UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE QUIMICA

PROGRAMA DE POS-GRADUACAO EM QUIMICA

TESE DE DOUTORADO

APROVEITAMENTO DE BIOMASSA RESIDUAL
VEGETAL E HIBRIDOS ORGANICOS E INORGANICOS
PARA A REMOCAO DE POLUENTES ORGANICOS

ANDERSON JOSE BARCELLOS LEITE

Porto Alegre, outubro de 2018.



UNIVERSIDADE FEDERAL DO RIO GRANDE DO SUL
INSTITUTO DE QUIMICA

PROGRAMA DE POS-GRADUACAO EM QUIMICA

ANDERSON JOSE BARCELLOS LEITE

APROVEITAMENTO DE BIOMASSA RESIDUAL
VEGETAL E HIBRIDOS ORGANICOS E INORGANICOS
PARA A REMOCAO DE POLUENTES ORGANICOS

Tese apresentada como requisito parcial para a

obteng¢do do grau de Doutor em Quimica

Orientador:
Prof. Dr. Silvio Luis Pereira Dias
Co-Orientador:

Prof. Dr. Eder Claudio Lima

Porto Alegre, outubro de 2018.






A presente tese foi realizada inteiramente pelo autor, exceto as colaboracdes, as quais
foram devidamente citadas nos agradecimentos, no periodo entre agosto de 2014 ¢
setembro de 2018, no Instituto de Quimica da Universidade Federal do Rio Grande do
Sul, sob Orientagdao do Professor Doutor Silvio Luis Pereira Dias e Co-orientacdo do
Professor Doutor Eder Claudio Lima. A tese foi julgada adequada para a obtengdo do

titulo de Doutor em Quimica pela seguinte banca examinadora:

Profa. Dra. Leliz Ticona Arenas Profa. Dra. Rosangela Assis Jacques

Prof. Dr. Vitor Paulo Pereira Prof. Dr. Caciano Pelayo Zapata Norena

Prof. Dr. Silvio Luis Pereira Dias

(Orientador)

Prof. Dr. Eder Claudio Lima

(Co-orientador)

Anderson José Barcellos Leite

(Doutorando)



Dedico esta tese a minha familia, que sempre me apoiou
e sem a qua[, com certeza, ndo iria concluir essa etapa
tdo importante em minha vida. A meu pai, Jose, um pai
exemplar, meu grande amigo, meu idolo e inspirador em
meus estudos. A memoria de minha mde, Leda, que
tenho a certeza de que no Plano Superior estd muito
feliz por essa conquista da qual ela é muito importante.
A meu itrmdo e melhor amigo, Jorge, que sempre
acreditou em meu potencial e me incentivou muito. A
meu sobrinho, Gabriel, grande amigo e que considero
meu irmdo mais novo, pelos momentos de descontracdo e
alegria. A minha esposa, Laritza, pelo amor, dedicag¢do,

carinho, companheirismo e por seu apoio.



AGRADECIMENTOS

Primeiramente a Deus, por dar-me forcas nos momentos de dificuldade e fazer
com que seja possivel realizar essa etapa tdo importante em minha vida.

Aos meus orientadores, professor Dr. Silvio Luis Pereira Dias e ao professor Dr.
Eder Claudio Lima, pela orientacdo, amizade, dedicagdo, ensinamentos transmitidos e
confian¢a em meu trabalho.

Aos professores que fizeram parte da banca de minha defesa, professora Dra.
Leliz Ticona Arenas, professora Dra. Rosangela Assis Jacques, professor Dr. Vitor
Paulo Pereira e ao professor Dr. Caciano Pelayo Zapata Norena pela contribuicdo dada a
este trabalho, de forma a qualifica-lo mais.

Aos amigos e colegas de laboratorio Caroline Saucier, Cibele Umpierres, Diana
Caicedo, Glaydson dos Reis, Janaina Costa, Lizi€é Prola e Pascal Thue, pelo apoio
técnico, debates cientificos, e agradaveis momentos de descontragao.

Aos alunos de Iniciagdo Cientifica Robert Pilger, Viviana Schmidt, Beatris
Mello e Carine Correa, pela valiosa colaboracdo na execugdo deste trabalho, pela
amizade e agradaveis momentos de descontracdo.

Ao Dr. Julio Vaghetti e aos bolsistas premmium do LAMAT, pelo auxilio na
realizacao das analises de FTIR e TGA/DTG.

Aos demais professores ¢ funciondrios do Instituto de Quimica da UFRGS,
peloapoio técnico e ao ensino de qualidade.

A minha familia, pelo amor, apoio, carinho e incentivo.

A todos que de torceram para que a conclusdo dessa etapa fosse realizada com
€xito e que contribuiram para a realizagdo deste trabalho.

A Coordenacio de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) e
ao Conselho Nacional de Desenvolvimento Cientifico e Tecnologico (CNPq), pelo

apoio financeiro.



PRODUCAO BIBLIOGRAFICA

ARTIGOS PUBLICADOS A PARTIR DESTA TESE

Leite, A. J. B.; Sophia A, C.; Thue, P. S.; Dos Reis, G. S.; Dias, S. L. P.; Lima E. C.;
Vaghetti, J. C. P.; Pavan, F. A.; Alencar, W. S. Activated carbon from avocado seeds

for the removal of phenolic compounds from aqueous solutions. Desal. Wat.

Treat.2017,71, 168 - 181.

Leite, A.B.; Saucier, C.; Lima, E. C.; Dos Reis, G. S.; Umpierres, C.S.; Mello, B. L.;

Shirmardi, M.; Dias, S. L. P.; Sampaio, C. H. Activated carbons from avocado seed:
optimisation and application for removal of several emerging organic compounds.

Environ Sci Pollut Res2018, 25, 7647-7661.

Leite, A. J. B.; Lima, E. C. ; Dos Reis, G. S.; Thue, P. S.; Saucier, C.; Rodembusch, F.

S.; Dias, S. L. P.; Umpierres, C. S. Hybrid adsorbents of tannin and APTES (3-
aminopropyltriethoxysilane) and their application for the highly efficient removal of

Acid Red 1 dye from aqueous solutions. J. Environ. Chem. Eng.2017, 5, 4307-4318.

OUTROS ARTIGOS PUBLICADOS

Bazzo, A.; Adebayo, M. A.; Dias, S. L. P.; Lima, E. C.; Vaghetti, J. C. P.; De Oliveira,

E. R.; Leite, A. J.B.; Pavan, F. Avocado seed powder: characterization and its

application for crystal violet dye removal from aqueous solutions. Desal. Wat.

Treat.2017, 57, 15873—-15888.



PATENTES

Lima, Eder C.; Thue, Pascal S.; Dias, Silvio L. P.; Umpierres, Cibele S.; Costa, Janaina
B.; Leite, Anderson J. B.; Vanni, Gabriel. CARVAO ATIVADO ADSORVENTE E DE
ALTA MAGNETIZACAO, PROCESSO DE OBTENCAO E USO DO CARVAO
ATIVADO ADSORVENTE E DE ALTA MAGNETIZACAO. Categoria: Processo.

Instituicdo onde foi depositada: INPI - Instituto Nacional da Propriedade Industrial.
Pais: Brasil. Natureza: Patente de Invenc¢do. Numero do registro: BR 1020180681303.
Numero do Deposito PCT: 870180127855.



SUMARIO

DEDICATORIA ... s s i
AGRADECIMENTOS ......oovovieieeeeeeeeeeeeeeeee e s s sas s esess e sesseesaenaees ii
PRODUCAO BIBLIOGRAFICA ...t iv
LISTA DE FIGURAS .....oovmooeeeeeeeeeeeee e viii
LISTA DE TABELAS ..o ix
LISTA DE ABREVIATURAS E SIMBOLOS..........oooiiiieeeeeeeeeeee e X
RESUMO ...t xii
ABSTRACT ..o ettt e e e e et e e e e et e e e et e e e e eeaaeeeeeeateeeeeentaeeeeennneens X1v
L INTRODUGCAO ..ot e e s e s e eneneseseneseses s 1
2. OBIETIVOS ..ot 3
2.1 OBJETIVO GERAL .....oooooiooeeeeeeeeeeeeeeeeeeee e 3
2.2. OBJETIVOS ESPECIFICOS .......ovooeieeeeeeeeeeeeeeeeeeeeeeeeee e, 3

3. REVISAO BIBLIOGRAFICA ........ooovmooeeeeeeeceeeeeeieeees e 4
3.1. CONTAMINANTES EMERGENTES ..........ccoccvvuiiiiiiiineeieseesseeeeseseeeseesees e 4
3.2. COMPOSTOS FENOLICOS ........ooiviimieeeeeieeeeeeseeeeeeeeeeeeeeeee s neee e, 4
3.2.1. RESORCINOL.....co.oooemioiieceeeeeeeseeeee s 5
3.2.2. 3-AMINOFENOL .......oooovmiioiiieeeieeeeeeeeeeeeeeeeseeee e see s sess e enee s 6

33 FARMAGOS ... 7
3.4, CORANTES ....oooooioeieeeee e 8
3.4.1. FIXACAO DO CORANTE........couititieieeeeeeeeeee et 9
3.4.2. CLASSIFICACAO DOS CORANTES........ooommiveeeeeeieeeeeeeeeeeeereeeeseeesseee e 10

3.5. ORIGEM E PRODUCAO DO ABACATE .......covvmeeeeeeeeeeeeeeeeeeeeeeeeee e 10

4. ADSORGCAQ ... 12
4.1. CARVAO ATIVO ...t 14
4.2. MODELOS DE ISOTERMA DE ADSORCAO.........o..ovooioieieeeeeeeeeeeeeseeereeeenoen, 15
4.2.1. ISOTERMA DE LANGMUIR............oomiveeiierieeeeeeseeseeeeeeseeseeeesese e 16
4.2.2. ISOTERMA DE FREUNDLICH.............coooivorioiieeoeeseeeeeseeseeesees oo 17
4.2.3. ISOTERMA DE LIU .....ccooiviiioioeeeeeeeeeeeseeeee e 17

4.3. MODELOS CINETICOS DE ADSORCAO ........oovoioeeeeeoeeeeeeeeeeeeeeeeeseee e, 18
4.3.2. PSEUDO-PRIMEIRA ORDEM.........coooovmiiieoeeeeeeeeeeeeeeseseeeeseseeeees e 20
4.3.3. PSEUDO-SEGUNDA ORDEM .........co.ccovmiioriemmeseeoereseeeseeseeeeseesessesssese e, 20
4.3.4. DIFUSAO INTRAPARTICULA .......co.oovoeeoeeeoeeeeeeeeeeeeeeee e 21

4.4. FATORES QUE AFETAM A CAPACIDADE DE ADSORCAO..........ccoocovvorreerennane. 21
4.4.1. PROPRIEDADES MORFOLOGICAS...........covoimveeeereeeeeeeeeeeeeeeeeseeeeesese e 21

Vi



4.4.2. CONCENTRACAO INICIAL DO ADSORVATO........oovirrrieieereiniesieieisinies 22

4.4.3. EFEITO DA TEMPEATURA.......cciiiititieeete ettt 23
4.4.4. EFEITO DO PH ....oiiiiiiiiiicceecte ettt 23

5. PROCEDIMENTO EXPERIMENTAL .....c.oooiiiiiiiieietct ettt 24
5.1. REAGENTES E SOLUGOES........oeiiieiieeieeieieeeeeee e 24
5.2. PREPARACAO DOS ADSORVENTES.........coeviiiirieeieieiesiese s 25
5.2.1. Carvao ativo de carogo de abacate em forno de micro-ondas............ccccveeevveeerveennnen. 25
5.2.2. Carvio ativo de carogo de abacate em forno convencional ............c...coevveeeveeeenneenne.. 28
5.2.3.Adosrventes RIDIIdOS .........coeeieririiiiniirieeee e 29
5.2.4. CARACTERIZACAO DOS ADSORVENTES........c.cooiuiieieiriiieieeieisieeese s 29

5.3. ESTUDOS DE ADSORCAO........ooiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 31
4.3.1. Resorcinol € 3-aminofenol ........c.ccccoeverieiiinninineieiecneneceeeeee e 31
4.3.2. Contaminantes EIMETZEIEES. .......ccueerueerreerurerureeeeeteerteesseesseeseeaseaseenseasseesseesnsesnsesnsens 32
4.3.3. Corante vermelho 4CId0 1 .......ccoeiiviiiiiiiiiiiieieceeeee s 32

5.4. AVALIACAO ESTATISTICA E GARANTIA DE QUALIDADE........cc.cocooviernanan. 32

6. CONCLUSOES.......couiiuiimmiimeriaeeiseeesse s 34
7. REFERENCIAS BIBLIOGRAFICAS ......ccooommriimmrreeienseessseseisseeesssssesesssssesssssssssssssees 36

vii



LISTA DE FIGURAS

Figura 1 (A). Formula estrutural da reSOTCING .......cc.eveeieriirieiirieeieeieieeeee e 5
Figura 1(B). Formula estrutural tridimensional otimizada da resorcina ..........cccccoeceeveesieenueenen. 5
Figura 2 (A). Férmula estrutural do 3-aminofenol .............ccccoeiieiiiniiniiniee e 6
Figura 2 (B). Férmula estrutural tridimensional otimizada do 3-aminofenol ............cccccceeeennen. 6
Figura 3. Tipos de abacate comercializados no Brasil .........c..coccccoiecniniineinininincccicnenne 11

Figura 4. Representacdo do mecanismo de adsorcao através dos processos de difusdo externa e
difusdo intraparticula de um adsorvato em uma particula de adsorvente.............cccceveevrvervennnnns 13

Figura 5. (A) Modelo estrutural de um carvao ativo formado por camadas de atomos de carbono
dispostas de forma desordenada. ..............ocuieriiiieiiirie e 15

Figura 5. (B) Modelo estrutural de um carvao ativo ilustrando a sua porosidade e os grupos
funcionais em sua superficie (O,IN,S).......ccceriiriiriie e e 15

Figura 6. Abacate e carogo de abacate triturado .........cc.cecvevireieieriininineieceeneneeeeeeieeneas 26

Figura 7. Fluxograma do processo de pirdlise e lixiviagdo de carvdo produzido em forno de
IECTO-OMAAS ...ttt ettt ettt st a e eneaee 26

Figura 8. Forno convencional onde foram realizadas as pirdlises referentes a Tabela 1 ........ 28

viii



LISTA DE TABELAS

Tabela 1. Programagdes das temperaturas de pirdlise



LISTA DE ABREVIATURAS E SIMBOLOS

qe

Ky
Qmax
Ky

nr

ng
O,
SEM

FTIR

BET
AS
ASAC
RES
AMP

HI

APTES
AR 1

EPA

Quantidade de adsorvato adsorvida no equilibrio (mg g ")
Concentragdo de adsorvato restante no equilibrio (mg L™)
Constante de equilibrio de Langmuir (L mg ")
Capacidade maxima de adsorgdo (mg g ')

Constante de equilibrio de Freundlich [mg g '(mg L™") "]
Expoente de Freundlich (adimensional)

Constante de equilibrio de Liu (L mg ")

Expoente de Liu (adimensional)

Numero de sitios ativos disponiveis na superficie do adsorvente

Microscopia eletronica de varredura (do inglés scanning electron microscopy)

Espectroscopia vibracional na regido do infravermelho com transformada de
Fourier (do inglés Fourier transform infrared spectroscopy)

Brunauer, Emmett e Teller

Carogo de abacate ( do ingles avocado seed)

Carvao ativado de caroco de abacate (do ingles avocado seed activated carbon)
Resorcinol

3-aminofenol

Razdo hidrofobicidade- hidrofilicidade (do ingles hydrophobicity-hydrophilicity
ratio)

3-aminopropiltrietoxisilanno (do ingles 3-aminopropyltriethoxysilane)
Corante vermelho acido 1(do ingles acid red I dye)

Agéncia de protegao Ambiental Norte Americana (EPA, do inglés
Environmental Protection Agency)

Quantidade de adsorvato adsorvida (mg g ")
Concentragdo inicial de RES ou AMP em contato com o adsorvente (mg L™")
Concentragdo de compostos fendlicos apds o processo de adsor¢io (mg L ™)

Coeficiente de determinagdo



Ry
SD
qi,model
qi, exp

qexp

Coeficiente de determinagdo ajustado

Desvio padrao (do inglés standard deviation)

Valor de ¢ tedrico individual predito por um dado modelo
Valor de g experimental individual

Média dos valores experimentais de ¢

Xi



RESUMO

Esta tese consiste em trés artigos cientificos, sendo os dois primeiros anexos sobre o
preparo, caracterizacdo e aplicacdo de carvdes ativos no tratamento de solu¢des aquosas
com contaminantes organicos e o terceiro anexo sobre a aplicagdo de um adsorvente
hibrido de tanino e APTES a remocao de corante vermelho acido 1. No primeiro artigo
(anexo 1), foi produzido um carvao ativo de carogo de abacate (ASAC) sintetizado
através do processo de aquecimento por micro-ondas usando ZnCl,como agente
ativante. O carvdo ASAC foi caracterizado utilizando-se as técnicas analiticas,
isotermas de N, espectroscopia de infravermelho por transformada de Fourier (FTIR) e
microscopia eletronica de varredura (MEV). A area superficial do carvao ASAC foi de
1.432 m’ g . O ASAC preparado foi utilizado para adsorcdo de resorcinol e 3-
aminofenol a partir de solu¢des aquosas. Modelos cinéticos sdo pseudo-primeira ordem,
pseudo-segundo ordem, e ordem fraccionaria Avrami e isotermas (Freundlich,
Langmuir, e Liu) foram aplicadas aos dados experimentais de adsor¢do. Os resultados
demonstram capacidade maxima de adsor¢do para resorcinol (406,9 mg g ~ 1) e 3-
aminofenol (454,5 mg g ~ ') a 50 ° C. No segundo artigo (anexo 2), foram preparados
carvOes ativos de caroco de abacate por pirdlise convencional. Com a finalidade de
determinar a melhor condi¢do para a producdo desses carvdes, foi empregado um
experimento fatorial completo (DOE) com trés pontos centrais variando a temperatura e
o tempo de pirdlise. Os dois fatores avaliados (temperatura e tempo de pirolise)
influenciaram fortemente os valores de Sggt, volume de poros, razdo hidrofobicidade —
hidrofilicidade (HI) e grupos funcionais. O carvao ativado produzido apresentou alta
area superficial na faixa de 1122-1584 m* g ~'. A caracterizagio da superficie revelou
que os carbonos ativados por sementes de abacate (ASACs) possuem superficies
hidrofilicas e possuem grupos predominantemente acidos em suas superficies. Os
ASACs preparados foram empregados na adsor¢do de 25 compostos organicos
emergentes, como 10 farmacos ¢ 15 compostos fenodlicos que apresentaram altos valores
de captagdo para todos os poluentes emergentes. No terceiro artigo (anexo 3), foram
preparados adsorventes hibridos pela reacdo de tanino com diferentes quantidades de 3-
aminopropiltrietoxissilano (APTES). Os materiais foram caracterizados por MEV,
TEM, FTIR, CHN, isotermas de adsor¢do / dessor¢ao de N, e sor¢do de vapor (adsor¢ao

de 4gua e n-heptano - para determinacdo da razao hidrofobicidade - hidrofilicidade). Os

Xii



materiais modificados foram utilizados como adsorventes para a remog¢do do corante
acido vermelho 1 (AR-1) das solucdes. Para os experimentos de adsor¢do, as melhores
condigOes experimentais foram alcangadas em pH 2,0, tempo de contato de 8 he a 50 °
C. Os dados de adsor¢do cinética e de equilibrio foram bem representados pela isoterma
de Liu e Modelos cinéticos de ordem geral, respectivamente. A capacidade maxima de
adsorgdo de 418,3 mg g ! foi obtida em 50 ° C para um material tanino-APTES com
propor¢ao de 1: 1 (Tan-Ap-1.0). Com base em dados experimentais, verificou-se que
interagdes eletrostaticas e ligacdes de hidrogénio entre o adsorvente e o corante AR-1

desempenharam o papel mais importante no processo de adsor¢ao.
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ABSTRACT

This thesis consists of three scientific articles, the first two annexes on the preparation,
characterization and application of active coals in the treatment of aqueous solutions
with organic contaminants and the third appendix on the application of a hybrid tannin
adsorbent and APTES the dye removal. In the first article, an active avocado char
(ASAC) synthesized through the microwave heating process was produced using ZnCl,
as the activating agent. The ASAC coal was characterized using analytical techniques,
N, isotherms, Fourier transform infrared spectroscopy (FTIR) and scanning electron
microscopy (SEM). The surface area of the ASAC coal was 1,432 m’ g~ . The prepared
ASAC was used for adsorption of resorcinol and 3-aminophenol from aqueous
solutions. Kinetic models are pseudo-first order, pseudo-second order, and fractional
order Avrami and isotherms (Freundlich, Langmuir, and Liu) were applied to
experimental adsorption data. The results showed maximum adsorption capacity for
resorcinol (406.9 mg g ') and 3 - aminophenol (454.5 mg g ') at 50 ° C. In the second
article, active carbons of avocado seed were prepared by conventional pyrolysis. In
order to determine the best condition for the production of these coals, a complete
factorial experiment (DOE) with three central points was used, varying the temperature
and the pyrolysis time. The two factors evaluated (temperature and pyrolysis time)
strongly influenced Sggr, pore volume, hydrophobicity - hydrophilicity (HI) ratio and
functional groups. The activated carbon produced high specific surface areas in the
range of 1122-1584 m* g ™. Surface characterization revealed that the activated carbon
by avocado seeds (ASACs) have hydrophilic surfaces and have predominantly acidic
groups on their surfaces. The ASACs prepared were used in the adsorption of 25
emerging organic compounds, such as 10 drugs and 15 phenolic compounds that
showed high uptake values for all emerging pollutants. In the third article, hybrid
adsorbents were prepared by the reaction of tannin with different amounts of 3-
aminopropyltriethoxysilane (APTES). The materials were characterized by MEV, TEM,
FTIR, CHN, adsorption / desorption isotherms of N, and vapor sorption (water
adsorption and n-heptane - to determine hydrophobicity - hydrophilicity ratio).The
modified materials were used as adsorbents for the removal of the red acid dye 1 (AR-1)
from the solutions. For the adsorption experiments, the best experimental conditions

were reached at pH 2.0, contact time 8 H and 50 ° C. The kinetic and equilibrium
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adsorption data were well represented by the Liu isotherm and kinetic models of general
order, respectively. The maximum adsorption capacity of 418.3 mg g - 1 was obtained
at 50 ° C for 1: 1 tannin - APTES material (Tan - Ap - 1.0). Based on experimental data,
it was verified that electrostatic interactions and hydrogen bonds between the adsorbent

and the AR-1 dye played the most important role in the adsorption process.
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1. INTRODUCAO

A poluicdo da agua devido a poluentes organicos causou preocupagoes
S s . 12 T .
ambientais crescentes nas ultimas décadas*. Numerosas industrias geram residuos
fendlicos, tais como as de: resinas de plantas de gés, papel e celulose, madeira
compensada, tintas, produtos farmacéuticos, petroleo, téxteis, plastico, etc., aguas
. . . . . r1: 1,2 r
residuais de descarga contendo diferentes tipos de contaminantes fendlicos . As dguas
residuais fenodlicas sdo conhecidas como toxicas e cancerigenas. Por isso, ha uma
crescente conscientizacdo sobre o impacto desses contaminantes nos recursos hidricos.
Os compostos fenolicos rapidamente se fototransformam e formam subprodutos
que podem representar sérios riscos para OS organismos aquaticos € aos seres
12 - ~ . . . .
humanos ™. A ingestdo de agua contaminada com fendis pode causar sérios danos
. .. . . 1,2
gastrointestinais, tremores musculares, dificuldade em andar e morte nos seres vivos .
Devido aos altos riscos ambientais envolvidos e a toxicidade dos efluentes, ¢ importante
remover fenol e compostos fendlicos de fluxos aquosos industriais contaminados antes
. cqe 12
de serem descartados em quaisquer corpos hidricos .
Farmacos e seus metabdlitos podem ser, de forma impropria, eliminados e/ ou
excretados por pacientes, sendo destinados aos efluentes aquosos municipais, gerando
. . . 3 . .
assim problemas ambientais’. Podem ser citados como fonte desses contaminantes os
.o . , . A L. 4 . . a1e ’
hospitais e as industrias farmacéuticas’. Devido a sua elevada solubilidade em agua,
muitos farmacos ndo sdo completamente removidos nas estagdes de tratamento de
5.7 . . o -
efluentes™ . Esses medicamentos, mesmo que presentes em baixas concentragdes (ng L
1 ) -1 . 2\ , 4
até pg L), podem oferecer riscos a satide humana™*,

Adsorventes hibridos (produzidos a partir de biomassa e material inorganico)
tém sido empregados para elevar a capacidade de adsor¢do dos materiais organicos,
, . ~ . 8 . - . . ,
através da modificacdo da superficie dos mesmos™. Taninos sd@o um tipo de biopolimero
natural que possuem alta hidrofilicidade, entretanto ¢ necessario realizar imobilizacdo
8

antes de ser empregados como adsorventes .
Varios processos de tratamento utilizados para a remog¢do de contaminantes
emergentes a partir de 4gua e / ou 4guas residuais sio a separagdo por membrana’,

s 10,11 T co 12
processos avancados de oxidagdo ', oxidacdo eletroquimica*, processos

3,14 15,16

1, . 1 . ~ ~ ~ 17-1
biolégicos ™", microfiltracdo e nanofiltracdo e adsorgdo' . Estes processos de

tratamento quimicos, bioldgicos e fisicos t€ém suas proprias vantagens ¢ desvantagens.
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Os métodos encontraram aplicagd@o limitada, pois sdo complexos e / ou ndo econdmicos.
No entanto, a adsor¢do foi considerada o método mais atraente para a remocdo de
poluentes organicos. O processo de adsor¢do apresenta algumas vantagens:
(1) o método ¢ simples;
(il))  os adsorventes sdo reutilizaveis;
(iii)  trata-se um processo de baixo custo'’’,
Recentemente, varios materiais foram utilizados como adsorventes ou como
precursores para a preparagdo de adsorventes. Tais materiais incluem nanotubos de

21 s 22 L 23 .. 24 2325 26
carbono”’, silica™, polissiloxanos™, zedlitas™, lodo de esgoto™", lodo de curtume™ e

residuos agroindustriais como casca de romi’’, serragem de madeira®™?*’, casca
pinhéo”, casca de carvalho”, casca de cacau32, etc. No entanto, é importante a
prospeccdo de novos materiais que possam conter maior capacidade de adsor¢do, de
modo a remover uma alta gama de poluentes altamente toxicos de sistemas aquosos.
Devido as propriedades texturais, especialmente o volume de poros € a area de
superficial especifica, os carvoes ativados sdo amplamente utilizados para a adsorgédo de
poluentes organicos a partir de solucoes aquosaszs’zé’ 232 Og carvdes ativados podem
ser preparados através do processo de pirolise usando-se a pirdlise térmica convencional
ou o processo assistido por microondas®™*’. A principal diferenca entre os métodos ¢ a
forma como o calor ¢ gerado. As micro-ondas fornecem energia diretamente no leito de

carvio ®?%%

enquanto o aquecimento convencional usa a condugdo e / ou a
~ 30 . . ’ . ~ N T

convecgdo . O aquecimento por micro-ondas ¢ vantajoso em relagdo a pirdlise

convencional, razdo pela qual a carbonizacdo ocorre com um tempo menor de pirdlise

26,32 . ‘o 26,32
~“. Como resultado, hd um aumento rapido da temperatura™*, e

(menos de 10 min)

C , .26
uma diminui¢do notavel no consumo de energia”.

A principal vantagem e novidade do presente estudo ¢ que os carbonos ativados
induzidos por micro-ondas foram preparados por um Unico estidgio de pirdlise. A
biomassa impregnada com inorganicos s6 pode ser carbonizada em forno de

. 29 , . - . .
microondas™. Esta & a principal razdo pela qual os pesquisadores carbonizam os
precursores organicos em um forno convencional para produzir material carbonizado
(isto €, condutor de micro-ondas) e, posteriormente, a ativagdo do mesmo através da
- = - 3335 - =
inducdo de microondas™”~". Por outro lado, no presente estudo, a impregnacdo do
material de carbonoso com inorganicos ¢ realizada antes da pirdlise assistida por micro-

: . . 26,28,29,35
ondas. Esse procedimento pode ser realizado em uma tnica etapa™ """, Este processo

de uma unica etapa reduz o tempo total para a produgdo de carvdes ativados. Outra
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novidade e vantagem deste trabalho é que o tempo total de pirodlise, incluindo o tempo

para o resfriamento do reator de quartzo, em nosso estudo foi inferior a 11 min.

2. OBJETIVOS

2.1. OBJETIVO GERAL

O presente estudo tem como objetivo principal verificar a eficiéncia de remogao
de poluentes organicos através do processo de adsor¢do, empregando-se o caroco de
abacate como material precursor para a obten¢do de carvao ativo (remogdo de fArmacos
e compostos fenolicos), bem como o emprego de materiais hibridos orgénicos e

inorgénicos (remocgao de corante).

2.2. OBJETIVOS ESPECIFICOS

. Preparagdo e caracterizagdo do carvao ativo a partir do carogo de abacate por
meio de processo de micro-ondas.

. Preparacdo e caracterizacdo do carvao ativo a partir do carogo de abacate por
meio de processo de forno térmico

. Preparacdo e caraterizacdo de adsorvente hibrido orgénico e inorganico a partir
de taninos e de diferentes propor¢des de APTES (3-aminopropiltrietoxisilano).

. Avaliar os efeitos dos parametros de pH e dosagem nos processos de adsor¢do e
cinéticos no uso dos adsorventes produzidos.

. Avaliar as isotermas de equilibrio para a remog¢do dos contaminantes estudados.

. Verificar as capacidades de adsor¢do dos adsorventes produzidos na remog¢ado

dos poluentes organicos

19



3. REVISAO BIBLIOGRAFICA

3.1. CONTAMINANTES EMERGENTES

Contaminantes emergentes sdo compostos quimicos que estao sendo detectados
em aguas, em niveis diferentes do esperado, de acordo com a Agéncia de protecdo
Ambiental Norte Americana (EPA, do inglés Environmental Protection Agency)™.
Pertencem a essa classe de compostos: produtos de higiene pessoal, farmacos, drogas
ilicitas, pesticidas, aditivos alimentares.

Ao se empregar o termo “emergente” ndo significa que esses compostos estejam
sendo liberados no meio ambiente recentemente mas que o interesse da comunidade
cientifica nesses materiais ¢ recente devido aos danos que podem causar quando

apresentados em pequenas quantidades”.

3.2. COMPOSTOS FENOLICOS

O fenol e seus compostos derivados sdo considerados como poluentes

Lo . 38,39
ambientais e agentes cancerigenos™

e estdo muito presentes em efluentes industriais,
pois apresentam grande emprego em diversas areas como: na producdo de inseticidas,
.. . . . .38 . , . n . . , . .
drogas, herbicidas, resinas artificiais™ industrias farmacéuticas e siderurgicas, unidades
, . . , . . - ~ 40-42 . - .
petroquimicas, industrias de gaseificacdo de carvdo™ ,fabricagdo de papel, madeira,
. . , . .. 4
borracha, tintas e industrias de pesticidas®.
Compostos fenolicos apresentam alta toxicidade, baixa degradabilidade e alta
demanda de oxigénio e podem ser absorvidos por nosso corpo através do contato com a
. . . , .+ 39 . .
pele, do canal alimentar e de vias respiratorias’ . Tais compostos mesmo em baixas
~ _1.\44 .. . L.
concentragdes (0,1pg L™)™ podem apresentar toxicidade para a vida humana e aquatica.
A intoxicagdo causada pelos compostos fenolicos pode apresentar graves riscos
a satde humana, tais como: nauseas, vomitos, dores de garganta, de estdmago, entre
. ~ . 5~ 45-48
outras, ocorrendo posteriormente queda de pressdo arterial, coma e convulsdo~ " .Esses

compostos apresentam alta toxicidade para algumas formas de vida aquatica em

concentragdes acima de 50 ug L. Compostos fendlicos possuem a capacidade de se
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combinar com o cloro existente na agua potavel, originando clorofenois, compostos
com maior toxicidade**".

Neste trabalho, foram utilizados como adsorvatos os fendis Resorcinol e 3-
Aminofenol, por estarem presentes em diversos efluentes industriais, sendo compostos
de alta toxicidade e devido ao processo de adsorcdo apresentar grande capacidade de

remocdo dos mesmos.

3.2.1.Resorcinol

Resorcinol ¢ um composto fenolico fatal se ingerido, causando danos a pele e ao
pulmao, causa irritabilidade e pode causar metahemoglobinemia, afetando o sistema

cardiovascular, sistema nervoso central, sangue, figado e rins.

(A)

HO OH
pK, 926  pK,, 10.73

Figura 1(A). Formula estrutural da resorcina, valores de pKa estdo apresentados na
molécula.
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Figura 1(B). Fomula estrutural tridimensional otimizada da resorcina. Area superficial
de Van der Waals = 158,58 A” (pH 4,4 — 9,9). Area superficial polar = 40,46 A* (pH 0,0
—9,1). Momento dipolar = 0,33 Debye, log P = 1,37. Balango hidrofilico-lipofilico de
Davies (HLB) = 7,95. As dimensdes da molécula foram calculadas usando o sofiware

Marvin Sketch versao 16.6.6.0.

3.2.2. 3-Aminofenol

Compostos aromdticos que possuem nitrogénio também sio uma grande
preocupagdo, ndo so6 porque causam graves problemas de satde, mas, a0 mesmo tempo,
sdo venenos importantes para os catalisadores'®. Muitos dos compostos aromaticos sdo
conhecidos por serem convertidos em CO,, H,O e pequenas moléculas, dependendo dos

. .. . L. .1 51-57
tipos de substituintes e os seus desaparecimentos fotocataliticos foram medido™ ™.

NH,
pK,, 4.02

Figura 2 (A). Formula estrutural do 3-aminofenol, valores de pKa estdo apresentados na
molécula.
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Figura 2(B). Fomula estrutural tridimensional otimizada do 3-aminofenol.Area
superficial de Van der Waals = 161,92 A’ (pH 4,4 — 9,9). Area superficial polar = 46,25
A’ (pH 4,4 - 9,9). Momento dipolar = 4,09 Debye, log P = 0,84. Balango hidrofilico-
lipofilico de Davies (HLB) = 7,95. As dimensdes da molécula foram calculadas usando

o software Marvin Sketch versao 16.6.6.0.

3.3. FARMACOS

Os farmacos, devido ao fato de serem moléculas biologicamente ativas, sdo
considerados contaminantes ambientais. A grande maioria desses compostos possui
, . . . - , . . . 58
caracteristicas lipofilicas e sdo, geralmente, pouco degradaveis no meio ambiente’ .
Essas caracteristicas fazem com que os farmacos sejam bioacumulados no ambiente.
Cerca de 3.000 compostos, atualmente, sdo empregados como farmacos de diversos

tipos como: antibioticos, antidepressivos, analgésicos, entre outros™.

Como os farmacos sdo produzidos para seguir rotas metabodlicas especificas,
podem também apresentar efeitos colaterais®. Dentre os principais danos causados
pelos farmacos, podem ser citados: disfuncao endocrina®’, absorcio pelas plantas62 e
bioacamulo na cadeia alimentar™. Associam-se a esses riscos o surgimento de

fio 64 A 65 s 66
superbactérias’, cancer - ¢ infertilidade humana™.

Devido ao rapido desenvolvimento de técnicas analiticas, ¢ possivel realizar-se

um estudo sobre a ocorréncia de farmacos no ambiente, sendo possivel a quantificagdo
~ . . -1 -1 . .

de concentragdes muito baixas (ug L™ e ng L) em efluentes aquosos, agua superficial e

subterrdnea®”. O surgimento desses compostos em meios aquosos pode ocorrer por

diversas formas sendo a principal fonte os efluentes de ETEs®.

Os farmacos apresentam importantes caracteristicas que os distinguem de outros

) 69,70
contaminantes, como’ '

. Apresentam diversas formas, grupos funcionais e
estruturas, sendo formados por uma ampla diversidade de moléculas.
. Sdo moléculas polares com mais de um grupo ionizavel,

lipofilicos e alguns apresentam solubilidade em agua.
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. Podem permanecer no ambiente por longos periodos,
como alguns anos.

. Apo6s a administracdo, podem modificar sua estrutura
quimica, através de rotas metabolicas.

A remocdo, de forma efetiva, dos farmacos de efluentes aquosos € uma questdo
de saude publica, pois ndo se obtém muitas informagdes sobre o efeito que podem
causar, quando ingeridos tracos de farmacos em aguas potéveisﬂ’n. Dentre os grupos de
farmacos mais encontrados em 4guas estdo os antibidticos, anti-inflamatorios e

ri 13,7475
analgésicos'™"™"".

A amoxicilina ¢ um antibidtico, pertencente a classe das penicilinas, sendo
utilizada no tratamento de diversos tipos de infecgdes bacterianas, tanto em seres
humanos quanto em animais. Devido a sua facilidade de absorc¢do oral, a amoxicilina
possui um maior consumo quando comparada a outros tipos de antibidticos. Por ndo ser

biodegradavel, é capaz de inibir a fotossintese de algas’®.

A nimesulida ¢ um anti-inflamatdrio pertencente a classe das sulfonamidas. E
consumida mundialmente sendo, no Brasil, um dos anti-inflamatorios mais utilizados.

. . . 77
Segundo alguns estudos, a nimesulida pode causar danos aos rins e figado™'.

O paracetamol ¢ um analgésico e antipirético, empregado no alivio de dores ¢
febre. E um dos farmacos mais encontrados mundialmente em aguas superficiais e

. . 78,79
efluentes. Altas doses desse medicamento podem causar danos ao figado e aos rins" "

3.4. Corantes

Os primeiros relatos sobre a utilizagdo de corantes conhecida foi ha
aproximadamente 4.000 anos atrds, sendo encontrado o corante azul indigo em
envoltorios de mimias em no Egito. Os corantes naturais eram empregados até quase o
final do século XIX, obtidos através de plantas e pequenos animais como moluscos e
insetos. O primeiro corante organico sintético, a mauveina, foi descoberto por Perkin,
em 1856,

Os corantes, naturais ou sintéticos, podem ser definidos como compostos que

possuem coloracdo intensa e conferem cor a um material quando foram aplicadas ao
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mesmo. A presenca de corantes em corpos hidricos pode causar a mortalidade da vida
aquatica, diminuicdo da demanda quimica de oxigénio ¢ de processos fotossintéticos,
assim como podem ser toxicos ou carcinogénicosgl. A molécula de corante ¢ constituida
por duas partes em sua composi¢ao: o grupo cromoforo, que apresenta ligagoes duplas
conjugadas contendo elétrons deslocalizados, que sdo os responsaveis pela cor, e os
auxocromos que sao grupos ionizaveis, responsaveis pela solubilidade em agua e

. 81,82
aumentam sua afinidade com a fibra™ .

3.4.1. Fixacao do corante

O corante normalmente ¢ fixado a fibra téxtil em solu¢do aquosa e basicamente

sdo quatro tipos de interagdes responsadveis por esse processo, sendo elas:

e Interagdes de Van der Waals: baseiam-se na interacdo maxima entre os
orbitais m do corante e da molécula da fibra, de modo que as moléculas
do corante sejam ‘“ancoradas” fixamente sobre a fibra através de
afinidade, sem a formagdo de ligacdo quimica propriamente dita. Pode-
se encontrar esse tipo de interacdo nas tinturas de 13 e poliéster com
corantes que possuam alta afinidade com celulose™.

e Interagdes idnicas: baseiam-se na mutua interacdo entre o centro positivo
(grupos amino e carboxilatos da fibra) com a carga da molécula de
corante. Exemplos mais comumente observados para esse tipo de
interacdo sdo: tintura de 13, seda e poliamida83 .

e Interagdes de hidrogé€nio: ligacdes realizadas entre os atomos de
hidrogénio covalentemente ligados no corante com elementos que
possuam pares de elétrons livres de a&tomos doadores. Exemplos: tinturas
de 13, seda e fibras sintéticas®’.

e InteragGes covalentes: baseiam-se na ligagao covalente entre a molécula
de corante, contendo grupo eletrofilico e residuos nucleofilicos da fibra.

Exemplos: tinturas de fibra de algoddo®’.
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3.4.2. Classificacao dos corantes

Os corantes podem ser classificados de acordo com sua estrutura quimica ou

devido a maneira pela qual ¢ fixado na fibra téxtil.

e Corantes acidos: também chamados de corantes anidnicos, apresentam
grupos sulfonicos em sua estrutura. Sao soliveis em éguag3.

e Corantes basicos: também chamados de corantes catiOnicos, realizam
ligacdes iOnicas com grupos que apresentam cargas opostas presentes nas
fibras®.

e Corantes reativos: apresentam grupo eletrofilico com a capacidade de
formar ligagdes covalentes com grupos que constituintes das fibras
celuldsicas, como hidroxila, amino e tidis. Dentre os diversos tipos de
corantes reativos, podem ser citados como os mais importantes os que
possuem a funcdo azo e antraquinonas como grupos cromoforos. Este
tipo de corantes apresenta alta solubilidade em 4gua™.

e Corantes dispersos: corantes insoluveis em agua, empregados em fibras
hidrofobicas e em celulose™.

e Corantes diretos: corantes anionicos soluveis em agua. O tingimento
ocorre devido as interagdes de Van der Waals. Esses corantes apresentam

grupo azo em sua estrutura™.

3.5. Origem e producio de abacate

Segundo relatos, o abacate existia desde o descobrimento das Américas. Por
volta de 1520, o abacate ja era conhecido na Colombia e entre os anos de 1532 a 1550
surgiu no México*, que é o maior produtor mundial, tendo como um dos pratos mais

conhecidos a Guacamole.

No Brasil, os primeiros relatos oficiais sobre o abacate sdo de 1893, quando os
abacateiros das espécies Antilhana, forneceram as primeiras sementes da espécie para o
Brasil. A safra anual do abacate ¢ de cerca de 150 toneladas, porém no ano de 2008,

chegou a 173 mil toneladas™.
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O abacate comercial ¢ representado por trés grupos, que sio:

e Mexicana (Persea americana variedade drymfolia): encontrada nas

regides com elevadas altitudes na Ameérica Central (México) e
Cordilheira dos Andes, ¢ a espécie mais resistente ao frio, conseguindo

suportar até — 6" C.

e Guatemalense (Persea americana variedade guatemalensis): tem origem

nas regides com elevadas altitudes na Ameérica Central (Guatemala,
Belize e El Salvador) e apresenta como principal caracteristica a casca

mais espessa e rugosa, além do fato de o carogo ser preso a polpa.

e Antilhana (Persea americana variedade americana): sdo os abacates

conhecidos como “comuns”. Sdo oriundos das regides tropicais da
América do Sul e regides baixas da América Central (Panama e Costa

Rica).

No Brasil sdo comercializados diversos tipos de abacate, cada um com um

periodo especifico para a colheita, formato e peso, sendo os principais tipos: Fucks,

Geada, Margarida, Ouro Verde, Breda, Fortuna, Quintal e Hass.

Na Figura 3 estdo representados os principais tipos de abacate comercializados

no Brasil:

Figura 3: Tipos de abacate comercializados no Brasi

00 00 00 O¢

Fucks Geada Margarida Ouro-Verde
Breda Fortuna Quintal Hass

180

O carogo de abacate apresenta em sua composicdo majoritariamente compostos

fenodlicos

como: flavonoides, 4acidos fenolicos, antocianinas, catequinas e as
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proantocianidinas. O caroco pode representar cerca de 10 a 25% do peso do abacate,

podendo variar de acordo com a espécie em questao.

4. ADSORCAO

A remocdo de contaminantes do meio aquatico ou de efluentes aquosos ¢ um
tema que preocupa a comunidade cientifica, e devido a isso existem muitas pesquisas
para uma melhor efetividade nesse processo. Dentre os métodos empregados para a

< . ~ . . 87,88
remocao de contaminantes, a adsor¢do ¢ um dos métodos mais eficazes™"

. O processo
de adsorcao consiste na separagao de substancias, onde existe a transferéncia de um ou
mais analitos de um meio para uma superficie. Adsorvato é denominada a espécie a qual
estd sendo transferida para uma superficie, ¢ denominado adsorvente onde sera retido o

adsorvato® .

De acordo com a magnitude das forcas existentes neste processo, a adsor¢ao
pode ser de dois tipos: fisissor¢ao (adsorcao fisica) ou quimissor¢do (adsor¢ao quimica).
Na fisissor¢do, existe uma interagdo entre os grupos funcionais presentes na superficie

do adsorvente com o adsorvato.

A quimissor¢ao ¢ um processo caracterizado pela formacao de ligagcdes quimicas
que ocorrem entre os adsorventes e adsorvatos e possuem energia de ligagao superiores
quando comparadas as forcas de ligacdo da fisissor¢do. No processo de quimissor¢do, as
moléculas de adsorvato sdo atraidas para sitios ativos especificos do adsorvente. Nesse
tipo de adsor¢@o, o processo ocorre em uma unica camada, sendo possivelmente mais

. : ~ 1
camadas através do processo de fisissorgao™ !,

Existem muitas diferencas entre os dois processos de adsor¢do, porém a
principal diferenca esta na diferenca de valores de entalpia de ligacdo. Na fisissorcdo, a
interacdo ocorre através de forcas de Van der Waals, com um valor de entalpia de
ligagdo de até 20 kJ mol™ ®. Na quimissorcio, os valores de entalpia variam geralmente

de 80 a 400 kJ mol! **°",

O mecanismo de adsor¢do de um adsorvato em fase aquosa envolve geralmente

90,91,92

quatro etapas conforme a representagdo esquematica da Figura 4.
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Liquido

Adsorvato

Transporte do interior da solucfo: transporte do adsorvato ao
interior da solucdo para a camada externa do filme liquido
envolvendo a particula do adsorvente.

Difusdo externa: difusdo do adsorvato para a superficie do
adsorvente através do filme liquido.

Difusdo intraparticula: transferéncia do adsorvato da superficie da
particula do adsorvente para os sitios no interior da particula, que
pode ocorrer por difusdo de poro, que ¢ a difusdo molecular do soluto
em poros preenchidos com um fluido. Existe outro tipo de difusdo
intraparticula, onde a difusdo do soluto na superficie do adsorvente
ocorre depois da adsor¢do, chamada de difusdo de superficie.

Adsorg¢do: ocorre nos poros menores até que o equilibrio seja

atingido.

i Difusdo |
i externa i Difusdo intraparticula
- Difusdo Difusdo de

"""""'_"."'¥""*?'_""""""""""""""

intraparticula superficie
eadsorcdo 4

B

E\

Difusdo de
poro
Particula de
""" i 2 ey adsorvente

Figura 4. Representacdo do mecanismo de adsor¢ao através dos processos de difusdo

i a , . 90
externa e difusdo intraparticula de um adsorvato em uma particula de adsorvente™.
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4.1. CARVAO ATIVO

Os carvoes ativos sdo materiais que possuem alta porosidade e sua estrutura ¢é
composta principalmente por carbono. Os mesmos sdo formados por espagos entre as
moléculas, que estdo contidos em uma rede tridimensional de camadas de grafeno,
possuindo arranjos de anéis de carbono. A rede tridimensional possui algumas camadas
que estdo dispostas quase paralelamente umas as outras, apresentada na Figura 4%,

Os carvdes ativos possuem em sua estrutura heterodtomos como: oxigénio,
hidrogénio, enxofre, nitrogénio e outros elementos na forma de grupos funcionais e/ou
atomos ligados quimicamente a sua estrutura (Figura 4). Oxigénio ¢ o principal
heteroatomo, pois estd presente em grupos funcionais como carboxila, carbonila, éter,
fenol, lactona e outro®. Os grupos oxigenados sdo 0s mais importantes, pois podem
alterar fortemente as propriedades do carvdo ativo como polaridade e acidez, por
exemplo90.

Processos oxidativos, métodos de modificagdo bastante utilizados, introduzem
atomos de oxigé€nio na matriz do carvao modificando a superficie quimica do carvao
ativo™. No entanto, chegou-se a conclusdo de que o carvao ativo tratado por processos
oxidativos apresenta um carater significativamente acido e uma baixa capacidade de
adsor¢ao de compostos fenolicos’®.

O carvao ativo ¢ um dos adsorventes industriais amplamente utilizados. Do
ponto de vista industrial, o carvao ativo tem muitos aspectos importantes em aplicacdes
como: filtragdo e purificagio’’, super capacitores’", entrega de drogas’, armazenamento

. NN . 101
de hidrogénio'”, catalisadores"

entre outras. As vantagens mais importantes do CA
sdo sua alta area superficial, estrutura de poro interna bem desenvolvida e grupos
funcionais quimicos de superficie localizados em seu exterior e superficies
- 102,103 . : :

internas . Entretanto, seu uso em grande escala ¢ restrito devido ao elevado custo

~ 104 ~ r . L
de produgdo . A preparacdo de carvao ativo a partir de recursos renovaveis como
; - .1~ 105
subprodutos agricolas baseados em biomassa como casca de pinhdao ~, casca de

106 A 107 . 108 - 109
cupuagu , caroco de péssego ', caroco de cereja  , casca de laranja , casca de

111 113 4

A 110 ~ 45 112 ; :
améndoa e caule de algoddo™ bambu ', a casca de coco “ e o residuo de cha ° ¢
uma das maneiras mais empregadas pelos pesquisadores para reduzir o custo da matéria

prima.
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A producdo de carvdo ativo assistida por micro-ondas recebeu grande atencao
nos ultimos anos, devido a ser um processo rapido e por apresentar reducdo de
energia''*. Os grupos funcionais do carvio ativo podem ser alterados com métodos de

. ~ . ;. 11 : 11
modificagio de superficie, como processos quimicos'", fisicos'', tratamentos com
111,117,118

. 5 119
e impregnagao .

micro-ondas

Figura 5. (A) Modelo estrutural de um carvao ativo formado por camadas de atomos de
carbono dispostas de forma desordenada. (B) Modelo estrutural de um carvdo ativo

. . . . . 12
ilustrando a sua porosidade e os grupos funcionais em sua superficie (O, S, N)'%.

4.2 MODELOS DE ISOTERMAS DE ADSORCAO

As isotermas de adsorcdo expressam a quantidade de adsorvato (mg) removida
por unidade de massa de adsorvente (g), ¢ meio fluido (liquido ou gasoso) apds a
solucdo atingir o equilibrio. As isotermas apresentam caracteristicas especificas de

. 121
acordo com uma dada temperatura em particular ~.

Com a aplicacdo de isotermas, € possivel calcular-se a quantidade de adsorvato

que um determinado adsorvente pode remover, o adsorvente mais apropriado para um

121

adsorvato estabelecido ~, estabelecendo-se assim a relagdo de equilibrio existente entre
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a concentragdo de adsorvato e adsorvente de acordo com a temperatura empregada no

122
processo .

Os parametros de equilibrio de adsor¢do sdo uteis para o fornecimento das
propriedades da superficie do adsorvente, mecanismo de adsor¢do entre adsorvente e

adsorvato'?!.

Existem diversas equagdes empregadas para descrever o equilibrio existente
entre adsorvente e adsorvato, dentre as mais conhecidas sdo: Langmuir, Freundlich e

. 122
Liu, entre outros .

4.2.1. Isoterma de Langmuir

. .12 , .
O modelo da isoterma de Langmuir'” ¢ baseado nas seguintes

o~ 12412512
proposigdes' >+ 2126

e Os adsorvatos sao quimicamente adsorvidos em um numero fixo de sitios
bem definidos.

e Uma monocamada de adsorvato ¢ formada sobre a superficie do adsorvente
quando ocorre a saturagao.

o (ada sitio pode conter somente uma espécie de adsorvato.

e Todos os sitios sdo energeticamente equivalentes.

e Nao ha interagdes entre as espécies de adsorvato.

A isoterma de Langmuir est4 descrita na Equagao 1:

Qmax } KL i Ce

qe: 1+KL.C9 (1)

onde ¢. ¢ a quantidade de adsorvato adsorvida no equilibrio (mg gfl), C. ¢ a
concentracdo de adsorvato restante no equilibrio (mg Lfl), K; ¢ a constante de equilibrio
de Langmuir (L mg ') € Oy ¢ a capacidade maxima de adsorcdo do adsorvente (mg
g ).
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4.2.2. Isoterma de Freundlich

. 1127 ~
O modelo de Freundlich " assume que a concentragdo de adsorvato na
superficie do adsorvente aumenta indefinidamente com o aumento da concentragao.

Trata-se de um modelo empirico, utilizado amplamente em sistemas heterogéneos. O

modelo também assume que a adsor¢ao poderia acontecer em multiplas camadas'**'**,
A isoterma de Freundlich ¢ apresentada na Equacéo (2):

QC = KF ) Cel/nF (2)
onde Kr é a constante de equilibrio de Freundlich [mg g '(mg Lfl)fl/"F lenréo

expoente de Freundlich (adimensional).

4.2.3Isoterma de Liu

O modelo de Liu'®® é uma combinagdo das isotermas de Langmuir e de
Freundlich, desconsiderando-se as hipoteses dos modelos de Langmuir e de Freundlich,
monocamada e a hipotese da adsor¢ao infinita, respectivamente. O modelo de Liu prevé
que os sitios ativos do adsorvente possuem energias diferentes, podendo o adsorvente
apresentar sitios ativos preferenciais para a adsor¢do'”*. A isoterma de Liu esta

representada na Equacao 3:

O (K, -C)" 3)

T K, C)n

onde K, ¢ a constante de equilibrio de Liu (L mg '); n, é o expoente de Liu

(adimensional) € Oy ¢ a capacidade méaxima de adsor¢io do adsorvente (mg g ).
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4.3. MODELOS CINETICOS DE ADSORCAO

Estudos de cinética de adsor¢cdo sdo importantes, pois fornecem informagdes
. . . ~ 124 .
importantes sobre o mecanismo envolvido no processo de adsor¢do ~". A partir da
cinética de equilibrio, ¢ possivel determinar-se a taxa com que um determinado

129

adsorvato seja adsorvido em uma solu¢do aquosa Muitos modelos cinéticos foram

desenvolvidos com a finalidade de se encontrar as constantes envolvidas na cinética de

~ 124
adsorgdo .

4.3.1. Ordem geral

Os expoentes de leis de velocidade de reagdes quimicas normalmente nao
dependem dos coeficientes das mesmas. Isso significa que a ordem da reagdo quimica

. . 1330,131
deve ser determinada experimentalmente'***"?

. Com o objetivo de estabelecer uma lei
geral de velocidade, O processo de adsor¢@o na superficie do adsorvente ¢ determinado
como a etapa determinante da velocidade, de modo a estabelecer-se uma lei de
velocidade geral. Quando a lei universal de velocidade de reacdo ¢ aplicada a Equacéo

~ : 5 a1 130-1
4, a expressio da velocidade de adsorgdo ¢ obtida"**" .

dq 4)

_:k — n
dt N(qe qt)

onde ky ¢ a constante de velocidade, g. ¢ a quantidade de adsorvato adsorvida no
equilibrio, ¢, ¢ a quantidade de adsorvato adsorvida no tempo ¢ ¢ n é a ordem da
adsor¢ao em relagdo a concentragdo dos sitios ativos presentes na superficie do
adsorvente. O expoente n pode ser um numero inteiro ou racional. A Equacao 5

descreve o numero de sitios ativos (6;) disponiveis na superficie do adsorvente:
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g =1-9- Q)
’ q.

A Equacao 6 descreve a relagao entre a variavel 6, e a velocidade de adsorgao:

40, _ 1o (6)
t

dt
onde k = ky(q.)" . Para o adsorvente puro, 8, = 1. O valor de ¢, diminui durante o
processo de adsorcdo. Quando o processo de adsor¢do atinge o equilibrio, 6, se
aproxima de um valor fixo. Para um adsorvente saturado, 8, = 0.A Equacfo 6 leva a

Equacéo 7 apo6s integragdo:

do ‘ 7

[ S = k] ar )
Lo 0

A Equacio 7 leva a Equacao 8:

L o (8)
E . I:H[ - 1i| = _kt
Rearranjando a Equacao 8, ¢ obtida a Equacao 9:
6, =[1-k(1-n)-(]"" ©)
Substituindo a Equaciio 9 na Equagio 5 e considerando k = ky(ge)" ', obtém-se a
Equacéo 10:

q. (10)

qt = qe - nel 1/1-n
[ky(g) ™" t-(n=1)+1]
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A Equacgao 10 ¢ a equacdo de cinética de ordem geral de um processo de adsorgao,
sendo valida paran # 1130136

4.3.2. Pseudo-primeira ordem

O modelo de cinética de pseudo-primeira ordem € um caso particular do modelo

102-104
1

de ordem gera .Considerando-se a Equag¢do 6 quando n = 1:

11
ﬁ =—k-0 (an
dt
Pela integracdao da Equagéo 11, ¢ obtida a Equacio 12:
0, = exp(—k, -1) (12)

Quando a Equacao 5 ¢ substituida na Equacao 12 ¢ k ¢ substituida por &;, € obtida a

Equacao 13 ou modelo de cinética de pseudo-primeira ordem.
q, =4, [1—exp(-k, - 1)] (13)
4.3.3 Pseudo-segunda ordem

O modelo de cinética de pseudo-segunda ordem também ¢ um caso particular do

modelo de ordem geral**"*°, Ser4 considerada agora a Equagéo 10 quando n = 2:

q (14)

g, =4, ~ 7=
[k(q.)-2+1]
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Rearranjando a Equacéo 14, ¢ possivel obter a Equacao 15:

3 qszt (15)
" gy 1 +1]

4.3.4.Difusio intraparticula

A adsor¢do ocorre em quatro etapas basicas, sendo a terceira etapa a
difusdo intraparticula, conforme explicado no item 3.1. A adsorc¢do pode ser afetada de
acordo com a resisténcia existente na etapa de difusdo intraparticula, de acordo com a

Equacéao 16:

g, =kt +C (16)

Onde gt ¢ a quantidade de adsorvato adsorvia no tempo ¢ (min), k;; € a constante de
difusdo intraparticula (mg g'min’) e C é uma constante relacionada com a espessura

da camada de difusdo (mg g™)'**.

4.4FATORES QUE AFETAM A CAPACIDADE DE ADSORCAO
4.4.1. Propriedades morfoldogicas

Para que o processo de adsorcao seja eficiente € necessario que seja realizada a
escolha de um adsorvente adequado. Algumas caracteristicas sao fundamentais para que
esse adsorvente seja determinado: capacidade de adsor¢do e seletividade assim como o

., . 136
custo, de forma que o processo seja vidvel economicamente ™.
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O processo de adsor¢do ¢ um fenomeno de superficie e dessa forma
caracteristicas como: area superficial e especifica, volume e tamanho de poros, sdo
fatores de grande importancia nesse processol%. O tamanho dos poros do adsorvente
apresenta papel extremamente importante na eficiéncia do processo de adsorcdo, visto
que nesse processo o adsorvato pode ficar retido na superficie do adsorvente ou ocorrer
um processo de difusdo intra-particula (difusdo do adsorvato pelos poros do
adsorvente). Neste segundo mecanismo, o tamanho dos poros esta diretamente
associado com a velocidade de difusdo das espécies e com a quantidade das mesmas que
pode ser adsorvida nos poros do material'*°.

A porosidade total do adsorvente pode ser classificada de acordo com o diametro
dos poros, conforme determinagdo da IUPAC, em: microporos, mesoporos e
macroporos. Os microporos apresentam didmetro inferior a 2 nm, 0s mesoporos
possuem didmetro entre 2 ¢ 50 nm e os macroporos possuem poros com didmetro

. 137
superior a 50 nm 7',

4.4.2. Concentracao inicial do adsorvato

De acordo com o aumento da concentracdo de adsorvato, a quantidade de
adsorvida também aumenta. Esse efeito ocorre devido a maior quantidade de adsorvato
para os sitios ativos do adsorvente, fornecendo uma forca motriz que é capaz de superar
toda a resisténcia de transferéncia de massa de adsorvato entre a fase aquosa e a fase
solida. Quando os sitios ativos do adsorvente se aproximam da saturacdo, a
percentagem de remogdo tende a diminuir'*®. Consequentemente, em adsorventes que
possuam baixa capacidade de adsor¢do, o aumento da concentragdo inicial resulta em
um aumento da quantidade adsorvida, tendo-se ao mesmo tempo, uma diminui¢do do

51
percentual de remogio'*’.

4.4.3. Efeito da temperatura

A variagdo da temperatura exerce grande influéncia na velocidade dos processos

de adsor¢do, sendo desta forma, um parametro de grande importancia. A elevagdo da
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temperatura pode causar um aumento da energia cinética e da mobilidade das moléculas
do adsorvato, assim como a elevacdo da taxa de difusdo intra-particula do adsorvato.
Dessa forma, a variacdo de temperatura em um processo de adsor¢do leva a uma
mudancga na capacidade de adsorg€10140.

Na realizagdo de estudos de adsorcdo em diversas temperaturas, obtém-se o
valor das constantes de velocidade, com o qual é possivel calcular-se a energia de

ativagdo do processo através da Equacio 17:

Ink =In4— 22 17)
RT

Onde k representa a constante de velocidade da reagdo, 4 a constante de
Arrhenius, Ea a energia de ativa¢io de Arrhenius (KJ mol™) do processo de adsorgdo, T

¢ a temperatura absoluta (Kelvin) ¢ R a constante universal dos gases 8,134 J .mol " K.

Ao plotar um grafico /n k versus 1/T deve-se obter uma relagdo linear com o coeficiente

angular de - Ea/R, permitindo assim o calculo da Ea do processo'*.

4.4.4. Efeito do pH

O parametro mais importante no estudo de adsor¢ao € o efeito do pH, pois de
acordo com o adsorvente, a variacdo do pH altera a capacidade de adsorgdo. Através do
estudo do pH, ¢é possivel determinar se a superficie do adsorvente estara carregada
positiva ou negativamente, esse estudo ¢ o ponto de carga zero (pHy,.), valor de pH na
qual a carga liquida na superficie ¢ igual a zero'.

Para valores de pH menores que o pH,,c, a carga na superficie do adsorvente é
positiva, favorecendo portanto a adsor¢do de espécies anidnicas. Para valores de pH
maiores que o pHp,, a carga na superficie do adsorvente é negativa, favorecendo a

~ , . A e 1
adsorcdo de espécies catidnicas'”’.

4.5. PARAMETROS TERMODINAMICOS
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Os parametros termodinamicos apresentam informacdes sobre o processo de
adsor¢ao de acordo com a variagdo da temperatura. A mudanca de energia livre de
Gibbs (AG®, kJ mol™) ¢é o critério fundamental para determinar a espontaneidade do
sistema. Geralmente AG® para a fisissorcdo ¢ menor do que para quimissor¢do. A
variacdo de entalpia (AH®, kJ mol'l) indica se o processo de adsorc¢ao ¢ endotérmico ou
exotérmico. A variacdo de entropia (AS°®, J mol” K'I) fornece informacgdes sobre a

desordem do sistema. Essa avaliacdo pode ser feita através das Equacgoes 18, 19 e 20"

AG°=4H°- T4S° (18)

AG’=-RT-Ln(K) (19)

Combinando-se as Equacdes 18 e 19, obtém-se a Equacio 20:

AH®

AS° 1
In(k) = = R T (20)

onde R ¢ a constante universal dos gases (8,314 J K™ mol'l), T ¢ a temperatura absoluta
(Kelvin), e K representa a constante de equilibrio de adsor¢cao dos modelos de isoterma.
A partir constante de equilibrio (K), pode-se estimar os pardmetros
termodinamicos de adsor¢do. O processo endotérmico € caracterizado pelo aumento do
valor de K com o aumento da temperatura. Os valores de AS ¢ AH podem ser calculados

a partir da inclinacdo e do intercepto da reta In (K) versus 1/T.

5. PROCEDIMENTO EXPERIMENTAL

5.1. REAGENTES E SOLUCOES

Todas as solugdes foram preparadas com agua deionizada. Os adsorvatos
resorcinol e 3-aminofenol (Apéndice 1) foram fornecidos pela empresa Vetec (Rio de
Janeiro, Brasil). Os farmacos amoxicilina, cafeina, captopril, enalapril, meloxicam,

nimesulida, paracetamol, propanolol, diclofenaco de sodio, tetracilina e compostos
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fenolicos 1-naftol, 2-naftol, 2-aminofenol, 3- aminofenol, 2-clorofenol, 2-nitrofenol, 4-
nitrofenol, pirocatecol, resorcina, hidroquinona, o-cresol, m-cresol, 4-metoxifenol,
bisfenol-A e timol foram fornecidos pela empresa Sigma-Aldrich (Sdo Paulo, Brasil)
(Apéndice 2). O corante acido vermelho 1 foi fornecido pela empresa Vetec (Sao Paulo,
Brasil), e os reagentes 3-aminopropiltrietoxisilano (APTES, 98%) (Apéndice 3).

Solugdes estoque de 5000 mg L' foram preparadas conforme pesagem e
dissolucdo das quantidades calculadas das solugdes de trabalho em dgua deionizada.
Através da solugdo estoque, foram realizadas diversas dissolugdes para a obtencdo das
solucodes de trabalho. O pH das solugdes foi ajustado com o auxilio de um pHmetro
(Schott Lab 850, Mainz, Alemanha), utilizando-se as solugdes de NaOH 1,0 mol L'e
HCI 1,0 mol L™ (Neon, Sio Paulo, Brasil) para o ajuste do pH.

Para a ativag@o quimica dos carvdes produzidos, foram empregados os reagentes
ZnCl,, etanol fornecido pela empresa Merck (Rio de Janeiro, Brasil) e hidroxido de
amonio (28-30% v/v) fornecido pela empresa Sigma-Aldrich (Sdo Paulo, Brasil)

Os reagentes resorcinol (RES), 3-aminofenol (AMP), 2-nitrofenol, 2-naftol, 2-
clorofenol, 4-nitrofenol, hidroquinona, 3-cresol, bisfenol A, fenol, 2-cresol, acido
himico, sulfato de sodio, cloreto de sédio, fosfato de soddio, carbonato de s6dio e nitrato
de potassio foram utilizados na preparacdo da simulagdo de efluentes. Todos os

reagentes foram fornecidos pela empresa Vetec (Rio de Janeiro).

5.2. PREPARACAO DOS ADSORVENTES

5.2.1. Carvao ativo de caroco de abacate em forno de micro-ondas

O carvao ativado foi preparado pesando-se 100,0 g ZnCl, e solubilizando o
mesmo em 50,0 mL de dgua deionizada com posterior adi¢ao de 100,0 g de carogo de
abacate (CA), previamente desidratado, moido (com um didmetro <250 pum), conforme
apresentado na Figura 5 (propor¢do inorgénicos: organicos de 1:1) previamente seco
em estufa a 105 °C durante 4 horas de modo a formar uma pasta homogénea. A pasta
formada foi aquecida a 80 OC durante 30 minutos e apos esse periodo a mesma foi seca

em estufa a 90 °C durante 120 minutos. Posteriormente, 10,0 g da pasta (CA
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impregnado com ZnCl,) foram inseridos em um reator de quartzo em formato

cilindrico.

.

Abacate Carogo de abacate Carogo de abacate triturado

Figura 6. Abacate e carogo de abacate triturado.

O reator de quartzo foi inserido em um forno de micro-ondas adaptado com duas
aberturas, uma na parte superior e outra na parte inferior, de modo que o reator ficasse
em posi¢ao vertical e centralizado dentro do forno. A pirdlise foi realizada sob
atmosfera inerte (150 mL min™). Um frasco coletor de vidro foi acoplado na parte
inferior do reator pra recolher o 6leo gerado no processo de pirdlise. A carbonizagio da
pasta ocorreu em quatro ciclos de 80 s a 1200 W. Apos a pirdlise, o sistema foi resfriado
durante 5 minutos sob 60 mL min" de nitrogénio. O tempo total de um ciclo de pirdlise
levou menos de 11 minutos, incluindo 5 minutos de resfriamento. Foram realizados

outros ciclos de pirdlise de modo a carbonizar todo o material preparado.

Lixiviagio

HCI6 M

pirolise

—_— I

%
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Figura 7. Fluxograma do processo de pirdlise e lixiviagdo de carvao produzido
em forno de micro-ondas.

Completando o processo de ativagdo quimica, foi realizada a lixiviagdo dos
compostos inorganicos, com HCl 6 mol L. Foram misturados 10,0 g do material
pirolisado com 200 mL de HCI 6 mol L' em um baldo de fundo chato de 500 mL. A
mistura foi agitada magneticamente e refluxada durante 2 h (70°C — 80°C). O material
resultante foi resfriado a temperatura ambiente e filtrado sob vacuo utilizando-se uma
membrana de 0,45 um em um sistema Sartorius de policarbonato (Goettingen,
Alemanha).

O filtrado foi descartado e o carvao foi lavado repetidas vezes até atingir o pH da
agua deionizada. Apds, o carvao foi misturado com 200 mL de 4acido
etilenodiaminotetraacético (EDTA) 0,010 mol L™ (pH 10), sob agitacdo durante 15
minutos. O carvao foi filtrado sob vacuo e depois misturado novamente a solugao de
EDTA (mesma concentragdo ¢ pH) para eliminar tragds de metais pesados no carvao. O
adsorvente foi lavado repetidamente com agua deionizada até atingir o pH da mesma. O
carvio resultante foi seco em estufa a 105° C durante 5 h, com tamanho de particula
<106 pm e armazenado adequadamante até sua utilizacdo. O adsorvente foi nomeado
como ASAC.

Para verificar a lixiviagdo de Zn a partir do carvao preparado, 30,0 mg de ASAC
foram misturados com 20,0 mL de dgua em um tubo do tipo Falcon de 50,0 mL ¢
agitado durante 24 h. A fase solida foi separada por centrifugacdo e a fase liquida foi
analisada em um Analyst 200 Flame Atomic Absorption Spectrometry — PerkinElmer
(Massachusetts, EUA) utilizando chama de ar-acetileno (10:2,5 L min’l). Uma lampada

de catodo oco de Zn (1 =213,86 nm) foi utilizada como fonte de radiacio.

5.2.2. Carvao ativo de caroco de abacate em forno convencional

Procedimento semelhante ao descrito no item 3.2.1 onde a pasta homogénea
obtida foi transferida em um reator de quartzo tubular e o0 mesmo foi inserido em um
forno de aquecimento convencional, Figura 7 (Sanchis, Porto Alegre, RS, Brasil). A
programacao de aquecimento das amostras seguiu as variagdes de temperatura e tempo

de pirolise, conforme apresentado na Tabela 1:

43



Tabela 1: Programagdes das temperaturas de pirdlise.

Experimento Amostras Temperaturas (° C) Tempo de pirdlise (min)
1 ASAC 1 500 30
2 ASAC2 700 30
3 ASAC3 500 60
4 ASAC4 700 60
5 ASACS 600 45
6 ASAC6 600 45
7 ASAC7 600 45

O processo de lixiviacao dos carvoes foi realizado conforme o item 3.2.1.

)
-~
Figura 8. Forno convencional onde foram realizadas as pirdlises referentes a Tabela 1.

5.2.3. Adsorventes hibridos

Os adsorventes hibridos de taninos ¢ APTES foram preparados utilizando-se o
catalisador basico NH4OH (28-30% v/v) para a hidrélise do APTES em pH 10-11.
Cerca de 5g de taninos foram dispersos em solugdo de 50 mL de etanol e amoénia (100-
250 pL). Entdo 2,5 g de APTES foram adicionadas a amostra foi agitada (300 rpm) sob
refluxo 24 h a 75° C. Através desse procedimento em uma etapa, foram produzidos os
hibridos de taninos e material silicatado. A adi¢ao da solu¢ao de amonia foi responsavel
para uma rapida reacdo de hidrodlise e polimerizacdo de APTES misturados com taninos
(Apéndice 3). Posteriormente o material foi seco em estufa a 70° C por 16 horas em
uma estufa. O material produzido nessa etapa foi chamado de Tan-Ap-0.5.
Similarmente, as amostras Tan-Ap-1.0 e Tan-Ap-2.0 foram preparadas utilizando-se 5 g

de taninos e 5g de APTES e 5 g de taninos e 10 g de APTES respectivamente.
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5.2.4. Caracterizacio do adsorvente

A morfologia das superficies dos carvdes ativos e dos precursores in natura
foram avaliadas através de microscopia eletronica de varredura (SEM, do inglés
scanning electron microscopy) empregando-se um microscopio JEOL, modelo JSM
6060 (Toquio, Japﬁo)143. A voltagem de aceleragdo empregada foi de 10 kV. A

magnificagdo variou entre 1500 e 2500 vezes'**,

Os grupos funcionais nas superficies dos carvdes ativos foram caracterizados
através de espectroscopia na regido de infravermelho com transformada de Fourier
(FTIR, do inglés Fourier transform infrared spectroscopy) em um equipamento Bruker,
modelo alfa, (EUA). Os materiais AS e ASAC e o KBr foram secos em estufa a 120 °c
durante 8 horas, armazenados em frascos fechados e mantidos em dessecador até a

L 1 ~ . A 14
realizacdo da analise. A resolugdo dos espectros foi de 4 cm™ com 100 varreduras 3

As isotermas de adsor¢do /dessor¢ao de N, foram obtidas no ponto de ebulicdo
do nitrogénio liquido (-196 0C) utilizando-se um analisador area de superficial
Micromeritics Instrument, Tristar II 3020, (Norcross, EUA). Os adsorventes foram
desgaseificados a 180 C durante 12 h sob vacuo antes das analises. As propriedades
texturais dos adsorventes foram avaliadas através dos métodos de BET (Brunauer,

Emmett e Teller) e de BJH (Barret, Joyner e Halenda), respectivamente'**,

A determina¢do do potencial de carga zero (pHp,) dos carvioes de abacate
pirolisados em forno convencional foram determinados através do seguinte
procedimento: 20,00 mL de solugdo de NaCl 0,050 mol L foram adicionados a varios
tubos Falcon de 50 mL contendo 50,0 mg de adsorvente. O pH das solugdes foi ajustado
para valores de 2,00 a 10,00 com solu¢des de HC1 0,10 mol L'e de NaOH 0,10 mol L™.
As suspensdes foram colocadas em uma camara climatizada com agitacdo reciprocante
(Oxylab, Sao Leopoldo, Brasil) de 150 rpm, a 25 °C, durante 24 h. A seguir, as
amostras foram centrifugadas a 3500 rpm durante 5 min em uma centrifuga Excelsa II
206-BL (Fanem, Sao Paulo, Brasil). O procedimento de centrifuga¢ao foi repetido

quando necessario. O pH; (pH das solugdes sem contato com o adsorvente) e o pHr (pH
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do sobrenadante depois do contato com o adsorvente) foi registrado. O valor do pHy, ¢

o ponto onde a curva de ApH (pH¢-pH;) versus pH; cruza a linha do zero'*®,

A reflectincia difusa no infravermelho (DRUV, do inglés diffuse reflectance
UV—vis spectroscopy) em um espectrofotdmetro Shimadzu 2450 UV utilizando
Integrador de ligagdo esférico ISR — 2200, na temperatura de 25°C e faixa espectral de
200 — 800 nm.

Esta técnica foi empregada para avaliar as propriedades eletronicas dos
precursores, taninos ¢ APTES, assim como a comparacdo da mistura dos mesmos para a
obtencdo dos adsorventes hibridos taninos/APTES. A linha de base foi obtida utilizando
BaSO, (Industrias de Quimicas Pura Wako Ltda). As amostras foram pulverizadas para

o (1o 147,148
a realizacdo de suas analises .

Para a determinacdo do indice de hidrofobicidade, 0,3 g de taninos e de taninos
modificados foram secos em béqueres de 10 mL na temperatura de 70 C durante 24
horas. As amostras foram resfriadas em dessecador antes da pesagem das mesmas.
Posteriormente os béqueres foram expostos a uma atmosfera saturada com vapor de
solvente (n-heptano ou 4agua) em frascos Erlenmeyer, utilizando-se 60 mL de solvente.
As amostras foram entdo colocadas nos béqueres de 10 mL e estes dentro dos frascos
Erlemeyer contendo o solvente, de tal maneira que o conteido dos béqueres ndo
estivesse em contato direto com o solvente ou a parede dos frascos Erlenmeyer'*’. O
experimento foi realizado em uma camara com a temperatura regulada em 25 oC. Apos
24 horas, as amostras foram removidas dos frascos Erlenmeyer, secas cuidadosamente
na parte externa dos béqueres e pesadas novamente. A razao hidrofilica-hidrofébica foi
calculada pela razdo entre a quantidade adsorvida de vapor de n-heptano pela

quantidade adsorvida de vapor de 4gua, com o resultado expresso em mg.g™.

5.3. ESTUDOS DE ADSORCAO

5.3.1. Resorcinol e 3-aminofenol

A capacidade de adsor¢do do material ASAC foi avaliada para a remog¢ao dos

compostos fenolicos RES ¢ AMP de solugdes aquosas, com concentragdes variando de
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100,0 — 1800,0 mg L Aliquotas de 20,00 mL das solugdes fendlicas foram adicionadas
a 5,0 — 200,0 mg de ASAC em tubos Falcon de 50,0 mL. Diferentes condi¢cdes de pH
(2,0 — 10,0) foram avaliadas. Os tubos foram entdo tampados e colocados em uma
camara aclimatada com agitacdo reciprocante (150 rpm) durante 1 — 480 min. A
temperatura foi variada de 25°C 50°C.

As amostras foram posteriomente centrifugadas (5 minutos) usando-se uma
centrifuga Unicen M Herolab, para a separacdo do adsorvente da solugdo fendlica. O
processo de centrifugacdo foi repetido até que o sobrenadante ficasse limpido. O
sobrenadante (1 — 5 mL) foi entdo diluido para 10,0 — 50,0 mL em frascos padrdo
usando a solucdo branco com o pH adequado.

As concentragdes de RES e AMP remanescentes em solugdo apos o processo de
adsor¢do foram determinadas em comprimentos de onda maximos de 273nm para RES
e 282 nm para AMP utilizando-se um espectrofotdmetro (T90 +PG Instruments UV-
VIS; Londres, Inglaterra). A capacidade de adsorcdo e¢ a remocdo percentual de

compostos fendlicos sdo obtidos pelas equacdes (21) e (22) respectivamente:

q=tD y en

m

% Remoc¢do = 100 (COC_—Cf)
0

(22)

Onde ¢ ¢ a quantidade de compostos fenodlicos adsorvidos (mg g); C, é a
concentragio inicial de adsorvato, RES e AMP, (mg L™); Crsao as concentragdes dos
fenois em equilibrio, apés o processo de adsor¢do (mg L™'); m é a massa seca de

adsorvente (g) e V' é o volume da solugdo de fenois (L).
5.3.2. Contaminantes Emergentes

A capacidade de adsor¢do de compostos fenolicos e farmacos pelos carvoes
produzidos em forno convencional foi realizada utililzando-se 20,00 mL de compostos
fenolicos (500 mg L) e farmacos (200 mg L) em tubos Falcon de 50,0 mL. Diferentes
condi¢goes de pH (2,0 — 10,0) foram avaliadas. Os tubos foram entdo tampados e
colocados em uma camara aclimatada com agitac@o reciprocante (150 rpm) durante 1 —

480 min. A temperatura foi variada de 25°C 50°C.
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O procedimento realizado seguiu-se conforme o item 4.3.1. Todos os

experimentos foram realizados em triplicata.

5.3.3 Corante Vermelho Acido 1

Aliquotas de 20,00 mL de 100,00 — 250,00 mg L' do corante vermelho 4cido
I(variagdo de pH de 2,00 — 8,00) foram adicionados a tubos Falcon de 50,00 mL com
massa de material adsorvente de 30,00 mg.Os tubos foram entdo tampados e colocados
em uma camara aclimatada com agitacdo reciprocante (150 rpm) durante 5 min — 24 h.
Posteriormente, os adsorventes foram separados da solucdo através de centrifugacio e
as aliquotas de 1-5 mL foram diluidas e o pH dessas solugdes foi medido.

As concentracdes de corante vermelho acido 1 remanescentes em solucao apos o
processo de adsorg¢do foram determinadas em comprimentos de onda maximos de
273nm para RES e 282 nm para AMP utilizando-se um espectrofotdometro (T90 +PG
Instruments UV-VIS; Londres, Inglaterra).

5.4. AVALIACAO ESTATISTICA E GARANTIA DE QUALIDADE

Os experimentos foram realizados em triplicata (n = 3) para garantir precisao e
confiabilidade os dados. As corridas em branco foram realizadas em paralelol44. Todas
as solugdes foram armazenadas em frascos de vidro ambar. Todos os materiais
utilizados no experimento receberam uma limpeza prévia com solugdo HNOs 10%'"°,
enxaguados com agua deionizada, secos e armazenados em armdrios fechados.

Os dados das curvas padrao de calibragcdo de RES ¢ AMP (10,0 — 150,0 mg L
'respectivamente) foram realizadas utilizando-se o software UV-Win T90 +
Espectrofotometro PG Instruments. Os limites de detec¢do de RES e AMP foram 0,013
e 0,011 mg L, respectivamente. A relacdo sinal / ruido foi 3'% Uma solugdo de fenol
(70,0 mg L™) foi utilizada como controle de qualidade para cada 10 determinagdes. Isso
determinou que as leituras das concentragdes de RES e AMP fossem precisas' .

O aplicativo Microcal Origin 2015 foi empregado para avaliar o melhor ajuste
dos dados cinéticos de equilibrio, pelo método Simplex e o algoritmo Levenberg-
Marquardt aplicando equagdes nao-lineares. A adequagdo dos modelos de equilibrio e

. . . . . . o 2 .
cinética foi avaliada utilizando-se o coeficiente de determinagdo (R”), o coeficiente de

48



determinagdo ajustado (Rzadj) e o desvio padrao (SD, do inglés standard deviation). A
diferenca entre os valores teoricos e experimentais de RES e AMP adsorvidos pelo
ASAC foram medidos usando-se SD. A expressdao matematica para (R2), (R2adj) e SD

sao fornecidos pelas Equagoes (23), (24) e (25), respectivamente:

Zn(‘h’ex — Gexp)® — Zn(Qiex - Qimodel)”
R2:<l'p gy ) 23
Z?(Qi,exp_ Qexp)? (23)
-1
Raaj =1- (1~ R*. (nﬁp—l) (24)
1
SDh = \/(E) 'Z?(Qi,exp - Qi,model)z (25)

Onde ¢;, model representa cada valor de ¢ tedrico individual de um dado modelo;
gieprepresenta cada valor de q experimental individual; g.., expressa a média dos
valores experimentais de ¢; n representa o numero de experimentos realizados; p

, A 152
representa o namero de parametros do modelo ~*.

6. CONCLUSOES

As conclusoes com esta tese foram divididas em trés se¢des, de acordo com cada

artigo publicado:

6.1. CARVAO ATIVO DE CAROCO DE ABACATE NA REMOCAO DE 3-
AMINOFENOL E RESORCINA

Neste trabalho, o ASAC foi preparado por processo de aquecimento por micro-
ondas apds ativacdo quimica com ZnCl, como agente ativante. O carvao ativado
produzido exibiu alta area especifica superficial 1.433 m’ g . Os resultados do Sggr
mostram que o ASAC possuia 19,48% de microporos e 80,52% de superficie. Em

relagdao ao volume de poros, 26,74% do volume de poros correspondeu a microporos €
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73,26% a mesoporos. Portanto, o ASAC sintetizado neste estudo de pesquisa pode ser
classificado como predominantemente mesoporoso. A capacidade de adsorcdo do
ASAC foi avaliada usando percentagens de remog¢ao de RES ¢ AMP. Os modelos de
Avrami de ordem fracionaria e modelo de isoterma Liu foram encontrados como os
melhores ajustes para os dados experimentais. De acordo com o modelo de isoterma de
Liu, a capacidade méaxima de adsor¢io alcancada foi de 406,2 ¢ 454,5 mg g ' para RES
e AMP a 50 ° C, respectivamente. Estes valores de capacidade de adsor¢cdo encontrados,
foram os maiores entre os relatados na literatura. Foi visto que a partir do efeito da
temperatura ¢ de dados termodinamica, que os processos de adsor¢dao de RES ¢ AMP no
carvaio ASAC foram dependentes da temperatura. O processo de adsor¢do foi
exotérmico e espontaneo. O carvao ativado por abacate apresentou excelente remogao
de efluentes fenodlicos simulados; eles foram efetivamente removidos com percentual
maior que 96,94% de uma mistura contendo altas concentracdes de fenois, matéria
organica ¢ alta salinidade. Pode ser concluido que, ASAC pode ser efetivamente usado

em aguas residuais reais contaminadas com compostos fendlicos.

6.2. CARVOES ATIVOS DE CAROCO DE ABACATE: OTIMIZACAO E
APLICACAO NA REMOCAO DE CONTAMINANTES EMERGENTES

Neste estudo, carogos de abacate foram utilizados com sucesso como matéria-
prima para produzir carvdes ativados por pirdlise convencional. A fim de determinar a
melhor condicdo para produzir os carbonos ativados, empregou-se um experimento
fatorial completo (DOE) variando-se a temperatura (500-700 ° C) e tempo de pirdlise
(30—60 min).Os dois fatores avaliados (temperatura ¢ tempo de pirdlise) influenciaram
fortemente os valores de Sggr € volume de poros; ambos os fatores tiveram um efeito
negativo, o que significa que o aumento dos valores levaram a diminui¢des na Spgr €
nos valores de volume de poros. O carvao ativado produzido apresentou alta areas de
superficiais especificas na faixa de 1122-1584 m’ g~ '.A caracteriza¢io da superficie
revelou que os ASACs possuem caracteristicas superficiais hidrofilica se possuem
predominantemente grupos acidos em suas superficies. Os ASACs preparados foram

empregados na adsorcdo de25 compostos organicos emergentes, como 10 produtos
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farmacé€uticos e 15 compostos fenodlicos que apresentaram altos valores de absorcdo
para todos os poluentes emergentes. Observou-se que o carvdo ativado preparado a
temperatura mais alta de pir6lise(700 © C), que gerou menos grupos funcionais totais ¢
apresentou maior HI, foi o carvao ativado com maior capacidade de sorg¢do para a
adsorcdo de contaminantes orginicos emergentes.Com base nos resultados deste
trabalho, é possivel concluir que o caroco de abacate pode ser empregado como matéria-
prima para produzir carvdes ativados de elevada area superficial e muito eficientes em

relacdo ao tratamento de aguas poluidas com produtos organicos poluentes emergentes.

6.3. ADSORVENTES HiBRIDOS DE TANINOS E APTES (3-
AMINOPROPILTRIETOXISILANO) E SUA APLICACAO NA ALTA
CAPACIDADE DE REMOCAO DO CORANTE VERMELHO ACIDO 1

Neste trabalho, materiais hibridos foram preparados misturando-se taninos e
APTES, e os materiais modificados resultantes foram caracterizados e aplicados na
remocao do corante vermelho acido 1 de solugdes aquosas por adsor¢do. Os dados de
caracterizacdo indicam a formagdo de um material hibrido tipo I, através de ligacoes
covalentes provavelmente entre o derivado silicico e os grupos hidroxila presentes nas
estruturas fendlicas do tanino. Os taninos modificados apresentam altas propriedades de
adsorcdo com tanino ndo modificado. As melhores condi¢des experimentais foram
alcangadas em pH 2,0, tempo de€ h ¢ a 50°C. Os dados de adsorcdo cinética e de
equilibrio foram ajustados pelos modelos de Liu e de ordem geral, respectivamente. A
capacidade maxima de adsor¢do obtida foi de 4183 mg g 'as50°C por material
tanino-APTES na propor¢ao de 1: 1 (Tan-Ap-1.0). Baseado em dados experimentais
verificou-se que as interacdes eletrostaticas e ligagdes de hidrogénio entre os
adsorventes hibridos e corante vermelho acido 1 tém desempenhado um importante
papel no seu processo de adsor¢do. O efeito da temperatura demonstrou que 0 Qmax
aumenta com um aumento da temperatura. As estimativas dos parametros
termodindmicos estabeleceram a adequacdo da adsorg@o de corante vermelho acido 1 e
os valores AG ° confirmam a viabilidade e espontaneidade do processo de adsor¢do. Os
materiais modificados foram testados através do tratamento de efluentes de corantes

sintéticos e apresentaram resultado satisfatorio no tratamento desses efluentes.
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ABSTRACT

Avocado seed activated carbon (ASAC) was synthesized by microwave-heating process using ZnCl,
as an activating agent. The adsorbent ASAC was characterized using analytical techniques namely
N, isotherms, Fourier transform infrared spectroscopy, and scanning electron microscopy. The sur-
face area of ASAC was 1,432 m? g. The ASAC prepared was used for adsorption of resorcinol and
3-aminophenol from aqueous solutions. Kinetic models namely pseudo-first order, pseudo-second
order, and Avrami fractional order and isotherms (Freundlich, Langmuir, and Liu) were applied to the
experimental adsorption data. The results demonstrate maximum adsorption capacity for resorcinol
(406.9 mg g and 3-aminophenol (454.5 mg g) at 50°C. The thermodynamic analysis of data and the
effect of temperature studies revealed that the adsorption processes of resorcinol and 3-aminophenol
onto ASAC were temperature dependent. The adsorption processes were exothermic and spontaneous.
The avocado carbon displayed excellent adsorption properties for the simulated effluents containing
phenolic compounds.

Keywords: Avocado seed; Microwave-assisted pyrolysis; Activated carbons; Phenolic compounds;
Isotherm and kinetic models; Adsorption

1. Introduction

Water pollution due to phenolic compounds has caused
increasing environmental concerns in the last decades [1,2].
Numerous industries such as gas and coke plant’s resins,
paper and pulp, plywood, paints, pharmaceutical, petro-
leum, textile, plastic, etc., discharge wastewaters contain-
ing different types of phenolic contaminants [1,2]. Phenolic

* Corresponding author.

wastewaters are known to be toxic and carcinogenic. Hence,
there is a growing awareness about the impact of these con-
taminants on water resource.

Phenolic compounds rapidly phototransform and
form subproducts that may pose severe risks to aquatic
organisms and human beings [1,2]. Ingestion of water
contaminated with phenols may cause serious gastroin-
testinal damages, muscle tremors, difficulty in walking,
and death in animals [1,2]. Due to the high environmental
risks involved and toxicity of the effluents, it is important

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.
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to remove phenol and phenolic compounds from contami-
nated industrial aqueous streams before being discharged
into any water bodies [1,2].

Various treatment processes used for the removal of phe-
nols from water and/or wastewaters are membrane separa-
tion [3], advanced oxidation process [4,5], electrochemical
oxidation [6], biological processes [7,8], microfiltration and
nanofiltration [9,10], and adsorption [11-13]. These chemical,
biological, and physical treatment processes have their own
advantages and disadvantages. The methods have found
limited application, as they are either complex and/or not
economical. However, adsorption has been found to be the
most attractive method for removal of organic pollutants.
The advantage with adsorption is: (i) the method is simple,
(ii) adsorbents are reusable, and (iii) the process is highly eco-
nomical [11-14].

Recently, several materials have been used as adsorbents
or as precursors for preparation of adsorbents. Such materials
include carbon nanotubes [15], silica [16] and polysiloxanes
[17], zeolite [18], sewage sludge [17,19] and tannery sludge
[20], and agroindustrial wastes such as Punica granatum husk
[21], wood sawdust [22,23], Brazilian pine-fruit shell [24], oak
shell [25], cocoa shell [26], etc. However, there is always a
quest to find new materials with higher adsorption capacity
s0 as to remove a spectrum of highly toxic pollutants from
aqueous systems.

Due to textural properties, especially pore volume
and specific surface area, activated carbons are widely
used for the adsorption of organic pollutants from aque-
ous solutions [19,20,22-26]. Activated carbons may be pre-
pared by pyrolysis using conventional thermal pyrolysis
or microwave-assisted process [22,24]. The main difference
among the methods is how the heat is generated. Microwave
provides energy directly on the carbon bed [20,22,23] while
conventional heating uses conduction and/or convection
[24]. Microwave heating is advantageous over conventional
pyrolysis, reason being its shorter pyrolysis time (<10 min)
[20,26]. As a result, there is rapid temperature rise [20,26],
and a remarkable decrease in energy consumption [20].

The main advantage and novelty of present study is that
the microwave-induced activated carbons were prepared
though a single stage of pyrolysis. The biomass impreg-
nated with inorganics can only be carbonized in a microwave
[23]. This is the main reason why researchers carbonize the
organic precursors in a conventional furnace to produce
carbonized material (i.e., microwave conductor), and subse-
quently, activated it through microwave induction [27-29].
On the other hand, in the present study, impregnation of
the carbon material with inorganics is carried out before
microwave-assisted pyrolysis. This task can be established in
a single step [20,22,23,26]. This single step process reduces
the total time for producing the activated carbons. Another
novelty and advantage of this work is that, the total time of
pyrolysis including the time for cooling down the quartz
reactor was <11 min.

Therefore, the present study aims at the preparation
and characterization of activated carbon from avocado
seed (ASAC) by microwave-heating process. The prepared
avocado shell carbon has been tried as an adsorbent for the
removal of phenolics such as resorcinol (RES) and 3-amino-
phenol (AMP) from aqueous solutions.

2. Experimental
2.1. Chemicals and reagents

The adsorbate RES and AMP (Supplementary Figs. 1 and
2, respectively) were supplied by Vetec (Rio de Janeiro, Brazil).
The ZnCl, was purchased from Synth (Diadema, SP, Brazil).

Reagents such as RES, AMP, 2-nitrophenol, 2-naph-
tol, 2-chlorophenol, 4-nitrophenol, hydroquinone, 3-cresol,
bisphenol A, phenol, 2-cresol, humic acid, sodium sulfate,
sodium chloride, potassium phosphate, sodium carbonate,
potassium nitrate were used for the preparation of simulated
effluents. All these reagents were supplied by Vetec (Rio de
Janeiro, Brazil). 1.0 mol L' HCI and/or NaOH (Neon, Sao
Paulo, Brazil) were used for pH adjustments.

2.2. Preparation of adsorbents

100.0 g of ZnCl, was weighed and dissolved in 50.0 mL
of deionized water. 100.0 g of dried avocado seed (AS; milled
at diameter < 250 um) was added to the ZnCl, solution and
mixed continuously at approximately 80°C for 30 min. After
mixing, the paste was dried in an air oven at 90°C for 120 min.
Pyrolysis of the AS (10.0 g) impregnated with ZnCl, was car-
ried out in a quartz reactor as described elsewhere [20,22,23],
under a nitrogen atmosphere (150 mL min™). The quartz reac-
tor was placed in the microwave oven and the sample was
carbonized in four cycles of 80 s at 1,200 W. Then, the system
was cooled after pyrolysis for 5 min under 60 mL min™ N,.
One pyrolysis cycle took <11 min, including 5 min of cooling
time. Subsequently, other pyrolysis cycles were carried out.

10.0 g of pyrolyzed carbonaceous material was mixed
with 200 mL of 6 mol L HCl in a 500 mL boiling flask. The
mixture was continuously stirred on a magnetic stirrer and
refluxed for 2 h (70°C-80°C). The resultant slurry was cooled
down to room temperature and filtered under vacuum using
0.45 um membrane using a polycarbonate Sartorius system.
The filtrate was discarded and the solid material was washed
repeatedly until neutral pH with deionized water. Later, the
solid material was again mixed with 200 mL of 0.010 mol L™
Ethylenediaminetetraacetic acid (EDTA) (pH 10.0) solution and
stirred for 15 min. The solid material was again filtered under
vacuum, washed with 100 mL of 0.010 mol L' EDTA (pH 10.0)
to eliminate trace heavy metals from the carbonaceous material.
The solid material was again repeatedly washed with deionized
water until neutral pH. The resultant carbon was oven dried at
105°C for 5 h, milled to particle sizes <106 um and stored prop-
erly until use. The adsorbent was named as ASAC [20,22,26].

To check the leaching of Zn from the activated carbon pre-
pared, 30.0 mg of ASAC was mixed with 20.0 mL of water in a
50.0 mL Falcon tube and stirred for 24 h. The solid phase was
separated by centrifugation, and the liquid phase was analyzed
in an Analyst 200 Flame Atomic Absorption Spectrometry —
PerkinElmer (Massachusetts, USA) using air—acetylene flame
(10:2.5 L min™). Hollow cathode lamp of Zn (A =213.86 nm) of
the same manufacturer was used as radiation source.

2.3. Characterization of adsorbent materials

Several analytical techniques were used to understand
how the microwave-heating process and the leaching out
affected the structure of raw AS and ASAC. The surface
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morphologies of ASAC were evaluated by employing a
scanning electron microscope (JEOL microscope, model
JSM 6060) [23]. The porous structure parameters of ASAC
were determined through nitrogen adsorption/desorption
isotherms by using a surface area analyzer (Micromeritics
Instrument, TriStar II 3020, USA) [23]. The surface func-
tional groups of AS and ASAC were characterized using
a Fourier transform infrared spectroscopy (FTIR; Bruker,
model alpha, USA) [22].

2.4. Adsorption studies

The adsorption experiments were performed to evalu-
ate the adsorption capacity of ASAC. The concentration of
RES and AMP was varied between 100.00-1,800.0 mg L.
Aliquots of 20.00 mL of adsorbate were taken in 50.0 mL
flat Falcon tubes containing 5.0-200.0 mg of ASAC at vary-
ing pH conditions (2.0-10.0). The tubes were then capped
and placed horizontally in an acclimatized agitator. The
samples were agitated for 1-480 min at varied temperature
(25°C-50°C).

The samples after a fixed time of agitation were centri-
fuged using a Unicen M Herolab centrifuge to separate the
adsorbent. 1-5 mL of the supernatant was then diluted to
10.0-50.0 mL in standard flasks using the blank solution at
suitable pH. The concentration of the unadsorbed RES and
AMP was analyzed using a spectrophotometer (T90+ PG
Instruments) at wavelengths 273 and 282 nm, respectively.

The sorption capacity and the percentage removal
of phenolic compounds are given by Egs. (1) and (2),
respectively:

G, o
m

(Co -C f)
0
where g is the sorption capacity of phenolic compounds
adsorbed (mg g™'); C, is the initial adsorbate concentration
(mg L7); C, is the adsorbate concentrations in equilibrium
(mg L™); m is the weight of ASAC (g); and V is the volume of

the adsorbate in solution (L).

%Removal =100- )

2.5. Statistical evaluation and quality assurance

The experiments were performed in triplicates to assure
precision, accuracy, and reliability of data. Blank runs were
conducted in parallel [30].

RES and AMP solutions were stored in amber colored
glass bottles. All the glassware used in the experiment were
precleaned using 10% HNO, [31], rinsed with deionized
water, dried, and stored in closed cabinets.

Standard calibration graphs of RES and AMP (10.0-
150.0 mg L) were prepared using UV-Win software of T90+
PG Instruments spectrophotometer. Triplicate analytical
analysis was performed, and the precision was maintained
(n = 3). The detection limits of RES and AMP were 0.013
and 0.011 mg L, respectively. The signal/noise ratio was

3 [32]. A spiked phenol solution (70.0 mg L) was used as
quality control at every 10 determinations. This determined
that the readings of the RES and AMP concentrations were
accurate [33].

Microcal Origin 2015 application was used to evaluate the
best fitting equilibrium and kinetic data, by simplex method
and the Levenberg-Marquardt algorithm applying nonlinear
equations. The suitability of the equilibrium and kinetic models
was evaluated using determination coefficient (R?), the adjusted
determination coefficient (R? ,), and standard deviation (SD) of
residues [34]. The difference between the theoretical and exper-
imental quantities of RES and AMP adsorbed by ASAC was
measured using SD. The mathematical expression for R?, RZa o
and SD are given by Egs. (3), (4), and (5), respectively.

2

2 _ z?(qi,exp _qexp )2 - Z?(q; exp qi,model)
n _\2
3 (Ao = o)

n-1
nplj 4)

R

RZ, =1—(1—R2).(

SD - J[fpji(q G ©)

n 1

where g, is the distinct experimental g value; G TEp-
resents the mean experimental g values; g, ., is the distinct
theoretical g value predicted by the model; 1 is the number of
experiments; p is the number of variables in the model [34].

2.6. Kinetics of adsorption

Pseudo-first order, pseudo-second order, and Avrami
fractional order models were used to fit the kinetic data.
The mathematical equations of these respective models are
shown in Egs. (6), (7), and (8) [34,35].

q,=q, [ 1-exp(-k,-1)] (6)
2kt
. - @)
" T (a,) t+1]
nAvV
%=%-{1_ exp| (K t)| } ®

2.7. Equilibrium of adsorption

The Langmuir, Freundlich, and Liu isotherm models
were applied to fit the experimental equilibrium data. The
mathematical expression for these models is presented in
Egs. (9)—(11), respectively [34,35].

Qmax i KL i Ce

9
1+K,-C, ®)

q.=
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q.=K.-cl" (10)

Qe (K, -C)"

b 1+(K,-C,)"

(11)

2.8. Synthetic effluents

Two synthetic industrial effluent mixtures were pre-
pared. The effluent consisted of 11 different phenols, humic
acid, and inorganics usually present in industrial effluents.
The composition of the effluents (A and B) is presented in
Table 1. The purpose of using synthetic effluents is to evalu-
ate the sorption capacities of the ASAC for removal of mixed
phenolic compounds in the presence of high concentrations
of organic matter and salts.

3. Results and discussion
3.1. Characterization of activated carbons

The chemical modification of the AS with ZnCl, and
further pyrolysis assisted by microwave generated ASAC
with great structural properties and adsorption capacity
when compared with the raw biomass. Among the main

Table 1
Chemical composition of simulated industrial effluents

Phenols Concentration (mg L™)
Effluent A Effluent B
Resorcinol (RES) 50.00 100.0
3-Amino phenol (AMP) 50.00 100.0
Phenol 5.00 10.0
2-Cresol 5.00 10.0
3-Cresol 5.00 10.0
2-Chlorophenol 5.00 10.0
Bisphenol A 5.00 10.0
2-Nitrophenol 5.00 10.0
4-Nitrophenol 5.00 10.0
2-Naphtol 5.00 10.0
Hydroquinone 5.00 10.0
Organic matter
Humic acid 10.0 20.0
Inorganic components
Sodium sulfate 20.0 40.0
Sodium carbonate 20.0 40.0
Sodium chloride 20.0 40.0
Potassium nitrate 20.0 40.0
Potassium phosphate ~ 20.0 40.0
pH? 7.0 7.0

*pH was adjusted with 1.0 mol L™ HCI and/or NaOH.

characteristics of the adsorbent, the surface area, and volume
of pores play an influential role during adsorption processes.
Textural (surface area, porosity, etc.) characterization of the
AS and ASAC was performed by N, adsorption—desorption
isotherms at —196°C and their results are shown in Table 2.

Table 2 presents the surface area, external surface area,
micropore area, total pore volume, micropore volume and
mesopore volume of the precursor (AS), and ASAC. The
porosity characterization displayed that ASAC is composed
mainly of mesopores (pores whose diameter are within
2-50 nm) [36]. The total surface area (S,,,) of ASAC was
1,433 m? g!, the surface area due to micropores (S,0re) Was
279.1 m? g7, and the external surface was 1,153 m* g'. It can
be seen that only 19.48% of the area of the ASAC is due to the
micropores. The total pore volume (V) was 0.4447 cm® g™,
the volume of micropore (V) was 0.1189 cm® g, and the
volume of mesopores (V) was 0.3258 cm® g™'. The ratio
V. i/Vi is 26.74% and the V__/V, is 73.26%. It may be
observed from these results that the obtained ASAC is pre-
dominantly mesoporous with a 26% contribution of micro-
pores [36]. The raw material (AS) presented an S, value of
only 2.776 m? g™, and it was not possible to measure the area
of micropores and volume of micropores and mesopores.

The process of production of activated carbon by chem-
ical activation consists in impregnation of the biomass with
ZnCl,. This is followed by a pyrolysis that could occur in a
conventional muffle furnace [24,25] or in a microwave oven
[22,23] forming a pyrolyzed material containing inorganics
[20,23,26,35]. The chemical activation process is conducted
using 6.0 mol L' HCI [35]. This process increases the porosity
of the activated carbon [23]. The role of ZnCl, in the carbon-
ization of the biomass may be a complexation of this metal
with the biomass, followed by a dehydration of the biomass
at high temperatures [23,37]. ZnCl, can melt at >300°C and
diffuse to occupy the cavities of the pyrolyzed material. After
the pyrolysis, refluxing with 6.0 mol L™ HCl, would remove
the zinc compounds from the cavities of the activated car-
bon, producing an activated carbon with high porosity and
surface area [23,35,37].

It may be noted that the S, value obtained in this study
was higher than other activated carbons reported in the litera-
ture reporting different carbon sources as precursor. Dos Reis
etal. [19] pyrolyzed sewage sludge, chemically activated it with
ZnCl, and generated an activated carbon with a surface area
of 192 m? g'. Puchana-Rosero et al. [20] produced activated

Table 2

Textural properties of AS and ASAC
Sample ASAC AS
Sper(M*g™) 1,433 2.776
S, (M2 g7 279.1 _
S, (m*g™) 1,153 _
S i/Sper (%) 19.48 _
V,, (cm?g™) 0.4447 0.0069
V . (cm®g™) 0.1189 -
V. (em®g™) 0.3258 _
D, (nm) 2.105 9.918
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carbon by microwave pyrolysis of tannery sludge and the S,
of the same was 491 m? g™. Saucier et al. [26] produced acti-
vated carbon from cocoa shell by microwave-assisted pyrolysis
and obtained a material with S, of 619 m* g'. Ribas et al. [35]
synthesized biochar from cocoa shell using a conventional fur-
nace and obtained S, of 522 m* g™'. The S, values obtained
may depend on the characteristics of the organic precursors,
activation method, and the heating procedure. In addition,
when chemical activation is used, ZnCl, is the most efficient
activating agent compared with other metals such as FeCl,
[26,35], CuCl,, CoCl, and NiCl, [23]. In order to eliminate
the inorganic salts/oxides formed during pyrolysis, the con-
tents were leached out using 6.0 mol L™ HCI [20,22,23,26,35].
Several authors have reported washing with 1.0 mol L HC],
leading to formation of an activated carbon with lower surface
area, and the carbons may release toxic inorganics when in
contact with aqueous solutions. On the other hand, the ASAC
synthesized in this work was treated with 6.0 mol L HCI for
leaching inorganics. This was later followed by the treatment
with 0.010 M EDTA solution (pH 10.0). The synthesized acti-
vated carbon did not release high quantities of Zn into the
aqueous solution. The total concentration of Zn leached out
from 30.0 mg of ASAC in 20.0 mL of deionized water during
24 h of contact was 0.0240 + 0.0006 mg L. Considering the per-
missible limit for Zn that could be available in drinking water
is 5.0 mg L™ [38], the concentration of Zn released from the
activated carbon was meagre (208 times lower than the per-
missible limit) [38].

The surface morphology of the materials before (AS) and
after pyrolysis (ASAC) was characterized using scanning
electron microscopy (SEM). The SEM images of the AS and
the ASAC are presented in Fig. 1. The surface of AS is fibrous
and smooth (Fig. 1(A)). However, ASAC sample showed a

EHT = 5.00kV WD = 9.0 mm

Mag= 5.00KX

Fig. 1. SEM images of AS and ASAC.

brick of carbon with irregular dimension containing some
fissures which may be from the mortar (Fig. 1(B)). SEM tech-
nique does not clearly display the pores on the surface of the
material because the scale of the figure is micrometers (um)
while, the scale of the pores are in nanometers. Therefore,
the N, adsorption—-desorption curves are a better analytical
technique to evaluate the porosity of the adsorbent.

FTIR analysis helps in the identification of the surface
functional groups which may contribute toward enhanced
adsorption of the pollutant onto the adsorbent [17,22-24].
AS might contain lignin, hemicellulose, cellulose, and tannin
as the major components [39]. Thus, a vast numbers of func-
tional groups such as amines, phenolic, carboxyl, and alco-
hols may exists on the surface and may be involved during
the adsorption process [26,39]. The results of FTIR for AS
and ASAC are presented in Fig. 2. The AS samples showed
the following bands: a band at 3,268 cm™ is due to the OH
stretching vibrations from the intermolecular hydrogen
bonding [39]; a band at 2,919 cm™ is due to the asymmetric
C-H stretching, 1,617 cm™ is due to the asymmetric stretch-
ing in (C=0) carboxylates [39], 1,521 and 1,439 cm™ may be
assigned to the sp? hybridized C=C stretching band of the
aromatic ring [39]. The band at 1,144 and 1,003 cm™ could be
assigned to C-O stretching of alcohols or phenols [39], and
the band at 762 cm™ could be assigned to C-H out of plane
bending in the aromatic rings [39].

FTIR analysis of ASAC showed a broad band at 3,441 cm™.
This band is due to O-H stretching [39]. The bands at 2,921
and 2,849 cm™ are due to the asymmetric and symmetric C-H
stretching [39]. The band at 1,638 cm™ is due to the asymmet-
ric stretching in (C=0) carboxylates [39]. The bands at 1,540
and 1,460 cm™ could be due to sp? hybridized C=C stretching
band of the aromatic rings [39], 1,161 and 1,035 cm™ may be
assigned to C-O stretching in alcohols or phenols [39], and
877 cm™ could be due to C-H out of plane bending mode of
the aromatic rings [39].

It could be inferred from the FTIR analysis that the
microwave-heating process increased the intermolecular
hydrogen bonding otherwise did not bring about much
change in the surface groups on ASAC. The major func-
tional groups found in the carbon adsorbent includes: (i)
O-H likely from alcohols, phenols, (ii) aromatic rings, (iii)

—AS
—— ASAC
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4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 2. FTIR spectra of ASAC.



A.].B. Leite et al. / Desalination and Water Treatment 71 (2017) 168-181 173

C=0 likely from carboxylic acids, esters, and (iv) CH from
aromatic and aliphatic compounds may be responsible for
the adsorption process.

3.2. Study of adsorbent dosage and initial pH

Preliminary adsorption experiments were carried out
with 300 mg L™ of RES and AMP in order to study higher
dosage (0.25-10.0 g L™) of the ASAC adsorbent. The other
conditions such as initial pH was maintained at 6.0 and tem-
perature at 25°C (Supplementary Fig. 3(A)). It was observed
for adsorbent dosages >1.50 g L™ the percentage of removal
of AMP and RES onto ASAC became practically constant.
Therefore, this adsorbent dose (1.50 g L™) was fixed for fur-
ther experiments (30.0 mg of the adsorbent for 20.0 mL of
adsorbate solution). This adsorbent dose is similar to the
results reported in our previous studies [20,22,23].

During optimization of pH, the concentration of RES and
AMP was kept at 300 mg L™, adsorbent dosage was 1.5 g L,
temperature was 25°C, and the pH was varied between 2.0
and 10.0 (Supplementary Fig. 3(B)). It may be seen from
Fig. 3(B) that between pH 4 and 9, removal of AMP and RES
was practically constant. Hence, it may be concluded that for
effluent treatment, it is best to keep the pH close to neutral.
Initial pH was maintained at 7.0 in all further experiments.

3.3. Adsorption kinetics

The successful adsorption process depends on proper
understanding of the kinetic parameters. Knowledge of the
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adsorption kinetics helps to design a process with high effi-
ciency. Kinetic analysis gives us an insight about the inter-
action/contact between the adsorbate and adsorbent and its
significance in the process to attain equilibrium [20,22,39].
After equilibrium is attained, the system reaches a stationary
state [20,22,39]. Once stationary state is reached, for practical
application, the adsorption may be stopped.

In order to study the kinetics of adsorption of RES and
AMP on ASAC, pseudo-first order, pseudo-second order and
Avrami fractional order models were applied. The graphical
representations of the kinetic models are presented in Fig. 3
and Table 3, respectively.

In order to explain the suitability of the models, their
adjusted determination coefficients (R, 01].) and SD of residues
were considered. Higher R’ , and lower SD values mean
smaller difference between theoretical and experimental g,
values [19-22,24,26].

On the basis of discussions given above, fractional model
has presented the highest R® ; (varying from 0.9980 to 0.9999)
and lowest SD values (varying from 0.6782 to 2.769) for RES
and AMP (Table 3) at both initial concentrations, which
means that g, predicted by fractional order model is closer to
the values of g, measured experimentally.

Fractional order model presents a complex or mul-
tipathway variations in adsorption mechanism [20,22,40].
The results suggest that the adsorption of RES and AMP
onto ASAC, follows multiple kinetic orders instead of an
integer-kinetic order [20,22,34,40]. Occurrence of multiple
kinetic order of the adsorption is further confirmed by the
n,, exponent factor [20,22,34,40].
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Fig. 3. Adsorption kinetics of AMP at 400 mg L (A) and 900 mg L™ (B), and RES at 400 mg L™ (C) and 900 mg L (D) onto ASAC.
Conditions: temperature — 25°C, adsorbent mass — 30.0 mg, and initial pH of adsorbate — 7.0.
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Table 3
Kinetic parameters for adsorption of RES and AMP onto ASAC
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RES AMP

400.0 mg L™ 900.0 mg L 400.0 mg L™ 900.0 mg L™
Pseudo-first order
kf (min™) 0.3287 0.3826 0.2110 0.2149
q,(mg g™) 221.7 262.1 228.7 270.4
98 2.109 1.812 3.285 3.226
fros 9.114 7.831 14.20 13.94
R? adjusted 0.9921 0.9943 0.9957 0.9945
SD (mg g™) 5.492 5.274 4.443 5.916
Pseudo-second order
k, (g mg™ min™) 0.002367 0.002406 0.001373 0.01191
q,(mgg™) 229.0 270.1 238.7 282.0
t 1.845 1.539 3.052 2.977
foos 35.05 29.24 57.98 56.57
R? adjusted 0.9513 0.9558 0.9890 0.9894
SD (mg g™) 13.62 14.73 7.098 8.190
Avrami fractional order
k,, (min™) 0.3310 0.3810 0.1999 0.2027
q,(mgg™) 221.0 261.3 230.4 272.7
n,, 1.296 1.270 0.8232 0.8043
ty 2.277 1.967 3.206 3.128
fros 7.046 6.226 18.97 19.30
R? adjusted 0.9980 0.9996 0.9999 0.9999
SD (mg g™) 2.769 1.452 0.6782 0.8730

Conditions: Initial pH of adsorbate — 7.0, adsorbent mass — 30 mg.

Considering that the kinetic models present different
rate constants with different units, it is difficult to com-
pare the rate constants of these models. Considering ¢,
and t .. are the time necessary to attain 50% and 95% of
the saturation, respectively [22,26], the kinetic equa-
tion constants were calculated based on the nonlinear
interpolation of their respective kinetic curves of Fig. 3
(Table 3). Considering the above discussion, Avrami frac-
tional model is the best fit for the experimental data. In the
case of RES, the t values ranged from 1.967 to 2.277 min,
and t . ranged from 6.226 to 7.046 min. While, in the case
of AMP, the t values ranged from 3.128 to 3.206 min and
t,os Tanged from 18.97 to 19.30 min. Based on these val-
ues of t,, and f . it is possible to infer that the kinetics of
adsorption of RES is more rapid than AMP. The increase
of initial adsorbate concentration could increase the time
required to reach equilibrium [34]. Based on these results,
the contact time between the adsorbent and adsorbate for
the experiments was fixed at 30 min for RES and 60 min

for AMP.

3.4. Adsorption isotherms

The adsorption isotherms play a significant role in
understanding how the adsorbates interact with adsor-
bents and it helps with the enhanced use of the adsorbent.
An adsorption isotherm defines the interaction between the
quantity of adsorbate adsorbed and the concentration of
adsorbate that was left unadsorbed in solution, at a fixed
temperature. Nonlinear forms of Langmuir, Freundlich,
and Liu isotherm models were used to study the adsorption
data of RES and AMP [34], and the results are presented in
Fig. 4 and Table 4.

As done in the previous kinetic studies [20,22], the most
suited equilibrium model was determined using the adjusted
determination coefficient (R?, o) and SD of residues.

On the basis of Rzad]. and SD values, the best fitting
model for both RES and AMP onto ASAC was the Liu iso-
therm model. The model presented R%.q closer to 1.00 and
the lowest SD values, which interprets that the g predicted
by the Liu isotherm model is closer to the experimentally
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Fig. 4. Adsorption isotherms of AMP (A) and RES (B) onto
ASAC at 25°C. Conditions: adsorbent mass — 30.0 mg, initial pH
of adsorbate — 7.0, time of contact between the adsorbent and
adsorbate — 30 min for RES and 60 min for AMP.
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measured ¢. At all studied range temperatures, both RES
and AMP followed Liu isotherm model [20,22,34].

The maximum adsorption capacity calculated by using the
Liu model was observed to be 299.7, 317.4, 332.1, 349.0, 366.8,
and 406.2 mg g at 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C for
RES, respectively. The maximum adsorption capacity values
observed for AMP were 352.4, 372.1, 390.4, 410.6, 432.0, and
454.5 mg g™ at 25°C, 30°C, 35°C, 40°C, 45°C, and 50°C, respec-
tively. These values are closest to experimental data because
presented highest R?  and lowest SD values (Table 4).

3.5. Comparative evaluation of adsorption of phenolic compounds
on activated carbons and other adsorbents

The maximum adsorption efficiency of ASAC was
compared with various others adsorbents reported in lit-
erature [41-50] and presented in Table 5. It is obvious from
Table 5 that the ASAC exhibited higher adsorption capac-
ities for both adsorbates RES and AMP. Among the 12 dif-
ferent adsorbents presented in the table, ASAC exhibited
a Q.. value >400 mg g™ which is higher than 11 other
materials presented in the table. Although the Q_ values
of the carbons presented in the table were derived at dif-
ferent experimental conditions, the values were obtained
in their best-optimized conditions and are being com-
pared with the best-optimized conditions of this work.
These results are significant from a scientific point of
view, because the adsorbents proposed in this present
study show very good performance when matched with

Langmuir, Freundlich, and Liu isotherm parameters for the adsorption of RES and AMP onto ASAC

Resorcinol 3-Aminophenol

25°C 30°C 35°C 40°C 45°C 50°C 25°C 30°C 35°C 40°C 45°C 50°C
Langmuir
Q,..(mgg") 2603 278.4 280.6 293.0 312.2 315.2 262.3 271.5 289.0 338.8 311.8 314.2
K, (Lmg™) 0.2403 02530 0.1296  0.1630  0.1408 0.2077  1.687 0.8502  0.6203  0.2930 0.6140 0.2173
R, 0.9417 09589 09728 0.9606 09595 0.9419 09179 0.9210 0.9576 09203 0.9243  0.9799
SD (mgg™') 1873 17.58 12.39 16.90 18.71 2277 2172 21.65 16.23 28.82 24.17 11.54
Freudlich
K, (mg g™ 133.9 130.4 151.5 138.3 139.1 147.1 164.9 172.6 181.4 177.8 190.1 207.1
(mg L))
1, 9.394 7.980 10.15 8.121 7.507 7.911 12.47 13.17 12.57 9.136 11.51 14.62
R, 0.9710 09649 0.9907 0.9824 09729 0.9872 0.9922 09954 0.9966 09759 0.9949  0.9993
SD (mgg') 13.20 16.24 7.235 11.29 15.30 10.68 6.686 5.230 4.614 15.84 6.260 2.128
Liu
Q.. (mgg') 2997 3174 332.1 349.0 366.8 406.2 352.4 372.1 390.4 410.6 432.0 454.5
K, (Lmg™) 0.1922  0.1579  0.1308  0.1088  0.09326 0.07958 0.3576  0.2903 0.2593  0.2186  0.1842  0.1549
n, 04289 04910 04052 04349 04853 0.3662 02344 0.2182 0.2371 03652 0.2466  0.1918
R, 0.9990  0.9998 0.9997 0.9998 0.9999 0.9997 0.9997 0.9999 0.9999 0.9999 0.9999  0.9999
SD (mgg?') 2428 1.152 1.234 1.231 1.137 1.585 1.389 0.3177 0.3353  0.4664 0.03385 0.03534

Conditions: Adsorbent mass — 30.0 mg, initial pH of adsorbate — 7.0, time of contact — 30 min for RES and 60 min for AMP.
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adsorbents already reported in the literature [41-50]. This
shows that the AS raw material can generate an efficient
activated carbon for removal of phenolic compounds
from aqueous solutions.

3.6. Effect of temperature and thermodynamic parameters

The effect of temperature is another essential physico-
chemical variable that can influence adsorption. Variation in
temperature of the reaction would directly impact change in

the adsorption efficiency and the adsorption capacity of the
adsorbent [34,35,39].

The effect of temperature on the removal of the pheno-
lic compounds by ASAC was investigated by varying the
temperature from 25°C to 50°C (Table 6). Adsorption of
both the phenolic compounds seemed to be significantly
affected by temperature and the same influenced the Q_
values (Table 4). During RES adsorption, the Q_ at 25°C was
299.7 mg g'. It increased to 406.2 mg g™ at 50°C, an enhance-
ment of 35.53% was observed on the maximum adsorption

ﬁ:i?rium sorption capacities of different adsorbents used for removal of various phenolic compounds
Adsorbent Phenolic adsorbate Q.. (mgg™) References
Mesoporous SBA-15 Resorcinol 128 [41]
Mesoporous carbon Resorcinol 37 [42]
Mesoporous carbon Resorcinol 39.2 [43]
Activated carbon coal 3-Aminophenol 110 [44]
Mesoporous carbons Resorcinol 40.6 [45]
Activated carbon from waste rubber  p-Cresol 250 [46]
Eggshell activated carbons Phenol 192 [47]
Activated carbon 2-Chlorophenol 549.5 [48]
Aminated activated carbons Phenol 227.27 [49]
Granular activated carbon Catechol 100 [49]
Granular activated carbon Resorcinol 113 [50]
ASAC Resorcinol 406.2 This work
ASAC 3-Aminophenol 454.5 This work

Table 6

Thermodynamic parameters of the adsorption of resorcinol (RES) and 3-aminophenol (AMP) onto ASAC

Temperature (K)

298 303 308 313 318 323
Resorcinol
Kg (L mol™) 2,116 1,738 1,440 1,198 1,027 876.2
AG® (k] mol™) —24.68 —24.60 —24.52 —24.44 —24.42 —24.38
AH® (k] mol)  -28.25 - - - - -
AS° (JK'mol™") -12.06 - - - - -
R, 0.9991 - - - - -
3-Aminophenol
K, (L mol™) 3,902 3,168 2,830 2,386 2,010 1,690
AG? (k] mol™) -26.19 -26.11 -26.25 -26.23 -26.20 -26.14
AH® (k] mol™) -26.14 - - - - -
AS° (JK'mol™) 0.1346 - - - - -

R . 0.9942

adj
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capacity (Table 4). The same trend was observed for the AMP.
At 25°C, the Q_for AMP was 352.4 and when the tempera-
ture was raised to 50°C the maximum adsorption capacity
achieved was 454.5 mg g~'. An enhancement of 28.97% on
the maximum adsorption capacity was observed. Although
there is an increase in the Q__ values of both adsorbates
with the increase of temperature, there is no relationship of
this parameter with the thermodynamics of adsorption, as
reported in an earlier publication [34]. On the other hand, the
equilibrium constant of the Liu model decreased uniformly
with the increase in temperature, demonstrating that the
adsorption in AMP and RES were exothermic. In order to
validate the above statement, the thermodynamic parameters
for RES and AMP adsorption are presented in Table 6.

Change in enthalpy and entropy (AH® and AS°) can be
calculated from the slope and the intercept of the plot of InK
vs. 1/T [34,35,39]. The R?, 4 values of the plots are 0.9942 an
0.9991 for AMP and RES, respectively.

The interactions of adsorbent with adsorbate can be chem-
ical or physical. This may be explained using the magnitude
of enthalpy. The enthalpy value for physical adsorption is
<40 k] mol™ [51]. The enthalpy values of adsorption of RES and
AMP onto the activated carbon is compatible with the physical
adsorption [51]. AH® has negative values, which signify that the
interactions of the activated carbon with RES and AMP are exo-
thermic. Since AG® values are negative the adsorption of RES
and AMP onto ASAC is spontaneous, and a favorable process.

3.7. Removal of simulated mixed phenolic effluent using ASAC

Two mixtures of synthetic effluents containing various
phenolic compounds, humic acid, and some inorganic salts
with different compositions were prepared. The efficacy of
the ASAC as an adsorbent to treat synthetic effluents was
investigated (Table 1).

The UV-Vis spectra of the untreated and treated efflu-
ents were observed from 190 to 500 nm (Fig. 5). The percent-
age removal of the phenolic compounds from the synthetic
effluents was calculated using the area under the absorption
bands. ASAC displayed great adsorption performance on the
removal of both the synthetic effluent mixtures. The removal
percentages were 99.33% and 96.94% for effluent A and efflu-
ent B, respectively.

Based on the above results obtained from simulated effluent,
ASAC may be an efficient adsorbent for the removal of phenolic
compounds from simulated wastewaters as well as industrial
effluents contaminated with organic compounds [52-55].

4. Conclusion

In this work, ASAC was prepared by microwave-heating
process after chemical activation with ZnCl, as activating
agent. The produced activated carbon exhibited high specific
surface area 1,433 m*> g'. The S, results show that ASAC
possessed 19.48% of micropores and 80.52% of external
surface. In relation to volume of pores, 26.74% of pore vol-
ume corresponded to micropores and 73.26% to mesopores.
Therefore, the ASAC synthesized in this research study may
be classified as predominantly mesoporous.

The adsorptive capacity of ASAC was evaluated using
RES and AMP removal percentages. Avrami fractional

— Effluent A diluted 20x before treatment
2.00 —— Effluent A undiluted after treatment with ASAC
Q .
g 15
c
@®
Q
=
2 1.04
Q
<
0.54 A
0.0+
200 250 300 350 400 450 500
Wavelength (nm)
3.0 —— Effluent B diluted 20x before treatment
Effluent B undiluted after treatment with ASAC
2.5
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Absorbance
-
[$]
)

B
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Fig. 5. UV/Vis spectra of simulated effluents A and B before and
after treatment with ASAC activated carbon. See Table 1 for the
composition of the effluents.

order and Liu isotherm model were found to be best fit to
the experimental data. According to Liu isotherm model,
the maximum adsorption capacity achieved were 406.2 and
454.5 mg g for RES and AMP at 50°C, respectively. This
adsorption capacity values were found to be highest among
the ones reported in literature [41-50].

It was seen from the effect of temperature and thermody-
namic data, that the adsorption processes of RES and AMP
onto ASAC were dependent on temperature. The adsorption
process was exothermic and spontaneous.

The avocado-activated carbon displayed excellent
removal of simulated phenolic effluents; they effectively
removed >96.94% of a mixture containing high concentra-
tions of phenols, organic matter, and salinity. It may be con-
cluded that, ASAC can be effectively used in real wastewater
contaminated with phenolic compounds.
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Symbols and acronyms

AS
ASAC
RES
AMP
FTIR
SEM
BET
method
S

BET
micro

external

BET

qi, exp

qexp

qi, model

n

S

=

AV

Avocado seed

Avocado seed activated carbon
Resorcinol

3-Aminophenol

Fourier transform infrared spectroscopy
Scanning electron microscopy

Brunauer, Emmett and Teller method for
determination of surface area

Total Surface area determined by BET
method, m* g™

Surface area of micropores obtained by ¢
plot, m* g™

External surface area, m? g™

Smicro + external

Total volume of pores, cm® g™

Volume of micropores, cm® g™

Volume of mesopores, cm® g™

Vmicro + meso

Coefficient of determination

Adjusted coefficient of determination
Standard deviation of the residues
Sorption capacity of phenolic compounds
adsorbed, mg g

Initial adsorbate concentration, mg L™
Adsorbate concentrations in equilibrium,
mg L

Weight of ASAC, g

Volume of the adsorbate in solution, L
Distinct experimental g value

Mean experimental g values

Distinct theoretical g value predicted by
the model

Number of experiments

Number of variables in the model
Amount of adsorbate adsorbed at the
equilibrium, mg g™

Supernatant adsorbate concentration at
the equilibrium, mg L™

Langmuir equilibrium constant, L mg™
Maximum adsorption capacity of the
adsorbent, mg g™

Freundlich equilibrium constant, mg g™
(mg L) n

Freundlich exponent, dimensionless

Liu equilibrium constant, L mg™!
Dimensionless exponent of the Liu
equation

Amount of adsorbate adsorbed at time ¢,
mg g™

Equilibrium adsorption capacity, mg g
Pseudo-first-order rate constant, min™
Contact time, min

Pseudo-second-order rate constant, g
mg™ min™

Avrami kinetic constant, min™

n AV

t

1/2

t

0.95

— Fractional adsorption order, which is
related to the adsorption mechanism

— Time necessary to attain 50% of the
saturation

— Time necessary to attain 95% of the
saturation
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Supplementary Fig. 1. (A) Structural formula of RES; pK  values
are expressed in the molecule. (B) Optimized three-dimensional
structural formula of RES. The dimensions of the chemical mol-
ecule were calculated using MarvinSketch Version 16.6.6.0. Van
der Waals surface area 158.58 A? (pH 4.4-9.9); polar surface area
40.46 A% (pH 0-9.1); dipole moment 0.33 Debye; logP 1.37; Davies
hydrophilic-lipophilic balance (HLB) = 7.95.
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are expressed in the molecule. (B) Optimized three-dimensional
structural formula of AMP. The dimensions of the chemical
molecule were calculated using MarvinSketch Version 16.6.6.0.
Van der Waals surface area 161.92 A? (pH 4.4-9.9); polar surface
area 46.25 A? (pH 4.4-9.9); dipole moment 4.09 Debye; logP 0.84;
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Abstract

In this study, avocado seed was successfully used as raw material for producing activated carbons by conventional pyrolysis. In
order to determine the best condition to produce the activated carbons, a 22 full-factorial design of experiment (DOE) with three
central points was employed by varying the temperature and time of pyrolysis. The two evaluated factors (temperature and time
of pyrolysis) strongly influenced the Sggt, pore volumes, hydrophobicity—hydrophilicity ratio (HI) and functional groups values;
both factors had a negative effect over Sggt, pore volumes and functional groups which means that increasing the values of
factors leads to decrease of these responses; on the other hand, with regards to HI, both factors caused a positive effect which
means that increasing their values, the HI has an enhancement over its values. The produced activated carbon exhibited high
specific surface areas in the range of 1122-1584 m? g '. Surface characterisation revealed that avocado seed activated carbons
(ASACs) have hydrophilic surfaces and have predominantly acidic groups on their surfaces. The prepared ASACs were
employed in the adsorption of 25 emerging organic compounds such as 10 pharmaceuticals and 15 phenolic compounds which
presented high uptake values for all emerging pollutants. It was observed that the activated carbon prepared at higher temperature
of pyrolysis (700 °C), which generated less total functional groups and presented higher HI, was the activated carbon with higher
sorption capacity for uptaking emerging organic contaminants. Based on results of this work, it is possible to conclude that
avocado seed can be employed as a raw material to produce high surface area and very efficient activated carbons in relation to
treatment of polluted waters with emerging organic pollutants.
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Several methods, such as advanced oxidation procedures
(AOP) (Ba-Abbad et al. 2017; Gil et al., 2017, Lin et al.
2017a, b), biological treatment (Besha et al. 2017; Ghattas,
et al., 2017), coagulation (Kishimoto and Kobayashi 2016),
flocculation (Kishimoto and Kobayashi, 2016; Matamoros
and Salvado 2013), filtration (Zhang et al. 2017b) and adsorp-
tion (Bhatnagar and Anastopoulos 2017; Zhuo et al. 2017)
processes have been applied to remove this kind of pollutants
from the effluents (Besha et al. 2017; Carmalin et al. 2016).
Some of these methods have been shown to be effective; how-
ever, some of them presented some drawbacks and limitations
such as an excess amount of chemical reagent, high
implemental costs and high sludge production that has serious
disposal problems. Among these methods, adsorption is a pre-
ferred route because of its low initial cost for implementation,
simplicity and relatively low residue production (dos Reis
et al. 2016a, b, 2017).

Adsorption technology using different adsorbents has been
considered as one of the most efficient and economic method
for treatment of effluents containing emerging organic pollut-
ants such phenols and pharmaceuticals (Saucier et al. 2015,
2017; Thue et al. 2016, 2017). Accordingly, a large variety of
adsorbent materials have been proposed and studied for their
ability to remove emerging organic pollutants (Takdastan et al.
2016; Rossner et al. 2009; Prola et al. 2013b; Rovani et al.
2016). Among these adsorbents, activated carbon is one of the
most employed adsorbents for adsorption of organic com-
pounds simply because it has well-developed pore structures
with high specific area that favours high adsorption ability
(dos Reis et al. 2016¢; Calvete et al. 2010; Ribas et al. 2014).

Nowadays, there is a great interest in finding effective ad-
sorbents prepared from waste biomass (Leite et al. 2017; Prola
et al. 2013a; Puchana-Rosero et al. 2017). Exploring efficien-
cy and adding value to waste biomass may contribute to en-
vironmental sustainability and offer benefits for future com-
mercial applications (Leite et al. 2017; Prola et al. 2013a;
Puchana-Rosero et al. 2017).

For instance, Saucier et al. (2015) prepared an activated
carbon (AC) from cocoa shell by using a mixture of zinc
chloride plus iron chloride as agents of activation by using
microwave-assisted pyrolysis. Then, the carbons were used
for removal of sodium diclofenac and nimesulide from aque-
ous solutions; the maximum sorption capacities (Qpay) obtain-
ed were 63.47 and 74.81 m? gfl, for diclofenac and
nimesulide, respectively, at 25 °C. In another study, Thue et al.
(2016) reported the preparation of an AC from wood waste
using microwave-assisted pyrolysis and the adsorbents were
used for removal of o-cresol from aqueous solutions obtaining
a Omax 0f 222.2 mg g! at 25 °C. Ahmed et al. (2017) pro-
duced an AC from human hair using potassium hydroxide as
activating agent, using a conventional furnace system for the
pyrolysis. The prepared AC was used for the adsorption of
tetracycline, and the O, obtained was 128.52 m? g ..
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Saucier et al. (2017) produced magnetic activated carbons
by using iron and cobalt carboxylates, and the resulting adsor-
bents were used for removal of amoxicillin and paracetamol
from aqueous solutions, obtaining Q. values of 339.4 and
302.2m* g ' for amoxicillin and paracetamol, respectively, at
25 °C.

Leite etal. (2017) prepared an AC from avocado seed using
microwave-assisted pyrolysis, and the adsorbent was
employed for removal of resorcinol and 3-aminophenol from
aqueous solutions. The values of Q. obtained were 299.7
and 352.4 mg g ' for resorcinol and 3-aminophenol, respec-
tively, at 25 °C. Although the microwave-assisted pyrolysis
could present some advantages over the conventional furnace
system (Puchana-Rosero et al. 2016), the microwave oven
used for producing activated carbons is not commercially
available, and it is usually an adaptation of domestic micro-
wave oven that is used for pyrolysis of the biomass (Leite et al.
2017; Puchana-Rosero et al. 2016; Saucier et al. 2015, 2017;
Thue et al. 2016, 2017). Therefore, these oven systems do not
have available temperature control, and all the pyrolysis
should be performed in the maximum power of the furnace.
However, the conventional furnace for thermal pyrolysis is
available, being possible to optimize several parameters, such
as ramp heating rate, final temperature of pyrolysis, holding
time at the final temperature and several steps of temperature
for performing the pyrolysis.

However, for the preparation of activated carbons using
pyrolysis of the biomass (Calvete et al. 2010; Ribas et al.
2014), there are some factors that might affect the final quality
(porosity, surface chemistry and therefore the performance of
adsorption) of the materials such as hold temperature and time
(dos Reis et al. 2016c¢; Thue et al. 2017; Ribas et al. 2014).
Then, a multivariate technique extensively and usefully is
needed for applying in optimisation of procedures through
fast, economic and effective pathway and allows more than
one variable to be optimized simultaneously (Bruns et al.
2016; dos Reis et al. 2016¢; Ennaciri et al. 2014). A good
selection of design and optimisation models makes possible
to simultaneously evaluate the variable contribution (main and
interaction) on the preparation of a material with good adsorp-
tion properties (dos Reis et al. 2016c; Ennaciri et al. 2014).

In this work, the use of avocado seed has been studied for
preparation of activated carbons (avocado seed activated car-
bon (ASACs)) and their preparations were optimized by using
a 22 full-factorial design of experiment (DOE) by varying two
factors (temperature and time of pyrolysis) with three central
points (total of seven experiments). The ASAC materials were
characterized by N, adsorption—desorption isotherms, vibra-
tional spectroscopy in the infrared region (FTIR), point of zero
charge (pH,,..), total acidic and basic groups, hydrophobicity—
hydrophilicity ratio (HI). The quantitative parameters obtain-
ed were used as responses of the DOE, and then, the prepared
ASACs were employed for adsorption of several emerging



organic compounds (10 pharmaceuticals and 15 phenolic
compounds) from aqueous solutions.

Material and method
Statistics—experimental design

The design of experiment optimisation concerning the full-
factorial design was carried out using Minitab version 17.3.
Individual and synergetic effects of two operational parame-
ters (see Table 1) including temperature of pyrolysis (A) and
holding time (B) were investigated using a 2 full-factorial
design with three central points. The analysis of variance
(ANOVA) was performed to justify the significance and ade-
quacy of the developed regression model. The adequacy of the
response surface models was evaluated by calculation of the
adjusted determination coefficient (R? Adj)> coefficient of vari-
ation, adequate precision and also by testing it for the lack of
fit.

Preparation of activated carbon

The preparation of the ACs followed the procedures described
by Ribas et al. (2014) and Leite et al. (2017): 100.0 g of
avocado seed (AS) was milled at diameter <250 pm;
100.0 g of ZnCl, and 30.0 mL of water were added and mixed
until they form a homogeneous paste (Leite et al. 2017). The
resulting paste was placed in a quartz tube reactor inside con-
ventional heating furnace (Sanchis, Porto Alegre, RS, Brazil).
The heating treatment was carried out by heating the sample
from room temperature until final temperature (77), according
to data of Table 1, and N, flow (150 mL/min). Then, the
system was cooled down, also under N, atmosphere, until
the temperature attain values < 150 °C.

Afterwards, the pyrolysed materials were treated with a
6 mol L' HCI solution under reflux at 80 °C (Ribas et al.
2014; Saucier et al. 2015; Leite et al. 2017). The resulting
activated carbons were labelled according to the experiments
performed in the full 2* factorial design as ASACI1 to ASAC7
for experiments from 1 to 7 (see Table 1).

ASAC characterisation

Nitrogen adsorption isotherms were recorded with a
Micrometrics Instrument, TriStar II 3020 at — 196 °C after
drying for 3 h at 120 °C under reduced pressure (<2 mbar)
(Umpierres et al. 2017). The specific surface areas were deter-
mined from the Brunauer, Emmett and Teller (BET) method
(Thommes et al. 2015). Pore size was calculated by the
Barrett—Joyner—Halenda (BJH) method from desorption
curves (Thommes et al. 2015).

Table 1 Optimisation of pyrolysis of avocado seed (AS) on
conventional heating furnace. The N, flow was kept at 150 mL min '
during all the heating. When the heating program was cooled down, the
N, was kept until the temperature was < 150 °C. Ramp temperature was
used at 10 °C min~" from the room temperature until the final temperature
(Ty)

Experiment Samples T¢ (°C) Hold time (min)
1 ASACI 500 30
2 ASAC2 700 30
3 ASAC3 500 60
4 ASAC4 700 60
5 ASACS5 600 45
6 ASAC6 600 45
7 ASAC7 600 45

Levels

-1 0 1
T (°C) 500 600 700
Hold time (min) 30 45 60

Surface images were observed with a scanning electron
microscope (SEM) (TESCAN 3, Sweden) (Lemraski et al.
2017).

The functional groups of the hybrid materials were deter-
mined using a Bruker spectrometer and alpha model fourier
transform infrared spectroscopy (FTIR). The spectrum was
recorded with 64 cumulative scans over the range of 4000—
400 cm™ ! with a resolution of 4 cm ! (Zhang et al. 2017a).

Thermogravimetric analyses (TGA) were obtained on a TA
Instruments model SDT Q600 (New Castle, USA) with a
heating rate of 20 °C min ' at 100 mL min ' of synthetic air
flow. Temperature was varied from 20 to 1000 °C with an
acquisition time of 1 point per 5 s using 10.00-15.00 mg of
solid (Wang et al. 2017).

For determination of hydrophobicity/hydrophilicity of the
surfaces, the ACs were dried in 10-mL beakers at 70 °C for
24 h (dos Reis et al. 2016b; Prenzel et al. 2014). Then, the
samples were cooled down in a desiccator before the accurate
weight (ca. 0.3 g) of each sample was obtained. Afterwards,
the beakers were disposed into capped Erlenmeyer flasks,
containing 60 mL of solvent (water or n-heptane) inside a
temperature-regulated shaker at 25.0 + 0.1 °C in static condi-
tion. The samples were placed in such a way that they were
not in contact with the solvent or wall of the Erlenmeyer. After
24 h, the sample was removed from the Erlenmeyer, dried
carefully from the outside with laboratory tissues and weighed
again. The maximal vapour amount adsorbed on the ACs was
obtained by the difference between the final and initial weight
and expressed in milligrammes per gramme (dos Reis et al.
2016b; Prenzel et al. 2014). The hydrophobicity/
hydrophilicity balances (HI) were calculated as the ratio of
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adsorbed n-heptane vapour (mg g ') to adsorbed water vapour
amount (mg g ).

The pH,,,. values were determined through the procedure
described in the literature (Prola et al. 2013a). The total acidity
and basicity of the ACs were determined using a modified
Boehm titration (Goertzen et al. 2010; Thue et al. 2017).

Chemicals, reagents and solutions

Deionized water was used for preparation of all solutions.

All phenolic compounds and pharmaceuticals used in the
adsorption processes were purchased from Sigma-Aldrich
(Sao Paulo, Brazil) and are listed in the Table 2 (Pubchem
2017), and their chemical structures are depicted on
Supplementary Fig. 1 and Supplementary Fig. 2.

The solutions used for the experiments of adsorption were
200 mg L' of pharmaceuticals and 500 mg L™ of phenols
that were prepared from stock solutions of 1000 mg L™". The
pH of these solutions was 7.0 for the majority of these com-
pounds, with exception of nimesulide (pH 8.5), tetracycline
(pH 8.5), l-naphtol (pH 10.5), 2-naphthol (pH 10.5),
bisphenol A (pH 10.5) and thymol (pH 11.5).

Batch adsorption studies and quality assurance

The batch adsorption processes for the phenolic compounds
and pharmaceuticals on seven ASACs materials were per-
formed using 20.00 mL of phenolic (500 mg L") and phar-
maceutical (200 mg L") solutions at a suitable pH, which
were quantitatively transferred to 50.0-mL flat Falcon tubes
containing 30.0 mg of ASAC adsorbent (1.5 g L™"). The flasks
were capped and placed horizontally in a thermostatic recip-
rocating shaker (25.0 + 0.1 °C) model Oxy-303T, furnished by
Oxylab (Novo Hamburgo, RS, Brazil), using a contact time of
120 min. After the stipulated time, the flasks were removed
and centrifuged to separate the adsorbents from the aqueous
solutions, and aliquots of 1-5 mL of the supernatants were
properly diluted to 10.0-100.0 mL in calibrated flasks using
aqueous solution at suitable pH.

The residual solutions of each adsorbate after adsorption
were measured using a UV-visible spectrophotometer at their
respective wavelengths, and the adsorption capacity (g.) was
determined using the relation shown in Eq. (1).

g =y (1)

where ¢ (mg g ') is the amount of the used adsorbate
adsorbed per unit adsorbent; Cy and Cy (mg/L) are the initial
and equilibrium liquid phase concentrations, respectively; V
(L) is the volume of the adsorbate solution; and m (g) is the
adsorbent amount.
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All of the experiments were carried out in triplicate to en-
sure reproducibility, reliability and accuracy of data. The rel-
ative standard deviations of all measurements were < 4.5%.
Blanks were run in parallel and corrected when necessary
(Barbosa-Jr et al. 2000).

The solutions of adsorbates were stored in glass bottles,
which were cleaned by immersing in 1.4 mol L™ HNOj; for
24 h (Lima et al. 2001), rinsing with deionized water, drying
and keeping them in cabinets.

Adsorbate solutions (between 2.00-100.0 mg L"), in par-
allel with a blank, were used for linear analytical calibration.
The calibration curves were performed on the UV-Win soft-
ware of the T90+ PG Instruments spectrophotometer. All of
the analytical measurements were repeated thrice, and the pre-
cisions of the standards were better than 5.0% (n =3) (Lima
et al. 2000). The adsorbate solutions (15.0 mg L) were used
as quality control after every five measurements to ensure
accuracy of the solutions (Barbosa-Jr et al. 1999).

Results and discussion
SEM analysis

Analysis such as SEM, in view of its ability to directly view
the surface of activated carbons at high magnification, has
demonstrated enormous potential for use in the study and
characterisation of activated carbons (Thue et al. 2016,
2017; Lemraski et al. 2017). SEM was used to observe the
physical surface of the all ASAC samples (see Fig. 1). Such
images show that the activation stage produced carbon sur-
faces which were very irregular in relation to its format and
present high roughness. At the amplification of % 1000 (at
micrometric scale), it is not possible to distinguish the
ASAC samples from each other.

Specific surface area and porosity

Specific surface area and porosity are two important physical
properties of a material that impact its quality and utility for a
certain application, especially for adsorption process. These
physical characteristics are important because they are deeply
related to adsorptive capacity of the materials (Thue et al.
2016, 2017; dos Reis et al. 2016a, ¢). Many works have ad-
dressed that the success in the application of adsorbents is
closely linked with specific surface area and porosity charac-
teristics of these adsorbents (Leite et al. 2017; Thue et al.
2016, 2017; Lin et al. 2017c).

The physical features of the avocado seed activated car-
bons made by different pyrolysis conditions are shown in
Table 3. By analysing Table 3, it is easy to see that the textural
properties of the obtained activated carbons differ in relation
to its pyrolysis conditions.



Table 2 Physico-chemical properties of the molecules

Compound Molecular Amax  Molecular  Solubility Van der Waals  Polar surface Van der Polar surface Log P°
formula (nm) weight in water surface area (A2, area (A2, Waals  area/Van der Waals
(g molﬁl) (g Ly pH 7.0)b pH 7.0)b volume surface area ratio
(A%
Pharmaceuticals
Amoxicillin C16H9N305S 227.0 365.404 3.430 476.14 162.71 307.13  0.3417 0.87
Caffeine CgH;(N4O, 273.0 194.194 21.60 269.07 58.44 16420 0.2172 -0.07
Captopril CoH;5sNOsS 200.0 217.283 4.52 318.05 99.24 196.51 0.3120 0.34
Enalapril CoHgN>Os5 270.5 376.453 16.40 591.12 98.77 35731 0.1671 0.07
Meloxicam C14H3N30,4S, 359.0 351.395 15.40 421.52 139.05 275.99 0.3299 3.54
(pH 7.0)°
Nimesulide C3H,N,05S 392.5 308.308 2.19 407.92 104.12 249.17 0.2552 2.60
(pH 8.5)°
Paracetamol CgHoNO, 243.0 151.165 14.00 251.37 49.33 159.08 0.1962 0.46
Propanolol C,6H,NO, 289.5 259.349 24.09 430.03 46.07 25737 0.1071 348
(pH 7.0)°
Sodium C4H;oCLLNO,Na 275.5 318.129 6.02 359.64 52.16 23443 0.1450 -231
diclofenac (pH 7.0)b
Tetracycline C3H5N,05S 357.0 308.308 2.19 407.92 104.12 249.17 0.2552 -1.37
(pH 8.5)°
Phenols
1-Naphthol C,oHgO 292.5 144.173 1.79 209.50 20.23 133.72  0.0966 2.85
(pH 10.5)°
2-Naphthol C,oHgO 273.5 144.173 1.25 209.70 20.23 133.65 0.0965 2.70
(pH 10.5)°
2-Aminophenol  C¢H/NO 283.0 109.128 20.00 161.26 46.25 101.48 0.2868 0.62
3-Aminophenol ~ C¢H,NO 281.0 109.128 19.39 161.99 46.25 101.50 0.2855 0.21
(pH 7.0)°
2-Chlorophenol ~ C¢HsCIO 273.5 128.555 2.75 162.88 20.23 104.48 0.1242 2.15
(pH 7.0)°
2-Nitrophenol CgHsNO; 278.0 139.110 2.10 181.86 66.20 113.52  0.3640 1.79
4-Nitrophenol CgHsNO; 226.0 139.110 11.60 185.14 63.37 113.43  0.3423 191
Pyrocatechol CsHgO, 275.0 110.112 33.24 158.06 40.46 99.01 0.2560 0.88
Resorcinol CsHgO, 273.0 110.112 3342 158.57 40.46 99.03  0.2552 0.80
Hydroquinone CsHgO, 288.0 110.112 6.72 158.58 40.46 99.04 0.2551 0.59
o-Cresol C,HgO 270.0 108.140 6.67 179.02 20.23 107.37 0.1130 1.95
m-Cresol C,HgO 271.0 108.140 3.94 179.31 20.23 107.32  0.1128 1.96
4-Methoxyphenol C,;HgO, 287.5 124.139 13.24 195.05 29.46 116.49 0.1510 1.58
Bisphenol A Cy5H;60, 276.0 228.291 1.96 359.75 40.46 22144 0.1125 332
(pH 10.5)°
Thymol CoH 40 273.0 150.221 2.39 271.49 20.23 158.40 0.0745 3.30
(pH 11.5)°

# Pubchem: https://pubchem.ncbi.nlm.nih.gov/. Site visited on September 27, 2017

® Chemical properties were calculated using the plug-in of Marvin Sketch 17.16.0 (www.chemaxon.com 2017)

For the Sggr, it should be noted that their values are high-
presenting values ranging from 1122 to 1584 m* g ' (see
Table 3). The high values of Sggr might implicate in high
uptakes of adsorbates by ASACs (Lin et al. 2017c; Thue
et al. 2016, 2017). Therefore, it should be pointed out that
avocado seed is an excellent precursor for preparation of high-
ly porous activated carbons.

Other parameters that are useful for analysis of the textural
properties of these ASAC materials are micropore area and

external surface area and total, micropore and mesopore vol-
umes. As can be seen in Table 3, all these parameters have
followed the same Sgpt trend, as earlier observed for other
activated carbons (Thue et al. 2016, 2017; Ahmed et al. 2017).
It is noted that the samples pyrolysed at 500 °C reached higher
textural parameter values compared with those samples
pyrolysed at 700 °C.

It is also valuable to classify the activated carbons by
their relationship between microporosity and
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Fig. 1 SEM images of avocado seed activated carbon (ASACs). a ASAC1. b ASAC2. ¢ ASAC3. d ASAC4. e ASACS. f ASAC6. g ASACT. All images
correspond to a magnification of x 1000

Table 3 Textural properties of

avocado seed activated carbons Sample ~ BET t-plot t-plot extern. Total pore t-plot Mesopore
surfacearea  micropore surface area volume micropore volume

(m? g_l) area (m? g_l) (m? g_l) (em® g_l) volume (em® g_l)

(cm’g ™)

ASAC1 1584 360 1224 0.8469 0.1563 0.6906
ASAC2 1230 201 1029 0.6685 0.0838 0.5847
ASAC3 1370 263 1107 0.7664 0.1120 0.6544
ASAC4 1122 284 838 0.6002 0.1249 0.4753
ASAC5 1343 316 1027 0.7354 0.1354 0.6000
ASAC6 1300 250 1050 0.7248 0.1261 0.5987
ASAC7 1310 237 1073 0.7232 0.1376 0.5856
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mesoporosity. Therefore, the volumes of mesopores were
divided by the total pore volume and the values were
multiplied by 100%. The percentages of mesopores ob-
tained were 81.54, 87.46, 85.39, 79.19, 81.59, 82.60 and
80.97% for ASACI1, ASAC2, ASAC3, ASAC4, ASACS,
ASACG6 and ASACT7, respectively. Based on these values,
clearly, it is seen that all of the obtained activated carbons
are predominantly mesoporous materials which could fa-
cilitate their uses in adsorption processes, in which adsor-
bate molecules diffuses through the pores of the ASACs
(Leite et al. 2017; Thue et al. 2016, 2017).

Observing the values of specific surface area and total
pore volume of the obtained ASAC adsorbents (Table 3),
the values of surface area are ranging from 1122 to
1584 m? g~ and for total pore volume ranging from
0.6002 to 0.8469 cm® g ', which are very good values when
compared with data already published in the literature.
Rovani et al. (2016) produced activated carbon from agro-
industrial wastes such as coffee, wood and apple pomace
wastes; the highest surface areca was achieved by apple
pomace wastes with a specific area of 176.4-209.9 m* g~
and total pore volume 0f 0.2571 t0 0.2822 g cm_3; Dos Reis
et al. (2016a) produced activated carbon from sewage
sludge obtaining specific surface area ranging from 387.7
to 679.3 m*> g ! and total pore volume ranging from 0.379
to 0.690 g cm >; Calvete et al. (2010) produced activated
carbon from pinon wastes and obtained surface area of
1035 to 1425 m* ¢! and total pore volumes ranging from
0.43t00.50 g cm °; Ahmed et al. (2017) produced activat-
ed carbon from human hair and obtained surface area of
1505 m* g ' and total pore volume of 0.798 g cm °.
Based on these data, it can be inferred that the ASAC acti-
vated carbons presented higher surface area and higher total
pore volume, which are good characteristics for adsorption
of different adsorbates (Thue et al. 2016, 2017).

Fourier transform infrared spectroscopy, point of zero
charge, total acidity and basicity (Boehm titration)
and hydrophobicity index

FTIR analysis contributes in the identification of functional
surface groups present on a solid surface which may contrib-
ute for explaining the adsorption of adsorbate molecules onto
the carbon surfaces (Ribas et al., 2014; Saucier et al. 2015;
Thue et al. 2016, 2017). The FTIR spectra of all ASACs are
displayed in Fig. 2. Although some differences in the spectra
of ASACs can be seen, it seems that the different conditions in
the pyrolysis process did not cause large differences in the
spectra of ASACs which presented almost the same group of
vibrational FTIR bands, such as the following: The band at
3443-3419 cm ™ is due to the OH stretching vibrations from
the intermolecular hydrogen bonding (Calvete et al. 2010;
Leite et al. 2017; Thue et al. 2016); bands at 2920-2924 and

28532858 cm™ ' are due to the asymmetric and symmetric C—
H stretching, respectively (Prola et al. 2013a, b); a small
shoulder at 1736-1708 cm ' could assigned to C=0
stretching of carboxylic acids (Ribas et al. 2014;); that at
1614-1630 cm™ ' is due to the asymmetric stretching in of
carboxylates (O=C=0) (Thue et al. 2016, 2017); and those
at 1409-1410 and 1460 cm ™' may be assigned to the aromatic
ring mode (Leite et al. 2017; Thue et al. 2016). The bands at
1262-1163 and 1030-1040 cm ™' could be assigned to C-O
stretching of phenols and alcohols, respectively, and the band
at 799-806 cm ™' could be assigned to C—H out-of-plane bend-
ing in the aromatic rings (Leite et al. 2017; Thue et al. 2016).
The most important functional groups present in all ACs in-
clude (i) O—H likely from alcohols and phenols, (ii) aromatic
rings, (iii) C=0 likely from carboxylic acids and esters and
(iv) CH from aromatic and aliphatic compounds.

The surface chemistry and functionality of a solid material
(specially a functional material such carbon material) are de-
termined by the presence of basic and acidic groups on its
surface. The pH,,. is the pH at which the surface of an adsor-
bent is globally neutral, i.e. contains as much positively
charged as negatively charged surface functions. Below this
value, the surface is positively charged, making it able to
attract anions; beyond this value, it is negatively charged
which would attract cations.

It can be seen from Table 4 that the pH,,. values of all
samples are between 6.11 and 6.80. These values of pHy,,
reveal that the surfaces of these ASACs are close to neutrality;
however, it reveals that there are a small excess of acidic
groups in relation to basic groups.

The total acidity and total basicity of the ASACs were
determined using modified Boehm titration (Goertzen et al.
2010; Thue et al. 2017); see Table 4. This method was pre-
ferred in relation to fractionated acidic groups (carboxylic
acids, phenolic, lactonic) because the CO, generated with
the use of carbonate and hydrogen carbonate in the aqueous
solution leads to wrong results of these groups, which are
usually neglected by the majority of authors, who use standard
coloured indicator to detect the end point of the titration
(Goertzen et al. 2010). It is also observed that the total amount
of acidic groups present on the ASAC samples is a little bit
higher than that of the basic groups, and this result is consis-
tent with the values of pH,,. reported earlier (Table 4).
Samples with higher amount of acidic groups presented lower
values of pH,,,.. Therefore, the values of pH,, are in complete
agreement with the total amounts of acidic and basic groups
present in the activated carbon samples.

In relation to the polarity of the surface of the obtained
ASAC adsorbents, it was also observed that samples with
higher total amount of functional groups (acidic and basic
groups) presented lower values of HI (see Table 4). The HI
values were calculated as the ratio of the amount of adsorbed
n-heptane vapour (mg g~ ') by the ASAC samples divided by
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Fig. 2 FTIR spectra of ASACs

the amount of adsorbed water vapour (mg g ') by the carbon
samples (dos Reis et al. 2016b; Prenzel et al. 2014). It is
observed that all ASAC surfaces are predominantly hydro-
philic in nature (see Table 4), since all HI values are lower
than 1.00.

It should be highlighted that the values of pH,,., total
amount of functional groups and HI are completely in agree-
ment, reinforcing that these results should be correct.

The presences of hydrophilic groups on ASAC surfaces are
related to H- bonding and oxygen groups that are present on
the ASAC surfaces (see Fig. 2). Taking into account these set
of results presented until here, it differentiates the better py-
rolysis conditions to be carried out, in order to obtain activated
carbons with higher sorption capacity for removal of organic
emerging contaminants. Therefore, it is necessary to use a
statistical tool, to differentiate the textural, functional, polari-
ties and surface acidity of activated carbon samples obtained
from the conventional pyrolysis of avocado seed which will
be presented in the next section.

Evaluation of the influence variables by statistical
analysis

When analysing the effects of multiple variables in an exper-
iment, it is useful to see the normal probability plots of the
standardized effects at a given probability level (p =0.05, in
this case) to verify what is the variable that has the main effect
over a determined response, as well as if the variation of a
given parameter will increase or decrease the responses and
also it is possible to detect if there are some synergistic or
antagonistic effect of varying two or more variables simulta-
neously. Based on that, in this study, normal probability plots
of the standardized effects at p =0.05 for the responses, sur-
face area (Supplementary Fig. 3A), total volume of pores
(Supplementary Fig. 3B), total functional groups
(Supplementary Fig. 3C) and HI (Supplementary Fig. 3D)
for producing activated carbons from avocado seed using the
experimental conditions are depicted on Table 1. These graphs
could be divided in two regions: at the left of zero standard-
ized effect, where the factors and their interactions presented
negative coefficients, and at the right of zero standardized
effect where the factors presented positive coefficients. All
these factors and interactions which were represented as a
square were significant figures, and they were out of the cen-
tral line that crosses the zero value at the abscissa at 50%. The
effects positioned in this line were represented by a circle and
correspond to the estimate of errors of the effects, being not
significant (Bruns et al. 2006; Montgomery 2017). As the
probability level was established at 95% of confidence level
(p =0.05), all factors and interactions with values of probabil-
ity lower than 0.05 are significant (see Supplementary
Table 1) and all parameters or interactions of two factors with
probability > 0.05 are not significant. Also, the contribution of
each factor and its interaction in the overall responses were
also given (see Supplementary Table 1).

For the response of surface area (Sggt), it was observed that
the parameters’ final temperature (A) and time of holding the
pyrolysis at the final temperature (B) presented both negative
coefficients and for this response, there is no interaction of the

Table 4 Chemical surface

properties of avocado seed Sample pHpzc Total acidity Total basicity Total of functional HI

activated carbons (mmol g ") (mmol g ") groups (mmol g )
ASACI 6.11 0.2950 0.1885 0.4835 0.7884
ASAC2 6.80 0.2054 0.1568 0.3622 0.8750
ASAC3 6.32 0.2831 0.1475 0.4306 0.7889
ASAC4 6.85 0.1907 0.1590 0.3497 0.9146
ASACS 6.48 0.2145 0.1547 0.3692 0.8047
ASAC6 6.55 0.2245 0.1547 0.3792 0.8045
ASAC7 6.52 0.2137 0.1608 0.3745 0.8041

HI amount of adsorbed vapour of n-heptane (mg g ) divided by amount of adsorbed vapour of water (mg g ')
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two factors. The contribution of the parameter temperature of
pyrolysis corresponds to 77.90% of the overall response (in
standardized effects), followed by the time of holding pyrol-
ysis (20.71%). The contributions of interaction of two factors
(A x B), central point and error were 0.27, 0.24 and 0.88%,
respectively. Based on these results (Supplementary Fig. 3A
and Supplementary Table 1A), when the temperature of py-
rolysis of avocado seed passes from 500 to 700 °C, a decrease
in the surface area will be observed. Also, the increase of time
of pyrolysis, from 30 to 60 min, also led to a decrease in
surface area. The effect of increase in temperature of pyrolysis
and time of holding temperature on the surface area was al-
ready reported in the literature by Botomé et al. (2017), and
the authors also observed a decrease in the surface area.

For the response total pore volume, all the factors (A and
B) and the interactions of two factors (A x B) were significant
(see Supplementary Fig. 3B and Supplementary Table 1B).
Also, it was observed that increases in the temperature of
pyrolysis (A) and holding time at the final temperature (B)
as well as the interaction A x B presented negative coeffi-
cients, meaning that its increases in their values lead to a
decrease in the total pore volume. The contributions of each
factor on the overall response were 71.28% (A), 16.40% (B),
5.23% (A x B), 6.96% (central point) and only 0.13% (pure
error). Considering that there was significant central point in
the response total pore volume, it is possible to highlight that a
curvature occurred for this response. Also, interactions of tem-
perature of pyrolysis and time of holding at final temperature
also decreased the total pore volume (negative coefficient).
Although these two parameters were observed (A x B and
central point), the final temperature of pyrolysis (A) is the
factor that contributes the most with the total pore volume.

There is a direct relationship between surface area and total
pore volume of an activated carbon (Thue et al. 2016, 2017).
As the total surface area of ASACs increases, it would lead to
increases in the total pore volume. The increase in temperature
and holding time at final temperature led to decreases in the
surface area (Supplementary Fig. 3A) and total pore volume
(Supplementary Fig. 3B).

For the response of total functional groups present on
the surface of ASACs, an interesting effect of the pa-
rameters was obtained. The temperature of pyrolysis (A)
and holding time (B) present negative coefficients; on
the other hand, the interactions of temperature of pyrol-
ysis multiplied by holding time (A x B) present a posi-
tive coefficient. In addition, the magnitude of A xB is
very close to that of A (see Supplementary Table 1C).
The overall response (total amount of functional groups)
follows a decreasing order, temperature (41.42%), hold-
ing time (21.37%), interaction A xB (20.82%), central
point (16.39%) and pure error (0.00%). Again, the pres-
ence of a central point indicates the curvature when the
temperature and the holding time are increased from

500 to 700 °C and 30 to 60 min, respectively. The
increase in temperature leads to a decrease in the total
functions present on the surface of activated carbons as
expected (dos Reis et al. 2016a, c). The increase in
temperature during the pyrolysis leads to the elimination
of the most volatile organic groups of the pyrolysed
lignocellulosic material (Saucier et al. 2015) that will
render low contents of organic groups onto the surface
of ASAC samples. Also, the increase in the holding
time will increase the releases of volatile organic groups
(dos Reis et al. 2016a, c). However, the synergistic ef-
fect of temperature of pyrolysis multiplied by the hold-
ing time (A x B) is not expected in the univariate anal-
ysis, and just this result justifies the 2 full-factorial
design with three central points carried out in this work.

The hydrophobic/hydrophilic ratio (HI) was the
fourth response explored in this work. Contrary to all
the responses shown until now, all the coefficients pre-
sented positive values (see Supplementary Fig. 3D and
Supplementary Table 1D). The increase in the tempera-
ture of pyrolysis as well as the holding time of the final
temperature of pyrolysis led to increase in the HI
values, which means that the ASAC surfaces of the
carbon adsorbents became less hydrophilic (since all
values of HI are lower than 1.00). This achievement is
compatible with total organic functional groups. The
increase in temperature leads to releases of oxygen
functional groups, and therefore, the carbon surfaces be-
come more hydrophobic (dos Reis et al. 2016b; Prenzel
et al. 2014). The overall HI response for the factorial
design followed a decreasing order, temperature of py-
rolysis (36.47%), holding time (24.01%), the interaction
of two factors temperature of pyrolysis multiplied by
holding time (24.00%) and central point (15.52%).

Based on the DOE of the four responses studied, the fol-
lowing could be drawn:

» For obtaining activated carbons with higher surface area
and higher total pore volumes, it would be better to use
lower pyrolysis temperatures and holding times;

» For obtaining activated carbons with higher number of
total functional groups, it would be better also to use lower
pyrolysis temperatures and holding times.

However, it should be mentioned that higher surface area,
higher total pore volume and higher functional groups are not
a guarantee that the activated carbon will be a good adsorbent
for removal of emerging organic contaminants from aqueous
solutions, because the adsorption does not take into account
the physical characteristics of the adsorbent (higher surface
area, higher total pore volume). It also considers the chemical
nature of adsorbate and adsorbent and the chemical composi-
tion of the medium (Lima et al. 2015).
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Adsorption of emerging pollutants

Among the different types of organic pollutants in wastewater,
phenolic and several pharmaceutical compounds are consid-
ered as priority pollutants since they cause several issues for
the living organisms, even at very low concentrations.
Removal of these emerging compounds by adsorption onto
activated carbon is one of the most applied methods for
treating polluted waters. In this work, avocado seed was used
as raw material for preparation of activated carbons and they
were used for uptake of 15 phenolic compounds and 10 phar-
maceuticals in aqueous solutions as shown in Table 5. The
ASAC:s exhibited very high adsorption capacity for all organic
emerging contaminants.

It is well-known in the literature that the adsorption char-
acteristics of different phenolic and pharmaceutical com-
pounds are influenced by their physicochemical properties,
such as water solubility and octanol-water partition coeffi-
cients (dos Reis et al. 2017, Thue et al. 2016, 2017; Yang
etal. 2017). However, in this study, the affinity of each organ-
ic emerging contaminant compared with others does not fol-
low a logical pattern with respect to their physical chemical
properties, reported in Table 2, in order to differentiate the
reason for the differences on sorption capacities of different
emerging organic contaminants. We tried to make some cor-
relation of amount adsorbed of the organic compound with its
molecular weight, its Van der Waals and polar surface areas,
its ratio of polar surface area divided by the Van der Waals
surface area, its Van der Waals volume and its Log P.
However, all these parameters did not follow a logical pattern
to explain why the ASACs presented differences in the sorp-
tion capacity for these 25 emerging organic contaminants.
Therefore, the statistical analysis, described below, helped to
understand these differences.

The results shown in Table 5 suggest that the ASACs could
be successfully employed for removal of organic emerging
compounds from aqueous solutions. The reasons for this
could be several. However, what better explains the efficiency
in the removal of such adsorbates is the mechanism of adsorp-
tion. To better understand the possible mechanisms that might
play key roles in phenolic compound adsorption on ASACs,
some mechanisms, such as 7 interactions, dispersion inter-
actions, electron donor—acceptor and hydrogen bonds (dos
Reis et al. 2016¢; Thue et al. 2016), are proposed.

In the ASACs, surfaces are expected to contain large
amounts of polar groups such as —OH, -COO, —O and —NH,
(as can be seen in the FTIR analysis) and exhibit mostly polar
(hydrophilic) behaviour.

The organic emerging contaminant adsorption on ASACs
could also be determined by 7 interactions (between the 7
electrons present in the rings of phenols with the 7 electrons of
the aromatic rings present on ASACs) and “donor—acceptor
complex” formation between the surface carbonyl groups
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(electron donors) and the aromatic ring of phenol acting as
the acceptor.

It is clearly seen that although the ASAC-1 has the
highest St and total pore volume (1584 m’ gf1 and
0.8469 cm® g~ ', respectively) among the others, it does
not present the highest uptake, which suggests that the
adsorption of emerging pollutants such phenols and phar-
maceuticals is not totally influenced by physical features of
the ASACs (see Table 5). The differences between the
values of ¢ might also be linked by the physical-chemical
properties of the emerging pollutants; however, no logical
pattern was followed as can be seen by the physical-chem-
ical properties shown in Table 2 as well as in the
Supplementary Fig. 1 and Supplementary Fig. 2.

However, observing Table 5 as well as the results of Table 4,
the decreasing sorption capacity of the ASAC for all organic
emerging contaminants was as follows: ASAC4 > ASAC2 >
ASAC7 = ASAC6 =~ ASACS > ASAC3 > ASACI. This order
is exactly the opposite order of total functional groups, whose
decreasing order was ASAC1>ASAC3 >
ASAC6 = ASAC7 = ASAC5>ASAC2 > ASACA4. Also, the
sorption decreasing order of ASACs also agrees with that of
the HI ratio, whose decreasing order is ASAC4 > ASAC2 >
ASACS = ASAC6 ~ ASAC7 > ASAC3 > ASACI. Based on
these results, it can be concluded that the sorption capacity of
the emerging organic contaminants decreased as the number of
total basic and acidic groups increased, and the sorption capacity
also increased with the increase in HI ratio, and this analysis was
observed based on the statistical results of the factorial design.

Considering that all activated carbons prepared in this work
presented surface area higher than 1000 m? g~' (see Table 3)
and considering that a pyrolysis temperature of avocado seed
carried out at 700 °C led to a decrease in functional groups
(acidic and basic functional groups) onto the surface of acti-
vated carbon, which resulted in the most hydrophobic surface,
when compared with the activated carbons (see Table 4),
whose final pyrolysis temperature was 500 °C, it could be
stated that for adsorption of 25 emerging contaminants, the
best activated carbon was ASAC4. However, all other activat-
ed carbons also could be successfully employed for adsorption
of organic compounds from aqueous solutions.

Comparison of adsorption capacities of different
adsorbents

In order to compare the effectiveness of the avocado activated
carbons for removal of phenolic compounds, Table 6 brings
some results of some works reported in literature in relation to
adsorption of some phenolic compounds and pharmaceuticals
over many types of ACs. The results found in literature might
enable a comparison analysis about the effectiveness the avo-
cado ACs prepared in this work (see Table 5) with many other
adsorbents.



Table 5 Sorption capacity of 25
emerging organic contaminants

Sorption capacity (mg g ")

Amoxicillin Caffeine Captopril Enalapril Meloxicam
ASACI 71.94 116.86 122.58 99.56 180.26
ASAC2 109.97 129.43 131.58 119.08 199.87
ASAC3 74.52 119.56 123.25 100.32 182.36
ASAC4 110.00 131.85 132.01 121.74 201.36
ASACS 95.85 126.15 129.58 110.12 196.25
ASAC6 97.83 127.12 127.58 110.68 195.25
ASAC7 94.56 125.58 128.25 112.36 194.25
Nimesulide Paracetamol Propanolol Sodium diclofenac Tetracycline
ASACI 117.56 95.56 69.25 121.25 188.52
ASAC2 133.85 121.69 102.58 131.05 197.85
ASAC3 119.25 105.21 71.25 124.25 191.25
ASAC4 134.01 122.56 104.03 132.52 200.36
ASACS 127.25 99.95 99.62 126.89 196.52
ASAC6 126.36 98.65 98.91 127.58 198.52
ASAC7 127.52 97.25 99.67 129.99 197.25
2-Aminophenol 3-Aminophenol 1-Naphtol 2-Naphtol Thymol
ASACI 297.36 147.25 301.58 270.69 278.52
ASAC2 330.87 268.25 331.39 317.73 301.50
ASAC3 299.34 149.71 305.52 275.58 280.56
ASAC4 331.08 270.58 332.58 319.29 302.25
ASACS 325.24 187.69 318.25 305.25 290.52
ASAC6 327.58 189.07 317.25 306.53 291.52
ASAC7 329.32 184.69 316.54 304.26 292.36
2-Nitrophenol 4-Nitrophenol Cathecol Resorcinol Hydroquinone
ASACI 27535 238.37 141.25 99.52 130.25
ASAC2 306.58 261.64 229.58 170.53 305.05
ASAC3 277.56 242.62 142.21 101.95 133.78
ASAC4 307.43 266.03 231.71 17291 307.98
ASACS 292.54 264.86 181.02 142.35 226.75
ASAC6 295.24 267.01 183.88 145.54 224.56
ASAC7 294.61 265.25 180.48 144.25 226.45
2-Chlorophenol 0-Cresol m-Cresol 4-Methoxyphenol Bisphenol A
ASACI 202.38 148.24 135.58 197.35 314.56
ASAC2 239.98 201.57 182.59 272.58 327.25
ASAC3 204.56 149.58 139.25 201.55 315.45
ASAC4 241.25 202.58 183.47 277.17 325.07
ASACS 240.79 178.25 177.25 240.03 319.56
ASAC6 242.05 177.64 181.91 243.81 318.47
ASAC7 240.69 175.26 175.25 242.69 317.52

As can be seen in Tables 5 and 6, the adsorbent materials
proposed in this current work presented very good adsorption
capacities when compared with other adsorbents reported in
the literature. It is also highlighted that avocado ACs also

presented higher adsorption capacities when compared with
other adsorbents reported in the literature. However, these
results are very important because they highlight the excellent
performance of avocado ACs on the removal of several
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Table 6 Maximum sorption

capacities of different adsorbents Adsorbent Phenolic compounds Qmggh References
used for removal of various
pharmaceuticals and phenolic Hyacinth AC 2-Nitrophenol 47.62 Isichei and Okieimen (2014)
compounds Mesoporous carbon Resorcinol 37 Shou et al. (2016)
Mesoporous silica Resorcinol 39.2 Guo et al. (2013)
Coal AC 3-Aminophenol 110 Petrova et al. (2011)
Mesoporous carbons Resorcinol 40.6 Ren et al. (2016)
AC waste rubber p-Cresol 250 Gupta al. (2014)
Eggshells carbons Phenol 192 Giraldo and Moreno-Pirajan (2014)
Activated carbon 2-Chlorophenol 549.5 Strachowski and Bystrzejewski (2016)
Aminated AC Phenol 227.27 Yang et al. (2014)
Granular AC Catechol 100 Suresh et al. (2011)
Granular AC Resorcinol 113 Suresh et al. (2011)
Sludge AC Resorcinol 406.9 Dos Reis et al. (2017)
Sludge AC 3-Aminophenol 454.5 Dos Reis et al. (2017)
Sludge AC Hydroquinone 117.1 Dos Reis et al. (2017)
Sludge AC Dos Reis et al. (2017)
Pharmaceuticals
Sludge AC Diclofenac 156.7 Dos Reis et al. (2016b)
Sludge AC Nimesulide 66.4 Dos Reis et al. (2016b)
Cotton waste AC Tetracycline 109 Boudrahema et al. (2017)
Cotton waste AC Paracetamol 105 Boudrahema et al. (2017)
Pineapple leaves AC Caffeine 155.5 Beltrame et al. (2018)
Olive stone AC Diclofenac 3.104 Larous and Meniai (2016)
Cocoa shell AC Nimesulide 74.81 Saucier et al. (2015)
Human hair AC Tetracycline 128.52 Ahmed et al. (2017)
Cocoa shell AC Diclofenac 63.47 Saucier et al. (2015)

phenolic compounds and pharmaceutics toward other adsor-
bents described in Tables 5 and 6.

Conclusion

In this study, avocado seed was successfully used as raw ma-
terial for producing activated carbons by conventional pyrol-
ysis. In order to determine the best condition to produce the
activated carbons, a DOE was employed by varying the tem-
perature (500700 °C) and time of pyrolysis (30—-60 min).

The two evaluated factors (temperature and time of pyrol-
ysis) strongly influenced the Sggr and pore volume values;
both factors had a negative effect which means that increasing
the values of factors leads to decreases in Sgpt and pore vol-
ume values. The produced activated carbon exhibited high
specific surface areas in the range of 11221584 m” g '.
Surface characterisation revealed that ASACs have hydrophil-
ic surfaces and have predominantly acidic groups on their
surfaces.
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The prepared ASACs were employed in the adsorption of
25 emerging organic compounds such as 10 pharmaceuticals
and 15 phenolic compounds which presented high uptake
values for all emerging pollutants. It was observed that the
activated carbon prepared at higher temperature of pyrolysis
(700 °C), which generated less total functional groups and
presented higher HI, was the activated carbon with higher
sorption capacity for uptaking emerging organic
contaminants.

Based on results of this work, it is possible to conclude that
avocado seed can be employed as a raw material to produce
high surface area and very efficient activated carbons in rela-
tion to treatment of polluted waters with emerging organic
pollutants.
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ARTICLE INFO ABSTRACT

Keywords: Hybrid adsorbents were prepared by reacting tannin with different amounts of 3-aminopropyltriethoxysilane
Tannins (APTES). The materials were characterized by SEM, TEM, FTIR, CHN, N, adsorption/desorption isotherms and
Hybrids vapor sorption (water and n-heptane adsorptions—for determination of the hydrophobicity-hydrophilicity ratio).

Tannin adsorbent The modified materials were utilized as adsorbents for the removal of Acid Red 1 (AR-1) dye from aqueous

solutions. The N isotherm results showed low porosities of the modified materials, however they presented high
efficient adsorption of AR-1 dye. To find a proof of hybridization between tannin and APTES, the materials were
characterized by Diffuse Reflectance Ultraviolet-Visible Absorption (DRUV) spectroscopy. The results indicate
that the electronic structure of the final materials was changed, and was related to a hybrid formation between
tannin and APTES.

For the adsorption experiments, the best experimental conditions were reached at pH 2.0, contact time of 8 h
and at 50 °C. The equilibrium and kinetics adsorption data were well represented by the Liu isotherm and the
General order kinetic models, respectively. The maximum adsorption capacity of 418.3 mg g~ ! was obtained at
50 °C for a tannin-APTES material at ratio 1:1 (Tan-Ap-1.0). Based on experimental data it was found that
electrostatic interactions and hydrogen bonds between adsorbent and AR-1 dye played the most important role
in the adsorption process.

Effect of temperature and thermodynamic studies revealed that the adsorption processes of AR-1 onto tannin
materials are dependent on temperature and are exothermic and spontaneous. With regards to the applicability
of the adsorbents for treating simulated effluents, they showed an excellent outcome confirming their high-
efficiency for dye adsorption.

Kinetic and isotherm models

1. Introduction

Dyes have polluted waterways from rapidly growing industrial ac-
tivities. Dyes are overused in several industrial processes such as paper,
food, plastic, and textiles to enhance the aesthetic values of their pro-
ducts [1]. Without proper treatment, the discharge of effluents con-
taining dyes might cause several problems to the environment [1-3].
The presence of dyes in water bodies can cause devastating harm to
aquatic life by hindering chemical oxygen demand and photosynthetic
processes and dyes may be toxic or carcinogenic [1-3]. In addition,
many dyes are difficult to degrade, as they are generally stable to light,

oxidizing agents and they are also resistant to aerobic digestion [1-3].
Several methods of wastewater treatment (biological processes and
advanced oxidation processes) have been used for the removal of dyes,
however due to their complex molecular structures, many dyes are
recalcitrant and are not easily decomposed [4-7]. Therefore, most of
these methods show low effectiveness for removing dyes, and have high
costs and/or undesirable environmental impacts. In this context, in the
last few decades, many studies have reported the use of adsorption
methods for the efficient removal of dyes from wastewaters [8-13].
The adsorption method is a common one, and represents a cost-
effective approach for solving many problems pertaining to the
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HaN\_~_Si(OEt)

(APTES)

EtOH, 75°C, 24 h

Fig. 1. Proposal of the chemical bond between the tannin and the silica derivative APTES. In this scheme a simplified model was used to represent the complex tannin structure, with

random covalent bond between APTES and the tannin portion.

treatment of wastewaters [14]. One advantage of the adsorption
methods is that the adsorbents can be regenerated and reutilized which
makes the process cheaper [14].

A myriad of adsorbents exist and among the available adsorbents,
activated carbons are prevalent, because of their excellent adsorptive
characteristics [13,14]. However, in order to prepare activated carbon,
it is necessary to perform several steps such as chemical or physical
activation using different atmospheres, leaching and washing, which
generates a high energy expenditure, resulting in a more expensive
process [13,14].

In the last few years, adsorbents based on waste biomass have
emerged as low, cost-effective materials for wastewater treatment
[7,10,12,15]. The use of biomaterials with no pyrolysis makes the ad-
sorption process very affordable and more environmentally friendly
[15]. Among the considerable variety of biomaterials, this paper is fo-
cused on the preparation and use of adsorbents of tannin and APTES for
the removal of Acid Red 1 dye (AR-1) from aqueous solution.

Tannins are one type of a natural biopolymer composed of poly-
phenols that form cross-linked precipitable complexes with proteins,
and are one of the most abundant classes of compounds on earth behind
cellulose, hemicellulose, and lignin [15]. The most common tannin
feedstocks are black acacia, mimosa bark, quebracho wood, pine bark
and Gambier shoot and leaf [15].

However, tannins are highly hydrophilic and water-soluble mate-
rials, which restricts their application to water purification, therefore
tannins need to pass through immobilization before being used as ad-
sorbents [15]. To make the tannin immobilized, which means suitable
for water purification, it is necessary to perform some kind of surface or
structure modifications. Tannins are very easily modified in many ways
due to the existence of free hydroxyl groups (-OH) on their surfaces,
which can be utilized as points of attachment with functional agents
[15].

Up to the best knowledge of the authors, no work has been reported
concerning the preparation of hybrid materials combining tannin and
APTES and using them as highly efficient adsorbents for removing AR-1
dye. In this way, we present here a novel adsorbent from tannin and 3-
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aminopropyltriethoxysilane (APTES). The materials were characterized
by several analytical techniques and also were successfully applied as
highly efficient adsorbents for AR-1 dye removal from aqueous solu-
tions.

2. Materials and methods
2.1. Chemicals, reagents and solutions

Deionised water was used for the preparation of all solutions. Acid
Red 1 (AR-1) (see Supplementary Fig. 1- C;gH;3N3Nas0gSs,
509.415 g mol™ 1), was procured from Vetec (Sao Paulo, SP Brazil) and
used without further purification. All solutions were prepared at pH of
2.0. A stock solution, 5000 mg L™ !, of AR-1 was prepared, and various
diluted solutions for isothermal and experimental kinetic work were
prepared from serial dilution of the stock solution. The pH of the ad-
sorbate solutions were adjusted using the Digimed DM-22 pHmeter
(Diadema, SP, Brazil) with a 0.10 mol L~ NaOH and/or HCL.

Ethanol was procured from Merck (Rio de Janeiro, Brazil) while 3-
aminopropyltriethoxysilane (APTES, 98%) and NH,OH (28-30% v/v)
were furnished by Sigma-Aldrich (Sao Paulo, Brazil).

Weibull AQ is a light-brown product that is rich in tannin (95-98%)
and was obtained from Tanac S.A (Monte Negro, RS, Brazil) in a powder
form (particle powder bellow 300 mesh).

2.2. Preparation of hybrid adsorbents

Hybrid adsorbents of tannin and APTES (Tan-Ap-x.x) were prepared
by using a basic catalyst (NH,OH (28-30% v/v)) for the hydrolysis of
APTES at pH 10-11 Typically, 5g of dried tannin was dispersed in
50 mL of ethanol and ammonia solution (100-250 pL). Then, 2.5 g of 3-
triethoxysilylpropylamine (APTES, 98%) was added. The mixture was
stirred (300 rpm) under reflux for 24 h at 75 °C until the final materials
were formed. This procedure allows producing hybrids of tannin and
silicate material through a one-step method. The addition of ammonia
solution to the mixture leads to the rapid hydrolysis and polymerization



of APTES mixed with tannin (see Fig. 1). Subsequently, the product was
dried at 70 °C for 16 h, in a muffle furnace. The material produced in
this step is Tan-Ap-0.5. In a similar way, the Tan-Ap-1.0 and Tan-Ap-2.0
samples were prepared, using 5 g of tannin and 5 g of APTES, and 5 g of
tannin and 10.0 g of APTES, respectively.

In order to better visualize the interaction between the organic and
inorganic moieties, Fig. 1 presents a schema of the chemical bond be-
tween the tannin and APTES as a representative interaction between the
inorganic part and the organosilicon derivatives presented in this work.

2.3. Characterization of adsorbent materials

The specific surface areas of modified and unmodified tannins were
determined by the adsorption of N, at 77 K, using a TriStar II 3020
Micromeritics Instrument. The pore-size distribution (PSD) was calcu-
lated by the Barrett-Joyner-Halenda (BJH) method. Before measure-
ments, samples were outgassed for 16 h at 120 °C.

Elemental analysis was performed using an elemental analyzer
(Perkin Elmer M CHNS/O model 2400). Shortly, 0.05g oven dried
samples were used to determine total carbon, hydrogen and nitrogen.
Oxygen (O) mass fraction was determined by subtracting the ash, C, N,
and H mass fraction from the total mass of the sample.

The functional groups present on surfaces of the samples was stu-
died using a Fourier Transform Infra-Red (FTIR) spectrometer (Bruker,
model alpha) in the range 4000-400 cm ~ !, using pellets with 0.01 g of
samples mixed with 0.1 g of KBr.

The surface morphologies were imaged by using a Scanning
Electron Microscope (SEM) Instrument (JEOL microscope, model JSM
6060) connected to a secondary electron detector and Energy
Dispersive X-ray Spectroscopy (EDS) for elemental mapping.

For hydrophobic-hydrophilic ratio experiments, 0.3 g of modified
and unmodified tannins were oven-dried in 10 mL beakers at 70 °C for
24 h. The samples were cooled in a desiccator before determining their
accurate weight. Then the beakers were exposed in a saturated atmo-
sphere with solvent vapor (n-heptane or water) in Erlenmeyer flasks
plugged with a ground glass joint, using 60 mL of solvent. The samples
were placed in such a way that the 10 mL-beakers were not in contact
with the solvent and wall of the Erlenmeyer flask as described else-
where [16,17]. The experiment was carried out inside of a temperature-
regulated chamber at 25 °C. After 24 h, the samples were removed from
the Erlenmeyer flasks, dried carefully from the outside with laboratory
tissues and weighed again. The vapor amount adsorbed on the samples
was obtained by the difference between the final and initial weight of
the solid sample and expressed in mg g~ '. The hydrophobic-hydro-
philic ratio was calculated by the ratio of the amount adsorbed of n-
heptane vapor (mgg~ ') divided by the amount adsorbed of water-
vapor (mg g~ 1) [16,17].

Diffuse reflectance ultraviolet-visible (DRUV) was obtained on a
Shimadzu UV-2450 spectrophotometer using an ISR-2200 Integrating
Sphere Attachment at 25 °C in a spectral range of 200-800 nm. The
baseline was obtained using BaSO, (Wako Pure Chemical Industries,
Ltd.). In these experiments, the samples were treated as powder.
Physical mixtures of equal amounts of APTES and Tannin than those
used to prepare the hybrid materials (w/w) was also investigated for
comparison.

2.4. Batch adsorption studies

Aliquots of 20.00 mL of 100.00-2500.0 mg L™ ! (initial pH ranging
from 2.0 to 8.0) of AR-1 were added to 50.0 mL Falcon flat tubes
containing 30 mg of adsorbent materials. The flasks were capped, and
placed horizontally in a shaker with a rigorous controlled temperature
system (precision of 0.1 °C) furnished by Oxylab (RS, Brazil), and the
system was agitated between 5 min to 24 h. Afterwards, to separate the
adsorbents from the aqueous solutions, the flasks were centrifuged
using a Fanem centrifuge, and aliquots of 1-5 mL the supernatant were
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properly diluted to 10.0-100.0 mL in calibrated flasks using a suitable
blank solution (pH ranging from 2.0 to 8.0).

The residual solutions of AR-1 after adsorption were quantified
using UV-vis spectrophotometer (T90 + UV-vis spectrophotometer, PG
Instruments, London, United Kingdom) at a maximum wavelength of
531.5 nm.

The amount of AR-1 adsorbed by the tannin adsorbents and the
percentage of removal were calculated using Egs. (1) and (2), respec-
tively:

_ (Co - Cf)

= v
m

(€8]

(Ca - Cf)

(J

%Removal = 100.
2)

Where q is the amount of AR-1 uptake by the absorbent (mg g~ 1), G, is
the initial AR-1 concentration put in contact with the adsorbent
(mg L™Y, C; is the AR-1 concentration (mg L™1) after the batch ad-
sorption experiment, V is the volume of AR-1 solutions (L) put in
contact with the adsorbent, and m is the mass (g) of adsorbents.

The experiments of desorption were carried out according to the
procedure: a 200.0 mg L™ of AR-1 dye was shaken with 30.0 mg of
each adsorbent for 1 h. Then, the loaded adsorbents were filtered in
0.7 um Millipore® glass-fiber filters and they were firstly washed with
water for removing non-adsorbed dye. Then, the dye adsorbed on the
adsorbents were agitated with 20.0 mL of: ethanol; acetone; NaOH
aqueous solutions (0.25- 2.0 mol L™1); and mixture of 1V acetone
+ 1V NaOH (0.25-2.0 mol L™ 1) for 15-60 min. The desorbed dye was
separated and estimated as described above.

2.5. Quality assurance and statistical evaluation of models

All of the experiments were carried out in triplicate to ensure re-
producibility, reliability and accuracy of data. The relative standard
deviations of all measurements were < 5%. Blanks were run in parallel
and corrected when necessary [18].

The solutions of AR-1 were stored in glass bottles, which were
cleaned by immersing in 1.4 mol L™ ! HNO; for 24 h [19], rinsing with
deionized water, drying and keeping them in cabinets.

Standard AR-1 solutions (between 2.00-20.0 mg L™, in parallel
with a blank (pH 2.0 aqueous solution), were used for linear analytical
calibration. The calibration curve was performed on the UV-Win soft-
ware of the T90+ PG Instruments spectrophotometer. All of the ana-
lytical measurements were repeated thrice, and the precisions of the
standards were better than 3.2% (n = 3). The detection limit of the dye
was 0.11 mg L™ ! with a signal/noise ratio of 3 [20]. The standard AR-1
solution (10.0 mg L™ 1Y) was used as quality control after every five
measurements to ensure accuracy of the solutions [21].

Nonlinear methods with successive interactions were calculated by
Simplex method and also by the Levenberg—Marquardt algorithm based
on the non-linear fitting facilities of the Microcal Origin 2015 software,
and they were used to fit the kinetic and equilibrium data. A determi-
nation coefficient (R?), an adjusted determination coefficient (Rﬁdj) and
the standard deviation of the residue (SD) were employed to analyze
the suitability of the models [22].

Residual standard deviation measures the difference between the
theoretical and experimental amounts of AR-1 removed from solutions.
The R?, RZ; and SD are given in Egs (3), (4) and (5), respectively [22].
R? = [Ztn(qi,exp - qi,exp)z - z"ln(qi,cxp - qi,model)z]
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In these equations, q;meder represents the individual theoretical g
value predicted by the model; g; .., represents each individual experi-
mental g value; QexplS the average of the experimental q values; n re-
presents the number of experiments; p represents the number of para-

meters in the model [22].

2.6. Kinetic models

Pseudo-first order, pseudo second-order, general order kinetic and
intra-particle diffusion models were used to analyze the kinetic data
[22]. The mathematical representations of respective models are shown
in Egs. (6)-(9).

g, = g, [1—exp(—k;-1)] (6)
q kot
U T+ 1 %
9 =q, - L =
[kn (g~ "t-(n — D+1]/1-" ®)
q, =kt +C 9)

2.7. Equilibrium models

Egs. (10)-(12) represent respectively the Langmuir, Freundlich and
Liu isotherm models [22]. These models were used for analysis of the
equilibrium data.

q, = Qmax K- Ce

¢ 1+K.C, (10)

ge = KprG™ an
_ Qmax'(Kg'Ce)nL

¢ 14 (K G (12)

Where C. is the supernatant concentration at the equilibrium
(mg L™1; K, is the Langmuir equilibrium constant (L mg™"); Qmax is
the maximum adsorption capacity (mgg~'); K is the Freundlich
equilibrium constant [mg g~ * (mg L~ ")~ '/"]; ng is the Freundlich ex-
ponent (dimensionless); K, is the Liu equilibrium constant (L mg_l)
and ny, is the dimensionless exponent of the Liu equation.

2.8. Simulated effluents

The synthetic effluents were prepared by mixing several dyes with
other organic compounds and some inorganic salts, which are com-
monly presented in real industrial effluents [23]. Two different ef-
fluents were made with different concentrations, which are presented
as the effluents shown in Table 1. The effluents were prepared at pH
2.0. The aim of using simulated effluents is to test the performance of
adsorbents for the treatment of industrial effluents from dyeing houses.

3. Results and discussion
3.1. Textural characteristics

Textural parameters of raw and modified tannins are listed in
Table 2. Tannin adsorbents presented low specific surface areas despite
the APTES ratio used for the tannin material preparation (see Table 2).
Raw tannin showed the lowest Spgr, equal to 1.86 m? g~ ?, and total
pore volume of 0.0042 cm® g~ !. The small porosity data is in agree-
ment with those data observed in literature [17]. After modification
with APTES, the porosities of tannin materials had a very small
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Table 1
Chemical composition of the synthetic effluents.

Concentration (mg L™%)

Dyes Amax (nm) Effluent A Effluent B
Acid Red 1 531.5 40.00 80.00
Procion Blue MX-R 594.0 10.00 20.00
Reactive Black 5 597.5 10.00 20.00
Cibacron Brilliant Yellow 3G-P 402.0 10.00 20.00
Reactive Orange 16 493.0 10.00 20.00
Other compounds

NaCl 20.00 40.00
Na,CO3 20.00 40.00
CH3COONa 20.00 40.00
NazPO4 20.00 40.00
KNO; 20.00 40.00
Humic Acid 10.00 20.00
Sodium Dodecyl Sulfate 10.00 20.00
NapS04 10.00 20.00
NH,CI 10.00 20.00
pH? 2.0 2.0

2 pH of solution was adjusted with 0.1 mol L™ NaOH and/or HCI.

Table 2
Textural properties of modified tannin adsorbents.

Sample BET surface area Total pore volume Pore Diameter
(m*g™" (em®g™h) (A)
Tan.Ap-0.5 9.53 *= 2.1 0.0288 =+ 0.0012 108 *= 11
Tan.Ap-1.0 7.89 * 2.3 0.0273 * 0.0013 100 = 10
Tan.Ap-2.0 8.67 = 2.2 0.0302 =+ 0.0010 114 = 12

increase, however the values kept very low (see Table 2).

Porosity is not the only parameter that determines whether a ma-
terial could be successfully employed for scavenging pollutants from
aqueous solutions and effluents. The morphologies and functionalities
of their surfaces also might play an important role on such application.

Supplementary Fig. 2 shows SEM micrographs of tannin adsorbents
before (A) and after modification by APTES (B, C and D). Remarkable
differences in the morphologies of the materials were observed, mainly
among the structure of pure tannin and tannin-APTES hybrid materials.
It can be seen that the sample of pure tannin shows a fibrous and un-
compact surface. After the modification step, adding APTES under
different ratios, the surface became compact [24,25]. Supplementary
Fig. 2 reveals that the pure tannin was fully modified after combination
with APTES, which might indicate that the silicate material formed
during the sol-gel method should have encapsulated the tannin mate-
rial, as represented in Fig. 1.

TEM micrographs of the unmodified and modified materials are
displayed in Supplementary Fig. 3. As was noted in the SEM images,
remarkable differences in the morphologies of the unmodified and
modified materials were also confirmed by the TEM images. The pris-
tine form of tannin (see Supplementary Fig. 3A) is revealed by a round
structure, while the hybrid materials possess aggregate structures,
suggesting that indeed the tannin was encapsulated by the silicate
material.

3.2. Elemental analysis

Elemental analysis (CHNS) was used to analyze the major elemental
concentrations (in percentage atomic concentration) of the raw mate-
rial and the modified tannin-APTES. The percentages of carbon, ni-
trogen, sulphur and hydrogen were determined. As expected pure
tannin showed the highest carbon and lowest nitrogen contents, these
results are expected because as APTES is added, the content of silicon
and nitrogen increases, while the carbon content decreases (see



Table 3
Elemental analysis and hydrophobicity index (HI).

Amostras C(%) H (%) N (%) S (%) Silane group inserted HI®

(mmolg™") *

tannin 49.98 5.842 0.4400 0.1299 - 0.1818
Tan.Ap-0.5 45.79 6.007 2.838 0.1110 1.71 0.4844
Tan.Ap-1.0 41.44 6.128 4.164 0.1033 2.66 0.6704
Tan.Ap-2.0 39.61 6.567 5.301 0.1158 3.47 0.5809

@ For the silane group insertion, it was considered that SiC3HgN was inserted in the
tannin matrix. Calculations were based on N content increased.

b HI- amount adsorbed of vapor of n-heptane (mg g~ ') divided by amount adsorbed of
vapor of water (mg g~ ).

Table 3). As seen in the table, the carbon content of the samples de-
creased from 49.98% to 39.61% and nitrogen increased from 0.4400%
to 5.301%, these results might cause great influences on the surface
functionalities of the materials, which might reflect on their abilities for
up taking the AR-1 dye in aqueous solutions. Based on the percentage of
increase of N in the adsorbents Tan.Ap-0.5, Tan.Ap-1.0 and Tan.Ap-2.0,
the amount of silane group inserted in the tannin matrix was calculated,
and these values were 1.71, 2.66 and 3.47 mmol g~ ' respectively. In
these calculations, it was considered that the SiC3HgN group was in-
serted into the matrix of tannin, as depicted on Fig. 1.

3.3. FTIR

The FTIR analysis gives valuable information about the presence of
chemical functional groups on the surface of any material. Fig. 2 shows
functional groups present on the surface of the tannin adsorbent ma-
terials.
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Fig. 2 provides the spectra of pure tannin (Fig. 2A) and modified
tannin such as Tan-Ap-0.5 (Fig. 2B), Tan-Ap-1.0 (Fig. 2C), and Tan-Ap-
2.0 (Fig. 2D). It seems that the pure tannin presents more bands in the
regions from 400 to 1800 cm ™! compared with other modified mate-
rials (see Fig. 2). The main groups found in pure tannin are: the broad
peak at 3395cm™, due to stretching vibrations of O—H groups of
phenolic compounds [12,14,26]; the band at 2924 cm ™! that can be
assigned to C—H stretching vibrations; the band at 1616 cm ™, which
can be assigned to carboxyl group (HO—C=O) [10,12,26]; C—O
stretching vibration at 1028 cm ~*; the vibration at 1198 cm ™! could be
assigned to C—O—C stretching of ethers present in the tannin [10,14];
the bands at 1505, 1451 could be assigned to asymmetric carboxylate
stretch and aromatic ring mode; the band at 1340 [10,26], could be
assigned to CH, bending [12,14,26], and the band at and 1235 cm ™!
could be assigned to C—O stretch of phenol [10,26]. And the band at
837 cm ™! could be assigned to out of plane C—H bends [10,12,26].

The Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0 samples present basi-
cally the same FTIR bands with some shifts. For O—H, stretching the
bands of Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0 are 3410, 3419 and
3414 cm ™, respectively [12,14,26]. Comparing with the O—H band of
original tannin that was 3395 cm ™%, it could be concluded that a band
shift of 15, 24, and 19 cm ™, respectively for Tan-Ap-0.5, Tan-Ap-1.0
and Tan-Ap-2.0 was observed. This result indicates that O—H band of
phenol should be forming a chemical bond with APTES as depicted on
Fig. 1. The bands at 1617, 1620 and 1617 cm ~ ! can be assigned to the
carbonyl group (C=0) of carboxylic acid [10,12,26]. When compared
with the pure tannin, this band was 1616 cm ™~ '. Considering the re-
solution of the spectra of 4cm™', any band shift lower than
10-12 cm ™! (3 times the resolution of the spectra) could not be con-
sidered a remarkable shift of chemical bond [10,12,26]. The small
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Fig. 2. FTIR of A: tannin; B: Tan-Ap-0.5; C: Tan-Ap-1.0; D: Tan-Ap-2.0.
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bands at 1505 and 1449, 1506 and 1450, and 1447 cm ™' could be
assigned to ring modes of aromatics of the Tan-Ap-0.5, Tan-Ap-1.0 and
Tan-Ap-2.0 samples, respectively [10,12,26]; the bands at 1382, 1381
and 1382 cm ™!, could be assigned to bending of C—H, bonds of the
Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0 samples, respectively
[10,12,26]. The bands at 1117, 1117 and 1044, could be assigned to
asymmetric C—O—C ether and O—C—C of aromatic ester; C—O of
phenol of the tannins present in the Tan-Ap-0.5, Tan-Ap-1.0 and Tan-
Ap-2.0 could also be assigned to Si-O-Si groups present in the chemi-
cally modified materials [3]. It should be stressed that the band at
1235 cm ™! of the tannin that could be assigned to C—O stretch of
phenol had disappeared of the spectra of Tan-Ap-0.5, Tan-Ap-1.0 and
Tan-Ap-2.0, indicating that the formation of the chemical bond of
APTES with the tannin should take place, as depicted on Fig. 1. Finally,
the bands at 846, 844 and 755 cm ~?, are assigned to out of plane C—H
bends [10,12,26], of Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0, respec-
tively.

3.4. Hydrophobicity-hydrophilicity ratio

The hydrophobicity-hydrophilicity ratio (HI) is defined as the
amount of adsorbed vapor of n-heptane (mgg~') divided by the
amount adsorbed of vapor of water (mg g~ 1) [15]. The HI values of the
tannin materials are presented in Table 3. The results demonstrate that
all samples present HI ratios lower than 1, which means that the tannin
materials have high affinity for water, and therefore are hydrophilic
materials. These results can be attributed to the presence of a huge
amount of hydroxyl (—OH) groups, which can easily be bonded to H,O
molecules [15,16]. The hydrophilicity of tannin materials might facil-
itate their better dispersion in aqueous media, which can indicate the
possibility of enhancing the ability of the tannin materials for scaven-
ging AR-1 dye by the adsorption process.

It was also observed that pure tannin presents lower HI values, and
as APTES was incorporated in the material, the HI value was increased
for Tan-Ap-0.5 and Tan-Ap-1.0. However, for Tan-Ap-2.0 the value of
HI was slightly decreased in relation to Tan-Ap-1.0. The incorporation
of APTES on the material increased the amount of n-propyl group of the
APTES, which is aliphatic and presents higher hydrophobicity than the
tannin material. However, all values of HI of all the material listed on
Table 3, still remain below 1.00

3.5. Photophysical characterization in the solid state

The diffuse reflectance UV-vis spectroscopy (DRUV) was applied in
order to evaluate the electronic properties of the obtained materials in
comparison with the tannin and APTES precursors, as well as their
physical mixtures. Fig. 3 depicts the DRUV spectra of the final materials
(left) and their physical mixtures (right), where changes could be ob-
served. Both spectra indicate increase on the absorption intensity in the
visible region due to the tannin contribution, mainly located at higher
wavelengths. In this region, the silyl derivative APTES presents an al-
most absent absorption. A higher amount of the APTES on the hybrid
leads to a lower absorption intensity at around 300 nm. On the other
hand, the lower amount of APTES allow a higher intensity in this region
of the spectrum, similar to that observed for pure tannin. It is well-know
that the absorption region around 300 nm is related to st-ot* electronic
transition, which are typical for phenolic compounds present in the
tannin structure [27,28]. Thus, the preliminary results indicate the
formation of a hybrid material, as already reported in the literature to
materials prepared using silica and tannin [25]. In this case, the silyl
derivative probably bound to the phenolic structure of the tannin,
specifically to the phenolic hydroxyl, as proposed in Scheme 1. In ad-
dition, it can be observed that the higher tannin:APTES ratio (2.0:1.0)
seems does not affect at all the electronic properties of the final hybrid
material in comparison with the ratio 1.0:1.0. These hybrid materials,
as well as the pure tannin presented almost constant absorption
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intensities below 300 nm. On the other hand, in the prepared physical
mixtures, the absorption intensities in the visible region increases in-
creasing the tannin amount, as expected. Furthermore, all studied
physical mixtures presented similar absorption intensities below
300 nm. By analyzing this Fig. 3, is possible to check that the hybrid
materials are different from the simple physical mixture of tannin and
APTES, concluding that a covalent chemical bond between the tanning
and APTES occurred, as depicted on Fig. 1.

3.6. Effect of the acidity of the AR-1 solution

The suitable pH of a dye for being adsorbed depends on its inter-
action with the adsorbent. Therefore, the pH of the solution is one of the
influential factors affecting the adsorption of a dye on an adsorbent
[3,10-14,23]. For this study, pH values in the range of 2 and 8 were
investigated for the removal of AR-1 from aqueous solutions
(250 mg L™') using Tan-AP adsorbents (see Fig. 4). Analysing this
figure, it is seen that the maximum percentage of removal occurred at
pH 2.0 for all the adsorbents. Using the Tan-Ap-0.5, the percentage of
removal of AR-1 dye decreased from 91.5% (pH 2) to 28.5 (pH 8); for
Tan-Ap-1.0 the percentage of dye removal decreased from 91.1% (pH
2) to 25.6% (pH 8); and finally, for Tan-Ap-2.0, the percentage of AR-1
dye removal decreased from 68.5% to 16.5%. This behaviour of the
effect of initial pH of the dye solution is compatible with a mechanism
of electrostatic attraction of negatively charged dye (see Supplementary
Fig. 1) even at pH 2.0, because the pK, values of the sulfonic acids
present in the structure of the dye are —2.25 and —2.99, and the po-
sitively protonated amino group of APTES at pH 2.0, as already re-
ported in the literature [29]. Further kinetic, equilibrium and thermo-
dynamic data will confirm this mechanism of adsorption.

Another important observation in these data, is that the sorption
capacity of Tan-Ap-2.0 is lower than Tan-Ap-0.5 and Tan-Ap-1.0,
however in all tested adsorbents, the maximum removal occurred when
the initial pH of adsorbate solution was kept at 2.0, showing that the
mechanism of adsorption should follow an electrostatic mechanism
[29].

3.7. Kinetic studies

The kinetic curves and fitting parameters are displayed in
Supplementary Fig. 4 (Tan-Ap-0.5), Supplementary Fig. 5 (Tan-Ap-1.0)
and Supplementary Fig. 6 (Tan-Ap-2.0) and Table 4.

The suitability of the models was analysed using the values of ad-
justed determination coefficient (Rﬁdj) standard deviation of residues
(SD) [3,22,26,30]. Lower SD and higher Rf\dj values mean smaller dif-
ferences between theoretical and experimental g values. Therefore,
between the studied models, the general-order kinetic model presented
the lowest SD (varying from 0.2946 to 0.9547) and highest R%q; values
were 0.9999 for all tannin-APTES adsorbents (see Table 4). In this
context, it is noted that the g, values of the general order kinetic model
are closer to the experimental g, values when compared to other kinetic
adsorption models. These results indicate that the general order kinetic
model best explains the adsorption process of AR-1 dye using tannin-
APTES adsorbents.

Considering that the general order kinetic equation presents dif-
ferent values for n (order of adsorption rate) when the concentration of
the AR-1 dye is changed, it is difficult to compare the kinetic para-
meters of the model. In this regard, t; » and ty o5 were used to compare
the kinetics of AR-1 dye removal onto the adsorbents, where t;,, was
defined as the time to achieve half of saturation (q.) in the kinetic re-
sults, to.o5 was the time to achieve 95% of the saturation (q.) [31].

It should be highlighted that the kinetics of adsorption of AR-1 dye
on Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0 was moderate when com-
pared with removal of other adsorbates in activated carbons [31,32].
The calculated t;,, values from the general order kinetic model were
0.9237 and 0.8975 h for Tan-Ap-0.5, which corresponds to an average
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of 54.6 min; 1.414 and 1.326 h for Tan-Ap-1.0 which corresponds to an
average of 81.8 min; and 1.231 and 1.147 h for Tan-Ap-2.0, which
corresponds to an average of 71.4 min. Recently published t; » values
have been reported as lower than 8.2 min [31] for adsorption of phenol
onto wood chips activated carbons, also t;,, values lower than 6 and
1.8 min for adsorption of amoxicillin and paracetamol, respectively,
using magnetic activated carbons [32], confirming that the kinetics of
adsorption of AR-1 dye onto the adsorbents was moderate, when
compared with other systems adsorbates/adsorbents.

Another valuable information obtained in Table 4 is the tq 95, Wwhich
gives an idea of the minimum time of contact between the adsorbate
and adsorbent to attain equilibrium, making an average value of the
two values reported on Table 4, the tg o5 values for adsorption of AR-1
dye onto Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0, were respectively,
9.63, 13.45 and 14.45h. In the subsequent experiments, the time of
equilibrium established for the adsorption equilibrium was fixed at 12,
16 and 18 h, for the adsorption of AR-1 dye, onto Tan-Ap-0.5, Tan-Ap-
1.0 and Tan-Ap-2.0, respectively. This increase in the time of contact is
to guarantee that in any concentration of the adsorbate, the time of
contact will be enough to attain the equilibrium [32,33].
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3.8. Equilibrium studies

The isotherms of adsorption of AR-1 on Tan-Ap-0.5, Tan-Ap-1.0 and
Tan-Ap-2.0 adsorbents were performed using the following experi-
mental conditions: pH 2.0, mass adsorbent dosage of 1.5g/L, tem-
perature was varied from 25 °C to 50 °C, and the time of equilibrium
established for the adsorption equilibrium was fixed at 12, 16 and 18 h,
for the adsorption of AR-1 dye, onto Tan-Ap-0.5, Tan-Ap-1.0 and Tan-
Ap-2.0, respectively.

The isotherm curves are shown in Supplementary Fig. 7 (Tan-Ap-
0.5), Supplementary Fig. 8 (Tan-Ap-1.0) and Supplementary Fig. 9
(Tan-Ap-2.0) with their fitting parameters in Table 5. On the basis of
Rﬁdj and SD values (see Table 5), the Liu model is the best isotherm
model for adsorption of AR-1 onto the three adsorbents. The Liu model
presented the highest R,z\dj and lowest values for SD, which means that
the values of g calculated by the isotherm model were similar to the g
measured experimentally [3,10,11,22].

Comparing the three tannin-Aptes adsorbents it was found that Tan-
Ap-2.0 was the adsorbent with generally the lowest sorption capacity at
all of the six temperatures studied. On the other hand, for Tan-Ap-0.5
and Tan-Ap-1.0, the behaviour was anomalous. For the 25°-35 °C in-
terval the Tan-Ap-0.5 presented a slightly higher maximum sorption
capacity (0.98%-7.00%) than Tan-Ap-1.0. Otherwise for the interval of
40°-50 °C occurred the opposite, the Q. values of Tan-Ap-0.5 were
2.35%-19.29% lower when compared with Tan-Ap-1.0 for adsorption
of AR-1 dye.

So far, there have been a few adsorbents reported for the adsorption
of AR-1 dye. The maximum adsorption capacities AR-1 dye onto dif-
ferent kinds of adsorbents are listed in Table 6. As shown in Table 6, the
three adsorbents studied present very good Q,.x values compared with
several of those presented in Table 6 [34-40].

Considering that the authors have optimized the best conditions for
obtaining a maximum value of Q,.yx, the adsorbent Tan-Ap-0.5, Tan-Ap-
1.0, and Tan-Ap-2.0 could be ranked as 3°, 2° and 5°, respectively, in
relation to the value of the Q. of the 14 adsorbents presented in
Table 6. Therefore, these tannin-APTES adsorbents could be classified
as very good adsorbents for the removal of AR-1 dye from aqueous
solutions.



Table 4

Kinetic fitting parameters for adsorption of AR-1 onto Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0 adsorbents. All values are expressed with four significant digits. Conditions initial pH of

adsorbate 2.0, initial concentrations of 250.0 and 500.0 mg L. ™!, adsorbent mass of 30 mg.

Tan-Ap-0.5 Tan-Ap-1.0 Tan-Ap-2.0
Co (mgL™h) 250.0 500.0 250.0 500.0 250.0 500.0
Pseudo-first order
ke (min~1) 0.7558 0.7750 0.5003 0.5311 0.5817 0.6204
Qe (mgg™h) 142.2 180.5 141.5 175.6 101.2 113.0
R? adjusted 0.9914 0.9921 0.9946 0.9941 0.9916 0.9913
SD (mg gfl) 4.939 5.995 4.059 5.233 3.560 4.011
t1/2 (h) 0.9171 0.8944 1.385 1.305 1.192 1.117
Pseudo-second order
ks (g rng71 min~1) 0.006551 0.005303 0.004046 0.003512 0.006807 0.006577
g (mgg™h) 155.5 197.1 158.6 195.9 112.3 124.9
R? adjusted 0.9989 0.9989 0.9991 0.9991 0.9995 0.9995
SD (mgg™ ") 1.784 2.198 1.626 2.040 0.8526 0.9730
t12 (h) 0.9816 0.9569 1.559 1.453 1.309 1.218
General-order
ky [h™! (gmg=H""1] 0.03402 0.03465 0.03011 0.02724 0.02283 0.02341
Qe (mgg™") 149.6 189.1 149.8 185.6 108.4 120.6
n 1.666 1.636 1.600 1.607 1.741 1.734
R? adjusted 0.9997 0.9999 0.9999 0.9999 0.9999 0.9999
SD (mg gfl) 0.9547 0.3530 0.2946 0.3518 0.4359 0.4358
ti/2 (h) 0.9237 0.8975 1.414 1.326 1.231 1.147
to.0s (h) 9.996 9.265 13.80 13.09 15.05 13.85

3.9. Thermodynamic study, desorption and mechanism of adsorption

Thermodynamic studies for the adsorption of AR-1 onto tannin
adsorbents were carried out in the temperature range of 25-50 °C (298
to 323 K). Calculated thermodynamic parameters for the adsorption of
AR-1 onto tannin adsorbents are shown in Table 7, and these calcula-
tions were made according with the literature [3,10-14,22,26,30-32].
The Rﬁdj values of the plots are > 0.99, which indicates the reliability of
the values of AH’ and AS°® calculated.

Under the temperature range studied, the calculated Gibbs’s free
energy, (AG°), and standard entropy (AS°) presented negative and po-
sitive values, respectively, which confirms that the sorption process is
spontaneous and favourable, and a decrease in the organization of the
system was obtained, this should be due to release of water molecules
before the AR-1 dye adsorbed on the surface of the adsorbent [41,42].

The AG® is an important parameter for explaining the thermo-
dynamic process of adsorption with regards to the spontaneity of the
adsorption process; a higher negative value of AG® indicates a more
energetically favourable adsorption. The adsorptive process will occur
favourably and spontaneously at a given temperature if AG® exhibits a
negative value [22,29,31,32,41].

The positive value of the standard entropy, AS°, suggests an increase
of the randomness of the adsorption process at the solid/solution in-
terface during the uptake of AR-1 dye molecules onto tannin adsorbent
surfaces and reflects the affinity of the tannin adsorbents for adsorbing
AR-1 dye [22,29,41].

Changes in enthalpy (AH") for all adsorbents were negative, which
indicates the exothermic nature of the adsorption process [29]. The
magnitude of enthalpy of AR-1 dye onto Tan-Ap-0.5, Tan-Ap-1.0 and
Tan-Ap-2.0 corresponds to a physical adsorption process [42], since ifs
values is < 40 kJ mol ™! [43].

As was seen thus far, the tannin materials presented poor porosities
which in a certain way could enable the application of these materials
in the adsorption process. However, based on surface characterization,
and adsorption data it was determined that the electrostatic attraction
and hydrogen bonds have played an important role in the adsorption
process through interactions between tannin materials and AR-1 dye.
This statement is supported also by thermodynamics with the magni-
tude of AH® [43].

In order to check the reuse of the hybrid adsorbents for the

adsorption of AR-1 dye, desorption experiments were carried-out.
Several eluents such as, ethanol; acetone; NaOH aqueous solutions
(0.25-2.0mol L™ Y); and mixture of 1V acetone + 1V NaOH
(0.25-2.0 mol L™!) were tested for regeneration of the loaded ad-
sorbent (see Table 8). For all tested adsorbents, the mixture of acetone
+ aqueous solutions of NaOH (0.75-2.0 mol L™ 1) were efficient to
desorb the dye uptaken by the adsorbents, on the other hand, the re-
coveries of the adsorbent using aqueous NaOH of different concentra-
tions as regenerating solutions occurred from about 1% to 65% after 1 h
of agitation. The organic solvents such as ethanol, acetone alone was
also not so efficient for the dye desorption from the hybrid adsorbents
(recoveries < 70%). The best elution efficiency was obtained with the
mixture 1V of acetone + 1V of 0.75-2.0 mol L™ NaOH. This result
confirms the FTIR results and the pH studies described above. The AR-1
dye at pH 2.0 is attracted electrostatically by the hybrid adsorbents.
This interaction was corrupted with the NaOH solution. However, be-
sides this electrostatic interaction, there are also some interactions
between the aromatic groups present on the adsorbents with the aro-
matic rings of the dye. For breaking this interaction, it was required
acetone to improve the elution efficiency (which attained up to 97.85%
with the mixture acetone + 2.0 mol L ™! NaOH). In addition, the hybrid
adsorbent eluted with the mixture acetone + 0.75-2.0 mol L™ were
reutilized for the adsorption of the AR-1 dye, attaining a sorption effi-
ciency of about 75% in the second cycle, 65% in the third cycle of
adsorption/desorption when compared with the first cycle of adsorp-
tion/desorption. Therefore, the use of hybrid tannin-APTES adsorbent
for dye adsorption could be economically viable since it allows its re-
generation.

The mechanism of adsorption should follow the steps (see Fig. 5):
step 1 under acid conditions (pH = 2.0), the amino group of the silicate
are protonated, becoming positively charged [10,29]; in step 2 the
positively charged adsorbent material attracts, electrostatically, the
negatively charged AR-1 dye (sulfonic groups of AR-1 dye present pK,
values of —2.25 and —2.99), see Supplementary Fig. 1). This type of
interaction was thoroughly presented for adsorption of different anionic
dyes using different adsorbents [10-14,23,30,31]. Besides of electro-
static attraction, also hydrogen bond could be formed with the keto-
amide, azo groups of the dye with the hydroxyl groups of the tannin.
This second interaction also could take place and contribute to overall
adsorption of AR-1 adsorption onto Tannin-APTES adsorbents.
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Table 5

Langmuir, Freundlich and Liu isotherm parameters for the adsorption of AR-1 onto Tannin-APTES adsorbents.

Tan-Ap-0.5

25°C 30°C 35°C 40°C 45°C 50 °C
Langmuir
Qumax (mg g™ 1) 202.1 224.7 248.9 280.2 298.5 283.4
K, (Lmg™") 0.3002 0.3482 0.2384 0.2486 0.2154 0.3845
RZ; 0.9682 0.9727 0.9881 0.9999 0.9866 0.9402
SD (mgg™ ") 11.64 12.23 7.618 0.7913 10.75 21.01
Freudlich
Ky (mgg~ ! (mgL™ 1~ /") 102.7 112.2 144.4 146.4 148.7 148.4
ng 10.14 9.587 12.60 10.38 9.792 10.17
RZ; 0.9421 0.9225 0.9670 0.8641 0.9249 0.9796
SD (mgg™ ") 15.70 20.61 12.69 32.83 25.40 12.26
Liu
Quax (mg g™ 216.6 236.5 258.4 282.3 308.8 337.6
Ky Lmg™h) 0.3944 0.3399 0.2922 0.2497 0.2140 0.1859
n, 0.4607 0.5737 0.6071 0.9732 0.6743 0.3587
RZy 0.9999 0.9999 0.99997 0.9999 0.9999 0.9999
SD (mgg™ ") 0.5775 0.2431 0.3843 0.3727 0.5613 0.3708

Tan-Ap-1.0

25°C 30°C 35°C 40°C 45°C 50 °C
Langmuir
Quax (mg g™ 193.5 219.1 205.7 283.6 342.2 354.5
K, (Lmg™") 0.4345 0.3313 0.4361 0.2548 0.2268 0.2778
R3g 0.9496 0.9894 0.9413 0.9946 0.9959 0.9428
SD (mgg™ ") 12.62 7.016 14.35 6.5690 7.014 24.95
Freudlich
Kg (mgg~! (mgL~1)~1/"F) 112.6 123.4 118.8 144.7 161.6 188.4
ng 12.37 11.80 11.90 9.902 9.021 10.41
R 0.9721 0.9213 0.9820 0.8937 0.9060 0.9819
SD (mgg™ ") 9.384 18.39 7.9475 29.16 33.73 14.04
Liu
Qmax (mg g™ ) 214.5 225.3 241.5 289.1 348.5 418.3
Ky (Lmg™h) 0.3881 0.3338 0.2888 0.2484 0.2136 0.1867
ny, 0.4149 0.6864 0.3494 0.7887 0.7847 0.3674
R34 1.000 0.9999 0.9999 0.9999 0.9999 0.9999
SD (mgg™ 1) 0.4041 0.2682 0.3939 0.4446 0.3549 0.3360

Tan-Ap-2.0

25°C 30°C 35°C 40°C 45°C 50 °C
Langmuir
Qunax (mg g™ 126.3 175.1 188.4 207.7 222.8 243.4
K (Lmg™") 0.3049 0.4475 0.3032 0.2645 0.2083 0.2042
R3 0.9614 0.9851 0.9988 0.9965 0.9875 0.9703
SD (mgg™ ") 6.645 6.878 1.965 3.712 7.301 12.48
Freudlich
Kp (mgg~! (mgL™1)~1/"F) 82.88 90.22 105.0 116.5 120.2 123.3
ng 15.91 10.07 11.92 11.89 11.09 10.04
RZ% 0.9970 0.9106 0.8685 0.8709 0.9395 0.9696
SD (mgg™ ") 1.867 16.86 20.78 22.44 16.05 12.61
Liu
Qunax (mg g™ 161.2 181.85 187.5 206.1 230.7 266.2
Ky (Lmg™") 0.4211 0.3548 0.3017 0.2556 0.2151 0.1797
ny, 0.2256 0.6422 1.138 1.214 0.6651 0.4886
RZ 0.9999 0.9999 0.9999 0.9990 0.9999 0.9999
SD (mgg™") 0.4008 0.4560 0.4050 1.957 0.5640 0.2187

3.10. Treatment of synthetic dye effluents

In order to figure out if the tannin-APTES adsorbents could be
successfully employed for treatment of synthetic wastewater containing
dyes, in this work two synthetic dye-housing effluents containing var-
ious dyes and inorganic and organic compounds were prepared (see
Table 1).
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The UV-vis spectra of the untreated and treated effluents with
tannin-APTES adsorbents were recorded from 190 to 800 nm (see
Fig. 6). Efficiency of treatment of the effluents was made by monitoring
the areas under the absorption bands from 190 to 800 nm. This ap-
proach gives the percentage of removal of all the components present in
the synthetic effluents. For effluent A, the percentages of removal were
97.1%, 98.0% and 93.2% for Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0,



Table 6
Maximum sorption capacities of different adsorbents used for removal of Acid Red 1 dye.

Adsorbent Qmax (Mg g~ D) Ref.
Industrial municipal sludge 56.1 [34]
Coal fly ash 92.59 [35]
Magnetic metal-organic framework 142.9 [36]
Magnetic Fe304/MgAI-LDH composite 92.0 [36]
Aluminium Sulphate 32.26 [37]
Ferric Chloride 250.0 [37]
Ferrous Sulphate 6.630 [37]
kaolin modified with 1-hexyl, 3-decahexyl 842.7 [38]
imidazolium ionic liquid
Mg-Al-layered double hydroxide 108.0 [39]
Commercial activated carbon 129 [40]
Carbon nanospheres 158 [40]
Tan-Ap-0.5 337.6 This work
Tan-Ap-1.5 418.3 This work
Tan-Ap-2.0 226.2 This work

Table 8
Desorption of dye-loaded Tan-Ap-0.5, Tan-Ap-1.0 and Tan-Ap-2.0. Conditions: initial AR-
1 concentration, 200 mg L.~ *; mass of adsorbent, 30.0 mg; pH 2.0; time of contact, 12 h.

Composition of eluent Tan-Ap-0.5 Tan-Ap-1.0  Tan-Ap-2.0
0.25 mol L™ NaOH 2.35 1.25 2.45
0.50 mol L™ " NaOH 14.50 15.65 13.25
0.75 mol L~ ! NaOH 35.65 36.54 35.68
1.0mol L™! NaOH 45.65 42.25 44.25
1.5 mol L~ ! NaOH 55.23 51.25 56.78
2.0 mol L™ NaOH 62.30 64.25 65.24
ethanol 47.80 50.21 48.54
acetone 68.25 69.54 67.58
1V acetone + 1 VNaOH (0.25molL™Y)  75.25 76.54 75.28
1V acetone + 1V NaOH (0.50 molL™")  88.65 89.54 90.14
1V acetone + 1V NaOH (0.75molL™")  96.25 95.25 96.54
1V acetone + 1V NaOH (1.0 mol L™ 1) 96.35 96.74 96.78
1V acetone + 1 V NaOH (1.5mol L™ 1) 96.24 96.47 96.54
1V acetone + 1V NaOH (2.0 mol L™ 1) 97.85 96.75 96.24

respectively. For effluent B, the percentages of removal were 96.3%,
97.3% and 90.9%. Considering that the effluents A and B, are complex
and contain large amounts of dyes, organic matter, surfactants, and
inorganic ions, it can be stated that Tan-Ap-0.5 and Tan-Ap-1.0 can be
applied in real wastewater treatment. On the other hand, Tan-Ap-2.0
presented lower performance when compared with the other ad-
sorbents. This achievement is compatible with the Q,.x reported in
Table 5.

4. Conclusion

In this work, hybrid materials were prepared by mixing tannin with
APTES and the resulting modified materials were characterized and
applied to remove AR-1 dye from aqueous solutions by adsorption. The
characterization data such indicate the formation of a type I hybrid
material, through covalent bond probably between the silyl derivative
and the hydroxyl groups present in the phenolic structures of the
tannin. The modified tannins exhibit high adsorption properties com-
pared with unmodified tannin.

The best experimental conditions were reached at pH 2.0, time of
8 h and at 50 °C. The equilibrium and kinetics adsorption data were
well fit by the Liu and general-order models, respectively. The max-
imum adsorption capacity of 418.3 mg g~ ! was obtained at 50 °C for a
tannin-APTES material at ratio 1:1 (Tan-Ap-1.0). Based on experimental
data it was found that electrostatic interactions and hydrogen bonds
between the hybrid adsorbents and AR-1 dye have played an important

Table 7
Thermodynamic parameters of the adsorption of Acid Red 1 on Tannin-APTES adsorbents.

role in its adsorption process.

Effect of temperature was studied and showed that the Qp.x in-
creases with an increase in the temperature. The estimated thermo-
dynamic parameters established the suitability of the AR-1 dye ad-
sorption process and the AG® values confirm the feasibility and
spontaneity of the adsorption process. The modified materials were
tested through the treatment of synthetic dye effluents and showed
excellent outcome in the treatment of such effluents.
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Temperature (K) 298 303 308 313 318 323
Tan-Ap-0.5

K (Lmol ™) 200.900 173.100 148.900 127.200 109.000 94.720
AG* (kJ mol™1) —30.25 —30.39 —30.50 —30.59 —30.67 —-30.77
AH° (kJ mol 1) —24.25 - - - - -

AS° (JK 'mol™?) 20.2 - - - - -

R 0.9993 - - - - -
Tan-Ap-1.0

K, (Lmol ™) 197.700 170.100 147.100 126.600 108.800 95.130
AG® (kJ mol™1) —30.21 —30.34 —30.47 —30.37 —30.66 —30.78
AH° (kJ mol 1) —23.54 - - - - -

AS° (JK 'mol™?) 22.40 - - - - -

RZg 0.9996 - - - - -
Tan-Ap-2.0

K, (Lmol ™) 214.500 180.700 153.700 130.200 109.600 91.530
AG® (kJ mol ™) —30.41 —30.49 —30.58 —30.65 —30.68 —30.68
AH® (kJ mol 1) —27.08 - - - - -

AS° (JK 'mol™?) 11.30 - - - - -

RZyj 0.9982 - - - - -
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