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RESUMO

OLIVEIRA, Cassiano Rodrigues de, D.Sc., Universidade Federal de Vigosa, Dezembro
de 2012. Termodinamica de adsorcdo de compostos fendlicos e azocorantes em
nanotubos de carbono. Orientador: Luis Henrique Mendes da Silva. Coorientadores:
Jairo Tronto e Maria do Carmo Hespanhol da Silva.

A termodinamica de adsor¢do de compostos fenolicos e azocorantes em nanotubos de
carbono de paredes maultiplas (MWCNT) foi avaliada por microcalorimetria de
titulacdo isotérmica. As isotermas dos fendis apresentaram tendéncias ndo-lineares e os
modelos de isotermas de Langmuir e Freundlich ajustaram-se aos dados experimentais.
A capacidade de adsor¢do maxima mostra que a ordem de adsor¢do é: fenol < 4-
clorofenol < 2-metilfenol. Os valores de variacdo de energia livre de Gibbs padrao de
adsor¢do (A.gsG®), variagdo de entalpia padrdo de adsorgdo (A.4H®) e de variagdo de
entropia padrdo de adsorcdo (A.4sS°) na adsor¢do dos fendis em MWCNT mostraram
que o processo ¢ termodinamicamente espontdneo com ordem de espontaneidade de:
fenol < 2-metilfenol < 4-clorofenol. Os resultados de microcalorimetria mostraram que
os trés processos sdo entalpicamente dirigidos e, os valores de A.,sH s@o da ordem
daqueles atribuidos a interac¢des de ligacao de hidrogénio. O efeito de indugdo, causado
pela presenca de grupos funcionais (CHs, H e Cl) em 2-metilfenol, fenol e 4-clorofenol,
respectivamente, proporciona diferentes interagdes dos grupos funcionais oxigenados
na superficie dos MWCNT através das hidroxilas (OH) fendlicas e efeitos de
ressonancia, resultando em valores distintos de A,¢sH. A adsor¢do dos azocorantes acid
yellow 42 (AY), acid black 210 (AB) e acid green 68:1 (AG) em MWCNT apresentou
isotermas ndo-lineares as quais o modelo de isoterma de Langmuir se ajusta e a ordem
de adsorcao ¢ AG < AB < AY. A adsor¢ao de todos os azocorantes em MWCNT foi
termodinamicamente espontanea e as propriedades termodindmicas estimadas a partir
da aproximagdo de van’t Hoff mostraram que o processo ¢ endotérmico e
entropicamente dirigido. A adsor¢do dos azocorantes em MWOCNT mostrou-se
diretamente proporcional a forca i6nica do meio enquanto a adsor¢do AY em MWCNT
sofreu redugdo com a oxidagdo da superficie dos nanotubos de carbono. Estas
observagdes sugerem que a natureza da superficie dos MWCNT seja heterogénea. As
propriedades termodinamicas obtidas pela microcalorimetria mostraram que,
contradizendo os dados obtidos pela aproximagdo de van’t Hoff, a natureza da adsor¢ao
em MWCNT ¢ exotérmica para os trés azocorantes. Além disso, a adsorcdo de AB e
AG ¢ entalpicamente dirigida, enquanto que para a adsor¢do de AY, tanto A,4H°

xi



quanto A,4sS° contribuem para a espontaneidade do processo. Interacdes eletrostaticas e
de forgas de dispersdo -t podem ocorrer simultaneamente, explicando o mecanismo
geral da adsor¢do, e a intensidade dessas interagdes depende da estrutura quimica do
azocorante. Este trabalho mostra, pela primeira vez, que a técnica de microcalorimetria
descreve a heterogeneidade da superficie dos MWCNT, evidenciando que os diferentes
sitios de adsor¢ao da superficie dos MWCNT interagem com os adsorvatos de maneiras

distintas, dependendo da estrutura quimica do composto adsorvido.
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ABSTRACT

OLIVEIRA, Cassiano Rodrigues de, D.Sc., Universidade Federal de Vigosa,
December, 2012. Thermodynamics of adsorption of phenolic compounds and azo
dyes onto carbon nanotubes. Adviser: Luis Henrique Mendes da Silva. Co-advisers:
Jairo Tronto and Maria do Carmo Hespanhol da Silva

The thermodynamics of adsorption of phenolic compounds and azo dyes onto multi-
walled carbon nanotubes (MWCNT) was evaluated by isothermal titration calorimetry
(ITC). The adsorption isotherms of phenolic compounds presented non-linearity and
good fitness of the Langmuir and Freundlich models to experimental data. The
maximum adsorption capacity of phenols followed the order: phenol < 4-chlorophenol
< 2-methylphenol. The changes of standard Gibbs free energy of adsorption (A.4sG°),
standard enthalpy of adsorption (A.4sH®) and standard entropy of adsorption (A,gsS°)
were determined and the adsorption of all phenolic compounds was spontaneous, with
the following order of the decrease of A,4G’: phenol < 2-methylphenol < 4-
chlorophenol. Microcalorimetric measurements revealed that phenolic compounds
adsorption is enthalpically driven and values of A,H are on the magnitude of
hydrogen bonds. Hydrogen bonds are supposed to be the driving force for the
adsorption process of phenolic compounds onto MWCNT. The inductor effect, caused
by the functional groups (CHj, H and Cl) presented in 2-methylphenol, phenol and 4-
chlorophenol, respectively, builds different interactions between oxygenated functional
groups on the MWCNT surface and phenolic hydroxyls (OH) and the resonance effects
can be the reasons for distinct values of A,qsH. The adsorption of acid yellow 42 (AY),
acid black 210 (AB) and acid green 68:1 (AG) onto MWCNT presented isotherms with
non-linear shapes, with good fitness of Langmuir model and following the order of
adsorption: AG < AB < AY. The adsorption of all azo dyes onto MWNCT was
spontaneous, endothermic and entropically driven, according to values of A,4H® and
AagsS° estimated from van’t Hoff approximation. The amount of azo dyes adsorbed
increased proportionally with ionic strength and adsorption of AY onto MWCNT
decreased when the surface of the carbon nanotubes is oxidized. These observations
suggest a heterogeneous surface on MWCNT. The thermodynamic properties obtained
by isothermal titration calorimetry differ from those estimated by van’t Hoff
approximation, and show that the adsorption of azo dyes onto MWCNT is an
exothermic process. The adsorption of AB, AG and AY is enthalpically driven with
Aa4sS° influence on the spontaneity of AY adsorption process. Electrostatic interactions
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and n-m dispersion forces may occur simultaneously in order to explain the general
mechanism of azo dyes adsorption and the intensity of these interactions are dependent
of the chemical structure of the azo dye. This work shows, for the first time, that the
microcalorimetry describes the surface heterogeneity of MWCNT and, proves that the
different sites of adsorption on the MWCNT surface interact distinctly with the
molecules of the adsorbates, with intensities of interaction dependent of the chemical

structure of the adsorbed compound.
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1. INTRODUCAO

1.1. Nanotubos de Carbono

Nanoestruturas a base de carbono representam uma das classes de nanoparticulas
mais investigadas atualmente. Dentre elas destacam-se os nanotubos de carbono (CNT),
pelas suas caracteristicas fisico-quimicas singulares que despertam interesse desde sua
divulgagdo por lijima em 1991 [1]. Existem dois tipos basicos de CNT: nanotubos de
carbono de parede simples (SWCNT) e nanotubos de carbono de paredes multiplas

(MWCNT) (Figura 1).

Figura 1 — Imagens de microscopia eletronica mostrando nanotubos de carbono:

SWCNT e MWCNT [2].

O SWCNT pode ser considerado como uma folha unica de grafeno enrolada ao
longo de um eixo caracteristico na forma de cilindro. A for¢a motriz para a formagao de
nanoestruturas fechadas de carbono tem sido atribuida a instabilidade do grafite em
dimensdes de poucos nandometros, provocada pela alta energia das ligagdes erraticas —
valéncia ndo preenchida - em datomos periféricos ou radicais livres imobilizados
(dangling bonds) [5].

Esse enrolamento pode ocorrer de diferentes formas, originando nanotubos com

9 (13

propriedades distintas: “zigzag”, “armchair” e “quiral” (Figura 2) [3]. As formas de



enrolamento devem ser feitas de maneira que as ligacdes errdticas presentes nas
extremidades da folha de grafeno possam ser coincidentes. Qualquer ligacdo com
deslocamento translacional ao longo das extremidades, antes da conexdo entre as
ligacdes erraticas, resulta em diferentes orientagdes na rede com respeito a um eixo
arbitrario do tubo. Desta forma, em uma estrutura generalizada do nanotubo, na
superficie curva do tubo as redes hexagonais dos atomos de carbono se enrolam em uma

forma helicoidal [5].

Figura 2 — Configuragdes helicoidais de um CNT: (a) “armchair”; (b) “zigzag”; (c)
“quiral” [41].

O MWCNT ¢ formado por varios cilindros de grafeno enrolados de forma
concéntrica com distancias interplanares de 0,34-0,36 nm e didmetro externo de 2-25
nm [3]. Tanto SWCNT quanto MWCNT sao produzidos basicamente por trés técnicas:
descarga por arco, ablacao por laser e deposi¢do quimica de vapor (CVD). A descarga
por arco e a ablacdo por laser fundamentam-se na condensagdo de atomos de carbono
gerados pela evaporagdo (sublimacdo) a partir de um precursor solido, geralmente,
grafite de alta pureza. A temperatura de evaporacdo envolvida aproxima-se da
temperatura de fusdo do grafite (3000-4000 °C). O método CVD tem por principio a
decomposicdo de gases (ou vapores) precursores contendo atomos de carbono,
geralmente, um hidrocarboneto, sobre um metal catalisador. A decomposi¢ao realiza-se,
em geral, em temperaturas abaixo de 1000 °C [4]. Todas as técnicas produzem misturas

de nanotubos de diferentes tipos, diametros e comprimentos, juntamente com



impurezas, principalmente carbono amorfo, grafite e particulas metalicas dos

catalisadores [5,6].

1.2. Propriedades Adsortivas e Modificacio de Superficie de Nanotubos de

Carbono

Dentre as varias aplicagdes dos CNT, destacamos a adsor¢ao de compostos
orginicos [7-26]. As razdes que favorecem a natureza adsorvente dos CNTs sdo:
superficie inerte para adsorcdo quimica, alta area superficial especifica, estrutura em
escala atdmica mais bem definida e uniforme - em comparagdo com carvao ativado
(AC). Outros fatores que influenciam sua capacidade adsortiva sdo: sitios de adsor¢ao
especificos, estrutura porosa e tubular, baixa densidade, e interagdes com espécies
poluentes [7].

A literatura possui varios estudos de comparagdo da capacidade de adsor¢ao de
CNT e outros materiais de carbono. Como exemplo, citamos o trabalho recente de
Carabineiro et al. [42] que mostraram que a capacidade maxima de adsor¢do do
antibidtico ciprofloxacina ¢ 2,25 maior nos CNT estudados, em compara¢do com carvao
ativado (AC). Liao et al. [10] também realizaram estudo comparativo entre CNT ¢ AC
para o adsorvente o-clorofenol e verificaram que a adsor¢cdo em CNT foi de 3,47 vezes
superior aquela apresentada pelo AC, em termos de mg adsorvato por m?. Ghaedi et al..
[43], compararam CNT e AC para a adsor¢do de eriocromo cianina R e, pelos valores
de capacidade de adsorcdo, os CNT foram 2,34 vezes mais eficientes que o AC.

Além da capacidade adsortiva, outro fator que justifica a aplicagdo dos CNT
como adsorventes ¢ o tempo de alcance do equilibrio termodindmico. Geralmente, o
equilibrio termodindmico do processo de adsorcdo utilizando-se carvao ativado (o
adsorvente mais comum) ¢ alcangado em longos periodos de tempo [10, 16]. Entretanto
0 mesmo comportamento nao ¢ observado para a adsor¢ado em CNT. De fato, Peng et al.
[16] observaram que o processo de adsorcao de 1,2-diclorobenzeno em CNT leva 40
min para atingir o equilibrio. Liao et al. [15], avaliando a adsor¢do de resorcinol em
MWCNT modificados com HNO; ou ndo, observaram que com apenas 1 min de
agitacdo, a quantidade de moléculas adsorvidas alcanca 60 % do total adsorvido quando
em equilibrio. Nos experimentos de adsorcdo, o tamanho médio dos poros e a area
superficial especifica do adsorvente sdo considerados fatores primordiais. Entretanto, a

quimica da interface pode influenciar no processo adsortivo, pois a presenca de grupos
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funcionais altera as propriedades fisico-quimicas dos materiais carbonaceos [27] e a
natureza de suas interagdes com os adsorvatos [13]. Para a cinética de adsorcado, a
estrutura diferenciada dos CNT em comparacdo com a estrutura porosa do AC pode
justificar o curto periodo de tempo de alcance do equilibrio termodinamico dos CNT, ja
que no AC as moléculas de adsorvatos devem se mover a partir da interface externa
para a interface mais interna nos poros para atingir o equilibrio [16].

A quimica da interface pode sofrer a influéncia de vérios fatores. O primeiro
deles sdo os grupos de sitios de adsor¢do da superficie. Existem quatro possiveis sitios
em feixes de SWCNT para a adsorcao de diferentes moléculas: (i) “sitios internos” — o
interior tubular dos nanotubos individuais (acessiveis somente se as pontas dos
nanotubos estiverem abertas e livres); (i) “canais intersticiais (ICs)” — presentes entre
os nanotubos dos feixes; (iii) “cavidades” — presentes na periferia de um feixe de
nanotubos e a superficie externa dos nanotubos mais expostos, onde dois tubos
adjacentes paralelos se encontram; e (iv) “superficie externa” — a superficie curva de
nanotubos individualizados fora dos feixes de nanotubos, mostrados na Figura 3 [7,28].
Para MWCNT, os espagos entre as paredes no interior dos MWCNT também podem
interagir com moléculas de adsorvatos. Estudos de adsor¢do em CNT contaminados
revelam outros dois sitios de adsor¢do: superficie externa recoberta com carbono
amorfo em camadas com espessuras nanométricas; € carbono recoberto com particulas

de catalisadores [28-30].

Figura 3 — Diferentes sitios de adsor¢do em um feixe homogéneo de SWCNT
parcialmente abertos nas extremidades: (i) interno, (i1) canal intersticial; (iii) sitio de

cavidade externa; e (iv) superficie externa [28].



O processo de adsorcdo sofre influéncia diferenciada de cada sitio. Na literatura,
os sitios (iii) e (iv) possuem capacidade de adsor¢do; o sitio (ii) tem a capacidade de
adsorcao discutida por pesquisadores; pois seu tamanho depende do didmetro dos CNT
vizinhos [28]. Para o presente estudo, apenas os sitios (iii) e (iv) serdo considerados. O
sitio (i) ndo ¢ considerado, pois, pelas suas dimensdes permanece inacessivel para os
adsorvatos estudados. Como os sitio (i), sugere-se que o sitio (ii) também possui
baixissima acessibilidade dos adsorvatos devido a suas dimensdes e logo, ndo ¢
considerado neste estudo.

Ap0s a sintese, os CNT podem apresentar as extremidades fechadas e a adsor¢ao
ocorre inicialmente nas cavidades entre tubos adjacentes dos feixes e, posteriormente,
nos canais intersticiais, exclusivos para moléculas pequenas, como o CHa.

O grau de pureza dos CNT determina os sitios que efetivamente participam do
mecanismo de adsor¢do. Para CNT sintetizados e purificados, ou seja, com as
extremidades abertas e livres, a adsor¢do ocorre primeiramente nas paredes internas dos
nanotubos abertos, formando, em seguida, cadeias unidimensionais nas cavidades
externas dos feixes. O processo se completa com o preenchimento dos sitios axiais no
interior dos nanotubos.

Em termos de velocidade para se alcangar o equilibrio, a adsor¢do ocorre mais
rapida nos sitios externos (cavidades e superficies mais externas) do que nos sitios
internos (ICs e no interior do tubo) nas mesmas condi¢des de experimento [7].

O segundo fator governante nos mecanismos de adsor¢do ¢ a relagdo entre CNT
abertos ou fechados. Os CNT abertos fornecem mais sitios de adsor¢do do que os
fechados, tendo os primeiros maiores capacidades de adsor¢do. A disponibilizacdo dos
sitios internos, principalmente no processo de adsor¢do de gases monoatomicos,
influencia diretamente no efeito citado acima. Este fator nao influencia na adsorc¢ao dos
adsorvatos estudados neste trabalho.

O terceiro fator ¢ a presenca de impurezas nos CNT, tais como carbono
recoberto com particulas de catalisador, fuligem, e outras formas de carbono, que
podem ser considerados adsorventes, “mascarando” as propriedades adsortivas dos
CNT. Considerando o grau de pureza dos MWCNT testados em nossos experimentos,
este fator foi desprezado.

Em quarto lugar, o teor de oxigénio nos CNT pode influenciar de forma positiva
ou negativa a adsor¢do através de grupos funcionais presentes na interface (OH, C=0, e

COOH) [7]. Alguns trabalhos mostram que CNT oxidados obtiveram aumento da area
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superficial especifica e da hidrofilicidade [10,17,31]. Entretanto, a introdugdo de grupos
funcionais como principal fator que influencia na capacidade de adsor¢do ainda ¢
discutida devido a presenga de outros fatores decorrentes da funcionalizagdo, tais como
o aumento da area superficial especifica. Por outro lado, a introdugdo de grupos
funcionais per se atua na adsor¢do por tornar os CNT mais hidrofilicos [16],
aumentando a resisténcia a difusdo de moléculas organicas para os sitios de adsorcao
[7].

Por ultimo, os atomos dopantes e os buracos formados na estrutura da cadeia de
carbonos do nanotubo alteram as caracteristicas da superficie, influenciando na

adsorg¢ao [7].

1.3. Natureza das Interacdes de Compostos Orginicos e Nanotubos de Carbono

Os CNT atuam como um material poroso flexivel em relacdo a moléculas
organicas. Em comparagdo com outros tipos de adsorventes tradicionalmente aplicados
como silica (colunas de cromatografia C;s), carvao ativado (AC) e peneiras moleculares
de carbono, os CNT se apresentam como potenciais adsorventes para poluentes
organicos.

Os fatores que afetam as interagdes de adsor¢do entre poluentes organicos e
CNT podem ser agrupados em: propriedades dos CNT (tamanho, forma, areas
superficiais, volume e didmetro médios dos poros, morfologia, grupos funcionais,
impurezas), propriedades dos poluentes organicos (hidrofobicidade, polarizabilidade
eletronica, polaridade, tamanho, grupos funcionais), e condi¢cdes ambientais (pH, forca
i0onica) [7].

De acordo com os fatores estudados, as interacdes podem ser hidrofdbicas,
forcas de dispersdo m-m, interacdes eletrostaticas e ligagdes de hidrogénio.

De forma generalizada, quando um composto orgénico ¢ adicionado em agua, as
interacoes podem ser de natureza hidrofébica ou hidrofilica. Para um soluto
hidrofébico, ao invés da dissolugcdo, como acontece em solutos hidrofilicos, ocorrera a
formag¢do de uma cela ou gaiola de moléculas de 4dgua ao redor da(s) molécula(s)
hidrofébica(s), isolando-a(s). Neste processo, ha a redugdo da entropia das moléculas de
agua devido a formacao de quatro ligagdes de hidrogénio coordenadas, de forma mais

ordenada do que no seio da fase [44]. Logo, a reducdo de entropia decorrente deste



efeito ¢ diferenciada de soluto para soluto, influenciando mais ou menos na capacidade
adsortiva dos CNT.

Para a adsor¢do de compostos aromaticos em CNT, as forgas de dispersdo n-n
sdo indicadas como as principais responsaveis pela adsorcao [8,10,20,32,33] As
interacoes do tipo m-w sdo de natureza atrativa e ndo-covalente entre anéis aromaticos e
dependem do tamanho e da forma do sistema aromatico e dos substituintes das
moléculas. No caso da adsor¢do de compostos aromdaticos em CNT, ha variacdo na
capacidade adsortiva de acordo com a estrutura molecular de cada adsorvato estudado.
A literatura evidenciou a existéncia de tais interacoes [34,35], € o primeiro e mais aceito
modelo prevé a influéncia de grupos substituintes do anel aromatico dos adsorvatos na
capacidade de adsorcdo [36]. De acordo com o modelo, tanto grupos substituintes
doadores de elétrons (ex.: NH, e OH) quanto grupos retiradores de elétrons (ex.: NO; e
Cl) podem promover a adsor¢ao de compostos aromaticos monossubstituidos em CNT
de maneira diferenciada em relagdo as moléculas aromaticas sem grupos substituintes.

A interacdo predominante depende dos diferentes tipos de compostos organicos,
sendo que, a predi¢do da adsor¢do destes compostos com os CNT ndo pode ser
diretamente correlacionada. Desta maneira, a natureza das interagdes existentes no
processo de adsor¢do entre certo(s) adsorvato(s) e os CNT ¢, a principio, singular, ndo
podendo ser prevista, mas sim determinada experimentalmente.

Alguns trabalhos tém explorado a natureza das interagdes de compostos
aromaticos ¢ CNT por meio de combinagdes de diferentes técnicas analiticas, tais como
espectroscopias de infravermelho, Raman e de difra¢dao de raios-X [17-19,22]. Outros
estudos explicam o processo adsortivo por meio de propriedades termodinidmicas
determinadas indiretamente, levando-se em consideragdo uma superficie homogénea
nos CNT [16-19,31,37]. Entretanto, ndo ha relatos na literatura da descri¢do da natureza
da superficie dos CNT por meio da técnica de microcalorimetria de titulagao isotérmica,

sendo este trabalho, pioneiro.

1.4. Descricio da Interface Heterogénea de Nanotubos de Carbono Via

Microcalorimetria

A adsorcao em fase liquida ¢ um fendmeno complexo que necessita, para melhor
entendimento, de métodos capazes de caracterizar a superficie em termos de area

superficial, porosidade, natureza e energia dos sitios de adsorcdo [38]. A
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microcalorimetria ¢ capaz de elucidar a natureza quimica da superficie dos CNTs e sua
contribui¢cdo ao processo adsortivo, pela ado¢do de moléculas-modelo como adsorvatos.
Essa compreensdo ¢ obtida pela correlagdo dos valores de variacdo de entalpia de
adsor¢do (A.gsH) em funcdo da quantidade adsorvida do adsorvato (I'). O perfil da curva
obtida determina: a natureza do processo (endotérmico ou exotérmico), a magnitude da
energia de adsor¢do — que define o tipo de interacdo e a natureza da superficie
(homogénea ou heterogénea).

A técnica termodinamica utilizada neste trabalho ¢ a calorimetria de titulagao
isotérmica, aplicada no monitoramento de qualquer reagao quimica iniciada pela adicdo
de um componente ligante, muito util na caracterizacdo de interagdes biomoleculares.
Quando substincias se ligam ou interagem, energia na forma de calor ¢ liberada ou
absorvida. A medida desta energia permite a determinacdo precisa de constantes de
ligacdo (K), estequiometria de reagdo (n), variagdo de entalpia (AH) e variagdo de
entropia (AS), por meio dos quais ¢ possivel obter um perfil termodindmico completo
das interacdes através de um tinico experimento.

Na ITC, uma seringa contendo uma solucdo de um componente “A” ¢ titulada
no interior de uma cela de reagdo contendo uma solucdo de um componente “B” a
temperatura constante. Quando o componente “A” € injetado na cela de reagdo, os dois
componentes interagem, ¢ a energia a forma de calor ¢ liberada ou absorvida na
proporcio direta da quantidade de ligagdes ou interacdes. A medida que o componente
“B” na cela de reagdo é saturado com o componente “A”, apds sucessivas injegoes, o
sinal de energia na forma de calor diminui at¢ que somente o sinal de fundo
(“background”) de diluicao ¢ observado.

Para as interagdes de adsorvatos em uma superficie homogénea (ex.: proteina em
AC), as interacdes entre os componentes sao da mesma natureza, logo, o valor de A,qsH
em cada injecao ¢ constante, sendo o perfil de curva linear. Por outro lado, um perfil
ndo-linear ¢ proprio de interagdes de naturezas distintas a medida que o componente
“B” ¢ saturado com o componente “A”. No caso da adsor¢ao de compostos fenolicos e
azocorantes em MWCNT, este perfil de curva ¢ observado e demonstra a
heterogeneidade da superficie dos MWCNT.

Alguns estudos tedricos mostraram como compostos adsorvidos se comportam
em CNT, mas poucos trabalhos experimentais focaram na adsor¢cdo de moléculas
organicas em MWCNT e nos efeitos da heterogeneidade da superficie nestas interagdes.
O estudo de Blanco-Martinez et. al. [38] mostra que a variacao de entalpia de adsor¢ao

de compostos fenolicos monohidroxilados depende da posicao da hidroxila substituinte
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no anel aromatico, focando na natureza dos adsorvatos. Em outro exemplo, um estudo
sobre a interagdo de alguns vapores organicos ndo-aromaticos em CNTs com
extremidades fechadas mostrou que a curvatura dos CNT pode afetar os valores de
energia de adsor¢do [39]. Em trabalho mais recente, os autores concluem que moléculas
organicas polares podem formar ligagdes de hidrogénio devido aos grupos funcionais da
superficie dos CNT [40].

Algumas classes de compostos organicos, tais como fendis e azocorantes
(moléculas-modelo foram definidos para este estudo), sdo impactantes na carga
poluidora de despejos industriais, sendo seu controle ¢ monitoramento relevantes. Nos
fenois, a mudanca dos grupos funcionais no anel aromatico, bem como suas posicoes,
podem alterar a intensidade ou natureza das interagdes dominantes na adsor¢cdo em
MWCNT. Por outro lado, as estruturas com multiplos anéis aromaticos dos azocorantes
permitem verificar se estruturas complexas possuem semelhancas no mecanismo de
adsor¢ao.

De posse de informagdes obtidas pela adsor¢do de tais moléculas-modelo em
CNT tém-se as seguintes agdes potenciais:

— Conhecer a fisico-quimica de adsor¢do para fendis e azocorantes em
MWCNT;

— Elucidar a natureza da superficie de MWCNT;

— Predizer o comportamento de classes de compostos em CNT;

— Aplicar nanoestruturas para detec¢ao de analitos;

— Desenvolver tecnologias de adsorcao e de tratamento [7,24,25].

2. OBJETIVOS

Os objetivos que motivam a realizagcdo deste trabalho sao:

e Estudar a natureza das interagdes intermoleculares de moléculas-modelo (fendis
e azocorantes) e MWCNT;

e Determinar as forcas motrizes de adsor¢do através dos pardmetros
termodinamicos AagsH®, AudsS®, AadsG®;

e Descrever a interface dos MWCNT via Calorimetria de Titulagao Isotérmica.



3. MATERIAIS E METODOS

3.1. Materiais

Os nanotubos de carbono (MWCNT) foram obtidos junto & empresa coreana
CNT CO., LTD. Na classe dos fenois, o fenol (CsHsOH), 2-metilfenol (C;HsOH) e 4-
clorofenol (C¢HsOHCI), adquiridos junto a Sigma-Aldrich, t€ém todos pureza superior a
99%. Os azocorantes, acid yellow 42 (Cs;;H24NgNayOgS,), acid black 210
(C34H25KoN11011S3) e acid Green 68:1 (Cs34H25N9O13S3) foram cedidos pela BASF do
Brasil LTDA.

3.2. Métodos

3.2.1. Caracterizacdo dos MWCNT

A caracterizacdo dos MWCNT foi realizada utilizando-se as técnicas de
microscopia eletronica de varredura (SEM) e de transmissdo (TEM),
adsor¢ao/dessorcao de Ny a 77K para determinacdo da éarea superficial (método BET) e
termogravimetria (TG). Estas técnicas possibilitaram a confirmag¢ao dos dados obtidos

junto ao fornecedor.

3.2.2. Funcionalizacio dos MWCNT

A funcionalizacdo dos MWCNT foi realizada de acordo com procedimentos ja
publicados na literatura [17,45].

Misturou-se 100 mL de HNO; concentrado ¢ 1 g de MWCNT, sob constante
agitacdo, a temperatura ambiente por 24 horas. Os nanotubos obtidos neste
procedimento foram chamados de MWCNT-acid.

Misturou-se 100 mL de H,O, a 18 % e 1 g de MWCNT, sob constante agitagao,
a temperatura de 80 °C por 4 horas. Os nanotubos obtidos neste procedimento foram
chamados de MWCNT-oxid.

Os adsorventes funcionalizados foram filtrados utilizando-se papel de filtro

quantitativo, lavados com agua destilada em abundancia, secos e pulverizados.
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3.2.3. Aquisicao das isotermas de adsorc¢io

As isotermas de adsorcdo foram obtidas a partir de experimentos de batelada e
em duplicata, por meio de frascos de vidro para centrifugagdo de 40 mL fechados com
tampas rosqueadas de “headspace”. Uma medida exata de massa de MWCNT foi
adicionada aos fracos juntamente com volume conhecido de solugdo de adsorvato em
concentragdes iniciais (Cy) pré-definidas de forma a garantir que uma isoterma de
adsor¢do pudesse ser obtida. Os frascos contendo MWCNT e solucdo sofreram agitacao
e, em seguida, foram colocados verticalmente em um banho termostatizado, em
temperatura pré-definida.

Apbés 24h - alcance do equilibrio termodindmico — os frascos foram
centrifugados e uma aliquota do sobrenadante foi recolhida para andlise em
espectrofotometria de absor¢ao molecular (UV-Vis), determinando-se, pela Lei de Beer,
a concentragdo de equilibrio adsorvato apds adsor¢ao (Ce). A partir desta determinagao,

obtém-se o valor da quantidade adsorvida através da equacdo (1) a seguir:

rz[—c" —C. JV (1)

m

em que I' é a quantidade adsorvida de cada adsorvato em MWCNT (mg g') apos
equilibrio termodindmico; Cy € a concentracao inicial (mg mL'l); C. é a concentracao de
equilibrio (mg mL™); ¥ ¢é o volume da solugdo (mL) e m é a massa de MWCNT (g).

As isotermas de adsor¢do foram obtidas através da relagdo grafica entre
quantidade adsorvida (I') e concentragdo de equilibrio (Ce).

Para o azocorantes, foram adquiridas isotermas testando-se a forca idnica do
meio em 0,1 e 0,01 mol NaCl L'e para o azocorante acid yellow 42 foram obtidas

isotermas com 0s MWCNT modificados do item 3.2.2.

3.2.4. Determinacio das propriedades termodinimicas

3.2.4.1. Determinacio de A,4;G°

A variagdo da energia livre de Gibbs padrao de adsor¢do ¢ definida por:
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A, G® =—RTInK°® ()

em que K° ¢ a constante de equilibrio do processo de adsor¢ao, R ¢ a constante
universal dos gases e T ¢ a temperatura em Kelvin. Define-se como a constante de
equilibrio num processo de adsor¢ao como a razao entre a atividade de um componente
“1” na interface e a atividade deste mesmo componente em solu¢cdo. Em concentragdes
do adsorvente em solucdo proximas de zero, o coeficiente de atividade aproxima-se da

unidade, logo, a constante de equilibrio ¢ expressa por:

int int int
o _la | ]G ¢, T
InK —ln(alsol}—ln(clsol} com Co = 3)

i i &

3.2.4.2. Determinaciio de A,qsS°

A variacao de entropia padrao de adsor¢do ¢ obtida a partir da equagao

fundamental de Gibbs-Helmholtz:

A GO = AadsHO _TAadsSO (4)

ads

Neste caso, a determinacao de A,gsH® permite-nos a obtencao de A,4sS° por

diferenca na equagao (4).

3.2.4.3. Determinacao de A,qH®

A variagdo de entalpia padrao de adsor¢do foi obtida via ITC para a adsor¢ao de
fen6is em MWCNT e, para a adsor¢ao dos azocorantes em MWCNT aplicou-se ITC e a
estimativa pela aproximacao de van’t Hoff.

A aproximagdo de van’t Hoff pode ser obtida a partir da combinagdo das

equagdes (4) e (2), como segue abaixo:

AadsHo + AadsSO
RT R

InK? =-

©)
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Pela equacao (5), o termo A,gsH® pode ser obtido a partir da inclinagdo da reta
proveniente da regressdo linear do grafico de In K° versus 1/T.

Em ITC, o termo A,gsH® € obtido a partir da extrapolacdao dos valores de Ce a
zero, utilizando uma regressdo exponencial em um grafico de correlaciona A,gsH em

func¢ao de Ce.

3.2.5. Ajuste de modelos de isotermas

Dois modelos foram ajustados aos dados experimentais: Langmuir ¢ Freundlich.
Estes modelos estdo entre os mais aplicados na literatura para ajustes de isotermas
[17,18].

A isoterma de Langmuir ¢ concebida para um processo de adsor¢do em
um sistema ideal, em que as moléculas de adsorvato se concentram na interface do
adsorvente em sitios bem definidos, formando uma monocamada homogénea. Neste
modelo, assume-se que cada sitio de adsor¢cdo adsorve apenas uma Unica molécula, e
que a energia envolvida na adsor¢do de uma molécula de adsorvato ¢ a mesma para
todos os sitios da interface e que este contetido energético independe da presenga ou ndo
de outras moléculas nos sitios adjacentes, ou seja, ndo ha interagdo entre moléculas
adjacentes de adsorvato. A expressdo (6) representa a equacdo matematica do modelo

de Langmuir:

1—* — 1_‘max[(L(je (6)
1+K,C,

sendo C, a concentracio no equilibrio do adsorvato em mg mL™”, I” a quantidade
adsorvida do adsorvato em mg g', K, uma constante de Langmuir relacionada a
afinidade dos sitios ligantes (energia de adsor¢do), ¢ I'me (expressa em mg g'), uma
constante de Langmuir relacionada com a maxima capacidade de adsor¢do em
monocamada, que descreve a monocamada saturada de moléculas de soluto na interface
(a capacidade de saturacdo tedrica da monocamada), o que significa que adsorgdo
posterior vai contribuir para um aumento da energia livre de Gibbs na interface, o que
ndo ¢ permitido.

O modelo da isoterma empirica de Freundlich preconiza a existéncia de uma

interface heterogénea com diferentes sitios e, portanto, diferente energias de adsorcao e
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na possibilidade de formacdo de multicamadas. A expressao (7) representa a equagao

matematica do modelo de Freundlich:
r=K,.C" (7)

Onde C, e I" foram descritos anteriormente, K (expressa em mg(l'l/ M ML g
e n sdo constantes de Freundlich que descrevem a capacidade de adsor¢cdo e a
distribuicdo de energia dos sitios de adsor¢do assim como a magnitude da forca
predominante de adsor¢do, respectivamente. Os modelos de Langmuir e Freundlich

podem ajustar os dados experimentais a partir da aplicagdao de suas formas linearizadas.

c. 1 1
=—0C, + (8)
r l—‘max Kerax
1
InI'=InK, +—InC, 9)
n

Os diagramas de ?e x C, e InlI" x InC, permitem calcular as constantes de

Langmuir e Freundlich, respectivamente.

4. RESULTADOS E DISCUSSAO

Neste item, apresenta-se um resumo dos principais resultados e discussoes

abordados nos artigos da Tese.

4.1. Caracterizacao dos MWCNT

A caracterizagdo realizada nos MWOCNT concorda com os resultados
apresentados para TG, SEM, TEM e area superficial especifica. Os MWCNT possuem
pureza superior a 90%, comprimento variando de 1-25 um e didmetro variando de 10-

40 nm. A érea superficial especifica BET é da ordem de 188 m” g™

4.2. Adsorc¢ao de fenéis em MWCNT
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Os fendis apresentaram isotermas de adsorcdo em MWCNT ndo lineares, em
que os modelos de Langmuir e Freundlich se ajustaram. A ordem de adsorcao foi de
fenol < 4-clorofenol < 2-metilfenol. A termodinamica de adsor¢do, com determinagdo
de A.4sH® por ITC, mostrou que o processo € espontaneo e entalpicamente dirigido. Os
valores de A,isH° encontrados sdo de ordem de magnitude semelhante aqueles
atribuidos a ligacdes de hidrogénio. O efeito de indugdo, causado pela presenca de
grupos funcionais (CHs, H e CI) em 2-metilfenol, fenol e 4-clorofenol, respectivamente,
proporciona diferentes interagcdes dos grupos funcionais oxigenados na superficie dos
MWCNT através das hidroxilas (OH) fendlicas e efeitos de ressonancia, resultando em

valores distintos de A,gsH.

4.3. Adsorc¢ao de azocorantes em MWCNT

A adsor¢do dos azocorantes acid yellow 42 (AY), acid black 210 (AB) e acid
green 68:1 (AG) em MWCNT apresentou isotermas ndo-lineares as quais o modelo de
isoterma de Langmuir se ajusta e a ordem de adsor¢do ¢ AG < AB < AY. A adsorcao de
todos os azocorantes em MWOCNT foi termodinamicamente espontinea ¢ as
propriedades termodinamicas estimadas a partir da aproximag¢ao de van’t Hoff
mostraram que o processo € endotérmico e entropicamente dirigido. A adsorcao dos
azocorantes em MWCNT mostrou-se diretamente proporcional a for¢a idnica do meio
enquanto a adsorcdo AY em MWCNT sofreu reducdo com a oxidagdo da superficie dos
nanotubos de carbono. Estas observagdes sugerem que a natureza da superficie dos
MWCNT seja heterogénea. As propriedades termodindmicas obtidas pela
microcalorimetria mostraram que, contradizendo os dados obtidos pela aproximacdo de
van’t Hoff, a natureza da adsor¢cdo em MWCNT ¢ exotérmica para os trés azocorantes.
Além disso, a adsor¢do de AB e AG ¢ entalpicamente dirigida, enquanto que para a
adsorcao de AY, tanto A,gsH® quanto A,4S° contribuem para a espontaneidade do
processo. Interagdes eletrostiticas e de forcas de dispersdo m-m podem ocorrer
simultaneamente, explicando o mecanismo geral da adsor¢do, e a intensidade dessas

interagdes depende da estrutura quimica do azocorante.
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5. CONCLUSOES GERAIS DO TRABALHO

Este trabalho mostra, pela primeira vez, que a técnica de microcalorimetria
descreve a heterogeneidade da superficie dos MWCNT, evidenciando que os diferentes
sitios de adsorcao da superficie dos MWCNT interagem com os adsorvatos de maneiras
distintas, dependendo da estrutura quimica do composto adsorvido.

Para as moléculas-modelo fenol, 2-metilfenol ¢ 4-clorofenol, a adsor¢cao em
MWCNT ¢ entalpicamente dirigida com possivel formacao de ligagcdes de hidrogénio e
interagdes m-r.

A adsor¢do dos azocorantes acid black 210 e acid green 68:1 em MWCNT ¢
entalpicamente dirigida; enquanto o composto acid yellow 42 possui contribui¢des da
entropia e da entalpia na adsor¢do em MWCNT, segundo a técnica de ITC.

A aproximagdo de van’t Hoff oferece interpretagdo incompleta e erronea sobre a

natureza das intera¢oes na adsor¢ao dos azocorantes em MWCNT.
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ARTIGO

Adsorption thermodynamics of phenolic compounds on multi-walled carbon

nanotubes: a microcalorimetric approach

Abstract

The adsorption thermodynamics of phenol, 2-methylphenol and 4-chlorophenol onto
pristine multi-walled carbon nanotubes (MWCNTSs) was evaluated by measuring the
following thermodynamic adsorption parameters: standard adsorption free energy
change (A.4sG®), standard adsorption enthalpy change and standard adsorption entropy
change. The adsorption of all phenolic compounds onto MWCNTs was a
thermodynamically spontaneous process and the decrease in A,4G® follows the order
phenol < 2-methylphenol < 4-chlorophenol. Isothermal Titration Calorimetry results
show that the adsorption process is enthalpically driven and that MWCNT interfaces
have sites with different interaction energies that allow specific interactions with

phenolic compounds, not only n-w dispersion interactions.

1. Introduction

Among the more than 800 products based on nanoparticles or nanofibers, those
formed by carbon materials, including fullerenes and carbon nanotubes, are the most
numerous [1]. Carbon nanotubes (CNTs) possess unique physicochemical properties
that have led to the research and the development of new products, advanced by the
findings of Iijima in 1991 regarding the synthesis of the multi-walled carbon nanotubes
(MWCNTs) [2]. Today, CNTs are employed in a wide range of applications, which
include systems for energy conversion/power sources, sensors, supports for catalysts
and biomedical materials [3,4]. In 2001, Long and Yang reported for the first time that
CNTs could act as more efficient adsorbents for dioxin than activated carbon (AC) [5].
Adsorption is an established technique for removing organic pollutants from water [6]
particularly using strategic materials as adsorbents [7]. Since 2001, several papers have
been published seeking to evaluate the adsorption of organic pollutants by CNTs [3,6,8-
17] with special attention paid to phenolic compounds (PhCs), which possess high

toxicity to human health and the environment even at low concentrations [12,13]. In the
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adsorption experiments, porosity and surface area of the adsorbent (especially of the
carbon materials) were considered the primary factors influencing the phenomena.
However, a knowledge of the surface chemistry is important, as even a small number of
surface groups can exert a significant influence on the physicochemical properties of the
carbon materials [18] and, therefore, on their adsorptive characteristics, including the
nature of their interactions with the adsorbate molecules [10]. In the case of CNTs,
according to N, adsorption data, the largest numbers of available spaces for adsorption
are on the cylindrical external surface, not in the inner cavities or inner wall spacing
[12,19]. Some studies reveal that the adsorption of phenolic compounds (PhCs) onto
MWCNTs does not follow exactly the same mechanism observed in activated carbon.
Evidence of this can be found in the fact that the total amount adsorbed reaches
equilibrium within 30-40 min with MWCNTs, in comparison to 7-150 h with activated
carbon [6,12,13]. CNTs are recognized as hydrophobic structures, and several works
indicated that the m—m dispersion forces are responsible for the adsorption of aromatic
compounds onto CNTs [3]. It is well known that some oxygen groups such as carbonyl,
carboxylic and hydroxyl groups exist on the surface of CNTs [13], and recent studies
demonstrate their influence on the adsorption process [6,11-15]. However, there is no
agreement concerning the main driving force for the adsorption of phenol and phenolic
derivatives onto the CNTs. Therefore, this study aims to evaluate the adsorption
behavior of model molecules, formed with different functional groups that modulate the
electron density of the phenol ring, onto MWCNTSs. The study also contributes to the
understanding of the nature of the interaction between nanotubes and PhCs as assessed

by the thermodynamic properties, primarily using isothermal titration calorimetry.

2. Experimental

All adsorption experiments, ITC microcalorimetry and UV-Vis characterizations
were performed in the laboratories of the QUIVECOM group at the Chemistry
Department of the Federal University of Vigosa (UFV). Thermogravimetric analysis
and N, adsorption experiments were performed at the Chemistry Department, Federal
University of Minas Gerais (UFMG). The SEM and TEM images were obtained at the
UFMG Microscopy Center.
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2.1. Materials

The phenolic compounds (PhCs), phenol (PH), 2-methylphenol (MP) and 4-
chlorophenol (CP), were purchased from Sigma-Aldrich, all with purity above 99.9%.
Multi-walled carbon nanotubes, Cryge 100 MWCNTs, were purchased from CNT CO.,
LTD., Korea. Technical specifications for the MWCNTs were supplied by the
manufacturer (average diameter: 1040 nm; length: 1-25 um; purity: 93 wt% min.;

contaminants: 7 wt% max.; bulk density: 0.03—0.06 g cm™; specific surface area: 150—

250 m* g™h).

2.2. Adsorption Experiments

Adsorption isotherms were carried out in duplicate by mixing solutions (20 mL)
containing various concentrations of adsorbates with 15 mg of MWCNT, except for the
phenol solutions, in which 50 mg of MWCNT were used. All experiments were
performed in 40-mL glass centrifuge tubes sealed with headspace screw caps. Initial
concentrations were chosen to cover a complete spectrum of isotherm adsorption
behavior. The tubes were shaken manually for 10 minutes in the dark to guarantee
complete contact between the MWCNTs and the dissolved phenolic compound. After
shaking, all tubes were placed vertically in a thermostatically controlled bath at 298.15
K in the absence of light. After reaching thermodynamic equilibrium, samples were
taken from the adsorption tubes to determine the PhC concentration in the supernatants.
Separation of the MWCNTs and the supernatants was achieved by centrifugation. The
collected aliquots were then properly diluted to ensure that the absorbance readings in
the UV/Vis spectrometer obeyed Beer’s Law. PhC concentrations in the supernatants
(equilibrium concentrations — C.) were determined after 24 h, 120 h and 168 h of
thermodynamic equilibrium. Blank experiments were carried out using the same
experimental procedure without MWCNTSs to examine the potential sorption of PhCs
onto the glass tubes. The results indicated that such losses were negligible. Therefore,
the amounts of PhCs adsorbed by the MWCNTs were directly calculated from

difference between the initial and final equilibrium concentrations as follows:

r:(—cﬂ _CejV (1)
m
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in which T is the amount of each PhC adsorbed by the MWCNTs (mg g") after
thermodynamic equilibrium; Cy is the initial concentration (mg mL™); C. is the
equilibrium concentration (mg mL™); V is the solution volume (mL); and m is mass of
the MWCNTs (g).

The adsorbates were dissolved in distilled water, and the final concentrations were
limited to <50% of their water solubility to guarantee complete dissolution. According
to the literature, there is no considerable difference in the adsorption of PhCs on CNTs
at pH values lower than the pK, for each compound [12,17]. Therefore, the adsorption
experiments were accomplished at the pH of distillate water at which PhC is in its non-

dissociated form.

2.3. Characterization

N, adsorption: The specific surface area of the MWCNT was determined from the N,
adsorption/desorption isotherms obtained in an automated gas sorption system,
AUTOSORB-1 ASTIAG (QUANTACHROME INSTRUMENTS), using the Brunauer-
Emmett-Teller (BET) method.

Thermogravimetric Analysis (TG): Thermogravimetric measurements were carried
out using a TA INSTRUMENTS SDT 2960 simultaneous TG/DTG at 5 °C min ' in a
dry airflow of 100 mL min”' between 25 and 1000 °C in an alumina crucible.

Scanning Electron Microscopy: Scanning electron microscopy (SEM) was performed
with a Quanta 200 FEG (FEI) scanning microscope. The carbon nanotube sample was
placed on conductive carbon tape and covered with a thin gold layer (~10 nm) for better
visualization, improving contrast.

Transmission Electron Microscopy: Transmission electron microscopy (TEM) was
carried out with a Tecnai G-20 (FEI) microscope employing a LaBs filament with an
acceleration voltage of 200 kV. The samples for TEM studies were dispersed in ethanol
and dripped onto a carbon-coated copper grid.

UV/Vis Spectroscopy: After the proper equilibrium time (24 h, 120 h and 168 h),
aliquots of each flask were collected and diluted by different factors. The samples were
then measured in a Shimadzu UV-2550 UV/Vis spectrophotometer.

Isothermal Titration Calorimetry (ITC): Measurements of the enthalpy changes in the
adsorption process of PhCs onto MWCNT were performed in triplicate using a CSC-
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4200 microcalorimeter (Calorimeter Science Corp.) controlled by ItcRun software with
a 1.75 mL reaction cell (sample and reference). The entire calorimetry procedure was
calibrated chemically and electrically to the heat of protonation for tris(hydroxymethyl)
aminomethane and the joule effect, respectively [20]. The titrations were carried out via
step-by-step injections (10 pL) of concentrated PhC titrant solutions using an
instrument-controlled gas-tight Hamilton syringe (250 puL) at 60 min intervals between
each injection. Aliquots of concentrated PhC solutions, dissolved in water, were added
to a sample cell containing a suspension of 1 mg of MWCNT in aqueous solution. The
solution was titrated in the sample cell stirred at 300 rpm by a helix stirrer, and
measurements were carried out at a constant temperature of 25.000 + 0.001 °C. Distilled
water was used for preparing all solutions and carbon nanotube suspensions. The
concentrations of the initial PhC solutions were chosen so that after each injection, the
resulting concentrations in the sample cell would become identical to the concentrations

used to obtain the adsorption isotherms.

3. Results and discussion

3.1. Carbon nanotube characterization

From the thermogravimetric analysis (figure la) and SEM and TEM images
(examples can be found in figure 1b and figure lc, respectively), the multi-walled
carbon nanotube sample has a purity higher than 90%, with tube diameter of
approximately 10-40 nm (with a predominance of tubes having an average diameter of
approximately 13 nm). Its surface area, determined by nitrogen adsorption/desorption
isotherms at 77 K using the BET equation, is on the order of 188 m* g'. These data are
in agreement with the information provided by the supplier of the material, as

previously presented.
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Figure 1. (a) TGA and DTG curves, (b) scanning electron micrograph and (c)

transmission electron images of MWCNT samples.

3.2. Adsorption isotherms

Generally, when activated carbon (the most common adsorbent) is employed in
adsorption experiments, a long time is required to reach thermodynamic equilibrium
[6,13]. Considering this information and the fact that the use of CNTs for adsorption of
contaminants is a developing field, the influence of the equilibrium time (24 h, 120 h
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and 168 h) on the adsorption process was evaluated. We observed that the adsorption of
the different phenolic compounds onto the MWCNTs reaches thermodynamic
equilibrium in 24 h or less. No significant change was observed after 24 h (at 120 h or
168 h) in all cases. In fact, Peng and co-workers [13] observed that the process of the
adsorption of 1,2-dichlorobenzene on as-grown and graphitized CNTs requires 40 min
to reach equilibrium. Liao et al., [12] evaluating the adsorption time of resorcinol on
pristine and HNOs-treated MWCNTSs, observed that after only 1 min of shaking, the
amount of adsorbed molecules reaches 60% of the total amount adsorbed at equilibrium.
It was suggested that this short time could be related to the fact that CNTs do not have
the same porous structure as activated carbon in which the adsorbent molecules must
move from the exterior surface to the inner surface of the pores to achieve equilibrium
[13].

The adsorption isotherms of the phenolic compounds on MWCNT are shown in
figure 2 in which the amount of each adsorbed PhC (mg g") of MWCNT is plotted
against the equilibrium concentration of the respective PhC (mg mL™"). The curves were

obtained after 24 h to achieve thermodynamic equilibrium.
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Figure 2. Adsorption isotherms of phenol (m), 2-methylphenol (A ) and 4-chlorophenol
(®) on MWCNT. The isotherm of phenol is also presented in detail in the inset.

The isotherms are non-linear and of the same type. They are characterized by an

increase in the amount of PhC adsorbed with increasing equilibrium concentrations,
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followed by a tendency toward the formation of a plateau at higher concentrations,
which represents the maximum adsorption capacity. All curves present a shape
suggesting a process that can be described by the Langmuir model as clearly observed
in the phenol curve that is reproduced in the inset of figure 2. This inset curve shows a
maximum adsorption of approximately 43 mg'g”. The presence of chlorine and methyl
groups enhances the adsorption onto the MWCNTs. The isotherms clearly indicate
maximum adsorption following the order phenol < 4-chlorophenol < 2-methylphenol.
The amount of adsorbed 2-methylphenol (in mg) per gram of MWCNT reaches values
as high as 166 mg-g" at an equilibrium concentration of 1.0 mg mL™" (see figure 2).
This amount is considerable and makes possible the use of MWCNTs as an adsorbent
for this group of wastewater contaminants.

The equations of Langmuir and Freundlich are the most commonly applied models
for representing the nonlinear adsorption of organic chemicals, such as phenolic
compounds, to activated carbon, charcoal, and carbon nanotubes [14,15]. Both models
were employed to fit the experimental data presented in figure 2.

The Langmuir isotherm can be derived by assuming an ideal system in which the
adsorbent molecules adsorb onto the adsorbate surface at well-defined sites forming a
homogeneous monolayer. Each site can adsorb only one molecule, and the energy
involved in the adsorption of one adsorbent molecule is the same for all sites on the
adsorbate surface and is independent of the presence or absence of other molecules on
the adjacent sites. There is no interaction between adjacent adsorbent molecules.

Equation 2 represents the mathematical expression of the Langmuir model:

r= maxKLCe (2)
1+K,C,

in which C, is the equilibrium PhC concentration (mg mL™), " is the amount of PhC
adsorbed (mg g), K, is a Langmuir constant related to the affinity of the binding sites
(adsorption energy), and I (mg g™ is a Langmuir constant related to the maximum
monolayer adsorption capacity, which describes a saturated monolayer of solute
molecules on the adsorbent surface (the theoretical saturation capacity of the
monolayer) and specifies that further adsorption will contribute to a prohibitive increase
in the Gibbs free energy of the interface.

The Freundlich empirical isotherm assumes the existence of heterogeneous surfaces

having different sites with diverse energies of adsorption and the possibility for the
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formation of multilayers:

r=K,C\'" (3)

in which C, and T were previously described. Kz (mg" ™™ mL"™ g!) is the Freundlich
constant describing the adsorption capacity and the energy distribution of the adsorption
sites. The Freundlich constant, n, describes the magnitude of the adsorption driving
force.

The Langmuir and Freundlich equations can be fitted to the data by linear

regressions using their linearized forms as follows:

Seo L C 4t @)
I 1—‘max KLFmax
1
InI'=InK; +—InC, (5)
n

in which plots of Ce versus C. and InI" versus InC, allow for the calculation of the
r

Langmuir and Freundlich constants, respectively. The values obtained following these

data fittings are presented in tables 1 and 2.

Table 1. Langmuir constants obtained by the linear forms of the equations.

LANGMUIR
PhC X X 5
IMax/mgg  Kp/gmg Linear Equation R
phenol 46.08 3.34 Ce/T'=0,02174Ce + 0,00652  0.989
4-chlorophenol 95.97 9.22 Ce/T'=0,01042Ce + 0,00113  0.9280
2-methylphenol 242.72 1.93 Ce/T'=0,00412Ce + 0,00214  0.951

Table 2. Freundlich constants obtained by the linear forms of the equations.

FREUNDLICH
PhC Kg I/n Linear Equation R’
mg-m mp (/) g1
phenol 29.76 0.45 InI'=0,4531InCe + 3,3931 0.968
4-chlorophenol 100.41 0.40 InI'=0,39622InCe +4,60925 0.984
2-methylphenol 194.75 0.75 InI'=0,74531InCe + 5,27177  0.973
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Taking into account the quality of the fit given by the correlation coefficient (R?) in
table 1, both adsorption models adjust the data in a reasonable way. The constants I'max
and Ky indicate the same tendency observed in the isotherms: 2-methylphenol exhibits
greater adsorption than 4-chlorophenol, which exhibits greater adsorption than phenol.
However, the Langmuir I'y,.x values seem to be a more reasonable fit in relation to the
data (see figure 2). Therefore, apart from the mathematical quality of the fit, considering
the T'max values the Langmuir model appears to be more applicable. For example, I'pax
observed in the isotherm is approximately 43 mg g, and [’ obtained from the fit was
46.08 mg g (table 1) for phenol.

In the Freundlich approach, the magnitude of 1/n quantifies the “favorability” of
adsorption and the degree of heterogeneity of the CNT surface. If 1/n is less than unity,
suggesting a favorable adsorption with a negative A,4sG°, the adsorption capacity
increases, and new adsorption sites form [11,21]. Considering the data presented in
table 1, the values of 1/n are less than unity for phenol, 2-methylphenol and 4-
chlorophenol, reinforcing the assertion that the adsorption of PhCs on MWCNTs is

favorable.

3.3. Microcalorimetry Experiments

The energy released or absorbed as heat in a thermodynamic process can be
measured by equipment and calorimetric techniques that allow its detection. Among
these, isothermal titration microcalorimetry has been widely used for the determination
of many molecular processes due to its high sensitivity and its ability to detect energy
flows occurring in a given process on the order of 10 J.

Curves of the adsorption enthalpy change (A,sH) versus the equilibrium
concentrations of phenol, 2-methylphenol and 4-chlorophenol on MWCNT, obtained

from ITC measurements at 298 K, are shown in figure 3.
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Figure 3. AH of adsorption (kJ mol™) versus equilibrium concentration (mg mL™") for

the adsorption process of phenol (m), 2-methylphenol (A) and 4-chlorophenol (e) on

MWCNT.

The total value of A.4H attributed to adsorption process may be expressed as

follows:

AwasH = Bgent cpp_p1,0 T DdesH ypwenr—rn,0 + Bint p,0-1,0 + BintH cnp-cnpouwent) +

AintH ywent—cnp (6)

According to equation 6, the A,4sH values reflect the contributions of five processes:

the AAabh]{ o and the AAdeh}I

MWONT-H,0* which are the enthalpy changes of

PhC-H,
dehydration for the specific phenolic compound and MWCNT, respectively (both

H that is related to the interaction between

endothermic); the exothermic A, H,0-H,0

water molecules released during the desolvation process; AiH pycprcment)

int

(exothermic or endothermic), which describes the interaction energy between molecules

of the phenolic compound adsorbed onto adjacent sites on the MWCNT surface; and the

exothermic A,  H that indicates the intensity of the enthalpic interaction

mt** MWCNT —PhC

between the PhC molecules and the carbon nanotube surface. As is well known, the

A H pre oo D cnp_cnpuwent) and Ay H,wenr—pne Values  differ from  one

phenolic compound to another.
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As observed in figure 3, the A,H is negative, which means that the adsorption
process onto MWCNT is exothermic for all phenolic compounds and approaches zero
for equilibrium concentrations of the order of 0.1-0.2 mg mL"™". At the beginning of the
adsorption process, the amount of energy released as heat (A,4sH) in the adsorption of 2-
methylphenol is greater than that liberated in the adsorption of phenol, which, in turn, is
greater than the energy released in the adsorption of 4-chlorophenol. With increasing
PhC concentration, the A,4sH values become less negative showing remarkable evidence
for the existence of different sites at the MWCNT interface that accomplish specific
interactions with the distinct phenolic compounds. These interactions are dependent on
the electron density of the ring, which is modulated by its functional groups (CHs, H
and Cl). The interactions caused by dispersion forces (lower energy) occur only after
saturation of these specific sites.

As previously indicated, although the adsorption isotherms have adjustable profiles
within the Langmuir equation, microcalorimetry measurements show that CNT surfaces
are not homogeneous regions. If an adsorption process follows the Langmuir model,
constant values of A,isH would be expected throughout the process. This finding
suggests that models like those of Freundlich and others, which describe the adsorption
on heterogeneous surfaces that have sites at which the adsorption occurs with different
energies, seem to be more realistic for the systems studied in this work. In fact,
considering the adjustments of the adsorption isotherms, the quality of the mathematical
fit should not be a defining parameter to choose between models with such different
physicochemical implications.

According to several researchers [19,22-24], there are seven possible adsorption sites
on a bundle of carbon nanotubes: (i) inner (internal) nanotube cavity, (ii) inter-wall
spaces (in the case of MWCNTSs), (iii) interstitial channels between neighboring
nanotubes in the bundle, (iv) external grooves on the periphery of a nanotube bundle,
(v) external surface, (v) partial coating of the external surface by nanometer-thick
layered carbon, and (vii) carbon-coated catalyst particles. The last two sites are present
in the case of unpurified samples. Yang and Xing presented evidence that most spaces
available for adsorption of N, molecules onto MWCNTs are on the cylindrical external
surface. N did not readily adsorb onto the inner cavities because of blocking impurities
(i.e., amorphous carbons), nor did it adsorb in the inter-wall spacing because of the
small interlayer spacing (0.335 nm) [19]. According to Sheng and co-workers [16],
ionizable aromatic compounds were thought to preferentially occupy the external

graphene surface of MWCNTs during the initial adsorption process, while the overall
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adsorption included contributions from both adsorptions on the graphene surface and
pore filling. Liao and coworkers indicated that the adsorption of resorcinol onto
MWCNT is not dependent on the porous structure, but that the chemical properties of
the surface, rather than specific surface areas or pore volumes, are crucial factors do
determine the final adsorption ability of MWCNTSs [12]. This evidence validates the
rapid adsorption of organic contaminants on CNTs discussed previously. Therefore,
based on the data in figure 3 and on the assumption that the external surface is the
primary, or at least the preferential, adsorption site, we can indicate the existence of
different functional groups chemisorbed onto the surface of the MWCNTSs employed in
the present work (i.e., carbonyl, carboxylic, hydroxyl). In fact, Sheng and coworkers
show the presence of functional groups such as carboxylic, lactone and phenolic groups
on pristine CNT surfaces synthesized by CVD [16]. As previously described, functional
groups chemisorbed onto the surfaces of carbon materials have a remarkable influence
on the adsorption process, even in small quantities [10].

Several studies indicate the n-m dispersion interactions as those primarily responsible
for the adsorption of aromatic compounds on CNTs, by the closeness of respective
aromatic rings [3,6,15,25]. According to Sheng et al., hydrogen bonding, hydrophobic
interactions, electrostatic interactions and Lewis acid-base interactions could also be
present [16]. Electrostatic and Lewis acid-base interactions are not present in our case
because at the solution pH used for the experiments, the PhCs are undissociated
(uncharged). This result was also observed by Dias-Florez and colleagues studying the
adsorption of phenol on N-doped carbon nanotubes [9]. As previously indicated by the
values of AngsH (figure 3), dispersion forces are not the only forces responsible for the
adsorption process of PhCs onto MWCNTs. We can speculate that hydrogen bonding
could be responsible for the large negative values of A,qsH observed for all phenolic
compounds. In fact, the A,gsH values are on the order of those reported for hydrogen
bonding interactions (10-40 kJ mol™). The inductive effect, caused by the functional
groups (CHs, H and Cl) present in 2-methylphenol, phenol and 4-chlorophenol,
respectively, interacts with the oxygen functional groups on the MWCNT surface
through phenolic OH and resonance effects can be the reason for the difference in the
enthalpic energies observed in figure 3. In other words, A,sH in the adsorption of 2-
methylphenol has a larger negative value than that of phenol, which in turn has a larger
negative value than that of 4-chlorophenol. The CHj3 groups are electron donating
(Hammett 0 is negative), and the Cl groups are electron withdrawing (Hammett O is

positive). Yang and colleagues [17], analyzing the relationship between solvatochromic
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and Dubinin-Astakhov model parameters, concluded that hydrogen-bonding
interactions play an important role in the adsorption of anilines and phenols by carbon
nanotubes in which the solutes may act as hydrogen-bond donors, and the carbon
nanotubes act as hydrogen-bond acceptors. Franz and colleagues verified that the
adsorption mechanisms of different aromatic compounds (including phenol) onto
activated carbon are influenced by the properties of the oxygen-containing functional
groups on the aromatic adsorbate, especially their ability to hydrogen bond and their
activating/deactivating influence on the aromatic ring [10].

The evaluation of the presence of different functional groups chemisorbed onto the
CNT external walls is not a simple experimental task. Generally, combinations of
different techniques, such as infrared, Raman and XPS spectroscopies, are employed.
To our knowledge, this study is the first to use microcalorimetry to detect the existence

of distinct functional groups on the external walls of carbon nanotubes.

3.4. Thermodynamic properties

The change in the standard Gibbs free energy for the adsorption process (A,4sG°) is

calculated from the thermodynamic relationship as follows:
AuG® =-RTInK° (7)

in which K° is the equilibrium constant for the adsorption process, R is the universal gas
constant, and T is the temperature in Kelvin.

The equilibrium constant for the adsorption process, K° can be obtained if

= g2 and g™ = 4 4 RTIng, ™ in which 4™ is the chemical potential of i

1

(in our case PhC) adsorbed at the MWCNT-solution interface; . is the chemical

potential of i in solution (at equilibrium); ;" is the chemical potential of i at a standard
condition; and ¢ """is the activity of i (in solution or at the MWCNT-solution

interface). After some manipulation of the equations, we obtain the following

relationship:

int int int
InK®=1n| £ |=1n 7’—C’— (8)
a;ol 7isol Cisol
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in which ¢™ is the concentration of the adsorbed PhC at the MWCNT-solution

interface (mg g™), ¢ is the concentration of the PhC in solution at equilibrium (mg

mL™), 7™is the activity coefficient of the adsorbed PhC, and 7/,-”1 is the activity

1
coefficient of the PhC in solution at equilibrium conditions.
As the concentration of the solute in the solution approaches zero, the activity

coefficient approaches unity, and Eq. (8) reduces to the following form:

int int C_int I
InK° = ln( % J = ln[ € J , with ——=— )
sol Csol

a; i
The values of InK° can be obtained by plotting In(I'/C.) versus C. and by
extrapolating C. to zero. The straight line obtained is fitted to the points based on a
least-squares analysis. Its intercept with the vertical axis yields the values of InK® that
are used in Eq. (7).
The change in the standard entropy of the adsorption process (A.sS°) is calculated

using the classic thermodynamic equation (T =298 K):
AadsGo :AadsHo _TAadsSo (10)

The values of A,4H® for each PhC were obtained from the data presented in figure 3
following the extrapolation of C. to zero using an exponential fit (the solid lines in
figure 3).

The values obtained for the thermodynamic properties are listed in table 3. The
adsorption of PhC onto MWCNT is a spontaneous process (A,sG® < 0). The A,4sG°

values follow the order: phenol < 2-methylphenol < 4-chlorophenol.

Table 3. Thermodynamic properties obtained for the adsorption of phenolic compounds
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on MWCNTs.

Thermodynamic properties

AagsG® / AagsH® / TAwsS° /
PhC | . .
kJ mol kJ mol kJ mol
Langmuir Thermodynamic Langmuir Thermodynamic
phenol -12.48 —13.18 —31.08 -18.60 —17.90
2-methylphenol  -15.22 —15.07 —47.57 -32.34 —32.50
4-chlorophenol  -16.81 —18.01 -28.12  -11.31 —10.11

The value of A,4S° is negative, indicating an entropy decrease in the PhC molecules
adsorbed onto the MWCNT—solution interface, caused primarily by a decrease in the
configuration entropy of the PhC molecules. As the value of A,S° is negative, the
decrease in the Gibbs free energy of the system is caused by the negative AqH®, so the
adsorption process is enthalpically driven. The specific interactions of the PhC
molecules with the functional groups chemisorbed onto the surface of the MWCNTs
(probably hydrogen bonds) are the driving force for the adsorption process. As observed
in figure 3 and table 3 the enthalpy of interaction is higher in the adsorption of the 2-
methylphenol (A,gsH® is more negative). Thus, the decrease in the configurational and
conformational entropies is higher for this compound during its adsorption onto the
MWCNT-interface (the A,4sS° values are more negative than those of the other PhCs).

Shen and colleagues [15] and Chen and colleagues [8] obtained the same behavior
(enthalpic driven adsorption process) for the adsorption of nitroaromatic compounds
(including 4-nitrophenol) and atrazine, respectively, on as-grown and oxidized

MWCNTs.

4. Conclusions

This report describes, for the first time, the use of microcalorimetric techniques to
evaluate the surface of an MWCNT sample and its interactions with phenolic
compounds. The adsorption thermodynamics of phenol, 2-methylphenol and 4-
chlorophenol on pristine multi-walled carbon nanotubes (MWCNTs) were evaluated
using isothermal titration calorimetry (ITC) as the primary technique. The adsorption of
any phenolic compound onto MWCNTS is a spontaneous process (A,gsG° < 0). Small
variations in the chemical structures of phenolic compounds can considerably alter their
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energies of adsorption. The decrease in the Gibbs free energy of adsorption follows the
order phenol < 2-methylphenol < 4-chlorophenol. The adsorption process is
enthalpically driven, and the ITC data shows that the MWCNT interfaces have sites that
allow specific interactions with phenolic compounds, not only hydrophobic and n-nt
dispersion interactions. Therefore, we can speculate that hydrogen bonding could be
responsible for the large negative A,4sH® values observed for all phenolic compounds.
The isotherms obtained at 298 K were fitted by the Langmuir and Freundlich models.
Taking into account the quality of the fit given by the correlation coefficient (R?), both
adsorption models adjust the data in a reasonable way. However, according to the
AqgsH° values, models like that of Freundlich and others, which describe the adsorption
on heterogeneous surfaces that have sites where adsorption occurs with different

energies, seem to be more realistic models for the systems studied in this work.
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Surface heterogeneity effect on azodyes adsorption onto multiwalled carbon

nanotubes

Abstract

The adsorption thermodynamics of the azo dyes acid yellow 42 (AY), acid black 210
(AB) and acid green 68:1 (AG) onto pristine multi-walled carbon nanotubes
(MWCNTs) was evaluated by determining the following thermodynamic adsorption
parameters: adsorption standard free energy (A.qsG°), adsorption standard enthalpy
(A.asH®) and adsorption standard entropy (A.gsS°). The adsorption of all azo dyes onto
MWCNTs was a thermodynamically spontaneous process and the decrease in A,4sG°
values follows the order AG < AB < AY. The increase of oxidized sites on MWCNT
surface enabled a decrease of adsorption capacity of AY, compared with raw MWCNT.
The adsorption of all azodyes is directly proportional with the ionic strength of solution.
Isothermal Titration Calorimetry (ITC) data show that the adsorption process is
enthalpically driven for all azodyes with contribution of entropy change in the
spontaneity of AY adsorption onto MWCNT. The surface of the MWCNT has sites
with different energetic potentials that allow electrostatic interactions with azo dye
compounds, not only n—7n dispersion interactions. The ITC technique provides a more
reliable interpretation of the surface chemistry of MWCNT and of the interactions in an

adsorption process in comparison with the van’t Hoff approximation.

1. Introduction

Wastewater from dyeing industries, such as textiles, dyestuff, paper and leather, is a
hazardous discharge because of its toxicity and environmental pollution. Dyes added to
natural waters are also aesthetically objectionable for drinking and other purposes [1].
Their synthetic origins and complex aromatic molecular structure implies in low
biodegradability.

Several methods are employed for dyes removal from industrial effluents, and
adsorption is regarded as an efficient process because of its low initial cost, ease of

operation and design flexibility and simplicity [2].
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Among adsorbents applied for dyes removal [3-10], carbon nanotubes (CNTs) are
becoming attractive because of the following characteristics: capacity to adsorb colored
compounds from aqueous solutions [11-13] and large surface area and high porosity
[14]. However, to our best knowledge there are only four papers published, reporting
the adsorption thermodynamics of azo dyes on CNTs [1,13,15-16], none of which
measuring directly the adsorption standard enthalpy by means of isothermal titration
calorimetry (ITC). Machado et al. [1] found that the adsorption of the azo dye Reactive
Red M-2BE onto multi-walled carbon nanotubes presented a maximum adsorption
capacity of 312.3 mg g at 298 K. Although the process was endothermic (A qH® =
33.13 kJ mol™), the positive variation in the standard entropy of adsorption (A.gS° =
208.0 J K mol") guarantees the spontaneity of the adsorption phenomenon. The
authors also suggested a mechanism of adsorption with three steps: the functional
groups of the MWCNTs are protonated; agglomerates of dyes are dispersed in the
aqueous solution; and the negatively charged dyes are electrostatically attracted to the
positively charged surface of the MWCNTs. Several works found in literature describe
the thermodynamics of dye adsorption onto MWCNT, with all of them applying Van’t
Hoff approximation to determine A,qsH°. Kuo et al. [13] found lower values of
maximum adsorption capacity of Direct Yellow 86 (54.9 mg g"') and Direct Red 224
(52.1 mg g'l) at 35 °C onto CNT. The process was endothermic (AagsH® = 13.69 kJ mol’
U for DY 86; AgsH® =24.29 kJ mol! for DR 224), and A,4sS° was positive (139.51 and
177.83 J K mol™ for AY 86 and AR 224, respectively). The authors suggest that the
adsorption of both dyes onto CNT was driven by a physisorption process. The same
conclusion was taken by Wu [15], who studied the adsorption of Procion Red MX-5B
onto CNT and found that the maximum amount dye adsorbed (I" m.x) ranges from 29.94
to 44.64 mg g between pH 6.5-10 and temperatures between 281 and 321 K. The
thermodynamic properties revealed a spontaneous (AusG® = —29.79 kJ mol™ at 281 K,
pH = 6.5), endothermic process (31.55 kJ mol ™! at pH 6.5), with AygsS° =216.99J mol™!
K'. Therefore, information about the influence of MWCNT surface on the adsorption
mechanism is required.

This study aims to investigate the adsorption of three azo dyes (AD) on multiwalled
carbon nanotubes (MWCNT) from aqueous solutions and also describes, for the first
time, the nature of CNTs surface and the interactions between CNTs and adsorbates by

means of isothermal titration calorimetry.
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2. Material and Methods

2.1. Adsorbates

The adsorbates, AY [chemical formula: Cs;;H4NgNa,OsS,, MW: 758.69 g mol'l,
Amax = 411 nm], AB [chemical formula: C34H,sKoN;;01,S3, MW: 938.02 g mol'l, Amax =
462 nm] and AG [chemical formula: C34H»5sN9gO;3S;, MW: 863.8098 g mol'l, Amax = 603
nm] were donated by BASF Corp., Brazil. The structures of AY, AB and AG dyes are
illustrated in Figure 1. An exact weighted quantity of each dye was dissolved in distilled
water to prepare stock solutions (1 mg mL™). All solutions employed in the experiments

were obtained by successive dilutions with distilled water.

(b)

Figure 1. Molecular structures of (a) AY, (b) AG and (c) AB.
(c)

2.2. Characterization of CNT
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Multi-walled carbon nanotubes Crygg 100 were purchased from CNT CO., LTD.,
Korea. The following technical specification of the MWCNT was supplied by the
manufacturer: average diameter: 10-40 nm; length: 1-25 pm; purity: 93 wt% min.;
contaminants: 7 wt% max.; bulk density: 0.03-0.06 g cm™; specific surface area: 150-
250 m* g’

N, adsorption: The specific surface area and porosity were determined at 77 K with
a Nova 1000 volumetric adsorption analyzer, acquired from Quantachrome Corp., USA.
Brunauer-Emmett-Teller (BET) and Barret, Joyner and Halenda (BJH) methods were
used to determine BET surface area and pore size distribution, respectively.

Thermogravimetric Analysis (TG): Thermogravimetric measurements were
performed in a TA Instruments SDT 2960 simultaneous TG/DTA at 5°C min ' in dry
air flow of 100 mL min ' between 25 and 1000 °C in alumina crucibles. The
degradation temperature was determined by Topser. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) were performed with a JEOL JSM-8404
scanning microscope and a JEOL JEM-2010 transmission microscope, respectively.

Transmission Electron Microscopy: Transmission electron microscopy (TEM) was
carried out with a Tecnai G-20 (FEI) microscope employing a LaBs filament with an
acceleration voltage of 200 kV. The samples for TEM studies were dispersed in ethanol
and dripped onto a carbon-coated copper grid.

UV/Vis Spectroscopy: After the proper equilibrium time (24 h), aliquots of each
flask were collected and diluted by different factors. The samples were then measured
in a Thermo Scientific Evolution 300 UV/Vis spectrophotometer.

Isothermal Titration Calorimetry (ITC): Measurements of the enthalpy changes in
the adsorption process of azo dyes onto MWCNT were performed in triplicate using a
CSC-4200 microcalorimeter (Calorimeter Science Corp.) controlled by the ItcRun
software with a 1.75 mL reaction cell (sample and reference). The entire calorimetry
procedure was calibrated chemically and electrically to the heat of protonation for
tris(hydroxymethyl) aminomethane and the Joule effect, respectively [20]. The titrations
were carried out via step-by-step injections (10 puL) of concentrated azo dyes titrating
solutions using an instrument-controlled gas-tight Hamilton syringe (250 pL) at 60-min
intervals between each injection. Aliquots of concentrated azo dyes solutions, dissolved
in water, were added to a sample cell containing a suspension of 1.35 mg of MWCNT
in aqueous solution. The solution was titrated in the sample cell stirred at 300 rpm by a
helix stirrer, and measurements were carried out at a constant temperature of 25.000 +

0.001 °C. Distilled water was used for preparing all solutions and carbon nanotube
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suspensions. The concentrations of the initial dyes solutions were chosen so that after
each injection, the resulting concentrations in the sample cell would become identical to

the concentrations used to obtain the adsorption isotherms.

2.3. Surface modification of CNT

MWCNT surface was modified to study the effect of oxidation on the adsorption of
dye. Surface modification procedures were employed as described elsewhere [17,18].

MWCNT acidification. 100 mL of concentrated HNO; were added to 1 g of
MWCNT at constant magnetic stirring for 24 h at room temperature. This procedure
yielded acidified carbon nanotubes labeled as MWCNT-acid.

MWCNT oxidation. 100 mL of H,O, at 18 % (v/v) were added to 1 g of MWCNT
at constant magnetic stirring for 4 h at 80 °C. Carbon nanotubes obtained by this
method were labeled as MWCNT-oxid.

Modified MWCNT were filtered, washed thoroughly with distilled water and dried
at (378 £ 5) K for 12 h, prior to use.

2.4. Adsorption experiments

Adsorption experiments were carried out in duplicate with a set of 40-mL glass
centrifuge tubes sealed with headspace screw caps, where solutions of dye (20 mL) with
different initial concentrations (Co) (0.01 — 0.50 mg mL™") were mixed with 15 mg of
MWCNT. The tubes were shaken manually for 10 minutes and placed in a
thermostatically controlled bath, at different temperatures (278.15, 288.15, 298.15,
308.15 and 318.15 K), for 24 hours to reach thermodynamic equilibrium. All
experiments were performed at solution pH. The effect of ionic strength was
investigated at three levels of NaCl concentration (0.00, 0.01 and 0.10 mol L™). Blank
experiments were carried out using the same experimental procedure without MWCNT
to check potential adsorption of dye onto glass tubes. Separation of MWCNT and
supernatants was made by centrifugation. The collected aliquots were diluted to ensure
that absorbance readings obeyed Beer’s Law by UV/Vis spectrophotometry. The
amount of adsorbed dye on MWCNT at equilibrium, T’ (mg g'), was calculated as

follows:
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(1)

where I' is the amount of dye adsorbed onto the MWCNTs (mg g') after
thermodynamic equilibrium; Cy and C, are the initial and the equilibrium concentrations
(mg mL™), respectively; V is the solution volume (mL); and m is the mass of MWCNT
used (g).

3. Results and Discussion

3.1. CNT characteristics

The BET surface area, average mesopore and micropore volumes are 188 m* g™,
0.597 cm® g, and 0.068 cm’ g, respectively. Thermogravimetric analysis, SEM and
TEM micrographs are presented in Fig. 2, which shows that MWCNT has purity higher
than 90 % and average diameter of 10-40 nm. These data are consistent with the

information provided by the supplier of the material, as previously presented.

(a)
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Figure 2. (a) TG e DTG curves, (b) SEM and (¢) TEM micrographs.

3.2. Equilibrium study

The adsorption isotherm presents the distribution of adsorbate molecules between
the liquid and the solid phases at equilibrium [9]. A period of 24 h was considered to
reach thermodynamic equilibrium. In fact, several reports demonstrated that adsorption
of dyes onto CNTs takes place until equilibrium in the range of 100-360 min [11-15].
Fig. 3 shows the amounts adsorbed (I') of AY, AB and AG plotted against the
equilibrium concentrations (C.) at 298 K.

All isotherms present the same nonlinear profile: an increase in the adsorbed amount

with increasing equilibrium concentrations followed by a tendency to form a plateau at
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higher concentrations, which describes the maximum adsorption capacity. The order of

adsorption follows: AG <AB <AY.

400

300

04 T T T T T T T
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Figure 3. Equilibrium adsorption isotherms of AY, AB and AG onto MWCNT at 298
K.

The Langmuir model is one of the most often used to describe nonlinear
experimental data of adsorption isotherms [11,12-15] and was fitted to the experimental
data. Langmuir theory proposes that adsorption occurs on a homogeneous surface
whose adsorption sites are identical and energetically equivalent. Each surface site
adsorbs only one molecule, and the energy is equivalent at all sites for the adsorption of
one adsorbent molecule, regardless of the presence or absence of other molecules on
contiguous sites. This model proposes that a monolayer of adsorbate molecules forms at
the interface and no lateral interaction between these molecules occur. The linear form

of the Langmuir isotherm equation is represented by:

r K.cC
= max~ "L e (2)
1+K,C,
where C. is the equilibrium concentration of the dye (mg mL™), I is the amount of dye

adsorbed (mg g'l), Ki and I'yax are Langmuir constants related to the affinity of the

binding sites (adsorption energy) and maximum monolayer adsorption capacity,
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respectively. The value of Iy specifies the theoretical saturation capacity of the
monolayer and demonstrates that further adsorption will contribute to a prohibitive
increase in the Gibbs free energy of the interface. Equation 3 shows the linearized form

of the Langmuir model:

©)

A plot of C/T" versus Ce enables the calculation of Ki and [, from the intercept
and slope of the data linear regression, respectively. Table 1 shows the values of
Langmuir constants calculated from the intercept and slope of the linear plot for each

dye on MWCNT.

Table 1. Coefficients of the Langmuir model fitted for AY, AB and AG on MWCNT at
298 K.

Adsorbate Imax(mgg')  Kp(gmg?) R’
Acid yellow 42 337.84 190.21 0.99345
Acid black 210 328.95 58.72 0.99002
Acid green 68:1 294.12 23.11 0.99768

All isotherms shown in Fig. 3 confirm the formation of a monolayer coverage, since
all data were very well fitted by the Langmuir isotherm model (R* > 0.99). The
constants ['max and Ky indicate the same tendency demonstrated by the isotherms: AY
presents higher adsorption than AB, which, in turn, presents higher adsorption than AG.
This order suggests that molecular structure of adsorbates may affect adsorption

mechanism.

3.3. Thermodynamic study

Thermodynamic parameters, i.e., the change in Gibbs free energy of adsorption
(AadsG°), the change in enthalpy of adsorption (Aa,sH®) and the change in entropy of

adsorption (A,4sS°), were estimated to assess the nature of interactions on the adsorption

46



between azo dyes and CNTs. The Gibbs standard free energy change is related to the

equilibrium constant (K°) by the following equation:

A,,G =—-RTInK°

ads (4)

where K° is the equilibrium constant of the adsorption process, R is the universal gas

constant (8.314 J K" mol™"), and T is the temperature in Kelvin. The equilibrium

constant for the adsorption process, K° 1is obtained when ,ul-int =u’ ., and

sol ,or,int sol ,or ,int

l =u’ +RTIna, , in which 2™ is the chemical potential of i (i.e., the

azo dye) adsorbed at the MWCNT-solution interface; 4 * is the chemical potential of i

in solution (at equilibrium); #, is the chemical potential of i at a standard condition;

sol ,or ,int

and a, is the activity of i (in solution or at the MWCNT—solution interface).

After some manipulation of the equations, the following relationship is obtained:

int int ~vint
KO — ai — 7/ i Cl'

sol sol Csol (5)
a; Vi G

1

where C/™ is the concentration of the adsorbed dye at the MWCNT-solution interface
int -

(mg g), G, is the concentration of dye in solution at equilibrium (mg mL™), Y. 1s

sol

the activity coefficient of the adsorbed dye and y;™ is the activity coefficient of the dye

in solution at equilibrium.
In dilute solutions with low surface coverage, the activity coefficients approach

unity, thereby reducing Eq. (5) to:

cm 1
KO - sol -~ (6)
¢

e

The values of In K° can be obtained by plotting In(I'/Ce) versus C. and by
extrapolating C. to zero. A straight line can be fitted to the points based on a least-
squares analysis. Its intercept with the vertical axis yields the values of In K° that are
used in Eq. (4).
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It is also known that the Gibbs free energy change is related to the changes in

enthalpy and entropy at constant temperature by the following equation:

Aaa!sGO = AadsHo _TAadsSO (7)

The combination of Eq. (7) and Eq. (4), gives:

AadsHo + AadsSO
RT R

InK° =- (8)

AagsH® and A,4sS° can then be calculated from the slope and intercept of the van’t
Hoff plots of In K° versus 1/T, respectively. Table 2 shows these thermodynamic
parameters estimated from the adsorption of AY, AB and AG on MWCNT.

Table 2. Thermodynamic properties obtained by van’t Hoff approximation of
adsorption of azo dyes on MWCNT.

AaasG°/ AagsH®/ TAL4S°/

Dyes | | .
kJ mol kJ mol kJ mol
Acid yellow 42 -31.88 49.86 81.74
Acid black 210 -26.04 69.75 95.79
Acid green 68:1 -20.82 55.76 76.58

The adsorption of azo dyes onto MWCNT is a spontaneous process (AngsG° < 0) and
thermodynamic favorability follows the order of A,4sG°: AY > AB > AG.

The values of enthalpy change (A,ssH®) confirm that the adsorptions of all azo dyes
on MWCNT are endothermic phenomena, and further support is given by the increase
of adsorption capacity with increasing temperature.

The positive value of A,4sS° shows that the driving force of the process is the
entropy change, described as the increase in the degrees of freedom at the solid-liquid
interface during adsorption of azo dyes onto MWCNT. Desolvation of AY, AB and AG
molecules and the MWCNT surface during adsorption may cause this phenomenon, due
to the increase in the configurational entropy of water molecules at the liquid bulk

phase.

48



Only a few investigations have reported the interaction of dyes and carbon
nanotubes. Yan et al. show that methylene blue interacts with the SWCNT through
charge-transfer and hydrophobic interactions [23]. Liu et al. reported that two main
factors have been found to play the key roles for the dye-MWCNT interactions:
molecular geometry and charge. It was proposed that molecules with planar structures
and higher charge load favored the adsorption [24]. In our work, the thermodynamic
properties calculated by van’t Hoff approximation show that the interactions presented
in the adsorption of azo dyes onto MWCNT may not drive to spontaneity, due to the

endothermic nature of the process.

3.4. Effect of ionic strength

Since large amounts of salts are applied in the dyeing process, the effect of ionic
strength on the adsorption was evaluated by examining any changes in the isotherms
[13,21]. Figures 4a, 4b and 4c present the influence of the ionic strength on the
adsorption of acid yellow 42, acid black 210 and acid green 68:1, respectively, at three

distinct sodium chloride concentrations.
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Figure 4. Effect of ionic strength on the adsorption isotherms of AY (a), AB (b) and
AG at 298 K.

The increase in ionic strength causes an increase in the amount of adsorption of azo
dyes onto MWCNT. The higher adsorption capacity of CNTs upon salt addition can be
attributed to the aggregation of dye molecules induced by the action of salt ions, i.e.,

salt ions force dye molecules to aggregate, increasing the extent of adsorption of dyes
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onto CNTs [13]. The adsorption extent of dyes onto the CNT’s surface is also
dependent of the so-called screening effect — the CNT may be charged on the surface
due to the presence of oxygenated groups, being able to reach neutrality by oppositely
charged ions from dissolved salt. The latter effect may be validated if the carbon
nanotubes present heterogeneous surface.

On the other hand, ionic strength could alter the aggregation state of MWCNT,
leading to a better dispersion in the salt solution, when compared with distilled water.
This phenomenon could increase the specific surface area, which may contribute to

higher amounts of adsorbed dyes per gram of MWCNT.

3.5. Surface modification — equilibrium and thermodynamic studies

Isotherms of adsorption of acid yellow 42 on MWCNT-acid, MWCNT-oxid and
pristine MWCNT at 298 K are presented in Fig. 5. The adsorption capacity of the
different adsorbents follows the order: MWCNT > MWCNT-oxid > MWCNT-acid, so
the surface modification of MWCNT decreased the amount of adsorbed dye in
comparison with pristine MWCNT. The order also shows that nitric acid treatment
enables a more intense modification of the MWCNT surface than hydrogen peroxide
treatment, in comparison with pristine MWCNT.

The decrease in the extent of AY adsorption may be explained by the presence of
oxygenated functional groups at the CNTs modified surfaces, which can affect, even
minimally, the adsorptive properties of the adsorbent [18]. The surface of pristine CNT
is supposed to be more homogeneous, with delocalized m-electrons that enhance the
adsorption capability of aromatic compounds, when compared with other carbon-based
adsorbents. Several works indicate that the so-called m-m dispersion forces are
responsible for the adsorption of aromatic compounds onto CNT [22]. Oxidation may
introduce oxygenated functional groups on the CNT surface, thereby creating a
hydrophilic environment [14] and inhibiting adsorption of aromatic compounds by n-n
dispersion forces [18]. Another explanation is that the adsorption of water molecules
occurs on the oxidized sites of the modified CNT by means of hydrogen bonding [20],
which is the so-called “solvent effect”. In a previous work, we suggested that specific
interactions of phenolic molecules (aromatic compounds) with functional groups that
are chemisorbed onto the surface of the MWCNTs (probably hydrogen bonds) are the

driving force of the adsorption process [26]. Therefore, the solvent effect and the
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oxidation of MWCNTs, by the introduction of new functional groups on the adsorbent
surface, inhibit the adsorption of azo dyes due to the localization of the m-electron on

the adsorbent surface.
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Figure 5. Adsorption isotherms of AY onto MWCNT-acid, MWCNT-oxid and pristine
MWCNT at 298 K.

3.5. Microcalorimetry studies

The energy released or absorbed as heat in a thermodynamic process can be
measured by equipments and calorimetric techniques that allow their detection. Among
these, Isothermal Titration Microcalorimetry (ITC) has been widely used in the
characterization of many molecular processes due its high sensitivity, with the
possibility of detecting energy flows in the order of 10 J occurring in a given process.

Curves of variation of the enthalpy of adsorption (A.sH) versus the equilibrium
concentration of AY, AB and AG on MWCNT obtained from ITC measurements at 298

K are shown in Fig. 6.
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Figure 6. AuH (kJ mol™) versus equilibrium concentration (mg mL™") for the

adsorption process of AY, AB and AG on MWCNT.

According to Equation (9), the A,H values reflect the contributions of five

processes: the A, H ,, , , and the A, H ey o, Which are the enthalpy changes of
dehydration for the specific azo dye and MWCNT, respectively (both endothermic); the
exothermic A, H, , ,, that is related to the interaction between water molecules
released during the desolvation process; Ay H,, ,pomenyy —(€xothermic  or

endothermic), which describes the interaction energy between molecules of the azo dye

adsorbed onto adjacent sites on the MWOCNT surface; and the
exothermic A, H ,,ycnr_4p» Which indicates the intensity of the enthalpic interaction

between the dye molecules and the carbon nanotube surface. It is well known that the

nt

values of A, H i yios AH ap apowenry a0d Ay H ey yp differ from one dye

compound to another.

A H = AdehH ap-H0 T AdesH MWONT-H,0 T A, H H,0-1,0 T A H Ap-ap(MmweNt) T

Aint HMWCNT—AD (9)

According to Fig. 6, the negative values of A,gsH indicate the exothermic nature of
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all adsorption processes and, upon each injection, A,4sH tends to approach zero at higher
levels of the equilibrium concentration of dye. At the beginning of the adsorption
process, the amount of energy released as heat (A,gsH) follows the order: AB > AG >
AY. As C. reaches higher values, the change of enthalpy of adsorption becomes less
negative, which confirms the presence of distinct sites on the MWCNT surface that are
capable of interacting distinctly with the azo dyes. This evidence shows that the
heterogeneity of the MWCNT surface influences the adsorption process, due to
electrostatic interactions between the functional groups on the surface and the charged
groups of the azo dyes.

Electrostatic interactions and n—mn dispersion forces may occur simultaneously,
explaining the general mechanism of adsorption, and the balance between them may be
modulated by the chemical structure of the azo dye. In fact, Wang et al. recently
reported that electronic attraction and n—m interaction are involved in dye adsorption,
and n—n interaction was the major driving force of the process [25].

Table 3 lists the values of thermodynamic properties obtained by ITC. Contrasting
with those estimated by the van’t Hoff approximation, the negative values of A,qsH®
confirm an exothermic process of adsorption. The negative values of A,4;S° to AB and
AG adsorption indicate a decrease in the entropy change for the adsorbate molecules at
the MWCNT-solution interface, caused by a reduction in the configuration entropy of
the azo dye molecular structure. Therefore, adsorption of AB and AG onto MWCNT is
an enthalpically driven process. On the other hand, the positive value of A,4S° for the
adsorption of AY on MWCNT denotes an increase in the entropy change for those
molecules at the MWCNT-solution interface, due to the enlargement in the
configuration entropy of the dye molecules. In this case, both contributions of enthalpy
change and entropy change of adsorption determine the thermodynamic spontaneity of

the process.

Table 3. Thermodynamic properties of the adsorption of azo dyes on MWCNT
obtained by ITC.

AadsGo/ AadsHo/ TAadsSo/
Dyes | | .
kJ mol kJ mol kJ mol
Acid yellow 42 -31.88 -26.87 5.01
Acid black 210 -26.04 -100.06 -74.02
Acid green 68:1 -20.82 -60.70 -39.88
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The data in Table 3 also prove that van’t Hoff approximation provides an
incomplete and erroneous interpretation of the interactions between the azo dyes studied
and MWCNTs. The ITC technique seems to present more reliable results. Furthermore,
it is suitable to provide a good understanding of the surface chemistry of carbon-based

adsorbents, such as carbon nanotubes.

4. Conclusions

This work proposes, for the first time, the use of isothermal titration calorimetry
(ITC) to evaluate the surface of a MWCNT sample and the nature of its interactions
with azo dyes compounds. The adsorption of acid yellow 42, acid black 210 and acid
green 68:1 was evaluated using thermodynamic properties obtained by ITC and van’t
Hoff approximation. The adsorption of all azo dyes onto MWCNT is spontaneous
(AagsG°® < 0). Adsorptions of AB and AG onto MWCNT are enthalpically driven, while
AY is adsorbed by contributions of both enthalpy and entropy changes according to ITC
measurements. Calorimetric results show that interactions between azo dyes and
MWCNT occur at different sites, and electrostatic interactions and n—m dispersion
forces may occur simultaneously, explaining the general mechanism of adsorption. The
balance between them may be modulated by the chemical structure of the azo dye.

It has been demonstrated that the Langmuir model provides good fittings to
experimental data (R?> 0.99), although its theoretical background does not explain the
results obtained by ITC. The van’t Hoff approximation provides an incomplete and
erroneous interpretation of the interactions between the azo dyes studied and MWCNTs.

This work also shows, for the first time, that the ITC technique can be applied to
describe the surface of a MWCNT sample, and to elucidate its interactions with

adsorbed azo dyes molecules.
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