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RESUMO

SANTOS, Igor José Boggione, D.Sc., Universidade Federal de Vicosanezde
2013.Parametros termodinamicos da interacdo de acido humico com nandia de
carbono de paredes mudltiplas, argilas, 6xidos e albumina sokmvina. Orientador:
Luis Henrique Mendes da Silva. Coorientadores: Maria do Carmo Hespanhblada Si
Jairo Tronto.

Mudancas climéaticas globais causadas pelo aumento da concentr@ atimosférico

tem estimulado uma melhor compreenséao do ciclo global do C. Os soleentane um

dos maiores compartimentos de carbono na Terra, contendo mais C que ass®iom
vegetal e na atmosfera. Portanto, compreender a interacdo deasmsubstancias
majoritarias da matéria organica do solo, o acido humico (HA), commtiésrsuperficies

e substancias é extremamente importante, especialmente isasagueno o Brasil, onde

a maioria das emissoes de gases causadores do efeito estufa sdemiesdaimudancas

de uso do solo e atividades agropecuarias. O objetivo geral destectfa@bastudar os
parametros termodinamicos de interagcéo entre HA e o nanotubo de carbono diesparae
multiplas (do inglés MWCNT), argilas, oxidos e proteina albumina do sormdo
(BSA), visando contribuir para uma melhor compreensdo dos fatores que devam
estabilizacdo do carbono no solo. Para isso foram investigados a interacadd/BN-M

em diferentes pHs e em diferentes forgas ibnicas por meio da isateratksorcao e da
técnica de calorimetria de titulacdo isotérmica, [[@apitulo 3, a influéncia da Série de
Hofmeister na interacdo HA-MWCNT via isotermas de adsorcao €Ta@itulo 2), a
interacdo entre HA e argilominerais em diferentes forgas ibragaotermas de adsorgao

e ITC (Capitulo 3) e a interacdo BSA-HA em diferentes pHs e forcas idnieas
espectroscopia de fluorescéncia e ITC (Capitulo 4). A analise termaciném todos

0s capitulos demonstrou que o processo de interacdo do HA com diferentes superficies e
substancias é espontan@aq{G° < 0). Do primeiro estudo (Capitulo 1) resultaram que o

HA adsorve em MWCNT, principalmente, em pH mais acido e que a forca idnica, o tipo

XV



de sal e a origem do HA influenciam no processo de adsor¢cdo. O model@aigusem
ajustou as isotermas foi o de Langmuir. A analise termodinamicarddrou que a
adsorcao é entalpicamente favoravel para todos os sistemas estQdselpsndo estudo
(Capitulo 2) apresenta altos valoresIdeo que demonstra um grande potencial do
MWCNT em adsorver HA. Além disso, verifica-se que a adsor¢cao depemdeutaza
dos sais da Série de Hofmeister e que a adsor¢cdo ndo segue estA s@iddise
termodinamica mostra que o0 processo € entalpicamente favoravelggsi@anionica de
Hofmeister. O terceiro capitulo mostrou que o mecanismo de adsorcdo asnHA
argilominerias depende da natureza da superficie, da concentrgodleetitrolito e do

pH. O modelo que melhor se ajustou aos sistemas estudados foi o de kangmui
excecdo da montmorinolita em pH 4,0 e 6,0. O processo de adsorcao $piéaesitiu
entropicamente favoravel dependendo do sistema. No capitulo 4, os esjeetrossao
demonstraram que h& uma intensa interacdo BEAHouve um efeito da forca iérac

do sal KCI na interacdo BSA-HA nos sistemas estudados. A entropia foi positives para
sistemas em tampao 3,6 e 4,8 na presenca de 50 mM de KCI, sendo que mo grimei
variacdo entalpica foi desfavoravel. Nos demais sistemas dssjda@o houve uma
contribuicdo entropica favoravel ao processo de interagcdo BSA-HA, sendotgoota

processo dirigido pela entalpia.
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ABSTRACT

SANTOS, Igor José Boggione, D.Sc., Universidade Federal de Vicosa, Dec@filier
Thermodynamic parameters of the interaction of humic acid withmulti wall carbon
nanotube, clays, oxides and bovine serum albumidviser: Luis Henrique Mendes
da Silva. Co-advisers: Maria do Carmo Hespanhol da Silva e Jairo Tronto.

Climate changes caused by increased atmospheric concentra@@a lohvestimulated

a better understanding of the global carbon cycle. Soils represent one lafrgest
compartments of C on Earth, with higher C content than plant bicanasatmosphere.
Therefore , understanding the interaction of one of the major compounds angswiic
matter , humic acid (HA) with different surfaces and substancesrenesly important,
especially for countries like Brazil , once the majority of its greenhgases emissions
come from agriculture. The aim of this work was to study the thermodgrmarameters
of interaction between HA and multi wall carbon nanotube (MWCNT), ctaydes and
bovine serum albumin (BSA), to contribute to a better understanding tddives that
lead to stabilization of carbon in the soil , even with agricultacéivities. For this, we
investigated MWCNT-HA interactiorat different pHs and ionic strength through
adsorption isotherm and the technique of isothermal titration calorifhe@y(Chapte
1); the influence of the Hofmeister series in interactit?hr MWCNT via adsorption
isotherm and ITC (Chapter 2); the interaction between HA and clay minerals at different
ionic strengths via adsorption isotherms and ITC (Chapter 3) and HA-BSA interaction at
different pHs and ionic strengths via fluorescence spectroscopy and ITC (Chaptee
thermodynamic analysis in all chapters demonstrated that thectimeraf HA with
different surfaces and substances is spontanedadsG ° < 0). On the first study
(Chapter 1) we provided that MWCNT HA adsorbed mainly in the more aciditopid.
strength, salt type and origin of HA influence on the adsorption process. Thethaide
best fitted was Langmuir isotherm. Thermodynamic analysis showethéhadsorption

enthalpy is favorable for all systems studied. The second study (Chapiew®) lsigh
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values & I', which shows great potential of MWCNT in to adsétA. Moreover, it
appears that the adsorption depends on the nature of the salts of the ldoBeeiss and

that the adsorption does not follow this series. Thermodynamic ansiysis that the
process is enthalpically favorable for anionic Hofmeister series. The third chapter show
that the adsorption mechanism of HA on clay minerals depends on the nature of surface,
of polyelectrolyte concentration and pH. The model that best fittedyterss studied

was the Langmuir, excefidr montmorinollite at pH 4.0 and 6.0. The adsorption process
is enthalpy and / or entropically favorable depending on the system. prteclda the
emission spectra showed that there is an intenselS Axeraction. There was an effect

of ionic strength of the salt KCI in BSA-HA interaction. Entropy wastpasfor buffer
systems 3.6 and 4.8 in the presence of 50 mM KCI, while in the first to gytraaiation

was unfavorable. The other systems, there was not a favorable entroptoutiont for

BSA-HA interaction, therefore, the process being driven by enthalpy.
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FUNDAMENTAGCAO TEORICA

1.1. Acido hiimico

Os quatro principais compartimentos de carbono na Terra sdo: oceanos, atmosfera,
formacdes geologicas contendo carbono fossil e mineral e ecossistersret® sendo
gue o maior compartimento de carbono na Terra esta presente no ocgaiio, de
compartimento presente nas formacgdes geoldgicas. O carbono das formacdes geologicas
esta presente no carvao, no petroleo e no gas natural. Ja o compartimeriiordeda
solo é o maior nos ecossistemas terrestres, aproximadamente quatgd ovez
compartimento de C da vegetacdo e 3,3 vezes o carbono da atmosfeoasttéido
pelo carbono organico e mineralCompreender a relagdo destes compartimentos de
carbono e a acdo antropogénica no aumento do efeito estufa pode contribuir para a
mitigacéo da liberacdo dos gases causadores deste efeito.

Os ecossistemas terrestres sdo considerados atualmente como um grande
sumidouro de carbono, especialmente os solos. Ha varias maneiras gislasmanejo
apropriado da biosfera terrestre, particularmente do solo, possa resultgnifcasia
reducdo no aumento dos gases de efeito estufa.

Existem dois momentos no manejo do solo de forte emissdo de&O a
atmosfera: um no desmatamento seguido da queimada e outro no preparopadasolo
aracao seguida de sucessivas gradagens niveladoras. Este ultinssqopreelispe o
solo a erosédo hidrica, que contribui para o agravamento das emissfes dar&£@
atmosfera.

A ideia contida no cenario mundial foi que promovendo a adocéo de préticas
agricolas com conservacao do solo seria possivel ndo apenas aurpeodartigidade
agricola como, também, transformar os solos agricolas em drenos ou sundedDs
atmosférico, ou seja, transformar o carbono presente na atmosfera (na form elm CO

carbono estocado no solo, compondo a matéria organica db solo
1



O solo pode ser decomposto em quatro grandes componentes: compostos
minerais, organicos, soluveis e gases, sendo que a matéria organaa tnssido
reconhecida como uma das principais fontes de estudo, devido a agri@jltura
principalmente, a possiblidade de sequestro de carbono e a consequente &bindi@uic
emissdo dos gases geradores do efeito &stufa

A matéria organica € o resultado das acdes biologicas, quimicakas,fis
climaticas e edaficas, por isso é denominado como um complexo sistema decegsta
carbobnicas. Grande parte da matéria organica do solo é composta pot matefieado
(> 90%), o que torna este material um representante da matéria ofganica

Em acordo com Konova (1982), as substancias humicas constituem de 85 a 90%
a reserva total do carbono orgéanico e sdo encontradas em quase todss ssdinientos
e aguas naturais. Sdo formadas por transformacdes fisicas, quimicéégeds de
plantas, animais e microrganismos e apresentam papel fundamegtiatdsristicas do
solo?.

Apesar de Achard (1786) ter sido o primeiro a isolar e fracionar as substancias
hamicas, foi Berzelius (1806) que propbs uma classificacdo que ainda € niigadauiti
2, Ele baseou a classificacdo na solubilidade das fragdes himicasiemalcalino ou
acido. Assim, este pesquisador considerou como HA a fracao soltivel em meio alcalino e
a humina a fracdo inerte tanto em meio basico quanto em meio 4@do.daktes, ha
ainda os acidos fulvicos e o0 acido hymatomelanicos (surgido em estutirfopes). Os
primeiros sdo sollveis em meio alcalino e em meio &cido diluido, porém apresentam um
baixo peso molecular quando comparado aos HA; e os segundos, sdo as fracides de
hamicos sollveis em &lcodis

A presenca das substancias humicas no solo é essencial para coltuegde
qualidade. Ela promove maior porosidade no solo, maior capacidade de tioaaeion

retencdo de umidade, complexacdo com céations divalentes e outrasdpagsigue



influenciam na estruturacdo da fauna e da fforAlém disso, a caracteristica mais
importante destas substancias é a sua estabilizacdo no savifzara liberacdo de gases
de efeito estufa.

Apesar de sua importancia, essas substancias nao sao muito eneecailas.
Portanto, a compreensao da fisico-quimica e da estrutura desta suBstéeeracial para
uma aplicacao orientada e segura.

Os HA séo os componentes majoritarios das substancias humicas, o que tornam
os HA um bom representante das substancias hurmid@s HA sdo compostos de
coloracdo escura formados pela associacdo de macromoléculas heterdgépaas
peso molecular. Devido as suas caracteristicas estruturas aegtos podem interagir
com metais e compostos organicos, por exemplo, pesticidas e metaleppresentes
no ambienté->,

Dessa forma, acredita-se que a elucidacao das for¢cas motrizetedages entre
o HA e outras superficies e substancias possibilitardo inferir sobstridue, a
organizacdo e o comportamento daquela substancia no meio ambiente. Aggiaraa
a compreensdo do processo de sequestro de carbono no solo e, entdo, melhorar a
eficiéncia desse processo. Além disso, possibilitar a formacdo denoagnegado para
aplicacdes direcionadas e controladas.

Um dos parametros utilizados para este objetivo é a variacao alpisermte
interacdo, medida, por exemplo, pela técnica de calorimetriauttecdio isotérmica
(ITC). Além deste parametro termodinamico, ha outros que auxiliam na compreenséo de
todo o processo, como por exemplo, a variacdo da entropia (AS) e a variacdo da energia
livre de Gibbs (AG) 8. A ITC, portanto, possibilita 0 monitoramento do processo de

ligag&o”®.

1.2. Nanotubos de cabono

O carbono tem quatro elétrons na camada de valéncia, cuja configuragdo, no
3



estado fundamental 28 21*. O diamante e o grafite sdo considerados como duas formas
cristalinas naturais de carbono puro que se diferenciam pela naturggeda &ntre dois
carbonos adjacentes. Outras formas de ligacdo entre os atomos de carbongepadem
estruturas fechadas, como os fulerenos e os nanotubos de carbono%e{iTs)

OsCNTs podem ser visualizados como nanoestruturas cilindricas com diametros
da ordem de nanbmetros e comprimentos de microns, acarretando a grandes razfes
comprimento/diametro. Eles podem ser de duas categorias: (i) nanotubos de darbon
parede simples (SWCNTSs, do inglés single-wall carbon nanotubes), que sdo constituidos
por apenas uma camada cilindrica de grafite; (ii) nanotubos de carboparaties
multiplas (MWCNTSs, do inglés multi-wall carbon nanotubes), que sao tiddss de
varios cilindros concéntricos de grafite, espacados de 0,34-0,36 nm um dé&.odso
propriedades diferentes e Unicas destas estruturas se encontram addecioom a

combinacdo da dimenséo, da estrutura e da topologia.

0,34a0,36 nm

(A) (B)

Figura 1. (A) Nanotubos de carbono de parede simples e (B) nanotubos de carbono de
paredes multiplas. (Adaptacad)

Possivelmente, a primeira série de imagens de CNTs em odprosletronico
de transmissdo de alta resolucédo foi obtida por Endo, em meados dé’.18@f0
desejava analisar a estrutura interna das fibras de carbono produzidaslsar ¢ge
benzeno e ferroceno a 1000 °C e, com isso, elucidar e controlar o0 mecdrismo
crescimento das mesmas. Por isso, as estruturas nanomeétricas réiancarande

impacto, jA que os pesquisadores da época estavam mais interessafilmasae
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carbono.

Somente 21 anos depois, lijima, usando a microscopia eletronica de tsd@iasmis
e difrac&o de elétron, reportou a existéncia dos nanotubos de cHttieste material foi
gerado num reator de descarga por arco de fulerenos.

Atualmente, os CNTs podem ser obtidos por uma ampla variedade de processos,
tais como descarga por arco, ablacdo por laser, deposicdo quimica de vapor e outros.

As diferentes direcfes do enrolamento fornecerao trés tipos de aRithair,
zizzage quiral. Cada um deles tera uma propriedade diferenciada, pois a ncaneira
gue a camada de grafite foi enrolada influencia diretamente na @asisédbandas de
valéncia e conducdo das nanoestruturas. Desta forma, dependendo da siaa esnet
CNTstera propriedade metélica ou semicondutora.

As diferentes propriedades elétricas, magnéticas, Opticas e nascatos
nanotubos de carbono tornam-os interessantes para diversas aplicacdesz dma
determinadas aplicacbes exigem nanotubos de carbono com um grau maior de
uniformidade de diametro e quiralidade, com maior pureza, com ausénciceiiesdef
estruturais e em grande quantidade, verifica-se a necessidadeadterizar essas

estruturas apos a sintese.

1.2.1. Caracterizacao

A caracterizacdo dos produtos formados na sintese de CNTs é uma etapa
importante para a nanotecnologia, uma vez que a qualidade, dasenatpureza dos
materiais € que direcionardo as suas aplicacdes. Uma var@elddenicas pode ser
utilizada para caracterizacdo morfolégica e estrutural destasstramoes, porém as
mais amplamente utilizadas sao: microscopia eletrénica de varrddliEy/),
microscopia eletrbnica de transmissdo (MET), difracdo des paigDRX) e analise
termogravimétrica{G) e espectroscopia Raman, principalmente para os SWCNT.

A MEV permite visualizar a morfologia da estrutura, enquanto que a MET #ornec
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tanto a informacao da forma do nanotubo quanto do diametro interno e externo, além do
namero de paredes e do espacamento entre elas. Ja a difracas ¥epeiite obter
informacgdes sobre o espacamento entre as camadas de grafeno, tent#al es a
pureza da sintese. A analise termogravimétrica € utilizada pafecar a pureza do

material®.

1.2.2. Aplicacbes
As propriedades Unicas dos nanotubos de carbono fazem deste mateha um a
de estudos que visam suas aplicacbfes em diversas areas. Algop@sdades de
interesse sao a alta resisténcia mecanica, a capilaraladeutura eletrénica peculiar
a elevada area superficial.
Algumas das muitas aplicacfes em potenciais destas estruturas sao:
i. Aditivos para materiais poliméricos: criacdo de nanocompdsitos com
caracteristicas especificas, como o aumento em 40% da tenséa eld586 mais
de resisténcia a tracd
ii. Materiais adsorventes de gases: remocdo de gases prejudicianseiao
ambiente'®;
ii.  AplicagBes biotecnoldgicas: desenvolvimento de biossensores e biorréatbres
iv.  Adsorventes de metais pesados em efluéfites

v. Peneira moleculd?.

Um estudo recente e de grande motivagao para o estudo atual mostizacaat
de CNTs na germinacdo de sementes de tomates, cuja presenaaoeatrutura
proporcionou uma taxa de germinacdo mais rapida e maior producéo de biomaasa para
plantas. Desta forma, este efeito pode significar uma importancia ecanpara a

agricultura, horticultura e o setor de enefdia



1.3. Termodinamica de adsorcéo

A elucidacéo das propriedades termodinamicas do processo de interagdo do H
em superficies possibilitara uma aplicacdo mais direcionada eladatdm produto deste
processo, ou seja, o controle da formacao de filmes moleculares com pagwiéiicas,
elétricas e mecanicas modulaveis bem como o preparo de suspensiisgeosbes
termodinamicamente estaveis. Para elucidar e compreender pespasdades e a
estabilidade dessas suspensodes é precissap@mmpreendam determinados conceitos
fundamentais, como fase, interface e tenséo interfacial de um sistema.

O gque vai caracterizar uma fase é a igualdade das propriedadedité&micas
intensivas em todos os pontos pertencentes a fase no equilibrio termoaliramtie
duas fases distintas em contato tem-se a interface. Esta é&egiia na qual as
propriedades termodinamicas intensivas tém valores intermedianesasruas fases
em contato e estes valores dependem da posicéo de z, onde poderemmisadefee a

fasea € a fase liquida e a fagea fase solid&?%

Interface

+0

Figura 2. Sistema composto de duas fases e a interface delimitada&metres.

J.W. Gibbs foi o primeiro a propor um método para idealizar a interface. Ele
propds uma superficie que dividia as duas fasggnaticamente. Assumiu que as fases

o e sado separadas por uma camada limite infinitesimalmente fina,cod@&@®mo o



plano de divisdo de Gibbs, como pode ser visto na Figura 2 (eixo 0). ApeSdbde
considerar essa superficie apenas como um plano, desconsiderando o volume, e, portanto,
se afastar da realidade, o seu conceito é consistente e pglinde @ termodinamica
nos processos de superfiéie

Geralmente, a influéncia dos efeitos de superficie sobre as propriedades
termodinamicas do sistema € negligenciavel. No entanto, em akgos onde a relacéo
entre a area de superficie e o volume é elevada, tais comastensas coloidais (por
exemplo, interagdo HA-CNTSs), os efeitos de superficie sdo signifisafi. Nestes
sistemas, a mistura termodinamicamente desfavoravel na intgdeceim excesso de
energia livre de Gibbs em relacéo as energias livres de Gibbada uma das fases, num
mesmo elemento de volume, altera a energia livre de Gibbs do sfstema

Este excesso de energia livre de Gibbs pode ser definido termodinamieam
como o incremento de energia livre de Gibbs quando se expande a areaiahterfac
reversivelmente por uma unidade, mantendo como constantes a teraparptessae
a composicao do sisterda Para uma variacido da energia livre de Gibbs de um sistema
heterogéneo num processo reversivel, temos:

dG =Vdp —TdS + ) udn; + ydA (1)

onde G é a energia livre de Gibbs do sistema, T é a temperatui@.e8tropia, p € a
pressdo, V o volumey é o potencial quimico do componente;iéna quantidade de
substancia de i no sistemaé a tensédo interfacial e A a area da interface. Todavia, na
pratica processos a p, T egdo constantes e, portanto, a tensdo interfacial pode ser

definida como:

=)0 ®

Um dos processos para diminuir o excesso de energia livre de Gibbs daanterfac
e, consequentemente, reduzir a energia livre de Gibbs do sisteadsérgéo de uma

molécula na interface. A adsor¢cdo € um fendmeno espontaneo no qual um dos
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componentes do sistema se concentra mais na interface do que nas das Gsdato.

Dessa forma, qualquer alteracéo na interface ira alterar o processovadsarteja, as
atracOes eletrostaticas, as ligacdes covalentes, as bgdedadrogénio, as interacdes
apolares e laterais irdo contribuir para este fenbmeno, sendo que as duen@aPpr
envolvem as interacdes adsorbato e adsorvente e a Ultima s@awenteracoes intra-
adsorbatos. Matematicamente, podemos definir a adsorcdo como a qeatdideaterial
adsorvido por unidade de area que seria igual ao nimero total de moléculas subtraido do

nimero de moléculas de cada fase e dividido pela area inteffacial

L= — : 3

ondel; € a quantidade do componente i adsorvido por unidade de area da intgtface,
€ o numero de mols total do componentdj; e Ng;sdo os nimeros de mols do
componente i nas fases a e §, respectivamente, e S € a area superficial. Todavia, o término
de uma fase e o inicio da outra ndo ocorre de forma pontual em uma gleamu
conforme definiu Gibbs.

Para se considerar toda a extensao da interface no eixo z, considera-se uma
interface delimitada entred e —6 ¢ dividida pelo eixo 0, conforme a Figura 1.

Dessa forma a equacéo 3 torna-se:

-5 0 +8
L= f [CF(2) — ] dz + f [CF(2) - Cf] dz + f (€7 @) - ¢f'] dz X
o ) 0

+ f+ :[cf(z) —cfldz

Onde o sobrescrito s corresponde a superficie/interface. Considerando que aagditcent
do componente i nas fase®  ndo variam ao longo do eixo z, temos:

0 +6
L= f (i) — Cf ] dz+ f (i@~ ¢f] dz X
-5 0



Considerando que o componente i ndo se move espontaneamente pafa @ fase

segundo termo da equacao 5 é nulo, entdo:

L= [[C5 () - €] dz (6)

Aplicando o teorema do valor médio obtemos:

L=[C—C*6 (7)

Ondesé é a espessura da interfa@’ é um valor médio da concentragdo do componente
i, ja que a concentracdo do componente i varia ao longo do eixo z na interface.
Considerand®; muito grande temos qu& > Cf*, assim:

L=[C16 8)

Pela andlise desta equacédo observa-se que a quantidade de compdeentila
na interface de um sistema é a multiplicagcdo da concentracéo adesponente na
superficie pela espessura da meéma

Se em um experimento ocorrer alteracdo da tensdo interfacial doasiate
adicionar um componente, pode-se concluir que houve transferéncia de asafiécseio
da solucéo para a interface do sistéf®ortanto, temos:

Gr =y + Ly 9)

Sendo G aenergia livre de Gibbs necessaria para ocorrer adsor¢gdo. Assimygiads

de moléculas na interface tem duas contribuicfes: a alteracdns@a iaterfacialy,

devido a mudancas das interacfes e orientacdes das molécuzsfdad, e o trabalho

quimico (T';) referente a transferéncia de moléculas do soluto da solugéo peréaadn
Derivando a equacédo 9 em relacég, dgm-se:

6Gr _ Sy | d(Tip) (10)
Sl Oy Oy
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Considerando que todos as outras condi¢cdes do sistema encontram-se constantes,

. - . 5G ~ 6G 6T
iremos multiplicar e dividir o term%I da equacédo 10 pofTi temse E'a_ul'
i i i

. 5G o . ~ ~
Con&derandgr— = ; e substituindo essas consideragdes na equagéo 10 e resolvendo a
i

diferencial do produto T'j Wi, tem-se:

Sy (11)

A equacdo 11 é a equacdo fundamental de adsor¢do de Gibbs para qualquer
substancia. E importante ressaltar que pela analise destaeyesfiéamos exatamente
a causa do processo adsortivo. SO haverd adsorcao se a razao entre a t@@deaa
tenséo interfacial pela variacdo do potencial quimico for negativial derma que o
produto desta equacdo seja positivo. Isto indica que houve maior trariafeténc
moléculas para a interface quando comparado com as faseso Igsorera quando
houver a diminuicdo do excesso de energia livre de Gibbs na interface e
concomitantemente o aumento do potencial quimico da substancizial adgerminar
a quantidade do componente i adsorvida por esta equacdo é complexo psldatkres
de determinar o potencial quimico experimentalmente.

Para resolver esta questéo, é importante Iembraxiquguf’ + RTlIna; e que para
solucdes ideais e idealmente diluidas temgse= uf + RTInC;. Além disso, derivando

em relacdo &;, esta equacéao torna-se:

Sus Suf 1 12
ow oM pn 1 (12)
5C; 686G C;

6 6
N , o St :
Comoy? nao varia cong;, —’é‘ é constante g}“—c‘ = 0, assim:
i :

1

5C; RTCi
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Substituindo a equacgéo 13 na equacao 11 tem-se:

Ci Sy (14)

=——L_°
1™ T RTC

A equacao 14 é valida apenas para solucdes ideais ou idealrhddtesdi € mais
facilmente obtida experimentalmente do que a equacéo 11. Para a determipadae
se mediry em funcao d€; e por meio de um grafico obtBr Para aqueles sistemas em
que é dificil determinar a tensao interfacial, pedeenstruir uma isoterma de adsorcao
e obter a tenséo interfacial.

A isoterma de adsor¢cdo € uma funcdo que relaciona a quantidade de substancia
adsorvida por unidade de area interfacial ou quantidade de substardi@ladsorvida
por grama de adsorvente com a concentracdo de equilibrio doadsalsolucdo. A

isoterma permite a compreensdo do mecanismo de adgarcio

1.4. Série de Hofmeister

Os ions tém um papel fundamental em muitos processos naturais, bio&gicos
tecnoldgicos e, por isso, 0 estudo e a compreensdo do mecanismo de &wAtEmsl
e anions s&o importantés

Franz Hofmeister foi o primeiro pesquisador a estudar o efeito de ions na
precipitacdo de proteinds Embora, ainda hoje, haja um debate sobre a importanica
relativa de interacdes diretas ion-ion e de interacfes ion-aguaxphcar ou prever o
efeito destes ions, existem modelos que procuram elucidar este mecadim dos
modelos propostos se baseia no efeito destes ions na estrutra timhadedes moléculas
de agu&®. Aqueles jons que aumentam a organizag&o entre as moléculas de agua seriam
denominados de ions cosmotrépicos e ocasionariam a diminuicdo da soluliidade
proteina. Aqueloutros que diminuem a organizacao entre as moléculas de aguasseriam
ions caotropicos e promoveriam a solubilidade da proteina. Dessa forma desé

Hofmeister ou série liotrépica consiste em uma ordem de sais de acordoseu efeito
12



na precipitacéo ak proteinas®® estudada pelo Hofmeister, sendo representado pela

Tabela 1.

Tabela 1.Série de Hofmeister

Cosmotrépico Estabilizante Desestabilizante Caotrépico
Anions F PQ*> SQ* CHCOO CI Br I SCN
Céations (CHs)aN™ (CHs)o2NH2" NHst K Na' Cs™ Lit Mg? C&t Ba*

1.5. Outras superficies adsorventes e outras interacdes

1.5.1. Argilominerais

A literatura sobre argilas é extensa e apresenta algumas duiesggélevido a
heterogeneidade das mesmas. No entanto, pode-se definir argila colmasa rocha
constituida essencialmente por um grupo de minerais que recebem o nome de
argilominerais, sendo que estes ultimos sao silicatos de Al,Nfg leidratados, com
estruturas cristalinas em camadas (filossilicatos), constitpioloolhas continuas de
tetraedros de SiDordenados de forma hexagonal, condensados com folhas octaédricas
de hidroxidos de metais tri e divalentes

A maioria dos argilominerais, naturalmente, é constituida esseecit por
particulas com algumas dimensdes geralmente abaixo de 2 um, padeteiouma
fracdo com dimensfes na faixa de 1 a 100 @swargilominerais séo classificados em
grupos com base nas semelhangas em composi¢cao quimica e na eststalira. As
estruturas cristalinas séo classificadas em 2 tipos: estruturas 1:1 e esfutura

Nas estruturas 1:1 estdo os grupos: caulinita, serpentinas e ferrifas. N
estruturas 2:1 estdo os grupos: talco-pirofilita, micas, esmeegtasiculitas, cloritas e
paligorsquitasepiolita. Aléem destes argilominerais, existe um pequeno numero de
argilominerais componentes das argilas industriais: caulinita, mofamta] talco,
vermiculita e amianto crisotila (amiant®)

Grim (1968) diz que néo € possivel descrever uma argila por um namero pequeno
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de propriedades e que geralmente os fatores que controlam as propriedades de uma
determinada argila s&&
e A composicado mineralogica dos argilominerais e a distribuicdo graatrioe

destas particulas;

e A composicdo mineralogica dos ndo-argilominerais, qualitativa e tptevatj e a
distribuigdo granulométrica destas particulas;

e Teor de eletrdlitos;

¢ Natureza e teor de componentes organicos;

e Caracteristicas texturais da argila.

Outras propriedades das argilas estdo diretamente relacionadasuesm
aplicacbes, como por exemplo: tamanho das particulas, plasticidentacéo,
refratariedadé.

As argilas sao utilizadas pelo homem desde a antiguidade nesdiversas
aplicacdes. E responsavel por uma série de processos considerados, aabarai®
como catalisadores, como por exemplo, em transformacdes quimicasemfsomacao
de petréled?,

Inimeros estudos sao atualmente desenvolvidos pela ciéncia de nomoaisnat
com o objetivo de criar materiais capazes de atuar com granddéaefodgrocessos
adsortivos e catalitico¥. Neste contexto, estes materiais sdo conhecidos por formar
complexos com moléculas organicas naturais e antropogénicas encontrasimiesnes
sedimentos®. Esta complexacdo pode afetar a atividade bioldgica destes compostos
organicos®. Alguns pesquisadores sugerem seis mecanismos de adsor¢do d@ matéri
organica em superficies minerais: troca de ligantes, pontes descétama de anion,
troca de cation, interagdes de van der Waals e efeito hidrofbico

A troca de ligantes envolve a troca de grupos acidos da matégiaicargpor

exemplo grupos carboxilicos e fendlicos para grupos hidroxilicos na supeHicie.
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provavel que é este 0 mecanismo dominante para a adsorcao de sulsf@Encas e
matéria organica em aluminio hidratado e superficies de oxido de ferro em agua doce.

Pontes de déons sdo formadas quando os cations funcionam como uma ponte
entre as cargas negativas da superficie mineral e grupos aniéngregpos polagsdo
polimero organico. Muitas vezes, uma molécula de adgua permanece eatien e o
grupo funcional de modo que o polimero esteja ligado por ligacdes de hidrogénio. Neste
caso, as pontes sdo denominadas pontes de agua. Céations polivaldrgkesesigpontes
mais eficazes do que os monovalentes.

Na troca de anions, um anion organico € trocado por um anion inorganico e
associados com uma superficie positivamente carregada por at@gamisana
simples.

A troca de cations € semelhante a troca aniénica, exceteqtea organico e
por associar-se a uma superficie carregada negativamenteingtoréante para os as
superficies de aluminosilicatos carregadas negativamente.

Interacdes de van der Waals sdo de curto alcance, apresentamcéesoc
aditivas, e s6 se tornam significativas em forca ibnica elevada ou quando o sistema pode
sa desidratado. Essas interacdes sdo muito importantes na agua devidara elevada
forca ibnica que ocasiona a diminuicdo da espessura de dupla camaida, elét
conduzindo a uma reducao das forcas de repulséo eletrostéticas entrepalfgé@nicos
carregados negativamente e as superficies de argila de cargaandgtdipermite maior
aproximacédo do polimero organico para a superficie, e, por conseguinte, 0 aumento da
interacédo de van der Waals.

Os efeitos hidrofébicos envolvem as interacdes desfavoraveis enpagbes
apolares da matéria organica e a agua, o que torna o processo dirigido pela®ntropia

Apesar do conhecimento destes seis mecanismos, a adsor¢ao de sisbstanci

hamicas em argilas ainda tem sido bastante investigada cojatiombde compreender
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mais profundamente estes mecanismos e conseguir controla-los #b solo

1.5.2. Oxidos

A decomposicdo dos residuos de origem vegetal tem papel fundamental na
dindmica da matéria organica, nas caracteristicas quimicas, fisicas easottigsolo e
grande importancia no fenémeno de aquecimento gfSb&urante os processos de
decomposicdo e mineralizacédo dos residuos de culturas, compostos organidestes
séo liberados para o solo, onde podem sofrer varios tipos de interacatasemrmaeral.

Dessa forma, ions ou moléculas da solugdo podem ser adsorvidos nas superficies
de argilominerais ou 6xidos, modificando o seu comportamento no solo, principalmente
quanto a disponibilidade para as plantas e transporte no Pedbnsiderando essa
interacdo, as moléculas organicas podem tornar-se protegidas fisicaifentéando o
uso do carbono organico como um substrato pelos microrganfSnieste fenémeno
pode, portanto, alterar a taxa de decomposicdo dos materiais organicos docmna
consequentemente, influir na dindmica e na estabilizacdo da nmatfidaca no solo.
Desta forma, compreender o mecanismo de interacdo entre a m@@ni@a e os 6xidos
possibilitaria um maior controle da estabilizacdo e uma mitigagéefeito estufa
antropogénicd™.

Os processos de intemperizacéo liberam cations e anions, origirajmesgntes
na rocha matriz, que se recombinam formando outros minerais mais estaveis.
Particularmente, Al e Fe, associados ao O, formam os 6xidos, hidroxidos ou oxidroxidos
que sdo estaveis em solos intemperizadoBe maneira genérica, estes minerais sao
chamados de 6xidos de Fe e Al. Os Oxidos séo resultados de altfgeimgerizacéo,
que resulta em minerais nao silicatados. Nao apresentam cargaraistam resultado
de substituicdo isomorfica, portanto, apresentam baixa capacidxdeadeatibnica. Sua
carga € de superficie apenas, limitada ao pH do meio em que se enééfitram

As formas cristalinas mais freqiientes e abundantes dos 6xidos de Fe do solo séo:
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goethita(a-FEOOH) e hematitgo-FeOz). Ocorrem também nos solos oxidos de Fe mal
cristalizados ou amorfos chamados de ferrihidrita, considerada como prealasora
hematita e sem formula definiéfa

A formacéao dos oxidos de Fe € dependente do teor de ferro do material de origem
e das condi¢cbes ambientais, sendo que por processos de cristalizagi@ioatagao, a
ferrihidrita pode transformar-se em hematita. Entretanto, auséncia deioxegé
presenca de agentes complexantes de Fe inibem a cristalizagsim, os principais
fatores que favorecem a formacéo da goethita em detrimaritengiatita no solo séo:
menores teores de Fe no material de origem, baixas temperaturagsngaaus de
umidade e matéria organica e valores de pH mais b&ixos

Normalmente, os oxidos de Fe determinam a cor e influencianTwdueste
reacdes de troca ibnica dos solos. A presenca da goethita no solo tadansta sua
coloragdo amarelada; ja a hematita confere ao solo uma coloragéo avearfrelhad

Outro 6xido de grande ocorréncia nos solos sdo os de Al na forma de gibbsita -
(a-Al(OH)3) “6. A gibbsita € um dos minerais mais comumente encontrados nos solos
altamente intemperizados, sendo um dos principais componentes da fralgddaargi
mesmos. O mineral é constituido pela unido de octaedros de Al, de forma que os atomos
de Al ficam na parte interna da estrutura, com uma camada de hidnaxpaste inferior
e outra na superior, onde a ligacéo entre as unidades cristalogrdéitaspér ligacdes
de hidrogénid®.

A adsorcao de metais pesados pela superficie da gibbsita, assim duenwatita
e goethita, € considerada especifica, devido ao forte carater codaléigsegdo do cation

com o oxigénio da superficie do minetal

1.5.3. Proteina albumina do soro bovino (BSA)
Proteinas s&do biopolimeros constituidos por monémeros denominados

aminoacidos ligados por ligagBes peptidicas e existentes em tool@ROBSMOS Vivos.
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De acordo com sua composicéo, sao classificadas em dois grandes agyposeinas
simples, como a albumina, que quando hidrolisadas geram apenas os idosneaas
proteinas conjugadas que, quando hidrolisadas, geram os aminoacidos juntéora®@m ou
componentes como carboidratos e gordfitas

As proteinas podem ter quatro diferentes tipos de classificacdo estrutural
dependendo do tipo de aminoacidos que possui, do tamanho da cadeia e da configuracéo
espacial da cadeia polipeptidica. A estrutura primaria € defiretia gequéncia de
aminoacidos ao longo da cadeia polipeptidica. E o nivel estrutuisisimgples e mais
importante, pois dela deriva todo o arranjo espacial da molécuta esgécificas para
cada proteina. A estrutura secundaria é atribuida ao arranjo espaamind@cidos
préximos entre si na sequéncia primaria da proteina. As estruturas secyputiemser
duas: a alfa-hélice, mais comum, que ocorre por ligacdes covaquuates de dissulfeto
intramoleculares caracterizada por uma hélice em espiraljfathabeta (ou folha
pregueada), € formada por ligacbes extra moleculares, que envolve doisisou ma
segmentos polipeptidicos da mesma molécula. J4 a estrutuéaideds uma proteina
resulta do enrolamento da hélice ou da folha pregueada, ou ainda das duasessult
Esta estrutura confere a atividade biologica as protéinas

As proteinas podem ser classificadas também de acordo com a sua forma
tridimensional em: fibrosas (insolluveis, como por exemplo o colageno e &irp)eras
quais sdo formadas por cadeias de polipeptidios organizados “lado a lado” em longos
filamentos; e globulares (sollveis, sdo exemplos a hemoglobina e adhsglie tém
estrutura compacta e quase esfética

As forgcas que estabilizam a estrutura terciaria das proteinagssiteracoes
hidrofébicas, as pontes de dissulfetos e as forcas por atracdo idnicatiestpositivos
e negativos das varias cadeias laterais de aminoé&cidos do ireepioteina, contribuem

para complementar a estrutura terciafia
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As albuminas constituem uma classe de proteina cuja funcdo é transport
moléculas menores no organismo, como metabolitos, anti-coagulantes g@axos
entre outrad®. Em especial, as albuminas ligam acidos graxos sendo responséweis pe
remocao destas substancias livres da corrente sanguinea. A sonoalldumimaior
proteina globular existente no plasma (peso molecular de =66 kDaltons). Sua
concentracdo media € de 5 g/100 mL e contribui com 80% da pressao sanguidieza
do sistema circulatorit? 49> Além disso, essa proteina esta presente também no soro do
leite.

A estrutura primaria da BSA é constituida de uma uUnica cadeia com 581 residuos
de aminoacidos. Cerca de 67% da estrutura secundaria é formada por a-hélice de 6 voltas
e 17 pontes de dissulfeto e, sua estrutura terciaria € globular, compo8taguinios
que conferem & molécula a forma de emacio, com raio de giro ~ 32 A 505152

O dominio | estende-se do residuo 1 ao 191 e neste dominio ocorre uma grande
afinidade para Hg, Au*, acidos graxos, triptofano, corantes e compostos com anéis
aliciclicos®’. O dominio Il estende-se do residuo 192 ao 379 e nesta regido se verifica a
maior afinidade para compostos como bilirrubina, digitoxina, acidos graxadas
curtas, corantes e outros farmacos. O dominio Ill estende-se do r@8ao 580 e,
nesta regido, verifica-se grande afinidade por &cidos graxos de cadeia®aonstitui
o maior sitio de ligacéo de farmac8s*>3

A BSA possui seu ponto isoelétrico em pH 4,7. Estruturalmente, a BSAi@
semelhante a albumina do soro humano, HSA, mantendo cerca de 76% idaddent
sequencial da HSA e, sob o ponto de vista espectroscopico, difere goistezsiduos

de triptofano, o W131 e o W214, enquanto que a HSA possui apenas 0%/ 214>
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1.6. Técnicas utilizadas

1.6.1. Calorimetria de titulacao isotérmica (ITC)

Os experimentos de titulacdo calorimétrica para determinacdo dgaeada
entalpia sdo realizados em equipamentos denominados de calorimestestrabalho,
os experimentos foram realizados em um microcalorimetro de titukg@omica. Tal
equipamento consegue detectar fluxos de energia da ordem de 0,02 uW através de
termopilhas que se encontram entre as celas de amostra e refééaqisipamento
utiliza duas torres, as quais se conectam celas com volume de aproximada@&erite
Em uma das celas adiciona-se a amostra que serd tituladautra, uma amostra de
referéncia.

Os experimentos de titulacdo calorimétrica coasigm adicdes consecutivas de
solucdes concentradas de um analito num vaso calorimétrico de voliagual a 1,8
mL, contendo o adsorvente em uma solucdo ou outra substancia de interesse.
Experimentos comparativos, nos quais sao colocados no vaso calorimgtmigates o
solvente, sempre sao realizados para cada conjunto, objetivandcaadsierminacéo
dos parametros termodinamicos associados aos processos de diluicdo do analito.

O ITC utilizado apresenta dois canais de titulagdo, um contend@ pae a
amostra e outra uma cela de referéncia (preferencialmente ctenamaerte ou
possuindo a mesma capacidade calorifica e condutividade térmicaygradiberada ou
absorvida na cela de reacdo é detectada por um trocador de calor gusuésolta,
geralmente um bloco de aluminio. O fluxo de calor é registrado pE@®pilhas
posicionadas entre a amostra e o trocador de calor. A diferenca deaemgpentre a
amostra e o trocador de calor ira gerar um potencial elétrico sobre a ileamop

fornecendo uma corrente elétrica que sera medida.
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Figura 3. Microcalorimetro de titulacdo isotérmico.
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Figura 4. Desenho esquematico do conjunto seringa-torre de titulacao.

Todo o experimento de titulacdo é programado, sendo automatizado emstodas a
etapas: as adi¢cdes das solucdes do analito sdo realizadas palerseringagastight
Hamilton (250 uL), utilizando-se cénulas capilares feitas de teflon que cosmiuz
solucéo até cela calorimétrica da amostra. As injecdes do analito sdo Gudsopor
um motor de passo comandado por um microprocessador. O intervalo de terapo e
cada injecdo € ajustado para cada sistema e a homogeneidade da amostidapgarant
um agitador (350 rpm).

Os valores da energia liberada ou absorvida na forma de calor sdo obtidos por
integracdes das deflexdes ocorridas a partir da linha base, na cyettidea versus
tempo. Em condi¢gBes de temperatura e pressdo constantes, tem-seagaeda de

entalpia é numericamente igual a energia na forma de calor elovotyprocesso. Assim,
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podese obter a variagdo de entalpia (Aopdd) associada ao processo, para cada injegéo d
analita Ao € corrigido pela variacédo de entalpia de diluicdo do an@litgd) para
obter variacdo de entalpia liquida de interagfeH). Divisdo deAinH pela estimativa
do nimero de mols do analito que interage com a superficie tem comadesal
variacio de entalpia de adsorcdo do Wad emkJ motY). Caso, estejamos trabalhando
com interacdo teremos a variacao da entalpia de interacdo. A gat@eatalpia padrao
de adsorcdo e interacdadH°® ou AintH®) sdo determinaabs considerando a diluicdo
infinita.

Todas as medidas sao realizadas mantendo-se a tempeoattente por meio

de um banho termostatico.

1.6.2. Método de determinacao de caracterizacao de porosidade

Véarios métodos foram desenvolvidos a fim de se determinar a dishiobde
poros de acordo com seu tamanho. Dentre esses citam-se a microstapicat®®’ e
a absorcédo de raios gaffasendo o método mais comum a determinacéo da quantidade
de um adsorvato necessaria para recobrir com uma monocamada a supericie
adsorvente. Os adsorvatos normalmente utilizados para esse fimss&o ggndo o
nitrogénio e o argbnio 0s mais comuns, pois apresentam sempre uma adsor¢cdo nao-
especifica com qualquer tipo de s6lrd&’.

Quando um solido é exposto a um gas ou vapor em um sistema fechado a
temperatura constante, o sélido passa a adsorver o gas, ocorrendo aasimemto da
massa do solido e um decréscimo da pressdo do gas. Apés um deterammamioat
massa do solido e a pressdo do gas assumem um valor constante icdad@ale gas
adsorvida pode ser calculada pela diminuicdo da presséo por meio dgéapliaa leis
dos gases ou pela massa de gas adsorvida pelo sélido.

A primeira teoria que relaciona a quantidade de gas adsorvida poeasdo de

equilibrio do gés foi proposta por Langmuir em 1918, no entanto essa ¢ecoiasdera
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a formacdo de uma monocamada do Yasangmuir chegou a formular uma outra
proposta que considerasse a formacédo de camadas multiplas atravesadsmo de
evaporacao e condensacao, porém a equacao era muito complexa.

Na década de 30, Brunauer, Emmett e Teller derivaram uma equaeda pa
adsorcdo de gases em multicamadas na superficie de sdlidos. Acgierominada
BET (letras iniciais dos homes dos trés autores), se baseia na hgetpse as forcas
responsaveis pela condensacdo do gas sdo também responsaveiagasadatvarias
moléculas para a formacao de multicamadas. Brunauer, Emmettregéekealizaram a
equacao de Langmuir obtendo a expressédo denominada equacéo de BET:

PNV(RB - P) = 1/\nc+ [(c-1)/ ViC]P/R (15)
Onde c = exp[(@- QU)/RT], sendo @¢é a energia na forma de calor envolvida no processo
de adsorcdo da primeira camada, € a energia na forma de calor envolvida na
condensacao do gas e P é a pressdo. O volume da monocampaalde\ser calculado
pela resolucéo do sistema:
b=1/Nncea=(c-1)/M¥c (16)
Ondeb € o coeficiente linear&o coeficiente angular da reta obtida.

A equacéo de BET foi desenvolvida com o objetivo de relacionar valores obtidos
a partir das isotermas de adsor¢céo com a area especifica de um sélido. Para tag obtém
0 volume da monocamadan\através do volume de gas adsorvido V a uma determinada
pressao, equacao 16. Todo o tratamento matematico desenvolvido leva eleragis
a formacao de multicamadas, porém, observou-se que a equacdo ndoeénvéadida a
faixa de valores de pressao. A relacado linear s6 é obedecida,npai@ria dos sistemas
adsorvente/adsorvato, na faixa de valores de pressao relativa entréd(395@ valor
maximo dessa faixa determina o ponto onde comega a formagéo de camlkighes.
Mesmo em sistemas com valores a@ealtos, para os quais o inicio da formacédo da

multicamada € bastante evidente, a faixa de validade da eqeag@m®m a mesma,
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diminuindo quanda@ assume valores menores que 100 ou maiores qu¥.200

1.6.3. Espectroscopia de fluorescéncia

A luminescéncia envolve varios tipos de fendmenos 6ticos, sendo os mais
difundidos a fluorescéncia molecular, a fosforescéncia e a quimilummoesc®s
meétodos baseados nos dois primeiros fendmenos envolvem a excitacdo da molécula pela
absorcdo de fétons. Assim, a molécula ao absorver o foton é excitada stadm e
eletrbnico de maior energia e ao retornar ao estado fundamental rewlidedo
eletromagnética, se houver emisséo de féton

A Figura 5 apresenta o diagrama de Jablonski que representa os processos fisicos
que podem ocorrer ap6és uma molécula absorver um foton com energia na faixa

ultravioleta ou visivel.
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Figura 5. Diagrama de Jablonski, mostrando os processos fisicos que podem ocorrer apos
uma molécula absorver um féton com energia nas regides ultravioletsivel. \i é o

estado eletrénico fundamental, & T: sdo os estados excitados singleto e tripleto de
menor energia, respectivamentee®im segundo estado excitado singleto. As setas retas
representam os processos envolvendo fétons, e as setas onduladas saQ&eEs tnaiasi
radioativas. (Adaptacié)
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Como observado nesta figura, a transicao fluorescente ocorre quando o elétron
passa do nivelgdara o § emitindo radiacdo desde o nivel excitadp&a algum dos
niveis vibracionais do estado eletroniegeeSem envolver a mudanga no numero quéntico
do spin do elétron. Dessa forma, a fluorescéncia possui tempos de vidagdevil
a 10° s. A fluorescéncia € emitida em comprimentos de onda maiores dm que
comprimento de onda da luz usado para a excitacido da mdfEtula

Quando ocorre uma mudanca no numero quantico do spin do elétron, ocorre as
emissoOes fosforescentes, o que envolve transi¢cdes proibidas de elétronepresel@
um estado excitado tripleto (com spin diferente ao original) parastado fundamental
singleto. Neste caso, a radia¢io existira por um tempo maior do que a #noi@$td
e 10 s), o que facilita a deteccdo apés o término da irradiacdo. Toesteidipo de
transicdo € menos provavel que a transicdo da fluorescéncia, umaeverocessos
paralelos de desativacdo como a conversao interna e externaxamegit vibracional,
podem competir com a fosforescéntia

A Figura 6 é uma representacdo esquematica de um espectrofluorimetro tipico. A
fluorescéncia proveniente da amostra € propagada em todas as direcoes p@iém
convenientemente observada em angulos retos ao feixe de excitacaoaadpestanjo
6tico adequado de lentes e espeftios

aE——

Atenuador de
intensidade da luz

|

[ ] Fotomultiplicadora
N—" «— Referéncia Amostra ———

YAmplificador diferencial

I Registro do espectro ‘

- -

Figura 6. Representacdo esquematica de um espectrofluorimetro tipico.
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A fluorescéncia convencional envolve a obtengdo de um espectro déepeks
varredura em uma determinada faixa de comprimentos deXasijlgiiando uma amostra
é irradiada com um comprimento de onda de excitacgg {ixo. De maneira similar,
um espectro de excitacao € obtido pela varredura nos diferentes compridecotaia
de excitacdo enquanto se registra o sinal de emissdo em um Unicontemprde
onda®,

A fluorescéncia permite obter informacfes acerca da estrutura da rapkdgul
conformacéo, da heterogeneidade, das interagdes intra e intermoletukdéas de ser
uma ferramenta analitica na determinacdo de compostos deset€?eso esta técnica
apresenta vantagens como alta sensibilidade, alta seletividagks, faixa linear de
resposta, dentre outras, a espectroscopia de fotoluminescéncia tetnaetacamplo uso
na andalise de numerosos compostos de interesse farmacéutico, biologicojadrebie
industrial °6¢”. Esta técnica é utilizada tanto no estudo dos acidos hiimicos quanto da

proteina albumina sérica bovifref86%70

1.6.4. Difusdo de Taylor

O fendmeno de difusdo molecular ocorre em diferentes processos da natureza,
sendo este fendmeno muito utilizado em técnicas cromatograficamétodo de Taylor
ou Taylor-Aris foi desenvolvido por Taylor no estudo de disperséo de solutasnem
fluido em escoamento no interior de um tubo lofyd e, posteriormente, este método
foi complementado por Aris’®. Todavia, foram os pesquisadores Wakeham e
colaboradore$ que demonstraram que esta técnica é tdo confiavel para a deteominaca
do coeficiente de difusdo quanto os métodos tradicionais de estudo da difusao.

O método consiste na injecdo em um fluido de escoamento laminarr¢ndene
Reynolds menor que 2000) por um tubo longo e estreito. O soluto é, entdo, disperso pela
diferenca de potencial quimico e pelo perfil de velocidade do elueenédda difusédo

molecular, o perfil da concentracao do soluto no interior do tubo adquire unsadoase
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gaussiana. Assim, o coeficiente de difusdo pode ser obtido a partir dostpaséesta

curva, utilizando a equacgéo 17:

2
D= 0’23? tr (17)
Wi

Onde r é o raio interno do tubo onde ocorre a disperséa, tempo de retencado do soluto
(tempo decorrido entre a inje¢cdo e o0 maximo na curva de dispersae) a \gura d
curva de dispersido a meia-alt(fta

O equipamento normalmente utilizado para a difusdo de Taylor esta representado

na Figura 7.

Registrador

Banho i - Detg:tcr
termostatizado |

Reservatorio Bomba ; F S — i
A : Tubo de dispersdo i
do eluente peristéltica o] i

Figura 7. Representacdo de um equipamento utilizado na técnica de TRayioha
pontilhada indica as unidades termostatizadas.

O equipamento utilizado para as medidas proporcionou o escoamento do eluente
por uma bomba peristaltica a baixa velocidade (valores menorgaais & 20pm). A
amostrafoi injetada por um injetor HPLC e o tubo onde ocorre a dispersdo agode
inoxidavel com a sua extremidade ligada por um tubo de Teflon em uma cela de quartzo
para microfluidica. O detector utilizado foi o espectrofotdmetro UW¥is Todo o
sistema foi termostatizado a 298,15% Essas condi¢cdes experimentais apresentam as
as condicOes necessarias para aplicacdo deste método, de tal forntetpummacao
de coeficientes de difusdo apresenta uma exatidado e reprodutibieadees que 2 a

3%’
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OBJETIVOS, MATERIAIS E METODOS GERAIS

1. Objetivos

e Determinar e comparar as isotermas de adsorcédo dos PPHA e Lidpenficse
hidrofébica dos MWCNTs em diferentes sistemas;

e Estudar o efeito do pH e da for¢a ibnica na adsor¢cao dos HA em MWCNTSs para
identificar a forca motriz da adsorcéo;

e Estudar o efeito dos anions e cations da série de Hofmeister na adsorcédo do LHA
em MWCNTs no pH 2,5;

e Determinar os parametros termodinamicos de adsorcB&tia em MWCNTSs:

Aad3, TAadsS eAaddH, sendo este Ultimo parametro determinado pela ITC;

e Determinar e comparar as isotermas de adsorcad®’Ha8 na superficie de
argilas (montmorrinolita, caulinita, mica e illita) e na supesfide oxidos
(hematita, gibbsita e goethita);

e Estudar o efeito do pH e da for¢a ibnica na adsor¢cdo do PPHA enrs argialos
para identificar a forca motriz da adsorcao;

e Determinar os parametros termodinamicos de adsorc&®Pdé em argilas e
Oxidos: Aads, TAadsS € AagdH, sendo este Ultimo pardmetro determinado pela
ITC;

e Estudar a interagdo BSA-PPHA em diferentes tampdes de aeetfterentes
forgas ibnicas pela espectroscopia de fluorescéncia;

e Determinar os parametros termodinamicos de interacdo da BSA-RPRHA,;

TAadsS eAadH, sendo este ultimo parametro determinado pela ITC.
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2. Materiais e métodos

2.1.Equipamentos

Um peagametro (WTW Wissenschatftlich-TechnischeWerkstatten, pH B3)i/S
foi empregado para o preparo das solugcdes de HA em diferente3gMa/CNTs foram
pesados em uma balanca analitica (Shimadzu, AY 220) com uma incerte@:00061
g e a solucao foi adicionada com auxilio de uma bureta. Também foresadosl um
microcalorimetro de titulacdo isotérmica, modelo CSC 4200 e um banho ternadstati
(Cientec, CT 281-28) durante os experimentos. As concentracdes deas solucdes
sobrenadantes foram detenadas espectrometricamente a 203 ou 400 nm utilizando um
espectrméro de absorcdo molecular na regido do ultravioleta-visivel (UN/vis
(Shimadzu UV-2550). Além disso, foram utilizados o espectrobmetro Cargs&cl
Fluorescence Spectrophotometer (Agilent Technologies) e o equipamentosde die

Taylor fabricado pela Unicamp.

2.2.Materiais e Reagentes

Todos os reagentes foram de grau analitico e utilizados comodex,ebem
purificacdo adicional. Para a construcao das isotermas foram utilzmédomslos humicos
Pahokee Peat e Leonardagquiridos ddnternational Humic Substances Soci@tySS)
gue fornece a composicao elementar destes acidos humicos (Tabela 1

Tabela 1.Composicao elementar e razdes isotopicas estaveis de amostras IHSS.

Padrao Cat.
HA No.
P"’I‘Dheoaktee 1S103H 11,1 1112 56,37 3,82 37,34 369 0,71 0,03 -260 1,29
Leonardite 1S104H 7,2 258 63,81 3,70 31,27 123 0,76 <0,01 -238 2,13
*O teor de agua € em % (m/m) na amostra em equilibrio cqomear funcdo de humidade relativa).
*A cinza é em % (m/m) do residuo inorganico em uma amGstta.
*C, H, O, N, S e P sdo a composi¢do elementar em %)(d#mma amostra seca sem cinzas.
*513C ed1sN séo as abundéancias dos is6topos estaveis em unidadepde, mu 0/00.

H2O Cinza C H @] N S P 313C 15N

O MWCNT foi obtido da CNTs CO., LTD., Korea. A partir da analise
termogravimétrica (TG) e imagens de SEM e TEM, observou-se queostrande

MWCNTSs tem uma pureza superior a 90 %, com tubos de comprimentos queavdream
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1-25um e diametros em torno de aproximadamente 10-40 nm (com predominancia de
tubos com diametro médio em torno de aproximadamente 13 nm). Sua area alperfici
foi determinada atraves de isotermas de adsorgdo/dessorcao de nitrogénio a 77 K usando
a equacdo BET, e é da ordem de 188M(resultados em anexdEstes dados estdo de
acordo com as informacdes fornecidas pelo fornecedor do material

A caulinita, a montmorilonita e a illita foram compradas da Warien&e (Nova
lorque, EUA). A hematita e a goethita foram adquiridas da Sigma-Al@vdwaukee,
WI, EUA). J& a mica foi extraida do solo e moida. Os difratogrdmesios X encontram-
se no anexo e correspondem as fases esperadas.

Os reagentes sulfato de litld,SQs (99 %), hidrogenofosfato de sédio, pHPO,
(98,5 %), tiocianato de sédio, NaSCN (98 %) e o sulfato de s6diSBAIEO9 %) faam
obtidos pela VETEC (Rio de Janeiro, Brasil). O tiocianato de potassiNKS3 %),e
cloreto de sédio, NaCl (99 %), foram obtidos pela Isofar (Rio de Janeirsi]) B
cloreto de bario, BaCl (99 %), foi obtido pela Synth (Sdo Paulo, Brasil). O cloreto de
tetrametil amonio, &H12NCl (98 %) e a proteina albumina do soro bovino (98f&ym
comprados da Sigma-Aldrich (Milwaukee, WI, EUA). Agua deionizada @Qilli

Millipore) foi utilizada no preparo de todas as solu¢gées empregadas egperimentos.

2.3.Solucédo de &cido humico

Solugdes estoque de HA a 30 mg hfioram preparadas solubilizando o &cido
hamico em uma solucédo de NaOH 0,1 M. O ajuste do pH desta solucamerde 6,00
foi realizado com adicdo de volumes conhecidos de uma solu¢cdo de HCIl 0,1 M, se
necessario. Apos a adicao do HCI, a concentracdo do HA foi corrigida.distdos
estoque foi utilizada para a diluicdo das solucées no pH e na conceuigagi@trolito

desejada para 0s experimentos.
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2.4. Isotermas de adsorcédo de acido humico em diversas superficies

Dispersdes contMWCNTSs, argilas e 6xidos em diferentes concentragdes de HA,
em diferentes pHs, sais e forca idnica, foram preparadas. O ajysite dies solucdes
estoques na auséncia e presenca de sais foram realizadas adicioNerdétse HSOx.
As concentragbes iniciais das solugbes de adsorbato variaram de (1000
1,000 mg mt! para o MWCNTSs e para as argilas e 6xidos variaram de 0,0100 a 0,500
mg mL?. E importante ressaltar que a referéncia do pH durante o corpo do fewxte re
se tdo somente a solucao inicial de preparo dos said& diduido, sendo que o pH final
da solucao de acido himico é préximo ao medido inicialmente.

A dispersédo foi preparada em um tubo com tampa. Neste tubo também foi
adicionado a solucdo estoque de HA e a solucéo eletrolitica rent@géo de eletrélito
e no pH desejado, de tal forma a obter um volume final de 10,00 mL na trtag&en
inicial de HA desejada. Depois de adicionar a quantidade apropriaddaleomponente,
a mistura foi agitada por 3 minutos e deixada em repouso por aproximael &k ra
temperatura de 298,15 K em um banho termostatico para as dispersdesCieTMW
Para as argilas e oOxidos, depois de adicionar a quantidade apropriaddade ca
componente, a mistura foi agitada por 24h em um shake agitador a temukr 298215
K. Todas as medidas foram feitas em duplicata e o valor médio ddaule adsorvida
foi utilizado e com isso calculado o desvio padrao. Quando o equilibriccémicaldo,
aliquotas do sobrenadante foram coletadas, diluidas e a concentra¢fid de

sobrenadante foi determinada. A diferenca entre a concentracabdaitia (C3,) e a
concentragcdo ddA na fase liquida apds o equilibr'(qf}ﬁ“”) foi determinada de acordo
com a equacéo 18.

ACyy = Cha — szfiu” (18)

OndeAC,, € a variagdo na concentracadtke na fase liquida.

As quantidades delA adsorvidagI’) na fase solida podem ser calculadas pela
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equacéao 19.

. (ACy )V (19)
m

OndeI’ (mg g?) é a quantidade em mg H& adsorvida por mg de MWCNTS, (vhlL)

€ o volume da fase liquidm (g) € a massa de fase solida.

2.5.Calorimetria de titulacéo isotérmica (ITC)

Os experimentos de titulacdo calorimétrica para determinacdo dgaeada
entalpia de adsorcao tHA nas superficies e de interacdo BSA-PPHA foram realizados
em um microcalorimetro de titulacdo isotérmica.

Para cada sistema estudado por esta técnica, adicionaramasebas as celas
calorimétricas quantidades determinadas do adsorvente, no caso dos ewpsriee
adsorcéao, e 1,8 mL de solucéo de eletrdlito na concentracao e ptdrésse, de modo
gue na cela de amostra foram feitas adicdes consecutivas de solucdo aaderttA.

Todo o experimento de titulacéo foi programado, sendo automatizado em tetlgsmas

As adicOes das solucbes de acido humico realizaram-se por msgoingas gastight
Hamilton (250 pL), utilizando-se canulas capilares feitas de teflon que conduziram a
solugdo até a cela calorimétrica da amostra. As inje¢des, de 10 pL de solucédo titulante,

foram controladas por um motor de passo comandado por um microprocessador. O
intervalo de tempo entre cada injecdo foi de aproximadamente 38 miauts
homogeneidade da amostra foi garantida por um agitador (350 rpm).

Os valores da energia liberada ou absorvida na forma de calor foram obtidos por
integracdes das deflexdes ocorridas a partir da linha base, na cyettidea versus
tempo. Em condi¢cbes de temperatura e pressdo constantes tem-seagaeda de
entalpia é numericamente igual a energia na forma de calor elo/otvprocesso. Assim,
podese obter a variagdo de entalpia (AobdH) associada ao processo, para cada injecao de

HA. AobH foi corrigida pela variagcdo de entalpia de diluicdo dos acidos hugd$)
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para obter variacdo de entalpia liquida de interacdo entre os HAW/@NWIs, argilas,
oxidos e BSA(AintH). No caso dos experimentos de adsorcao, a divisdodiepela
quantidade de gramas HA adicionado por grama de adsorvente tem conzmoesult
variagdo de entalpia de adsorgdo do HA (AasH, J gY). A variacdo de entalpia padrdo de
adsor¢caa\aeHfoi determinado considerando a dilui¢éo infinita. Todas as medidas foram

feitas a uma temperatura constante de 298,15 K.

2.6.Espectroscopia de fluorescéncia

Foram preparadas solucbes de PPHA na faixa de concentracdo de 0 a
0,01 mg mL! na presenca de BSA, na concentracio fixa de 1 myj erh 4 diferentes
tampdes de acetato de sodio (3,6; 4,8; 5,4 e 5,8) e em 4 diferentes codesrteaKCl
(0, 0,5, 5 e 50 mM). As solucBes foram analisadas no espectrémetro Cary Eclipse
Fluorescence Spectrophotometer (Agilent Technologies, EUA) com o €ihidsao e
excitacdo de 5 nm. Para a identificacdo da BSA o comprimento de onda de excitacdo e a
poténcia da fotomultiplicadora foram de 282,03 nm e 540 V, respectivariedss as

analises foram realizadas a 298,15 K.

2.7.Difusao de Taylor

Foram preparadas solugbes de PPHA e LHA em pH 25 em diferentes
concentracdes (0,3, 0,6 e 0,9 mgHLA concentracdo de 0,9 mg mL-1 foi preparada na
auséncia e presencga dos sais cloreto de tetrametilamonio (1, 10 e )08ulféib de
litio (1, 10 e 100 mM) e tiocianato de potassio (1 e 10 mM). Os HA faraiisados pelo
espectrofotometro CECIL 1020s Scanning no comprimento de onda de 250 nm.

coeficiente de difusdo de Taylor foi obtido pela equagéo 18.
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OBSERVACAO

Os capitulos apresentados em seguida encontram-se escritos no formatadgo

cientifico, apesar dos mesmos ainda ndo terem sido submetidos.
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Abstract

In this work we studied the adsorption behavior of Pahokee Peat (PPHA) and Leonardite
humic acids (LHA) onto multi-walled carbon nanotubes (MWCNT). In order to
understand the mechanism of the adsorption and to gather more information regarding
HA'’s structure we conducted the adsorptions at various pH and increasing ionic strength.
Our results show a great amount of HA adsorbifigoq the MWCNT when HA’s net
negative charge is negligibl&he high values of I' demonstrate a great potential of
MWCNT in adsorbing HA. It is also shown that the adsorption mechanipends on

the nature of the polyelectrolyte, the nature of the HA, and on pHnibdgnamic
parameters were determined using three models: Langmuir, Freundhdhtha
thermodynamic model of infinite dilution. Taking into account the goodnesg tie
Langmuir model fittest the best to the experimental data. Adrenbdynamic analysis,
based on calorimetric titrations, showed tH&t adsorption onto MWCNT is favorable
(AaaG° < 0). The process is enthalpically favorable for all systems stodlieHA. The
process is entropically favorable for adsorption of PPHA in presence of 100 s5KkLi

and in the presence 10 mM KSCN is enthalpically driven. The othensy$PHA are

driven by both enthalpy and by entropy.

Keywords: adsorption, humic acid, isothermal titration calorimetry,imalied carbon

nanotubes, thermodynamics.
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1. Introduction

Carbon nanotubes (CNTs) are a relatively new class of compounds with
outstanding characteristics and promising applications in a varietyds. flehey consist
of graphitic sheets (hexagonal carbon network arrangement) which have betmpolle
into a cylindrical shape. They can be formed by just one single shegeaphite, thus
called single-walled carbon nanotubes (SWCNTSs). Or by two or moressbeming a
concentric structure, looking like rings on a tree trunk, called muatied carbon
nanotubes (MWCNTSs). One of the most striking characteristics of CNTstighibir
electrical properties depend very sensitively on structure. Depending on the arrangement
of the hexagon rings along the tubular surface, CNTs can be eitherignetall
samiconducting'. The unique structural, mechanical, and electrical properties 6 CN
makes them suitable for a variety of nanotechnological applications suchexssbis$
capacitors, atomic force microscogy fuel storagé, biomedical device’ drug delivery
systemg, plant nutrition®, and many mor&

However, besides its astonishing properties and wide range of promising
applications CNTs usage needs to overcome a major issue. During its jomodiNTs
form bundles, which are entangled together in the solid state givingoriaehighly
complex network. The fact that CNTs are insoluble in all organic solematsqueous
solutions poses a hurdle to their use and manipulation. Thus, in order to takagelva
of all these great characteristics CNTs can imprint in the rakteve need to be able to
improve their suspend and to individualize the tubes. One way to inc@iEe
suspended is by modifying its structure, adding functional groups to it thobeghical
reactions or wrapping/coating it with polymeéfs There are three main approaches for
the modification of CNTSs’ structure, namely: (i) covalent attachment of chemical groups
through reactions onto tleconjugated skeleton of CNTSs; (ii) noncovalent adsorption of

various functional molecules; and (iii) the endohedral filling of their inngatgavity.
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Such modifications clearly improve CNTs suspended, but they affect different
characteristics'®. The covalent functionalization of CNTs may alter the electronic
structure of the nanotubes by disrupting the network &hgpridized carbons and/or
change the potential energy surface. On the other hand, noncovalent wraptbiag of
tubular surface offers the possibility of attaching chemical handléswtiaffecting the
electronic network of the nanotubes. The noncovalent interaction is based orr van de
Waals forces ott-n stacking, and it is controlled by thermodynamics. Several polymers
have been used for coating CNTs including surfact&htgroteins??, DNA 3, and
polypeptides*.

Through such modifications, the suspended of CNTs is clearly improved and their
biocompatibility profile completely transformed. But, in order to improve the
biotechnological applications of CNTs it is extremely necessalynprove its water
solubility, once water is the medium required for any eventual interface to bioclyemistr
Not just that but the polymer used for coating the CNTs must also beibadlpgafe,
not causing any damage to biological molecules such as denaturatiexafople, a
problem that may occur with surfactafits

Humic substances (HS) are one of the most abundant organic compounds in the
Earth, found in nearly all soils, sediments, and natural waters. Thefpraned by
chemical, physical, and biological transformation of plant, animal, ancbonganisms
matter into relatively stable and polydisperse particles. Hdraphiphile molecules that
behave like weak-acid polyelectrolytes and display the abilissociate with different
molecules by electrostatic and/or hydrophobic interacti§i§ with a capacity of
changing the character of its interactions (from electrostatic to hydrophi®mending
on the characteristics of the soluttanTherefore, they play a key role in many, if not

most, chemical and physical properties in their environment.
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Due to the high hydrophobicity of the side-walls of CNTs it is probablkeHBa
can attach onto CNTs by a hydrophobic (noncovalent) interaction, as it hdppens
proteinst?. By being a very stable biological molecule HS represent an ideal biopolymer
for wrapping/coating CNTs. The binding of HS onto CNTs would open the door to new
ways of manipulating and dispersing the nanotubes and also would be of giadainoe
for the understanding of CNTs fate in the environment. As nanomateridisasipps
have grown exponentially, it is important to assess their impdbeienvironment, but
we are far from having a good understanding about realistic exposures to naiatsnate
18 In order to get real-life exposure information we must understand how naclegarti
would interact in the environment and what changes they will posdheo
molecules/patrticles they are interacting with. It makes the utateling of HS-CNTs
interaction even more important once HS are widespread in all &frelsvironments,
which means that when discharged in the environment nanotubes veélhlyemteract
with HS.

HS can be divided in three types with humic acids (HA) being a roajoponent
of HS and considered to be one of the most recalcitrant fractions:fliit order to
evaluate and comprehend the interactions between CNTs and HS we pdriben
thermodynamic study of the interaction between HA and MWCNTSs in aqueous solution.
We believe that understanding the thermodynamic pattern of the WAGNITSs
interaction is of great importance to improve the applications of QWM and to
investigate the fate and consequences that MWCNTSs will have dikeharged in the
environment. We evaluated the HA-MWCNTSs interaction through adsorption isotherm
experiments as well as direct measurement of enthalpy changesaidsorption process
by isothermal titration calorimetry. We also assessed the influgud and increasing
concentrations of three salts in the binding process of HA to MWCNTssfdwfic

objectives of this study were:) (€valuate the nature of HA-MWCNTSs interaction, (ii)
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evaluate the influence of ionic strenght on this interaction, anddgtermine the
thermodynamic pattern of this interaction. This study aims to bettderstand HA-
MWCNT interaction and further improve the dispersion of MWCNT with the exhditf

HA and apply it to various pharmacological and environmental sectors.

2. Experimental

2.1.Materials

MWCNTSs (Crube 100) were purchased from CNT Co., Ltd., Korea, and used in
the experiments without further purification. According to the manufacturer this product
purity is >95% (wt), with an average diameter of 20 nm, length ranging frafnuin,
bulk density varying from 0.03-0.05 g &n and specific surface area from
150-250 M g'. The salts in the experiments were tetramethylammonium chloride
(Sigma-Aldrich, 98% purity), lithium sulfate (Vetec, 99% purity) and potassium
thiocyanate (Isofar, 98% purity) were used as received. Standard PahokesndPeat
Leonardite humic acids (PPHA and LHA, respectively) were purchased tinem

International Humic Substances Society (IHSS) and used as received.

2.2 Adsorption experiments

Adsorption isotherm experiments of HA binding onto MWCNTSs were performed
at 25°C. In these experiments XL of solutions containing HA (HA’s concentration
ranging from 0.1 to 1.0 mg mi,_ with intervals of 0.1 mg nit) were left to react with
10 mg of MWCNTs for 24 h in capped glass tubes thus ensuring thermodynamic
equilibrium. After ths time the equilibrium solution (supernatant) was sampled for the
determination of HA’s concentration by light absorbance at a UV/Vis spectrometer.
These experiments were carried out in pure ionized water at diffgirelevels (2.5, 5,

6, 9, and 12), adjusted with,8Qx or NaOH. After the best pH for the adsorption was
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found (maximum HA adsorption into MWCNTS), we evaluated the effects of increasing
ionic strength(1, 10,100 and 500 mmol ).

For each point of these isotherms the adsorbed amount of HA into MWCNTSs was
directly calculated from differences between the initial HA concgotraand the

concentration of HA at the equilibrium after the 24 h reaction, as follow:
_ Ci—Ce
- () @
wherer is the adsorbed amount of HA onto MWCNTSs (my gt the equilibrium (24 h);

Ciis the initial HA concentration (mg mi); Ce is the HA concentration at the equilibrium

(mg mL?); V is the total solution volume (mL); amdis the mass of MWCNTSs (g).

2.3Isothermal titration calorimetry (microcalorimetry)

The measurement of enthalpy changes due to the adsorption of HA into MWCNT
was performed in triplicate using a CSC-4200 microcalorimeter (Calorimeiencsg
Corp.) controlled by ItcRun software with 88ImL reaction cell (sample and reference).
The whole calorimetric procedure was chemically and electricaligrated to the heat
of protonation of (tris(hydroxymethyl)aminomethane) and the Joule effect, as
recommended by Christensen et?8l.The titrations were carried out through shsp-
step injections (1Q:L) of a concentrated HA solution (25 mg rLwith a gastight
Hamilton syringe (25QuL), controlled by the calorimeter, with intervals of 38 min
between each injection. These aliquots of concentrated HA solutionnjected to the
sample cell containing MWCNTs (5.000 mg), stirring at 350 rpm, and measoiem
were carried out at a constant temperature of 298,15 K. A good review taut
technique and its fundamentals can be found in Tam & Wyn-Jones (2b@é

Velazquez-Campoy et g2004)?2,
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3. Results and Discussion
3.1 Adsorption isotherms
3.1.1. Effects of pH

Adsorption of organic molecules on carbon materials is a compleiorslaip
between electrostatic and non-electrostatic interactioMost of the compounds present
in natural organic material (NOM) carry a negative charge inralept, generally
attributed to carboxylic acid and phenolic groups, and this causes teedargpounds
to behave as polyelectrolytes in solutih Thus, pH determines the dissociation or
protonation of the HA. Therefore, pH is a key factor that influencesdb@rption process
of organic weak polyelectrolytes on carbon materials because it controls the &l8ctros
interactions between the adsorbent and the adsdfb&igure 1 shows the adsorption of

PPHA and LHA on MWCNT at different pH.
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Figure 1. Adsorption isotherms of PPHA (A) and LHA (B) HA on MWCNT at different
pH: (w) 2,5; (€) 5,0; (A) 6,0; (®) 9,0; () 12,0.

As mentioned earlier, HA adsorption on MWCNT is affected by pH. At low
PPHA equilibrium concentration Cthere is an increaselinwith the increase on PPHA

concentration . The affinity between adsorbate-adsorbent is analyzeitiddyslope of
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the isotherms. Therefore, HA-MWCNT interaction is more inteng#a.5 than at the
other pH.

HA-MWCNTSs interaction can be influenced by electrostatic intevastand/or
specific. The electrical contribution to the adsorption may comprise botbnebial and
dipole interactions and specific interactions represents all otheadtitans, such as
hydrophobic interactions, van der Waals forces, etc. Depending on the nathee of
interaction in HA-MWCNTS, the electrostatic interactions can favor ordsorption.

This is also true for specific interactiofis

Electrostatic interactions can be minimized by reducing theopivialue where
the negative charge on polyelectrolyte is negligible (pH < 2,0)At acidic pH, the
adsorption was maximal because carboxylic acid and phenolic groups wessograded
and the dispersion interactions predominated and this implies a greateatiads This
fact is evident in the isotherms (Figure 1).

However, at pH greater than 2.5, the adsorption decreased due to the
predominance of electrostatic interactions. It redt&sMWCNT interaction because
electrostatic repulsions occur between the deprotonated humic acid moleade
nonbonding electrons from the surface of the carbon nanétube

Furthermore, the isotherms are non-linear and of the same type. They are
characterized by an increase in the amount of adsorbed HA with tleasecon the
equilibrium concentrations, reaching a plateau at higher concentratiuok, represents

the maximum adsorption capacity.

3.1.2. Effect of ionic strength
Effect of ionic strength on the adsorption of HA on MWCNT was evaluatiein
presence of salts: KSCN, 290, and (CH)sNCI (TMA) in the pH that showed the

greatest adsorption (pH=2.5, Fig.1).
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The adsorption isotherms of tR€HAand LHA on MWCNT are shown in Figure

2 and 3, respectively, where the amount of adsorbed HA (mg) per g of M\WGitblted

against the equilibrium concentration of the respective HA (mg)mL
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Figure 2. Adsorption isotherms of PPHA on MWCNT at pH 2.5 in presence of (A)
Li2S0O4; (B) KSCN; (C) TMA at different concentrationsk) 1 mM; (¥) 10 mM;
(#)100 mM; @) 500 mM.
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Figure 3. Adsorption isotherms of LHA on MWCNT at pH 2.5 in presence of (A)
Li2S0O4; (B) KSCN; (C) TMA at different concentrationsk) 1 mM; (¥) 10 mM;
(+)100 mM; @) 500 mM.

The results show that the presence of electrolytes affects the adsorﬁ'tiwiobe
X
of HA on MWCNTSs. The isotherms are non-linear and of the same type. areey
characterized by an increase in the amount of adsorbed HA with imgreagiilibrium

concentrations, followed by a tendency for the formation of a plateau hérhig

concentrations, which represents the maximum adsorption capacity (Table 1).
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Table 1. Maximum adsorption capacity of PPHA and LHA on MWCNTSs at pH 2.5.

LHA PPHA
HA Tmax/ (Mg g*)
0 mM 273.9 269.4
1 mM LixSQu 329.7 320.4
10 mM LSOy 3925 343.7
100 mM LpSQu 925.7 376.8
500 mM LSOy 44.70 616.1
1 mM KSCN 313.4 328.1
10 mM KSCN 341.3 302.2
100 mM KSCN 41.40 592.3
500 mM KSCN 33.00 56.00
1 mMTMA 317.1 289.7
10 mM TMA 316.1 315.0
100 mM TMA 67.90 787.6
500 mM TMA 19.20 58.30

The adsorption isotherms show that the increasing salt concentatieas an
increase on the adsorption of LHA onto MWCNTS up to a certain concentrabomeA
it, the presence of salt causes a decrease in adsorption, exeBptA in presence of the
LioSQy at pH 2.5. The salt that influences the most the adsorption of LHAS®LiFor
PPHA, TMA is the salt that showed the greatest influence in the adsorption garoces
Therefore, there is a difference in the adsorption isotherms of PRHAKA when
comparing the same systems. This difference suggests that thédlA/And PPHA, have
different structures that allow different interactions with salts andQWW, giving
different adsorption isotherms. If the structures were the same, thenssthiere similar
under the same experimental conditions. These results, therefore, shihe tttdA and
PPHA has different structure.

Drikas and Newcomb® found that, if there are opposite charges on the surface
and adsorbate, and the surface concentration is sufficiently low, an adéneamic
strength will decrease adsorption. Or, if the driving force is non-eledtooatad the
electrostatic interaction between the side chains is repulsiserion will increase with
increasing ionic strength. Therefore, the increase on the HA adsorptiomargasing

salt concentration can be explained by a decrease on side electrostatic repwisen bet
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adsorbed HA molecules and between adsorbed HA and HA in sofitibtowever,
Summers and Robert&expected to find a decrease in adsorption with an increase in the
ionic strength when adsorbing HA onto a positively charged activated caskithheir
results alsshowed an increase in adsorption. They measured the diffusion coefficients
of the molecules in various ianstrength conditions and found that the HA decreased in
size with increasing ionic strength. The decrease in size alldveetholecule to enter
smaller pores and reach adsorption sites that were not available before.

However, measurements of the diffusion coefficient by Taylaethod for the

systems studied had some different results in some systems (Figure 4).

10 T T

K7)
E - :
S 64 _
P . ]
B 4 4 [PPHA] = 0.9 mg mt* [LHA] = 0.9 mg mL? _

O

= |

D -1 p

S ( | I_A

= 2 - M
S

w 9 -
=

[ O - _

DL Lus LSS E wuuwus<SgggE 2
EEEEEEmgm88 EEEEEEmgm88
o o ot S99 ¥ ooob e T TR
EEE=Z2Z2S555ss EEEZZESSsss
mnonEEEZZZEEE noaE EEZZZEE
OOdH\ag o - O °°C5“'9|8 o < O

Figure 4. Diffusion cefficient by Taylgr’s method at different systems.

The results of the diffusion coefficient show a variation of the diffusioHAf
depending on its concentration, type of HA, ionic strength and type of salt in the system.
For example, increasing the concentration of PPHA and the increasing the commentrati
of Li.SQy increases the diffusion coefficient. However, increasing the concentudtio

LHA and increasing the concentration of&x decrease the diffusion coefficient.
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A model of the macromolecular configuration of HA was proposed by Ghosh and
Schnitzer’, in which humic substances behave like linear macromolecules oigiitte
spherocolloid depending on the environmental conditions. Chan and Chan presented a
series of studies aimed to verify the effect of the form of solutes amens®lon its
interaction with its diffusion. Two of their studié8 found that spherical molecules
diffused faster than molecules of the same size, called "pseudo-planaitiers study
29 the authors demonstrate that the formation of hydrogen bonding solute-seadst |
to a decrease in the diffusion coefficients of solutes. Therefore, we d¢aferain size
structure through HA diffusion coeficiente. There must be another techniques to
determine size structure of these systems, for example, the X-ray scattering.

Therefore, ionic strength influencds in three different ways. The first is
associated with the adsorption of ions in the interface HA adsorbed/solutidomis |
process, adsorption increased with increasing salt concentratio éhteraiction via
electrostatic force between the ions and ionized HA groups present diAhe
adsorbed/solution interface. This allows the reduction of electrostaticimephbitween
the segments of adsorbed HA, so as to allow a greater number of HA reslecatisorb.

The second contribution is associated with the shielding effece dléatrolytes on the
electrical double layer. This shielding effect reduces the contributibnthe
electrochemical potential of the adsorbing molecules/ions, thus redberaglsorptive
process and the amount of HA adsorbed. From the results, we can assutine filstt
process prevails over the second. The third contribution is associatedhuwnic
substances are capable of spontaneously arrange themselves intar reingttures in
suitable aqueous environmerts This Humic Critical Micellar Concentration (HCMC)
is dependent on parameters such as pH, temperature, and nature and camcehtrati
cationic species and humic acid its&#f2. Therefore, the increased ionic strength can

decrease HCM& and, with this, the self-arrangemento micellar structures can be
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more favorable than HA-MWCNT interaction, thereby redudingherefore, increase or

decrease df be the balance of these three processes.

3.2. Thermodynamic properties

Thermodynamic parameters of adsorption were determined for a better
understanding of the adsorption mechanisms of HA onto MWCNTs. Langmuir and
Freundlich equations are the most commonly applied models for represérging
nonlinear adsorption of organic chemicals, such as phenolic compounds, to @ctivate
carbon, charcoal, and carbon nanotub&¥ Furthermore, were used to adjust the
thermodynamic model of treatment for dilute solutions.

The Langmuir isotherm can be derived by assuming an ideal systere the
adsorbent molecules adsorb at the adsorbate surface at well-definefbreitieg) a
homogeneous monolayer, each site adsorb only one molecule, and the energg involve
the adsorption of one adsorbent molecule is the same for all sitesastirbate surface
and it is independent of the presence or not of others molecules in the adjacent sites, that
is, there is no interaction between adjacent adsorbent molecules. Equationsémspre

the mathematical expression for the Langmuir model:

r:rmaxKLCe 1
14K, C, @

whereCe is the equilibrium HA concentration (mg m), I' is the amount of HA adsorbed

(mg/g), KL is a Langmuir constant that relates to the affinity of bindiress&ndlmax

(mg/g) is a Langmuir constant related to the maximum monolayer adsogaipacity,

which describes a saturated monolayer of solute molecules on the adsorbenf3urface
The Freundlich model is an empirical equation that assumes heterogeneous

adsorption due to the diversity of adsorption sites. The Freundlich equation is:

r=K.Cc" )
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where Ce and " were described previouslr (mgtY"mL®Mg 1) and n are the
Freundlich constants, which represent the adsorption capacity and the adstrigth,s
respectively.

The Langmuir and Freundlich equations can be fitted to data by linearsiegees

using their linearized forms as follows:

C. 1 1
—==—Cc+ (3)
I 1—‘max KLFmax
1
INT' =InK; +=InC, (4)
n

C :
where plots of?e versuse@nd Im versus InG allow to calculate the Langmuir and

Freundlich constants, respectively.

Apart from these two models, a thermodynamic treatment also allogvs
determination of thed,;G°. As it is well established, in the equilibrium chemical
potential of HA in bulk solutioruz is equal to the chemical potential of HA in the

solution/MWCNT interface:b.

Hp = pp (5)
Replacing wa by ufa + RTlna:
u%a + RTInaz, = u%h + RTInal;, (6)
Rearranging:
y Ba _ —HiA — Hia (7
aga RT

And —udk — ufs = —Ay4sG°, then:

56



af-IA _ _AadsGO (8)

l =
e, T RT
al 9
~AgqsG® = RTIn—3% ®)
Ana

Considering al;, = Cy4 the thermodynamic state of infinite dilution, the
expression for the calculation &f,;,G° is:

Fads (10)

AgasG® = —RTIn C

The thermodynamic parametay,;G° is the Gibbs free energy change of the
system when one mole of molecules in the itdimlilution scheme is adsorbed on the
surface of the nanotube, assuming that the amount of HA already adsa@loealsiszero.

The value ofA,;,G° is the result of four contributions: (i) change in desolvation energy
associated with the surface of the nanotube and MAGywent+ AdesGha ), (i) Gibbs

free energy change of HA-MWCNT interactiaky,{; G, ywenr ). (iii) Gibbs free energy
change due to the HA conformational chanfyg,kr G, ), and (iv) Gibbs free energy
change associated with ion (i) exchange the interface (S) betweadddrbed/solution
(AgasGE-;). AgasGP can be calculated as the sum of all these contributions according to

equation 11.
AadsGo = AdesGlelWCNT‘i_ AdesGI(-)IA + AintGI?IA+MWCNT +A conf.GI(-)IA + AadsGS(‘J—i (11)

The values ofA,;,G° were determined by tke three models from the data
obtained experimentally by adsorption isotherms of HA on MWCNTSs anlistgd in

Table 2.
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Table 2. Thermodynamic parameters of adsorption of LHA and PPHA onto MWCNTSs

on different systems with different models calculated.

LHA PPHA

System Model AG° (kJ mol?) R?>  AG° (kJ mol?h) R?
Langmuir -21.06 0.9941 -23.23 0.9915
pH 2.5 Thermodynamic -19.22 0.9641 -23.28 0.9585
Freundlich -12.32 0.8783 -7.651 0.9752
Langmuir -11.44 0.9900 -18.89 0.9930
pH 6.0 Thermodynamic -10.60 0.9828 -17.87 0.9900
Freundlich -5.974 0.8334 -5.365 0.9784
Langmuir -15.69 0.9873 -19.47 0.9955
pH 12 Thermodynamic -14.31 0.9006 -19.38 0.9830
Freundlich -8.947 0.9426 -7.161 0.9672
Langmuir -14.40 0.9807 -13.86 0.9908
pH 9 Thermodynamic -13.53 0.9549 -13.95 0.9845
Freundlich -7.530 0.8692 -8.401 0.9323
Langmuir -13.28 0.9980 -19.47 0.9955
pH 5 Thermodynamic -13.21 0.9805 -19.17 0.9882
Freundlich -8.640 0.9680 -7.161 0.9672
pH 2.5 Langmuir _ -18.62 0.9763 -21.87 0.9974
1 mM Li,SOs Thermodynamlc -18.10 0.9567 -21.87 0.9164
Freundlich -11.70 0.8329 -11.96 0.7356
bH 2.5 Langmuir _ -18.23 0.9634 -22.23 0.9934
10 mM L.i2804 Thermodynamlc -18.02 0.9041 -22.41 0.8945
Freundlich -10.72 0.8452 -12.06 0.7363
bH 2.5 Langmuir _ -25.65 0.9997 -22.66 0.9962
100 mM LiZSO4 Thermodynamic -25.39 0.9809 -22.61 0.9284
Freundlich -9.730 0.9734 -12.10 0.7233
bH 2.5 Langmuir _ -21.92 0.9166 -23.06 0.9959
500 MM LiZSO4 Thermodynamic -21.59 0.8144 -23.58 0.9895
Freundlich -6.590 0.9125 -11.94 0.8549
pH 2.5 Langmuir _ -18.48 0.9882 -22.20 0.9971
1 mM T.MA Thermodynamlc -18.09 0.9422 -18.60 0.9569
Freundlich -11.55 0.8184 -12.46 0.9960
bH 2.5 Langmuir _ -16.95 0.9823 -24.13 0.9980
10 mM 'i'MA Thermodynamlc -17.09 0.9285 -21.67 0.9682
Freundlich -11.04 0.8515 -12.49 0.7910
bH 2.5 Langmuir _ -23.29 0.9939 -27.53 0.9983
100 mM .TMA Thermody_namlc -20.88 0.9734 -30.64 0.9530
Freundlich -5.292 0.9323 -13.43 0.9177
bH 2.5 Langmuir _ -17.74 0.9945 -23.89 0.9919
500 MM .TMA Thermodynamic -17.36 0.8884 -25.19 0.9632
Freundlich -2.672 0.9937 -6.741 0.9520
pH 2.5 Langmuir _ -19.12 0.9916 -20.24 0.9953
1 mM SCN Thermodynamlc -18.74 0.9853 -20.09 0.9697
Freundlich -11.93 0.8321 -11.54 0.7873
pH 2.5 Langmuir _ -16.88 0.9708 -20.73 0.9980
10 mM SCN Thermodynamlc -16.85 0.9615 -18.82 0.9798
Freundlich -10.12 0.8657 -11.33 0.8001
bH 2.5 Langmuir _ -23.29 0.9971 -26.47 0.9908
100 mM.SCN Thermodynamic -23.64 0.9689 -30.63 0.9629
Freundlich -6.533 0.9585 -13.18 0.9297
bH 2.5 Langmuir -17.17 0.9775 -21.62 0.9946
500 MM kSCN Thermodynamic -16.95 0.7938 -22.25 0.9299
Freundlich -5.415 0.9355 -6.459 0.9230
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The negative values df,;,G° calculated by models indicate that adsorption of
the HA on the surface of the nanotubes is spontaneous. Taking into accayoudhess
of the fit given by the correlation coefficientjRn Table 2, the model that best fits the
data is the Langmuir model. Therefore, Table 3 shevamkd /max for all the systems

studied in this work. Thus, we can compare the two HA structures.

Table 3.Langmuir constants of adsorption of LHA and PPHA.

System PPHA LHA
Ki/(@mg) TIiex/(mgg) Ki/(@mg') TIha/(mggh)

pH 2.5 11765 135.9 4902.0 259.3
pH 6.0 2040.8 24.59 101.30 29.06
pH 12 2584.0 58.22 560.85 106.5
pH 9.0 268.82 239.1 334.34 55.82
pH 5.0 2584.0 58.22 212.68 256.3
pH 2.5, 1 mM LSOy 6802.7 338.3 1834.9 456.6
pH 2.5, 10 mM LiSQy 7874.0 359.3 1564.9 692.5
pH 2.5, 100 mM LSOy 9345.8 391.2 31250 642.3
pH 2.5, 500 MM LiSQy 10989 716.8 6944.4 90.28
pH 2.5, 1 mM TMA 7751.9 300.9 1730.1 410.5
pH 2.5, 10 mM TMA 16949 317.6 935.45 726.7
pH 2.5, 100 mM TMA 66667 837.5 12048 8.734
pH 2.5, 500 MM TMA 15385 67.20 1283.7 20.73
pH 2.5, 1 mM KSCN 3521.1 386.8 2242.1 407.5
pH 2.5, 10 MM KSCN  4291.8 340.9 908.27 832.6
pH 2.5, 100 MM KSCN 43478 622.7 12048 53.11
pH 2.5, 500 MM KSCN  6135.0 65.96 1021.5 503.5

Differences inAa¢° for PRHA and LHA adsorptions show that the process
depends on the nature of the HA, the first of which presents values dgioracbGibbs
free energy of adsorption lower than the second, with the exception of systdms in
presence 100mM eSOy at pH 2.5 and 0 mM salt at pH 9IGsax0bserved in the isotherm,
by Langmuir model, to HA Pahokee is 837.5 migig the 100 mM TMA at pH 2.5
system; to HA Leonardite Bmax 832.6 mg.¢ in the 10 mM KSCN at pH 2.5 system.

The K. values show the high affinity of binding sites.
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Free energy Gibbs is resulted of the enthalpy and entropic contribution. Therefore
to better understanding of the adsorption process is necessary to measicelatesa

this energy.

3.3.Microcalorimetric experiments

In order to better understand the effect of these electrolytes on trptauls of
HA on the surface of MWCNTS, the effects of TMA, KSCN angbl salts at pH 2.5
were assessed by isothermal titration calorimetry.

The adsorption of HA in MWCNTSs is a spontaneous procegs,q gdis negative.
The change free energy Gibbs has two contributions:

AadG = AagH - TAadsS (17)

The values of\a¢dH represent the total enthalpy energy absorbed or released when

HA is adsorbed on the surface of MWCNTs. The magnitudeé.ef reflects the

contributions of four other processés

M association / dissociation of ions with charged groups on the surface of
HA (AqasH;);

(i) HA-MWCNTSs interaction Q;,:Hia+mwent );

(i) changes in the solvation of the adsorbent surfaceHs#anolecules
(DaasHsor):

(iv) rearrangement of the molecular structuréidf ( A,qsHeons rear.)

Thus:

AgasH = DaasHi + DineHparmwent + BaasHsor + AgasHcong rear. (18)

The first contributionA,4.H; is associated with interaction of ions in solution
with charged groups in the molecules of HA and MWCNTSs during the adsorptiosgroce
this being an exothermic process. The second contribuigRH 4+ mywent » refers to

the interaction between HA-MWCNTs. These interactions occur via hydboph
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contributions, dispersion interactions occurring with release of energy, contribmaing
AagH exothermic. The third contribution,,;.H,,;, refers to the desolvation of the HA
and the nanotube surface, this process is endothermic, because forut s aecessary
to break the interactions water-MWCNTs, MWCNTs-ion, ion-HA and wi#er The
fourth contribution,AygsHeonfrear., 1S associated with conformational change of HA
adsorption onto surfaces. The conformational change is endothermic, as ottuing wi
breaking of intramolecular interactions.

The energy released or absorbed as heat in a thermodynamic process can be
measured by calorimetric techniques. Among those, isothermal ofitrati
microcalorimetric (ITC) has been widely used in determination of manyculale
processes due its high sensitivity, with the possibility of detecofi@mergy flows in the
order of 1 J occurring in a given process.

The enthalpy change of adsorptiatdH) versusl” for the adsorption oPPFHA
and of LHA on MWCNT at pH 2.5 in different systems obtained from ITC measuntsm

at 298K are shown in Figure 5.
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Figure 5. AagH of adsorption (3¢ versud™ (mg g*) for the adsorption process of PPHA
(A) and LHA (B) onto MWCNT at pH 2.5 at different systena$ 10 mM of LbSQy; (O)
100 mM LbSQy; () 10 mM KSCN (O) 100 mM KSCN; @) 10 mM TMA; (A) 100
mM TMA .
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The curves as a function bfhave the same profile in the presence and absence
of TMA and LSQs to LHA and PPHA, but with different slopesasH values are
initially exothermic and becomes increasingly more negative, extepé presence of
the 100 mM LiSQOs (AagH endothermic). These results analyzed together with adsorption
isotherms, allow inferring the values of variation in enthalpy of adsorptiorhe
presence of the electrolyte, is less negative than the vathe @mbsence of electrolyte
(data not shown), due to the contributions of endothermic processes in acediman
equation 18A4,4sHs; andAggsHeonfrear. Besides the disruption of the interactions in

the procesd,,.H,,; above, there is also the break interactions TMA-water and TMA-
HA in the presence of TMA electrolyte, adsorption to occur. These interactions are quite
intense, as they are characterized by hydrogen bonds and electrattaitions,
respectively. Furthermore, by interacting with the hydrophobic surface of MVBQNa
HA changes its conformation in such a way that the hydrophilic groups are éxake
free to interact with the electrolyte solutidh The process described above also occurs
in the presence of the others salts, with except of the 10Qir®@:. In the presence of
100 mM LSOy, the endothermic processes absorb energy greater than that released by
the exothermic processes. Thus, the change in enthalpy becomes positive.

From the calorimetric data and models of isotherms is possiblecolatal the
entropic contribution to the change in Gibbs free energy. Howevernécsssary to

calculate theAagH°® obtained by the approximation of infinite dilution scheme in the

extrapolation of a curvaasH (kJ moit) as a function of the equilibrium concentration
(Ce). For this, one must know HA rmari mass. Despite not having a consensus in the
scientific community about the value of HA molar mass, we useavbeage chemical
formula suggested by researchers Schnitzer anclKnCis7H186080N9S2, SO that we
can analyze the entropic contribution. We know the limitations of the prdgosmula

of HA, however, we will not compare the different HA among themse@esgoal is to
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find an approximate value and / or hypothetical ofAkeH®, so to allow us to analyze
the entropic contribution to the adsorption of LHA on MWCNT in systems studied.

The values of AagdH® and TNadgsS were determined fd?FHA and for LHA at pH
2.5 in the presence of 10 and 100 mM TMA; 10 and 100 mi8Q@j; 10 and 100 mM
KSCN are listed in Table 4. We used the Langmuir model because it was thé best fi
Table 4. Thermodynamic parameters of adsorption of PPHA and LHA onto MWCNTs

at pH 2.5 in the presence of 10 and 100 mM of salts (TM&AQ4i and KSCN) calculated
with Langmuir model.

AadsGo
AadH®  TAadsS° 2
PPHA at pH 2.5 (kJ mol?) (kI mol)  (kJ mol) R
Lang.
10 mM TMA -24.13 -2.731 21.40 0.9715
100 mM TMA -28.00 -2.022 25.51 0.9946
10 mM LSOy -22.23 -3.530 18.70 0.9421

100 mM LSOy -22.66 11.05 33.71 0.9545
10 mM KSCN -20.73 -28.24 -7.509 0.9832
100 mM KSCN -26.47 -0.5805 25.89 0.9415

AadsG°
LHAatpH25  (kImofy Asdt  TAawsS® g
Lang. (kJ mol)  (kJ mott)
10 mM TMA -16.95 -61.44 -44.49 0.9474
100mMTMA 2329  -6284  -6051  0.9782
10mM LbSQs  -1823  -4916  -30.92  0.9769

100 mM LSOy -25.65 -138.3 -112.7 0.9750
10 mM KSCN -16.88 -17.76 -0.8752  0.9914
100 mM KSCN -23.29 -174.0 -150.7 0.9947

The correlation coefficient was greater than 0.9 for all systems dfudtach
shows a good fit of the models studiedadsS is positive for the adsorption BFHA on
MWCNTSs at pH 2.5 in the studied systems, except in the presence df11QSGN.
TAadsS is negative for the adsorption of LHA on MWCNTs at pH 2.5 in the studie
systems.

The entropic contribution balancing occurs by two processes. The fitise is
conformational change of thdA to a more linear conformation the surface of the

MWCNT and subsequent electrostatic interaction among ions in solution and the
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ionizable groups of thelA 3. This interaction would reduce the degree of translational
freedom of the species charged and therefore decrease the entropy of the system.
The second process is related to the interaction HA-MWCNT. For the HA
interacts with the surface of MWCNT, both the HA and the MWCNT need to release the
molecules of solvation (# and ions). This process releases the molecules into solution
and this causes the increase of the configurational entropy of the system.
Thus, the balance of these two processes mentioned above is thaelibe8aqdS
. Thus, for cases with entropy greater than zero, this second factotposesiso first.
Therefore, adsorption processes of PPHA at pH 2.5 onto MWCNTSs at systeand 10
100 mM TMA, 10 mM LpSQs and 100 mM KSCN, are promoted by entropy increase
and enthalpy decrease; the driving force of the adsorption of PPHA in predei@@
mM Li>SQs is entropy; and in the presence 10 mM KSCN is enthalpy. Adsorption
processes of LHA at pH 2.5 onto MWCNTSs at systems studied are endniakry. These

results, therefore, show that the LHA and PPHA has different structure.

4. Conclusion

The effect of ionic strength and pH on the adsorption of PPHA and LHA onto
MWCNT was studied. The PPHA and LHA had different surface properties. The system
that adsorbe®PHA and LHA the most were, respectively, pH 2.5: 100 mM TMA and
100 mM LeSQu. These results, therefore, show that the LHA and PPHA has different
structure.

The isotherms obtained at 298K where fitted by the Langmuir, Thermodynamic
and Freudlinch models. Taking into account the quality of the fit ga¥lkedcorrelation
coefficient (R), the Langmuir model was the best fit the experimental data.

It was described for the first time the use of microcalorimetric teciento

evaluate the adsorption of HA onto MWCNTSs. Adsorption thermodynamic of &itA
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PPHA onto MWCNT was evaluated using isothermal titration calonn{€fC) as the
main techniqueThe adsorption oHA on MWCNT is a spontaneous proceAsq{G° <
0). TAadsS is positive to adsorption &tPFHA on MWCNTs at pH 2.5 in the studied
systems, except in presence of 10 mM KSCNa¢d5 is negative to adsorption of LHA

on MWCNTSs at pH 2.5 imll the studied systems.
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Abstract

In this work we studied the adsorption behavior of Leonardite humic acids)(ohta
multi-walled carbon nanotubes (MWCNT) in the presence of six salts flam t
Hofmeister series (HSe) to determine the effect of the HSe aadtiten LHA-MWCNT.

The high values of I' demonstrate a great potential of MWCNT in adsorbing HA. It is
also shown that the adsorption mechanism depends on the nature of th&t$1SEsh

and B&" are chatropic electrolytes and should disfavors LHA adsorption on MWCNT
Our results collaborate with this hypothesis. Howel(Q?, NH* and (CH)4N* are
kosmotropic electrolytes and decrease LHA adsorption on MWCNT. Therefose, the
results elucidate that the adsorption of LHA at pH 2.5 not necessarily follow the HSe.
Thermodynamic parameters were determined using three models: Langrauirdlich,
and the thermodynamic model of infinite dilution. Taking into account the goedihes
fit, the Langmuir model fittest the best to the experimental ddta.thermodynamic
analysis, based on calorimetric titrations, showed that LHA adsorptionMdMONT
occurs spontausly (AadG° < 0). The process is enthalpically favorable for all systems
studied of anionic HS& AadsS is positive only for the adsorption of LHA on MWCNTs
at pH 2.5 in the presence TMA and Ba®h the case of Baglhydrophobic interactions,
which is promoted by entropy increase, is expected to be the driving dbrtdee

adsorption process.

Keywords: adsorption, humic acid, isothermal titration calorimetry,imalied carbon

nanotubes, Hofmeister series, thermodynamics.
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1. Introduction

Carbon nanotubes (CNTs) are a relatively new class of compounds with
outstanding characteristics and promising applications in a varietyds.fiehe unique
structural, mechanical, and electrical properties of CNTs makes thitabls for a
variety of nanotechnological applications such as biosehscapacitorg, atomic force
microscopy?, fuel storagé, biomedical device drug delivery systenfs plant nutrition
/. and many mor&

However, besides its astonishing properties and wide range of promising
applications CNTs usage needs to overcome a major issue. It $samgcecrease CNTs
suspend and individualize the tubes, in order to take advantage of sdl gheat
characteristics CNTs. One way to increase CNTs suspended is dyingis structure,
adding functional groups to it through chemical reactions or wrapping/coatmithi
polymers®® There are three main approaches for the modification of CNTs’ structure,
namely: (i) covalent attachment of chemical groups through reactions onto the =-
conjugated skeleton of CNTs; (ii) noncovalent adsorption of various functional
molecules; and (iii) the endohedral filling of their inner empty cavity.

Through such modifications, the suspended of CNTs is clearly improved and their
biocompatibility profile completely transformed. However, in order to improve the
biotechnological applications of CNTs it is extremely necessatynprove its water
solubility, once water is the medium required for any eventual interface to biochemistry
Not just that but the polymer used for coating the CNTs must also beibadlpgafe,
not causing any damage to biological molecules such as denaturatiexafople, a
problem that may occur with surfactafits

Humic substances (HS) are one of the most abundant organic compounds in the
Earth, found in nearly all soils, sediments, and natural waters. Thefpraned by

chemical, physical, and biological transformation of plant, animal, anebonganisms
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matter into relatively stable and polydisperse structures. HS grhipimie molecules
that behave like weak-acid polyelectrolytes and display the yabditassociate with
different molecules by electrostatic and/or hydrophobic interactfoiswith a capacity
of changing the character of its interactions (from electrostatic to hydraphi@pending
on the characteristics of the solutitn Therefore, they play a key role in many, if not
most, chemical and physical properties in their environment.

Due to the high hydrophobicity of the side-walls of CNTs it is probablkeHBa
can attach onto CNTs by a hydrophobic (noncovalent) interaction, as it hdppens
proteins'?. By being a very stable biological molecule HS represent an ideal biopolymer
for wrapping/coating CNTs. The binding of HS onto CNTs would open the door to new
ways of manipulating and dispersing the nanotubes and would be of great imgpéstanc
the understanding of CNTs fate in the environment. As nanomaterials &ippkdaave
grown exponentially, it is important to assess their impact in thieommvent, but we are
far from having a good understanding about realistic exposures to nanoméatetials
order to get real-life exposure information we must understand how nanoparticles would
interact in the environment and what changes they will pose tmdtecules/particles
they are interacting with them. It makes the understanding of MBshteraction even
more important once HS are widespread in all kinds of environments, mieahs that
when discharged in the environment nanotubes will certainly interdicH#&. HS can be
divided in three types with humic acids (HA) being a major component o&ndS
considered to be one of the most recalcitrant fractions'of it

One way of handling this interaction and modulation HS-CNTSs is the addition of
electrolytes to the solution. lons play an important role in many nabuogkesses,
biological and technological and therefore the study and description of the @®pért
electrolyte solutions have aroused greater interest of the scieotificunity in the last

100 years®. During the 1880s and 1890s Franz Hofmeister, Prof. of Pharmacology at the
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University of Prague, and some of his co-workers published a series of paeitsew
title, in English: ‘About the science of the effect of salts’. However, the relevant
observations are usually not unambiguous. They are often inconsistent araatehsmren
some remarkable contradictiotfs

It follows from this report that alkali salts can be arranged in an orded lwas
their capability to precipitate globulin. However, the strength of tlatewabsorbing
effect varies for each salt. Hofmeister believes that the reboltdsbe valid not just for
protein substances. It should hold also for any other colloidal substance

Advances in experimental and computational methods have led to a recent interest
in the Hofmeister series (HSe) and its molecular origin !”. The conclusions reached by
Hofmeister are far from trivial, and are not explained by theories of solution or colloidal
chemistry '®. The primary reason for this lack is that the HSe emerges from a combination
of effects co-solutes general structure of the solvent, and specific interactions between the
solute and co-solute (protein or other biopolymers) '°.

Therefore, in order to evaluate and comprehend the effect onShénHhe
interactions between CNTs and HS we performed the thermodynamig afuitie
interaction between LHA and MWCNTs in electrolyte solution. We ebeli that
understanding the thermodynamic pattern of tRALMWCNTS interaction is of great
importance to improve the applications of MWCNTs and to investigatéateeand
consequences that MWCNTs will have when discharged in the environment. W
evaluated the increasing concentrations of six salts from 8®arHhe binding process
of LHA to MWCNTSs through adsorption isotherm experiments. The specifictolgsc
of this study were: (i) evaluate the nature BFA-MWCNTSs interaction, (ii) evaluate the
influence of six salts from the$€on this interaction, an@lii) determine the effect of the

HSe on adsorption of LHA onto MWCNT. This study aims to better understedd L
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MWCNT interaction and, hereafter, further improve the dispersion of MWCNT with the

addition of LHA and apply it to various pharmacological and environmental sectors.

2. Experimental

2.1.Materials

MWCNTSs (Crube 100) were purchased from CNT Co., Ltd., Korea, and used in
the experiments without further purification. According to the manufacturer this product
purity is > 95% (wt), with an average diameter of 20 nm, length rariging1-25um,
bulk density varying from 0.03-0.05 g diyand specific surface area from 150-250gm
1 The salts from the HSe barium chloride, ammonium chloride, tetraragtmgnium
chloride (Sigma-Aldrich, 98% purity), sodium sulfate (Vetec, 98 % purity), sodium
thiocyanate (Dinamica, 98 % purity), sodium hydrogenphosphate (Vetec, 99 % purity
were used as received. Standard Leonardite humic acids (LEgy)uchased from the
International Humic Substances Society (IHSS) and used as received.

2.2.Adsorption experiments

Adsorption isotherm experiments of LHA binding onto MWCNTs were
performed at 25C. In these experiments 10 mL of solutions containing LHHAALs
concentration ranging from 0.1 to 1.0 mg fwith intervals of 0.1 mg mk) were left
to react with 10 mg of MWCNTSs for 24 h in capped glass tubes. Aftetiitie, the tubes
were centrifuged and the equilibrium solution (supernatant) was sampledhefor t
determination of HA’s concentration by light absorbance at a UV/Vis spectrometer.
These experiments were carried out in pure ionized water at pH 218teabijvith HSQy,
because this pH were the best pH for the adsorption was found (maximum LHA
adsorption into MWCNTSs). We chose six salts from the HSe due tokiiean effects
on the solubility of molecules. HSe salts, depending on their positibwe isetries, have

the ability to either strengthen or weaken the hydrophobic interactions, slagresalting

73



out effect) or increasing (salting in effect) the solubility of nonpataslecules,
respectively.

For each point of these isotherms, the adsorbed amount of LHA into MWCNTs
was directly calculated from differences between the initial lddAcentration and the

concentration of HA at the equilibrium after the 24 h reaction, as follow:
_ Ci—Ce
= (55 @
wherer is the adsorbed amount oHA onto MWCNTs (mg @) at the equilibrium (24
h); Ci is the initial LHA concentration (mg mi); C. is the LHA concentration at the

equilibrium (mg mLtY); V is the total solution volume (mL); ana is the mass of

MWCNTSs (g).

3. Results and Discussion

3.2 Adsorption isotherms
3.2.1. Effects of Hofmeister series

We studied HA adsorption onto MWCNT in the presence of chaotropics and
kosmotropic salts to evaluate the role of water tertiary structure and ionsitei&ction
in this adsorption process. The experimental conditions were pH 2.5 and 100 mM sal
concentration.

The adsorption isotherms of LHA wnMWCNT in the presence of different salts
are shown in Figure 1, were the amount of adsorbed LHA (mg) per g of MWENT

plotted against the equilibrium concentration of the respective LHA (m$).mL
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Figure 1. Adsorption isotherms of LHA on MWCNT at different systemygH 2,5, 0
mM of salt; ©) pH 2,5, 100 mMMNaHPQy; (A) pH 2,5, 100 mMNa:SQ;; (@) pH 2,5,
100 mM NaSCN.

The influence of 100 mM of HP®, SO and SCNanions from the HSe on the

adsorption process is shown in Figure 1. The maximum adsorption capaditg in t

presence of each one of these anions I&fE*® =273.9mgg™, THYN =

19.76 mg g™t Thaz>%* = 28.12mg g2, Tha2 0% = 295.7 mg gL

NaSCNis a chatropic electrolyte, thus decreases the interactions among wate
molecules increasing the solubility of LHA, which should disfavors Ladi&orption on
MWCNT. Our results collaborate with this hypothesidéaHPQ, and NaaSQw are
kosmotropic electrolytes that display the ability to strengthenehry structure of
water, which should decrease LHA solubility and increase LHA adsorptidd\WCNT.
However, in our work it held just for MdPQs. Therefore, these results elucidate that the
adsorption of LHA at pH 2.5 not necessarily follow the HSe.

The adsorption isotherms of the LHA on MWCNT in the presence of different
salts are shown in Figure 2, where the amount of adsorbed LHA (mg) p&\WONT

is plotted against the equilibrium concentration of the respective LHA (f).m
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Figure 2. Adsorption isotherms of LHA on MWCNT at different system$ gH 2,5, 0
mM of salt; ©) pH 2,5, 100 mMNH4CI; (A) pH 2,5, 100 mM BaGj (¢) pH 2,5, 100
mM TMA.

Figure 2 evaluates the influence of theAlHB&?* and TMA cationgrom the HSe

on the adsorption process. The maximum adsorption capacity for each cation were:

rPH25 — 2739mgg™t, TN — 6792 mgg 1, TN+ = 26,04 mgg?,

rBacht — 6,640 mgg'.

BaCk is a chatropic electrolyte that causes the interactions between tlee wat
molecules to decrease. This should increase the solubility &, ldisfavoring the
adsorption process, which is confirmed by our results. On the other KeinG@) and
TMA are kosmotropic electrolytes that strengthen the tertiary steicf water, which
should lead to a decrease ifA’s solubility, favoring the adsorption process. However,
as it happened with the kosmotropic anions, it did not occur. Therefose, tbsults
elucidate that the adsorption of LHA at pH 2.5 not necessarily follovH®® These
results show that the presence of cations from therkelduce the adsorptive capacity of
MWCNTSs probably by a competitive mechanism among the anions preseasiystem,

sulphate and chloride. According to this hypothesis, the chloride anions atisheb a
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interface better adsorbed LHA/solution resulting in a less efficieatrelktatic shield,
which would cause a lower coverage of the surface of MWCNTS.

From the results obtained for th&el we find that the Hofmeister effect can not
be used to explain the influence on the adsorption of LHA in MWCNT. 8$koe and
co-workers also reported the incompatibility of the results obtained withabsification
of ions according to the $& They studied catalytic activity of laccases in aqueous
solutions of ionic liquids and they demonstrate that there must benerpycific
interactions between the laccases and the ions, and these semmrwbelm the
underlying Hofmeister effect$ Therefore, to better understand the interaction MWCNT-

LHA in the presence of salts, was analyzed the thermodynamic properties of systems.

3.3. Thermodynamic properties

Thermodynamic parameters of adsorption were determined for a better
understanding of the adsorption mechanisms of LHA onto MWCNTs. Langmuir and
Freundlich equations are the most commonly applied models for represéring
nonlinear adsorption of organic chemicals, such as phenolic compounds, to dctivate
carbon, charcoal, and carbon nanotube? Furthermore, were used to adjust the
thermodynamic model of treatment for dilute solutions.

Apart from these models, a thermodynamic treatment also allows the
determination of thed,;G°. As it is well established, in the equilibrium chemical
potential of LHA in bulk solutionu3 is equal to the chemical potential of LHA in the

solution/MWCNT interfacesb.

tp = pip (2)
Replacing wa by ufa + RTlna:

%3 + RTInaz, = u%h + RTInal,, (3
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Rearranging:

Qs —Mia — Uia (4)

I _
e, RT

And —ufh — ufs = —Ag445G°, then:

In af-IA — _AadsGO (5)
aia RT
al 6
~AgqsG° = RTIn—3% (©)
Apa

Considering al,, = C4, the thermodynamic state of infinite dilution, the
expression for the calculation 8f;,G° is:

1—‘ads (7)

AggsG® = —RTln C

The thermodynamic paramet&y,;,G° is the Gibbs free energy change of the
system when one mole of molecules in the indiniilution scheme is adsorbed on the
surface of the nanotube, assuming that the amount of LHA already adsoddsubst
zero. The value oh,;,G° is the result of four contributions: (i) change in desolvation
energy associated with the surface of the nanotube and MgAGY went+ AdesGha )

(i) Gibbs free energy change oHA-MWCNT interaction 4;,,: Gy ywenr ). (i) Gibbs
free energy change due to the LHA conformational chafgg, £ Gf4 ), and (iv) Gibbs
free energy change associated with ion exchange (i) the interfageebe{S) LHA
adsorbed/solution AQ4GS_;). AgqsG® can be calculated as the sum of all these

contributions according to equation 8.

AnasG® = DaesGuwentt DaesGha + DintGRarmwent + B cong.Gha + BaasGs—; (8)
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The values ofA,;,G° were determined by tke three models from the data
obtained experimentally by adsorption isotherms of LHA on MWCNTSs anlissed in
Tables 1 and 2.

Table 1. Thermodynamic parameters of adsorption of LHA onto MWCNTS, evaluating
HSe cations.

LHA_HSe Cationic Model AG° (kJ mol?) R?
H25 Langmuir -32,52 0,9545
100?11M ;SaCIZ Thermodynamic -25,56 0,9140
Freundlich -3,072 0,9489
DH 2.5 Langmuir -23,29 0,9938
100 mM TMA Thermodyrlamlc -20,88 0,9734
Freundlich -5,292 0,9322
bH 2,5 Langmuir -19,29 0,4135
' Thermodynamic -18,74 0,9144
100 mM NH4Cl Freundlich 3,036 0,9576

Table 2. Thermodynamic parameters of adsorption of LHA onto MWCNTS, evaluating
the HSe anions.

LHA_HSe anionic Model AG° (kJ mol?) R?
DH 2,5 Langmuir -20,32 0,9966
' Thermodynamic -18,56 0,9388
100 mM NeHP O Freundlich 111,98 0,9526
H25 Langmuir -22,35 0,9828
100 EIM O Thermodynamic 20,19 0,9563
Bt Freundlich 4,287 0,9572
DH 2.5 Langmuir -23,51 0,9610
' Thermodynamic -21,95 0,9083
100 mM NaSCN Freundlich 2,765 0,9386

The negative values d,;,G° calculated by models indicate that adsorption of
the LHA on the surface of the nanotubes is spontaneous. Taking into abeogmbtness
of the fit given by the correlation coefficientqRn Table 2, the model that best fits the
data is the Langmuir model, except to pH 2.5 100 mM@IHT herefore, Table 3 shows

the constants of the models better fitting for all the systems studied in this work.
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Table 3.Langmuir constants and Freundlich constants of adsorption of LHA.

System at pH 2.5 KL Tmax
Langmuir (g mg*) (mg g*)
pH 2.5 4902 259.3
100 mM NaHP Oy 3636 305.4
100 MM NaSOy 8264 36.82
100 mM NaSCN 1,315 10 29.83
100 mM BaCb 5,000x16 5.777
100 mM TMA 1,204x10 8.734
System at pH 2.5 K n
Freundlich
100 NH.CI 3.405 5.009

The largest'max Observed in the isotherm, by Langmuir model, were 305.4'mg.g
Lat pH 2.5 in the 100 mM NEPQs. The K values show the high affinity of binding
sites. Therefore, the system with higher affinity binding sitdsHa at pH 2.5 in the
presence 100 mM Bagl

The coefficients Kand n represent the capacity and the intensity of adsorption,
therefore to 100 mM NKCI system Kis 3.405 and n is 5.009. It is generally stated that
values of n in the range-20 represent good;-2 moderately difficult, and less than 1
poor adsorption characteristics. MWCNTSs is good adsorbents for LHA at pH (A& in
presence 100 mM NI (n > 2)%. The slope 1/n ranging between 0 and 1 is a measure
of adsorption intensity or surface heterogeneity, becoming more heterogenetsus as

value gets closer to?J. Thus, the n valuf.1996) shows a heterogeneous sufac

3.4. Microcalorimetric experiments

Free energy Gibbs is resulted of the enthalpy and entropic contributioefdree
to better understanding of the adsorption process is necessary to measiloelatesa
this energy. In order to better understand the effect of HSe on the adsorption ohLHA

the surface of MWCNTSs were assessed by isothermal titration calorimetry.
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The adsorption of HA onto MWCNTSs is a spontaneous processA&:G is
negative. The change free energy Gibbs has two contributions:
Aads =Aadd - TAadsS 9
The values ol represent the total enthalpy energy absorbed or released when
LHA is adsorbed on the surface of MWCNTs. The magnitud@d.gH reflects the

contributions of four other processés

M association / dissociation of ions with charged groups on the surface of
HA (AgasH;);

(i) HA-MWCNTSs interaction4;,: HA a+mywent );

(iii) changes in the solvation of the adsorbent surfaceH#anolecules
(DaasHsor);

(iv) rearrangement of the molecular structure of LAA(H onf rear.)

Thus:

AqasH = DgqsH; + AintHI?IA+MWCNT + AqasHsor + Aadchonf.rear. (10)

The first contributiord 4 H; is associated with interaction of ions in solution with
charged groups in the molecules of LHA and MWCNTSs during the adsorption process,
this being an exothermic process. The second contribuigRHf 4+ ywent » refers to
the interaction betweenHA-MWCNTSs. These interactions occur via hydrophobic
contributions, dispersion interactions occurring with release of energy, contribmaing
AagH exothermic. The third contribution, 44H,,;, refers to the desolvation of the LHA
and the nanotube surface, this process is endothermic, because forut tg oecessary
to break the interactions water-MWCNTs, MWCNTs-ion, ion-LHA andewatHA. The
fourth contributionAgqsHeons rear., 1S @ssociated with conformational change of LHA
adsorption onto surfaces. The conformational change is endothermic, as otituing wi

breaking of intramolecular interactions.
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The energy released or absorbed as heat in a thermodynamic procéss can
measured by calorimetric techniques. Among those, isothermal otitrati
microcalorimetric (ITC) has been widely used in determination of manyculale
processes due its high sensitivity, with the possibility of deteofi@mergy flows in the
order of 1& J occurring in a given process.

The enthalpy change of adsorptiakudd) versusI' for the adsorption of HA

and of LHA on MWCNT at pH 2.5 in different systems obtained from ITC measumtsm

at 298K are shown in Figure 3.
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Figure 3. AagH of adsorption (3§ versud” (mg g*) for the adsorption process of LHA
onto MWCNT at pH 2.5 in presence of (A) cationic HS8:100 mM of BaCl; (@) 100
mM NH4CI; (A) 100 mM TMA; and (B) anionic HSem} 100 mM of NaHPQ;; (@) 100

mM Na:SQO:; (A) 100 mM NaSCN.

The curves as a function 6f have the same profile in the presence oiGIH
NaSQ: and NaSCN, but with different slopes. For these systemg; values are
initially exothermic and becomes increasingly less negative. Tdreake in the negative
value of the enthalpy is due to the contributions of endothermic processesordance
to equation 104 ,4:Hgo; andAggsHeons rear. Besides the disruption of the interactions

in the procesa,, sH,,; above, there is also the break-water interactions ion and ion-LHA
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in the presence of electrolyte, adsorption to occur. These interactionstaratguise, as
they are characterized by hydrogen bonds and electrostatic atisaatespectively.
Furthermore, by interacting with the hydrophobic surface of MWCNTSs, the LHAgesa
its conformation in such a way that the hydrophilic groups are exposed aralifrtegact

with the electrolyte solutioff.

To TMA and NaHPQ4, Aagd values are close to zero throughout the titration
therefore the energy released is close to the energy absorbed in the adebigdtan
onto MWCNT in the presence of this salt.

To BaCb, AagH values are initially exothermic and becomes increasingly more
negative. In this case, the exothermic processes release enatgy tiran that absorb by
the endothermic processes. Thus, the change in enthalpy becomes increasingly. negative

From the calorimetric data and models of isotherms is possiblecalatal the
entropic contribution to the change in Gibbs free energy. However, itcessery to
calculate theAaqH° obtained by the approximation of infinite dilution scheme in the
extrapolation of a curvaasH° (kJ mott) as a function of the equilibrium concentration
(Ce). For this, one must know LHA molar mass. Despite not having a condarthies
scientific community about the value of LHA molar mass, we usavheage chemical
formula suggested by researchers Schnitzer anlKinCis7H1860s0N9S,, S0 that we
can analyze the entropic contribution. We know the limitations of the prdposaula
of LHA, however, our goal is to find an approximate value and / or hypothefitae
AadH®, so to allow us to analyze the entropic contribution to the adsorption ofdrtHA
MWCNT in systems studied.

The values of AagdH® and TagsS were determined for LHA at pH 2.5 in the
presence of HS salts are listed in Table 4. We used the Langradel because it was

the best fit.

83



Table 4. Thermodynamic parameters of adsorption of LHA onto MWCNTSs at pH 2.5 in
the presence of HS salts calculated with Langmuir model.

AadsG°
. AadH®  TAadsS°
.’ 2
Cationic HSe (klilar;lgl) (kd mol))  (kJ mol) R

100 mM TMA -28.00 -2.022 25.51 0.9946
100 mM BaCi -36.00 150.1 185.7 0.9639

100 mM NHCI -19.63 -2708.8 -2689.1 0.98359
AadsG° o o
Anionic HSe  (kJ motY) AageH®  ThaosS R?
(kJ mot?)  (kJ mol?)
Lang.

100 mM NaSQy -22.35 -286.9 -264.5 0.9603
100 mM NaSCN  -23.51 -758.4 -734.9 0.9230
100 mM NaHPQ,  -20.32 -35.84 -15.52 0.9650

The correlation coefficient was greater than 0.9 for all systems stwdnech
shows a good fit of the models studi&dagsS is positive only for the adsorption of LHA
on MWCNTSs at pH 2.5 in the presence TMA and BaCl

The entropic contribution balancing occurs by two processes. The fitse is t
conformational change of the LHA to a more linear conformation the surfadee of t
MWCNT and subsequent electrostatic interaction among ions in solution and the
ionizable groups of the LHAS. This interaction would reduce the degree of translational
freedom of the species charged and therefore decrease the entropy of the system.

The second process is related to the interaction LHA-MWCNT. For k¥ L
interacts with the surface of MWCNT, both the LHA and the MWCNT neeadlease
the molecules of solvation ¢ and ions). This process releases the molecules into
solution and this causes the increase of the configurational entropy of the system.

Thus, the balance of these two processes mentioned above is that thexasse
. Thus, for cases with entropy greater than zero, this second factor prevails over so first.

Adsorption processes of LHA at pH 2.5 onto MWCNTSs at system 100 mM TMA
is promoted by entropy increase and enthalpy decrease; the driving fire@dforption

of LHA in presence of 100 mM Bagis entropy; and in the presence 100 mMs8H
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100 mM NaSQs;, 100 mM NaSCN and 100 mM POy is enthalpy. Is important to
emphasize the magnitude of the value of the enthalpy a€NMhich shows highhagH°

release in the form of heat in the adsorption process when compared to other systems.

4.  Conclusion

The effect of the influence of the HSe in the adsorptiontoA lonto MWCNTSs
was studied. These results elucidate that the adsorption of LHA at pH 2.5 noarigcess
follow the HSe

The isotherms obtained at 298K where fitted by the Langmuir, Thermodynamic
and Freudlinch models. Taking into account the quality of the fit gavlkebcorrelation
coefficient (R), the Langmuir model was the best fit the experimental data.

It was described for the first time the use of microcalorimetric teciento
evaluate the adsorption of LHA onto MWCNTSs in the presence SH saltsarption
thermodynamic of LHA onto MWCNT was evaluated using Isothermal tiitra
Calorimetry (ITC) as the main techniquehe adsorption oHA on MWCNT is a
spontaneous procesSa§G° < 0). TAadsS is positive only for the adsorption of LHA on
MWCNTSs at pH 2.5 in the presence TMA and Ba@i the case of Baglhydrophobic
interactions, which is promoted by entropy increase, is expected to beving fiorce
of the adsorption process. The driving force of the adsorption of LHA in presence of

anionic HSe studied is enthalpy.
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Abstract

In this work we studied the adsorption behavior of Pahokee Peat humic adifl) (&Y
kaolinite, illite, mica, montmorinollite, hematite, goethite and gilgbsin order to
understand the mechanism of the adsorption and to gather more informatiomgegardi
HA’s structure we conducted the adsorptions at various pH and increasing ionic strength.
The adsorption mechanism depends on the nature of surface, the concentréteon of
polyelectrolyte and on pH. Thermodynamic parameters were determinegl thsge
models: Langmuir, Freundlich, and the thermodynamic model of infiniteatlufiaking

into account the goodness of fit, the Langmuir model fittest thetbélse experimental
data, except for montmorinollite at pH 4.0 and 6.0. The thermodynamic anbbses|

on calorimetric titrations, showed th&A adsorption onto clay minerals occurs
spontarously (AadG°® < 0). Adsorption process of PPHA at pH 4.0 on gibbsite in
presence 100 mM NaCl and hematite in presence of 1 mM NaCl, dreioopically

and enthalpically favored. On the other hand, the adsorption of PPHA on kaolinite at pH
4.0 at any ionic strength and in all concentration salt, gibbispiel &.0 and in presence

of 1 and 10 mM NaCl, mica and goethite in presence of 10 mM and hematiesénce

of 10 and 100 mM NacCl is just entropiclly driven.

Keywords: adsorption, humic acid, isothermal titration calorimetry, chayserals,

thermodynamics.
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1. Introduction

Natural organic matter (NOM) is present throughout the eeosy$t and
Humic substances (HS) and clay minerals are the important comparfesads and
sediments. Clay minerals are commonly coated with NOMrganieclay complexes
in the soil and sedimentary environmehtsind HS are one of the most abundant
organic compounds in the Earth, found in nearly all soils, sediments, amdl nedters.

HS can be divided in three types with humic acids (HA) being a major component of HS
and considered to be one of the most recalcitrant fractions of it.

Interactions betweerdS and clay minerals are expected to modify surface
properties and reactivity of clay minerafs changingthe mobility of pollutants
bound to them’® Furthermore, HS are amphiphile molecules that behave like weak-
acid polyelectrolytes and display the ability to associate witflerdnt molecules by
electrostatic and/or hydrophobic interaction¥, with a capacity of changing the
character of its interactions (from electrostatic to hydrophobic) depending on the
characteristics of the solutidf. Therefore, they play a key role in many, if not most,
chemical and physical properties in their environment.

Therefore, understandinthe interactions betweeRS and clay minerals is
the basis not only for understanding the interfacial propertiesl®ofand sediments,
but also for elucidating behaviors of contaminants in the ahagémwironments®2,
Although there have been many studies to characterizeintbections between
NOM and clay minerals, it is still difficult to réa@ consensus on the adsorption
behaviors and mechanisms of NOM on minerals.

The favorable sorption mechanism of HA to mineral surface is determinée by t
mineral surface properties as well as the nature of the HA moleddiesrals with
differences in surface properties, e.g., aluminosilicates and oxides, sorb ndliffere

functional moieties of source humic acid, leading to fractionation of th&HA
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Spechtetet al. observed preferential sorption of high molecular weight
hydrophobic fraction on kaolinite and montmorillonite surfacés Sorption of
hydrophobic fraction of NOM on kaolinite might be an entropically driven @soce
because hydrophobic fractions gain favorable entropy while sorbed on the mineral phase
instead of remaining in solutidfA Similar conclusion was drawn by Baham and Sposito,
while studying the adsorption of NOM on kaolinite and montmorillonite sagf&. On
the other hand, sorption of NOM on iron and aluminum oxide minerals mostly occurs by
surface complexation and ligand exchange reaction between carboxylic grou@Mof
and the oxide mineraf®. The chemical and mineralogical control over HA sorption to
clay mineral surfaces have been studied recéhtlising kaolinite and montmorillonite
as common clay particles in soil under different conditions of pH, ionic strengl
solution cations (Naand C&"). Clay mineralHA composites, building up mainly
through C&" bonding to the-COOH groups of HA, can bind and release metals
selectively in the aqueous soil environm&nt

The sorption of soil organic matter (SOMan alter many physicochemical
properties of mineraf$'8 including the rate and extent of dissolutf8A*and the physical
stability of colloidal-sized particle’®?2 Therefore, the sorption mechanisms of SOM by
minerals are very diverse, including electrostatic interactioantigexchange-surface
complexation, and entropy-driven hydrophobic interactfon

SOM sorption on minerals plays important roles in the detoxificationzafrdaus
compounds and in the transport and binding of organic and inorganic contarfinants
Moreover, sorption by clay minerals can protect SOM against biodegnadagnce
affecting biogeochemical carbon cycling and carbon sequestration procé8dasrder
to evaluate and comprehend the interactions between clay mizedatS we performed
the thermodynamic study of the interaction between HA and clay mineratpueous

solution. We believe that understanding the thermodynamic pattern dfiAkhday
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minerals interaction is of great importance to improve the applicatffa@mmposites with
technological purposes and to investigate the physical stabittllofdal-sized particles

and, therefore, improve our understanding on biogeochemical carbon cycling and carbon
sequestration processes. We evaluated the HA-clay mineralaciiaa through
adsorption isotherm experiments as well as direct measurement dpgrdhanges in

the adsorption process by isothermal titration calorimetry. We alsss&ssthe influence

of pH and increasing concentrations of NaCl in the binding process of HAayo cl
minerals. The specific objectives of this study werge(ialuate the thermodynamic
nature of HA-clay minerals interaction, (ii) evaluate the influefdenic strenght on this

interaction, and {ii) determine the thermodynamic pattern of this interaction.

2. Experimental

2.1.Materials

The aluminosilicates kaolinite, montmorillonite and illite were pased from
Ward's Science, USA, while muscovite mica was actually manddyrinded from nearby
place of occurrenceThe oxides hematite and goethite were purchases from Sigma-
Aldrich, USA, while gibbsite was produced following the protocol by Borggatad 2.
All reagents were used in the experiments without further purificatdaCl was
purchased from Isofar, Brazil, (99 % purity) and used as received. Standard Paaikee P
humic acids (PPHA) was purchased from the International Humic Substaociesy

(IHSS) and used as received.

2.2 Specific surface area ¢5) determinations

The surface area of the areas was calculated by the BruBausettTeller
(BET) using the ASAP 2020V device (Accelerated Surface Area and Pomygimet
Micromeritics Instrument Corporation manufacturer and the software for dataitioqui

and processing was used ASAP 2020 V. 3:03. The surface areas werenéeteismg
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the standard single-point method. Samples were analysed in tripliaate.ITshows the

results.

Table 1.Properties of clay minerals and oxides.

N2-BET total pore volume  N2-BET surface area

(cm’/g) (m2/g)

Gibbsite 0.290 104
lllite 0.105 30
Hematite 0.021 7

Kaolinite 0.161 33
Montmorillonite 0.098 15
Mica 0.028 7

Goethite 0.155 65

2.3.Adsorption experiments

Adsorption isotherm experiments &FHA binding onto clay minerals were
performed at 28C. In these experiments 10 mL of solutions contaifRgA (PPHA’s
concentration ranging from 0.0025 to 0.05 mghiere left to react with 20 mg of
oxides and 200 mg caly for 24 h in capped tubes under stirring at 120 rpm. i&ftendh
the tubes were centrifuged and the equilibrium solution (supernatarsamased for the
determination oPPHA’s concentration by light absorbance at a UV/Vis spectrometer at
wavelength 204 nm. These experiments were carried out in pure ionized wated &t
and 6.0, adjusted with23Qy, because this pH were the best pH for the adsorption was
found (maximumPPHA adsorption into clay minerals). We evaluated the effect of
increasing ionic strengtfi, 10and 100 mmol &).

For each point of these isotherms, the adsorbed amouRBHA into clay
minerals was directly calculated from differences between the iRE&RA concentration

and the concentration of HA at the equilibrium after the 24 h reaction, as follow:

= () 8

whererl is the adsorbed amount ®BPHA onto clay minerals (mg 1) at the equilibrium

(24 h); Ci is the initialPPHA concentration (mg mt); Ce is thePPHA concentration at
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the equilibrium (mg mt); V is the total solution volume (mL)n is the mass of clay

mineral (g) and A is the area of clay minerafm

3. Results and Discussion

3.1.Adsorption isotherms
3.1.1. Effects of pH
The sorption isotherm of PPHA by clays minerals was strongly pHrdepe

Figure 1 shows the adsorption of PPHA on clay minerals at different pH.
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Figure 1. Adsorption isotherms of PPHA at pH 4.0 (black symbol) and pH 6.0 (red
symbol) at different clay mineralsm) Mica; (@) lllite; (A) Montmorillonite (®)
Kaolinite.

Figure 2 shows the adsorption of PPHA on oxides at different pH.
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Figure 2. Adsorption isotherms of PPHA at pH 4.0 (black symbol) and pH 6.0 (red
symbol) at different oxidesX) Hematite; @) Gibbsite (¥) Goethite.

At low PPHA equilibrium concentration gCthere is an increase inwith the
increase on PPHA concentration. The affinity between adsorbate-adsoraealyized
by initial slope of the isotherms. Therefore, the HA-surface interaatiore intense, by
analyzing the slope of the curve, in order of increasing affindg montmorinollite,
goethite, illite, kaolinite, mica, hematite and gibbsite. Moreoverlfalay minerals, pH
4.0 showed a greater affinity between Hw-surface. The sorption isotherm of PPHA
by oxides and clays showed a steep initial slope at low concensatnd then reached a
plateau as equilibrium PPHA concentration increased, with impkésnaty of binding
sites for PPHA, except for montmorinollite that hardly adsorbed the PRéd@onditions
studied.

The sorption increased with decreasing pH, which has been commoaetyeibs
for SOM on clays mineral®?824 The dependence of adsorption on pH values can be
explained by two mechanisms: pH of the solution affects the sucfaage of clays
minerals and the ionization of HA®. The higher the pH, the greater will be the
dissociation of the functional groups. The net effect will result in an increase in negative

charges oA 3°. Therefore, the electrostatic repulsion between the negative charges on
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surfaces andHA repels theHA from the surface and the increase of negative charge
densities on both the adsorbent and adsorbate with increasing pH reséislecrease
in adsorption. However, at lower pH values, carboxylic groups oHAhare protonated,
minimizing the intramolecular electrostatic repulsion and contractingl#hmolecules.
HA may exist in a spherical structure at lower pH but exist atlger linear or stretched
structure at higher pf. Decrease of the molecular volume can facilitate the adsorption
process due to greater availability of pores where humic acid molecules can péfetrate
The sorption mechanisms between HA and clay surfaces can inibérent
forces depending on the nature of the surface, of the exchangeable cation algg¥ va
Murphy et al, state that ligand exchange reactions is a key mechanisidAngemption
to clays surfaces*!”. Hydrophobic interactions between mineral surfaces and the
protonated hydrophilic groups of PPHA is another possible sorption mechanism.
However, Arnarson and Keil state that this entropy-driven process might not be of major
importance in exothermic adsorption processes. Consequently, pH dependence could be
attributed to ligand exchange alone with little or no contribution flgmirophobic
interactions®®.
Moreover, the distinct differences in structures of the clays mineralker@sn
the different adsorption capacities of PPHA on them. The results showntsit
adsorption occurs on oxides. Oxide surfaces are amphoteric and for both Fe and &\1 oxide
the point of zero charge (PZC) - the pH at which the surface has laangé ©f zero - is
between about pH 7 and pH*9*33! Thus, at pH studied (4.0 and 6.0) of net surface
charge is positive. The same occurs with the clays. However, malstays have
isomorphic charge (charge structural) that are negative independetiily jpid>"+17-383
Thus, the larger PPHA adsorption oxides is due to the greater amount ofepcisitige
present in its structure than in clays. As the PPHA present, ipHhstudied, net negative

charge, the interaction occurs mainly via electrostatic interaction.
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However, it was expected that the range of pH 4.0 to pH 6.0 greatéstion
occurred in the adsorption isotherm of oxides, since all of its surface chargél are
dependent. However, there is a greater variation in the isothermsafybe This fact
can be explained that the range of pH 4.0 to pH 6.0 greatly dectieasd3HA adsorption
by the aluminosilicates there is a larger variation in the seir¢harge pH dependeng,,
many ionizable groups are deprotonated, thus reducing the contribution of interactions
for electrostatic adsorption 8®PHA To prove this hypothesis it was necessary measures

zeta potential, which was not done.

3.1.2. Effects of ionic strength

Effect of ionic strength on the adsorption of HA on clays minerals was esdluat
in the presence of salt NaCl (1, 10 and 100 mM). The adsorption isotherms of the PPHA
on clays are shown in Figure 3, where the amount of ads&Be4 (mg) per n? of
surface area is plotted against the equilibrium concentration of the respttisemg

mL7).
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Figure 3. Adsorption isotherms of PPHA on clay at pH 4.0 at different syste(#g

lllite, (B) Kaolinite, (C) Mica and (D) Montmorillonite (®) 0 mM NaCl; @) 1 mM
NaCl; (A) 10 mM NacCl; ) 100 mM NacCl.

The adsorption isotherms of the PPHA on oxides are shown in Figure 4, where
the amount of adsorbeBPHA (mg) per nt of surface area is plotted against the

equilibrium concentration of the respectBHA (mg mL?).
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Figure 4. Adsorption isotherms of PPHA on clay at pH 4.0 at different syste(Ay
Gibbsite, (B) Goethite an@) Hematite- (®) 0 mM NaCl; @) 1 mM NacCl; (A) 10 mM
NacCl; (¢) 100 mM NacCl.

The results show that the presence of electrolytes affects the adsorptawgivbeh
of PPFHA on clays minerals and presented coefficient of variation less1b%n The
isotherms are non-linear and of the same type, except for montmorinollite.afdey
characterized by an increase in the amount of ads&B¢4 with increasing equilibrium

concentrations, followed by a tendency for the formation of a plateau laerhig
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concentrations, which represents the maximum adsorption capacity (Table 2), except for

montmorinollite.

Table 2. Maximum adsorption capacity of PPHA on clays minerals at different pH.

I'max of PPHA/ (mg mz)

System pH 4.0 pH 6.0 pH 4.0 pH 4.0 pH 4.0
1 mM NaCl 10 mM NaCl 100 mM NacCl
Kaolinite 0.05377 0.03944 0.06104  0.07060 0.2370
Mica 0.2632 0.09683 0.07156  0.07107 0.1819
Montmorinollite 0.02692 0.002630 0.003380 0.03155 0.1318
lllite 0.04710 0.03805 0.05604 0.02552 0.02678
Goethite 0.1340 0.03212 0.09305 0.07197 0.1129
Hematite 0.7271 0.5547 0.9532 0.5851 0.9231
Gibbsite 0.5366 0.4896 0.3978 0.3945 0.6477

Antelo et al. and others researchers observed that an increase in adsorption is
produced by the ionic strength increagdnen the driving force of adsorption is the
electrostatic interactiof®*. However, the only system that followed this order was
kaolinite. Other systems sometimes decreased or increased adsorption, depending on the
concentration of the salt.

The ionic strength influencdscan be explained by several mechaniéin3he
first is associated with the adsorption of ions in the interface HA adssdbgain. In
this process, adsorption increased with increasing salt concentratitmidligeaction via
electrostatic force between the ions and ionized HA groups present dtiAthe
adsorbed/solution interface. This allows the reduction of electrostatitsion between
the segments of adsorbed HA, so to allow a greater number of HA maleécwddsorb.
According to Jones and O'Melf3 this effect of the ionic strength is mainly given by
changes in lateral electrostatic repulsion among adsorbed humic acid molecules.

However, according to results of Weagal.’, the effect of changing the ionic
strength is more complicated and involves not only electrostaticsdoutianges in the
degree of protonation of the humic acid upon adsorption, mainly due to changes in the

decay of the electric potential across the interface. Thus, the seoatribution is
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associated with the variation in the ionic strength could induce confomahthanges
in humic acid molecules that may affect the adsorption prd€elsms of the electrolyte
exert a effect on the repulsion between the negative charges of thedignaups of
PPHA, which at high ionic strength facilitates coiling or shrinkingh&f molecules,
whereas at low ionic strength produces a more expanded strdéture the latter
conformation the molecules of PPHA may occupy a larger area of dgengherals
surface, so that there will be a decrease in the adsorption.

The third contribution is associated with the shielding effect oéldnerolytes on
the electrical double layer. This shielding effect reduces the camnbwf the
electrochemical potential of the adsorbing molecules/ions, thus nediln@ adsorptive
process and the amount BFHA adsorbed, mainly if driving force of adsorption is
electrostatic interaction.

Therefore, the influence of ionic strength on adsorption of PPHA on clayatsne
will be the final balance of these three procesfeslyzing the behavior of PPHA
adsorption on clay minerals at different ionic strengths and knowing tdeseption
mechanisms can infer which process prevails as the driving forde idsorption
increase or decrease with ionic strenghts. In the case of kaalimdtenontmorinollite
(exceptin the presence of 1 mM NacCl), the first and second processsuisetiominate.
In other adsorbents, the salt concentration will favor one of the processésisawill
cause each system behaves differently. For example, the adsorption obRPEMatite
at pH 4 0 mM of NaCl is less than in presence of the 1 and 100 mM bla®ligher than
in the presence of 10 mM NacCl. That is, in the presence of 1 and 100 mM Nacl, the first
and second processes prevails as driving force for adsorption. In the prefsébeceM
NaCl shield is more favored than the first two cases cited above.

No controversy seems to exist regarding the relationship between thdidorma

of soil aggregates and the nature of their organo-mineral complexesnajor colloids
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present in soils are the aluminosilicate clay minerals. Oxidesrgatiic matter are also
considered as stabilizing materials in aggregates. Besides,kitown that modern
intensive agriculture leads to the degradation of soil struétudevertheless, so far no
existing model takes into account the differences between thenulagrals soil for
carbon sequestration in soils.

The results show the difference in adsorption of PPHA between the iclexats.
Hematite presented the highest adsorption between all surfacesdstadd the
aluminosilicate with the highest adsorption was the kaolinite.

It is known that in warmer climates there is a predominance of absificates,
which gives a high pH soil. Already soils of tropical climate m@stly weathered and
consist mainly of kaolinite and oxides of Fe and Al, with acidic pH arourdt 4.
However, for tropical soils are productive, the pH of these soils mustised by the
practice of liming. The pH of agricultural soils, therefore, must be letvees and 7.0
4548 Therefore, the present results may help elucidate a better methuahtbing the
soil in such a way to stabilize ti®M, and thus contribute to the global carbon cycle. In
addition, this investigation opens the door for further studies that extend the aitabysi

more complex system, such as the soil.

3.2.Thermodynamic properties

Thermodynamic parameters of adsorption were determined for a better
understanding of the adsorption mechanisms of HA onto clay minerals. Larnagmaluir
Freundlich equations are the most commonly applied models for represérging
nonlinear adsorption of organic chemicals, such as phenolic compounds, to @ctivate
carbon, charcoal, and carbon nanotub&® Furthermore, were used to adjust the
thermodynamic model of treatment for dilute solutions.

The Langmuir isotherm can be derived by assuming an ideal systere the

adsorbent molecules adsorb at the adsorbate surface at well-definefbrsitieg a
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homogeneous monolayer, each site adsorb only one molecule, and the energg involve

the adsorption of one adsorbent molecule is the same for all sitesanstirbate surface

and it is independent of the presence or not of others molecules in the adjacent sites, that
is, there is no interaction between adjacent adsorbent molecules. Equatpyeskmes

the mathematical expression for the Langmuir model:

I_WmaxKLCe
= o ()
1+ K, C,

where Gis the equilibrium HA concentration (mg M), I is the amount of HA adsorbed

(mg m?), KL is a Langmuir constant that relates to the affinity of bindires SENA max

(mg n?) is a Langmuir constant related to the maximum monolayer adsorption capacity,

which describes a saturated monolayer of solute molecules on the adsorbent$urface
The Freundlich model is an empirical equation that assumes hetesogene

adsorption due to the diversity of adsorption sites. The Freundlich equation is:
/
r=K.cln )

where G and I were described previously, fKmg*"mLYm?) and n are the
Freundlich constants, which represent the adsorption capacity and the adstigth,s

respectively*.

The Langmuir and Freundlich equations can be fitted to data by linearsiegees

using their linearized forms as follows:

C. 1 1
—=—"0C,+ (3)
F Fmax KLFmax
1
INT=InK; +=InC, (4)
n
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C .
where plots of?e versuse@nd I versus InG allow to calculate the Langmuir and

Freundlich constants, respectively.

Apart from these two models, a thermodynamic treatment also allogvs
determination of the),4sG°. As it is well established, in the equilibrium chemical
potential of HA in bulk solutionu is equal to the chemical potential of HA in the
solution/clay mineral interfacg).

up = 3 (5)

Replacing wa by pfa + RTlna:

ud3 + RTlnaf, = u®h + RTInal;, (6)
Rearranging:
P L el (7)
afa RT

And —pfh — HRR = —Aaq5GO, then:

In a}-IA — _AadsGo (8)
alS{A RT
i 9)

dHA
—AadSGO = RTIn aS_
HA

Considering alj, = Cys the thermodynamic state of infinite dilution, the
expression for the calculation 8f,,G° is:

1ﬂads (10)

AgqsG® = —RTln C

The thermodynamic parametd;y G° is the Gibbs free energy change of the

system when one mole of molecules in the indiniilution scheme is adsorbed on the
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surface of the nanotube, assuming that the amount of HA already adsa@lmedsszero.
The value ofA,4,G° is the result of four contributions: (i) change in desolvation energy
associated with the surface of the nanotube and mscglay+ AgesGRia ), (ii) Gibbs

free energy change of HA-clay minerals interactiﬁg;,{Gg+clay ), (iii) Gibbs free energy
change due to the HA conformational chande.d,: G, ), and (iv) Gibbs free energy
change associated with ion exchange (i) the interface between (Sjddhad/solution
(Aa4sG2_;)- AqsG° can be calculated as the sum of all these contributions accdoding

equation 11.
DgasG® = Adenglay‘l' DgesGha + AintGI?IA+clay +A conf.GI(-)IA + AaasGs—; (11)

The values ofA,;G° were determined by tke three models from the data
obtained experimentally by adsorption isotherms of HA on clay min@nadsnex), but

are listed in Table 3 only the model that best fit the isotherms.

Table 3. Thermodynamic parameters of adsorption of PPHA onto clay minerals at
different systems.

PPHA Model AG/(kJ mol?) R? KL /(m?mg?)
pH 4.0, lllite Langmuir -7.586 0.9930 21.33
pH 4.0, Kaolinite Langmuir -9.414 0.9925 45.46
pH 4.0, Mica Langmuir -14.23 0.9963 311.5
pH 4.0, Montmorillonite Thermodynamic -10.87 0.9731 -

pH 4.0, Gibbsite Langmuir -13.87 0.9996 269.6
pH 4.0, Hematite Langmuir -13.75 0.9962 256.6

pH 4.0, Goethite Langmuir -28.30 0.9985 9,090 10
pH 6.0, lllite Langmuir -5.263 0.9867 8.357
pH 6.0, Kaolinite Langmuir -11.01 0.9951 84.90
pH 6.0, Mica Langmuir -9.348 0.9953 43.44

pH 6.0, Montmorillonite Thermodynamic -4.138 0.9982 -

pH 6.0, Gibbsite Langmuir -24.40 0.9936 139.5

pH 6.0, Hematite Langmuir -12.24 0.9947 1,886 10
pH 6.0, Goethite Langmuir -22.83 0.9894 15.73
pH 4.0, lllite, 1 mM NaCl Langmuir -8.922 0.9981 36.58
pH 4.0, Kaolinite, 1 mM NacCl Langmuir -9.096 0.9902 39.24
pH 4.0, Mica, 1 mM NacCl Langmuir -7.646 0.9881 21.86
pH 4.0, Mont., 1 mM NacCl Langmuir -22.83 0.9965 1000
pH 4.0, lllite, 10 mM NaCl Langmuir -5.713 0.9845 10.02
pH 4.0, Kao., 10 mM NaCl Langmuir -9,279 0.9992 42.25
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pH 4.0, Mica, 10 mM NacCl Langmuir -10.73 0.9846 76.08

pH 4.0, Mont., 10 mM NaCl Langmuir -5.063 0.9961 7.712
pH 4.0, lllite, 200 mM NaCl Langmuir -6.200 0.9971 12.20
pH 4.0, Kao., 100 mM NaCl Langmuir -10.93 0.9995 82.44
pH 4.0, Mica, 100 mM NaCl Langmuir -22.83 0.9916 435.9
pH 4.0, Mont., 100 mM NaCl Langmuir -7,927 0.9745 24.48
pH 4.0, Gibbsite, 1 mM NaCl Langmuir -15.38 0.9914 4957
pH 4.0, Hematite, 1 mM NacCl Langmuir -22.83 0.9970 9615
pH 4.0, Goethite, 1 mM NaCl Langmuir -22.83 0.9779 983.2
pH 4.0, Gibbsite, 10 mM NaCl Langmuir -18.36 0.9981 1647
pH 4.0, Hem., 10 mM NaCl Langmuir -19.45 0.9998 2557
pH 4.0, Goethite 10 mM NacCl Langmuir -12.30 0.9938 143.0
pH 4.0, Gibb., 100 mM NacCl Langmuir -16.02 0.9998 641.0
pH 4.0, Hem, 100 mM NaCl Langmuir -20.32 0.9933 3636
pH 4.0, Goe., 100 mM NaCl Langmuir -12.27 0.9820 141.6

The negative values d,4,G° calculated by models indicate that adsorption of
the HA on the surface of the clay minerals is spontaneous. Taking iraanadbe
goodness of the fit given by the correlation coefficierft¥R.9) in Tables 2, the model
that best fits the data is the Langmuir model, except to montmdaeratipH 4.0 and pH
6.0. For these two systems, the model that best fits the datalisetmaodynamic model.
Differences inAa¢G° for PRHA adsorption in systems different show that the process
depends on the nature of the surface. The system with the lowest Giblesiérgy of
adsorption was goethite at pH 4.0 with -28.30 kJhaoid K equal 9,090 10 Amg™.
Moreover, the system showed the highest valuk, gfG°was montmorinollite at pH 4.0
in the presence of 10 mM NaCl with -5.063 kJ fnahd K_equal 7.712 fimg?. The K.

values show the high affinity of binding sites.

3.3.Microcalorimetric experiments

Free energy Gibbs is resulted of the enthalpy and entropic contributioefdriee
to better understanding of the adsorption process is necessary to measicelatesa
this energy. We measured the enthalpy by isothermal titration calorimetry (ITC)

The adsorption of HA onto clay minerals is a spontaneous proceAsq{Sds

negative. The change free energy Gibbs has two contributions:
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AadG = Aadd - TAadsS (9)
The values of\a¢dH represent the total enthalpy energy absorbed or released when

LHA is adsorbed on the surface of clay minerals. The magnitudeqdéi reflects the

contributions of four other processés

M association / dissociation of ions with charged groups on the surface of
HA (AaasHs);

(i) HA-clay minerals interaction[(intHﬁAmay );

(iii) changes in the solvation of the adsorbent surface and HA molecules
(AagsHson);

(iv) rearrangement of the molecular structure of HA {sHconfrear.)

Thus:

AagsH = BagsHi + AintHpasclay + AadsHsol + AagsHeontrear. (10)

The first contributionA,4sH; is associated with interaction of ions in solution
with charged groups in the molecules of HA and clay minerals duringddw ion

process, this being an exothermic process. The second contribAitigdy » . 1,y  refers

to the interaction betweddA-clay minerals. These interactions occur via hydrophobic
contributions, electrostatic interactions, dispersion interactions occwitingelease of
energy, contributing to AagH exothermic. The third contribution,ysHs,), refers to the
desolvation of the HA and the surface, this process is endothermic, becatsedocur
is necessary to break the interactions water-clay mineralanitegyals-ion, ion-HA and
water-HA. The fourth contributiomd,gsHconfrear, 1S @ssociated with conformational
change of HA adsorption onto surfaces. The conformational change is endothermic, as
occurs with the breaking of intramolecular interactions.

The energy released or absorbed as heat in a thermodynamic process can be

measured by calorimetric techniques. Among those, ITC has been widalyinus
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determination of many molecular processes due its high sensitivitythvatpossibility
of detection of energy flows in the order of*lDoccurring in a given process.

The enthalpy change of adsorptiandH) versusl” for the adsorption of HA on
clay minerals at pH 4.0 in different systems obtained from ITC measnte@ie298K
are shown in Figure 5 and 6.
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Figure 5.AaqH of adsorption (3¢ versud™ (mg m?) for the adsorption process of PPHA

at pH 4.0 onto (A) lllite, (B) Kaolinite, (C) Mica in ionic strengtia) © mM of NaCl;
(®) 1 mM NacCl; (4) 10 mM NacCj (<>) 100 mM NacCl.
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Figure 6.AaqH of adsorption (3¢ versud™ (mg m?) for the adsorption process of PPHA

at pH 4.0 onto (A) Gibsita, (B) Goethite, (C) Hematita in ionic stten@) 0 mM of
NaCl; (@) 1 mM NaCl; (A) 10 mM NacCj (<) 100 mM NaCl.

It was not possible to measure the enthalpy of mica and goethitesanpee100
mM NacCl at pH 4.0 systems and no montmorinollite system, becausedlgy released
or absorbed during the titration was too low to be detected by ITC.

The curves as a function dfhave the different profile. For hematite, goethite,
mica and illite all at pH 4.0 system and for mica at pH 4.0 in preserid@ahM NaCl
systemAagdH values are initially exothermic and becomes increasingly lesgtine. The
decrease in the negative value of the enthalpy is due to the ctatr#hof endothermic

processes in accordance to equatiom\},Q; Hy,; andA,qsHeonf rear.-
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For kaolinite at pH 4.0 in presence of 0 and 1 mM NagdH values are close to
zero throughout the titration, therefore the energy released is closesteetigy absorbed
in the adsorption of APA onto kaolinite in the presence of this salt.

For kaolinite at pH 4.0 in presence of 100 mM NaCl systeég1 values are
initially exothermic and becomes increasingly more negativhidrcase, the exothermic
processes release energy greater than that absorb by the endothermseprates, the
change in enthalpy becomes increasingly negative.

For gibbsite at pH 4.0 in all systems, for kaolinite and mica at pH 4.0 in presence
of 10 mM NacCl system and for hematite at pH 4.0 in presence of 1 and 10 @M Na
AadH values are positive and becomes increasingly more positive. drcdlse, the
endothermic processes release energy greater than that absorb by themé&xothe
processes. Thus, the change in enthalpy becomes increasingly positive.

For goethite at pH 4.0 in presence of 1 and 10 mM NacCl, for hematite 4DpH
in presence of 100 mM NacCl systems and for illite at pH 4.0 in presencé®ahd 100
mM NaCl systemsjadd values are positive and becomes increasingly less positive. In
this case, the contribution of endothermic process decreases, vatifertiexothermic
process increases your contribution, despite the first still prevail., Theischange in
enthalpy becomes decreasingly positive.

From the calorimetric data and models of isotherms is possible tdatalthe
entropic contribution to the change in Gibbs free energy. However, it éss@y to
calculate theA.qdH° obtained by the approximation of infinite dilution scheme in the
extrapolation of a curvaasH° (kJ mott) as a function of the equilibrium concentration
(Ce). For this, one must know PPHA molar mass. Despite not having a consetisas
scientific community about the value of PPHA molar mass, we use the acbesgeal
formula suggested by researchers Schnitzer an@lK&inCis7H1860s0N9S,, S0 that we

can analyze the entropic contribution. We know the limitations of the prdposaula
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of PPHA, however, our goal is to find an approximate value and / or hypotladtibal
AadH®, so to allow us to analyze the entropic contribution to the adsorption ¢k BRH
clay minerals in systems studied.

The values of AagH® and TNadsS were determined for PPHA at pH 4.0 in the
presence of salt are listed in Table 4. We used the Langmuir medalise it was the
best fit.

Table 4. Thermodynamic parameters of adsorption of PPHA onto clay minerals at pH
4.0 in the presence of NaCl calculated with Langmuir model.

AadsGo
AagdH° TAadsS° 2
Systemat pH 4.0  (kJ mol}) (kI molt)  (kJ mol) R
Lang.

lllite -7.586 -617.9 -610.3 0.9962
lllite, 1 mM NaCl -8.922 -161.9 -153.0 0.9619
lllite, 10 mM NaCl -5.714 -585.3 -579.6 0.9913
lllite, 100 mM NaCl -6.200 -283.1 -276.9 0.9930
Kaolinite -9.414 -188.9 -179.5 0.9969
Kaolinite, 1 mM NacCl -9.096 142.6 151.7 0.9864
Kaolinite, 10 mM NacCl -9.279 263.4 272.7 0.9854
Kaolinite, 100 mM NaCl -10.93 2375 248.5 0.9631
Mica -14.23 -84.14 -69.90 0.9966
Mica, 1 mM Nacl -7.646 -15.60 -7.957 0.9794
Mica, 10 mM NacCl -10.73 84.60 95.34 0.9610

Mica, 100 mM NaCl -22,83 ND ND ND
Gibbsite -13.87 9.594 23.46 0.9907
Gibbsite, 1 mM NaCl -15.38 28.03 43.41 0.9911
Gibbsite, 10 mM NaCl -18.36 105.5 123.9 0.9846
Gibbsite, 100 mM NaCl -16.02 -5.281 10.74 0.9573
Hematite -13.75 -108.6 -94.85 0.9883
Hematite, 1 mM NaCl -22.83 -4.489 18.34 0.9602
Hematite, 10 mM NaCl -19.45 49.01 68.46 0.9428
Hematite, 100 mM NaCl -20.32 10.44 30.76 0.9625
Goethite -28.30 -120.7 -92.43 0.9338
Goethite, 1 mM NaCl -22.83 -242.8 -220.0 0.9585
Goethite, 10 mM NaCl  -12.30 400.7 413.0 0.9858

Goethite, 100 mM NaCl -12,27 ND ND ND

ND — not detectable.

The correlation coefficient was greater than 0.9 for all systems stwdnech
shows a good fit of the models studi@daqsS is positive for the adsorption of PPHA on

kaolinite and hematite in presence of 1, 10 and 100 mM NacCl, globait concentration
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salt, mica and goethite in presence of 10 mM NaCl. Other syspeesented AadsS
negative.

The entropic contribution balancing occurs by two processes. The fitse is t
conformational change of the HA to a more linear conformation on the surfieeabdy
mineral and subsequent electrostatic interaction among ions in solution andzableoni
groups of the HA™ This interaction would reduce the degree of translational freedom of
the species charged and therefore decrease the entropy of the system.

The second process is related to the interaction HA-clay minerath&afA
interacts with the surface of clay mineral, both the HA and tlyadilaeral need to release
the molecules of solvation ¢B and ions). This process releases the molecules into
solution and this causes the increase of the configurational entropy of the system.

Thus, the balance of these two processes mentioned above is that thexasse
. Thus, for cases with entropy greater than zero, this second factor poseaito first.

The adsorption of HA onto clay minerals is a spontaneous process{Ses negative.

The AagG has two contributions (equation 9). Therefore, adsorption processes of PPHA
at pH 4.0 on gibbsite in presence 100 mM NaCl and hematite in presencé/oRNa@i,

are promoted by entropy increase and enthalpy decrease. The drivingofoifoe
adsorption of PPHA on kaolinite at pH 4.0 and in all concentration salt,itgilztbsoH

4.0 and in presence of 1 and 10 mM NacCl, mica and goethite in presence of 10 mM and
hematite in presence of 10 and 100 mM NacCl is entropy. Adsorption processes of PPHA
in others systems is enthalpically driven. Therefore, due to theofetaities and
complexity of PPHA in its composition and conformation, various adsorption leetavi

were observetbr PPHA in different minerals.
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4. Conclusion

The effect of ionic strength and pH on the adsorption of PPHA on clay nsneral
was studied. The system that adsorbed PPHA the most were keatatiH 4.0 in
presence of 1 mM NacCl.

The differences in type of clay minerals would lead to different w@acti
mechanisms and therefore to a different adsorption phenomenon. Thus, adsorption of
PPHA on clay minerals was dependent on the surface properties of theiclesals
Consequently, it is necessary to identify the differences in PPHA adsoqutivarious
clays by comprehensively analyzing the physicochemical propesfiethe clays,
adsorptionPPHA-clay complexes and suspensions using a combination of multiple
analytical techniques including liquid-state 1H nuclear magmesonance (NMR)
spectroscopy, high performance size exclusion chromatography (HPSEC)y Fourie
transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy (XPS).

The isotherms obtained at 298K where fitted by the Langmuir, Thermodynamic
and Freudlinch models. Taking into account the quality of the fit gavieebgarrelation
coefficient (R), the Langmuir model was the best fit the experimental data, efarept

montmorinollite at pH 4.0 and 6.0.

It was described for the first time the use of microcalorimetribriggie to
evaluate the adsorption BFHA on clay minerals. Adsorption thermodynamic of PPHA
on clay minerals was evaluated using isothermal titration cadtnyngiTC) as the main
techniqueThe adsorption oPPHA on clay minerals is a spontaneous procas&®° <
0). Adsorption processes of PPHA at pH 4.0 on gibbsite in presence 100 mMiNBCI a
hematite in presence of 1 mM NaCl, are promoted by entropy increasentiuatpy
decrease. The driving force of the adsorption of PPHA on kaolinite at pHhd i all

concentration salt, gibbsite at pH 4.0 and in presence of 1 and 10 mM Ne&lamd
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goethite in presence of 10 mM and hematite in presence of 10 and 100aGMs
entropy.

The results of the present study will improve our understanding of theafoles
mineral interfacial properties, composition and péatsize of HA in the adsorption
processes, which will benefit elucidating the adsorption mechanisfABIdA on clay
minerals. In addition, this study is also helpful in further understandihgvimes of
contaminants in the natural environments since interactions betweef &iHclay
minerals will determine bioavailability, toxicity, and transport of the comtants in the

environment.
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Resumo

Neste trabalho estudou-se a interacdo entre a proteina albumora o@no (BSA) e

0 acido humico Pahokee Peat (PPHA) em diferentes tampdes de deetdidio e na
presenca de diferentes concentracdes de KCI via espectroscofiimordecéncia e
calorimetria de titulacdo isotérmica. A diferenca da intensidade dedhéncia da BSA

na auséncia e presenca de PPHKRK)(aumentou com o aumento da concentracao de
PPHA para todos os sistemas estudados. A presenca do KCl em solugwiimidiua
interacao, sendo que em tampao 5,4 a forca idnica influenciou pouquissie@gimt

na faixa de concentracdo de PPHA estudada. A analise termodinanseagddana
equacao adaptada de Benesi-Hildebrand e em titulagdes calorimétrasiou que a
interacdo BSA-PPHA ocorre espontaneamenie®° < 0), apresentando um alto valor
na constante de ligagaod)KA TAinS foi positiva para os sistemas em tampéo 3,6 e 4,8
na presenca de 50 mM de KCI, sendo que no primeiro a variacdo entalpica foi
desfavoravel. Nos demais sistemas estudados, ndo houve uma controti¢aca
favoravel ao processo de interacdo BSA-PPHA, sendo, portanto, o procesdo delgi

entalpia.

Palavras chave: acido humico, BSA, interacao, termodinamicaag fitukcalorimétrica

isotérmica.
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1. Introducédo

Como principal componente da matéria organica natural, os acidos hésti#os
envolvidos em diferentes interagcdes nos sistemas aquosos e nd Selbstancias
hamicas (HS) sdo compostos de moléculas amorfas, quimicamente com@lexas
internamente estruturadas ou agregadas molecularAtenten um carater polieletrolito
que pode ser classificada como matéria coloidal fhole

HS sao carregadas negativamente e o pH afeta a densidade deecargao
hidrodinamico das particulas humica¥/arios pesquisadores tem estudado a interagdo
de HS com polieletrdlito%’8 A atencéo dada a esta interagdo tem sido direcionada para
a remocéo de HS de solugbes aquosas pela complexacao e agregacéao.

Uma classe especial de polieletrélitos que também podem inteoag HS séo
as proteinas. No entanto, apesar de seu potencial de aplicacdes teasdhdgpouca ou
nenhuma literatura. A interacdo HS-proteinas € especialmente releaaptalidade do
solo. Uma pesquisa recert®®!tindicou que, por exemplo, a glicoproteina glomalina
pode ser importante para a estrutura e extracdo do solo. Também ritesdepapel das
proteinas patogénicas, tais como as toxinas proteicas dos insetagdpspteinas
farmacéuticas (produzidas em plantas transgénicas) e proteinas infeeniasgidas na
encefalopatias espongiformes transmissiveis causadoras de doencas B&Boea
doenca de Creutzfeldt-Jakob, que podem estar presentes nas aguas sadterrane
superficiais.

Interacdo HS-proteina pode provocar a modificacédo da estrutura da proteina e, por
conseguinte, uma alteracéo na atividade bioldgica. A extenséo ertoqpeise depende
de condicbes especificks'® Além disso, a ligacéo a outras substancias, produz proteinas
menos susceptiveis a degradacado microbioldgica e isto podeigesp para o ambiente.

Neste trabalho a interacdo HS-proteina € estudada considerando @@antira

acido humico Pahokee Peat (PPHA) purificada com a proteina albumina do sam bovi
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(BSA). PPHA é geralmente usado como modelo de estudo pois é facilnspaieide| e
os HA sdo os componentes majoritarios das HS, o que tornam aqueles um bom
representante destéé E a BSA é empregada como proteina modelo em sistema
biomiméticos, sendo sua estrutura e estabilidade bastante conhalddasia BSA ser
de facil aquisicdo por ser a proteina mais abundante no sangue Bovino

Enzimas e outras proteinas em solugcédo possuem uma forte afinidade para se ligar
a fases sélidas dispersas e a polieletrdlitos organicos com carga oposta. No s@s, as fas
sélidas sdo argilas e oxihidroxidts A ligacdo entre proteinas e HA tem sido atribuida
a copolimerizacad’, adsorcad® e encapsulamento de proteina dentro da estrutura interna
da matéria humic#.

Recentemente, Taat al. >?°e Tomaszewskeét al. %2 relataram a importancia
das interacdes eletrostaticas e hidrofobicas entre HA e proteicascluiram que
parametros como razdo de mistura HA e proteina, pH e forca idnica datarmin
extensdo da complexacgéo e agregacdo dos complexos HA-préteinas

Neste trabalho, n6s estudamos a interacdo BS8Avia espectroscopia de
fluorescéncia e titulacdo isotérmica calorimétrica. O conhecinsebte a capacidade de
ligacdo do HA com BSA pode auxiliar em estudos futuros sobre a interagdo de proteinas

e substancias himicas no solo de importancia ambiental e tecnéfdgica

2. Experimental
2.1.Materiais
A BSA foi adquirida da Sigma-Aldrich, EUA, com 99% de pureza. O &cido
hamico Pahokee Peat foi adquirido da International Humic Substandet/$b4SS) e
o KCI foi adquirido da Vetec, Brasil, com 99% de pureza. Todos os reagentes foram

usados sem purificacdes adicionais.
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2.2.Espectroscopia de fluorescéncia

O espectrometro de fluorescéncia Cary Eclipse Fluorescence Spectragtkotom
(Agilent Technologies, EUA) foi empregado para estudar a interacém &BSA e o
PPHA em varios sistemas. A ligagdo BSA-PPHA foi examinamla medidas de
fluorescéncia em estado estacionario direto. A amostra foi excitadadcesn
comprimentos de onda com 5 nm de fenda de excitagcdo e emissdo. O cormpiinent
onda de excitagdo de 250,00 nm é referente ao PPHA e o de 282,03 nm é referente a
excitacdo da BSA. Os espectros foram registrados entre 283,00 e 700 nm. sTodas a
medidas foram realizadas a 25 °C.

A concentracdo de BSA foi mantida constante a 1 mg emh concentracdo de
PPHA variou de 0,001 & 0,01 mg rhlFoi utilizado também um controle, no qual a BSA
estava ausente. As solucdes foram preparadas em tampdes dedacsetalio nos pHs
3,6; 4,8; 5,4 e 5,8 e em diferentes concentracdes do eletrélito KCI (0,5; 5 e 50 mM).

Aintensidade de fluorescéncia foi medida por concentracdes cresteRfeBIA.

Os parametros de ligacdo foram calculadas usando a equacao derivBdaede

Hildebrand?*2>

1 1 1

et ®

AF B AFmax (Kp AFpax [PPHA])

OndeAF é a diferenca na intensidade de fluorescéncia entre a amosteseonPPHA,
AFmax € a diferenca maxima de fluorescéncia no platpé Ka constante de ligacdo e

[PPHA] é a concentracdo de PPHA (mgHL
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3. Resultados e discussao

3.1.Espectroscopia de fluorescéncia
A Figura 1 mostra os espectros de emissao dos sistemas BSdprtdmpéo
3,6 no comprimento de excitagdo da BSA (283,03 nm) em diferentes concentia¢coes

PPHA.

T T T T T T T T T T

700 4 —— [PPHA] = 0,000 mg mL" |
—— [PPHA] = 0,001 mgmL" |
—— [PPHA] = 0,002 mg mL" |

600 4
—— [PPHA] = 0,004 mgmL" |
500 - —— [PPHA] = 0,006 mg mL" i
—— [PPHA] = 0,008 mg mL"
—— [PPHA] = 0,010 mgmL™" ]
L 400 4 .

T T T T
300 400 500 600 700 800
Comprimento de onda (nm)

Figura 1. Espectro de emissao para os sistemas PPHA-BSA em tampao 3,6.

Observa-se que a medida que se aumenta a concentragdo de PPHA, aliminui
intensidade de fluorescéncia (IF) da banda de emissédo da BSA. Dessaéoiilcamos
que a interacdo BSA-PPHA diminui a IF da BSA, sem ocorrer deslocandent
comprimento de onda de emissdo. O mesmo comportamento foi obtido para todos os
sistemas estudados.

A Figura 2 mostra a variacao da intensidade da fluorescéi€iai funcdo da
concentracdo de PPHA em diferentes tampdes e forca idnica,Abndepresenta a

variacdo da fluorescéncia da BSA com e sem PPHA.

123



500 T T T T T T 600 T T T T T T

- ' 2
400 . L 500 -
v . v
" A ° 400 - v -
300 - v 1 i
A L 1 v
" )4 300 8 .
[T A L
S 200 4 1Y% ] v
. ¢ 2001 . |
" L
100 - .
- 100- M -
041 = E 04 = i
0,000 0,002 0,004 0,006 0,008 0,010 0,000 0,002 0,004 0,006 0,008 0,010
[PPHA] / mg mL" [PPHA] / mg mL"
(A) (B)
T T T T T T T T T T T T
500 - § - 500 - $ -
'y
&
400 M i, 400 A
a
] | | ' A
300 - 300 - A i
L ] $ " L
< <
200 - 200 - R i
’ v
i i 1001 -
100 - o A
1 X
0{ = i 0{ ®» i
0,000 0,002 0,004 0,006 0,008 0,010 0,000 0,002 0,004 0,006 0,008 0,010
[PPHA] / mg mL™ [PPHA] / mg mL"

(C) (D)

Figura 2. Variacdo da intensidade de fluorescéncia (medida.en283,03 nm) em
funcdo da concentracdo de PPHA em tampdes acetato: (A) tamp®) &6pao 4,8
(C) tampéo 5,4 (D) tampéao 5,8 e em diferentes forcas i6bna8:riM de KCI; ¢) 0,5
mM de KCI; (A) 5 mM de KCJ (v) 50 mM de KCI.

A AF aumenta com o aumento da concentracdo de PPHA para todos os sistemas
estudados. Observa-se que para o tampéo 5,4 a forga idnica teve poucaanflaénc
interacédo na faixa de concentracédo de PPHA estudada. Foi no tampéao 3,6 querfzouve

maior influéncia da forga ionica, sendo crescente a diferenciacaowdana auséncia e

presenca do sal com o crescente aumento da concentracédo de PPHer@Essem
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tampao 4,8 e 5,8 tiveram a influéncia da forca idbnicAmarincipalmente, na presenca
de 50 mM e 5 mM de KCI, respectivamente.

A ligacdo BSA-PPHA pode ser descrita como um equilibrio entre aiB®/e a
BSA ligada ao PPHA. Essa ligacdo pode ser descrita pela edquaijéoentanto, para
calcular K por esta equacao é necessario plotar um graficaée<l/[PPHA] em mol L
!, N&o ha um consenso na literatura cientifica sobre o valor da massa molar, dossHA
usaremos a sugestdo dos pesquisadores Schnitzer €Xoogl formula quimica média
€ dada por GH186089NoS. NOs sabemos das limitagfes desta proposta, ho entanto nosso
intuito € encontrar um valor aproximado e/ou hipotético dep#ta depois obter os
parametros termodinamicos e analisa-los. O grafiaé &m funcdo de 1/[PPHA] da
interacdo BSA-PPHA em tampéao 5,8 na presenca de 50 mM derk@3teado na Figura

3. Os outros sistemas tiveram o mesmo comportamento.

0,012 + 4

0,010 + B

0,008 4 B

1/AF

0,006 4 B

0,004 B

0,002 + i

T T T T
0 1000000 2000000 3000000 4000000
1/[PPHA]

Figura 3.Gréafico 1AF em funcao de 1/[PPHA] da interacdo BSA-PPHA em tampéo 5,8
na presenca de 50 mM de KCI.

A partir destas medi¢cdes foi possivel estimafaax, Kb € AintG para todos os

sistemas estudados. Os valores estdo apresentados na Tabela 1.
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Tabela 1.Constantes de ligacdo K intensidade de fluorescéncia maxima da ligacédo
BSA-PPHA eAintG em diferentes sistemas estimada pela equagéo (1).

Tampéo 3,6 AFmax Kb/ (1 MY R? AintG / kJ mol*?
0 mM KCI 833,3 4,000 0,9988 -31,98
0,5 mM KCI 709,2 3,525 0,9965 -31,66
5 mM KCI 1243 2,011 0,9980 -30,27
50 mM KCI 1013 2,468 0,9990 -30,78
Tampéo 4,8 AFmax Kb/ (1P MY R? AintG / kJ mol*?
0 mM KCI 1174 2,839 0,9974 -31,13
0,5 mM KCI 1192 2,797 0,9999 -31,09
5 mM KCI 1162 2,869 0,9989 -31,15
50 mM KCI 1635 1,530 0,9958 -29,59
Tampé&o 5,4 AFmax Ko/ (1P MY R? AintG / kJ mol*?
0 mM KCI 1109 3,005 0,9998 -31,27
0,5 mM KCI 1151 2,896 0,9992 -31,18
5 mM KCI 1150 2,900 0,9982 -31,18
50 mM KCI 980,4 3,400 0,9977 -31,57
Tampé&o 5,8 AFmax Kb/ (1P MY R? AintG / kJ mol*?
0 mM KCI 1268 2,629 0,9982 -30,94
0,5 mM KCI 1257 2,651 0,9955 -30,96
5 mM KCI 3772 0,5302 0,9932 -26,97
50 mM KCI 1230 2,710 0,9999 -31,01

A equacéao 1 descreveu o comportamento de interacdo BSA-PPHA, uma vez que
todos os coeficientes de correlagéo foram maior que 0,9900. O sistema que @noporci
a maiorAFmaxfoi em tampao 5,8 na presenca de 5 mM KCI, cujo valor foi 3772, e o menor
valor foi de 709,2 para o sistema tampao 3,6 na presenca de 0,5 mM KCI.

Os altos valores dapklemonstram que ha uma forte interagédo entre BSA-PPHA,
sendo que o sistema em tampao 3,6 na auséncia de sal € que apresaitpoastante
de ligacéo. Os valores de Kara a interagdo BSA-PPHA demonstraram valores maiores
do que outros estudos recentes de interacao via espectroscopia de flo@gsig como
0 estudo de LSZ-BSA (Kna ordem de £p?’, BSA-cloridrato de prometazina gka
ordem de 1f) 28, BSA-acido aminofosfinico (Kna ordem de )?° e HA-trifeniltin (Kp

na ordem de 1%,
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A BSA apresenta o ponto isoelétrico em torno de #,#fortanto em tampéo 3,6
ela se encontra carregada positivamente. E a maioria dos compostosg@a matéria
organica, incluindo o acido humico, transporta uma carga negativa, gesglatehuida,
por exemplo, ao acido carboxilico e grupos fendlicos, e isso faz com que ostosmpos
de maior dimensdo se comportem como polieletrdlitos em soRic&ortanto, em
tampdo 3,6, o PPHA apresenta-se carregado negativamente e sédb atra
eletrostaticamente pela BSA carregada positivamente, justificaradtm valor de K
neste sistema.

A diminuicao do valor de iKkcom o aumento da forga iGnica em tampéo 3,6 pode
se justificar pelo fato de que ha uma menor necessidade da BSAin@utatarga
negativa do PPHA, ja que ha cations que o fazem.eTaal. 222° tiveram resultado
semelhante ao estudarem a ligagéo entre o &cido humico da AldridtaporiPAHA)

e a lisozima (LSZ) na presenca de KCl em pH 5,0. Os autores conctpieaaligacdo
PAHA-LSZ tem uma alta afinidade, mas esta afinidade se ent@gagarosamente com
0 aumento da concentracao de KCI.

No entanto, a interacdo BSA-PPHA é uma relacdo complexa etdgracides
eletrostaticas e nao-eletrostasicd De acordo com Let al *3 ao estudar a interagdo
PAHA-LSZ em diferentes concentracdes de KCI afirmam que o aumento da forga i6nica
influencia a interacdo eletrostatica, mas ndo afeta a atracdo hidapfébgue pode
implicar no aumento da intensidade de ligacédo entre PAHA-LSZocaumento da forca
ibnica. Isto explicaria o fato do por qué o efeito da forca ibnica revemtes do ponto
isoelétrico a atracdo PAHA-LSZ diminui e apos o ponto isoelétratmgdo PAHA-LSZ
aumenta com o aumento da concentracdo de sal. A intensidadagd® RAHA-LSZ
aumenta com o aumento da concentracdo de sal quando os ions eoogntta-$al
interagem tanto com a proteina, que no caso da BSA esta carreggaivamente,

guanto com o acido hamico, carregado negativamente, neutralizando-oSod®dah
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favorecer as interacdes hidrofobicas e diminuir as repulsGes entre asdagremtre os
agregados e as proteinas e acidos humicos livres e entre os acidmstalas proteinas.

Estes fatores explicariam os resultados obtidos na interacdo daBHARDS
tampdes acima do ponto isoelétrico da BSA, 5,4 e 5,8. No tampéao 5,4 ndodrantea
alteracéo de Kna auséncia e na presenca de 0,5 e 5 mM de KCI, mas na presenca de 50
mM de KCI ha um aumento em,KNo tampéo 5,8 ha um pequeno aumento gradual em
Kb no crescente aumento da concentracéo de sal, com excec¢éo da concentragdo de 5
de KCl, cujo valor diminui consideravelmente. A diminuicdo esrc&m o0 aumento da
forca ibnica em pHs maiores que o ponto isoelétrico da BSA pode sécgdst pelo
fato de que a presenca de sal blinda algumas forcas atrativasstéteas
intramoleculares, expandindo a molécula BSA e diminuindo a interaxtée® BSA-
PPHA3* podendo ocorrer o mesmo com o PPHA.

No tampéo 4,8, a BSA encontra-se praticamente no seu ponto isoelétrico, portanto
a ligacédo entre BSA-PPHA sera governada pelas interagifegifiicas, por isso a forca
ibnica ndo altera muito os valores dg Kom excecdo na presenca de 50 mM de KCI,
cujo Ky diminui de valor quando comparado a outras concentracdes do sal.

A AinG foi obtida por meio da equacéo de Gibh&sG = -RT In Ky) e os valores
negativos obtidos demonstram a espontaneidade da ligacdo BSA-PPHAlo=s
foram similares para todos os sistemas estudados, sendo o valor gse dif@isenciou
foi 0 de -26,97 kJ mdino sistema tamp&o 5,8 na presenca de 5 mM KCI. Os demais

valores variaram de -29,59 a -31,98 kJ Mol

3.2.Experimentos de microcalorimetria

Com o objetivo de compreender melhor os parametros termodinamicos que
governam a interagcdo BSA-PPHA foi realizado a titulagdo cadbrica isotérmica da
solucdo de PPHA em uma solugéo de BSA.

A energia livre de Gibbs tem duas contribuicdes:
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AintG = AintH - TAntS (9)
Os valores deAintH representam a variagdo da energia entalpica de interacao

liberada ou absorvida no processo de ligagao entre BSA e PPHA. AtunalaghdAinH

reflete a contribuicéo de quatro proces8os

® Associacao / dissociagdo dos ions dos grupos carregados do PPHA e do
BSA (AincHy);

(i) Interacdo BSA-PPHAA .t Hisa—ppra );

(i) Mudancas na solvatacdo das moléculas de PPHA e BSAH,,;);

(iv) Rearranjo da estrutura molecular do PPHA e da B&AsHrear.conf.)-

Assim, temos:

AintH = AintHi + AintHgSA—PPHA + AintHsol + AintI'Irear.conf. (10)

A primeira contribuicda);,.H; esta associada com intera¢gfes de ions em solucao
com grupos carregados das moléculas de BSA e de PPHA durante o procdssagi®
BSA-PPHA, sendo esta interacdo dos ions um processo exotérmico. A segunda
contribuicdo, A;,:Hisa—ppua refere-se a interacdo entre BSA-PPHA. Esta interacéo
ocorre via contribuicdo hidrofébica e/ou eletrostatica, contribuindo paraAinthh
exotérmico.A terceira contribuicaa);,:Hs,;, refere-se a dessolvatacdo do PPHA e da
BSA e este processo é endotérmico, pois para que ocorra € necasgaebra de
interacfes agua-BSA, agua-PPHA, ions-PPHA e ions-BSA. A quarta car@dpui
AgasHrear.cony., €Sta associada com a mudanca conformacional do PPHA e da BSA para
que ocorra a interacdo BSA-PPHA. A mudanca conformacional é endotépuisa,
ocorre quebra de interagdes intramoleculares.

A energia liberada ou absorvida na forma de calor em um processo termodinam

pode ser medido via técnicas calorimétriéasalorimetria de titulacéo isotérmica (ITC)
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tem sido amplamente utilizada na determinagdo de muitos processds, alsua alta

sensibilidade, com a possibilidade de detecc&o de fluxos de ereenydem de 18J3¢,

A AinH versus concentracdo de PPHA na presenca de 1 rgdmIBSAem

diferentes sistemas obtido por medidas ITC a 25 °C é mostrado na Figura 4.
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Figura 4. aintH (J mg') versus [PPHA] (mg mt) do processo de interagdo BSA-PPHA
nos tampdes de acetato de sddio (A) 3,6, (B) 4,8 e (C) 5,8 em diferentes foigzs i6ni
(m) 0 mM de KCI; @) 0,5mM de KCI; @) 5 mM de KCJ (A) 50 mM de KCI.

Nao foi possivel medir a variagdo da entalpia nos demais sisignssao houve

sinal significativo de energia detectavel pelo ITC.
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As curvas denintH apresentam diferentes perfis. O processo de interaSde B
PPHA em tampéo 3,6 apresenta um valosiglel inicialmente endotérmico e que vai se
tornando exotérmico a medida que se aumenta a concentracdo de PBtéAndEMOo
tampdo, s6 que na presenca de 5 mM de KCI tem-se uma curva aproxéentda
constante e exotérmica ao longo da concentracdo de PPHA.

J4 em tampéo 4,8 na presenca de 0,5 mM de KCI, os valorasidesdo
exotérmicos e vao se tornando menos exotérmicos até, aproximadamente, 0,002 mg mL-
1 de PPHA e, a partir desta concentracédo, o valargtetorna-se praticamente constante.
Na presenca de 50 mM de KCI em tampéo 4,8, o processo de interacadPBiBAEP
inicialmente endotérmico e apresenta um perfil exotérmico até a cogéente PPHA
de 0,0025 mg mt e apds essa concentragédo o perfil torna-se endotérmico, atingindo
valores deinH positivos.

Em tampéo 5,8 na presenca de 0,5 mM de KCI, os valoresintte sao
exotérmicos e com a crescente concentracao de PPHA tornagassesamente menos
exotérmicos. Na presenca de 5 mM de KCI, os primeiros valoregindte sao
endotérmicos até atingirem um valor maximo na concentracdo de 0,002 thgemL
PPHA. ApGs essa concentracdo o perfil da curva é exotérmicctimgé &alores
negativos denintH. J& na presenca de 50 mM de KCI, os valoreai@dd sdo todos
exotérmicos passando por um minimo em 0,002 mg aée PPHA e tornando-se,
levemente, constante a partir de 0,005 mg' e PPHA.

Os valores dainH s&o o resultado das contribuicdes endotérmicas e exotérmicas

dado pela equacdo (10). Assim, se o valorAgdd é positivo, as contribuigcbes

endotérmicagl ;s Hgor €AqasHrear.cony) @bSOrvem mais energia do que aquela liberada

nas contribuicdes exotérmicad\;{H; €Ain:Hpsa—ppua)- O inverso também é

verdadeiro.
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A partir dos dados calorimétricos e da energia livre de Gibbs gi#ldanodelo
da equacédo 1 é possivel determinar a contribuicdo entrépica do processerai£io
BSA-PPHA. Para calcular aintH° pela aproximacéo para uma diluicdo infinita é
necessario extrapolar a curvaslgH® (kJ mott) em funcéo da concentragédo de PPHA.
Para isso, iremos utilizar a hipotética massa molar PPHA utilizada anterierment
Assim, os valores d&intH°, TAntS eAintG foram determinados para os sistemas
gue obtiveram a curva no ITC (Tabela 2).

Tabela 2.Parametros termodinamicos da interacdo BSA-PPHA nos tampdes de acetato
de sddio e na presenca de diferentes concentracdes de KCI.

AintG° AintH®  TAintS° (kJ

; 2
Sistemas (kI molt) (kI mol)  moly R

Tampéo 3,6 -31,98 108,0 140,0 0,9928
Tampéo 3,6 em 5 mM de KCI  -30,27 -146,9 -116,7 0,9473
Tampao 4,8 em 0,5 mM de KCI -31,09 -231,8 -200,7 0,9676
Tampéo 4,8 em 50 mM de KCI -29,59  -0,9038 28,69 0,9606
Tampao 5,8 em 0,5 mM de KCI -30,96 -127,5 -96,54 0,9368
Tampao 5,8 em 5 mM de KCI  -26,97 -88,65 -61,69 0,9399
Tampao 5,8 em 50 mM de KCI  -31,01 -67,42 -36,41 0,8516

O coeficiente de correlagéo foi maior que 0,93 para os sistemas estudados,
excecdo do sistema em tampé&o 5,8 na presenca de 50 mM de KClaloujovde
0,8516. Mas, mesmo assim, o modelo estudado mostra um ajuste aosT'dae¢d®
positivo para os sistemas em tampéao 3,6 e 4,8 na presenca de 50 mM amdcChLse
no primeiro a variacdo entalpica é desfavoravel. Portanto, em tampaons@agédo
BSA-PPHA é governada pela entropia. Nos demais sistemas estudaddsa uma
contribuicdo entrépica favoravel ao processo de interacdo BSA-PPHA, pertdoto,

0 processo dirigido pela entalpia.

A contribuicdo entrépica ocorre pelo balanco de dois processos. O primeiro esta
associado com a mudanga conformacional tanto da PPHA quanto da BBdo qua
interagem entre si e a subsequente possivel interacdo eletostitie os ions dos

eletrélitos e os grupos ionizaveis do PPHA e da BSA Esta interacdo reduz o grau de
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translacdo das espécies carregas e, portanto, diminui a entropigenha siStsegundo
processo esté relacionado a interacdo BSA-PPHA. Para que BSA ictarajaPHA,

ambas as moléculas precisam ser dessolvatadas e isto liberanoléculas para a
solucdo, aumentando a entropia configuracional do sistema. Portanto, o biaistego

dois processos é que causanss.

4. Conclusao

A interacdo BSA-PPHA em diferentes tampbes de acetato de soOdin e
diferentes concentracdes de KCI foi estudada via espectroscopia decBunora® ITC.

Os espectros de emissdo demonstraram que a medida que se awnectatsacio de
PPHA h& uma menor emissdo na banda caracteristica da BSAatBstdemonstra a
ocorréncia da interacdo BSA-PPHA. Houve um efeito da forca ionical d¢Céana
interacdo BSA-PPHA nos sistemas estudados, sendo que em tampao 5td tiefei
pouquissimo pronunciado.

Os altos valores daglemonstram que ha uma forte interagédo entre BSA-PPHA,
sendo que o sistema em tampao 3,6 na auséncia de sal € que apresaipoanstante
de ligagao.

A AintG foi negativa e similar para todos os sistemas estudados, demonstrando a
espontaneidade da ligagcdo BSA-PPHA. H/AnS foi positiva para os sistemas em
tampéo 3,6 e 4,8 na presenca de 50 mM de KCI, sendo que no primeiro a variagcao
entalpica foi desfavoravel. Nos demais sistemas estudados, ndaunmareentribuicdo
entrépica favoravel ao processo de interacdo BSA-PPHA, sendo, portanto, ogorocess
dirigido pela entalpia.

Em geral, € preciso maiores estudos para uma melhor elucidagdierdgao
BSA-PPHA, pois o presente estudo ndo da informac¢des sobre a mudanca coof@maci

e a atividade da BSA e do PPHA apds a interacdo. Para serdmapasponder a essa
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pergunta é necessario mais informacéao sobre a estrutura dos compleverslailidade

dos complexos e o0s rearranjos estruturais da molécula de proteina e do PPHA.
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CONCLUSAO GERAL

A interacdo HA com diferentes superficies depende da natureza da superficie, do
pH, da forca idnica e da origem do HA. Ha uma forte interacdo entre HA e os MWCNT,
sendo o processo espontaneo para todos os sistemas estBitaddess valores de I'max
foram observados em todas as condicfes estudadas apontando a potendialidade
MWCNT como adsorvente para os HA e a obtencdo de compdsitos coar@gdic
estratégicas

Pela primeira vez, determinou-se os parametros termodinadmicos de adBorca
HA em MWCNTSs por meio da técnica ITC. Com os valores de entalpia optttm$T C
e os valores de energia livre de Gibbs obtido pelo modelo de Langmyiodsivel
estudar quais sédo os fatores termodinamicos que favorecem o processo@éoO
processo de adsorcdo serd entalpica e/ou entropicamente favoravel depetaend
sistema estudado.

As outras superficies estudadas foram as argilas e os 0xidos. Estasrseam
presentes no solo e formam agregados com o HA. As isotermas de adsosg@oam
que o mecanismo de adsor¢cdo de HA nestas superficies dependem da datureza
superficie, da concentracdo do polieletrdlito e do pH. O modelo gli®rnse ajustou
aos sistemas estudados foi o de Langmuir, com exce¢éo da montmoemotitd 4.0 e
6.0 e que o processo de adsorcdo serad entalpica e/ou entropicamente favoravel
dependendo do sistema.

E importante ressaltar que alguns valoreagg{°obtidos pela ITC foram altos,
tais como a adsorcdo de LHA em MWCNTs na presenca de 100 nNad e 100
mM de NaSCN e a adsorcao de PPHA em illita na presenca de 0 e 10 mM de NaCl e em
goetita na presenca de 10 mM de NaCl. Estes valores de entsdpiacamo os demais,

foram obtidos apenas a titulo de comparagéao entre os sistemas, poisealalaiaiH°
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deve ser obtido pela massa molar média de cada acido hiumico estudadtorés
obtidos foram calculados com uma massa molar média da literaturafaz qeeessario
medirmos a massa molar média destes acidos humicos estudadper éxemplo,
espalhamento de raios X e refazer os célculos. A mesma consideracéerdeita para
o estudo da interacdo BSA-HA. Todavia, a explicacao tedricaddd e daAadsS° ndo
se modifica, o que torna a discussao realizada valida.

Além da interacdo do HA com superficies, foi estudado pela primeraav
interacdo do HA com uma proteina modelo, BSA. Os espectros de emissistiaram
gue ha uma intensa interacdo BSA-PPHA, influenciada pela forca iérpelo pHA
AintG foi negativa e similar para todos os sistemas estudados, demimsaan
espontaneidade da ligacdo BSA-PPHA. E a entropia foi positiva paiatesias em
tampao 3,6 e 4,8 na presenca de 50 mM de KCI, sendo que no primeiro a variacao
entélpica foi desfavoravel. Nos demais sistemas estudados, ndauntagentribuicao
entrépica favoravel ao processo de interacdo BSA-PPHA, sendo, portanto, 0 processo
dirigido pela entalpia.

Em geral, nossos estudos contribuem para uma melhor compreenséao da interacéo
dos HA em diferentes superficies e substancias. Isto possilfilitiamente, o
desenvolvimento de técnicas e produtos que auxiliem na estabilizanatédia organica

do solo, evitando a emissdo de £Om o manejo do solo em atividades agricolas.
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Figura 1. (a) Curvas d8G e DTG, (b) imagem obtida por microscopia eletrbnica de
varredura e (c) imagens de transmissao eletrénica de amostras MWCNTS.
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Figura 2. Difratograma de ra®mX dos adsorventes argilominerais. (A) ilita ; (B) mica;
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Table 2. Thermodynamic parameters of adsorption of PPHA onto clays and oxides at

different systems.

PPHA Model AG (kJ mol?) R2
pH 4.0 Langmuir _ -7.586 0.9930
lllite Thermodynamlc -10.36 0.9389
Freundlich -11.00 0.9745
pH 4.0 Langmuir _ -9.414 0.9925
Kaolinite Thermodynamlc -15.31 0.9225
Freundlich 10.83 0.9755
pH 4.0 Langmuir _ -14.23 0.9963
Mica Thermodynamlc -21.30 0.9531
Freundlich 6.539 0.9741
pH 4.0 Langmuir _ -22.83 0.9649
Montmorillonite Thermodynamlc -10.87 0.9731
Freundlich 6491 0.8504
pH 4.0 Langmuir _ -13.87 0.9996
Gibbsite Thermodynamlc -21.83 0.9473
Freundlich 7.825 0.9896
pH 4.0 Langmuir _ -13.75 0.9962
Hematite Thermodynamlc -13.87 0.9772
Freundlich 4.079 0.8875
pH 4.0 Langmuir _ -28.30 0.9985
Goethite Thermodynamlc -16.79 0.9774
Freundlich 5.980 0.7711
bH 6.0 Langmuir _ -5.263 0.9867
lllite Thermodynamlc -6.974 0.9368
Freundlich 12.51 0.9479
bH 6.0 Langmuir _ -11.01 0.9951
Kaolinite Thermodynamlc -13.13 0.9531
Freundlich -10.20 0.9579
bH 6.0 Langmuir _ -0.348 0.9953
Mica Thermodynamlc -8.409 0.9745
Freundlich 9.864 0.9836
pH 6.0 Thermodynamic 4436 0058

S ermodynamic -4. :

Montmorilionite Freundlich 13.24 0.9766
oH 6.0 Langmuir _ -24.40 0.9936
Gibbsite Thermody_namlc -15.79 0.7815
Freundlich 8.374 0.9855
bH 6.0 Langmuir _ -12.24 0.9947
Hematite Thermody_namlc -11.92 0.9852
Freundlich 3.350 0.8946
bH 6.0 Langmuir _ -22.83 0.9894
Goethite Thermodynamlc -6.410 0.9814
Freundlich 9.762 0.0488
. Langmuir -8.922 0.9981
FiHm4Moi\|lglé[:? Thermodynamic -12.87 0.9787
Freundlich 10.56 0.9632
- Langmuir -9.096 0.9902
pH14r'T?MKI\?§gT'te Thermodynamic -12.60 0.9871
Freundlich 11.20 0.9893
: Langmuir -7.646 0.9881
PR &0, e Thermodynamic 6.955 0.9760
Freundlich 8.653 0.9469
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o Langmuir -22.83 0.9965

PH 4'01' m&”m‘g:"o”'w Thermodynamic 9.361 0.9760
Freundlich 22,83 0.9469

. Langmuir -5.713 0.9845
EgrﬁI\aI\lllgtgl Thermodynamic -7.034 0.9330
Freundlich 13.03 0.7811

. Langmuir -9,279 0.9992
pqg'r%’l\lf%c;gte Thermodynamic -5.490 0.6158
Freundlich 13.48 0.9619

. Langmuir -10.73 0.9846

P A0 e Thermodynamic 19.949 0.8020
Freundlich 8.395 0.6890

g Langmuir -5.063 0.9961

PH 4.2,0I\/Imo'\r/1ltrl:|1;)glllonlte Thermodynamic -5.484 0.9824
Freundlich 11.50 0.8827

. Langmuir -6.200 0.9971

1%Ho ﬁqf\)ﬂ :I\III:EI Thermodynamic -7.620 0.9912
Freundlich 13.10 0.7840

- Langmuir -10.93 0.9995
pTo%?{q,\};aﬁgg}e Thermodynamic 119.84 0.9599
Freundlich 10.77 0.9142

: Langmuir -22.83 0.9916

1po|_(|) ?11?\/I l\ldla?gl Thermodynamic -27.00 0.9815
Freundlich 9.117 0.7946

g Langmuir -7.860 0.9745

PH 4'1()6(;\””?]%%‘;&"?”'& Thermodynamic 5.476 0.3154
Freundlich 11.93 0.9347

G Langmuir -15.38 0.9914
pﬂﬁfmﬂgg'w Thermodynamic 113.77 0.8234
Freundlich 7.293 0.9912

. Langmuir -22.83 0.9970
pH14r'T?MH,\?;nétlte Thermodynamic -20.41 0.9469
Freundlich -0.4548 0.9531

. Langmuir -22.83 0.9779
le4mOM?\|c;ect:Tlte Thermodynamic -14.79 0.9633
Freundlich 7.998 0.8997

I Langmuir -18.36 0.9981
p|_1|o4'rgi\/|G|l\|b;)cs|lte Thermodynamic -13.24 0.0073
Freundlich 9.054 0.7060

. Langmuir -19.45 0.9998
pqgﬁﬁﬁr:g}ne Thermodynamic -14.77 0.9675
Freundlich 2.364 0.8306

. Langmuir -12.30 0.9938

p'ig‘ 'givﬁggg‘l'te Thermodynamic 11154 0.9542
Freundlich 6.281 0.7705

_ Langmuir -16.02 0.9998
leog"ﬂ;ﬁﬁZ%fe Thermodynamic -8.968 0.9624
Freundlich -7.540 0.9688

: Langmuir -20.32 0.9933
pliloé(l).(:],ﬂ\H/lel\rgaét:llte Thermodynamic -15.95 0.9923
Freundlich -0.2274 0.9419

. Langmuir -12.27 0.9820
leO‘(‘r).%I\SIB?\Ie;gIte Thermodynamic -10.56 0.9086
Freundlich 9.608 0.8768
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