carbono/grafeno (FENG; ZHANG; FENG, 2012).

Os aerogéis sdo considerados materiais muito interessantes para isolamentos térmicos
pois apresentam alto desempenho como resultado de sua condutividade térmica extremamente
baixa. A condutividade térmica do aerogel inclui principalmente trés etapas: condutividade
térmica no estado sélido, condutividade térmica gasosa e condutividade térmica radiante. A
condutividade térmica do estado solido do aerogel é altamente dependente do fator de
condutividade térmica do material solido e da densidade do mesmo. Para 0 mesmo material
solido, a condutividade térmica do estado solido do aerogel aumenta com o aumento da
densidade (ZHU; LI, 2018). A condutividade térmica do gas é determinada principalmente
pelo tamanho do poro do material poroso, quanto menor o tamanho do poro, menor a
condutividade térmica gasosa. Portanto, a condutividade térmica dos aerogéis é determinada
principalmente pelo fator de condutividade térmica do material sélido, densidade e tamanho
do poro (GE et al., 2018a; CUCE et al., 2014a).

Ge et al. (2018) produziram aerogéis de carboximetilcelulose (CMC) e éxido de
grafeno (OG) com concentracdo de 2,0% (m/m) de CMC e 0,1-5,0% (m/m base seca de
CMC) de OG. Utilizando moldes de aluminio e vidro, os autores obtiveram aerogéis com
estruturas isotrépicas e anisotrépicas, respectivamente. As estruturas diferem-se, pois, a
condutividade térmica do aluminio (160 W m™* K™) é superior a do vidro, portanto o
gradiente de temperatura no molde é o mesmo em todas as dire¢6es. No caso do vidro, com
condutividade térmica baixa (0,18 W m~ ! K™ '), a taxa de transferéncia de calor é lenta, de
modo que os cristais de gelo sdo formados do topo para dentro ao longo do gradiente de
temperatura. A resisténcia a compressdo do aerogel isotrépico alcancou de 5 a 14 vezes o
aerogel anisotrépico. Os resultados mostraram que as propriedades mecanicas dos aerogéis
aumentaram com o aumento do teor de OG, quando o teor de OG aumentou de 0 a 5% (m/m),
a resisténcia a compressdo dos aerogéis aumentou 62% e o mddulo de Young foi 3,5 vezes
superior ao do aerogel de CMC. Além disso, a condutividade térmica do aerogel isotropico
(0,0417 W m~ ! K 1) foi comparavel a espuma de poliestireno (0,03 — 0,04 Wm~! K™ !). Os
autores concluem que 0s aerogéis possuem potencial para substituir os materiais de
isolamento térmico tradicionais.

Javadi et al. (2013) produziram aerogéis organicos hibridos compostos de alcool poli
vinilico (PVA), nanofibras de celulose (CNFs) e nanoparticulas de 6xido de grafeno (GONSs)
usando um processo de liofilizacdo. Os aerogéis apresentaram densidade inferior a 0,035 ¢

cm e condutividade térmica de 0,045 W m~ ! K~ !. Conforme conclusdo dos autores estes
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aerogeéis organicos hibridos podem oferecer uma ampla gama de propriedades que os tornam
uma alternativa econdmica e ecologicamente correta para os materiais de isolamento térmico

usados em industrias de habitacdo, vestuario, aeroespacial e de aeronaves comerciais.

3.1.3.2 Adsorventes

A utilizacdo de adsorventes € uma pratica muito utilizada para a remocdo do 6leo em
meios solidos ou liquidos, este método facilita a transferéncia do liquido a uma fase semi-
solida tornando possivel a retirada do 6leo. Esse material deve apresentar elevada capacidade
de adsorcdo de oleo, seletividade, reutilizacdo, biodegradabilidade e baixo custo (NGUYEN
etal., 2014).

A adsorcdo ¢ um fenébmeno superficial onde as moléculas do adsorvato (6leo) sao
atraidas para a superficie do adsorvente (sélido) sem sofrer alteracdes na sua composicdo
quimica. E reconhecida como uma alternativa eficaz, promissora, acessivel e amplamente
utilizada na remocdo de 6leo em comparagdo com outras tecnologias devido a sua
simplicidade e, geralmente, baixo custo de processamento (WAHI et al., 2013; FOO;
HAMEED, 2010; QIU et al., 2009).

Com o objetivo de obter-se um sistema de adsorcao ideal, ao explorar novos materiais
adsorventes, é indispensdvel estabelecer a relacao de equilibrio mais apropriada para o
sistema. A forma como os poluentes interagem com 0s materiais adsorventes, sao descritas
através das relacbes de equilibrio do sistema (isotermas de adsor¢do), sendo pontos criticos
para a otimizagao do mecanismo de adsorcdo, expressdo das propriedades e capacidades
superficiais dos adsorventes, além do planejameno efetivos dos sistemas de adsor¢do (FOO;
HAMEED, 2010).

Além do estudo do equilibrio, os aspectos termodindmicos e cinéticos devem ser
conhecidos para se obter mais detalnes do mecanismo e performance do processo de
adsorcdo. A partir da analise cinética, é possivel determinar o tempo de residéncia necessario
para que o adsorvente atinja sua capacidade maxima de adsorcdo e, também, ser possivel
escalonar o sistema de adsorgéo (QIU et al., 2009).

A utilizacdo de matérias-primas naturais, como a celulose, ou de residuos industriais
para a fabricacdo de adsorventes, para a remoc¢do de poluentes da agua, apresenta muitas
caracteristicas atraentes como sua contribuicdo na reducdo de custos para a eliminacdo de
residuos, contribuindo assim para a protecio ambiental (BHATNAGAR; SILLANPAA,
2010).
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Segundos estudos relatados na literatura, a principal aplicacdo dos aerogéis/criogéis
de celulose é para a adsorcao de petroleo e derivados (FENG et al., 2016; HAN et al., 2016;
JIN et al., 2015; XIAO et al., 2015; NGUYEN et al., 2014; FUN et al., 2014; KORHONEN et
al., 2011; CERVIN et al., 2012).

Mi et al. (2018) produziram aerogéis de celulose-grafeno como materiais absorventes
de 6leos. Os autores utilizaram uma concentracdo de 0,5% (m/m) de nanofibras de celulose
extraida de polpa Kraft de Eucalyptus e variagdes de 5-40% (m/m de celulose) de 6xido de
grafeno (OG). A suspensdo foi sonificada (por 30 min) e entdo congelada em uma
configuracdo bi direcionada com nitrogénio liquido e 4gua quente, para entdo ser liofilizada.
Os aerogéis foram modificados com deposi¢édo a vapor de n-dodeciltrietoxissilano para torna-
los hidrofébicos. O aerogel de celulose-grafeno apresentou-se muito leve, sendo possivel
equilibra-lo sob um dente-de-ledo sem que a planta sofresse alteracdo como mostra a Figura
3.2. Nos ensaios de compressdo 0s mesmos recuperaram-se totalmente apds serem
comprimidos, com carga de 549, a 20% da sua altura original. Quando comprimidos a 10% da
altura original, a recuperacdo foi de cerca de 96%. A influéncia da concentracdo do 6xido de
grafeno foi avaliada comprimindo os aerogéis a 60% de tensdo, e 0s resultados sugerem que 0
maodulo de compressao e a resisténcia foram maiores para os aerogéis com maior teor de OG,
0 que foi atribuido a rigidez das folhas de grafeno. Os aerogéis também mostraram uma
notavel capacidade de absorgcdo de 80 ~ 197 vezes seu peso em relacdo a varios 6leos e
solventes quimicos, 0 que segundo os autores supera 0s aerogéis hidrofébicos de celulose e a

maioria dos baseados em carbono.

_ : b .
Figura 3. 2 - Aerogel de celulose-grafeno sobre um dente-de-ledo.
Fonte: (Ml et al., 2018).
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3.2 CELULOSE

A madeira é considerada um composito natural, poroso, hidratado e tridimensional.
Sua composicdo quimica elementar apresenta como principais elementos: carbono (49 —
50%), hidrogénio (6%), oxigénio (44 — 45%) e nitrogénio (0,1 — 1,0%). Presentes em todas as
espécies, 0s principais componentes macromoleculares sdo a celulose (42 — 45%),
hemicelulose (27 — 30%) e lignina (20 — 28%). A madeira ainda apresenta componentes
minoritarios como extrativos e substancias minerais de baixa massa molar (KLOCK et al.,
2005).

Sendo um polimero natural e orgéanico, a celulose, esta presente na parede celular das
plantas, particularmente nos caules, talos e troncos e em todas as porc¢des lenhosas dos
tecidos vegetais. Também, estad presente em bactérias, fungos, algas e mesmo em animais.
Oriunda de um ciclo natural a celulose é considerada um recurso natural renovavel e fonte
quase inesgotavel de matéria-prima para a crescente demanda por produtos ambientalmente
corretos e biodegradaveis (KLEMM et al., 2005; O’SULLIVAN, 1997).

Em 2018, o Brasil produziu aproximadamente 19 mil toneladas de celulose, 98% do
volume de celulose produzido € originario das florestas plantadas de Pinus sp. (conifera) e
Eucaliptus sp.(folhosa) (IBA, 2019°%). As fibras de celulose originarias da espécie Pinus sp.
sdo nomeadas fibras longas pois possuem um comprimento de 3 a 6 mm, sdo utilizadas na
fabricacdo de embalagens e papel cartdo devido a sua maior resisténcia mecanica. As fibras
obtidas a partir do Eucaliptus sp. chamadas fibras curtas possuem comprimento de 0,5 a 1,5
mm, tém resisténcia mecanica inferior a fibra longa e sdo utilizadas para fabricacdo de papéis
para imprimir e escrever e com fins sanitarios (BASSA et al., 2007).

A celulose é um polissacarideo linear constituido da repeticdo de moléculas de B-D-
glucopiranose (Figura 3.3), € uma cadeia polimérica extensa com um grau de polimerizacao
entre 1000 e 30.000 e com um grande namero de hidroxilas (KLEMM et al., 2005).

% Disponivel em: https://www.iba.org/. Acesso em: jan.2019.
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Figura 3. 3 — Estrutura molecular da celulose.
Fonte: BASU (2010).

Essa estrutura confere a celulose caracteristicas como hidrofilicidade, quiralidade,
degradabilidade e ampla variedade quimica devido reatividade dos grupos hidroxila. A cadeia
de celulose tem trés grupos hidroxila livres por unidade de glucose, possibilitando a formacéo
das ligacGes de hidrogénio intra e intermoleculares, particularmente com as moléculas de
agua, que pode ser completamente ligadas a celulose. No entanto, a celulose ndo pode ser
fundida ou dissolvida em solventes comuns, devido as suas fortes ligagdes de hidrogénio
(GAVILLON, 2007; KLEMM et al., 2005).

Dominios cristalinos coexistem com regides amorfas desordenadas (Figura 3.4). Por
isso, as regides amorfas sdo mais sucetiveis ao ataque de reagentes, enzimas ou até mesmo a
absorcdo da agua. A relacdo entre as regides cristalina e amorfa determina o indice de
cristalinidade (Crl) da celulose. As regifes cristalinas tem um papel estrutural, enquanto as
regibes amorfas tém propriedades viscoelasticas (LENGOWSKI, 2012; GAVILLON, 2007).

Regido amorfa {desordenada)

—l\_;\.__ﬂ_f_

g

<

Regido cristalina (altamente ordenada)

Figura 3. 4 - Microfibras de celulose.
Fonte: Adaptado de Gavillon, 2007.

O grau de cristalinidade depende da origem e o tratamento aplicado a celulose. Pode
ser estimado por difracdo de raios-X de acordo com a intensidade relativa de certos picos. Os
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varios estados cristalinos de celulose ocorrem de acordo com o arranjo das ligacGes de
hidrogénio, a posicdo paralela ou antiparalela das cadeias de celulose e os pardmetros de
unidade cristalina (GAVILLON, 2007; KLEMM et al., 2005; O’'SULLIVAN, 1997).

Estes grupos hidroxila, concedem a fibra elevada polaridade o que acarreta em alta
sorcdo de 4gua. Uma abordagem fécil e eficaz para resolver este problema é encontrar meios
de reduzir a energia superficial das fibras ou torna-las hidrofébicas. Um método de simples
operacdo e custo consideravel é a modificacdo da superficie das fibras por silanos. No
processo de silanizacdo, ha a formacgéo de silanol pela hidrélise do silano, que em seguida,
reage com o grupo hidroxila da fibra formando liga¢@es covalentes quimicamente estaveis na
superficie da fibra, enquanto que os grupos vinil, presentes no silano, ficam livres para
interagirem com 6leos e polimeros. Apés o tratamento, as ligacbes (silano-fibra) formadas na
interface agem como um sistema de separacdo, impedindo que a fibra interaja com a agua
presente no meio (HOKKANEN; BHATNAGAR; SILLANPAA, 2016; ABDELMOULEH et
al., 2004).

3.2.1 Pirolise da celulose

A pirdlise envolve o aguecimento da biomassa na auséncia de ar ou oxigénio a uma
taxa de aquecimento especifica até a temperatura maxima, mantendo-a nesta isoterma por um
determinado periodo de tempo. O produto inicial da pir6lise € composto de gases
condensaveis e solido (char). O gas condensavel pode se decompor em gases nhdo
condensaveis (CO, CO., Hz e CH.), liquido e carvdo. Essa decomposi¢do ocorre parcialmente
por meio de reacbes homogéneas em fase gasosa e em parte por reacBes térmicas
heterogéneas da fase gas-sélido. Nas reacdes em fase gasosa, as ligagdes quimicas das
moléculas dos gases condensaveis sdo rompidas gerando moléculas menores de gases nao
condensaveis. A fracdo sélida (char), composta de aproximadamente 85% de carbono, pode
ser coletada como produto final ou pode ser utilizada para produzir a energia necessaria ao
proprio processo (BASU, 2010). A pirolise pode ser representada pela reacdo geral abaixo:

CnH,, 0, (biomassa) = EjigyiaoCeHy 0, + Z45.CH,0, + H,0 + C(char)

O char, além de conter carbono, pode conter hidrogénio e oxigénio, e diferentemente
dos combustiveis fosseis, as biomassas apresentam baixas fragdes de compostos inorgénicos.

A uma temperatura moderadamente alta em uma atmosfera inerte, a pirdlise decompde
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termicamente a estrutura de carboidratos da biomassa em residuos sélidos carbonaceos
(biochar) e vapores condensaveis e ndo condensaveis. E composto majoritariamente por
carbono, possui um elevado valor energético, sendo um produto de valor agregado, que pode
ser usado para muitos propoésitos. A principal aplicacdo, atualmente, para o char/biochar é na
producdo de carvao ativado, muito utilizado como adsorvente devido a sua area superficial e
estrutura de poros definidas, assim como a resisténcia quimica e capacidade de adsor¢do de
compostos organicos (SKOUTERIS et al., 2015; LEE et al., 2013; BASU, 2010).

A fracdo liquida, também conhecida como alcatrdo ou bio-6leo, é uma mistura de
hidrocarbonetos complexos com grandes quantidades de oxigénio e agua. E produzido pela
rapida e simultanea despolimerizacdo e fragmentacdo das moléculas de celulose, hemicelulose
e lignina da biomassa. O bio-6leo é uma microemulsao, na qual a fase continua é uma solucgéo
aquosa dos produtos da decomposicdo da celulose e da hemicelulose, e pequenas moléculas
da decomposicdo da lignina. A fase descontinua é composta em grande parte por
macromoléculas de lignina (BASU, 2010).

A primeira decomposicdo da biomassa que ocorre no processo de pirélise produz os
gases condensaveis (vapor) e gases ndo-condensaveis. Os vapores, que sdo feitos de
moléculas maiores, condensam no resfriamento, aumentando o rendimento liquido da pirdlise.
A mistura de gés ndo condensavel contém gases de baixa massa molecular, como didxido de
carbono, mondxido de carbono, metano, etano e etileno. Estes ndo se condensam no
resfriamento (BASU, 2010).

3.2.1.1 Mecanismos e reacdes envolvidos no processo de pirolise da celulose

Diversos modelos foram desenvolvidos para explicar os passos fundamentais da
pirélise de biomassa, segundo Bridgwater; Czernik e Piskorz (2001) o modelo de Broido-
Shafizadeh (apresentado na Figura 3.5) pode ser aplicado qualitativamente para as demais

biomassas.
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Figura 3. 5 — Modelo de decomposigdo tipico da celulose.
Fonte: adaptado de BASU (2010) e (BRIDGWATER, 2011).

Durante a perda de massa inicial (T< 300°C), hd a formacdo de um produto
intermediério chamado celulose ativa (reagdo 1), resultante da despolimerizacdo parcial da
celulose. As reacfes de desidratacdo (reacdo Il) sdo responsaveis pela maior perda de massa
antes dos 300°C, nessa fase, as moléculas de agua ja foram liberadas, porém o CO, CO; e
compostos organicos raramente sdo detectados na fase volatil antes de 280°C. As reacdes de
desidratacdo s&o associadas com o rendimento de char e podem ocorrer intra e
intermoleculares, e resultam em maior grau de reticulacdo e em maior estabilidade térmica do
residuo.

A despolimerizacdo (reacdo I11) da celulose é rapida e converte mais do que 80% dos
compostos volateis, que em sua maioria sca0 compostos organicos condensaveis. Os gases
condensaveis, se permitido escapar rapidamente do reator, pode condensar-se como bio-6leo
ou alcatrdo. Por outro lado, se for mantido em contato com a biomassa dentro do reator, pode
sofrer reacOes secundérias (reacdo V), quebrando o vapor em carvdo, alcatrdo e gases
secundarios.

A despolimerizacdo (reacdo Ill) apresenta energias de ativacdo superiores as da
desidratacdo (reacao Il). Assim, uma temperatura mais baixa e um tempo de residéncia mais
longo favorecem essa reacgdo, produzindo principalmente carvéo, agua e didxido de carbono.

Por outro lado, devido & sua maior energia de ativacdo, a reagdo Il é favorecida em altas
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temperaturas, répida taxa de aquecimento e maior tempo de residéncia, produzindo
principalmente gas. A temperatura moderada e o tempo de residéncia curto do vapor evitam o
cragueamento secundario, produzindo principalmente vapor condensavel - o precursor do bio-
oleo, que é de grande importancia comercial (COLLARD; BLIN, 2014; BRIDGWATER,
2011; BASU, 2010).

O calor da reacdo é inadequado para atender a todas as demandas de energia, que
incluem calor necessario para elevar a alimentacdo e qualquer meio de transferéncia de calor
inerte para a temperatura de reacdo, calor consumido por reacfes endotérmicas e perdas de
calor do reator. Na maioria dos casos, € necessario queimar os gases ndo condensaveis e 0
carvdo produzido para fornecer o calor necessario. Se isso ndo for adequado, outras fontes de
calor sdo necessarias para fornecer a energia necessaria para a pirolise.

O processo de desidratacdo (reacdo Il) é exotérmico, enquanto a despolimerizacao
(reacdo I11) e o craqueamento secundério (reacdo V) sdo endotérmicos. Entre as reacGes entre
produtos intermediarios da pirdlise, algumas sdo exotérmicas e outras sdo endotérmicas. Em
geral, a pir6lise de hemicelulose e lignina é exotérmica. A pirélise da celulose é endotérmica
em temperaturas mais baixas (<400-450°C) e se torna exotérmica em temperaturas mais altas

devido as seguintes reacdes exotérmicas.

CO+ 3Hz > CHa + H20 AH= — 226 kJ gmol (1)
CO+ 2H,>CH30H AH=—105 kJ gmol (2)

0,17 CsH1005>C+ 0,85 H20 AH= — 80 kJ gmol (3)
CO+ Ho0 >CO; + Hy AH= — 42 kJ gmol (4)

Por esta razdo, um sistema adequadamente projetado inicialmente requer calor externo
somente até que a temperatura necessaria seja atingida. A producdo de carvdo a partir da
celulose (Eg. 3) é levemente exotérmica. Entretanto, a uma temperatura mais alta, quando
hidrogénio suficiente é produzido pela reacdo (Eg. 4), outras reacfes exotérmicas (Egs. 1 e 2)
podem prosseguir. Em baixas temperaturas (<400-450°C) e tempos de residéncia curtos de
volateis, somente reagBes primarias endotérmicas sdo ativas (calor de reagdo -225 kJ kg™),
enquanto que em altas temperaturas (>450°C) reacOes secundarias exotérmicas (calor de

reagdo 20 kJ kg?) sdo ativas.
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Em conclusdo, para fins de projeto pode-se negligenciar o calor de reacdo para o
processo de pirdlise, mas é necessario calcular a energia necessaria para a vaporizagdo de

produtos e para aquecer os gases de alimentacdo até a temperatura de pirolise (BASU, 2010).

3.2.1.2 Fatores que influenciam no rendimento dos produtos

A fracdo dos produtos ao final da pirdlise depende dos pardmetros de processo
adotados, tais como, temperatura, taxa de aquecimento, pressdo, meio reacional, tempo de
residéncia e também das caracteristicas da matéria-prima (PERONDI et al., 2017,
DEMIRBAS, 2009).

Os constituintes individuais da biomassa, onde os trés principais sdo a celulose,
hemicelulose e lignina, fazem contribui¢des diferentes para os rendimentos da pirélise. Como
por exemplo, a celulose e hemicelulose sdo as principais fontes de volateis na biomassa,
sendo que a celulose € uma fonte priméaria de gases condensaveis e a hemicelulose produz
mais gases ndo condensaveis e menos alcatrdo do que a celulose. Devido ao seu conteldo
aromatico, a lignina se degrada lentamente, contribuindo significativamente para o
rendimento do carvdo (BASU, 2010).

O tamanho, a forma e a estrutura fisica da biomassa exercem
influéncia nos produtos da pir6lise. Particulas mais finas oferecem menos resisténcia ao
escape de gases condensaveis ao ambiente, o que resulta em um maior rendimento de liquido.
As particulas maiores, por outro lado, facilitam o craqueamento secundario devido a maior
resisténcia que oferecem ao escape do produto primario de pirélise. Por essa razdo, métodos
mais antigos de producéo de carvdo usavam pecas de madeira de grande porte em uma camara
selada (BASU, 2010).

Os parametros de temperatura e taxa de aquecimento apresentam a mesma influéncia
sobre os rendimentos da pir6lise, porém, a taxa de aquecimento sozinha nao define os
produtos. Ou seja, 0 aumento desses parametros favorece a formagdo de compostos volateis
(gases e liquidos). Enquanto que a diminuicdo favorece a producdo de carvao (COLLARD;
BLIN, 2014; DINIZ, 2005).

O tempo de residéncia também é um fator importante, pois em baixas taxas de
aquecimento, a remocdao lenta ou gradual de volateis permite que uma reacdo secundaria
ocorra entre as particulas de char e de volateis, levando a formacdo de char secundario
(BASU, 2010).

Guerrero et al. (2005) avaliaram o rendimento de char obtido a partir de Eucalyptus
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Globulus Labill em funcdo da temperatura de pirdlise (600-900°C), utilizando a taxa de
aquecimento de 10°C.min’%, tempo de residéncia de 1 hora e fluxo de N2 de 1000 mL. min™.
O maior rendimento obtido pelos autores foi na temperatura de 600°C (24%) cerca de 3%
maior que o rendimento obtido a 900°C (21,4%). Os teores de C, N e H presentes no char
foram calculados em relacdo aos teores desses componentes presentes na amostra de
eucalipto. Os autores observaram um aumento no percentual de C e N e uma diminuigéo de H
e O com o aumento da temperatura. A particula carbonizada formada pela desvolatilizacdo do
eucalipto contém estruturas de poros complexos e € essencialmente uma estrutura micro-
macroporosa. As areas superficiais, medidas por adsor¢do de CO», aumentaram ligeiramente
enquanto a temperatura de desvolatilizagdo aumentava até 800°C, e diminuia depois disso. O
ordenamento estrutural e a coalescéncia de microporos sdo responsaveis pela diminuicdo do
valor da area superficial observada a 900°C (de 589 para 362 m2.gl), o que resulta em uma

desativacao térmica do carvéo.

3.2.1.3 Biochar

O elemento carbono (C) possui hibridizacao sp?, e por isso pode formar uma
variedade de estruturas tais como grafite, grafeno, nanotubos de parede simples e multipla,
diamante e fulereno (ZARBIN; OLIVEIRA, 2013). Além das estruturas citadas, existem as
formas de carbono amorfo, tais como, o negro de fumo, o carvéo ativado, o carbono vitreo, o
biochar, entre outros. O biochar € um material rico em carbono produzido a partir da pir6lise
da matéria orgénica na auséncia total ou parcial de oxigénio. A conversao termoquimica de
biomassas para a producdo de biochar € um método comum e apresenta elevada eficiéncia em
termos de qualidade e rendimento do produto, além disso, torna-se mais atrativa devido ao seu
baixo custo, viabilidade, abundancia e ndo toxicidade (BAKIERSKA et al., 2014; CHANG,;
CHEN; JIAO, 2010) (ZHANG et al., 2019) (YU et al., 2019). Sua estrutura morfologica
carbonica inclui a estrutura de carbono amorfo e a estrutura condensada grafitica, que séo a
fracdo ndo carbonizada e a fragdo completamente carbonizada dos biochars, respectivamente
(CHEN et al., 2018).

A adsorcdo é o principal mecanismo do biochar para remover metais e poluentes
organicos. A capacidade de adsorcdo do biochar tem ligacdo direta com suas propriedades
fisico-quimicas, como area superficial, distribuicdo do tamanho dos poros, grupos funcionais
e capacidade de troca catidnica (WANG; WANG, 2019).



4

ARTIGO |

31

Lazzari, Lidia K.; Perondi, Daniele ; Zattera, Ademir J. ; Santana, Ruth M. C. . Influence of

the addition of carbon structures in cellulose cryogels. Journal of Porous Materials, v. 28, p.
279-288, 2021.

Journal of Porous Materials
https://doi.org/10.1007/510934-020-00972-3

®

Check for
updates

Influence of the addition of carbon structures in cellulose cryogels

Lidia K. Lazzari'® - Daniele Perondi? - Ademir J. Zattera? - Ruth M. C. Santana’

© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

The substitution of carbon structures, such as graphene and carbon nanotubes by biochar, is interesting, since the latter has
considerably lower costs and similar properties to other structures. Therefore, the objective of the present paper was to evalu-
ate the influence of the addition of biochar (BC), produced from the pyrolysis of cellulose residues, in order to substitute
graphene nanoplatelets (GNP), regarding the thermal, mechanical and adsorption aspects. The cryogels were produced from
the cellulose suspension with the addition of 50 and 100 (% w/w in relation to cellulose) of BC or GNP. Extremely light
cryogels (with apparent density less than 0.033 g cm™ and porosity greater than 90%) were produced. The addition of BC
and GNP showed similar values in terms of compressive strength, temperature of degradation and thermal conductivity. In
the heterogeneous adsorption capacity, however, a significant difference was observed between the two carbon structures
studied, and for this property, the GNPs showed a slight increase in the adsorption capacity in relation to BC. In the general
context of the properties studied, the biochar has the potential to be used to replace commercially used carbon structures,
such as graphene nanoplatelets.

Keywords Cellulose cryogel - Biochar - Graphene nanoplatelets - Compressive strength - Thermal conductivity and
adsorption

1 Introduction graphene oxide [1, 3, 4] and carbon nanotubes [5, 6] (as a

carbon source) for different applications. However, the large

The use of carbon structures (graphene and carbon nano-
tubes) as precursors in cryogels has become attractive due
to its excellent thermal, mechanical and electrical properties.
The addition of these materials in cryogels adds properties
such as hydrophobicity and compressibility to the remark-
able properties of aerogels, such as low density and high
porosity [1, 2].

Several authors report research on the development of
cellulose aerogels and allotropic forms of carbon, such as:
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amount of chemical products and the generation of acidic
residues during the synthesis of these precursors, associated
with difficult and expensive technologies, in addition to the
equipment involved in the preparation, restrict their produc-
tion on a large-scale [3, 6, 7].

Due to its low cost, non-toxicity to humans and abun-
dance in nature, the use of organic precursors as a source of
carbonaceous raw material has received increasing attention
in the last decade. Organic raw materials, when subjected to
the pyrolysis process, produce a solid carbonaceous fraction
(biochar) which has an elevated energy value, in addition to
being an added value product. The combination of proper-
ties such as relatively high specific surface area, high pore
volume, long-term stability and enriched surface functional
groups, allows this material to be used for different pur-
poses, such as wastewater treatment, precursor to catalysts,
additives for digestion and anaerobic composting, energy
storage, as well as reinforcement in aerogels. In addition, the
inclusion of this biochar has some advantages such as high
electrical conductivity, flame resistance and impermeability
to water [4, 8-10].

@ Springer
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Cryogels are derived from aerogel (microporous solid
gel in which the dispersed phase is a gas), in which case
the liquid present in the gel is removed from the pores by
freeze-drying [11]. Currently, cryogels have been exten-
sively studied for application purposes as adsorbents and
thermal insulators. In the first case, due to their high spe-
cific surface area, carbon based aerogels have significant effi-
ciency, high capacity and fast oil adsorption rate, associated
with the combination of raw materials and simple and cheap
synthesis methods, thus surpassing several other aerogels
and commercial adsorbents [1, 3, 12]. For thermal insula-
tion purposes, carbon structures have been used to increase
the mechanical properties of aerogels (between 40 and 60%
increase in compressive strength compared to aerogel with-
out the addition of loads), since these particles do not affect
their thermal conductivity [13, 14].

Considering the inferior mechanical properties of cellu-
lose aerogels and the expensive precursors and technolo-
gies involved in the production process of graphene aerogels,
studies are needed to replace more efficient precursors to
improve them. Therefore, the objective of the present work
was to evaluate the replacement of graphene nanopleletes
by biochar and to determine its influence on the properties
(thermal and mechanical) of cellulose cryogels, as well as
on the application in adsorbents and thermal insulators. In
this context, several authors research the addition of gra-
phene oxide or carbon nanotubes to aerogel. However, no

Cellulose
Pinus elliotti

@

Stone mill

2 Waste from pulp
@ and paper industry

®-

Pyrolysis reactor

Fig.1 Flowchart of production of cryogels
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studies were found in the literature that present the addition
of biochar in aerogels, except one carried out by our research
group [13], that we have shown the influence of the concen-
tration of biochar in cellulose aerogels under mechanical and
thermal properties was evaluated.

2 Materials and methods
2.1 Materials

The materials used for the production of cryogels were:
Pinus elliotti cellulose (provided by the company Trom-
bini—RS/Brazil), waste from the pulp and paper industry
(IPUSA—Uruguay), commercial graphene nanoplatelets—
GNP (Strem Chemicals, INC.—USA)—6-8 nm thick with
a bulk density of 0.03 to 0.1 g/cc, an oxygen content of < 1%
and a carbon content of >99.5 wt%. The petroleum was
supplied by the Alberto Pasqualini Refinery, Canoas RS
(p=891 kg m~ and y=62 cP).

2.2 Production of cellulose suspension

Figure 1 (step 1) shows the flow chart of the cryogels pro-
duction. Initially, Pinus elliotti cellulose was ground in a
stone mill for 5 h at 4500 rpm with water, to obtain the

3) Cellulqse
suspension

Sonicator

Freeze dryer

Cryogels

Cryogels: cellulose/BC, cellulose, GNP e
cellulose.
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cellulose suspension with 1.43% (w/w) cellulose fiber con-
centration [15].

2.3 Production of biochar from cellulose residue

The biochar (BC) was produced from the pyrolysis of waste
pulp and paper industry with a heating rate of 5 °C min~",
isotherm time of 60 min, final operating temperature of 800
°C and N, flow of 150 mL min~". Figure 1 (step 2) shows
the flowchart of the biochar production.

2.4 Production of cellulose/BC and cellulose/GNP
cryogels

Figure 1 (step 3) shows the flowchart for the production of
cryogels. Cryogels were produced by using the methodol-
ogy presented by [13]. Initially, the cellulose suspension was
centrifuged, and either BC or GNP was added to the super-
natant in concentrations of 50 and 100% (w/w in relation
to cellulose mass). The supernatant was drained over the
precipitate and mechanically stirred for 5 min to completely
homogenize the suspension. The final suspension was soni-
fied for 30 min and with a 50% amplitude (maximum equip-
ment capacity—500 W). Finally, the suspension was frozen
in an ultrafreezer in square molds and then lyophilized for
72 h under vacuum at — 45 °C. After drying, silanization
by vapor deposition was carried out in order to make the
cryogel hydrophobic. The cryogel was then suspended by a
screen in a beaker containing 2 ml of methyltrimethoxysi-
lane (MTMS) and isolated inside another beaker for 48 h in
an oven at 70 °C [16]. The nomenclature of cryogels was
defined as: CC (cellulose cryogel); CC50BC (cellulose cryo-
gel with addition of 50% w/w BC); CC100BC (cellulose cry-
ogel with addition of 100% w/w BC); CC50GNP (cellulose
cryogel with addition of 50% w/w GNP) and CC100GNP
(cellulose cryogel with addition of 100% w/w GNP).

2.5 Characterization of cellulose/BC and cellulose/
GNP cryogels

The density (p) of the cryogels was calculated by the ratio
of mass (g) and volume (cm?) [17].

The porosity (P) of cryogels was determined with Eq. 1
based on the methodology used by Wang et al. [18].

p
P=(1-—) %100 1
( pls) @

where p is the theoretic density of cryogels calculated
by Eq. 2.

1
b= Dot 4 Dy or GNP (2)

Peet PBC or GNP

where 0 0gc g Ognp are the mass fractions of cel-
lulose, BC and GNP in the dry cryogels, respectively;
Peer Pae and pgyp are the densities of cellulose, BC and
GNP, respectively. These densities were determined using
pycnometer in which dried cellulose (2.05 g cm™>), BC
(2.44 g cm™) and GNP (2.16 g cm™) powder was tested.

The surface area was measured by the method of
Brunauer, Emmet and Teller (BET) using the Quan-
tachrome Instruments equipment (model 1200e), manag-
ing the nitrogen adsorption/desorption process at — 196
°C. The samples went through a degassing process con-
ducted under N2 flow without vacuum and temperature of
105 °C, for a period of 20 h.

The morphology of cryogels was assessed from opti-
cal microscopy analysis, using a Meterk opticaicroscope
(China).

Fourier transform infrared spectroscopy (FTIR) per-
formed on the Nicolet IS10 Thermo Scientific (USA)
equipment, each spectrum was obtained by 32 scans, with
wave number between 4000 and 400 cm™! by ATR.

The compressive strength test was carried out on a uni-
versal test equipment EMIC—model DL 2000 (Brazil),
with a compression speed of 1.3 mm min~', to measure
the tension necessary to reduce the thickness of the speci-
men in 20, 50 and 70% of its initial thickness, according
to adaptation of the ASTM D695-15 standard.

Thermogravimetry was performed using about 10 mg of
sample at a heating rate of 10 °C min™" over a temperature
range of 23-600 °C in a nitrogen atmosphere with a flow
of 50 mL min~". The equipment used was a thermobalance
brand Shimadzu®—model TGA-50 (Japan).

The thermal conductivity of the cryogel was measured
on the equipment TCi Thermal Conductivity Analyzer
from C-Therm Technologies.

In order to evaluate the adsorption capacity of cryo-
gels, adsorption tests were carried out in homogeneous
medium (water and oil) and heterogeneous medium (water
and oil), according to adaptation of the F726-12 standard
of the American Society of Testing and Materials (ASTM,
2012). The cryogels were previously weighed and placed
in a container with enough fluid (water and/or oil) so that
they could float freely. The adsorption capacity test was
performed by measuring the mass of fluid adsorbed by the
cryogel for a time of 0.25; 0.5; 1; 3; 5; 10 and 15 min. The
adsorption capacity was calculated according to Eq. 3. The
tests were carried out in triplicate and the environment was
controlled at 23 +2 °C.
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Crulx = T’ (3)

In which, C, is the adsorption capacity (g g") and m,

and mythe initial and final masses of cryogels (g).

3 Results and discussion
3.1 Characterization of BC and GNP

Cellulose has a specific surface area of 2.562 m” ¢!, after
the pyrolysis of this raw material, the biochar produced pre-
sented a surface area of 153.948 m> g~!, showing that the
pyrolysis process considerably increases this property, which
becomes very important when the purpose of using biochar
for the application of adsorption. The GNP had a specific
surface area of 127.621 m* g~!, lower than that found for the
biochar. this small difference found in the specific surface
area of BC and GNP did not influence the porosity of the
cryogels produced, as shown in Table 1.

3.2 Characterization of cryogels

Table 1 describes the cryogels produced and presents the
results of apparent density and porosity of the samples
produced.

The results presented in Table 1, show that with the addi-
tion of GNP and BC, the calculated value of the density
of cryogels shows an increase in relation to cryogel CC.
This increase is due to the increase of solid particles (BC
and GNP) in the cellulose suspension. Yang et al. [19]
also observed this behavior in their microcrystalline cellu-
lose aerogels and graphene nanoplatelets, with a two-fold
increase in density for the aerogel with a 1:1 cellulose/gra-
phene nanoplatelets concentration, compared to microcrys-
talline cellulose aerogel.

The porosity of cryogels is inversely proportional
to density, that is, the lower the density, the greater the
porosity. This is because in the denser cryogel there is
a greater amount of solid particles and cellulose fibers
which reduces the free spaces (pores) between them,

Table 1 Apparent density and porosity of cryogels

Nomenclature m (g) Apparent density (g Porosity (%)

cm™ )
cC 0.79+0.02 0.017+0.0009 99.2+0.04
CC50GNP 1.54+0.02 0.029+0.0002 98.6+0.01
CC100GNP 1.19£0.04 0.0360.0007 98.3+0.03
CC50BC 1.47+0.04 0.030+0.001 98.6+0.04
CC100BC 1.25+0.05 0.043 £0.0008 98.1+£0.04
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thus decreasing the porosity of cryogels. This behavior
was observed for the studied cryogels, as seen in Table 1.
Cryogels showed high porosity, above 98%, due to their
low densities. Based on the data present in Table 1, it
seems that the lower the apparent density is, the greater
the porosity of the cryogel. With the addition of biochar
and GNP causes an increase in the density of cryogels,
consequently, there is a decrease in the porosity of the
cryogel. Although CC100BC and CC100GNP cryogels
have the same amount of solid particles, the CC100GNP
showed higher porosity than the CC100BC, showing that
GNPs have higher porosity than biochar.

Figure 2 shows the photograph of the cryogels CC,
CC100BC and CC100NPG and an increase in the surface
made under an optical microscope to assess the porous sur-
face of cryogels. In Fig. 2a and c, it is possible to observe
that the cryogels CC100BC and CC100GNP, respectively,
have a uniform color, showing that the mixture of BC and
GNP in the cellulose suspension was homogeneous. Still,
in the optical micrographs (Fig. 2b, d. f) it is possible to
observe that the three-dimensional structure of the aerogel
is heterogeneous and composed of voids of different sizes.
In addition, at the edges of the cryogel, the pore sizes are
smaller than in the center. This pore heterogeneity occurs
during the gel freezing process, due to the freezing speed,
according to which the faster the more homogeneous is the
formation of the ice crystals, and the direction of the ice
crystals formation happens, from the outside to the inside.
The CC100BC cryogel has a greater amount of pores than
the CC100GNP cryogel, in which a more compact pore
structure is seen. In addition, the cryogel CC100BC, the
presence of long fibers is observed, which can favor the
mechanical performance of this reinforcement.

In the cryogel CC, although the cellulose suspension
has undergone the mechanical grinding process, it is pos-
sible to see long and agglomerated fibers, in addition to
a structure with visibly larger voids than the others. This
behavior is also observed by [20], who justifies that the
individual cellulose nanofibers are forced be joined into
sheets due to the growth of ice crystals during freez-
ing. Also, according to the authors, this agglomeration
of nanofibers provides aerogel with greater mechanical
stability.

Figure 3 and Table 2 shows the FTIR spectra and assign-
ment bands obtained from the cryogels. As can be seen, most
of the characteristic bands of cellulose remain in the other
cryogels. Cryogels CC50GNP and CC100GNP present band
in 1646 cm™" assigning to C=C skeletal vibration from gra-
phitic domains, in addition to presenting a more pronounced
band in 1104 cm™! indicate that many oxygen-containing
functional groups existed on the surface of GNP. Accord-
ing to Ren et al. [16] the band’s permanency at 3330 cm™"
in cryogels indicates the existence of the Strong hydrogen
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Fig.2 Cryogels photography: a
CC100BC, ¢ CC100GNP and e
CC: micrographs: b CC100BC,
d CC100GNP and f CC

bonding interaction between cellulose and carbonaceous
structures.

3.3 Compression strength

Figure 4 shows the stress—strain curves for the compressive
strength test (for a deformation of 20, 50 and 70% of cryo-
gels). The curves exhibit deformation behavior similar to
that of foams. In Fig. 4, it is possible to verify two regions
of deformation. The first, with deformation from 0 to 60%
shows a gradual increase in tension, damaging the void walls
irreversibly. And the second, with a densification region with
greater stresses due to the densely compressed structure and,
therefore, presenting a fast increase in the tension [3, 25].
The stress—strain curves presented for cryogels in the present

study did not show the region of elastic deformation men-
tioned by other authors [2, 3, 26], which shows that these
cryogels do not show elasticity, that is, after being subjected
to tension, the cryogel structure does not have the capacity
to return to its initial state [27].

In all deformations evaluated the behavior is the same.

Compressive strength increases with the addition of 50
and 100% of the carbon structures, regardless of the type
of structure added. For 70% deformation of the specimen,
this increase was 50 and 160% in cryogels with the addition
of 50 and 100% w/w of the carbon structures, respectively,
either for GNP or for BC.

By comparing cryogels with the addition of carbon struc-
tures, for 50% deformation of the specimen, no significant
difference between cryogels CC50BC and CC50GNP (item
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Fig.3 FTIR spectra of cryogels

Table 2 FTIR assignment bands

Wavenumber (cm™') Assignment*

3330 Stretching vibration of O-H

2900 Symmetric ad asymmetric C—H vibration

1646 C=C skeletal vibration from graphitic domains

1415 Bending of -CH, and O-C-H

1159 Si-CH;

1104 C-O stretching vibration

1054 Glycosidic bond vibration C—-O—C overlpped
with stretching vibration of C-OH

1031 Stretching of C-O and O-H groups bonds of
cellulose polysaccharides

#[16, 21-24]

200 4 Cryogel 20% (kPa) 50% (kPa) 70% (kPa)
cc 16122054 45744527 996741356

CC50GNP 1902522 5132350 145381754
7009 | ccl00GNP 28772405  6856:153  217.73+34.30
ccso8C 2277£520 5397:463 15661884
600-|CC100BC  3049£279 8350+ 1141 234911158

500
4004 ¢
300] —=—CCGNP
—%— CC100GNP
2004 —A—CC50BC
—e—CC100BC

Stress (kPa)

1004

0 20 40 60 80
Strain (%)

Fig.4 Stress x strain curve with deformation of 20, 50 and 70% of
the specimen
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S.1.1 Statistical Analysis) was noted. However, between
cryogels CC100BC and CC100GNP a significant difference
is present, with the CC100BC cryogel presenting a higher
compressive strength than CC100GNP. Regarding the 70%
deformation of the specimen, the cryogels with the addi-
tion of carbon structures showed similar values of compres-
sive strength, with no significant differences in compressive
strength (item S.1.2 Statistical Analysis). Thus, it is possible
to infer that the type of particle added (GNP or biochar) does
not influence the compressive strength since the amount of
solid particles (by mass) added in each cryogel is the same.
It is important to highlight that due to the heterogeneity of
the three-dimensional structure of the aerogels formed dur-
ing their freezing, the standard deviation obtained in the test
was high, mainly in the 70% deformation of the specimen.

Figure 5 shows the cryogenic resistance test at a standard
weight of 1 kg. The figures shows that all cryogels supported
the mass of the standard weight without undergoing visible
changes in their structures. Therefore, the cryogels produced
support approximately 1000 times their own mass.

Mi et al. [3] studied the behavior of adding graphene
oxide to cellulose/graphene oxide aerogels and found that
with the increase in the amount of graphene oxide, there
is an increase in the compression and resistance modulus
due to the rigidity of the graphene sheets, a behavior also
observed per Ge et al. [14].

3.4 Thermal properties
3.4.1 Thermogravimetry

The thermogravimetric curves for cryogels are shown in
Fig. 6a. For all cryogels produced, there is a mass loss event
at approximately 100 °C, due to the loss of moisture present
in the samples. For the cryogenic AC, there is a mass loss
event between 200 and 400 °C, in which the highest per-
centage of mass loss occurs, due to the depolymerization of
cellulose and after 400 °C, cellulose fiber degradation occurs
with increasing temperature. For the other cryogels, because
the carbon structures have been added to the cellulose sus-
pension, the thermogravimetric curves also show a mass loss
event between 200 and 400 °C due to cellulose degradation
and the decomposition of oxygen present in the functional
groups CO, and CO. The cryogels with the addition of GNP
showed an initial temperature of degradation higher than the
others, due to the greater thermal stability of these structures
(see item S.4 of supplementary material).

The cellulose/biochar cryogels had a T, lower than the
CC, probably this was due to the biochar being produced
from the waste pulp and paper industry, which may contain
contaminants from the processing of cellulose for the pro-
duction of paper.
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Fig.5 Photograph of cryo-
gels with standard weight of
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Fig.7 Thermal conductivity of cryogels

Figure 6b shows that the addition of the carbon structures
results in different outcomes. While the GNPs increase the
T, o> the biochar decreases this temperature in relation to
the raw material (see item S.4 of supplementary material).
By doubling the carbon content in the foam, there is a shift
towards lower peak temperatures. Furthermore, the decom-
position kinetics of BC foams is slower (wide peaks) than
samples with GNP.

3.4.2 Thermal conductivity
Figure 7 shows the thermal conductivity of cryogels. The

thermal conductivity value found for cryogels, approxi-
mately 0.033 W m~! K™, is comparable to polystyrene

@ Springer
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foams (0.03-0.04 W m~! K~!), thus having the poten-
tial to replace commercial insulating materials [14]. The
results obtained can also be compared to other materials
studied by several researchers, such as: cellulose aerogel
(0.029-0.032 W m~!' K~!) [28]; aerogel/expanded perlite
composite (0.030-0.038 W m~! K~") [29]; carbon aerogels
(0.054 W m~" K1) [30] and cellulose/graphene aerogel sup-
ported phase change composites (1.35 W m~' K~!, 1:1 cel-
lulose/graphene) [19].

According to Ge et al. [14] the thermal conductivity
of an aerogel is determined from three factors: solid-state
thermal conductivity, which depends on the conductivity
of the solid material and the density of the aerogel; gaseous
thermal conductivity, determined primarily by the pore size,
in which the smaller the pore size is, the lower the thermal
conductivity gets; and, thermal conductivity of radiation,
which in the case of carbonaceous materials, as they present
strong absorption in the infrared and insignificant radiation
thermal conductivity. From these factors, the authors show
that the thermal conductivity is influenced mainly by the
type of solid material, density and pore size of the aerogel.
In the present work, the proximity of the thermal conduc-
tivity found for all cryogels is explained due to the thermal
conductivity factor and density increased after the addition
of the carbon structures, although not significantly as seen
in S.2—Statistical Analysis. In addition, as the porosity of
cryogels is similar, so this factor did not influence thermal
conductivity.

3.5 Sorption capacity

Figure 8 shows the results found in the adsorption capacity
tests of the studied cryogels. As it is possible to observe,
the cryogel CC presented the highest capacity of oil
adsorption in homogeneous and heterogeneous medium in

relation to the other cryogels, 33.5 and 34.2 g g~ respec-
tively. The adsorption occurs in the pores of the cryogels
structure. Since the porosity of the cryogels was relatively
close to each other (Table 1), it is clear that this factor was
not decisive in the adsorption capacity of the cryogels.
Therefore, the adsorption was higher in the cryogel CC
due to its lower content of solids.

In an heterogeneous environment, considering the cry-
ogels with particle addition (biochar or GNP), the ones
with the greatest adsorption capacities were the cryogels
CC50GNP and CC50BC, 23.3 and 22.3 g ¢~' respectively.
As seen in item S.3 (Statistical Analysis), between these
cryogels there is no significant difference in the oil adsorp-
tion capacity. Hence, both have the same capacity and,
therefore, biochar can be a good alternative as reinforce-
ment for cellulose cryogels due to the lower cost raw mate-
rial than GNP.

For cryogels with the addition of BC, it is possible to
note that the adsorption capacity in heterogeneous medium
is greater than the oil adsorption capacity, which shows
that these cryogels may be adsorbing water together with
oil. For cryogels with the addition of GNP, this behavior
does not happen, showing that the GNP particles have a
hydrophobic character [13, 31].

Other researchers have reported the adsorption capacity
of aerogels and cryogels produced from different materials,
such as: cellulose cryogels (25.9 g ¢~!) [32]; hydrophobic
silica aerogels (15.1 g g=") [33]; graphene/carbon nano-
tube aerogels (21-35 times their own weight—30 g g™")
[34]. As seen in Fig. 8, cellulose/BC cryogels produced
in this work have the capacity to adsorb above 23 times
their own mass, compared to graphene/carbon nanotube
aerogels. However, it is important to highlight that the
cryogels produced in this work were obtained from a low-
cost raw material.

Fig.8 Adsorption capacity of 70
cryogels. Note Water adsorp- 65
tion, in all cryogels it was less 604

than 0.6 g g™, for this reason it
was not shown in the graph

5|
e,
X

0a%6%a%°

%
%S
3
%5
6%

Z
¥

%
QX
o
%

v,v'.
2R
0% %%"
——
RRRXS
%%

TS
15003
%%

35

X

35

oo
%

..
%
&

%
Q%

oo
Q%%
96%%%

Z>
208
6%

..
%
o%!

.,.,.
10003
o200

o
Qo
Yo%

5
35
%a%%

TS
3
%e%

TR
o
K

o

'v
%
o%!

R
%
3RS

s
X8
b0,

o

m Petroleum
R\ Heterogeneous
Cryogel  Petroleum  Heterogencous
(%) [(T9)
cc 335822 342610
CC50GNP 26.8+1.7 23.3x22
CCI00GNP 210205
CCS0BC 179410
CCI00BC  142:0.1

%

27
o

25

005

Z>
%
6%

9%
a%a%a%%"

N

SR
$6%%%% %%

7007

>

kXX

@ Springer

T T T
cc CC50GNP CCI100GNP  CCS0BC

T
CC100BC
Cryogels

38



Journal of Porous Materials

4 Conclusions

With the addition of carbon structures, an increase of 50 and
160% (with the addition of 50 and 100% w/w of the carbon
structures) in the compressive strength of cellulose cryo-
gels was obtained, which can be justified by the increase in
the fraction of solids present in the cellulose suspension. In
addition, the replacement of graphene nanoplatelets by bio-
char proved to be effective, since with the different carbon
structures added, cryogels showed similar porosity, com-
pressive strength, thermal conductivity and oil adsorption
capacity. Therefore, it is possible to use a raw material from
agricultural waste and of low cost, such as biochar, in the
replacement of commercially used carbon structures.
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SUPPLEMENTARY MATERIAL

STATISTICAL ANALYSIS

Statistical analyses of the results were performed by using the one-way analysis of
variance function in Excel software. Based on the ANOVA data generated, the interaction
between the groups was evaluated in order to verify the presence of significant differences

[73 1)

between the groups. The data presented in the ANOVA table, shows that when “p” is lower
than 0.05 (degree of reliability), there is a significant difference between the groups; when “p”
is greater than 0.05 (degree of reliability), there is no significant difference between the groups.

In cases in which there was a significant difference between the groups, a multiple
comparison of averages was performed to verify among which groups there is a significant
difference. Hence, the decision limit (DI) was calculated and compared to the value of the
means difference (Am) of 2 groups: when DI> Am, there is a significant difference between the

groups and when D1 <Am, there is no difference between the groups. Based on the result, letters

were associated to each group to identify the significant differences between groups.

S.1 COMPRESSION STRENGTH

S.1.1 DEFORMATION OF 50% OF PROOF BODY
The values for 50% deformation of the cryogels proof body are presented in Table S.1.

Table S.1 — Compression strength for 50% deformation of cellulose cyogels.

AC AC50NPG ACI00NPG ACS0BC  AC100BC
—_ 4187 49.49 69.25 48.87 95.69
OlaneSSloll
strength 43.61 49.12 66.77 57.89 81.72
(kPa) 34.22 55.35 69.55 55.16 73.09
Average 39.90 51.32 68.53 53.97 83.50
gtaf_ldf}fd 4.08 2.85 125 378 931
eviation

The data collected during the test and presented in Table S.1 was used to produce the

ANOVA table in the Excel software, presented in Table S.2.

Table S.2 — ANOVA table.
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Effect SO gl MO F Pvalue  F critical
Var 1 3416.95 4 854.24 22.36 5.66E-05 3.48
Error 382.07 10 38.21

Total 3799.02 14

Given that the “P value” is lower than 0.05 and “F” is higher than “Fcritical”, there is a
significant difference between the groups. Therefore the decision limit (DI) of 10.71 was found

and the multiple comparisons of averages were done as shown in Table S.3.

Table S.3 Multiple comparison of averages.

Am Result
AC/ACS50NPG 1142  Am>DI significant
AC/AC100NPG 28.62 Am > DI significant
AC/ACS50BC 1407 Am>DI significant
AC/AC100BC 43.60 Am>DI significant

AC50NPG/ACIOONPG 1721  Am>Dl significant
AC50NPG/AC50BC 2.65 Am <Dl not significant
AC50NPG/ACI00BC  32.18 Am>DI significant
AC100NPG/AC50BC 1455 Am>Dl significant
AC100NPG/AC100BC 1497  Am>DI significant
ACS50BC/ACI00BC 2953  Am>DI significant

Considering that the difference between ACS0NPG and AC50BC was not significant
for compression strength, the cryogel AC50BC is a better option than NPG, due to added

biochar, which is a cost-free raw material.

S.1.2 50% DEFORMATION OF THE PROOF BODY
The calculated values of the compression strength for 50% deformation of the proof

body of the cryogels are presented in Table S.1.

Table S.1 — Compression strength for 50% deformation of cellulose aerogels.

AC ACS0NPG ACI00NPG ACS0BC  AC100BC
" . 104.82 134.17 250.19 162.93 238.29
ompression
strength 84.29 165.59 181.84 160.40 244.43
(kPa) 109.91 136.37 22116 146.51 222.02
Average 99.67 14538 217.73 156.61 234.91
Standard 11.07 14.32 28.01 722 9.46

deviation
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The ANOVA table was generated based on the data collected during the test, as per
Table S.1. Results are presented in Table S.2.

Table S.2 — ANOVA table.
Effect SO gl MO F P value  F critical
Var 1 36658.06 4 9164.51 2437 3.86E-05 3.48
Error 3760.94 10 376.09
Total 40419.00 14

Since the “P-value” is lower than 0.05 and “F” is higher than “Fcritical”, a significant
difference between the groups is present. Therefore, the decision limit (DI) of 33.59 was found

and the multiple comparisons of averages were done as shown in Table S.3.

Table S.3 Multiple comparison of averages.

Am Result
AC/AC50NPG 4570 Am>Dl  significant
AC/ACI00NPG 11806 Am>DI  significant
AC/ACS50BC 5694 Am>Dl  significant
AC/AC100BC 13528 Am>Dl  significant

AC50NPG/ACIO0ONPG 723  Am>Dl  significant
ACS50NPG/AC50BC 1123 Am<DI not significant
ACSONPG/AC100BC  89.53 Am>DIl  significant
ACI00NPG/ACS0BC  61.12 Am>DIl  significant
ACI100NPG/AC100BC 17.19 Am<DI not significant
AC50BC/AC100BC 7830 Am>Dl  significant

Considering that the difference between ACSONPG-ACS0BC and ACI100NPG-
AC100BC for compression strength was not significant, the cryogel with biochar is a better

option than NPG, as it is cost-free raw material.

S.2 THERMAL CONDUCTIVITY
The calculated values of the thermal conductivity (k) of the cellulose aerogels are

presented in Table S.1.

Table S.1 — Thermal conductivity of cellulose aerogels.
AC AC50NPG ACIO0ONPG ACS0BC  AC100BC
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0.0263 0.0257 0.0246 0.0280 0.0255

Thermal
conductivity 00220  0.0245 0.0229 0.0207 0.0231
(Wm™ K 00256 00245 0.0250 0.0256 0.0291
Average 00246 0.0249 0.0242 0.0248 0.0259
Standard deviation  0.0019 _ 0.0005 0.0009 0.0030 0.0025

The ANOVA table was generated based on the data collected during the test, as per
Table S.1. Results are presented in Table S.2.

Table S.2 — ANOVA table.
Effect SO gl MO F Pvalue F critical
Var 1 1.0483E-05 4 2.6208E-06 0.6460 0.6422  3.4780
Error 4.0569E-05 10 4.0569E-06
Total 5.1052E-05 14

Since the “P-value” is higher than 0.05 and “F” is lowest than “Fcritical”, there is no
significant difference between the groups. The lack of significant differences between the
groups for thermal conductivity makes AC the best cryogel because there is no cargo added in

it.

S.3 ADSORPTION CAPACITY
S.3.1 PETROLEUM (HOMOGENEOQUS)
The calculated values of the petroleum adsorption capacity for the cryogels are

presented in Table S.1.

Table S.1 — Petroleum adsorption capacity of cryogels.
AC ACS50NPG ACI00NPG ACS0BC ACI100BC

30.54 2733 21.64 16.77 14.30
Ads"‘p(t;";f)ap““y 34.02 28.50 2036 17.82 14.15
35.97 24.50 2095 19.16 14.13

Average 3351 2677 2008 17.92 14.20
Standard deviation 2.5 1.68 0.52 0.98 0.07

The ANOVA table was generated based on the data collected during the test, as per
Table S.1. Results are presented in Table S.2.



Table S.2 — ANOVA table.

Effect SO gl MO F Pvalue  F critical
Var 1 694.71 4 173.68 63.56 4.51E-07 3.48
Error 27.32 10 2.73

Total 722.03 14

Since the “P-value” is lower than 0.05 and “F” is higher than “Fcritical”, a significant
difference between the groups is present. Therefore, the decision limit (DI) of 2.86 was found

and the multiple comparisons of averages were done as shown in Table S.3.

Table S.3 Multiple comparison of averages.

Am Result
AC/ACS50NPG 6.73 Am>Dl  significant
AC/ACI100NPG 1252 Am>DIl  significant
AC/ACS50BC 1559 Am>DIl significant
AC/ACI100BC 19.31 Am>DIl  significant

ACS50NPG/ACI00ONPG 5.79 Am>DIl  significant
ACS50NPG/ACS50BC 8.86 Am>DIl  significant
ACS0NPG/AC100BC  12.58 Am>DIl  significant
AC100NPG/ACS0BC 3.07 Am>DIl  significant
ACI00NPG/AC100BC  6.79 Am>DIl  significant
AC50BC/AC100BC 3.72 Am>DIl  significant

Given that, all groups present a significance different for petroleum adsorption capacity,

the cryogel with the highest adsorption capacity is AC.

S.3.2 HETEROGENEOUS
The calculated values of the petroleum adsorption capacity for the cryogels are

presented in Table S.1.

Table S.1 — Heterogeneous adsorption capacity of cryogels.
AC AC50NPG ACIOONPG AC50BC AC100BC

32.98 25.69 21.24 2353 17.07

S°ptiz’;;_?§’a°“y 35.45 20.35 20.70 18.73 12.92
34.27 23.92 2125 24.64 16.73

Average 3423 2332 21.06 2230 15.58

Standard deviation 1.01 2.22 0.26 3.14 1.88




The ANOVA table was generated based on the data collected during the test, as per
Table S.1. Results are presented in Table S.2.

Table S.2 — ANOVA table.

Effect SO gl MQ F Pvalue  F critical
Var 1 555.55 4 138.89 28.67 1.858E-05 3.48
Error 48.44 10 4.84

Total 603.99 14

Since the “Pvalue” is lower than 0.05 and “F” is higher than “Fcritical”, there is a
significant difference between the groups. Therefore, the decision limit (DI) of 3.81 was found

and the multiple comparisons of averages was performed as shown in Table S.3.

Table S.3 Multiple comparison of averages.

Am Result
AC/ACS0NPG 1091 Am > DI
AC/ACI00NPG 13.17 Am >Dl
AC/AC50BC 11.93 Am > Dl
AC/AC100BC 18.66 Am > Dl
ACS50NPG/ACI00NPG 2.26 Am <Dl
ACS50NPG/AC50BC 1.02 Am < DI
ACS50NPG/AC100BC 175 Am > Dl
AC100NPG/ACS0BC 1.24 Am <Dl
ACI100NPG/AC100BC 5.48 Am > Dl
AC50BC/AC100BC 6.72 Am > DI

Considering that the difference between AC5S0NPG and AC50BC for heterogeneous
adsorption capacity was not significant, the cryogel AC50BC is a better option than NPG due

the to added biochar, which is a cost-free raw material.
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S.4 THERMOGRAVIMETRY
100
80+
)
é 60+
]
< Sample
Cellulose 3816
= 401 GNP 657,(2)
BC 420,1
——GNP
20 A
Cellulose
Biochar
0 T T T T T T
0 200 400 600

Temperature (°C)

Fig. 1 — TGA curve for Cellulose, GNP and BC.
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Abstract Aiming at investigating the use of alter-
native materials for the production of thermal insula-
tion and, mainly, to replace the carbon structures
(graphene and nanotubes), extensively used in the
development of aerogels, the present study had the
objective to produce cellulose/biochar aerogels and to
evaluate their properties. The aerogels were produced
from Pinus elliottii cellulose fibers and biochar
produced from these fibers. The materials were
characterized in their physical, thermal and mechan-
ical properties. They were extremely light and porous,
with a density between 0.01 and 0.027 g cm ™ and
porosity between 93 and 97%. Several percentages of
biochars were added to the cellulose suspension
(0-100% w/w). The use of 40 wt% biochar provided
a 60% increase in the compressive strength of the
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aerogel in relation to the cellulose aerogel. Besides
that, the addition of this carbonaceous structure did not
influence significantly the thermal conductivity of the
aerogels, which presented a thermal conductivity of
0.021-0.026 W m~" K~'. The materials produced in
the present research present a great potential to be used
as insulators due to the low thermal conductivity
found, which was very similar to the thermal conduc-
tivity of the air and also of commercial materials such
as polyurethane foam and expanded polystyrene.

Keywords Pinus elliottii cellulose - Biochar -
Carbon structure - Aerogel - Thermal insulation

Introduction

According to data from the International Energy
Agency (IEA 2019), in the member countries in
2016, the residential sector accounted for 20% of
energy consumption. In Brazil, in 2017 alone, the
sector accounted for 28.8% of energy consumption
(EPE 2018). Given that this percentage is a consider-
able part of the total energy consumption in the sector,
there is a need to improve the energy performance of
buildings by reducing the energy consumed. Consid-
ering that the orientation of a building and its
architectural features are subject to constraints
imposed by the densely built urban environment and
also by architectural desires and restrictions, thermal
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insulation remains a vital tool for optimizing the
energy behavior of buildings (Papadopoulos and
Giama 2007).

Materials, or fluids, of low thermal conductivity are
considered thermally insulating, that is, they offer
resistance to heat transfer between the system and the
medium. In civil construction, they are used to prevent
internal heat from spreading to the external environ-
ment. In this way, synthetic materials such as
polyurethane (PU) and expanded polystyrene (EPS)
are used on a large scale. The insulation capacity of a
material is measured according to the thermal con-
ductivity, that is, the lower the thermal conductivity,
the greater the insulation capacity (Silva 2013).

In order to minimize the energy consumption of a
building, by means of thermal protection, conductivity
values of insulation materials (values less than
0.04 Wm™! K™') are in constant development.
Among the most used categories of insulation mate-
rials are inorganic fibers (glass wool and rock wool)
and organic foams (expanded polystyrene and poly-
urethane foams). These materials have a high perfor-
mance in heat transfer resistance. However, their use
causes some adversities such as: emission of green-
house gases during their production, release of toxic
gases when vaporized and high flammability (Cetiner
and Shea 2018; Papadopoulos and Giama 2007; Silva
2013). Thus, the research and development of more
sustainable and minimally processed insulators, such
as aerogels, become fundamental.

Aerogels (porous solids) are considered very inter-
esting materials for thermal insulation purposes
because they present a high performance as a result
of their extremely low thermal conductivity. In
addition, they are characterized by their highly porous
structure, reduced solids content and highly specific
surface area. These properties make aerogels suit-
able for thermal insulation applications, electrodes in
supercapacitors, advanced catalyst carriers and adsor-
bents (Du et al. 2013; Lei et al. 2018).

In recent years, the development of aerogels
produced from different allotropic forms of carbon,
such as graphene and nanotubes, attracted attention
because of their superior properties, such as electrical
and thermal conductivity, low density and mechanical
strength. However, the high cost and toxicity of
precursors added to the difficult and expensive tech-
nologies they require, as well as the equipment
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involved in the preparation, hinder their large-scale
production (Hu et al. 2014; Lei et al. 2018).

Several authors present research on the develop-
ment of cellulose aerogels and allotropic carbon
forms, such as graphene oxide (Ge et al. 2018; Mi
et al. 2018; Wan and Li 2016) and carbon nanotubes
(Cong et al. 2018; Hwang et al. 2018) (as carbon
source) for different applications, including thermal
insulation. The results found in these studies show that
the addition of these carbon structures to the cellulose
aerogels does not present changes in the thermal
conductivity of the same. The thermal conductivity of
the cellulose aerogels (CMC)/graphene oxide (GO)
remained around 0.04 W m~' K~' with the addition
of 5% GO to the mass of CMC used (Ge et al. 2018).
And for polyglycolic alcohol (PVA) aerogels, cellu-
lose nanofibers (CNFs) and graphene oxide nanopar-
ticles (GONSs) the thermal conductivity was
0.045 W m™' K"

Furthermore, according to the studies carried out by
the aforementioned authors, the addition of carbon
structures in cellulose aerogels improves the mechan-
ical properties of the material, where the compression
modulus and the resistance are larger proportionally
with the increase of the carbonaceous particles con-
tent, which can be attributed to the well-defined
crystalline structure of these materials (Ge et al. 2018;
Zheng et al. 2013).

With an environment of harnessing industrial and
agricultural waste for the production of new thermal
insulators has also been much studied. The use of
organic precursors subjected to the pyrolysis process,
which thermally decomposes the biomass structure,
produces carbonaceous solid waste (biochar) and
condensable and non-condensable vapors. This bio-
char is highly carbonous and therefore has a high
energy value. In addition, it is an added-value product
that can be used for many purposes (Basu 2010; Lee
etal. 2013; Skouteris et al. 2015). Cellulose is not only
a qualified raw material for the preparation of carbon
materials and is attractive due to its low cost, viability,
abundance and non-toxicity, but also a renewable
resource (Bakierska et al. 2014; Chang et al. 2010;
Dunnigan et al. 2018; Han et al. 2016; Lazzari et al.
2018).

Cellulose aerogels, being produced from renewable
sources (plants, wood, algae and animals), can be
considered environmentally friendly and can reduce
the manufacturing cost due to the low cost of the raw
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material. The low density of cellulose fibers provides
cellulose aerogels with high porosity and high surface
area, as well as high mechanical strength due to the
three-dimensional structure formed by cellulose fibers
(Feng et al. 2015; Xiao et al. 2015; Innerlohinger et al.
2006).

Within this context, cellulose/biochar aerogels
were produced aiming at their use thermal insulators.
Pinus elliottii pulp was used as raw material for the
production of aerogel and also for biochar, making it
possible to add a high value to this biomass allied to a
low processing cost. The thermal, chemical and
morphological properties of the aerogels were studied
in order to evaluate their use as thermal insulators.

Materials and methods
Materials

The cellulose used in the present work was supplied by
the company Trombini (Brazil). The type of cellulose
used was the unbleached long fiber of Pinus elliottii.
Cellulose was further characterized as to its compo-
sition, chemical, physical, thermal and morphological
properties.

Obtaining the Pinus elliottii cellulose biochar

Initially the cellulose was comminuted in a knife mill
(10 mm size) and dried in an oven at 105 °C for 24 h,
so that pyrolysis could be performed in a bench
reactor, which operates in a batch system. A detailed
description of this equipment was recently reported by
Perondi et al. (2017). The parameters used in the
pyrolysis were: heating rate of 5 °C min~", final
operating temperature of 800 °C and N, flow of
150 mL min~". The cellulose mass used in the feed
was approximately 35 g. The biochar was obtained
after the cooling stage of the reactor. Due to differ-
ences in the size of the resulting particles, maceration
was conducted, resulting in homogenous particles.

Obtaining the cellulose/biochar aerogels

The cellulose/biochar aerogels were produced accord-
ing to the methodology presented by Lazzari et al.
(2017). Initially, Pinus elliottii cellulose was milled in
a knife mill. Thereafter, a suspension was produced

with distilled water and cellulose in the concentration
of 1.5% (w/w). This suspension was later placed in a
Masuko Sangyo stone micronizer, model MKCAG6-2J
(Japan) for the fiber milling for 5 h (Neves et al.
2019). The aerogels were produced from the actual
cellulose concentration (1.43 and 0.715% w/w) and
biochar (0.5, 10, 20, 40, 80 and 100% w/w, relative to
the cellulose mass). In the following step, the cellulose
suspension was centrifuged for 5 min at 4500 rpm. To
the supernatant, a certain concentration of biochar was
added and maintained on mechanical agitation for
5 min for homogenization of the mixture. Thereafter,
the supernatant was mixed to the pellet, also by
mechanical agitation and for 5 min. The suspension
obtained after the milling process was sonicated for
30 min in a Sonics Sonifier Model VC505 Sonifier,
with an amplitude of 50% measured in relation to the
maximum equipment capacity (500 W). Then, metal
molds were used to condition the samples. These
molds have the following dimensions: 5 cm (side) x
2.5 cm (thickness). The samples (packaged in the
molds) were then frozen in a Panasonic MDF PRO
Series freezer at a temperature of — 80 °C for 24 h.
Freeze drying was carried out in a Lio Top lyophilizer,
Model L101 (Brazil). The samples were placed in a
chamber and subjected to vacuum at a temperature of
— 40 °C for about 70 h for the sublimation of the ice
and drying of the aerogel.

Characterization of the aerogels

The bulk density of the aerogels was measured
according to ASTM D1622-08, and calculated accord-
ing to Eq. 1.

m

puemgel = ; (1)

in which pueroger is the apparent density of aerogel
(g cm_3); m is the mass of the aerogel (g) and v is the
volume of the aerogel (cm3).

The porosity of the aerogels was determined by a
method presented by Sehaqui et al. (2011), by using
Eq. 2.

0
Porosity (%) = (1 —M> x 100 2)
Pcellulose

in which p,e,e. 15 the apparent density of aerogel
(g em™) and Peeliulose 15 the apparent density of
cellulose (0.39 g cm_3).
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The thermal properties of the aerogels were eval-
uated by thermogravimetry (TG) using a Shimadzu
model, TGA-50, with a heating rate of 10 °C min~",
from 30 to 800 °C, under a nitrogen atmosphere (N;)

with a flux of 50 mL min~".

Thermal conductivity of aerogels

The thermal conductivity of the aerogels was deter-
mined according to the norm NBR 15220-5 (2003).
Samples with the following dimensions were used:
50 x 50 x 20 mm width, length and thickness,
respectively, in duplicate. The heat flux applied to
the system was determined by measurements with
PSI-20 glass wool (density 0.020 g cm™), which is
known for its thermal conductivity
(0.038 W m~" K™!). The glass wool was supplied
by Tecnotermo Isolantes Térmicos (Brazil). The
thermal conductivity of the samples was determined
by Eq. 3.

_gXe

=1z 3)

in which 2 is the thermal conductivity (W m~ ' K™Y
q is the heat flux density (W m_z); e is the thickness of
the sample (m) and At is the temperature difference
between the hot and the cold faces of the sample (K).

Compressive strength of aerogels

The compressive strength tests were performed in a
universal testing machine (EMIC, model DL 2000,
Brazil), with a compression speed of 1.3 mm min~".
The assay was performed in duplicate, the samples
were 5 cm (side) x 2.5 cm (thickness). They were
used to measure the tension required to reduce the
thickness of the specimen in 20, 50 and 70% of their
initial thickness, and were adapted from ASTM D695-
15.

Results and discussion

Cellulose aerogels

The cellulose suspension was produced from a mixture
with 1.5% (w/w) cellulose. However, the actual

concentration of cellulose after the milling process
was 1.43 & 0.02%. This decrease occurred due to the
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losses in the walls of the mill. Therefore, the cellulose
concentration of the AC-1 and AC-2 aerogels was
143 £ 0.02% and 0.715 £ 0.02%, respectively (as
reported in Table 1).

Table 1 presents the results of apparent density and
calculated porosity of AC-1 and AC-2 aerogels.
Density values between 0.010 and 0.019 g cm™ and
porosity between 97.3 and 95.1% were results found
for samples AC-1 and AC-2, respectively. It is
possible to verify that the apparent density is propor-
tional to the cellulose concentration used, since the
AC-1 aerogel had an apparent density about 50%
higher than the aerogels AC-2.

The porosity is inversely proportional to the
apparent density, that is, the greater the apparent
density of the aerogel, the smaller its porosity. The
aerogel that presented greater porosity was AC-2, at
about 97%. This result, is due to the lower concentra-
tion of fibers present in it.

The process of mechanical grinding of cellulose
promotes defibrillation and breaking of fibers from the
micrometric scale to the nanometric. Besides, it more
economical and beneficial to the environment as no
chemical reagents are used. Figure 1 shows the
micrographs of cellulose and cellulose/biochar
aerogels.

In the observed structure of the cellulose aerogels in
Fig. 1b, d, itis possible to notice that the fibers remain
long, with length in the micrometric and agglomer-
ated. On the other hand, the thickness of the fibers
decreased, presenting several fibers with thickness in
nanoscale. In addition, due to the hydrophilic nature of
the cellulose, the fibers agglomerate when in suspen-
sion. Thus, even after drying the aerogels, there is the
formation of extended “sheets™ forming macroscopic
open channels and large pores with several microm-
eters wide, which connect the different cells and thin
sheets of aerogel (Aulin et al. 2010).

Rapid freezing is known to be accompanied by the
formation of amorphous ice which, in turn, can lead to
a more homogeneous fibrillar aerogel structure with
smaller pores and less pronounced structure. In
contrast, slow freezing increases the formation of
non-amorphous ice (crystals) which contributes to the
formation of “sheets”. The structure of aerogel is
therefore directly related to the size and distribution of
ice crystals in the frozen system. In addition, the
thickness of the aerogels plays an important role in the
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Table 1 Nomenclature, composition, density and porosity of cellulose/biochar aerogels

Nomenclature ~ Cellulose concentration (% w/w) Biochar concentration® (% w/w) ~Apparent density (g cm ™)  Porosity (%)

AC-1 1.43 + 0.02 0.0
AC-1.B5 1.43 £+ 0.02 5.0
AC-1.B10 1.43 + 0.02 10.0
AC-1.B20 1.43 £ 0.02 20.0
AC-1.B40 1.43 £ 0.02 40.0
AC-1.B80 1.43 + 0.02 80.0
AC-1.B100 1.43 + 0.02 100.0
AC-2 0.715 £ 0.02 0.0

0.019 % 0.0005 95.15 £+ 0.12
0.021 % 0.0005 9455 £ 0.12
0.025 &+ 0.001 93.67 £ 0.21
0.024 &+ 0.001 93.93 £ 0.13
0.022 & 0.001 94.31 £ 0.15
0.026 + 0.001 93.31 £+ 0.20
0.027 £ 0.001 93.10 £ 0.17
0.010 % 0.0002 97.35 £+ 0.06

“The biochar concentration was a function of the cellulose concentration

freezing rate. Therefore, thicker samples freeze more
slowly (Aulin et al. 2010).

Figure 2a shows the thermogravimetry of the Pinus
elliottii cellulose sample and the AC-1 and AC-2
aerogels. The cellulose aerogels showed a mass loss
below 100 °C, due to the presence of moisture in the
samples. In addition, the highest percentage of mass
loss was observed between 250 and 450 °C, due to the
degradation of the hemicelluloses, cellulose and a
lower degradation of part of the lignin.

A difference is noted in T (temperature at which
sample degradation starts) and T, (temperature at
which the rate of degradation is maximal), as shown in
Table 2. These temperatures of the cellulose aerogels
decreased in relation to the Pinus elliottii cellulose
fiber, probably due to the increase of the specific
surface area obtained after the mechanical process,
which facilitates the degradation process when com-
pared to the original material, and contributes to
thermal stability decrease (Zanini et al. 2017). The
residual mass of the aerogels had a slight decrease
compared to the original cellulose.

Gupta et al. (2018) obtained an increase in the
thermal stability of the aerogels due to the presence of
fibers on the nanometer scale in their cellulose
aerogels. However, they performed a chemical treat-
ment before the mechanical milling on the fibers for
the removal of lignin, hemicellulose and pectin. This
treatment increased the initial degradation tempera-
ture to about 80 °C.

Figure 3a shows the stress x strain curves and the
compressive strength of aerogels AC-1, AC-1.B40 and
AC-2.

The stress x strain curves presented in Fig. 3a
present different stages according to the slope of the
curve: a linear stage with a fixed slope of the curve, a
long regime of elastic—plastic deformation, and a stage
in which the compression stress increases significantly
due to the gradual densification of the porous structure.
This behavior was also observed for silica aerogels
reinforced with glass fibers (Li et al. 2017) and
cellulose nanofibers aerogels (Jiménez-Saelices et al.
2017).

The AC-1 aerogel has a compressive strength about
35% higher than the AC-2 aerogel, for deformation of
70%. According to Jiménez-Saelices et al. (2017) the
apparent density (from 0.010 to 0.019 g cm™ of
aerogels AC-2 and AC-1, respectively) causes an
increase in pore wall thickness, causing a greater
resistance of the structure to curvature and collapse of
the wall cells.

The statistical analysis was performed for the
deformation of 70% of the specimen, as shown in
Table S.2 (complementary information). Between
AC-1 and AC-2 (identified by 2 different letters in
Fig. 3b) there is a significant difference in compres-
sive strength. Therefore, the cellulose concentration
impacts significantly, that is, the amount of cellulose
used influences the compressive strength of the
cellulose aerogels for a 70% deformation of the
sample.

Figure 4 shows the thermal conductivity of the
cellulose/biochar aerogels. The AC-1 and AC-2 cel-
lulose aerogels presented thermal conductivity of
0.024 and 0.021 W m™"' K™, respectively.
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Fig. 1 Photos of aerogels: AC-1 (a); AC-2 (¢) and AC-1.B40 (e). Micrographs of aerogels: AC-1 (b), AC-2 (d) and AC-1.B40 (f)

According to the statistical analysis presented in
item S.5 (complementary information) and multiple
comparison of means (Table S.3), we concluded that
the concentration of cellulose does not cause signif-
icant difference, i.e. the amount of cellulose used does
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not influence the conductivity of the aerogels. This is
because, as can be seen from Table 1, there is not a
considerable difference in the porosity of aerogel,
about 2% only.
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Fig. 2 Themmogravimetry of Pinus elliottii fiber and aerogels
of a cellulose and b cellulose/biochar

The high porosity of the aerogels (more than 95% of
the aerogel structure is composed by air) provides
them with a thermal conductivity inferior to the
thermal conductivity of the air (0.026 W m™! K_')
(Incropera et al. 2007).

Karadagli et al. (2015) used cellulose fibers to
produce aerogels by extrusion. The authors evaluated
the influence of fiber concentration (0.5-6 % w/w) on
bulk density (0.009 and 0.137 g cm_3), porosity (99
and 91%), compressive strength (~ 0.3 to 1.5 MPa,
for deformation of 50% of the specimen) and thermal
conductivity (0.04 and 0.075 W m~' K~'). The
results found by the authors showed the same behavior
found in the present study for density and porosity.
However, for the thermal conductivity, the authors
found values superior to those found in the present
study, which shows that AC-1 and AC-2 present a
better thermal insulation than others aerogels. Regard-
ing the compressive strength, the authors found
extremely high values when compared with the
aerogels of the present study.

By means of statistical analysis, we found that the
cellulose concentration significantly influenced the
compressive strength of the aerogels, because there is
an increase in the fraction of solids present in AC-1
aerogel compared to AC-2 aerogel. On the other hand,
in the thermal conductivity test, the cellulose concen-
tration did not present significant influence. Consid-
ering these tests as the main results for the
determination of the cellulose concentration for the
production of the aerogels, it was decided to choose
sample AC-1, with cellulose concentration of 1.43%
for the continuation of this research, mainly due to its
compressive strength being superior to the sample AC-
2, since the thermal conductivity is not influenced by
cellulose concentration.

Cellulose/biochar aerogels

Figure 5 shows the cellulose/biochar aerogels pro-
duced with different concentrations of biochar,

Table 2 Results of the

. Sample Toanest- (CE) Tousx (°C) Residual mass (%)

analysis of

thermogravimetry of the Pinus elliottii cellulose 342 382 15.80

Pinus elliottii cellulose

fiber, cellulose aerogels and Ak 23 AT 1250

cellulose/biochar aerogels AC-1.B5 316 370 15.80
AC-1.B10 323 368 20.98
AC-1.B20 315 360 5.14
AC-1.B40 297 349 14.38
AC-1.B80 276 313 32.83
AC-1.B100 272 315 30.08
AC-2 315 358 13.70
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according to the nomenclature presented in Table 1.
Due to the increase of the concentration of biochar in
the cellulose aerogel, its coloration changes gradually
into a dark gray tone. The aerogels have a uniform
coloration, showing that the mixture of the biochar in
the cellulose suspension was homogeneous. In addi-
tion, the three-dimensional structure of aerogels is
composed of pores of different sizes. However, by
adding the biochar, the pore size reduces, due to the
higher amount of solids in the cellulose/biochar
suspension.

Table 1 shows the bulk density and porosity of the
cellulose/biochar aerogels. With the addition of the
biochar to the cellulose suspension, the calculated
value of the apparent density of the aerogels presents a
slight increase, from 0.0189 to 0.0269 (higher value
found for aerogel AC-1.B100). As the porosity is
inversely proportional to the bulk density, the porosity
decreased from 95.15 to 93.10% for aerogels AC-1
and AC-1.B100, respectively.

Yang et al. (2016) also observed this behavior in
their aerogels of microcrystalline cellulose and
graphene nanoplatelets, having a two fold increase in
density for aerogel with cellulose/nanoplatelet con-
centration of 1:1 compared to microcrystalline cellu-
lose aerogel. Consequently, there was a decrease in
porosity of about 5% between these same aerogels.

Figure le, f present the image and micrograph,
respectively, of aerogel AC-1.B40, in order to com-
pare the micrographs of this aerogel with AC-1 and
AC-2 aerogels. The structure of the aerogel was not
altered with the addition of the biochar, remaining
with long and very agglomerated fibers. The fact that
biochar is produced from cellulose itself hinders its
identification, and through them it can be noticed that
there was homogenization of the biochar to the
cellulose suspension.

Several authors report that the addition of graphene
oxide (GO), a carbonaceous structure such as biochar,
in cellulose aerogels provides changes in the structure
of aerogels, for example, the porous structure becomes
more heterogeneous, the interaction and entanglement
of the GO and cellulose form denser networks, the
porous structure of the wall is replaced by a lamellar
structure, among others (Ren et al. 2018; Wan and Li
2016; Xiang et al. 2019).

Figure 2b shows the thermogravimetry of the
cellulose/biochar aerogels, where it can be observed
that the addition of the biochar, even in homogeneity
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Fig. 5 Cellulose/biochar aerogels: a AC-1, b AC-1. B5, ¢ AC-1.B10, d AC-1.B20, e AC-1.B40, f AC-1.B80 and g AC-1.B100

with the cellulose suspension and having already had
its organic matter degraded, decreased the thermal
stability of the aerogels.

The presence of the biochar in the aerogels causes
the decrease of the T and T, temperatures
(obtained by thermogravimetry derived from the
curves), as can be seen in Table 2. However, its
presence increases the residual mass, due to the
submission of the raw material to the pyrolysis
process, before the production of the aerogel, during
which the organic matter was degraded.

In a study carried out by Wan and Li (2016) the
authors also noted this behavior among their samples,
where Tgser decreased from 363 to 353 °C in the
aerogels of bamboo fiber cellulose and the aerogel
with 5% of graphene oxide (GO), respectively.
Furthermore, the authors reported that there is no
mass loss related to the decomposition of the oxygen
receptor groups on the surface of the GO due to
deoxygenation and low proportion of the same in the
aerogels.

Figure 3a shows the stress—strain curves of acrogels
AC-1 and AC-1.B40. Curves exhibit foam-like defor-
mation behavior. The aerogels suffered a plastic
deformation, a deformation of 0-70%, irreversibly.
After this region, due to the densely compressed
structure, the aerogels become resistant, and therefore
the tension increases rapidly. Ge et al. (2018) observed

the same behavior for their GO/CMC aerogels, but in
the deformation range of 0-7%, there was an elastic
deformation. The authors obtained a 62% increase in
compressive strength with the addition of 5%
graphene oxide in CMC aerogels.

Figure 3b shows the compressive strength of the
cellulose/biochar aerogels for deformations of 20, 50
and 70% of the sample. In all evaluated deformation,
the behavior is the same, presenting a slight tendency
to increase until the concentration of 80% of biochar in
cellulose mass and, subsequently, a considerable
decrease of resistance takes place, of about 60%. For
deformation of 70% of the specimen, there was an
increase from 80 to 128 kPa (aerogels AC-1 and AC-
1.B40, respectively), about 60% greater.

Due to the high standard deviation associated with
some aerogels, a statistical analysis was presented in
Table S.2 (complementary information) and multiple
comparison of means presented in Table S.3 (com-
plementary information). From the results, we con-
cluded that the compressive strength of the cellulose/
biochar aerogels presents a significant difference, that
is, the amount of biochar used influences the com-
pressive strength between some cellulosel/biochar
aerogels for deformation of 50% of the sample (see
association of letters).

Considering that the aerogels AC-1.B40 and AC-
1.B80 had the highest resistance values (128 and
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137 kPa, respectively), and that between the two there
is no significant difference (both are identified with the
letter “c™), it can be considered that with the addition
of 40% of biochar in relation to the mass of cellulose
one obtains the greatest resistance to the compression
of the aerogels.

Mi et al. (2018) obtained the greatest compressive
strength in their study with the increase of graphene
oxide in the aerogels of cellulose nanofibers, and
attributed this improvement to the stiffness of the
graphene sheets. Ge et al. (2018) compared the
compressive strength of aerogels of carboxymethyl
cellulose and cellulose/graphene oxide nanosheets
(GOS), and with the addition of 5.0% of GOS, the
compressive strength reached 349 kPa, which were
1.6 times that of CMC aerogels. This increase is
attributed to the good dispersion of GOS in the
cellulose suspension and the strong interfacial adhe-
sion to the matrix.

Figure 6 shows the aerogels AC-1 and AC-1.B40
during the compression test. It is possible to verify that
the aerogel has a rigid structure, because after the
aerogel load is removed, it does not return to its
original state, having a plastic deformation known as
permanent deformation. At the end of the trial, the
aerogels were reduced by about 80% of their original
height.

(@)

. 1606083 mm

Figure 4 shows the thermal conductivity of the
cellulose/biochar aerogels. The values found ranged
from 0.024 to 0.027 W m~"' K™, the first being found
for AC-1 and the second for AC-1.B80. Due to the
small difference found, a statistical analysis of the
results was performed, as presented in Table S.5
(complementary information). The conductivity of the
aerogels did not present significant difference, that is,
the addition of the biochar did not influence in the
thermal conductivity of the aerogels.

Considering that the thermal conductivity of aero-
gels is determined mainly by the thermal conductivity
factor of the solid material, density and pore size, and
since having a significant, yet very small, difference in
density and porosity of the aerogels, the absence of
significant differences in the thermal conductivity of
non-aerogels is justified (Wiener et al. 2006).

According to Wiener et al. (2006), the transport of
heat through a porous solid, consists of radioactive,
gaseous and solid contributions. Therefore, the change
in thermal conductivity is due to changes in the solid
phase of the material. In the aerogels produced in the
present study, there were no changes in structure due
to the addition of the biochar, as shown in Fig. 1. The
influence that the biochars caused in the aerogels was
the increase of the apparent density and the decrease of
the porosity, which resulted in an increase in

3,1120,14mm

Fig. 6 Images of the compression test of cellulose/biochar aerogels. a AC-1 and b AC-1.P1.B40
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Table 3 Thermal conductivity of thermal insulators materials

Sample Thermal conductivity (W m™' K™') Reference

AC-1.B40 0.024 -

Polyurethane foam 0.02-0.03 Zhang et al. (2017)

CMC/GO aerogels 0.04 Ge et al. (2018)

Silica aerogel 0.0338 Zhao et al. (2018)

Recycled cellulose aerogel 0.032 Nguyen et al. (2014)
Expanded polystyrene 0.04 Silva (2013)

Cellulose nanofiber aerogel 0.018-0.028 Jiménez-Saelices et al. (2017)
Silica cellulose aerogel 0.0236 Fu et al. (2016)

Wood waste 0.048-0.055 Cetiner and Shea (2018)

conductivity, but not enough to show significant
differences between them.

Ge et al. (2018) developed aerogels of car-
boxymethylcellulose (CMC) and graphene oxide
(GO) in a concentration of up to 5% mass of cellulose.
When comparing cellulose aerogel with CMC/GO
aerogels, both the thermal conductivity factor (be-
tween 0.038 and 0.042 W m~! K™') and the density
(between 24.3 and 25.5 kg m_'”) of the composite
aerogel increased at a small rate after the addition of
GO, so the solid-state thermal conductivity increased
as well. Furthermore, in the absence of obvious
changes in density and pore structure, the thermal
conductivities of aerogels tended to increase slowly
with increasing GO content. This is because the
thermal conductivity factor of the aerogel increased
with increasing GO content.

The thermal conductivity of the aerogels found in
the present study, about 0.025 W m™! K_l, is com-
parable to the thermal conductivity of commercial
materials such as polyurethane foams and expanded
polystyrene and other thermal insulator aerogels, as
noted in Table 3.

Conclusion

In relation to the cellulose concentration, the results
obtained in the statistical analysis present in Supple-
mentary Material were evaluated, and, the thermal
conductivity and compressive strength tests were
considered the main results for the determination of
the cellulose concentration for the production two

aerogels. These results were the basis for the choice of
the aerogels AC-1, with a cellulose concentration of
1.43% for the continuation of the studies in the present
study, mainly due to its compressive strength being
superior to AC-2, given that the thermal conductivity
is not influenced by the cellulose concentration.

The cellulose/biochar aerogels produced presented
good characteristics to be used as thermal insulators.
Although they had a heterogeneous structure, the
porosity was high, higher than 95%, and the bulk
density (about 0.025 g cm™) was close to that of
materials such as glass wool, widely used in construc-
tion. The addition of biochar did not increase the
thermal stability of aerogels as expected. On the
contrary, the higher the concentration used the lower
the maximum degradation temperature. On the other
hand, the biochar had no influence on the thermal
conductivity of the aerogels (about
0.025 W m™! K_'), which was close to that of the
polyurethane foams (0.02-0.03 W m! K_'). How-
ever, an increase in the compressive strength of the
cellulose/biochar aerogels (AC-1.B40) of 60% in
relation to the cellulose aerogel (AC-1) can be
verified.

For these, they presented more thermal insulation
than aerogels produced with carbon structures as
precursors, in addition to having very close compres-
sive strength to these aerogels. Finally, the cellulose/
biochar aerogels are promising for the thermal insu-
lation application proposed for the present work.
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COMPLEMENTARY INFORMATION

Figure S.1 - Stages of production of Pinus elliotti AC-2 cellulose aerogel.

STATISTICAL ANALYSIS

Statistical analyses of the results were performed using the one way analysis of
variance function in Excel software. The concentration levels of cellulose and biochar were
evaluated with n levels: two for the cellulose concentration (0.5 and 1.0 wt%) and seven for
the biochar concentration (0.0, 5.0, 10.0; 20.0, 40.0, 80.0 and 100.0%). The ANOVA table
was generated in the Excel software, based on it, the interaction between the groups was
evaluated in order to verify if there were significant differences between the groups. From the
data presented in the ANOVA table, it is possible to conclude the following: when "p" is
lower than 0.05 (degree of reliability), there is a significant difference between the groups;
when "p" is greater than 0.05 (degree of reliability), there is no significant difference between
the groups.

In cases in which there was significant difference between the groups, a Multiple
Comparison of Averages was performed to verify among which groups there is a significant
difference. For this, the decision limit (DI) was calculated and compared to the value of the
means difference (Am) of 2 groups: when DI> Am, there is a significant difference between
the groups and when DI <Am, there is no difference between the groups. From the result,
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letters were associated to each group to identify between which groups there was a significant

difference.
Compressive strength
The values obtained in the compressive strength test of the cellulose aerogels for 70% deformation are

presented in Table S.1.

Table S.1 - Compressive strength of the cellulose/biochar aerogels for 70% deformation.

Aerogel
AC- AC- AC- AC- AC- AC-
i Al 1.B5 1B10 1B20 1B40 1.B80 1.B100
Strength 41.54 74.81 72.83 94.4 95.09 1356 149.65 76.25
compressive
(kPa) 23.98 86.11  81.44 943 9234 1215 12599 96.56
Average 32.76 8046  77.14 9433  93.72 12855 137.82 86.41
B 8.78 565 4305 0065 1375 705 11.83 10.155
deviation

With the data collected during the test and presented in Table S.1, the ANOVA table was generated in
the Statistics software, presented in Table S.2.

Table S.2 — ANOVA table.

Effect SO gl MO F Pvalue F critical
Var 1 14671 7 2096 19.85 0.000184 3.50
Error 844 8 106

Total 15516 15

Since the “P-value” is lower than 0.05 and “F” is higher than “Fcritical”, there is a significant difference
between the groups. Therefore the decision limit (DI) of 21.79 was found and the multiple comparisons of means

were done as shown in Table S.3.

Table S.3 Multiple comparison of averages.
Decision limit (DI) = 21.79

Aerogels Am Result
AC-1/AC-2 47.70 Significant
AC-1/AC-1.B5 3.33  Not significant
AC-1/AC-1.B10 13.87  Not significant
AC-1/AC-1.B20 13.26  Not significant
AC-1/AC-1.B40 48.09 Significant
AC-1/AC-1.80 57.36 Significant
AC-1/AC-1.B100 594  Not significant
AC-1.B5/AC-1.B10 17.19  Not significant
AC-1.B5/AC-1.B20  16.58  Not significant
AC-1.B5/AC-1.B40  51.42 Significant
AC-1.B5/AC-1.B80  60.69 Significant
AC-1.B5/AC-1.B100  9.27  Not significant
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AC-1.B10/AC-1.B20  0.61 Not significant
AC-1.B10/AC-1.B40  34.23 Significant
AC-1.B10/AC-1.B80  43.50 Significant
AC-1.B10/AC-1.B100  7.92 Not significant
AC-1.B20/AC-1.B40 34.84 Significant
AC-1.B20/AC-1.B80 44.11 Significant
AC-1.B20/AC-1.B100  7.31 Not significant
AC-1.B40/AC-1.B80  9.27 Not significant
AC-1.B40/AC-1.B100 42.15 Significant
AC-1.B80/AC-1.B100 51.42 Significant

Thermal Conductivity
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The calculated values of the thermal conductivity (k) of the cellulose aerogels are presented in Table S.4.

Table S.4 — Thermal conductivity of cellulose aerogels.

Aerogel
AC- AC- AC- AC- AC-
AC2 AC1  1B5 1B10 1.B20 1B40 1.B80  AC-1.B100

ERermal 0.020 0.024 0022 0023 0024 0025 0.026 0.025
conductivity

(W m?! K) 0.023  0.023  0.025 0025 0024  0.024  0.028 0.026

Average 0.021  0.024 0.024 _ 0.024 _ 0.024 _ 0.024 _ 0.027 0.026

Standard deviation  0.001  0.001  0.001 _ 0.001 _ 0.000  0.000 _ 0.001 0.000

With the data collected during the test and presented in Table S.4, the ANOVA table was generated in

the Statistics software, presented in Table S.5.

Table S.5 — ANOVA table.

Effect SO gl MO F P-value ___F critical
Var 1 3.636E-05 7 5.19E-06 3.037 0.071 3.500
Error 1.368E-05 8 1.71E-06
Total 5.004E-05 15

Since the “P-value” is higher than 0.05 and “F” is lower than “Fcritical” there is no significant

difference between the groups.
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ABSTRACT: The objective of this work was to characterize and ~ Cellubosebiochar | pin 1«028min t=0Smin  t=10min t=3.0min
study the behavior of the adsorption process of cellulose/biochar ool = - o

cryogels through isotherm models and adsorption kinetics. The

cryogels were produced from a cellulose suspension obtained by

mechanical fibrillation of 0.75 and 1.5% w/w unbleached long-fiber

cellulose of the Pinus elliotti species. Into this suspension, 5, 10, and Multilayer adsorption process

20% w/w (relative to cellulose mass) biochar were added; then, the Fluid (oil)
suspension was frozen and freeze-dried. After this, 2 mL of ) W
methyltrimethoxysilane (MTMS) was deposited on the cryogels. Cropciied SN Cryogel porous

e surface face
Characterization analyses were performed on the cryogels, surtace

including specific mass and porosity and sorption capacity, in

addition to the study of adsorption kinetics and isotherms. The cryogels showed a porosity of above 90% and a specific gravity of less
than 0.035 g cm™>. The heterogeneous sorption capacity varied according to the concentration of cellulose used, and with the
addition of 5% w/w biochar in the cellulose cryogel, the highest sorption capacity was obtained, 73 g g™' of petroleum and 54 g g™
of SAE20W50 oil. In the study of adsorption isotherms, the Freundlich model best fitted the process. Therefore, it was concluded
that the process of petroleum adsorption by the cellulose cryogel occurs in multiple layers. In addition, the cellulose/biochar cryogel
developed in the present work is suitable for use in the adsorption of organic liquids.

B INTRODUCTION physical or chemical adsorption and randomness in the solid/
solution interface occur.’

Allotropic carbon structures such as graphene and carbon
nanotubes have significant advantages over synthetic and
natural adsorbent materials due to their high adsorption
capacity and reusability. Nevertheless, the adsorbents used
based on activated carbon and carbon nanotubes have high
production costs and are difficult to recycle. In search of more
accessible materials for such applications, biochar research has
increased in recent years, due to the high cost of other
adsorbents. According to Tan et al,’ the production of
activated carbon needs higher temperatures and an additional
activation process. Comparatively, the production of biochar is
cheaper, with lower energy requirements.”™” Also, highly
ordered structures of carbonaceous materials, providing high
surface areas and malleable porosity, can be produced from
different sources of biomass, including agricultural, forestry,
and animal residues, among others.'"™'% In this way, the
conversion of biomass into biochar as a sorbent is a “win—win”

Adsorption is a superficial phenomenon where a fluid of
various components (gas or liquid) is attracted by an
adsorbent surface of a solid forming physical or chemical
bonds. It is recognized as an effective, promising, affordable,
and widely used alternative for removing organic compounds
in aqueous media."”

To obtain an ideal adsorption system, when exploring new
adsorbent materials, it is essential to establish the most
appropriate equilibrium ratio for the system. The way in which
the pollutants interact with the adsorbent materials is
described through the equilibrium relationships of the system
(adsorption isotherms), being critical points for the
optimization of the adsorption mechanism, expression of the
properties, and surface capacities of the adsorbents, in addition
to the effective planning of adsorption systems.'

In addition to the study of equilibrium, thermodynamic and
kinetic aspects must be known to obtain more details of the
mechanism and performance of the adsorption process. From
the kinetic analysis, it is possible to determine the residence
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time necessary for the adsorbent to reach its maximum Received:  January 14, 2021
adsorption capacity and also to be able to scale the adsorption Revised:  February 18, 2021
system.l Published: March 5, 2021

Thermodynamic parameters can indicate the spontaneity of
the adsorption process, the affinity of the adsorbent for the
adsorbate, the endothermic or exothermic nature, and whether
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Figure 1. (a) Production flowchart for cryogels and (b) AC-1 cryogel before and after silanization.

solution both for improving waste management and protecting
the environment.”*

Biochar is a carbonaceous material, produced from the
thermochemical conversion of biomass'” in an inert environ-
ment of biomasses; it is commonly used and presents high
efficiency in terms of product quality and yield.""® Several
studies report biochar as an excellent adsorbent for gases, ¢
metal ions," organic and inorganic hquu‘ls,H ¥ and dyes,
among others. In addition to being an mterestmg material for
removing pollutants in water treatment,'”'™** this material is
interesting for these applications due to its low cost, large
surface area, microporosity, and adsorption capacxty 3 Because
of its surface morphology, porous structure, specific surface
area, and surface functionality, it can replace other carbon-
based adsorbents such as graphene oxide and carbon
nanotubes." '

Cryogels have three-dimensional network structures in
which their micro/macropores are filled with air by freeze-
drying. The production process of cryogels is similar to that of
aerogels; the difference between them lies in the drying
process. Initially, formation of a solution occurs in which
particles are formed spontaneously or through catalysis
yielding a colloidal suspension (sol) through the process of
polycondensation/gelation forming a three-dimensional solid
matrix. Finally, the liquid phase present in this gel is replaced
by air without damaging the formed structure. In this last step,
cryogels (freeze-drying) differ from aerogels (supercritical
drying). Specifically, in freeze-drying, the gel is frozen and thus
kept for a certain period so that ice crystals are formed. Then,
the frozen suspension is freeze-dried s0 that sublimation of ice
crystals occurs and pores are formed.*** Several studies used
the freeze-drying technique for the production of cryo-
gels. 2426730 Their main applications are in the field of
adsorption of dyes, petroleum, and solvents and also as
thermal insulators due to their low thermal conductivity.”®

In this context, cellulose/biochar cryogels were produced for
the kinetic and isotherm study of the petroleum and motor
petroleum sorption process. Pinus elliotti cellulose was used as
a raw material for the production of cryogels and also biochar
(a substitute for other carbon structures, such as graphene),
thus making it possible to add a high value to the
aforementioned biomass, an organic and abundant raw
material in nature, combined with a low processing cost.
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B MATERIALS AND METHODS

Materials. Cellulose fibers from P. elliotti species were used and
were supplied by the company Trombini (Fraiburgo—SC, Brazil).
Petroleum (p = 0.891 g cm™) was supplied by Refinaria Alberto
Pasqualini (Canoas—RS, Brazil), and SAE20WS0 oil (p = 0.864 g
em™) was obtained from Ipiranga Petroquimica.

Biochar Production. Initially, the P. elliotti cellulose fibers were
comminuted in a knife mill and dried in an oven at 105 °C for 24 h.
Afterward, pyrolysis was performed in a bench reactor, which operates
on a batch system. A detajled description of this reactor has been
reported by Perondi et al.’ It is a Sanchis brand furnace, which has an
internally coupled reactor. Inert gas flow (N,) is controlled by a flow
meter (from 0 to 1 L min™"). The reactor is electrically heated by two
resistors, each with a power of 1900 W, with a maximum oven
operating temperature of 1200 °C. Condensation of pyrolysis vapors
was conducted according to CEN BT/TF 143 (adapted). The
parameters used in the pyrolysis process were a heating rate of 5 °C
min~!, a holding time of 60 min, and a final operating temperature of
800 °C. The experiment was conducted in an inert environment with
a N, flow of 150 mL min™".

Obtaining of Cellulose/Biochar Cryogels. Cellulose/biochar
cryogels were Produced according to the methodology presented in
Lazzari et al” Initially, the cellulose suspension was obtained by
grinding the fibers in a stone mill (Masuko Sangyo, model MKCAG6-
2]) for 5 h at 2500 rpm in two different concentrations of fibers (1.5
and 0.75 wt %). This suspension was centrifuged for $ min at 4500
rpm, and the biochar (in different concentrations of S, 10, and 20% by
weight of cellulose fibers) was added to the supernatant under
mechanical agitation. Finally, the supernatant was mixed again with
the precipitate and thus the cellulose/biochar suspension was
obtained. The cellulose/biochar suspension was sonicated for 30
min, in a Sonics Model VC505 sonicator, with an amplitude of 50%
measured in relation to the maximum equipment capacity (500 W).
The suspension was then placed in metal molds, frozen at —80 °C,
and lyophilized for approximately 72 h. After drying, silanization was
carried out to make the cryogel hydrophobic (as shown in Figure 1).
The cryogel was then suspended by a screen in a beaker containing 2
mL of methyltrimethoxysilane (MTMS) and isolated inside another
beaker for 48 h in an oven at 70 °C.

Cryogel Characterization. The specific mass and porosity were
determined from eqs 1°* and 2, respectively.

m
p=—
€y
e

(&)

where p. is the cryogel-specific mass (g cm™), m_ is the cryogel mass
(g), and v, is the cryogel volume (cm?).

https://dx.doi.org/10.1021 /acslangmuir.1c00123
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where Pis the porosity (%) and p, is the cellulose-specific mass (0.39 1
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The pore size distribution was measured by the method of Barrett,
Joyner, and Halenda (BJH) using the Quantachrome Instruments
equipment (model 1200e), managing the nitrogen adsorption/
desorption process at —196 °C. The samples were subjected to a
degassing process conducted under a N, flow without vacuum and at
a temperature of 105 °C for a period of 20 h.

The morphology of the cryogels was assessed by optical
microscopy analysis using a Meterk optical microscope (China).

Sorption in a Homogeneous Medium of Short Duration. To
assess the sorption capacity of cryogels, sorption tests were carried out
in a homogeneous medium (petroleum), according to the adaptation
of the F726-12 standard of the American Society of Testing and
Materials (ASTM, 2012). The cryogels were previously weighed and
placed in a container containing enough petroleum so that they could
float freely. The petroleum sorption capacity experiments were
performed, in triplicate, in a homogeneous medium (petroleum); the
sorbed petroleum mass by the cryogel was determined for the time
points of 0.25, 0.5, 1, 3, §, 10, 15, and 20 min. The sorption capacity
was calculated using eq 3.* The tests were carried out in a controlled
environment at 23 + 2 °C.

me—ny
m; ®3)

where C; is the experimental sorption capacity (g g™"), m; is the initial
mass of the cryogel (g), and my is the final mass of the cryogel (g).

A two-way-type statistical analysis was performed to define the
cryogels that had the highest petroleum sorption capacity and, thus,
the study of the adsorption kinetics and isotherms for petroleum and
motor oil was carried out.

Adsorption Kinetics in a Heterogeneous Medium. The
petroleum adsorption kinetics study was carried out in a
heterogeneous medium, in triplicate, where the cryogels’ adsorption
capacity was evaluated as a function of the contact time. The contact
time was determined from the result obtained in the test of adsorption
in a homogeneous medium of short duration. To perform the
adsorption test, a certain mass (g) of petroleum/SAE20WS0 oil was
used in 100 mL of distilled water in a controlled environment at 23 +
2 °C. These concentrations were chosen to represent a capacity for
removing petroleum from the medium between 10 and 100% of the
adsorption capacity.

To determine the constants of the adsorption rate and adsorption
capacity at equilibrium, the nonlinear kinetic equations of the reaction
models were used: pseudo-first-order and pseudo-second-order
models according to egs 4°° and 5, respectively.

Ce =

9, =91~ @)
B kzq:t
%=1 + kgt (5)

where g, is the quantity of solute adsorbed (g g™") at time t, g is the
quantity of solute adsorbed (g g™") at equilibrium, k, is the constant
of the pseudo-first-order equation (min™'), k, is the constant of the
pseudo-second-order equation (g ™' min™'), and t is the time (min).

Adsorption Isotherm. The study of petroleum adsorption
isotherms was carried out in a heterogeneous medium with a mass
of 8.75, 17.5, 35.0, and 70.0 g of petroleum in 100 mL of water and
5.7, 11.4,28.5, and 57.0 g of SAE20WS50 oil petroleum in 100 mL of
water. Isotherms were constructed from the analysis of the
relationship between the amount of petroleum adsorbed in
equilibrium and the final concentration of petroleum, also in
equilibrium, using the Langmuir (eqs 6 and 7), Freundlich (eq 8),
Redlich—Peterson (eq 9), Temkin (eq 10), and Sips (eq 11)
isotherms.' The tests were carried out in a controlled environment at
23+2°C
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where g, is the theoretical maximum adsorption maximum monolayer
coverage capacity (mg g™'), C. is the concentration at equilibrium
(mg L™"), Ky is the constant of the Langmuir isotherm (L mg™), R,
is the separation factor, and C, is the initial adsorbate concentration
(mg L7Y).

9. = K" (®)

where Ky is the constant of the Freundlich isotherm (mg g™') (dm®
g')" and 1/n is the empirical parameter of the adsorption intensity,
which varies according to the heterogeneity of the material.

_ KRG

1+ aC8 9
where Ky is the Redlich—Peterson isotherm constant (L g™"), ay is the
Redlich—Peterson linear constant (1 mg™'), R is the universal gas

constant (8.314 ] mol™' K™'), and g is the Redlich—Peterson isotherm
exponent.

e

9, = Eln ALC,
by (10)
where by is the Tempkin isotherm constant and Ay is the Tempkin
isotherm equilibrium binding constant (L g™*).
Lot
¢ l+ach (1)

where K is the Sips isotherm model constant (L g™'), fis is the Sips
isotherm model exponent, and ag is the Sips isotherm model constant

(L mg™).
B RESULTS AND DISCUSSION

Porosity and Specific Mass of Cellulose/Biochar
Cryogels. The specific mass and porosity of cellulose/biochar

Table 1. Nomenclature, Specific Mass, and Porosity of
Cellulose/Biochar Cryogels

cellulose fibers  biochar (%  specific mass
cryogel (% w/w) w/w)“ (gem™?) porosity (%)
AC-1 143 0.0 0.032 + 0.004 919 + 1.1
AC2 0.715 0.0 0.015 + 0.001 963 + 04
AC- 0.715 5.0 0.019 + 0.001 952 + 04
2BS
AC- 0.715 10.0 0.017 + 0.001 95.8 +£ 0.3
2.B10
AC- 0.715 20.0 0.017 + 0.001 95.5 +£ 04
2.B20

“Biochar concentration was a function of cellulose concentration.

cryogels are shown in Table 1. It is noteworthy that the
apparent density of cryogels is inversely proportional to
porosity, that is, the higher the density, the lower the porosity.
The specific mass of AC-1 cryogels was twice as high as that of
AC-2 cryogels, due to their higher fiber concentration.
Consequently, the porosity was about 4% lower for these
cryogels. Due to the small concentrations of biochar (S, 10,
and 20% w/w) used, there was no influence of its addition on
the density and porosity of the studied cryogels.

During the pyrolysis process, a thermal breakdown of the
organic components present in the biomass is seen, which

https://dx.doi.org/10.1021 /acslangmuir.1c00123
Langmuir 2021, 37, 31803188
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Figure 3. (a) Petroleum sorption capacity of cellulose/biochar
cryogels. (b) Sorption and sorption capacity of the AC-2.BS cryogel as
a function of time.

generates the formation of micropores in the biochar, due to
water loss during the dehydration process. The pore size varies
from nanopores to micropores, and for application as an
adsorbent of organic liquids, such as oil, the larger the pore size
the better, due to the large molecules of oil."”

In Figure 2a,b, the three-dimensional and porous structure
of the AC-2.B5 cryogel can be seen from the micrographs. The
porous structure is composed of mesopores (+36 A),
determined by the BJH method. It is also noteworthy that
the color of the cryogel is homogeneous (Figure 2a), revealing
that the biochar was effectively mixed with the cellulose
suspension. Figure 2b shows the cellulose fibers used as raw
materials with an average thickness of 50 um. Because the
concentration of biochar is only $% w/w (relative to the
concentration of cellulose) and also since it is composed
mainly of carbon (80% w/w), there is a certain difficulty in
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second-order reaction kinetic models for the AC-2.BS cryogel: (a)
SAE20WS0 oil and (b) petroleum.

identifying the biochar particles adhered to the cellulose fibers;
however, in Figure 2¢, it is possible to identify some.
Sorption Capacity of Cellulose/Biochar Cryogels in a
Homogeneous Medium. Figure 3a shows the petroleum
sorption capacity of cellulose/biochar cryogels after 15 min of
testing, according to ASTM 726-12. It is possible to compare
the sorption capacity between cryogels, where it is noted that
the concentration of cellulose fibers influences the sorption
capacity, that is, the AC-1 cryogels showed a lower capacity
than the AC-2 cryogels, which is why they contain twice the
fiber concentration, greater apparent density, and, as previously
discussed, lower porosity. The petroleum sorption capacity of
the AC-1 cryogel was about $0% (22.3 g g™*) less than that of
the AC-2 cryogel (41.3 g g™'). The pores of cryogels are
formed during the freezing of the gel, which, in this case, was
carried out in an ultrafreezer at a T of —80°C. During this
freezing step, ice crystals are formed in different sizes, and after

https://dx.doi.org/10.1021 /acslangmuir.1c00123
Langmuir 2021, 37, 31803188
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Table 2. Kinetic Parameters of the Pseudo-First-Order and
Pseudo-Second-Order Reaction Models of the AC-2.BS
Cryogel

initial petroleum concentration (g L")

8.75 17.5 350 70.0
Pseudo-First-Order
Qe 8.33 £ 0.19 21.63 + 041 3324 £ 0.35 SL13 £ 073
ky 7.00 £ 1.37 4.14 + 046 320 £ 018 1.75 £ 0.11
R 0.9740 0.9839 09955 0.9932
Rg® 09704 09816 0.9948 0.9922
Ve 0.23 096 0.67 2.66
Pseudo-Second-Order
9. 8.54 +£ 018 2240 £ 018 34.52 + 0.68 53.97 £ 1.30
ky 2.02 + 0.63 0.35 + 0.03 0.16 + 0.03 0.05 + 0.007
R 0.9832 09977 0.9871 0.9853
Ry 0.9808 0.9974 09852 0.9833
P'e 0.15 0.13 191 5.75
initial SAE20WS0 oil concentration (g L™)
57 114 285 57.0
Pseudo-First-Order

4 446 £ 007 1093 £0.16 3066 +2.54 4078 + 1.76
ki 2894022  267+£019 039 +£012 049+ 0.08
R 0.9912 09914 0.8891 0.9667
R,* 09899 0.9902 0.8733 0.9620

0.02 0.14 17.94 9.80

Pseudo-Second-Order

Ge 4.63 + 0.12 1143 £ 021 34.38 + 2.62 4573 £ 123
ky 1.10 £ 022 036 + 0.05 0.02 + 0.01 0.02 + 0.002
R 0.9786 0.9890 0.9434 0.9920
R, 09756 09874 09353 0.9909
7 0.06 0.18 9.16 234

lyophilization, these crystals formed the pores in the material’'s
structure. As it is not a controllable process in terms of freezing
speed and thus does not guarantee a homogeneous formation
of pore sizes, the three-dimensional structures of cryogels are
heterogeneous,”*** which might consequently affect the
cryogel’s adsorption capacity. In addition, cellulose fibers
tend to agglomerate during freezing, yielding filmlike masses
(Figure 2c), thus decreasing the number of pores in the
structure, being a plausible explanation for the differences in
behavior between cryogels. In AC-1 cryogels, there is a higher
concentration of fibers, which results in greater agglomeration
of fibers, compared to AC-2 cryogels.

The cryogel that showed the highest petroleum sorption
capacity was AC-2.BS (approximately 73 g g™'), 76% higher
than the AC-2 cryogel. The presence of functional groups such
as carboxyl, hydroxyl, and phenolic on the biochar surface
allows this material to adsorb organic and inorganic
contaminants from water and petroleum.”’

Due to the small difference found between the sorption
capacity of cryogels AC-2BS and AC-2.B10, a statistical
analysis was performed to verify if there is a difference between
the sorption capacity of cryogels. The results presented in item
Table S.1 of the Supporting Information show that between
cryogels AC-2BS and AC-2.B10, there is no significant
difference in the sorption capacity. This result shows that the
concentration of biochar used has no influence on the sorption
capacity of the cryogel, so the lowest concentration (5% w/w
of biochar) was chosen as a result of the lower amount of
biochar to be used in the production of the same for the
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2.BS cryogels: (a) SAE20WS0 oil and (b) petroleum, T = 23 °C.

adsorption kinetics and isotherm studies. The decrease in the
sorption capacity of the AC-2.BS cryogel might be attributed
to a large amount of biochar added, which considerably
increases the content of solids present in the cryogel, thus
leading to an increase in the number of cellulose fibers and
biochar agglomeration and then decreasing the active sites for
oil sorption. The sorption capacity is dependent on the pores
of cryogels, where the sorption sites are located.

In a study performed by Niu et al,* in which they obtained
reduced graphene oxide foams, the sorption capacity of motor
oil for this material was about 37 times its mass. Xiang et al.””
obtained a sorption capacity of different organic liquids in the
range of 10—21 times the mass of the carboxymethyl
cellulose—graphene oxide aerogel. These values were lower
than those of the AC-2.BS cryogel (73 times its own mass)
produced with cellulose and biochar, which allows us to
consider that biochar is more effective than graphene oxide for
adsorbent application.

The sorption capacity test as a function of time was
performed to determine the maximum sorption capacity of the
AC-2.BS cryogel in a homogeneous medium (water,
SAE20WSO oil, and petroleum). As seen in Figure 3b, the
AC-2.BS5 cryogel reached equilibrium within 3 min of testing in
a homogeneous medium. After reaching equilibrium, the
cryogel does not sorb a significant amount of sorbate and there
is no need to keep it in contact with the medium. As the test
was carried out in a homogeneous environment, it is possible
to conclude that at 3 min, the cryogel has reached its maximum
sorption capacity, being approximately 1.5, 54, and 73 g ™' of
water, SAE20WS0 oil, and petroleum, respectively (for the AC-
2.BS cryogel).

https://dx.doi.org/10.1021 /acslangmuir.1c00123
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Table 3. Values of the Parameters of the Petroleum and
SAE20W50 Oil Adsorption Isotherm Models

AC-2B5
petroleum SAE20WS0 oil
Langmuir
R 0.874 0942
Ry’ 0.833 0913
r 103.06 19.11
Qs 71.37 + 1021 179.16 + 436.28
K, 0.274 + 0.138 0.021 + 0.062
Ry 0.286—0.037 0.889—0.469
Freundlich
R 0.922 0954
Ry’ 0.801 0932
Va 122.57 1496
Ke 19.48 + 6.06 5.02 +233
n 2.98 + 0.86 126 + 032
Redlich—Peterson
R? 0.875 0961
Ry 0.750 0.885
Ve 154.14 2425
Ky 20.82 + 21.07 276 + 3.76
Ag 0.33 + 0.89 —0.54 + 0.48
g 0.96 + 046 ~0.72 + 4.94
Temkin
R? 0.869 0918
Ry 0.826 0.877
r 107.62 26.86
by 16747 + 3791 198.87 + 41.08
Ar 3.18 + 225 136 + 0.54
Sips
R? 0.876 0981
Ry 0.751 0.942
7 15346 12.76
as 0.268 + 0.197 —0.57 + 4.70
K 20.46 + 1207 267 +27.88
B 0.86 + 1.10 0.18 + 233

The time taken for the system to reach equilibrium and the
sorption capacity of the aerogel/cryogel vary with the type of
raw material used and the process of surface modification. In
comparison to studies in the literature, the cryogels produced
in the present study show superior results. For recycled
cellulose aerogel (2% w/w), the equilibrium of the sorption
system for crude petroleum was reached after 20 min of
testing, and the maximum sorption capacity was approximately
20 g g“.40 In studies conducted by Karatum et al,*" with
commercial silica aerogels, the equilibrium of the petroleum
sorption system was also achieved in short times (<6 min), but
this type of aerogel has a lower sorption capacity (10 g g")
than those of the cryogels of cellulose/biochar of the present
study.

Besides, in Figure 3b, it is noted that the desorption capacity
of the AC-2.BS cryogel also achieves equilibrium after 3 min of
testing, with the petroleum loss being about 3 g g™', showing
the petroleum-holding capacity of the AC-2.BS cryogel. This is
an important feature when used in petroleum spills (for
example) so that there are no losses during the maintenance
and transport of the previously used cryogel.

In the case of petroleum/oil motor sorption by cryogels, the
petroleum/oil motor molecules are adhered to the surface of
cryogels and also to the active sites present in them, causing
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the two sorption phenomena (adsorption and absorption).
The study of the adsorption kinetics and isotherms carried out
in the present work was based on the studies carried out in refs
28, 42, where the researchers report and study only the
adsorption kinetics and isotherms.

Adsorption Kinetics in a Heterogeneous Medium.
The results for the adsorption kinetics dependent on the initial
concentrations of petroleum and SAE20W50 oil for the AC-
2.BS cryogel are shown in Figure 4.

The results revealed that the adsorption occurs by
intraparticle diffusion, presenting two stages in the adsorption
process. In the initial stages of the contact period, adsorption
occurs on the adsorbate’s external surface and at a rapid
adsorption rate (greater slope of the curve); thus, the rate of
petroleum/SAE20WS0 oil removal is higher. Subsequently,
close to equilibrium, the adsorption rate becomes slower,
decreasing the petroleum removal rate. This phenomenon
might be due to the presence of a large number of sites on the
cryogel’s surface available for adsorption during the initial stage
and, after a certain time, the remaining sites become difficult to
be occupied due to the repulsive forces between the molecules
of petroleum.”*** It appears that the adsorption capacity of the
cryogel is influenced by the initial concentration of the solute,
where the higher the initial concentration, the greater the
adsorption capacity of the cryogel.

To determine the time in which the system reaches
equilibrium in heterogeneous adsorption tests, the two-way
analysis of variance was performed and also the multiple
comparisons of means as shown in the Supporting Information
(Table S.2). Whenever the value of the multiple comparisons
of means is lower than the value of DL, there is no significant
difference between the results. Therefore, the equilibrium of
the system, in each heterogeneous adsorption test, was
obtained at different times as follows:

e AC-2.BS (SAE20WS0 oil adsorption capacity—Figure
4a): as seen in Table S.3 of the Supporting Information;
at lower concentrations (5.7 and 11.4 g L™"), the system
equilibrium was reached at 3 min of the assay because
the difference between the means was less than DL. At
higher concentrations (28.5 and 57 g L™"), equilibrium
was reached at 10 min of the assay because the
difference between the means was less than DL.

e AC-2.BS (petroleum adsorption capacity—Figure 4b):
as seen in Table S.4 of the Supporting Information, the
system equilibrium was reached at 3 min of the assay.
Since the difference between the means is smaller than
DL, there is no significant difference. That is, from the 3
min test, there is no significant amount of adsorbed fluid
to keep the cryogel in contact with the medium.

Once the system is in equilibrium, there is no longer an
adsorbed amount of SAE20WS0 oil or significant petroleum,
so there is no longer a need to keep the cryogel in contact with
the fluid.

Differently, Figure 4 shows the adjustments to the reactive
pseudo-first-order and pseudo-second-order kinetic models
from the analysis of nonlinear regression. The values of the
parameters related to these models are shown in Table 2.

The values of R* and R‘diz were calculated to determine the
best regression fit and to obtain a better prediction of the
kinetic behavior of the adsorption of petroleum by the cryogel.
For the AC-2.B5 cryogel, at low initial petroleum concen-
trations (<25% w/w), the pseudo-second-order model showed

https://dx.doi.org/10.1021 /acslangmuir.1c00123
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higher R* and R‘,di2 values; this means that the adsorption
process includes external liquid film diffusion, particle internal
diffusion, and surface adsorption."* As for initial concentrations
of adsorbate above 25% w/w, the pseudo-first-order kinetic
model showed higher R* and R‘df values, showing that the
adsorption process is controlled by intraparticle and extrap-
article diffusion.”"*> For SAE20WS50 oil, the behavior was
contrary to that of petroleum, which can be attributed to the
smaller size of the molecules of SAE20W50 oil compared to
petroleum and its lower density.

In our previous study,lx with cellulose cryogels, the pseudo-
second-order kinetic model presented the best linear
regression adjustment for all initial concentrations. The
comparison between the two studies showed that at low initial
concentrations of the adsorbate, there may be differences in
the results. However, for initial concentrations of the adsorbate
close to the adsorption capacity of the adsorbent at
equilibrium, the results found were the same, where the
pseudo-second-order kinetic model governs the adsorption
process of cellulose/biochar cryogels.

According to Plazinski et al,* the constants k, and k, are
dependent on the initial concentration of the adsorbate; the
higher the initial concentration, the lower the constant and the
longer the time required for the system to reach equilibrium.
This phenomenon might be attributed to the presence of a
greater number of active molecules for adsorption at high
initial concentrations of the adsorbate.’”

Finally, evaluating the results of Table 2, it is noted that the
values of the quantity (qe) of petroleum/SAE20WS0 oil
adsorbed by the AC-2.BS cryogel are in agreement with the
experimental data.

Equilibrium of the Adsorption Process (Adsorption
Isotherms). Based on cryogenic adsorption kinetics studies,
presented above, and, which show that the systems reached
equilibrium at different test times, and to standardize the
results, it was determined that for all studied systems the
equilibrium of the same was reached at 10 min of the test, to
standardize the results in the study of adsorption isotherms.
Figure 5 shows the nonlinear regression for the Langmuir,
Freundlich, Redlich—Peterson, Temkin, and Sips isotherms for
the AC-2.BS cryogel. According to Weber and Chakravorti, the
AC-2.BS cryogel shows an “extremely favorable” behavior,*
due to the behavior of the isotherms presented in Figure 5.

The values of the parameters studied for the different
models of isotherms are presented in Table 3. As noted, the
values of R* and Radiz that are closest to the unit are Freundlich
for petroleum and Sips for SAE20WS50 oil, showing that these
are the models that present the best regression fit.

The Freundlich model assumes that the surface of the
adsorbent is heterogeneous in terms of shape and energy,
which indicates that the interaction between adsorbed
molecules is not limited to the formation of just a single
layer. Also, this model assumes that the process is unlimited; in
other words, it does not provide for adsorbent saturation.'

The Sips model is related to the Langmuir and Freundlich
models, but this model presents a third parameter (f/s—Sips
exponential constant). According to Foo and Hamed, when a
small amount of adsorbate is retained in the solid, the model
behaves like the Freundlich model (/g — 0) and when the
quantity is high, the model behaves like the Langmuir model
(Bs — 1). In the case of the AC-2BS cryogel, for the
SAE20WS0 oil, the parameter ff5 approaches 0 (0.18), showing
that this model is reduced to the Freundlich equation. Hence,

it is possible to state that for both studied fluids (petroleum
and SAE20WS0 oil), the Freundlich model best fits the
experimental data, indicating that the process occurs through
the formation of multiple layers and the cryogel adsorption
sites are energetically heterogeneous.

W CONCLUSIONS

The use of biochar as a substitute for carbon structures, such as
graphene and nanotubes, proved to be efficient in the
adsorption of organic liquids, which shows its potential to be
applied in adsorbents. The petroleum adsorption capacity was
influenced by the concentration of cellulose, and the addition
of biochar to the cellulose cryogel caused a 70% increase in
adsorption capacity. In the study of adsorption kinetics, the
equilibrium of the system was reached at 3 min of testing. For
petroleum, the kinetic model that best fitted the system was
the pseudo-first-order model (R? 0.9932), while for
SAE20WS0 oil, it was the pseudo-second-order model (R*
0.9920). Conceming the process equilibrium, the Freundlich
model best fit the petroleum system. As for the SAE20WS50 oil
system, the best-fit model was Sips, with exponential constant
fs — 0, thus reducing the equation to the Freundlich model.
Herewith, it might be concluded that the petroleum/
SAE20W50 oil adsorption process occurs in multiple layers
and the adsorption sites are energetically heterogeneous.
Finally, the addition of biochar to the cellulose cryogel confers
benefits to the final products as it increases the adsorption
capacity of the studied fluids and also increases the adsorption
speed of the solute, petroleum, and possibly of its derivatives.
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SUPPLEMENTARY INFORMATION

STATISTICAL ANALYSIS
S.1 Cellulose/biochar cryogels adsorption capacity
The values obtained in the petroleum adsorption capacity test of the

cellulose/biochar aerogels for are presented in Table S.1.

Table S.1 — Adsorption capacity of the cellulose/biochar aerogels.
Concentrac¢iao de biochar (%)

0 5 10 20

e 24.16 29291 20.89 26.07
R N
= 1.43 22.43 22.81 25.71 23.22
‘E E 20.36 28.34 24.46 23.99
2 % 40.83 70.97 70.32 55.34
8 > 0.715 39.77 72:55 67.86 50.90

= 43.31 75.47 68.63 61.46

With the data collected during the test and presented in Table S.1, the ANOVA

table was generated in the Statistics software, presented in Table S.2.

Table S.2 - Table ANOVA.
Effect SO gl MO F P value
% cellulose 778525 1 778525  5525.40 0.0000
%biochar 1031.86 3 34395 1027.031  0.0000
interaction 823.02 3 27434 45375 0.0000
Error 12129 16 7.58 36.191 0.0000

Since the "P-value" is less than 0.05, there is a significant difference between the
groups. For this, the Tukey HSD test was performed for determined between the groups

there is a significant difference. The result found is shown in the Table S.3.

Table S.3 Tukey HSD test.
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Cryogel AC-2 AC-2B5 AC-2BI10 AC-2.B20 AC-1 AC-1.B5 AC-1.B10 AC-1.B20
AC-2 0.000175 0.000175 0.000311 0.000177 0.000193 0.000182 0.000190
AC-2B5 0.000175 0.624930 0.000187  0.000175 0.000175 0.000175 0.000175
AC- 0.000175 0.624930 0.000689  0.000175 0.000175 0.000175 0.000175
2.B10

AC- 0.000311 0.000187 0.000689 0.000175 0.000175 0.000175 0.000175
2.B20

AC-1 0.000177 0.000175 0.000175 0.000175 0.963344 0.998225 0.977092
AC-1.B5 0.000193 0.000175 0.000175 0.000175 0.963344 0.999853  1.000000
AC- 0.000182 0.000175 0.000175 0.000175 0.998225 0.999853 0.999970
1.B10

AC- 0.000190 0.000175 0.000175 0.000175 0.977092 1.000000 0.999970

1.B20

The results presented in Table S.3, show significant difference between the groups

that presents values < 0.05. Thereby, there is a significant difference between the

concentrations of cellulose, therefore, in their choice, the 0.715% of cellulose presents

the greatest capacity. Analyzing the results the biochar concentration with the highest

capacity is 5%, due to the non-significant difference between 5 and 10%, preferred to 5%.

S.2 Petroleum adsorption capacity AC-2.BS cryogel

The values obtained in the adsorption capacity test of the cellulose/biochar

aerogels for are presented in Table S.4.

Table S.4 — Petroleum adsorption capacity of the cellulose/biochar aerogels.

Petroleum concentration (g L)

8.75 17.5 35.0 70.0

0 0.085 0.000 0.000  0.000

0.130 0.000 0.000  0.000
0.25 7.022 10.161 17.594 12.622
) 6.504 19.154 17.536  24.582
05 8.067 14.343 30.185 22.100
= ) 7.177 20.861 24.867  39.625
‘g 1 8.494 17.228 33332 29.469
b= 6.826 22.408 27.399  50.840
E“ 3 8.327 18.461 34517 43.589
& 6.073 21.841 30.129  54.802
5 8.156 18.444 33.664 48.569
6.248 22.039 30.862  56.281
10 8.624 19.104 33454 46415
6.577 23.230 31.523  57.670
15 9.566 20.242 34539  45.930
8.328 25.081 33.194  56.406

74



8.895 19.225 33.443 42735
8.042 24.865 33211 54251

With the data collected during the test and presented in Table S.4, the ANOVA

table was generated in the Statistics software, presented in Table S.5.

Table S.5 - Table ANOVA.

Effect SO gl MO F P value
Time (min) 5913.60 8 739.20 29.193 0.00000
Petroleum
concentration (g 953490 3 3178.30 125.520 0.00000
LY
Interaction 2368.63 24 98.69 3.898 0.00012
Error 911.56 36 2532

Since the "P-value" is less than 0.05, there is a significant difference between the
groups. For this, the Tukey HSD test was performed for determined between the groups

there is a significant difference. The result found is shown in the Table S.6.

Table S.6 Tukey HSD test.

t=3 min
Petroleum conc (g L 8.75 17.5 35.0 70.0
1
)
5 1,000 1,000 1,000 1,000
é i) 10 1,000 1,000 1,000 1,000
= 8 15 1,000 1,000 1,000 1,000
20 1,000 1,000 1,000 1,000

The results presented in Table S.3, show not significant difference between the

groups that presents values in black writing.
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7 INTEGRACAO DOS ARTIGOS

Os materiais alotropicos de carbono, principalmente o grafeno e os nanotubos de
carbono, sdo amplamente utilizados nos aerogeis/criogéis encontrados na literatura. Porém
por apresentarem elevados custos e alta tecnologia para serem produzidos, estudou-se a
possibilidade de substituicdo desses materiais pelo biochar (Artigo 1), produto este derivado
de fontes vegetais e renovaveis, com baixo custo associado a sua obtencdo. A base dos
criogéis produzidos no presente trabalho foi a celulose Pinus elliotti e para a comparacdo com
0 biochar, foram utilizadas nanoplaquetas de grafeno. Os criogéis de celulose foram
produzidos com concentracOes de biochar e NPG muito superiores (>50% m/m) as utilizadas
na literatura (<20% m/m) para que assim pudesse verificar se essas particulas realmente
apresentam influéncia nas propriedades fisicas, quimicas e mecanicas dos criogéis de
celulose.

Os criogéis de celulose/NPG e criogéis de celulose/biochar apresentam elevada
porosidade (>90%) devido suas baixas densidades, sendo comparaveis aos aerogéis de silica e
celulose amplamente estudados na literatura. A morfologia dos criogéis é heterogénea o que
faz com que haja um desvio padrdo consideravel nos resultados de todos os ensaios
realizados. Nas propriedades mecanicas, os criogéis de celulose/biochar apresentam
resisténcia a compressdao semelhante aos criogéis de celulose/NPG, além disso 0 aumento da
resisténcia a compressao se da pelo aumento da concentracdo de biochar/NPG nos criogéis
(comportamento observado também no Artigo I1). Ao serem estudados para duas aplicacGes,
isolantes térmicos e adsorventes, 0s criogéis de celulose/biochar e celulose/NPG mostram
resultados semelhantes entre si, 0 que se pode concluir que o tipo de particula (biochar o
NPG) ndo tem influéncia sobre essas aplicacdes. Devido a isso, mostrou-se que o biochar tem
potencial para substituir as nanoplaquetas de grafeno, tornando-se uma matéria prima mais
acessivel devido ao baixo custo e simplicidade do processo de producao.

Considerando os resultados encontrados no Artigo I, nos Artigo 11 e 11 buscou-se
encontrar a concentragdo ideal de biochar para os criogéis de celulose serem aplicados como
isolantes térmicos e adsorventes, respectivamente.

No Artigo 11, a concentracdo de biochar variou de 0-100% m/m (em relacdo a massa
de celulose — 1,43%m/m). A adicdo do biochar aos criogéis de celulose ndo apresentou
mudanga significativa na densidade aparente e porosidade dos mesmos, mantendo a

porosidade acima de 90% e densidade abaixo de 0,035 g cm?, resultados também encontrados
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no Artigo Ill. Estes materiais sdo considerados materiais muito interessantes para fins de
isolamento térmico pois apresentam alto desempenho como resultado de sua condutividade
térmica extremamente baixa (valores inferiores a 0,04 W m? K1), muito préxima a
condutividade térmica do ar e de materiais comercialmente utilizados como as espumas de
poliuretana e mantas de polipropileno.

Com o aumento da concentragdo de biochar, ha uma diminuicdo da estabilidade
térmica dos criogeis, isso ocorre devido ao aumento da area superficial especifica obtida apos
0 processo mecanico, o que facilita o processo de degradacdo quando comparado ao material
de origem, a celulose. Porém ha um aumento da resisténcia mecénica de aproximadamente
60% com a adicdo de 40%m/m de biochar. Os criogéis de celulose/biochar sofreram uma
deformacdo plastica de forma irreversivel e apds esta regido, devido a estrutura densamente
comprimida, 0s criogéis tornam-se resistentes. Nos resultados obtidos de condutividade
térmica (valores inferiores a 0,027 W m™ K1), os criogéis de celulose/biochar no apresentam
diferengas significativas entre si, isso porque a mudanc¢a na condutividade térmica se da pelas
mudancas na fase sélida do material. Nos criogéis produzidos no presente trabalho, ndo houve
mudancas na estrutura dos mesmo pela a adi¢éo do biochar.

Tendo como base a concentracdo de 40%m/m de biochar encontrada como melhor
resultado no Artigo 11, no Artigo 111, avaliou-se a influéncia da concentracdo de celulose e
biochar na capacidade de adsorcdo de Oleos, utilizando a concentracdo de 0-20%m/m de
biochar em relacdo a concentracdo de celulose (1,43-0,715%m/m). Diferentemente dos
Artigos | e 11, no Artigo 3, houve mudancas na porosidade e densidade aparente, mas devido
a concentracdo de celulose utilizada, onde os criogéis com menor concentracdo apresentaram
maior porosidade (>95%) e menor densidade (<0,020 g cm™®). Essa diferenca na concentragio
de celulose também influenciou a capacidade de adsorcdo de éleos dos criogéis. Os criogéis
com menor concentracdo de celulose apresentaram maior capacidade de adsorcdo, cerca de
50% a mais. Em relacdo a concentracdo de biochar, ha um aumento de 76% da capacidade de
adsorcéo do criogel de celulose/biochar com a adi¢do de 5%m/m de biochar em relagdo ao
criogel de celulose. A adsorcéo dos 6leos ocorre em curto periodo de tempo, o sistema atinge
0 equilibrio em menos de 5 minutos, e assim o criogel atinge sua capacidade maxima de
adsorcéo de dleo.

A realizagdo dos estudos de cinética de adsorcdo revelaram que a adsorcdo de 6leo
ocorre por difusao intra particula, apresentando duas etapas no processo de adsorcao:

inicialmente ocorre a adsor¢do na superficie externa do criogel, tendo uma taxa maior de
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remgao de Oleo; e proximo ao equilibrio a taxa de adsorcdo é mais lenta e constante.
revelaram que a adsorcdo de petroleo ocorre por difusao intra particula, apresentando duas
etapas no processo de adsorcdo. No estudo das isotermas de adsorcdo, foi possivel afirmar que
o0 modelo de Freundlich é o que melhor se ajusta aos dados experimentais, indicando que o
processo ocorre atraves da formagdo de multicamadas e que os sitios de adsor¢do do criogel

séo energicamente heterogéneos.
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8 CONCLUSAO

Os resultados obtidos mostraram que a substituicdo das nanoplaquetas de grafeno
pelo biochar mostrou-se eficaz, pois 0s criogéis apresentaram propriedades fisicas e
mecanicas semelhantes independentemente da estrutura utilizada, biochar ou nanoplaquetas
de grafeno. Portanto é possivel utilizar uma matéria-prima produzida a partir de residuo
agricola e de baixo custo, como o biochar, na substituicdo de estruturas de carbono
comercialmente utilizadas.

Com a adicdo de biochar aos criogéis de celulose, os mesmos apresentaram
estruturas heterogéneas com porosidade superior a 90% e densidade aparente interior 0,035 g
cm3. Houve uma diminuicio da estabilidade térmica dos mesmos e um aumento na
resisténcia a compressao de 60% em relacdo ao aerogel de celulose. Por outro lado, o biochar
ndo apresentou influéncia na condutividade térmica dos aerogéis (cerca de 0,025 W m* K?),
que mostrou-se proxima a das espumas de poliuretano (0,02 — 0,03 W m1K™).

Como adsorvente, os criogéis de celulose/biochar apresentaram capacidade de
adsorcéo de 6leo 70% maior que o criogel de celulose, com a adicdo de apenas 5%m/m de
biochar. A partir dos estudos de cinética e isotermas de adsorcdo, pode-se concluir que o
processo de adsor¢do de 6leos ocorre em multicamadas e que os sitios de adsor¢cdo séo
energeticamente heterogéneos.

Assim, os resultados encontrados mostram que os criogéis de celulose/biochar sédo

promissores materiais para serem aplicados como isolantes térmicos e adsorventes.
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