2385% VNIVERSiDAD ' NIFRAN
Sy ;

: P SALAMANCA .~ Universidade

“ de Franca

Luminescent sensors for emerging
contaminants based on Eu** complexed by
clay minerals - amino acids hybrid materials

Denis Talarico de Araujo

UNIVERSIDADE DE FRANCA

UNIVERSIDAD DE SALAMANCA

Franca 2022



. VNiVERSiDAD
(&g‘ UNIFRAN

: P SALAMANCA Universidade
camp 200 AF o} de Franca

Sensores luminescentes para
contaminantes emergentes baseados em
Eu’* complexado em materiais hibridos
argilominerais - aminoacidos

Sensores luminiscentes para contaminantes
emergentes basados en Eu®* complejado en
materiales hibridos minerales arcillosos -
aminoacidos

Tese apresentada pelo Licenciado em Quimica Denis Talarico de Araujo para

obter o Titulo de Doutor em Ciéncias Quimicas

Tesis presentada por el Licenciado en Quimica Denis Talarico de Araujo para

obtener el titulo de Doctor en Ciencias Quimicas

Franca, 25 de janeiro de 2022

Salamanca, 25 de enero de 2022

Denis Talarico de Araujo



% VNiVERSiDAD NIFRAN
(5t i

: o P SALAMANCA Universidade

" CAMPUS DE EXCELENCIA INTERNACIONAL o de Frar‘lca

B00 AFDf

O AUTOR OFERECE UM AGRADECIMENTO ESPECIAL PELO
FINANCIAMENTO DESTA TESE PELA FAPESP

Através de bolsa de doutorado com projeto de n° 2017/01719-0 intitulado
“Materiais biohibridos (caulinita-aminoacidos) como sensores
luminescentes de poluentes emergentes” no periodo de 01/07/2018 a
18/01/2022

E através de bolsa BEPE — doutorado com projeto de n° 2018/26569-3
intitulado “Materiais biohibridos (Caulinita-aminoacidos) como sensores

luminescentes de poluentes emergentes” no periodo de 02/09/2019 a
19/03/2020

Com apoio da CAPES e CNPq.

Denis Talarico de Araujo



Emerson Henrique de Faria, Professor de Quimica da Universidade de Franca,
Brasil, e Miguel Angel Vicente Rodriguez, Catedratico de Quimica Inorganica
da Universidade de Salamanca, Espanha, como orientadores do trabalho
intitulado “Sensores luminescentes para contaminantes emergentes baseados

em Eu** complexado em materiais hibridos argilominerais - aminoacidos”.
AFIRMAM:

Este trabalho foi realizado pelo Licenciado em Quimica Denis Talarico de
Araujo para se candidatar ao Doutorado em Quimica, dentro dos Programas de
Doutorado “Ciéncias — Universidade de Franca, Brasil” e “Ciéncia e Tecnologia
Quimicas — Universidad de Salamanca, Espanha”. Considerando que constitui
um trabalho de pesquisa original, estd completo e cumpre todos os requisitos

exigidos para a defesa publica, autorizando sua apresentagao.

Franca, 25 de janeiro de 2022

Salamanca, 25 de enero de 2022

Jorocors B s o {/&]7

Emerson Henrique de Faria Miguel Angel Vicente Rodriguez



Emerson Henrique de Faria, Profesor de Quimica de la Universidad de Franca,
Brasil, y Miguel Angel Vicente Rodriguez, Catedratico de Quimica Inorganica
de la Universidad de Salamanca, Espafia, como orientadores del trabajo
titulado “Sensores luminiscentes para contaminantes emergentes basados en

Eu®*" complejado en materiales hibridos minerales arcillosos - aminoacidos”.
HACEN CONSTAR:

Este trabajo fue realizado por el Licenciado en Quimica Denis Talarico de
Araujo para postularse al Doctorado en Quimica, dentro de los Programas de
Doctorado “Ciencia - Universidad de Franca, Brasil” y “Ciencia y Tecnologia
Quimicas - Universidad de Salamanca, Espafa”. Se trata de un trabajo de
investigacién original, se encuentra completo y cumple con todos los requisitos

para la defensa publica, por lo que autorizamos su presentacion.

Franca, 25 de janeiro de 2022

Salamanca, 25 de enero de 2022

’} ‘

Emerson Henrique de Faria Miguel Angel Vicente Rodriguez



Agradecimentos

Desde 2008 quando estava terminando o ensino médio ja havia me interessado
pelo mundo da quimica devido aos 6timos professores que tivera nos ultimos anos. De
fato, nossa formacdo ¢ muito influenciada pelas experiéncias e pelas pessoas que
admiramos. Eu sempre quis ser professor de ciéncias, eu queria ser como os professores
que eu admirava, que pareciam saber de tudo, que eram simpaticos com nossas duvidas
e que aticavam nossas curiosidades. Entdo em 2008 mesmo, eu decidi ser professor de

quimica, e ndo somente um professor, mas um professor doutor em quimica.

Desde quando decidi fazer Licenciatura em Quimica pelo Instituto Federal
Goiano em Rio Verde-GO ja era minha intencdo fazer mestrado e doutorado. Queria
fazer desde 2008 meu doutorado em uma boa Universidade, que me desse espago para
pesquisa, para experimentar, queria estudar fora, conhecer o mundo. Mas sendo bastante
sincero, como a maioria dos nossos sonhos, eu nao achei que fosse conseguir. Mas aqui
estou eu, terminando meu doutorado em Ciéncias pela Universidade de Franca, no qual
pude ter o privilégio de fazer em regime de co-tutela com a Universidade de Salamanca,
na Espanha, realizando os meus sonhos profissionais, imaginados 14 em 2008, antes de
fazer meu vestibular em 2009.

Sao mais de uma década no mundo da quimica, entdo como agradecer todos que
passaram pela minha vida, que contribuiram com minha formagdo e com a realiza¢ao
deste sonho? Sdo tantas pessoas que peco perddo a todos quem eu esquecer de
mencionar, porque foram tantas pessoas que contribuiram de alguma forma que ndo sei
se seria capaz de lembrar de todas elas.

Quero agradecer primeiramente a Deus, o meu Deus, Senhor de tudo, que me
guiou a cada dia para chegar até aqui. Eu ndo O conheco apenas de ouvir falar, mas
pude experimentar Deus no meu processo de formag¢do como homem, como pai e como
quimico. Me sinto privilegiado apenas por poder sentir Tua presenga em todos os dias, a
qual ndo posso mais viver sem. Quero agradecer aos meus pais que sempre fizeram o
possivel e o impossivel para me ver chegar até aqui. Eu lembro do meu pai emocionado
com meu diploma, como seu primeiro filho a se formar, de como me sinto honrado por
ter nascido nesta familia, tendo o Claudinei e a Claudia como pais, de forma que nao
posso expressar minha gratidao a Deus por ter me dado este presente.

Quero agradecer ao Prof. Celso Belisario do Instituto Federal Goiano em Rio
Verde por ter me inspirado a continuar a estudar e a amar a profissdo de professor, e por
todos os outros professores do IF que me ajudaram na formagdo. Quero agradecer os
professores da Unifran, em especial o prof. Calefi que me apresentou a pesquisa, que
também me incentivou a ser professor, aos professores Lucas Rocha, que me ajudou na
qualificagdo e com sua didatica exemplar, me ajudou com muitas dividas na area de
luminescéncia, juntamente com o Prof. Eduardo Nassar que foi quase um coorientador,
me ajudando em tudo que pedi e precisei sem me negar nada, a Profa. Liziane Margal,



Prof. Eduardo Molina e Prof. Tiago Silva que foram além de professores, meus amigos
e me ajudaram em tudo que precisei.

Quero agradecer a reitora e professora Katia Ciuffi, que me apoiou sempre que
pode. Me senti muito privilegiado quando entrou em contato comigo preocupada com a
pandemia quando estava na Espanha, que nos poucos momentos que conversamos,
sempre me tratou muito bem, de forma que me fez sentir especial. Muito obrigado pelo
apoio. Também quero agradecer a todos os professores da Universidade de Salamanca,
em especial a Profa Elena que sempre me ajudou com minhas davidas com paciéncia e
carinho. Aos meus colegas Misol e Alejandro que foram verdadeiros amigos no tempo
que estive 14 em Salamanca. A profa. Raquel Trujillano e ao Prof. Vicente Rives que me
ajudaram com tudo que precisei e pedi e especialmente ao meu orientador Prof. Miguel
Vicente que contribuiu tanto com minha formagao antes mesmo de ir a Espanha que nao
tenho palavras para agradecer todo o apoio, dedicacao e paciéncia com que agiu comigo
durante todo este tempo. Se ndo fosse seu esfor¢o em aprovarmos meu primeiro artigo,
ndo teria conseguido entrar no doutorado, entdo estou aqui hoje também por causa de
vocé. Gracias profesor.

Quero agradecer ao meu orientador Prof. Emerson H. de Faria que ¢ meu pai
cientifico, esteve comigo desde 2014 na graduagdo até hoje me orientando. Tenho uma
admiragdo profunda pela sua pessoa, pela forma que vé a quimica, pela forma que faz as
coisas, pela forma que leciona e pela forma que orienta. O sr. sempre foi um orientador
rigido, mas ndo no sentido de um opressor, mas de alguém que tenta extrair o potencial
maximo de seus alunos. Nao teria realizado meu sonho sem vocé, ndo teria chegado até
aqui sem vocé€. Com exce¢do do nosso passeio em Barcelona, acho que nunca te vi fora
do ambiente de trabalho ou de atividades profissionais, mas mesmo sem ter este contato,
mesmo mantendo um relacionamento profissional, vocé ¢ meu melhor amigo. Vocé ¢ o
meu padrio de profissional, de quimico e de professor. E alguém em quem confio. Do
que seria de mim se ndo fosse por vocé? Serd que teria feito mestrado? Serd que teria
conhecido um acelerador de particulas? Que teria feito Doutorado? Serd que teria ido
pra Salamanca? Serd que gostaria de quimica e que veria a profissdo da mesma forma?
Nao sei dizer realmente, mas sei que sou muito grato por todas as oportunidades que me
deu e por me ajudar a voar.

Quero agradecer aos meus amigos Bruno, Jesse ¢ Ana Claudia que estiveram
verdadeiro parceiro na minha vida. Acho que nunca vou achar um amigo como vocg, ¢
nunca vou me perdoar por ter feito vocé€ vir para a Espanha na pandemia. Aos meus
amigos de laboratorio Eduardo, Breno, Vinicius, Gabriel, Lorrana, Jéssica, Suelen e
todos os outros que me fizeram companhia e que me ajudaram no laboratdrio, em
especial a0 meu amigo Vinilson que me ajudou demais no meu periodo de doutorado e
¢ um verdadeiro amigo e muito valioso para mim.

Quero agradecer meus irmaos Lenin e Diego que sem perceber me ajudaram na
minha caminhada me oferecendo apoio que somente irmdos poderiam dar. E por fim,



agradecer a minha esposa Neiva que entre todas as pessoas, mais viveram comigo 0s
dramas, as preocupacdes, 0s estresses € conquistas, que foi meu apoio emocional, que ¢
meu porto seguro, que me sustenta nesta caminhada. Nao sei o que seria de mim sem
vocé. No meu agradecimento no mestrado, eu disse que vocé carregava o Francisco e
me deus este presente maravilhoso que ¢ este meu filho muito amado, e agora
novamente, agora neste agradecimento no doutorado vocé carrega meu segundo filho
Lucca, em quem espero com ansiedade e que ja amo muito, € muito. Vocés sdo minha
vida.



“Toda a descoberta da ciéncia pura é potencialmente subversiva;
por vezes a ciéncia deve ser tratada como um inimigo possivel.”

Aldous Huxley



List of Acronyms and Abbreviations
Kao — Purified kaolinite;
Pro — L-proline;
Phe — L-phenylalanine;
LDH - Lamellar double hydroxide (hydrotalcite);
Sap — Saponite;
Lap - LAPONITE®;
DMSO - Dimethylsulfoxide;
APTES - 3-aminopropyltriethoxysilane;
tta - 2-thenoyltrifluoracetonate;
FTIR — Fourier transform infrared molecular absorption spectroscopy;
SEM - Scanning electron microscopy;
DTA - Differential thermal analysis;
TG — Thermogravimetry;
DTG - Derived thermogravimetry;
BET - Surface analysis using the Brunauer, Emmett and Teller method;
CTC - Cation exchange capacity;
SE - Specific surface area,;

XRD - X-ray diffraction;



List of Figures

Figure 1 - Optical properties model of the Eu(lll), a) on the Stokes
pseudoshift and b) emissions and excitation lifetimes. Adapted from Bodman

and Butler (BODMAN; BUTLER, 2021). ....coviiiiiiiiiiiiieeieeeeeeeeeeeeeeeee e 6
Figure 2 - Examples of amino acids with cyclic radicals: (a) Proline, (b)
Histidine, (c) Phenylalanine and (d) Tryptophan.............ccccccoiiiiiiiiiiiiiiiiiiiiies 7

Figure 3 - Luminescence spectra of TbigxsEug.172-MOF demonstrating
the suppression of luminescence in a) solvents, b) Pb?* and c¢) Fe** at different
concentrations. (WANG et al., 2016) .......ccoeviiiiiiiiiiiiiiiiiiieeeeeeeeeee 9

Figure 4 - Research data on title, abstract or keywords of publications in
the Scopus database, containing the words "Sensor", "Luminescence or
Luminescent" together with the words a) MOF or Metal-Organic Framework, b)
Polymer, c) Silica and d) clay or clay mineral. The survey was conducted on
18 1= 302 T 0 s R 11

Figure 5 - Clay minerals of the 1:1 and 2:1 type. Oa, Ob are apical and
basal oxygens respectively. Adapted from Brigatti (BRIGATTI; GALAN; THENG,

2000). ..eiiiiiiieeiee e e e e e e e e e e e e e et e e e e e e et e e e e e et et aaaaaaaaaaaaaaaaaaes 12
Figure 6 — Schematic representation of kaolinite functionalization by
boric acid catalyzed amidation reaction. (DE ARAUJO et al., 2021)................. 16

Figure 7 - Structure of the lamellar double hydroxide with the anion
intercalated. Adapted from Crepaldi and Rives (CREPALDI; VALIM, 1998;

RIVES; ULIBARRI, 1999). ... i sessessssssssnnnnnnes 17
Figure 8 - Schematic representation of amino acid conformation in
hydrotalcite. (FONt: @UNOT) ... 20

Figure 9 - Schematic representation of the saponite. (Font: author)..... 21
Figura 10 - a) Schematic representation of LAPONITE® and b)

interaction sites. Adapted from (DAS et al., 2019)........ooovviiiiiiiiiiieeee, 22
Figure 11 - Flowchart of experimental procedures for samples with
= o] 11 71 (PP 36
Figure 12 - Flowchart of experimental procedures for samples with
RYArOtaICITE. ... 41
Figure 13 - Flowchart of experimental procedures for samples with
saponite and LAPONITE®. .......ccoooeiiiiiiii e 45
Figure 14 — Examples of Kaolinite network parameters...................... 139

Figure 15 - X-ray diffractograms of the samples: a) kaolinite purified with
main Miller's reflections; b) functionalized materials with 20 degrees at 5-25; c)
50-65 degrees at 20; d) of complexed materials at 5-25 degrees at 26 and d)

50-65 degrees at 20. ........oouiiiiiii e 141
Figure 16 - Representation of obtaining data for calculating the Hinckley
index. Reproduced from ALABA et al. (2015).......cccoiiimiiiiiiiiiiiiiiiiieie 142

Figure 17 - Schematic representation of the intercalation process of
kaolinite with DMSO. (Reproduced from ZHANG et al., 2018).............euuueeeee 144



Figure 18 - Schematic representation of kaolinite with hydroxyl positions.

Adapted from TOSONI; DOLL; UGLIENGO, (2006)......cccevvveerieeeeiiieiieeeeeeeennn. 148
Figure 19 - Infrared absorption spectroscopy of purified kaolinite
between 4000 to 400 cm-1 with break in 3200-1600 cm™. .......cecvvvveeveen. 148

Figure 20 - Infrared absorption spectroscopy of organofunctionalized
materials between 4000 to 400 cm™ with breakage of 3200-2000 cm™ (a) and of
materials after complexation of europium Ill ion with breakage of 3200-2000 cm’
D) ettt 149

Figure 21 - Infrared spectra of amino acids a) Proline (Between 4000 to
400 cm™) and phenylalanine between b) 4000 to 1600 cm™ and c) 1600 to 400

-1

(o7 1 0 PSPPI 154
Figure 22 - TG, DTG and DTA curves of purified kaolinite obtained in an
oxidizing atmosphere (O;) with a heating rate of 20°C/min. ...............cceeeeeee. 160

Figure 23 - Thermal analysis of kaolinite samples being: TG, DTG and
DTA before (a, c, and respectively) and (b, d, f respectively) after complexation
of the europium ioN (). ...eeeeeeee e 162
Figure 24 - Scanning electron microscopy of purified kaolinite and
organofunctionalized samples. Images taken with a working distance of

approximately 12.5 mm and beam energy of 5.0 kV. ..........oooriiiiiiiiiii, 166
Figure 25 - X-ray diffractograms of LDH samples, a) purified LDH and
intercalated with amino acids and b) complexed with europium ion (Ill)......... 168

Figure 26 - Proposed schematic representation of the structure of amino
acids intercalated in hydrotalcite for a) C-LDHPhe, b) C-LDHPro, c¢) R-LDHPhe
ANA d) R-LDHPIO. .. ..t e e e e e eeeees 171

Figure 27 - Infrared spectra (FTIR) of samples with a) hydrotalcite and b)
after complexation of EU(IH) ioN..........ooeiiii e, 173

Figure 28 — Thermal analysis of synthetic LDH. With ramp from 25 to
900 °C, at 20 °C per min and in an oxidizing atmosphere. ..............ccceeeeeeeenn. 175

Figure 29 - TG of R-LDHPro samples before and after complexation with
Eu** ion, with a ramp from 25 to 900 °C, at 20 °C per min and in an oxidizing
AtMOSPNEIE. ... e anana 176

Figure 30 — Thermal analysis of C-LDHPro samples before and after
complexation with Eu* ion, with a ramp from 25 to 900 °C, at 20 °C per min and
in an oxidizing atMOSPNEre. ..........coiiiiiiiii e 177

Figure 31 - Thermal analysis of R-LDHPhe samples before and after
complexation with Eu®* ion, with a ramp from 25 to 900 °C, at 20 °C per min and
in an oxidizing atmMOSPNEre. ... ... 178

Figure 32 - Thermal analysis of C-LDHPhe samples before and after
complexation with Eu®* ion, with a ramp from 25 to 900 °C, at 20 °C per min and

in an oxidizing atmMOSPREre. ... ... 179
Figure 33 - SEM images for pure and amino acid intercalated LDH
7= 1001 0] (=T TSRO 183

Figure 34 - X-ray diffractograms of LAPONITE® (a) and saponite (b)
ST 1] 0] (= TR USSP 185



Figure 35 - Infrared vibrational spectra for samples with LAPONITE® (a)
and saponite (b) and their main attributions. ............cccoooeiiiiiiiii 188
Figure 36 - Thermal analysis (TG, DTA and DTG) of pure LAPONITE®
and intercalated with amino acid complexes. With ramp from 25 to 900 °C in
oxidizing atMmOSPNEre. ........cooiiiiiiiiiiiiiii 191
Figure 37 - Thermal analysis (TG, DTA and DTG) of pure saponite and
intercalated with amino acid complexes. With ramp from 25 to 900 °C in

OXidiZING atMOSPNEIE. ....ovieeiii i e e e e eeanes 194
Figure 38 - SEM images of pure LAPONITE® and intercalated with
EU(IIT) COMPIEXES. .eeeeeeeeeeeee e 195
Figure 39 - SEM images of pure saponite intercalated with Eu(lll)
FoT0] 101 0] 1= (T USRI 196
Figure 40 - Schematic representation of a common fluorimeter (font =
AUENOT). e 198

Figure 41 - Representation of energy levels in the process of energy
transfer from the ligand to the Eu(lll) ion. Wer and Wgr are energy transfer rates
and back energy transfer rates respectively. (font: author) ............................ 199

Figure 42 - Representation of the pseudo baseline emission of the
Eutta(KaoPro) sample to find the calculated intensities ratio (Rc,), being J = 0
= 0 o 2SRRI 203

Figure 43 - Luminescence spectra of europium transitions for the
kaolinite materials a) excitation and b) Emission with normalized intensity from

the traNSIION 2D F 1. oottt 205
Figure 44 - Luminescence spectra of kaolinite materials a) excitation and
b) Emission with normalized intensity from the transition °Do—'Fi. ............... 208
Figure 45 - Emission lifetimes of samples with hydrotalcite. With
emission set at 612 nm and excitation set at 365 nm............ccccccciiiiiii, 210

Figure 46 - Sample emission lifetime decay curves a) Eutta(R-LDHPro);
b) Eutta(R-LDHPhe); c) Eutta(C-LDHPro) and d) Eutta(C-LDHPhe), varying the
photon input and output slits from 2t0o 5 nm..........oooriiiiii 213
Figure 47 - Luminescence spectra of excitation (a and b) and emission
(c and d) LAPONITE® and saponite materials. The excitation intensities of
samples with saponite were normalized by the °D,—Fy transition, and in the
emission, all analyzed samples had the intensity normalized by the °Do—'F
L= 0 5711 o 1P 216
Figure 48 - Radioactive decay of samples with LAPONITE® with
emission fixed at 614 nm and excitation fixed at 362 nm. ...................oooeieees 219
Figure 49 - Sample emission lifetime decay curves of Eutta(LapPhe),
varying the photon input and output slits from2to 5 nm............ccccooeeeiis 221
Figure 50 - Calibration curves for a) Cr**; b) caffeine and c) estrogen.224
Figure 51 - Adsorption kinetics where gt is the adsorption capacity of the
material at time t, for materials with adsorption of a) Cr**, b) Caffeine and c)
g} (0o 1= o 1R 226



Figure 52 - Adsorption isotherms for kaolinite samples for Cr**, caffeine

and estrogen contaminants. ...........ccooiiiiiiii i 243
Figure 53 - Adsorption isotherms for samples with hydrotalcite for cr,
caffeine and estrogen contaminants. ..o 243
Figure 54 - Adsorption isotherms for samples with LAPONITE® for crt
CONtAMINANTS. ..ot e e e e 243
Figure 55 - Adsorption isotherms for samples with saponite for Cr**,
caffeine and estrogen contaminants..............cccoovviiiiiiii e 245
Figure 56 - Photoluminescence spectra of samples complexed with Eu**
ion obtained after adsorption tests with Cr®* in times from 1 to 120 min. ....... 251

Figure 57 - Photoluminescence spectra of samples complexed with Eu
ion obtained after adsorption tests with caffeine in times from 1 to 120 min. . 254
Figure 58 - Photoluminescence spectra of samples complexed with Eu
ion obtained after adsorption tests with estrogen in times from 1 to 120 min. 255
Figure 59 - Variation in the relationship between intensities R:
(°Do—"F2/°Do—"F4) of the samples in relation to the concentration of Cr®*. ... 259
Figure 60 - Variation in the relationship between intensities R>
(°Do—'F2/°Dy—"F4) of the samples in relation to the concentration of caffeine.

Figure 61 - Variation in the relationship between intensities R»
(°Do—"F2/°Dy—"F4) of the samples in relation to the concentration of estrogen.

Figure 62 - Stern-Volmer plot and modified Stern-Volmer equation (inset)
for the detection of Cr®* for the samples where it was possible to draw a linear
line for the detection lIMItS. ...........cooiiiiiiiiie e 266

Figure 63 - Stern-Volmer plot and modified Stern-Volmer equation (inset)
for the detection of caffeine for the samples where it was possible to draw a
linear line for the detection liMits. ... 268

Figure 64 - Stern-Volmer plot and modified Stern-Volmer equation (inset)
for estrogen detection for the Eutta(SapPhe) sample, where it was possible to

draw a linear line for the detection limits. ..o, 268
Figure 65 - Schematic representation of the energy diagram between
ligands, contaminants and europium Hlion. ........cccooiiiiii e, 270

Figure 66 - CIE chromaticity coordinates of samples complexed with
Eu3+ ion and images before and after the incidence of ultraviolet light (360 nm)
ON the SAMPIES. ... e e e e e e e e e aeeees 277



Table List

Table 1 - Examples of kaolinite-functionalized materials from our
research group and their respective applications. ...........ccccooviiiiiiiiiiiie e, 14
Table 2 - Amino acid intercalation in LDH by the reconstruction method
where d is the basal spacing and LDH(500 °C) is the hydrotalcite calcined at
500 °C. Adapted from Nakayama (NAKAYAMA; WADA; TSUHAKO, 2004).... 19
Table 3 - Proportion between sample mass and europium(lll) chloride

volume in samples containing kaolinite. ... 40
Table 4 - Ratio of sample mass to volume of tta:Na 0.1 M added. ........ 48
Table 5 - Mass ratio used at each time in the kinetic adsorption study. 50
Table 6 - Structural order properties of purified kaolinite. .................... 143

Table 7 - basal spacing (d); basal spacing variation (Ad);
intercalation/functionalization ratio (a); particle orientation degree (R) and the
ratio of the peak widths of the reflection d001 (FWHM) kaolinite samples,
kaolinite intercalated with DMSO and organofunctionalized kaolinite samples.
....................................................................................................................... 145

Table 8 - Assignment of infrared absorption bands characteristic of
kaolinite structure to purified kaolinite (Kao) and organofunctionalized materials.
....................................................................................................................... 151

Table 9 - Assignment of infrared absorption bands characteristic of the
amino acids proline and phenylalanine to organofunctionalized kaolinite
MALEIIAIS. ... e 156

Table 10 - Relative mol number for kaolinite samples according to
proposed structures for the interaction between matrix and organic matter. .. 164

Table 11 - Network and basal space parameters of X-ray diffractograms

of samples with hydrotalCite. ... 169
Table 12 - FWHM index of reflection 003 and the respective crystallite
sizes of samples With LDH. ... 172
Table 13 - Calculated chemical formulas for hydrotalcite samples
intercalated with @mino @CIAS. ..........cooiiiiiiiiiii e 182
Table 14 - Basal space (d) and FWHM index of X-ray diffractograms of
samples obtained by LAPONITE® and saponit.............cccooovviiiiiiiiiiiieeeeeeeeee, 186

Table 15 - Optical properties of materials complexed with Eu(lll) ion.
Total radiation (Ag) and non-radiation (Anag) €mission rate; obtained lifetime
ratio (zps) and lifetime of radiative emission (z.44); number of water molecules in
the first coordination sphere (q) and internal quantum yield of radiative emission
(QLNILTU ). et e e e e e e e e e e e e e e e e e e 206

Table 16 - Ratio between the areas of the bands corresponding to (Ro)
and (Ry); ratio between areas corrected of the bands corresponding to (Rcy)
and (Rc;) and Judd-Ofelt parameters Qz and Qu......eveevviiiiiiiiiiiiiiiiiieeeeeeeee, 207



Table 17 - Ratio between the areas of the bands corresponding to (Ry)
and (R2) and Judd-Ofelt parameters Qo and Q. ....ovvvveieeeiiiiiiiiiiciieeeeeeeeee, 209

Table 18 - Optical properties of materials complexed with Eu(lll) ion.
Total radiation (A¢) and non-radiation (Anag) €mission rate; obtained lifetime
ratio (zps) and lifetime of radiative emission (z.4); number of water molecules in
the first coordination sphere (q) and internal quantum yield of radiative emission
(QLNILTU ). ettt e e e e e e e e e e e e e e e e e e 210

Table 19 - Optical properties of materials complexed with Eu(lll) ion.
Total radiation (Arg) and non-radiation (Anag) €mission rate; obtained lifetime
ratio (zps) and lifetime of radiative emission (za¢); Nnumber of water molecules in
the first coordination sphere (q) and internal quantum yield of radiative emission
(0 7 7 T 217

Table 20 - Ratio between the areas of the bands corresponding to (Ro)
and (Ry); ratio between areas corrected of the bands corresponding to (Rcy)

and (Rc;) and Judd-Ofelt parameters Qz and Qu.....ovvvvveiiieiiiiiiiiiiieeeeeeeeee, 222
Table 21 - Adsorption capacity (gt) in the longest time (t) for Cr*,
caffeine and estrogen contaminants..............cccooviiiiiiiee e 228
Table 22 - Properties obtained from pseudo first order and pseudo
second order kinetic models for Cr** adsorbents. .............cccoeveeieeeeeeeeeennn 231
Table 23 - Properties obtained from pseudo first order and pseudo
second order kinetic models for caffeine adsorbents. ...........ccccciiiiiiiinnnnns 232
Table 24 - Properties obtained from pseudo first order and pseudo
second order kinetic models for estrogen adsorbents. ...........cccccccceiieiiieinnn, 233
Table 25 - Parameters obtained by the Langmuir isotherm and its linear
regression for Cr**, caffeine and estrogen contaminants. ...........cccoceeveeuenn... 239
Table 26 - Parameters obtained by the Freundlich isotherm and its linear
regression for Cr**, caffeine and estrogen contaminants. ................ccccco.o...... 240
Table 27 - Parameters obtained by the nonlinear Freundlich isotherm.
....................................................................................................................... 247

Table 28 - Linear correlation data between the luminescence intensity of
the synthesized hybrid materials and the adsorbed amounts of Cr®*, caffeine
=T =T (o Yo 11 o FO SRR 262

Table 29 - Properties of luminescent sensors obtained by the Stern-
AV ] [ 0 =T =T o [0 =[] o 269



Summary

1. Chapter 1 — Introduction and Objectives ...................cccevvieen. 1
1.1. Emerging Pollutants..........ooommrcccrcr e 1
1.2. Hybrid materials as optical sensors...........cccccceiiimrreciiierreecnnns 4
1.3. LN lUMINESCENt SENSOIS......cuceeemeerrerercrresessesereesss e esssssssns 5

1.4. Clay minerals as an inorganic matrix of hybrid materials ... 11

1.4.1. KaOINITE.. .o 13
1.4.2. Lamellar double hydroxides (LDH) ..., 16
1.4.3. Saponite and LAPONITE®..........ccccovieiiiiiiiiiiiiiiiee e 20
ST © 1 1= o3 23
1.6. Materials and reagents USe ......c..ccccceiiiimimrreencccssn e 26
1.7. References...... it 27
2. Chapter 2 -Experimental..................ooooiiiiiii e, 36
2.1. Kaolinite materials..........ccccceiiiiiimmimiiccc 36
2.1.1. Purified Kaolinite ...........cooiiiiiii e 37
2.1.2. Intercalation of kaolinite with DMSO.............ccccooiiiiiiiiiins 37
2.1.3. Functionalization by the displacement method..................... 38

2.1.4. Kinetic study of the boric acid catalyzed amidation reaction. 38

2.1.5. Functionalization of kaolinite by boric acid catalyzed amidation
reaction 39

2.1.6. Complexation With EU® 0N .......cvevoeeeeeeeeeeeeeeeeeeeee, 39

2.1.7. Addition of the secondary ligand sodium
tenoyltrifluoroacetonate (tta:Na)...............eeeeiiiiiiiiie 40
2.2. Hydrotalcite (LDH) materials ..........ccooviiiiiiiiiiiiiiccs 40
2.2.1. Synthesis of lamellar double hydroxides (LDH).................... 41

2.2.2. Addition of amino acids by reconstruction method ............... 42

2.2.3. Addition of amino acids by the co-precipitation method........ 43

2.2.4. Complexation of hydrotalcite samples with Eu®"................... 43

2.2.5. Addition of the tenoyltrifluoroacetonate (ita) ligand in HDL
complexes 44

2.3. Saponite and LAPONITE® materials.........cccceeeeemccciiiiiniennnes 44

2.3.1. Commercial LAPONITE® RD and Pure Saponite (microwave)
45



2.3.2. Complexation of the amino acids proline and phenylalanine
with Eu®* 46

2.3.3. Intercalation of Eu®*" complexes in saponite and LAPONITE®

47
2.3.4. Addition of the tta ligand in the complexes intercalated in
saponite and LAPONITE®..........oouuuuiiiiieeeeeeee e 47
2.4, Leaching tests ... 48
2.5. Adsorption tests for Estrogen, Caffeine and Cr**
L2 0T 01 7= 4 1 T 1 1 49
2.5.1. Calibration CUrVeS.........cccooiiiiiiiiiie e 49
2.5.2. Adsorption KiNetiCS........ccoeeeiiiiieiiiiiiei e 49
2.5.3. Chemical equilibrium in the adsorption process ................... 50
2.6. Characterization Techniques .........cccccceiiiiiiiimniccccs s 51
2.6.1. X-ray diffraction (XRD) .........ccorrmmmiiiiiiiiieeeeeeeeeceee e, 51
2.6.2. Fourier Transform Infrared Molecular Spectroscopy (FTIR). 51
2.6.3. Thermal analysis (TG/DTG/DTA) ..cccoeeeiiiieeiiiieee e 51

2.6.4. Specific surface by BET isotherms (Brunauer, Emmett e
Teller) 52

2.6.5. Determination of particle Size .............ccooviiiiiiiiiiiie i, 52
2.6.6. Electron microscopy (SEM/TEM).......ccooeeeiiiiiiiiiiiiieeeeeeeeeeeens 52
2.6.7. Absorption spectroscopy in the UV-Visible region................ 53
2.6.8. Luminescence SPECIrOSCOPY ...uvvevreeruiiieiiiiiiieeeeeiiie e e e e 53
2.7. References....... i 53
3. Chapter 3 — Results published in journals................................... 58
4. Chapter 4 — Results not published in journals....................... 138
4.1. Discussion and characterization of hybrid materials......... 138
4.1.1. Materials obtained with kaolinite.................................... 138
4.1.2. Hydrotalcite Materials (LDH)...............ccccoiiiiiiiiiiiinnnnnnn. 167

4.1.3. Materials obtained from LAPONITE® and saponite
(smectites) 184

4.2. Luminescent properties of the materials obtained............. 197
4.2.1. Optical properties of materials immobilized in kaolinite ..... 204
4.2.2. Optical properties of materials immobilized in LDH ........... 208

4.2.3. Optical properties of materials immobilized on LAPONITE®
and saponite 214



4.3. Applications of luminescent materials.........cccccccevrrvrnnnnnnnnns 223
4.3.1. Adsorption Tests ............ccoociiiiiiiiiiiiiiii e 223
4.3.2. Quenching measurements for luminescent sensors.... 247

4.3.3. Application in enhanced latent fingerprint detection ... 272

CONCIUSIONS ... 278
ReferenCes ... 280
Final considerations and perspectives.................cccooeeiiiiiiiiei, 291

APPENDIX ... 301



Resumo

Com o avango do desenvolvimento social e econdmico nas ultimas
décadas, milhdes de compostos quimicos sédo jogados nos efluentes naturais,
colocando em risco tanto o bioma quanto a saude humana. A falta de pesquisa
e conhecimento sobre o comportamento destes contaminantes no meio
ambiente, assim como o surgimento de novas substancias oriundas da mistura
destes poluentes sdo um desafio para a quimica verde. Pensando nisto, foram
sintetizados materiais hibridos empregando-se argilominerais e aminoacidos
complexados ao ion Eu** para serem aplicados como sensores luminescentes
dos contaminantes Cr**, cafeina e estrogénio. Os ions lantanideos possuem
propriedades Opticas Unicas tais como bandas finas de emissao e longos
tempos de vida de emissdo, que fornecem ao sensor seletividade e
sensibilidade (pré-requisitos necessarios principalmente para quantificagcdes
em analitos em concentragbes reduzidas). Foram utilizados como matrizes
para os complexos luminescentes o argilomineral natural caulinita e os
argilominerais sintéticos hidrotalcita, LAPONITA® e saponita e os aminoacidos
fenilalanina e prolina foram utilizados como ligantes, assim como o ligante
secundario tenoiltrifluoroacetona (tta) foi utilizado. Os materiais foram
caracterizados por difracdo de raios X, espectroscopia de absor¢ao molecular
na regido do infravermelho, analises térmicas, microscopia eletrbnica de
varredura, espectroscopia UV/Visivel e de luminescéncia. Os materiais com
fenilalanina apresentaram melhores propriedades Opticas e maiores
rendimentos quéanticos de emissao (de 15 a 52%). As amostras de caulinita
apresentaram maiores forgcas de interagdo com os complexos e tanto as
amostras com caulinita quanto com saponita apresentaram boas propriedades
como sensor luminescente para os contaminantes Cr* e cafeina com
correlagdo linear maior que 97%. Os estudos cinéticos de adsorgéo
apresentaram melhor convergéncia para o modelo de pseudo-segunda ordem,
enquanto os estudos de equilibrio apresentaram maior convergéncia para a

isoterma de Freundlich.

Palavras-chave: caulinita, saponita, LAPONITA®, HDL, materiais hibridos,

sensores opticos, eurdpio (lll), prolina, fenilalanina.



Resumen

Con el avance del desarrollo social y econdmico en las ultimas décadas,
millones de compuestos quimicos se vierten en efluentes naturales, poniendo
en riesgo tanto el bioma como la salud humana. La falta de investigacion y
conocimiento sobre el comportamiento de estos contaminantes en el medio
ambiente, asi como la aparicion de nuevas sustancias a partir de la mezcla de
estos contaminantes son un desafio para la quimica verde. Teniendo esto en
cuenta, se sintetizaron materiales hibridos de minerales arcillosos vy
aminoacidos complejados con el ion Eu®" para aplicarlos como sensores
luminiscentes de contaminantes Cr**, cafeina y estrégeno. Los iones lantanidos
tienen propiedades Opticas unicas, tales como bandas de emision delgadas y
un tiempo de vida de emision prolongada, lo que proporciona al sensor
selectividad y sensibilidad (requisitos previos necesarios principalmente para la
cuantificacion de analitos en concentraciones reducidas). EI mineral de arcilla
natural caolinita y los minerales de arcilla sintética hidrotalcita, LAPONITA® y
saponita se utilizaron como matrices para los complejos luminiscentes y los
aminoacidos fenilalanina y prolina como ligandos, asi como el ligando
secundario tenoiltrifluoroacetona (tta). Los materiales se caracterizaron por
difraccion de rayos X, espectroscopia de absorcién molecular infrarroja, analisis
térmico, microscopia electronica de barrido, espectroscopia UV/Visible y de
luminiscencia. Los materiales con fenilalanina mostraron mejores propiedades
opticas y mayores rendimientos de emision cuantica (del 15 al 52%). Las
muestras de caolinita mostraron mayores fuerzas de interaccién con los
complejos y tanto las muestras de caolinita como de saponita mostraron
buenas propiedades como sensor luminiscente para contaminantes de Cr** y
cafeina con correlacion lineal superior al 97%. Los estudios de cinética de
adsorcion mostraron una mejor convergencia para el modelo de pseudo
segundo orden, mientras que los estudios de equilibrio mostraron una mayor

convergencia para la isoterma de Freundlich.

Palabras clave: caolinita, saponita, LAPONITA®, LDH, materiales hibridos,

sensores opticos, europio (lIl), prolina, fenilalanina.



Abstract

With the advancement of social and economic development in recent
decades, millions of chemical compounds are dumped into natural effluents,
putting both the biome and human health at risk. The lack of research and
knowledge about the behavior of these contaminants in the environment, as
well as the emergence of new substances from the mixture of these pollutants
are a challenge for green chemistry. Thus, hybrid materials of clay minerals and
amino acids complexed to the Eu®" ion were synthesized to be applied as
luminescent sensors of contaminants Cr**, caffeine and estrogen. Lanthanide
ions have unique optical properties such as: they have thin emission bands and
long emission lifetimes, which provide the sensor with selectivity and sensitivity
(necessary prerequisites mainly for quantification of the analytes at reduced
concentrations). The natural clay mineral kaolinite and the synthetic clay
minerals hydrotalcite, LAPONITE® and saponite were used as matrices for the
luminescent complexes and the amino acids phenylalanine and proline were
used as ligands, as well as the secondary ligand tenoyltrifluoroacetone (tta) was
used. The materials were characterized by X-ray diffraction, infrared molecular
absorption spectroscopy, thermal analysis, scanning electron microscopy,
UV/Visible and luminescence spectroscopy. Materials with phenylalanine had
better optical properties and higher quantum emission yields (from 15 to 52%).
The kaolinite samples showed higher interaction strengths with the complexes
and both the kaolinite and saponite samples showed good properties as a
luminescent sensor for Cr** and caffeine contaminants with linear correlation
greater than 97%. The adsorption kinetic studies showed better convergence
for the pseudo-second order model, while the equilibrium studies showed

greater convergence for the Freundlich isotherm.

Keywords: kaolinite, saponite, LAPONITE®, LDH, hybrid materials, optical

sensors, europium (lIl), proline, phenylalanine



1.  Chapter 1 - Introduction and Objectives

1.1. Emerging Pollutants

The concept of protected source was initially attributed to the water body
that does not receive domestic or industrial effluents. Nonetheless, over time,
this concept became more permissive, with those who had contact only with
effluents from domestic sewage being considered as protected, which are
considered suitable for the production of drinking water (HESPANHOL, 2015).
However, with the advancement of economic and social development in recent
decades, thousands of synthetic and natural chemical compounds are dumped
daily into natural effluents only by domestic sewage, which are not properly
identified and removed by sewage treatments (VARGAS-BERRONES et al.,

2020).

Considering together with the production of pollutants from industrial
activity, there was an advance from 1 million to 400 million tons produced per
year of anthropogenic chemical products between 1930 and 2000’s.
(GAVRILESCU et al., 2015). In the year 2017, approximately 100 million tons
were reported as environmentally harmful and nearly 92 million tons were
considered hazardous to human health (VARGAS-BERRONES et al., 2020).
Within this quantity and variety of contaminants present in natural aquifers, a
new class of contaminants called emerging pollutants appears, also called
micropollutants (with a concentration between 10° to 10°® g/L) or emerging
contaminants (EC), which are the result of the disposal of chemical products
such as surfactants, pharmaceuticals, personal care products, pesticides,

among others.



As this is a new class of contaminants, conventional sewage treatments
are not able to identify and/or remove these compounds, there is also no
specific regulation for monitoring/removal and research for identification and
treatment is still scarce, making this a global public health and environmental

problem.

Among the problems caused by these pollutants, we can highlight three
main ones to justify the research and development of technologies to identify
and remove these compounds from the environment. The first is the disruption
of endocrine activity, which has been reported for several species of
invertebrate animals, fish and amphibians in contact with these contaminants,
even at low concentrations, resulting in adverse effects on metabolic
development, reproductive processes, embryonic development, in sexual
differentiation, growth and the digestive system (FLINT et al., 2012). Second, it
is related to the formation of new compounds by mixing these contaminants
with unknown effects on the biome and human health (DEBLONDE; COSSU-
LEGUILLE; HARTEMANN, 2011) and finally the increase in antimicrobial
resistance resulting from the contact between bacteria and antibiotics,
potentially toxic metals and disinfectants in effluents, promoting the transfer of

resistant genes (HOCQUET; MULLER; BERTRAND, 2016).

Related to Latin America, specifically in Brazil, the amount of information
about the influence of emerging pollutants is even smaller, with the first work
published only in 2000 by Stumpf et al. (STUMPF et al., 1999), where the
concentration of drugs in treated and untreated natural waters in Rio de Janeiro,
Brazil was monitored. In a review by Pefia-Guzman et al. (PENA-GUZMAN et

al., 2019), of the 51 emerging pollutants found in wastewater in Latin America,
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caffeine was the one with the highest concentration (5,597,000 ng/L) followed
by ibuprofen and among the endocrine disruptors the hormone estrogen (17 -
estradiol) was the one that presented higher concentration with 11,400 ng/L.
The same is true for drinking water with 3,800 ng/L for caffeine and 2,400 ng/L
for estrogen and for surface water with 106,000 ng/L for caffeine and 13,450
ng/L for estrogen. However, it is not possible to quantify these concentrations
through conventional techniques, such as UV-Vis spectroscopy, making the

detection process of these pollutants even more difficult.

Along with emerging pollutants, potentially toxic metals such as
chromium, cadmium, zinc, among others, have also generated major
disturbances in the ecosystem and human health. The aggravating factor of
these contaminants is the ability to reach groundwater and irrigation regions,
being easily absorbed by cultivation. Chromium is a metal widely known in the
industry in general, especially in the tanning industry, widely present in the city
of Franca, Brazil, being classified as a common environmental contaminant
(PUSHKAR et al., 2021). Cr(lll) and Cr(VI) concentrations above 1.0 mg/mL
and 0.2 mg/L consequently can damage DNA and are highly carcinogenic
(NOVOTNIK et al., 2016) in addition to contributing to antimicrobial resistance

when present in natural aquifers.

Given what has been presented, the need to develop new technologies
for detection and removal of these contaminants from the environment is
evident, both for human health and for the natural biome. In this work, the
development of luminescent sensors for the emerging contaminants caffeine
and estrogen (B-estradiol) was proposed due to the high concentration of these

contaminants in natural effluents, and for the potentially toxic metal Cr(lll) due
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to the social-economic context of the region of Franca (Brazil), where the
industries related to footwear and leather bring large amounts of residues with

high concentrations of this metal.
1.2. Hybrid materials as optical sensors

There are several analytical methods for identifying chemical compounds
in the environment. Among the most used are thin layer chromatography (TLC)
(BOCHENSKA; PYKA, 2013), high performance liquid chromatography (HPLC)
(GIRON; ALAIZ; VIOQUE, 1992), high performance capillary electrophoresis
(WANG et al.,, 2012), among others. However, the disadvantage of these
methods is the need for analysis at relatively high concentrations, complex
chemical-physical processes, low thermal resistance and great difficulty in
performing these tests in situ. On the other hand, optical sensors are attractive
because they can be synthesized at low temperatures using the sol-gel method,
they are easy to incorporate contaminants for identification, they can be applied
in situ and with detection limits in the quantification process that can vary up to

10 g/L (ATTIA; DIAB; EL-SHAHAT, 2014).

Both organic and inorganic materials have been proposed as optical
contaminant sensors. Inorganic compounds have high thermal stability, can be
easily synthesized by different techniques while organic materials have
versatility and reactivity, being possible to modulate their structure to increase
the selectivity and quality of the sensor (WANG et al., 2013b). However, these
isolated materials have restricted characteristics and specific environments that
restrict their application in practice. In this context, organic-inorganic hybrid

materials stand out for combining the thermal stability and rigidity of inorganic



materials with the malleability and versatility of organic compounds. Unique
properties not present in isolated materials can also arise, in addition to
significantly increasing the optical properties of the sensor (GAO; KODAIMATI;

YAN, 2021).

For hybrid materials used as sensor, generally the inorganic part is used
as the protective matrix, while the organic part dispersed in the matrix is
responsible for detection (WANG et al., 2013b). However, in recent years there
has been a significant advance in the area of sensors where both parts, organic
and inorganic, contribute to the quality and selectivity of materials. Several
matrices have been used to synthesize hybrid materials such as metal-organic
structures (MOFs) (YANG et al., 2021), fibrous nanosilica (CHATTERJEE et al.,
2021), silica (CHATTERJEE et al., 2019), graphene (ZHANG et al., 2015a),

surfactants (BARJA; ARAMENDIA, 2008) etc.

1.3. Ln* luminescent sensors

Lanthanide ions have unique optical properties such as thin, easily
identifiable emission bands, large stokes shifts (Figure 1), long excited state
lifetimes (Figure 1) and low influence of the chemical environment, which makes

these ions attractive for luminescent applications (CHEN; XU; LI, 2020).
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Figure 1 - Optical properties model of the Eu(lll), a) on the Stokes pseudoshift and b) emissions
and excitation lifetimes. Adapted from Bodman and Butler (BODMAN; BUTLER, 2021).

The thin emission bands result from the electronic configuration [Xe] 4f"
where the 4f sublevel is shielded by the 5s and 5p orbitals, resulting in low
influence of the chemical environment and low molar absorption coefficients (<
3 M's™) (BUNZLI; PIGUET, 2005). Under Laporte's selection rule, the only
transitions allowed are those accompanied by a parity change (g—u or u—g),
therefore, electric-dipole f-f transitions are prohibited while magnetic-dipole
transitions are weakly allowed (BUNZLI, 2016). However, these dipole-electrical
transitions are allowed when there is loss of the center of symmetry (i), which
occurs by the combination of bonding orbitals, spin-orbit coupling, vibronic
coupling and Jahn Teller effect (spontaneous geometry deformations caused by
degenerate orbitals to reduce system energy (degeneracy)) (BUNZLI, 2016;
JAHN AND TELLER, 1937). Another parameter that can change the positions
of energy levels is the total angular momentum (J), where states with different
values of J can combine into a crystalline field (CF), an effect known as "J-

Mixing" (SOUZA, 2012).

Due to these factors, Ln** ions need ligands with good molar absorptivity
coefficients to transfer the received energy to the central ion, a phenomenon

known as "antenna effect" (BELTRAN-LEIVA et al., 2017; SIGOLI et al., 2001).



Organic ligands with aromatic or highly conjugated rings are very promising for
these materials. In the context of this thesis, cyclic amino acids such as L-
proline, L-phenylalanine and L-tryptophan (Figure 2) are good candidates for
the formation of luminescent hybrid materials, as they are low cost, non-
polluting and have high molar absorptivity, increasing the Ln*" ion radioactive
emission yield. Amino acids are generally used for biomedical applications
because of the chirality that offers distinct functional groups (YOOSEFIAN et al.,
2020). Furthermore, these additional functional groups of amino acids increase
the accessibility of analytes for more selective detection as a luminescent

sSensor.
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Figure 2 - Examples of amino acids with cyclic radicals: (a) Proline, (b) Histidine, (c)
Phenylalanine and (d) Tryptophan.

The trivalent oxidation state is the most stable of these ions and its
coordination number varies between 6 to 12 and the radiative emission of
lanthanides can vary between phosphorescent emissions (eg Eu®*" and Tb**),
fluorescent (eg Ho®*" and Yb**) or be both fluorescent and phosphorescent
(such as Pr’* and Nd**) (BUNZLI, 2016). For this work, the Eu** ion was chosen
because it is phosphorescent, with long lifetimes, thus increasing the selectivity
and quality as a sensor. These properties have attracted researchers in the last
decade for the application of luminescent sensors for pH (LIU et al., 2013;

MOORE et al., 2012; TUREL et al., 2008), temperature (JIANG et al., 2015;



KOZAK et al., 2014), drugs (ATTIA et al., 2012), metals (KOTOVA; COMBY;

GUNNLAUGSSON, 2011; ZHAI et al., 2012; ZHOU et al., 2013), among others.

The sensing occurs when oscillating groups such as water molecules,
organic groups (NH,, COOH, etc.), among others, complexed to the Eu(lll) ion
in the first or second coordination sphere, disperse the energy by vibronic
relaxation resulting in quenching (BUNZLI, 2015). This phenomenon is used to
quantify different molecules adsorbed together with these complexes
immobilized on solid matrices. Wang and co-workers (WANG et al., 2016)
evaluated different solvents, anions and cations in contributing to the
suppression of luminescence and they managed not only to synthesize a
chemical sensor of Fe** and Pb®* but also to quantify the concentration of these

ions, as shown in figure 3.
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Figure 3 - Luminescence spectra of Tb;gsEug17o-MOF demonstrating the suppression of
luminescence in a) solvents, b) Pb* and c) Fe®* at different concentrations. (WANG et al.,
2016)

Among the hybrid materials most used as sensors are coordination
polymers, more precisely metal-organic structure (MOFs) where metal ions are
connected to organic ligands containing noble metals and rare earth elements

such as Au, Pt, Ru, Ir, Tb and Eu to provide the optical properties of the sensor



(GAO; KODAIMATI; YAN, 2021; YANG et al., 2021; ZHAN et al., 2019). Figure

4 shows a search in the Scopus database containing the words “Luminescence

or luminescent” and “sensor” with different types of matrices.
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Figure 4 - Research data on title, abstract or keywords of publications in the Scopus database,
containing the words "Sensor", "Luminescence or Luminescent" together with the words a) MOF
or Metal-Organic Framework, b) Polymer, c) Silica and d) clay or clay mineral. The survey was
conducted on June 21, 2021.

As shown in Figure 4, there has been an advance in the research of
luminescent sensors in recent years using the most diverse matrices, mainly on
polymeric matrices and on metal-organic structures, with more than 200
publications each just last year and analyzing only the database of Scopus. On
the other hand, the number of works relating clay minerals as an inorganic
matrix in obtaining sensors is practically negligible in this comparison. Lamellar
clay minerals are abundant in sites for incorporation of molecules of interest,
offer greater thermal resistance and the dispersion necessary for application in
sensors and the lack of publications with these matrices justifies the research
proposed in this work. In addition, clay minerals have both chemical affinity for
cations (smectites) and anions (LDH) offering good selectivity for electrically

charged contaminants (RIVES, 2001; WHITTAKER et al., 2019).

1.4. Clay minerals as an inorganic matrix of hybrid materials

Clay minerals are a diverse group of aluminosilicates, with low

granulometry (particle size <2um according to geologists and <4um for
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engineers), develop plasticity when wet, have a large proportion of surface area
by volume and constitute the majority of philosilicates, which are minerals of
arrangement of tetrahedral groups of silica in sheet form (DE FARIA, 2011;
HUGGETT, 2015). They are extremely abundant in nature covering much of the
Earth's surface and many of these are easily synthesized in the laboratory. Its
lamellar structure is organized in the form of layers divided into two groups:
Type TO or 1:1 with a tetrahedral sheet of silica (SiO4) and another octahedral
sheet of Ms* (dioctahedral) or M, (trioctahedral), where M a metallic ion such
as Al, Fe, Mg, etc. The second group consists of TOT or 2:1 layers with two
tetrahedral silica layers and an octahedral layer (BRIGATTI; GALAN; THENG,

2006) as shown in figure 5.

0,9 nm [Si,Ob,0a,]
[M2'(OH),0a,] ou [M7(OH),0a,]

[Si,Ob,0a,]

2:1 Dioctahedral R*Si,O,,(OH),
2:1 Trioctahedral R*Si,O,,(OH),

Figure 5 - Clay minerals of the 1:1 and 2:1 type. Oa, Ob are apical and basal oxygens
respectively. Adapted from Brigatti (BRIGATTI; GALAN; THENG, 2006).
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1.4.1. Kaolinite

Kaolinite has a 1:1 lamellar structure (TO), with a structural formula
Al>Si;O5(0OH)4 being 10-95% of the kaolin mineral composition (ALABA et al.,
2015). Its unit cell is electrically neutral and has between the lamellae a
hydroxylic surface from aluminol [AlI(OH)3], this site being responsible for the
interactions. Kaolinite stands out from other clay minerals due to this hydroxylic
surface that forms a dense network of hydrogen bonds between the lamellae,
resulting in strong cohesion, with a basal spacing of 0.7 nm (DEDZO;

DETELLIER, 2016).

Due to this characteristic, this clay mineral was considered for a long
time as non-expandable, until Jackson in 1960 studied the intercalation of
kaolinite for the qualitative determination of mineral species (JACKSON, 1960).
Garcia and Camazano in 1968 demonstrated that it is possible to intercalate
kaolinite with highly polar molecules with a low molecular radius, being the first
to intercalate kaolinite with dimethylsulfoxide (GONZALEZ GARCIA; SANCHEZ
CAMAZANO, 1968). After pre-intercalation with DMSO it is possible to

intercalate larger molecules for a wide range of applications (HE et al., 2013).

Kaolinite intercalation is the result of weak interactions such as hydrogen
bonds and Van der Waals forces between the intercalant and aluminol.
Functionalization occurs when there are stronger bonds such as covalent
bonding involved in the intercalation process (LETAIEF; DETELLIER, 2011;
NGNIE; DEDZO; DETELLIER, 2016; RIBEIRO et al., 2015). Initially, kaolinite is
intercalated with small, polar molecules such as dimethylsulfoxide (DMSO),

dimethylformamide (DMF), among others, to increase the interlamellar space
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for later functionalization with the molecules of interest. The best known method
for functionalization is the displacement method, through the displacement of
the DMSO from the basal space with the molecule of interest (NGNIE; DEDZO,

2020) (Table 1).

Table 1 - Examples of kaolinite-functionalized materials from our research group and their
respective applications.

Functionalized Material Application Reference

Eu’" and Tb*" Picolinic Luminescent application ~ (DE FARIA et al., 2011)

acid complexes

Titanium(IV) Photodegradation for dyes (BARBOSA et al., 2015)

isopropoxide

Porphyrin catalyst for oxidation (BIZAIA et al., 2009)
reactions

Fe(III) pyridine- catalyst for oxidation (DE FARIA et al., 2012)

carboxylate complexes reactions

Me(II)-dipicolinate degradation of dyes (ARAUJO et al., 2014)

complexes

However, our research group has been working with a new route for the
functionalization of kaolinite through an amidation reaction between amino acids
and 3-aminopropyltriethoxysilane alkoxide (APTES) catalyzed by boric acid (DA
SILVA et al., 2020; DE ARAUJO et al., 2020, 2021). The amidation reaction is
widely used in the pharmaceutical industry and indispensable for the formation
of peptides (BODE, 2015; PATTABIRAMAN; BODE, 2011). This reaction is
carried out naturally in living organisms and can be carried out in the laboratory,
however, in the synthetic form an activator as a catalyst or high temperatures is
necessary, generating many undesirable by-products or contaminating waste.

In this context, the boric acid catalyst was chosen because it is low cost, non-
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toxic and efficient for the amidation reaction between the amino acid and the

alkoxide APTES for the functionalization of kaolinite (DE ARAUJO et al., 2021).

In previous works, kaolinite was functionalized with APTES and then
subjected to an amidation reaction with the amino acid proline (DE ARAUJO et
al., 2020). However, it had low radiative emission yields and large amounts of
water molecules in the first coordination sphere, in addition to having low
efficiency in modifying the alkoxide with the amino acid. To solve this problem,
another route was developed, subjecting APTES and the amino acid to a
catalyzed amidation reaction before being functionalized into kaolinite, which
raised the optical properties of the material above both the first amidation
reaction route and for the synthesis of kaolinite functionalization by the
displacement method, offering very promising results for application as a
luminescent sensor for contaminants. This is due to the ease of interaction
between APTES and the amino acid, without the steric hindrance or competition
caused by the presence of kaolinite in the chemical environment. The amidation

reaction of the proposed material is shown in Figure 6.
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Figure 6 — Schematic representation of kaolinite functionalization by boric acid catalyzed
amidation reaction. (DE ARAUJO et al., 2021)

1.4.2. Lamellar double hydroxides (LDH)

Hydrotalcite is a less abundant anionic clay mineral in nature compared
to others, which contains carbonate anions interspersed between layers of
double hydroxides of magnesium and aluminum, making them better known as
layered double hydroxides (LDH) (CREPALDI; VALIM, 1998). Precisely
because they are less abundant in nature and because they are relatively easily
synthesized, most HDL works are obtained with the synthetic form of this clay
mineral, being represented by the general formula: [M2+1_XM3+X(OH)2 X" wn

zH,0], where M?* and M*" are bivalent and trivalent metals respectively and X™
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is a anion with charge n" (RIVES, 2001; SILVA; DUARTE; MEILI, 2021), as

shown in figure 7.

(OH) €

Basal Space

Figure 7 - Structure of the lamellar double hydroxide with the anion intercalated. Adapted from
Crepaldi and Rives (CREPALDI; VALIM, 1998; RIVES; ULIBARRI, 1999).

These octahedral layers are neutral and considered to be of the brucite
type [Mg(OH);], but when bivalent cations are replaced by trivalent ones, these
lamellae become positively charged, requiring interlamellar anions to stabilize
the charge. Thus, there are three main methods for intercalation of hydrotalcite:
the first is by anion exchange where the interlamellar anions are exchanged by
the molecules of interest (OLFS et al., 2009). Another form of intercalation of
hydrotalcite is by direct synthesis of co-precipitation where LDH is formed by
mixing Mg-Al with a solution of the material to be intercalated (CAMACHO
CORDOVA et al., 2009; CUNHA et al., 2016; TRAN; LIN; CHAO, 2018). Finally,
by the reconstruction method, performed by rehydrating the previously calcined
hydrotalcite containing the solution of the molecule to be intercalated

(NAKAYAMA; WADA; TSUHAKO, 2004; PRAKRUTHI; JAI PRAKASH; BHAT,
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2015). The thermal decomposition of LDH species leads to the formation of
oxides with specific properties such as the homogeneous distribution at the
atomic level of the components, contributing to the so-called "memory effect",
where the original structure is recovered after the rehydration of the ex-LDH
oxides, as long as the conditions of both heat treatment and rehydration are

respected (KOWALIK et al., 2013).

In the context of this work, the intercalation of amino acids in
hydrotalcites is hampered by the anion exchange method, because the amino
acids remain in the zwitterionic form and are electrically neutral at pH close to 7
(NAKAYAMA; WADA; TSUHAKO, 2004). By the reconstruction method, it is
possible to intercalate amino acids under certain conditions. Nakayama and
collaborators performed the intercalation of several amino acids to study the
ideal intercalation conditions for the reconstruction method (NAKAYAMA,;

WADA; TSUHAKO, 2004).

They showed that intercalation does not occur when LDH is calcined
below 300 °C and phase separation occurs above 700 °C and reconstruction is
no longer possible, with the ideal calcination temperature being 500 °C. The
reaction is optimized at a temperature of 40 °C and time is relevant in the
intercalation process, as very high times promote the subsequent exfoliation
and deintercalation of some amino acids, reducing the yield of intercalated
material. In this case, the amino acids were classified between the amino acids
where dissolution occurs at high reaction times and those that do not have this
characteristic as shown in table 2. The first group (Group 1) of amino acids
have an ideal intercalation reaction time of 3 hours, these being Gly, Ala, Thr,

Pro, Asn, GIn and His. The second group (Group 2), longer times (24 hours) are

18



more effective for intercalation as there is no dissolution and are constituted by

the amino acids Val, Leu, lle, Phe, Trp, Ser, Cys, Met, Asp and Glu.

Intercalation of Lys and Arg amino acids by the reconstruction method were not

observed.

Table 2 - Amino acid intercalation in LDH by the reconstruction method where d is the basal
spacing and LDH(500 °C) is the hydrotalcite calcined at 500 °C. Adapted from Nakayama

(NAKAYAMA; WADA; TSUHAKO, 2004).

Amino acids d(A) Yield in mmol per 0.56 g LDH(500 °C)
Grupo 1
Gly 7,8 25
Ala 7,8 2,6
Thr 7,8 24
Pro 7,8 2,7
Asn 7,8 1,3
GIn 7,8 0,9
His 17,5 2,6
Grupo 2
Val 12,2 3,0
Leu 14,6 2,4
lle 14,0 2,1
Phe 16,0 2,6
Trp 20,0 2,1
Ser 7,8 2,6
Cys 7,8 1,7
Met 15,3 2,6
Asp 7,8 1,3
Glu 7,8 1,3

molecular arrangement stabilizes in the form of monolayers, while for the other

amino acids the structure is stabilized in parallel with the layers of hydrotalcite.

As shown in table 2, amino acids with a highly hydrophobic R group, the

Amino acids can also be intercalated by the co-precipitation method

(AISAWA et al., 2001; TRAN; LIN; CHAO, 2018). For this type of intercalation,
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pH is a determining factor, as LDHSs, as already discussed, have a high charge
density, facilitating the coexistence of other anions, especially (OH and NO3’)
and the concentration of these ions increases with pH. For amino acid
intercalation by this method, the ideal pH observed by Aisawa and collaborators
for Mg-Al hydrotalcites was 10, in addition to observing that the amino acid
conformation depends on the metals (M** and M®*") contained in hydrotalcite,
where with Mg-Al LDH the amino acids stabilize in the form of monolayers while
in hydrotalcites containing Mn, Zn, among others, they stabilize in parallel to the
layers (AISAWA et al., 2001), as shown in figure 8. This is due to the
electrostatic force between the negative charge of the amino acid and the
metallic layer of LDH, interfering with the orientation of the amino acid in the
interlamellar space, causing the amino acid to change its orientation in order to

compensate for the positive charge in the basal space.

]

| = Amino acid

Figure 8 - Schematic representation of amino acid conformation in hydrotalcite. (Font: author)

1.4.3. Saponite and LAPONITE®

Both saponite and LAPONITE® are phyllosilicates belonging to the
smectites group, with a 2:1 lamellar structure (TOT), with two tetrahedral and
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one octahedral sheets, with high surface area and electrically positive charges
that offer high cation exchange capacities (BISIO; CARNIATO; GATTI, 2020;
DAS et al., 2019; GHADIRI et al., 2014). Both can be found in nature as in the
composition of bentonite, for example, or easily synthesized in the laboratory,
and these are the most common form used due to their purity, crystallinity and

the possibility of stoichiometric control.

Saponite has a trioctahedral structure with small isomorphic substitutions
of Si** for AI** (or other M®" cations) in the tetrahedral layer generating negative
charges in the surface layer, which is compensated by exchangeable cations
such as Na*, NH,*, K*, Li* ou Mg?*, as shown in figure 9. Its structural formula
consists of M,,” [Mge][Sig-xAl]O20(OH)s-nH,O where M** represents the
interlamellar cations and the x ranging between 0.4 and 1.2 (BISIO;

CARNIATO; GATTI, 2020; TRUJILLANO et al., 2011).

N Y

L N
)
— ——

- |

M+ = interlamellar cation
OH Si Mg

oo0.0. ‘v Water
o) Al

Figure 9 - Schematic representation of the saponite. (Font: author)
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LAPONITE® is a synthetic clay mineral like hectorite, with morphology of
plates in the form of disks with diameters of 25-30 nm and thickness of 1 nm
(Figure 10-b). The substitution of Li* by Mg? in the octahedral layer is
responsible for the negative residual charge that is compensated by
interlamellar cations. Its structural formula is M*[SigMgs sLio 3)O20(OH)4]™ where

M* is the interlamellar cation, as shown in figure 10.

b) Superficial sites

Interlamellar sites

Interparticle sites

Side edges

Figura 10 - a) Schematic representation of LAPONITE® and b) interaction sites. Adapted from
(DAS et al., 2019).
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As shown in figure 10-b, these clay minerals can interact or undergo
modifications in different structural domains, the main modification strategies
being by particle size modification, cation exchange between interlayer ions or
by chemical modification of the lamella composition by others metal ions

(BISIO; CARNIATO; GATTI, 2020).

In the context of this work, lanthanide ions can be incorporated into these
clay minerals in two main ways: the first is by direct doping of the ion into the
lamellar structure of the clay (MARCHESI et al., 2021a; SANCHEZ et al., 2006;
TERTRE et al.,, 2006; TRONTO et al.,, 2009). The other way is through the
intercalation of Ln*" organo-complexes, which is the most used due to the
expandable characteristic of smectites (LI et al., 2014; LI; LI, 2021; RYU et al.,
2014; SILVA et al., 2018; WANG et al., 2019). Another less common route is by
decreasing the particle size, separating the clay mineral into isolated layers
(delamination) and incorporating luminescent complexes by covalent bonds
(MA et al., 2019). Therefore, the intercalation of Eu** complexes with amino
acids was chosen for this work due to the ease, versatility and low cost of the
synthesis of obtaining these hybrid materials for application as contaminant
sensors. These amino acids can interact with the complex and after being
intercalated in the matrix (saponite and LAPONITE®) or the amino acid is
previously functionalized in the matrix (LDH and kaolinite) and then interacts

with Eu®* in the formation of luminescent complexes.

1.5. Objectives

This work aims the synthesis of hybrid materials, prepared by the

intercalation/functionalization of clay minerals with amino acids proline and
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phenylalanine complexed with the Eu® ion and the application of these
materials as fingerprint detectors, as adsorbent material and luminescent

sensors of Cr**, caffeine and estrogen (B-estradiol) in aqueous phase.

Four different types of clay minerals were used, these being kaolinite,
hydrotalcite, saponite and LAPONITE®, covering neutral, cationic and anionic

clays, of natural (kaolinite) and synthetic origin.
The specific objectives for obtaining hybrid materials using kaolinite are:

1. Purification of natural kaolinite;

2. Expansion of the interlamellar space through intercalation with
dimethylsulfoxide (DMSO);

3. Functionalization of kaolinite with the amino acids proline and
phenylalanine by the DMSO displacement method (direct
synthesis);

4. Functionalization of kaolinite with 3-aminopropyltriethoxysilane
alkoxide (APTES) with the amino acids proline and phenylalanine

through boric acid catalyzed amidation reaction;

To obtain hybrid materials with hydrotalcite, three routes are used,
however, as already discussed, the ion exchange synthesis is hampered due to
the zwitterionic characteristic of amino acids. Therefore, the specific objectives

for obtaining materials with HDL are:

1. Synthesize pure hydrotalcite from Mg-Al in hydrothermal reactor;
2. Intercalate the amino acids proline and phenylalanine by the

reconstruction method;
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3. Intercalate the amino acids proline and phenylalanine by the co-

precipitation method;

After the synthesized materials, to provide the luminescent properties in

these materials the proposed objectives are:

1. Complex the Eu*" ion in all samples containing the amino acids
and study its properties (emission and excitation, lifetimes,
quantum vyield and amounts of water molecules in the first
coordination sphere of the complexes);

2. Add the secondary ligand tenoyltrifluoroacetonate (tta) to remove
water molecules and improve charge transfer capacity between

ligands to the central ion Eu>*.

And finally, the specific objectives for obtaining hybrid materials with

LAPONITE® and saponite are:

1. Obtaining pure saponite by microwave synthesis;

2. Complexation of the Eu®*" ion with the amino acids proline and
phenylalanine;

3. Intercalation of complexes in LAPONITE® and saponite;

4. Addition of the secondary ligand tenoyltrifluoroacetonate (tta) in

the resulting materials.

After the preparation of all hybrid materials complexed to Eu®" ion, the
objective is their application in the sensing of Cr**, caffeine and estrogen
contaminants by luminescence spectroscopy. Therefore, the specific goals for

luminescent sensors are:
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1.6.

. Perform contaminant calibration curve for later quantification;

. Carry out a kinetic study of adsorption of contaminants in the

hybrid materials obtained;

After identifying the maximum adsorption capacity, carry out an
equilibrium study of the samples where it was possible to quantify
the contaminants;

Analyze the radioactive emission of the samples with
contaminants and evaluate their sensing capacity through the
quenching effect in the interaction process of the samples with the
contaminants;

Analyze luminescent properties for application as fingerprint

detectors.

Materials and reagents use

>

>

17B-estradiol 98% - Sigma-Aldrich;

2-thenoyltrifluoracetone (tta) 99,0% - Aldrich

3-aminopropyltriethoxysilane (APTES) 97% - Synth;
Boric Acid — Dindmica Ltda;

Distilled water;

Ethyl alcohol P.A. 95,0% - Synth;
Sodium Bicarbonate P.A. 99,9% - Synth

Caffeine P.A. — Sigma-Aldrich;

Kaolinite, Sdo Simao, Mineradora Darcy R. O. Silva (Previously
characterized in the group by DE FARIA et al., 2009, 2011);

Aluminum chloride hexahydrate (AICI3-6H20) P.A. — Synth;
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» Chromium chloride hexahydrate (CrCl3-6H,0) P.A. - Sigma-
Aldrich;
» Magnesium chloride hexahydrate (MgCl,-6H,0) P.A. - Synth

> Dimethylsulfoxide (DMSO) P.A. 99,9% - Synth;

Y

Sodium hydroxide P.A.- Synth;

LAPONITE® RD - BYK Additives
L-phenylalanine — Sigma-Aldrich;

L-proline — Sigma-Aldrich;

Sodium metasilicate (Na,SiO3) - Sigma-Aldrich;

Methylbenzene (Toluene)99,9% - J.T. Baker;

vV V VYV ¥V V V

Europium Oxide P.A. — Sigma-Aldrich;
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2. Chapter 2 - Experimental

The hybrid materials that were used as luminescent contaminant sensors
were obtained by intercalation/functionalization of clay minerals with complexes
of europium (l1l) with amino acids proline and phenylalanine. Four clay minerals
with different properties were used, namely kaolinite, hydrotalcite, LAPONITE®
and saponite and the procedures for obtaining these materials are described in

detail below.

2.1. Kaolinite materials

The experimental procedures for obtaining samples with kaolinite are

shown in Figure 11:
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Figure 11 - Flowchart of experimental procedures for samples with kaolinite.
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2.1.1. Purified kaolinite

The kaolinite samples used in this work come from S&o Simao, in the
state of Sao Paulo, Brazil and were supplied by Darcy R.O. Silva and Co. (Sao
Simao-SP, Brazil). To purify the material, the dispersion and sedimentation of
natural clay in distilled water was performed, according to Stokes' Law, widely
reported in the literature (AVILA et al., 2010; DE FARIA et al., 2009). The
samples showed high purity content, particle size close to 2 uym, light color, high
plasticity, thermal resistance and high percentage of hexagonal structure (DE
ARAUJO et al., 2021; DE FARIA, 2011; DE FARIA et al., 2012). Kaolinite had
the following chemical formula: Siz.04Al2.00F€0.03MJ0.01Ko0.02Ti0.0407.23, close to
literature (DE ARAUJO et al., 2017), with specific surface area of 17 m?/g and

pore volume of 0.14 cm®g. The purified kaolinite was designated as Kao.

2.1.2. Intercalation of kaolinite with DMSO

Intercalation of kaolinite with DMSO was performed according to Castrillo
(CASTRILLO; OLMOS; GONZALEZ-BENITO, 2015) with the method widely
discussed in the literature (FROST et al., 1998, 1999; GARDOLINSKI et al.,
2000; LAPIDES; YARIV, 2009; MBEY et al., 2013; PATAKFALVI; DEKANY,
2004; ZHANG et al., 2012) and used by our group (AVILA et al., 2010; BIZAIA
et al., 2009; DA SILVA et al., 2016; DE ARAUJO et al., 2017; DE FARIA et al.,
2009, 2012; FERREIRA et al., 2017). 60 g of purified kaolinite was used with
150 mL of DMSO in suspension and 50 mL of distilled water for 48 hours. The
resulting material was washed and centrifuged at 2500 rpm for 15 minutes 3
times with ethanol and oven dried at 60°C for 48 hours. The sample was

designated as Kao-DMSO.
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2.1.3. Functionalization by the displacement method

Kaolinite was functionalized with the amino acids proline and
phenylalanine through the displacement method widely discussed in the
literature and used by our research group (AVILA et al., 2010; DE ARAUJO et
al., 2020; DE FARIA et al., 2009, 2010), where 10 g of Kao-DMSO was added
to 50 g of L-proline in a reflux system (ratio of 5:1) with temperature slowly
rising from 60°C to 105°C, close to the melting/decomposition temperature of
the amino acid. After 24h, the material was washed with ethanol by a soxhlet
system for 24h and then vacuum filtered. The resulting material was designated

as Kao-Pro.

The same process was carried out with the amino acid L-phenylalanine,
however with the reaction temperature slowly rising between 60°C to 275°C, the

resulting material being designated as Kao-Phe.

2.1.4. Kinetic study of the boric acid catalyzed amidation reaction

The boric acid catalyzed amidation reaction was adapted from Arce
(ARCE et al., 2015) based on several studies on amidation reaction (EL DINE;
ROUDEN; BLANCHET, 2015; MYLAVARAPU et al., 2007; PATTABIRAMAN;
BODE, 2011; TANG, 2005; WANG et al., 2013a). A kinetic reaction study was
carried out by modifying the alkoxide APTES with amino acids in a catalytic
environment of boric acid. A reflux system was installed to prevent hydrolysis
and loss of alkoxide mass, where 100 mL of toluene, 4.5 mL of APTES, 120 mg
of boric acid (10% ratio of H3BO3:APTES on the mass) and 3.2 g of amino acid
under magnetic stirring at 180°C. The synthesis was carried out by varying the
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reaction times for 0, 1, 2, 4, 6, 12 and 24 hours. Subsequently, the temperature
was reduced to 50°C and 1 g of Kao-DMSO added, slowly increasing the
temperature to 180°C. The resulting material was washed 3 times with toluene

and 3 times with ethanol and oven dried at 60°C for 24 hours.

2.1.5. Functionalization of kaolinite by boric acid catalyzed amidation

reaction

After defining the best reaction time obtained by the kinetic study (24
hours), the reaction was repeated using 300 mL of toluene, 15 mL of APTES,
7.24 g of proline and 4 g of Kao-DMSO. The resulting material was designated
as Kao-APro. For the sample containing the phenylalanine, 16 g of the amino
acid, 300 mL of toluene, 22.4 mL of APTES, 0.59 g of boric acid and 5 g of Kao-

DMSO were used. The resulting material was designated as Kao-APhe.

2.1.6. Complexation of Eu** ion

The complexe EuCls-6H,0 was obtained with 1.76 g of Eu,O3 solubilized
in 20 mL of distilled water and 3.04 mL of HCI (0.1 mol/L), in heating until
evaporation close to the oxidation of europium (lll), where ethanol is added in a
dropper until the pH of the solution reaches values close to 6. Afterwards, the
solution is transferred to a volumetric flask and its volume completed to 100 mL
(MATOS et al., 2014; SALTARELLI et al., 2012). Afterwards, the samples were
added in suspension with the europium(lll) chloride solution in a molar ratio of
3:1 (amino acid:Eu3+) (using the minimum formula obtained from the thermal

analysis) under magnetic stirring for 24 hours , as shown in table 3.
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Table 3 - Proportion between sample mass and europium(lll) chloride volume in samples
containing kaolinite.

Samples m (g) v (EuCl3-6H,0)(mL)
Kao-Pro 1,5 35
Kao-APro 1,5 31
Kao-Phe 2 40
Kao-APhe 1,2 26

Subsequently, the resulting materials were washed and centrifuged 3
times with ethanol and 3 times with distilled water and dried in a vacuum oven
at 60°C for 24 hours. The samples were designed as Eu(KaoPro), Eu(KaoPhe),

Eu(KaoAPro) and Eu(KaoAPhe).

2.1.7. Addition of the secondary ligand sodium tenoyltrifluoroacetonate

(tta:Na)

The 0.1 M solution containing the secondary ligand tta:Na was obtained
by a reflux system containing 30 mL of ethanol, 1.2 g of NaOH and 0.7 g of
tenoyltrifluoroacetone for 2 hours at a temperature of 80°C (LI; YAN, 2013).
Subsequently, the content was completed with ethanol in a 100 mL volumetric
flask. The resulting materials were designated as Eutta(Kao-Pro), Eutta(Kao-

Phe), Eutta(KaoAPro) and Eutta(KaoAPhe) respectively.

2.2. Hydrotalcite (LDH) materials

The experimental procedures for obtaining the hydrotalcite hybrid

materials are shown in Figure 12 and described below.

40



521 HDL

RN

e~

Reconstruction method method by
Calcination (500 °C) coprecipitation
5.2.2 5.2.3
R-HIZ‘![I.Pro R-HDlLPhe C-HlLPro C-HDLPhe

524

5.2.5
sodium tenoyltrifluoroacetonate

Eutta(R-HDLPro) Euﬂu(R-LDLPhe] Eutta(C-HDLPro) Eutta(C-HDLPhe)

Figure 12 - Flowchart of experimental procedures for samples with hydrotalcite.

2.2.1. Synthesis of lamellar double hydroxides (LDH)

Firstly, to avoid excess carbonate ions in the interlamellar space of the
hydrotalcite, argon was bubbled in water to remove CO, which can be
converted to carbonate and easily intercalated for 3 hours, being designated as
DD water. For the synthesis of synthetic hydrotalcite, the hydrothermal method
already known and widely discussed in the literature was used (GUO et al.,
2010; RIVES, 2001; TRAN; LIN; CHAO, 2018). A solution was made containing
0.12 mol of MgCl,-6H,0 (24.4 g) and 0.04 mol of AICI;-6H,0 (9.66 g) with 60
mL of distilled waterAnother solution containing 0.34 g mol of NaOH (13.4 g)
and 0.022 mol of sodium bicarbonate (2.3 g of Na,CO3) with 60 mL of distilled
water was added in a burette and slowly dripped onto the first solution at 45 °C

and constant stirring for 24 hours.
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Subsequently, the volume was completed with DD water up to 200 mL
and kept under magnetic stirring for another hour and then transferred the
contents to a teflon autoclave reactor for another 24 hours at 190 °C in the
muffle. The resulting material was centrifuged and washed with ethanol 3 times
and with DD water 3 more times. Afterwards, the sample was dried in an oven

at 60°C for 48 hours. The sample was designated as LDH.

Pure hydrotalcite had the  following chemical  formula:
Mga.08(Al1.72)(CO3)(OH)16-4H20 with particle size of 7.1 um, 40 m%g of specific
surface area and 0.18 cm®/g of pore volume and hexagonal structure of 3R
rhombohedral symmetry, values close to the literature (AISAWA et al., 2001;

BERNARDO; RIBEIRO, 2018).

2.2.2. Addition of amino acids by reconstruction method

For amino acid intercalation by the reconstruction method, it was
necessary to calcine pure hydrotalcite at 500°C for 5 hours, being designated
as LDHS500. Afterwards, 2.5 g of LDH500 was suspended with 100 mL of DD
water and 1.84 g of phenylalanine were added (ratio of 3 mmol/g of LDH) in an
inert argon environment in a reflux system and magnetic stirring for 24 hours at
a temperature of 40 °C. The pH was maintained at 6 with a 0.1 M NaOH
solution. Afterwards the resulting material was washed and centrifuged 5 times

with DD water and oven dried being designated as R-LDHPhe.

The same procedure was repeated for the amino acid proline, however
under different conditions to avoid LDH dissolution according to Nakayama
(NAKAYAMA; WADA; TSUHAKO, 2004), being 2.5 g of LDH500 suspended in

a reflux system with magnetic stirring with 1.26 g of proline and 100 mL of DD
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water for 3 hours at a temperature of 40 °C. Subsequently, the resulting
material was washed and centrifuged 5 times with DD water and dried in an

oven, designated as R-LDHPro.

2.2.3. Addition of amino acids by the co-precipitation method

The intercalation of amino acids in hydrotalcite by the coprecipitation
method was performed according to Tran and Chao (TRAN; LIN; CHAO, 2018)
this method being widely used and discussed in the literature (CREPALDI,
VALIM, 1998; DEL ARCO et al., 2004; GUO et al., 2010; MA; ZHENG; PANG,
2012; OLFS et al., 2009; RIVES, 2001; RIVES; DEL ARCO; MARTIN, 2014;
RIVES; ULIBARRI, 1999). A solution containing 3 g of MgCl,-6H,0 and 1.2 g of
AICl3-6H20 with 50 mL of DD water was made. A second solution containing
0.81 g for the amino acid phenylalanine and 0.57 g for the amino acid proline
with 50 ml of DD water was added slowly through a burette to the first solution

under magnetic stirring and temperature of 40°C.

The pH of the resulting solution was maintained at 10 with a 0.1 M NaOH
solution and argon was bubbled through the solution to avoid contact with CO,
during the procedure. The resulting material was left to rest at room
temperature for 1 hour, then washed 5 times with DD water and oven dried at
60 °C for 48 hours. The samples were designated as C-LDHPhe and C-LDHPro
for the materials containing the amino acids phenylalanine and proline

respectively.

2.2.4. Complexation of Eu®* with hydrotalcite samples

For this procedure, a solution of EuCl3;-6H,O was made with DD water
and 0.55 mmol of the solution (35 mL) in 2 g of HDL-AA (AA = amino acid, 1:1
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AA:Eu® ratio) added in an inert argon atmosphere at 80 °C for 6 hours for the
amino acid proline and at room temperature for 18 hours for the amino acid
phenylalanine according to Gago et al. (GAGO et al., 2005). Afterwards the
samples were washed and centrifuged 5 times with DD water and dried in a
vacuum oven at 60°C for 24 hours. The samples were designated as Eu(R-
LDHPro) and Eu(R-LDHPhe) for the samples containing the amino acids proline
and phenylalanine by the reconstruction method respectively and Eu(C-
HDLPro) and Eu(C-HDLPhe) for the samples containing proline and

phenylalanine by the coprecipitation method respectively.

2.2.5. Addition of the tenoyltrifluoroacetonate (tta) ligand in HDL complexes

2 g of samples obtained by both methods were added in suspension with
100 mL of 0.1M tta:Na for 3 hours at 80°C for samples containing the amino
acid proline and in 24 hours at room temperature for samples containing the
amino acid phenylalanine. Both in magnetic stirring and in a reflux system with
an inert argon atmosphere. Afterwards the samples were washed and
centrifuged 3 times with ethanol and 3 times with DD water, dried in an oven at
60°C for 24 hours. The samples obtained were designated as Eutta(R-LDHPro)
and Eutta(R-LDHPhe) for the samples containing the amino acids proline and
phenylalanine through the reconstruction method respectively and Eutta(C-
LDHPro) and Eutta(C-LDHPhe) for the samples containing the amino acids

proline and phenylalanine by the co-precipitation method respectively.

2.3. Saponite and LAPONITE® materials

The experimental procedures for obtaining hybrid materials of

LAPONITE® and saponite are shown in Figure 13 and described below.
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Figure 13 - Flowchart of experimental procedures for samples with saponite and LAPONITE®.

2.3.1. Commercial LAPONITE® RD and Pure Saponite (microwave)

LAPONITE® RD was provided by BYK Additives with specific surface
area of 370 m%g, pore volume of 0.03 cm®/g, particle size of 25 nm, cation
exchange capacity of 0.35 eq/unit cell and chemical formula
Na*o.7[(Sis 47Mga 39Lio 4)O20(OH)4 %7, values close to literature (DAS et al.,

2019). The sample was designated as Lap.

The saponite was synthesized by the microwave method according to
Trujillano (TRUJILLANO et al.,, 2010, 2011). A solution containing 3.8 g of
sodium hydroxide (NaOH), 7.0 g of sodium bicarbonate (NaHCO3) and 4.5 g of
sodium silicate (Na,SiO3) was made with 50 mL of distilled water and a second
solution in a burette containing 1.6 g of aluminum(lll) chloride (AICl3-:6H20), 6.6

g of magnesium(ll) chloride (MgCl,:6H20) in 25 mL of distilled water. The
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second solution was slowly added by a burette (10 ml/min) over the first under
magnetic stirring. Subsequently, the resulting content was placed in a
microwave reactor with a 10 min heating rate and 30 minutes of synthesis at
180 °C. Afterwards, the resulting solution was washed and centrifuged 5 times
with distilled water and dried in an oven at 60°C for 48 hours. The pure saponite
was designated as Sap. The material had 370 m?%g of specific surface area,
cation exchange capacity of 1.0 meq/g, average particle size of 156 uym and
structural formula [Si7,1Alo,8s][Mds,0]O20(0OH)4[Na+ 7].18H,0, values close to

literature (BISIO; CARNIATO; GATTI, 2020; TRUJILLANO et al., 2011).

2.3.2. Complexation of Eu** with the amino acids proline and phenylalanine

Due to the ease of expansion of the interlamellar space of the smectites,
the Eu** ion was complexed with the amino acids and subsequently intercalated
in saponite and LAPONITE® clay minerals (MA et al., 2019; RYU et al., 2014;
WANG et al., 2019). 4.0 g of phenylalanine amino acid were suspended with 82
ml of EuCl36H20 0.1 M (molar ratio of 3:1 amino acid:Eu®*) in 100 mL of
water/ethanol (1:1) with magnetic stirring and temperature of 80 °C. The amount
of water was reduced by the constant addition of ethanol. Subsequently, 100
mL of benzene was added to the concentrated solution and placed in
refrigeration for 7 days. The resulting solution was vacuum filtered and dried in
a vacuum oven at 50°C for 48 hours (CARUBELLI; MASSABNI; LEITE, 1997).

The complex was designated as Eu(Phe)s.

For complex involving phenylalanine the pH of the solution was
maintained at 6, however, for proline there was no precipitation of the complex

at low pH values. Therefore, for the synthesis of complexation of the L-proline

46



amino acid with Eu®*, a solution containing 2.82 g of proline was made with 82
mL of 0.1 M EuCls-6H,0 (3:1 molar ratio amino acid:Eu**) in 100 mL of water
with the pH maintained at 9 with a 0.1 M NaOH solution. The resulting solution
was stored under refrigeration for 24 hours until complex precipitation. The
resulting material was vacuum filtered and dried in a vacuum oven at 60°C for

48 hours (ZHENG, 2012). The resulting complex was designated as Eu(Pro)s.

2.3.3. Intercalation of Eu®*" complexes in saponite and LAPONITE®

For intercalation of the complexes in saponite, 2 g of the clay mineral
was suspended with 75 mL of ethanol for 24 hours under magnetic stirring and
at room temperature. Subsequently, 7.1 g of the Eu(Phe)s complex was
solubilized in 100 mL water/ethanol (1:1) and mixed with the solution containing
saponite under magnetic stirring at room temperature for 24 hours (Molar ratio
1:1 Na*: Eu®"). The resulting material was washed and centrifuged 5 times with
ethanol and oven dried at 60°C. The sample was designated as Eu(SapPhe).
This procedure was repeated with the Eu(Pro); complex (3.9 g), the resulting

sample being designated as Eu(SapPro).

For intercalation in LAPONITE®, the same procedure as the intercalation
of complexes in saponite was used, using 2 g of LAPONITE®, 7 g of Eu(Phe)s
and 4 g of Eu(Pro); in a molar ratio of 1:1 between Na*:Eu**. The resulting
material was designated as Eu(LapPhe) for the sample containing

phenylalanine and Eu(LapPro) for the sample containing the amino acid proline.

2.3.4. Addition of the tta ligand in the complexes intercalated in saponite

and LAPONITE®
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Samples of saponite and LAPONITE® intercalated with the complexes
were suspended with the tta:Na solution for 24 hours at room temperature and
magnetic stirring in the approximate molar ratio of 3:1 tta:Eu** as shown in table

4.

Table 4 - Ratio of sample mass to volume of tta:Na 0.1 M added.

Sample m (g) v (mL)
(tta:Na 0,1 M)
Eu(LapPro) 2,1 60
Eu(LapPhe) 1,2 25
Eu(SapPro) 3,8 100
Eu(SapPhe) 3,7 100

After this process, the samples were washed and centrifuged 3 times
with ethanol and 3 times with water and dried in an oven at 60°C for 24 hours.
The samples were named as Eutta(LapPhe) and Eutta(LapPro) for the
LAPONITE® samples and Eutta(SapPhe) and Eutta(SapPro) for the saponite

samples respectively.

24. Leaching tests

The samples Kao-Pro; Kao-Phe; Kao-APro; Kao-APhe; R-LDHPro; R-
LDHPhe; C-HDLPro and C-HDLPhe were subjected to a leaching test, where
the samples were suspended at a mass ratio of 10:1 (distilled water:sample) for
7 days under magnetic stirring and at room temperature. Afterwards, the

samples were centrifuged and dried in an oven at 60°C for 24 hours.
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2.5. Adsorption tests for Estrogen, Caffeine and Cr** contaminants

2.5.1. Calibration curves

Solutions of Cr** in distiled water were prepared at the following
concentrations: 60, 100, 200, 400, 600, 800, 1000, 2000, 4000, 8000, 12000,
16000, 20000 mg/L. Afterwards, its calibration curve was constructed using the
spectra obtained by analyzing the absorbance at 408 nm. The 1000 mg/L

solution was chosen as the base solution for analysis in the adsorption tests.

Caffeine solutions were made in distilled water at the following
concentrations: 1, 5, 10, 15, 20 and 25 mg/L. The samples were analyzed in a
UV-Vis spectrometer and their calibration curve was constructed, fixing the
absorbance at 273 nm. The 25 mg/L solution was chosen as the base solution

for the adsorption tests.

Estrogen, on the other hand, had very low solubility in water, so solutions
were made in absolute ethanol at the following concentrations: 5, 10, 15, 30, 65,
136, 150 mg/L. Afterwards, the spectra were analyzed and its calibration curve
constructed, analyzing the absorbance at 280 nm. The 150 mg/L solution was

chosen as the base solution for the adsorption tests.

2.5.2. Adsorption Kinetics

To perform the adsorption kinetics, the mass quantity of sample obtained
from the final materials was considered. The mass ratio per sample is shown in

table 5.
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Table 5 - Mass ratio used at each time in the kinetic adsorption study.

Sample m per time (mg) Sample m per time (mg)*
Kao-Pro 20 R-LDHPro 20
Kao-Apro 10 C-HDLPro 15
Kao-Phe 10 R-LDHPhe 10
Kao-Aphe 10 C-HDLPhe 15
Lap-Pro 20 Sap-Pro 20
Lap-Phe 20 Sap-Phe 20

* The amount of material used in each sample was based on the total amount obtained by the

syntheses, to perform the kinetics, balance and characterization.

The samples were separated in the amounts shown in table 5 in a falcon
tube and the solid added in suspension with 5 mL of base solution of the
contaminant under magnetic stirring and at room temperature in the following
times: 1, 3, 7, 15, 30, 60 and 120 minutes. Afterwards, the material was
centrifuged, and the supernatant separated for analysis in the UV-Vis
spectrometer and the resulting solid dried in an oven at 60°C for 24 hours for

analysis in the luminescence spectrometer.

2.5.3. Chemical equilibrium in the adsorption process

For the equilibrium tests, the time in the adsorption kinetics where the
highest adsorption rate occurs was observed and this same time was used to
repeat the experimental kinetics process in 10 mg of material and 5 mL of
contaminant, varying the concentration of the adsorbate between 5-250 mg/L
for estrogen, 1-25 mg/L for caffeine and 15-800 mg/L for Cr®*. Afterwards, the
supernatant of the material was analyzed in the UV/Vis spectrophotometer and

the dry solid analyzed in the fluorimeter to evaluate the luminescent properties.
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2.6. Characterization Techniques

The characterizations of the materials were carried out both at the
University of Franca-BR and at the University of Salamanca-ES and are

described below.

2.6.1. X-ray diffraction (XRD)

X-ray diffractions were obtained in a Rigaku equipment, at 40 kV, 30 mA
(1200 W) and 0.4° increment in 20 at the University of Franca-BR. The
diffractograms obtained at the University of Salamanca-ES were performed in a
Siemens D500 equipment with 40 kV and 30 mA and scanning speed of 1.5
and 0.05° increment in 20. In both equipments, the diffractograms were
evaluated varying the angle between 2 to 70° in 26 with solids ground in an

agate mortar and analyzed by the powder method (Debye-Scherrer).

2.6.2. Fourier Transform Infrared Molecular Spectroscopy (FTIR)

Universidade de Franca-BR: The spectra were obtained on a Perkin-
Elmer 1730 Frontier spectrophotometer with a Fourier transform in the range of

400-4000 cm™.

Universidad de Salamanca-ES: the analyzes were carried out in a
Monohaz Perkin-ElImer 1600 spectrophotometer with Fourier transform in the

range of 400-4000 cm™.

The samples were analyzed using the diffuse reflectance (DR) technique,
with 32 resolution scans, by diluting the sample in KBr in an agate mortar and

using KBr as a Background.

2.6.3. Thermal analysis (TG/DTG/DTA)
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The same model of equipment was used at both universities, this being a
TA Instruments SDT Q600 thermal analysis equipment, with an oxidizing
atmosphere (synthetic air) at a flow of 100 mL/min, heating rate of 20 °C/min

and a ramp heating from 25°C to 900°C.

2.6.4. Specific surface by BET isotherms (Brunauer, Emmett e Teller)

Universidade de Franca-BR: Measurements were performed on a
Micrometrics ASAP 2020 equipment using N, gas. The samples were heat

treated at 140°C for 24 hours to avoid interference with the analysis.

Universidad de Salamanca-ES: Measurements were made on a
Micrometrics 2010 ASAP using N2 gas with samples being treated at 140°C for

6 hours.

2.6.5. Determination of particle size

To determine the particle size, a Malvern Mastersizer 2000 analyzer at
the University of Salamanca was used, using 6 cycles, laser intensity between
60 to 80% and using water as background. For the acquisition of the
measurements, an ultrasound was used that kept the samples suspended
during the time intervals of 5, 10 and 15 minutes in agitation of 920 rpm and

pump (pump) of 2250 ppm.

2.6.6. Electron microscopy (SEM/TEM)

Universidade de Franca-BR: Images were taken on a Tescan See 3 SBH
Model EasyProbe (U.K.) microscope. The samples were dispersed with ethanol
in an aluminum cell with adhesive made of colloidal graphite and then coated

with a thin layer of gold by a Quorum SC7620 coating system.
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Universidad de Salamanca-ES: Scanning electron microscopy was
performed on a Zeiss DSM 940 microscope while transmission electron
microscopy was performed on a Zeiss-902 microscope by Servicio General de

Microscopia Electronica de la Universidad de Salamanca.

2.6.7. Absorption spectroscopy in the UV-Visible region

The absorption spectra in the ultraviolet/visible region were obtained in a
Diode Array UV-Vis HP 8453 spectrophotometer, using a quartz cuvette with an

optical path of 10 mm in the Universidade de Franca-BR.

2.6.8. Luminescence spectroscopy

The luminescence spectra (emission and excitation) were performed by a
Fluorolog Horiba Jobinyvon spectrofluorimeter at Universidade de Franca-BR.
Excitation and emission spectra in continuous and pulsed light (resolved in
time) were obtained and measurements of the emission lifetimes of the samples
were obtained. The measurements were carried out at room temperature, using
Corning 97202 filters with transmittance less than 0.2% below 470 nm and with

a detection angle of 90°.
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Abstract

The amidation reaction catalyzed by boric acid between the amino acids proline
and phenylalanine and the alkoxide 3-aminopropyltriethoxysilane was studied.
Afterwards, the modified alkoxide was used to functionalize the clay mineral
kaolinite. The hybrid material was characterized by powder X-ray diffraction,
molecular absorption spectroscopy in the infrared region, thermal analysis and
scanning electron microscopy, to understand the influence of the reaction time
on the kaolinite intercalation process, in order to improve this functionalization
route for both amino acids considered. The reaction times evaluated varied from
0 to 24 hours, keeping the reflux temperature fixed at 180 °C, being then
reacted with kaolinite previously intercalated with dimethyl sulfoxide (DMSO).
After 24 hours of reaction the modified alkoxide interacted effectively, replacing
the DMSO molecules and resulting in the formation of covalent bonds between
the modified alkoxide and the clay. The material showed greater dispersion of
the organic phase along the layered matrix, and significantly increased its
thermal stability, with maximum loss at 320°C. The sample containing
phenylalanine was more agglomerated than that containing proline, with 2.4
times in mol number. In all cases, the crystallinity of the material decreased by
the interaction of the modified alkoxide with the kaolinite matrix, the modified
alkoxide being partially outside the interlayer space because of its large

molecular size.

Keywords: Kaolinite; Functionalization; Phenylalanine; Organically modified;

kaolinite
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1. Introduction

Organic-inorganic hybrid materials have attracted interest among
researchers due to their broad variety of properties. Consequently, hybrid
materials synthesized from layered clay minerals as inorganic matrixes have
been studied extensively in recent years for the most diverse applications such
as catalysis (ALABA et al., 2015; BIZAIA et al., 2009), luminescent sensors
(SATO; TAMURA; YAMAGISHI, 2014), adsorption (DE CASTRO SILVA et al.,
2020), and controlled drug release (GARCIA-VILLEN et al., 2019), among
others. Among these clay minerals, kaolinite has received scarce attention due
to its difficult intercalation caused by the interlayer aluminol groups that maintain
the cohesive hydrogen bond, resulting in a small specific external surface area
in relation to the interlayer area, being considered for a long time non-

expandable (YANG et al., 2012).

With minimal formula Al;Si,O5(OH)4, kaolinite consists of a tetrahedral
layer of silica and another octahedral of alumina, with a hydroxyl surface
responsible for the interactions; however, to outline the strong interaction
between the layers, it is necessary to intercalate a small and highly polar
molecule such as dimethylsulfoxide (DMSO), thus swelling the interlayer space
and facilitating the access of molecules of interest to the interlayer space, which
can form covalent bonds through condensation reactions (TAO et al., 2014). In
the context of this work, the amino acids L-proline and L-phenylalanine were

chosen because they are molecules with high potential for different applications,

60



being already widely used in the pharmaceutical industry, in addition to show

low toxicity, being of low cost and non-polluting.

The most common route for grafting is the displacement method
(DEDZO; DETELLIER, 2016; HE et al., 2013; TUNNEY; DETELLIER, 1993),
which provides a greater concentration of the functionalized material, which
remains aggregated in the interlayer space and increases the thermal stability
of the amino acid. On the other hand, in previous studies (DA SILVA et al.,
2020; DE ARAUJO et al., 2020), a new route for the functionalization of amino
acids in kaolinite was presented, through an amidation reaction between the
amino acid and an alkoxide (3-aminopropyltriethoxylane), catalyzed by boric
acid, which causes a greater dispersion of the amino acid, and with even
greater thermal stability, increasing the organophilicity of the material and the

solubility of the amino acid, an important aspect for biological applications.

When the alkoxide modified by the amino acid is incorporated into the
kaolinite, covalent bonds are formed on the interlayer surface, being arranged
parallel to the layer with part of the structure outside the basal space, on the
sides of the kaolinite particles, providing greater structural mobility to the
modified alkoxide, facilitating both its interaction with organic molecules in
processes involving adsorption (DA SILVA et al., 2020), as well as its
complexation with metal cations (DE ARAUJO et al., 2020). This range of
properties developed by this route can raise the interest in kaolinite as an
inorganic matrix for hybrid materials, bypassing its “non-expandable”
characteristic in relation to other clay minerals and making it a platform for

subsequent reactions.
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As this route catalyzed by boric acid can be used on a large scale and in
different applications, a well-founded basis on the method used is necessary.
For this, the aim of this work is the study of the grafting of kaolinite with a
modified alkoxide, produced by the modification of 3-aminopropyltriethoxsilane
alkoxide (APTES) with the amino acids L-proline and L-phenylalanine by an
amidation reaction catalyzed with boric acid, at times ranging from 0 to 24
hours. To evaluate the functionalization conditions, powder X-ray diffraction,

molecular spectroscopy in the infrared region and thermal analyzes were used.
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Materials and methods
2.1. Materials

For the experimental part, 3-aminopropyltriethoxisilane (APTES) 97% -
Synth; Sodium acetate - Synth (99%); Boric Acid - Dindmica Ltda; Distilled
water; Ethyl alcohol 95.0% - Synth; Dimethylsulfoxide (DMSOQO) 99.9% - Synth;
Sodium hydroxide P.A.- Synth; L-proline - Sigma-Aldrich; L-phenylalanine -
Sigma-Aldrich; Methylbenzene (Toluene) 99.9% - J.T. Baker were used, all of

them as received, without any further purification.

The kaolinite used in this work came from the city of Sdo Siméao, in the
state of Sdo Paulo, Brazil, kindly provided by Darcy R.O. Silva e Cia. (S&o
Simao-SP, Brazil). Removal of impurities, and the consequent obtention of
purified kaolinite, was carried out through dispersion and sedimentation of
natural clay in distilled water, based on the Stokes' Law; the solid obtained was
denoted as Kaol (AVILA et al., 2010; DE FARIA et al., 2009; FERREIRA et al.,
2017). It was highly pure, with granulometry in the order of 2 uym, light color,
high percentage of crystals with hexagonal structure, high plasticity and
resistance under thermal and humidity conditions, showing the chemical
formula Siz 04Al2.00F€0.03Mg0.01K0.02Ti0.0407.23, very close to the theoretical one
(DE ARAUJO et al., 2020). The specific surface area of the solid was 17 m?/g,
with a total pore volume 0.14 cm®/g, close to literature results (DE FARIA et al.,

2010; SONG et al., 2014).

The intercalation of kaolinite with DMSO was based on methods well
reported in the literature (BRANDT; ELBOKL; DETELLIER, 2003; DEDZO;

DETELLIER, 2016; TAO et al., 2014), mixing 60 g of Kaol with 150 ml of DMSO

63



and 50 ml of H,O. The resulting suspension was stirred at 60° for 48h. The
material was centrifuged at 2000 rpm for 15 min and washed three times with
ethanol and dried in an oven at 60° C for 48 h, being designated as Kaol-

DMSO.

Kaolinite functionalization was carried out by modifying the APTES
alkoxide in a boric acid catalytic environment. Initially, a reflux system was
installed to prevent loss of the alkoxide. 100 ml of toluene, 4.5 ml of APTES,
120 mg of boric acid (10% H3BO3;:APTES mass ratio) and 3.2 g of amino acid
were used and left stirring at a temperature of 180°C for O, 1, 2, 4, 6, 12 and
24h. Subsequently, the temperature was lowered to 50°C, 1 g of Kaol-DMSO
was added, and then the temperature was slowly raised to 180 °C. The
resulting material was washed with toluene and ethanol and dried in an oven at
60°C for 24h. The materials were designated as Kaol-APTES-Phe for the amino
acid L-phenylalanine and Kaol-APTES-Pro  for  L-proline. All
organofunctionalized materials were placed under magnetic stirring for 7 days in
a sample/distilled water m/v ratio of 1:10 to check the chemical stability of the

organofunctionalized material and leaching of solvents and adsorbed material.
2.2. Characterization techniques

Powder -ray diffraction analysis was performed on a Rigaku equipment
using Cu Ka filtered radiation (40 kV, 30 mA), between 2 to 70° (in 20), with
scan speed of 0.04° (20) at room temperature. Infrared absorption spectra were
obtained by a Fourier transform Perkin-Elmer 1730 Frontier spectrometer, in the
4000-400 cm™ range. The samples were analyzed by the diffuse reflectance

technique by mixing with KBr, with 32 scans using KBr as background. Thermal
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analyzes were performed on a TA Instruments SDT Q600 thermal analysis
device, with a 100 mL/min flow of synthetic air, heating rate of 10° C/min and

heating range from 25 to 900° C.

Selected materials were also characterized by scanning electron
microscopy, obtained in a Zeiss DSM 940 apparatus over samples coated with
a thin gold layer by a Quorum SC7620 coating system and in a Zeiss-902
apparatus, over samples dispersed with ethanol in a colloidal graphite

aluminum cell.
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3. Results and discussion

The amidation reaction time was a key factor in the intercalation of the
modified alkoxide between the kaolinite sheets, as shown in the diffractograms
of the solids (Figure 1). Kaolinite peaks were the most important in the
diffractograms, although a first wide peak was recorded at low angle for all
materials, swelling as reaction time increases and probably due to a very low

smectite admixture.
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Figure 1. Low-angle X-ray diffractograms of the hybrid materials Kaol-APTES-
Pro and Kaol-APTES-Phe after reaction from 0 to 24h. Oh denotes the sample
immediately after putting in contact the reagents.

Purified kaolinite had 7.1 A of interlayer spacing, which was expanded to
11.2 A by intercalation with DMSO (not shown). After incorporation of the
modified alkoxide, it was possible to verify a drop in crystallinity evidenced by
several factors. When dealing specifically with kaolinite, it was possible to

analyze the crystallinity through the degree of particle orientation (R), calculated
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as R=lgo01/lqgo20 Where the higher the value, the greater the crystallinity (DA
SILVA et al., 2016), because reflection 020 of this clay shows no significant
changes under several treatments (SMRCOK et al., 2010). The FWHM index,
denoting the width at half peak maximum, was also indicative of changes in the

crystallinity; both indexes are given in Table 1.

Materials involving the amino acid proline showed an increase in basal
space only after 24 h of amidation, while the materials involving phenylalanine
already showed a basal spacing expansion to 8.5 A after Oh (the amidation
reaction occurs in contact with the clay mineral) and 1h of reaction. However,
this intercalation did not continue at increasing times, suggesting that this
interaction was not stable. After 24h of treatment, a new peak appeared at 8.3
A, with a swelling of 1.2 A with respect to kaolinite, and suggesting that the
modified alkoxide interacted with the interlayer of kaolinite only at the space
through the sides of the lamellae, justifying the low expansion (YANG et al.,

2012).

In all the intercalated samples, the characteristic peak of non-intercalated
kaolinite at 7.1 A was still observed. Thus, it was possible to analyze the
intensities of the 001 reflection of the intercalated material and the non-
intercalated kaolinite to define an intercalated rate of each material using the
equation a= l1/(l1 + lp), were a is the intercalation rate, | is the peak intensity of
the 001 reflection of the intercalated material and |y in original kaolinite (MBEY
et al.,, 2013). In the case of the Kaol-APTES-Pro sample, only with 24 h of
catalyzed reaction the material showed a 72% intercalation rate, while for the

Kaol-APTES-Phe sample at the same time it was 71% intercalated.
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Table 1 - Basal spacing (d); variation of basal spacing (Ad);
intercalation/grafting ratio (a); degree of particle orientation (R) and dgo1
reflection peak widths (FWHM) of kaolinite and functionalized hybrid materials.

Sample d(A) Ad(A) a(%) R=doo/doz FWHM (°26)
Kaol 71 - - 3.7 0.4
Kaol-APTES-Pro (24h) 8.4 13 72 13 11
Kaol-APTES-Phe

0h 8.5 1.4 53 0.6 1.9

1h 8.2 1.1 51 0.7 1.6

24 h 8.3 1.2 71 1.0 0.7

The crystallinity of Kaol-APTES-Phe samples, although low in relation to
the non-intercalated kaolinite, increased with the amidation reaction time. With a
short reaction time and steric hinderance caused by the concentration of
kaolinite in the solution, it was more likely that the amino acid and APTES
preferentially interacted with the matrix, which may have caused an increase in
the concentration of phenylalanine and alkoxide in kaolinite in relation to
modified alkoxide. On the other hand, in the Kaol-APTES-Pro samples, this
increase did not occur, because proline had a smaller molecular diameter,
facilitating the contact with the alkoxide and consequently facilitating the

amidation reaction.

In all cases, the decrease in crystallinity occurred due to the influence of
organic matter in the stacking of the layers, resulting in a lower stacking that
decreased the crystallinity of the material. Upon removal of DMSO by leaching
and grafting, the hydrogen bonds between the layers were recovered,
promoting a small folding of the layers causing its delamination (DA SILVA et

al., 2016). When the reflections not related to this stacking were analyzed,
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particularly the 060 reflection, it was verified that the crystalline structure of the

kaolinite remained unchanged (Figure 2).
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Figure 2. X-ray diffractograms of the hybrid materials K-APTES-Pro and K-
APTES-Phe in the 0 to 24h time range.

Aluminol groups have an intralamellar hydroxyl group and three
interlamellar ones, which are responsible for the interactions, according to
Figure 3. In the molecular absorption spectra in the infrared region, the bands
related to these hydroxyls have been reported at 3696, 3563 and 3668 cm™ for
interlamellar hydroxyls and at 3620 cm™ for intralamellar hydroxyl, respectively

(TOSONI; DOLL; UGLIENGO, 2006).
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Figure 3. Schematic representation of hydroxyls present in aluminol groups.

In the intercalation process, the interlamellar hydroxyl bands can change

in position and intensity or even new bands can appear,

while in the

functionalization process they can change in intensity or even disappear.

Intralamellar hydroxyl did not participate in interactions due to its steric

hindrance. The absorption spectra in the infrared region are shown in Figures 4

and 5.
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Figure 4. Infrared absorption spectra (FTIR) of Kaol-APTES-Pro solids, from

4000-800 cm™" with a break at 3000-2000 cm™".
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Figure 5. Infrared absorption spectra (FTIR) of the Kaol-APTES-Phe from
4000-800 cm™ with break at 3000 a 2000 cm™.

In the Kaol-APTES-Pro samples, the hydroxyls remained unchanged
until 24 h of reaction, when two interlamellar hydroxyls disappeared, and at the
same time the characteristic band of axial vibration of aluminol at 938 cm™ also
disappeared, indicating that these hydroxyls were removed, leading to formation
of covalent bonds, characteristic of the functionalization process. In the Kaol-
APTES-Phe samples, the aluminol band remained with less intensity, indicating
the presence of both intercalated and grafted material. On the other hand,
organic matter was detected in all the samples, indicating that it was adsorbed
on the surface of the clay; the hydroxyl at 3551 cm™ present in the spectra of all
the samples indicated this weaker interaction by means of hydrogen bonding or

other van der Waals forces.

71



The fact that the intralamellar aluminol band did not participate in the
interactions allowed it to be considered as a standard to analyze the intensity of
the interlayer aluminol band and thus to evaluate its interactions, where the
greater the difference in transmittance between the intra and interlayer aluminol

bands, the greater the strength of the interactions (Table 2).

Table 2 - Relation of position and transmittance between the intralamellar and
interlamellar aluminol bands.

Sample OH intra OH inter A% OHinter/OHintra

Time Transmittance  Wavenumber  Transmittance

(h) (%) (cm™) 938 cm™ (%)

Kaol 19.6 914 24.8 5.2 1.3
Kaol-APTES-Pro
0 7.9 913 11.0 3.1 1.4
1 11.5 914 16.1 4.6 1.4
2 13.0 914 17.9 4.9 1.4
4 8.9 914 12.5 3.6 1.4
6 20.5 914 26.7 6.2 1.3
12 14.9 914 19.8 49 1.3
24 9.2 909 - - -
Kaol-APTES-Phe
0 47.9 912 53.1 5.2 1.1
1 14.1 912 19.4 5.3 1.4
2 38.8 914 43.4 4.6 1.1
4 26.0 914 30.1 4.1 1.2
6 49.9 914 55.0 5.1 1.1
12 48.3 914 54.0 5.7 1.1
24 26.4 908 37.5 11.1 14

In both series, the interaction occurred via the interlamellar hydroxyls
during the initial amidation reaction times, due to the concentration of amino
acid and APTES in contact with the kaolinite. However, only after 24h of
reaction the interlayer aluminol band disappeared in the sample with proline and

the transmittance of the sample with phenylalanine greatly changed, being at
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this time the highest probability of covalent bond between the modified alkoxide
and the kaolinite interlamellar hydroxyls. Another factor that proved this
interaction force was a slight displacement of the intralamellar aluminol band to
lower wavenumbers, proving a slight increase in the structural rigidity,

characteristic of stronger interactions such as covalent bonds.

The absence of hydroxyl bands 2 and 3 (3663 and 3668 cm™) indicated
that the modified alkoxide interacted in the interlayer space; however, due to the
steric hindrance caused by the size of the molecule in relation to the increase in
the basal space shown in the X-ray diffraction, it was most likely that this
interaction occurred preferably with part of the molecule outside the basal
space, when the alkoxide reacted with a peptide, causing a small exfoliation in
the matrix structure. Phenylalanine has a greater facility for peptide formation in
the amidation reaction in relation to proline, which resulted in a larger structure
of the organic part in the Kaol-APTES-Phe samples, causing steric hindrance
for its complete intercalation in the matrix. This factor explains the oscillation in
the ratio between intra and interlamellar transmittances and the difficulty of the
modified alkoxide in removing the two interlamellar hydroxyls and consequently
in the disappearance of the band at 938 cm™. Most likely, this interaction

occurred in only one hydroxyl group in the kaolinite unit cell for this sample.

A very broad band close to 3266 cm™ indicated several distinct
interactions between the amines of APTES and amino acids in the form of a
hydrogen bond, in addition to overlapping bands of axial C-H vibrations that
extended up to 2500 cm™. The amine stretching band of the amino acids can be
seen close to 1550 cm™ and the vibrations of the COO" symmetric and

antisymmetric stretching modes were close to 1650 and 1400 cm™.
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The stretching vibrations of the COO™ carbonyl group occurred at lower
wavenumbers in these amino acids due to their conjugation (SILVERSTEIN;
WEBSTER; KIEMLE, 2005), however, a new stretching band due to C=0
appeared at 1725 cm™ indicating interactions in the carbonyl group that can be
attributed both to the amidation reaction and to the interaction of the COO"
group with kaolinite, appearing as low intensity bands in the Kaol-APTES-Pro
series and higher intensities at times 2, 6 and 24h in the Kaol-APTES-Phe

series.

The carbonyl band was not observed at 1725 cm™ after 0 and 1h of
amidation between APTES and phenylalanine, indicating that this group
remained unchanged in the amino acid, interacting directly with kaolinite, thus
reducing the efficiency in the amidation reaction catalyzed by boric acid, as also
evidenced by the powder X-ray diffraction data. This band appeared again only
after 6 h of reaction, its intensity increasing over time; however, with the bands
of interlamellar hydroxyls and aluminol disappearing only after 24 hours, it is
evident that the modified APTES-Phe alkoxide strongly interacted with kaolinite

only after 24 hours of amidation reaction.

The stretching vibrations of the water molecules in the non-intercalated
kaolinite are recorded in the 3435 cm™ region and the angular vibrations in the
1630 cm™ region. The axial vibrations of the connections between Si and O
appeared at 1000 to 1200 cm™, while the O bridge between the Si outside and
in the plane can be found at 701 and 473 cm™, respectively. Bands due to
traces of silica and quartz can be found at 795 cm™. The vibrations of
intralamellar stretching of the aluminum were at 912 cm™ while the vibrations of

the Si-O-Al bonds of the octahedral lamella were at 795 and 543 c¢cm™, and
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finally the angular vibration between Si and O was located at 431 cm™
(BRANDT; ELBOKL; DETELLIER, 2003; FROST, 1996; TOSONI; DOLL;

UGLIENGO, 2006).

Under heat treatment, kaolinite react up to form mullite (Al203.2SiOy)
(SAHNOUNE et al., 2012). As already described in previous studies (DE
ARAUJO et al., 2020), kaolinite has a small mass loss at 65 °C due to removal
of adsorbed water, the first endothermic dehydroxylation close to 510 °C and
the second one at 900 °C. Thermogravimetric analysis (TG) and its derivative

(DTG) are shown in Figures 6 and 7.
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Figure 6. Thermogravimetric analysis and its derivative for Kaol-APTES-Pro
series. Ramp of 10 °C/min, from 25 to 700 °C in an oxidant atmosphere, with
DTG results normalized between 0 and 1.
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Figure 7. Thermogravimetric analysis and its derivative for Kaol-APTES-Phe
series. Ramp of 10 °C/min, from 25 to 700 °C in an oxidant atmosphere, with
DTG results normalized between 0 and 1.
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When kaolinite was functionalized, the temperature of the first

dehydroxylation was slightly decreased. Solvents and adsorbed molecules had
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been removed by means of a small effect at low temperature. In the Kaol-
APTES-Pro sample after 1 h of amidation reaction, it was already possible to
see a slight endothermic decrease close to 502 °C, with the greatest decrease
after 24 hours of reaction, with maximum loss of mass at 493 °C. In the Kaol-
APTES-Phe series, the decrease of this temperature was already observed in
the sample at Oh amidation time with maximum loss temperature at 489 °C.
This temperature increased up to 12 h of reaction and returned to 489 °C with
24 hours of reaction, showing together with the other techniques that kaolinite
was functionalized already at the beginning of the amidation reaction, but
separately without the alkoxide being modified, however, this interaction was
weaker than that which occurred in longer times (24h), when the alkoxide was

already modified.

On the other hand, proline only succeeded in functionalizing the matrix
when already modified with APTES after long reaction times, when it had a
large content of organic matter. All the proline solids showed a single mass loss
(with a small previous loss of solvent), but the solid reacted for 12 hours
showed two mass losses above 500 °C and higher thermal stability. These
suggested that the proline-modified alkoxide can be completely intercalates in
the basal space providing greater thermal stability than for phenylalanine
samples; the modified alkoxide structure may remain parallel to the matrix

layers causing a low expansion of the interlayer space.

Decomposition of the amino acids occurred in a large step beginning
above 200 °C, the matrix offered the amino acid a greater thermal resistance

compared to the isolated amino acid (MA; ZHENG; PANG, 2012).
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From the values of mass losses of the materials, the content of organic
matter per mol of kaolinite was calculated (Table 3), taking into account the
modification of the alkoxide with the amino acid and the peptide, as shown in

figure 9 (DA SILVA et al., 2016).

Table 3 - Experimental number of moles of modified alkoxide per mol of
kaolinite for Kaol-APTES-Pro and Kaol-APTES-Phe solids, obtained from
thermogravimetry.*

Kaol-APTES-Pro Kaol-APTES-Phe
time (h) Modified alkoxide/kaolinite time (h) Modified alkoxide/kaolinite
0 0.063 0 0.711
1 0.071 1 0.171
2 0.085 2 0.220
4 0.053 4 0.121
6 0.078 6 0.085
12 0.093 12 0.067
24 0.088 24 0.211

* The molecular mass of kaolinite was calculated by means of the formula given in Materials
section, while the molecular mass of the modified alkoxide was calculated as the media of the

two formulae proposed in Figure 9.

After 24 hours of amidation reaction, the Kaol-APTES-Phe solid showed
ca. 2.4 times the number of mol of modified alkoxide compared to the
corresponding Kaol-APTES-Pro counterpart, bonded by covalent bonding.
Conventional syntheses lead to larger amounts of organic matter per kaolinite
unit cell. A recent study of kaolinite functionalization with the amino acid alanine
showed that the greater the clumping of the amino acid in the matrix, the
greater the thermal resistance offered to it (DE CASTRO SILVA et al., 2020).
However, the functionalization of alanine in kaolinite by this amidation reaction

catalyzed by boric acid (DA SILVA et al., 2020), resulted in a greater thermal
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stability than by conventional syntheses, even at a low agglomeration

environment of the modified alkoxide.

Morphologically, kaolinite has a structural organization in the form of
tactoids and when functionalized, they can change in the 001 reflection plane,
fracturing the lamellae, decreasing the crystallinity and consequently causing
the tactoids to overlap, an effect called delamination (VALASKOVA et al.,
2007), or may suffer the total loss of unit cell structure in individual layers,
resulting in a loss of crystallinity, an effect called exfoliation (TABOROSI;
SZILAGYI, 2016). All the samples prepared in the present study showed the
presence of kaolinite agglomerated tactoids. In some cases, the increase in the
basal space caused by the functionalization weakened the hydrogen bonds
between the layers, limiting their overlap and that, after the leaching process,
eliminating the organic molecules that were only adsorbed, the force of
attraction was reestablished causing a displacement of the structure of the

layers further decreasing the morphological ordering (LI et al., 2015).
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a) Kaol

b) Kaol-APTES-Pro c) Kaol-APTES-Phe
Figura 8. SEM micrographs of the indicated solids.

Due to the modification of the APTES alkoxide with the amino acid, the
peptide reaction between the amino acids can also occur, further increasing the
size of the molecule and the steric hindrance for intercalation in the interlayer
space of kaolinite, making even more difficult to insert it in this region during the
step of displacement of DMSO. If the amidation reaction resulted in the
formation of peptides, the concentration of the amino acid decreased in relation
to APTES, favoring the amidation reaction again between the peptide and the

alkoxide (Figure 9).
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Figure 9. Schematic representation of the reaction flowchart between the
modified alkoxide and kaolinite.

4. Conclusions

The amidation between the amino acids proline and phenylalanine
catalyzed by boric acid was studied as a function of the time or reaction, for
further functionalization in kaolinite. In both cases, the interaction by covalent
bonding between kaolinite and the modified alkoxide only occurred after 24

hours of amidation reaction.
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Kaol-APTES-Phe system showed a greater interaction of the amino acid
and the alkoxide at the initial times, although with a weaker interaction, being
leached at larger amidation times, while after 24 hours the covalent interaction
with the modified alkoxide was favored. For the Kaol-APTES-Pro series, this
interaction did not occur at the initial times, but also after 24 hours of amidation,
the interaction with the modified alkoxide was favored. For phenylalanine, the
possible formation of peptides in the modification of the alkoxide caused a steric
hindrance for complete intercalation in the interlayer space. Proline, due to its
smaller size and its chiral carbon participating in a cyclic chain can hinder the
peptide formation in these conditions, making possible its intercalation inside

the layers.

The functionalized solids showed greater thermal resistance than
isolated materials and greater dispersion of the amino acid compared to
conventional syntheses. The catalyzed synthesis may lead several properties
different from conventional syntheses, such as greater organophilicity,
dispersion of functionalized material and greater structural mobility, which may
give these materials applications as Iluminescent sensors, catalysts, or

adsorbents, among others.
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ABSTRACT

The properties of Eu®*-biohydrid (kaolinite-proline) materials were investigated
by powder X-ray diffraction, vibrational spectroscopy, scanning electron
microscopy, nitrogen adsorption and photoluminescence to understand how
Eu®" interacts with the biohybrid matrices. Biohybrids were obtained through the
conventional route and by two new catalytic routes for functionalization of clay
minerals, and were then complexed to Eu®* ions at a constant proline:Eu*
molar ratio of 3:1, while the water molecules originally existing in the first
coordination sphere of Eu®" ions in the kaolinite-grafted complexes were
replaced by 2-thenoyltrifluoroacetone (tta). The typical Eu** emission spectra for
solids containing tta revealed the characteristic Eu®" transitions from
fundamental °Dq state to excited 'F, (J = 0, 1, 2, 3 and 4) states. The lifetime
measurements also confirmed that water molecules were exchanged,
increasing the emission efficiency. The time-resolved spectra allowed to remove
the matrix and ligand emissions and thus to evaluate their influence on the
emission of the lanthanide ion. After incorporation of Eu®*, the thermal stability
of the solids improved. The intercalated europium complexes did not show the
same ligand/Eu®* molar ratio as the free complexes, due the restricted mobility
of the ligands grafted within the interlayer of kaolinite. On the contrary, these
complexes showed high internal quantum yield, low luminescence suppression
(after tta coordination), preserved the kaolinite layered structure and also
showed a low water molecules coordination number, which made them very
attractive for luminescent applications, in addition to bringing high added value,

due to its low cost, non-toxicity, non-polluting and high efficiency.
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1. Introduction

Lanthanide ions have been the subject of research in luminescent
applications for many years due to their [Xe] 4f" electronic configuration, the 4f
shells are shielded by outer filled 5s and 5p orbitals, which gives a stable
configuration to rare earth cations, resulting in unique spectroscopic and
magnetic properties (Binnemans, 2009; Ryu et al., 2014). This results in sharp
lines in the spectra, increasing the selectivity in various applications such as
LEDs, OLEDs, lasers, and sensors, among others (BLASSE; GRABMAIER,
1994; YU et al., 2016). The trivalent oxidation state is the most stable for most
of the lanthanide cations and their coordination numbers range from 6 even to
12. All trivalent lanthanides are classified as Pearson hard acids, thus binding to
hard bases where the donor atom is highly electronegative and has low

polarizability, as nitrogen, oxygen and sulfur (PEARSON, 1968).

Rare earths have low direct excitation luminescence efficiency, due to
the low molar absorptivity, low ion concentration and the parity-selection rule,
which prohibits these transitions that can be 10° times weaker than the
permitted transitions (BLASSE; GRABMAIER, 1994). This factor makes these
ions to require a ligand with good absorptivity to transfer the received energy to
the ion; this phenomenon is known as an “antenna effect” (BELTRAN-LEIVA et
al., 2017; SIGOLI et al., 2001). Organic ligands with aromatic rings or highly
conjugated units are very promising for these materials providing greater
electron resonance and consequently improving the energy transfer to the
central ion. Therefore, the formation of organic-inorganic hybrid materials using
lanthanide ions for luminescent purposes has been extensively studied in

Material Chemistry in recent decades, combining the thermal stability and
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structural stiffness of inorganic materials with the flexibility of organic

compounds (DE FARIA et al., 2011).

A new class of these materials has aroused the interest of researchers in
recent years, combining an inorganic matrix with biomolecules such as amino
acids, proteins, carbohydrates, peptides and nucleic acids, being classified as
biohybrids (DIRKS et al., 2007). These biomolecules derive from abundant,
ecological and low-cost sources, which make them more attractive. In the
context of this work, cyclic amino acids such as L-proline (L-Pro), L-
phenylalanine and L-tryptophan, are very attractive for the formation of
luminescent biohybrids because of their high molar absorptivity, and when
complexed to lanthanide ions they increase the absorption of the molecule,
bypassing the low coefficient of these isolated atoms, increasing their quantum
yield and making them promising compounds for luminescent applications
(BUNZLI, 2015; BUNZLI; PIGUET, 2005). Despite the observed improvements
in photoluminescent properties, these isolated complexes have low thermal and
mechanical stability, requiring their incorporation in matrices such as

aluminosilicates and polymers, among others (RYU et al., 2014).

Kaolinite has been used as an inorganic matrix in this work. Kaolinite is a
1:1 (TO) clay mineral containing tetrahedral and octahedral sheets with general
minimum formula Al,Si,Os(OH)s (ALABA et al., 2015). It has a layered structure
and between the lamellae it contains a hydroxylic surface from the octahedral
sheet of aluminol [AI(OH)3], which can form covalent bonds by condensation
reactions (ZULFIQAR et al., 2015). Preparation of luminescent materials from
smectite clays by simple methods, such as cationic exchange, has been widely

explored (BERGAYA; VAN DAMME, 1983; OKADA; EHARA; OGAWA, 2007;
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TRONTO et al., 2009). However, these systems present certain disadvantages,
such as the weak absorption of Eu®*" above 250 nm due to forbidden f-f
transitions, the presence of water in these matrices, requiring additional heat
treatment for its removal, low quantum yields for emissive states below 30,000
cm™ and the loss of radiative emission resulting from the charge transfer (CT)
originated by the interaction of the lanthanide with oxygen ions of the matrices
(LEZHNINA et al., 2007). Opposite to smectite clay minerals, the kaolinite
intercalation process is hampered as the clay is non-swellable, due to the
hydrogen bonds between AI-OH and Si-O units, requiring pre-swelling by
intercalating small, highly polar molecules such as dimethyl sulfoxide (DMSO),
this process being almost compulsory for further functionalization (DEDZO;
DETELLIER, 2016; HE et al., 2013). Once DMSO has been intercalated, larger
molecules can be incorporated by displacing it, while maintaining the integrity of
the crystalline structure (DE FARIA et al., 2009, 2012). Thus, the intercalated
molecules act as precursors for the functionalization by organic or
organometallic compounds finally producing materials for different applications,
such as luminescent sensors, catalysts, contaminant adsorbent, among others
(BARBOSA et al., 2015; MORETTI et al., 2012; WAINIPEE et al., 2013). This
process contributes to reduce the influence of the environment in relation to
smectites and provides stronger interactions such as covalent bonds preventing

material from leaching.

Organosilane alkoxides, such as 3-aminopropyltriethoxysilane (APTES),
have been recently used for kaolinite functionalization, aiming at some versatile
properties such as organophilicity or metallic affinity, among others (YANG et

al., 2012; ZHANG et al., 2015b). The organophilicity of silane is very convenient
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for the incorporation of other molecules, such as amino acids. The
immobilization of the silylating agent on the surface is called organic
functionalization, a process that requires to activate the silanol groups
eliminating the residual water molecules, and forming monodentate, bidentate
or tridentate covalent bonds, the most common ones being mono and bidentate.
Following incorporation of the silylating agent into the matrix, the alkoxide may
be modified by an amidation reaction where condensation occurs by
deprotonation of the aminosilane agent with the hydroxyl group of the carboxylic

end of the amino acid.

The amidation reaction is responsible for the formation of peptides,
indispensable to life and widely used in the pharmaceutical industry (BODE,
2015). Living organisms carry out the amidation reaction naturally through
enzymes; however, for the amidation reaction to take place synthetically, an
activator for carboxylic acid is required, such as high temperatures or a catalyst,
which can generate many undesired by-products and increase the costs for
treating these residues. To avoid this, several amidation procedures have been
described in the literature to diminish costs and make the process feasible for
green chemistry (Tang, 2012). The use of boric acid as a catalyst becomes
feasible because it is low cost, non-toxic and high efficiency, being better than
most of the reported amidation reaction catalysts (MYLAVARAPU et al., 2007).
Boric acid reacts with the carboxylic acid to form a mixed anhydride and after
reaction with the amine, boric acid is regenerated, leading to formation of the

desired carboxamide (Fig. 1).
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Fig. 1. Amidation reaction catalyzed by boric acid (Adapted from Arce et al.,
2015).
The modification of the alkoxide with the amino acid through the

amidation reaction catalyzed by boric acid is a new route for functionalization of
clay minerals, different from conventional ones, and generating new possibilities
of application. Therefore, the aim of this work was the development and study of
new luminescent hybrid materials prepared by the functionalization of natural
kaolinite with the amino acid L-Pro complexed to the europium ion, seeking to
verify the spectroscopic and photophysical properties of the prepared materials,
such as quantum yield, number of molecules of water in the first coordination
sphere and lifetime of the excited state. These materials may be better suited
for luminescent applications compared to materials obtained by the
conventional routes, as biomarkers, sensors of contaminants, among others

(Fig. S1). These materials were characterized by infrared spectrometry, powder
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X-ray diffraction, element chemical analysis, thermal analysis and scanning
electron microscopy (SEM). Luminescence spectroscopy evaluated the
quantum emission yields of europium, the lifetime, the amount of water
molecules in the first coordination sphere and the Judd-Ofelt intensity

parameters.
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2. Materials and Methods
2.1. Materials

The kaolinite used in this work came from the city of Sdo Siméao, in the
state of Sao Paulo, Brazil, kindly provided by Darcy R.O. Silva and Cia. (Sao
Simao-SP). The kaolinite was purified by dispersing and settling the natural clay
in distilled water, as reported in previous studies (AVILA et al., 2010; DE FARIA
et al., 2009); 2-thenoyltrifluoroacetone (tta) 99.0%; L-proline (99%) and
Europium Oxide, EuyO3; (99%), were provided by Sigma-Aldrich; 3-
aminopropyltriethoxysilane, APTES, 97% and dimethyl sulfoxide, DMSO
(99.9%) were provided by Synth; boric acid (99%) was provided by Dinamica
Ltda. and toluene (99.9%) was provided by J.T. Baker. Euy0s3, insoluble in
water, was transformed into EuCl;.H,O by dissolving with HCI and further

crystallization, while all the other reagents were used without further purification.

2.2. Characterization Techniques.

The powder X-ray diffraction analysis was performed on the solids
obtained in a Rigaku equipment using Cu Ka filtered radiation (40 kV, 30 mA).
26 angle was scanned from 2 to 70°, with a scan speed of 0.04 °26 per second
at room temperature. The FTIR absorption spectra were recorded by the
transmission method, in the range 400-4000 cm™, averaging 32 scans to
improve the signal-to-noise ratio, in a Perkin-Elmer Spectrum One
spectrometer, on samples mixed with KBr (ca. 1:300 ratio sample/KBr), using
KBr itself as background. Thermal analyses were performed in a TA

Instruments SDT Q600 thermal analysis apparatus, using a standard mass of
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10 mg of sample, under a 100 mL/min flow of synthetic air, and with a heating
ratio of 20°C/min from 25°C to 900°C. The scanning electron microscopy (SEM)
images were obtained in a Tescan Vega 3 SBH Model EasyProble microscope,
over samples dispersed with ethanol in a colloidal graphite aluminum cell and
then coated with a thin gold layer by a Quorum SC7620 coating system. The
nitrogen adsorption—desorption isotherms were obtained at — 196°C from a
Micromeritics ASAP 2010; specific surface area was determined by the BET
method while the total pore volume was determined from the nitrogen adsorbed

at a relative pressure of 0.95 (ROUQUEROL; ROUQUEROL; SING, 1999).

The luminescence spectra (excitation and emission) in continuous light,
time-resolved and lifetime measurements were obtained on the Fluorolog
Horiba Jobin Yvon fluorometer. Measurements were carried out at room
temperature. For the excitation spectra, the Corning 97202 filters with
transmittance less than 0.2% below 470 nm were used, the inlet and outlet slots
are described in the caption of each spectrum and all analyses were performed

with an angle of detection of 45°.
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3. Experimental

3.1. Synthesis of bio-hybrid materials

Kaolinite was intercalated with DMSO according to the Tunney and
Detellier method (LETAIEF; DETELLIER, 2011; TUNNEY; DETELLIER, 1993,
1996). An amount of 30 g of purified kaolinite was mixed in a reflux system with
150 mL of DMSO and 50 mL of water and stirred for 10 days at 80°C. The
material was then washed with ethanol several times and dried at 60°C. The
intermediate thus obtained was designated Kaol-DMSO. This solid was

functionalized with proline by three different methods:

i) Displacement method (de Faria et al., 2009, 2010): heating a 5:1 (w/w)
mixture of amino acid and kaolinite near the amino acid melting temperature for
48 hours. The resulting material was washed in a Soxhlet system with ethanol

for 24 hours, dried and designated Kaol-P.

ii) Functionalization of Kaol-DMSO with APTES alkoxide (molar ratio
APTES:Kaol-DMSO 1:1) by dispersing their mixture at 180°C (YANG et al.,
2012) (no solvent was used, as APTES is liquid), obtaining the solid Kaol-APS.
This solid was then submitted to amidation with L-Pro catalyzed by boric acid,
with molar ratios L-Pro:Kaol-APS 5:1 and boric acid:Kaol-APS 0.1:1 (ARCE et
al., 2015; MYLAVARAPU et al., 2007). The resulting material was washed with

toluene and ethanol six times and dried; the material was designated Kaol-AP1.

i) APTES was first submitted to amidation with L-Pro catalyzed by boric
acid (molar ratios L-Pro:APTES 1:1 and boric acid:APTES 0.1:1), and after 24 h

of reaction, 4 g of Kaol-DMSO was added and the mixture was stirred for 24 h
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at 180°C. The resulting material was washed with toluene and ethanol six times

and dried, being designated as Kaol-AP2.

The three solids obtained were agitated for 7 days in aqueous
dispersions, with a solid/water w/w ratio 1:100 to verify that the structures of the

solids were maintained.
3.2. Eu** ion complexation

The Eu (lll) ion was complexed to the hybrid materials using a
ligand/cation molar ratio of 3:1 (after determination of the chemical analysis of
the hybrids). The samples were stirred for 24 h at a fixed pH of 6, being then
centrifuged and dried. Subsequently, 0.071 mol/L solution of tta in 1:2.5
water/ethanol was added, with a 3:1 molar ligand/cation ratio. The samples
were named Eutta-Kaol-P; Eutta-Kaol-AP1 and Eutta-Kaol-AP2 for the samples

derived from Kaol-P, Kaol-AP1 and Kaol-AP2 samples, respectively.
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4. Results and Discussion
4.1. Hybrid materials

Purified Kaol had the chemical formula, referred to Al content,
Si2.04Al2.00F€0.03Mg0.01K0.02Ti0.0407.23. This formula was very close to the kaolinite
theoretical one, Si,Al,O7, suggesting very small amounts of admixtures (DE
FARIA et al., 2009). Fe'" and Ti'"V may be present in the octahedral sheet of the
clay or forming segregated minerals, while Mg®* and K* may be part of other
clay minerals existing in the sample (DE FARIA et al., 2009). The specific
surface area of the solid was 17 m?/g, and the total pore volume 0.14 cm®/g,
similar to literature results for kaolinite from this deposit and from other deposits
(DE FARIA et al., 2009, 2010; SONG et al., 2014).

Purified kaolinite has a basal spacing of 0.71 nm (Fig. 2), which correctly
expands to 1.12 nm with DMSO intercalation (LETAIEF; DETELLIER, 2007)
(diffractogram not shown). A very weak reflection due to non-intercalated
kaolinite was also recorded, allowing to calculate the amount of reacted
kaolinite (MBEY et al., 2013; OLEJNIK et al., 1968; SMRCOK et al., 2010)

(Table S1, Supplementary Data).
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Fig. 2. X-ray diffractograms of the different solids, in the 2-25° and 60-70° (26)
regions.

The crystallinity, evaluated by the FWHM index, increased from purified
kaolinite to the solid treated with DMSO, showing that intercalation with this
molecule favored the long-distance stacking of the layers, but incorporation of
the other molecules decreased the stacking degree. The ratio between the
intensities of the peaks due to the diffraction by planes (001) and (020) allowed
to evaluate the orientation of the particles, again obtaining the maximum value
for the DMSO-intercalated sample, and strongly decreased when treating it with
the other compounds. The (020) plane was used as a reference because its
reflection showed a high intensity and was not significantly altered by the
different treatments (SMRCOK et al., 2010).

The sample functionalized with L-Pro without the use of APTES (Kaol-P)
had a basal spacing of 1.21 nm, larger than those for the other samples. The
increase of the interlayer spacing, 0.5 nm, matches the size of the L-Pro
molecule (0.5 nm size, calculated by ACD ChemSketch software,

http://www.acdlabs.com/resources/freeware/chemsketch/),  confirming  the
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intercalation of the amino acid. However, this sample showed the lowest
intercalation rate (59%), with a significant decrease in crystallinity with respect
to parent kaolinite and to the DMSO-intercalated sample.

Amidation reactions led to solids with basal spacings of 0.85 and 1.14
nm, respectively. In the first case, the basal spacing was the same as that of
Kaol-APS, suggesting that its arrangement was maintained, again with a low
crystallinity and a decrease of the intercalation degree. For sample Kaol-AP2,
the previous reaction of the alkoxide and the amino acid in the presence of boric
acid led to a larger basal spacing and a higher intercalation degree, suggesting
a perpendicular orientation of the molecules in the kaolinite interlayer, as
previously reported by Yang et al. (2012). This conformation was lost after
incorporation of the europium (lll) cations, resulting in the displacement of the
1.13 nm peak in the precursor to 0.84 nm in the complexed samples. The
reflections not related to the layers stacking remained unchanged in all
samples, particularly the in-plane 060 reflection at 62.5° (26), suggesting that
the layers were not affected by the treatments (TONLE et al., 2007), and these
only affected to the height of the basal spacing and to the stacking of the layers
along the c-axis.

The nitrogen adsorption isotherms of the solids (Fig. S2) showed a small
curve concave to the p/p° axis, referring to the formation of an adsorption
monolayer and a second broader region convex to the p/p° axis, attributed to
the formation of adsorption multilayers. A slight displacement of the desorption
curve in the region of multilayer formation caused the isotherms to be classified
as type |V, characteristic of mesoporous materials, which may contain

micropores (ROUQUEROL; ROUQUEROL; SING, 1999). There was a
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decrease in the specific surface area (Table S2) when forming the biohybrids,
indicating the presence of organic matter which would decrease the adsorption
of nitrogen gas, Kaol-AP2 showing the lowest value.

The signals in the FTIR spectrum of kaolinite (Fig. 3) were ascribed to
axial vibrations of its different types of OH groups (Fig. S3), at 3620 cm™ (OH1),
3668 cm™ (OH2), 3653 cm™ (OH3), and 3696 cm™ (OH4) (Table S3). These
positions were very close to the values (3620, 3668, 3651 and 3694 cm™,
respectively) reported by Tosoni et al. (2006), and thus it was possible to verify
that OH1 species did not participate in the bonds because of the steric
hindrance derived from its intramolecular location. The Si-O-Al-O-Si vibrations
were recorded in the 1000-1100 cm™ range, without significant changes for the
treated samples. Axial vibrations of the interlamellar and intralamellar aluminol
groups were recorded at 938 and 912 cm™, respectively (DE FARIA et al.,

2009; FROST, 1996; TOSONI; DOLL; UGLIENGO, 2006).
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) Eutta-Kaol-AP2
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Fig. 3. Infrared absorption spectra of the different solids.

After intercalation with DMSO, two new bands were recorded at 3540
and 3504 cm™, resulting from the hydrogen bonds between the hydroxyl groups

of the interlamellar region of kaolinite and the DMSO molecules (Zhang et al.,

102



2015a). The interactions through hydrogen bonds were confirmed by the
shifting of the characteristic aluminol vibration from 938 cm™ in kaolinite to 953
cm™ in Kaol-DMSO, along with the development of a new signal at 959 cm™.
The characteristic bands related to C—H bonds were recorded at 3023 and 2936
cm™. The antisymmetric Si-O stretching band shifted from 1034 to 1030 cm™,
showing now a shoulder, suggesting that water molecules entered into the
hexagonal cavities of the tetrahedral silicon disturbing these bonds (MA;
ZHENG; PANG, 2012). For the Pro-treated sample, Kaol-P, bands related to
CH,; and C-H stretching became very broad. The OH2 and OH3 signals
disappeared, suggesting a strong interaction between kaolinite and L-Pro, as
confirmed by the development of bands at 3544 and 3510 cm™, attributed to
stretching of HO-H and/or CH-O bonds, and NH-stretching vibrations
(SILVERSTEIN; WEBSTER; KIEMLE, 2005; WAGNER; TORRE; BARAN,
2008).

Bands assigned to angular in-plane NH; vibration and NH and/or HO-H
stretching bands were observed in the spectrum of sample Kaol-AP1.
Broadening of the bands between 3000-2000 cm™ as well as the characteristic
bands of L-Pro —COOH group at 1628 and 1400 cm™ were also recorded. For
the Kaol-AP2 sample, the out-of-plane vibration band due to NH; shifted to
1538 cm™', suggesting its participation in the interaction. The signal at 1432 cm™
was attributed to the shift of the band due to the symmetric stretching mode of
the COO™ group, characteristic of the interaction via this group. Interaction with
L-Pro was also evidenced by the development of an Al-O band at 960 cm™ and
modifications in the bands of the OH2 and OH3 hydroxyl groups. In the L-Pro-

containing samples, the stretching bands due to hydrogen bonds between the
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amine and the carboxylate groups were recorded close to 3220 cm,
evidencing L-Pro condensation (that is, L-Pro- L-Pro) or the interaction between
L-Pro and APTES (SIFFERT; KESSAISSIA, 1978).

The molecular formula of the organic matter involved in the
functionalization routes was proposed from the chemical composition of the
solids, taking into account the possible reactions between the functional groups
of the different compounds, and referring this amount to kaolinite unit cells
(Table S4). Thus, for the Kaol-P sample, the C/N ratio in the solid was similar to
that in pure L-Pro, confirming that the amino acid was incorporated in its
molecular form, in a ratio of one L-Pro molecule per 3 kaolinite cells. When both
APTES and L-Pro were involved in the synthesis, various reactions were
possible. When kaolinite had been previously functionalized with APTES and
then submitted to amidation with L-Pro, sample Kaol-AP1, three main chemical
possibilities can be proposed: i) L-Pro and APTES interact with kaolinite
separately; ii) the alkoxide incorporated to the clay reacts with L-Pro; and iii) the
amount of APTES functionalized in the kaolinite is larger in relation to the L-Pro.
From the calculated average C/N ratio, it was concluded that one organic
moiety was fixed per 12 kaolinite unit cells. For the Kaol-AP2 sample, the
APTES- L-Pro catalytic amidation took place before being in contact with the
clay, and four main possibilities were considered: i) formation of the modified
alkoxide; ii) formation of a peptide bond between two L-Pro molecules; iii)
reaction between APTES and the two- L-Pro peptide; and iv) APTES and L-Pro
interact separately with kaolinite. The average value of these possibilities led to

the presence of one organic moiety per 17 kaolinite unit cells.
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Fig. 4. TG (1) and DSC (2) curves for samples Kaol, Kaol-P, Kaol-AP1 and
Kaol-AP2 in oxidizing atmosphere, from 25 to 900°C, with heat flow results
normalized between 0 and 1.

The thermogravimetric curve of kaolinite (Fig. 4) showed a small mass
loss near 65°C due to removal of adsorbed water, another mass loss due to
endothermic dehydroxylation of the structure near 510°C, resulting in the
formation of metakaolinite, and finally, the loss of the remaining hydroxyl groups
near 900°C occurred, leading to the formation of mullite (DE FARIA et al., 2009;
LETAIEF; DETELLIER, 2007) (DTG curves in Fig. S4). In all cases, after
removal of the organic matter, the main effect was the dehydroxylation of
kaolinite near 500°C, essentially identical to that observed in natural kaolinite
(LETAIEF; DETELLIER, 2011), but in all cases showing a decrease in the
dehydroxylation temperature, which agreed with functionalization, as this made
the solid surface more hydrophobic, favoring the elimination of water generated
from condensation of hydroxyl groups. Kaol-P showed the largest mass loss of
the L-Pro-containing samples, 25.5%. After an initial mass loss (2.3%, 78°C),
due to removal of adsorbed water, the combustion of L-Pro was clearly
observed as an effect located at 304°C, with 7.2% of mass loss, suggesting that
the access of L-Pro to the interlayer space was relatively easy. This loss was

observed as a broad exothermal effect in the DSC curve, probably because L-
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Pro adopted different conformations in the interlayer and the temperature at
which L-Pro was desorbed was not high enough to complete its combustion.
The last mass loss (16%) was centered at 495°C, and in addition to kaolinite
dehydroxylation, it should also include the last stage of L-Pro decomposition
(MA; ZHENG; PANG, 2012).

For samples Kaol-AP1 and Kaol-AP2, where a reaction under catalytic
conditions had taken place, removal of L-Pro was almost negligible. It was
detected as a very small effect in the DSC curve near 310°C (Fig. 4); however,
a continuous mass loss was observed until dehydroxylation. In both cases,
dehydroxylation seemed to occur at the same time as the end of the
decomposition of the organic matter (MA; ZHENG; PANG, 2012), probably due
to the presence of the silylated part of the alkoxide. Formation of silica from the
alkoxide also decreased the total mass loss, as silica formed was not removed
upon heating. The amount of organic matter determined by both
thermogravimetric analysis and element chemical analysis showed similar
results (LETAIEF; DETELLIER, 2011).

Kaolinite preferably oriented towards the formation of microcrystals of
hexagonal shape parallel to the (001) plane, agglomerating in tactoids, in which
changes can undergo by intercalation/functionalization (Fig. 5). On increasing
the interlayer space, the hydrogen bonds were weakened, which limited the
lamella overlapping, consequently modifying the initial kaolinite morphology. But
despite this slight modification, the kaolinite plate-like morphology was
maintained in the three samples, not lost by delamination, explaining the

broadening in the peaks from (001) reflection in the diffractograms.
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Fig. 5. SEM micrographs of the solids indicated.

Considering all the characterization results, structural models can be
proposed for the biohybrid materials. Thus, the direct intercalation of L-Pro in
the interlayer space is proposed for Kaol-P; FTIR and PXRD results confirmed
that L-Pro was located in the interlayer region and it bound in the covalent form,
thermal analyses indicated that with one L-Pro molecule for every three
kaolinite unit cells (Fig. 6). L-Pro molecules should be oriented perpendicular to

the layers, and their carboxylate groups may be bonded to the layers.
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Fig. 6. Proposed models for the samples Kaol-P, Kaol-AP1: a) functionalized
modified alkoxide, b) functionalized proline in kaolinite and c) unreacted
functionalized APTES alkoxide produced in the amidation reaction and Kaol-
AP2: a) modified alkoxide in the interlayer space functionalized and/or
interacting by hydrogen bonding; b) unmodified proline parallel to the layer, c)

unmodified proline in the interlayer space.

For Kaol-AP1 material, individual APTES and L-Pro molecules and the
product of their amidation reaction can modify kaolinite (Fig. 6), as more than
one 001 reflection were observed in its PXRD diagram, with the same basal
spacings that Kaol-APS and Kaol-P, but more dispersed on the inorganic
matrix. While for the Kaol-AP2 material the decrease in the dehydroxylation
temperature of kaolinite evidenced functionalization, the IR band of the aluminol
species confirmed the presence of kaolinite without interaction by covalent

bonds. The presence of a basal reflection in the same position as for sample
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Kaol-P indicated that this solid contained unmodified L-Pro in the interlayer

space (Fig. 6).

4.2. Luminescence spectroscopy

Trivalent europium emits photons in the visible region, mainly in the red
region (610 nm) (BINNEMANS, 2015), relaxing from the excited state °Dy to the
Fy (J =0, 1, 2, 3 and 4) ground states, featuring a long decay time and thin
bands due to the shielding of f-f transitions, very attractive properties for
luminescent applications. Ligands with efficient absorption and efficiency in the
intramolecular ligand-metal energy transfer process are required (SABBATINI;
GUARDIGLI; MANET, 1996). Bidentate organic ligands and aromatics
effectively contribute to energy absorption acting as "antennae" transferring
energy to Eu (DEOLIVEIRA et al., 2007; LEZHNINA et al., 2007),
consequently, Eu®" can be used as an activator in L-Pro-functionalized kaolinite
(organic ligand) providing a material with luminescent properties.

The secondary ligand tta acts on energy levels, contributing to the
transport of energy between the singlet states to the triplet and the excited
states of the Eu* ion, being able to either absorb and transfer directly to the
central ion or receive energy from the amino acid L-Pro, resulting in increased
energy transfer efficiency between the ligands and the central ion (LI et al.,
2009). In addition, tta contributes to the decrease of water molecules in the first
coordination sphere, consequently decreasing quenching (WAYCHUNAS,

2014).
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Fig. 7. Excitation (1) and emission (2) spectra of complexed precursors with
europium (lll) in continuous light and time-resolved (RT).

The broad excitation bands in the luminescence spectra of the Eu®*
complexed samples (Fig. 7) were attributed to a charge transfer process
between the ligand and the central ion (BINNEMANS, 2009, 2015; BUNZLI,
2015; REINHARD; GUDEL, 2002; ZOLIN et al., 2004). The ligands absorbed
energy from their ground state (Sp) to an excited state, which return may occur
via various radiative (fluorescence) or non-radiative transitions by molecular
rotations or vibrations; however, the energy can be also transferred from the
excited state of the ligand (S1) to a triplet state (T4) that can itself relax to the
ground state (Sp) through radiation (phosphorescence) or vibrations/rotations,
transferring energy to the other species in the case of the excited state °Dy of
the Eu®" ion which when relaxing to the fundamental states ’F, (J = 0-4) emits in
the red region, the ’F; transition generally with greater intensity (BINNEMANS,
2015; BUNZLI, 2015; DE SA et al., 2000). This fact can be observed in the
emission spectra of the samples, where they were excited in the charge transfer
bands and in the characteristic regions of the Eu®" ion.

Kaolinite had a band with a maximum peak at 250 nm that was slightly
displaced after the organic phase was functionalized (Fig. S5), which was
wrongly ascribed to the ligand-metal charge transfer (LMCT) allowed by

Laporte’s rule (BUNZLI et al., 2007). Two other broad bands at 358 nm and 376
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nm were related to the matrix absorption which, after complexation, and gave
rise to a single broad band related to the ligand-metal charge transfer (LMCT)
between the complex and the matrix, showing great intensity (DE FARIA et al.,
2011). The Eutta-Kaol-AP2 sample showed a higher intensity for the charge
transfer tta — Eu®" band, indicating an easy energy transfer to the Eu®* ion
emission. As already mentioned, the influence of tta on the complex was
decisive for the intensity of emission; however, the difference in intensities of
the Eutta-Kaol-AP2 sample in relation to the others can be explained by several
reasons, such as a greater intercalation ratio (77%) of the other precursors and
a lower ligand concentration of the precursor, increasing the dispersion and
removing the oscillator, evidenced in the X-ray diffractograms and thermal
analysis. The larger (0.43 nm) interlayer space than in the precursor favored an
easier and larger mobility in the reaction between the ligand and the Eu®" ion,
facilitating the interaction between the secondary ligand and the Eu®*" complex,
thus removing the water molecules originally coordinated to the central ion,
decreasing the luminescence suppression and consequently increasing the
emission intensity.

The transition °Dy — Fy showed a single broad band (2 nm, 0.2 nm
increment) in all samples, indicating the presence of complexes distributed in
different sites or in compounds of polymeric structure (BUENZLI; CHOPPIN,
1989). The emission intensity of this transition was also related to the symmetry
of the compound, its increase indicated that the ion occupied distinct
environments (CICCONI et al., 2017). Since the transition °Dy — "Fy is a typical
electric dipole transition, it is very sensitive to the Eu®" ion symmetry site, but

the °Dy — ’F1 is a transition of magnetic dipole, so it is hardly influenced by the
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chemical environment; as a result, it is possible to establish an analysis
between intensities through the ratio of the intensities of the bands due to the
transitions 1(°Dy — "Fo)/I(°Dy — "F1) (Ro) and 1(°Dy — "F2)/1(°Dy — F4) (R2)
(Table 1), serving as an indicator of the chemical environment where the higher
the ratio, the lower the symmetry and the greater the degree of covalence in the
interaction between the ion and the ligand (DE ARAUJO et al., 2017; ZHOU et
al., 2013). The intensities of the characteristic dipole-electric transitions related
to the °Dy — F4 transition, allowed by a magnetic dipole mechanism, indicated
an environment of low symmetry caused by the formation of the complex with
different stoichiometries. The samples synthesized by catalyzed amidation
showed lower symmetries for the complexes in relation to the traditional route.

Table 1

Spectroscopic parameters obtained by luminescence spectroscopy. *

Re R @ (10 Qs (10 Arad Anrad Tobs Taa q QM

cm?) cm’) sy (s (ms) (ms) (%)
TR-Eutta-Kaol-P 0.37 479 10.10 7.27 2930 27100 021 189 4 11
Eutta-Kaol-P 0.74 3.01 5.25 12.00 3290 12700 021 311 4 66
TR-Eutta-Kaol-AP1 0.34 6.79 12.35 5.82 4160 12100 026 174 3 15
Eutta-Kaol-AP1 0.83 3.19 455 2.66 273 793 026 354 3 7
TR-Eutta-Kaol-AP2 0.18 5.82 10.30 7.00 4100 21900 016 191 1 28
Eutta-Kaol-AP2 041 562 8.41 4.92 4400 24500 0.16 023 2 69

* Ratio between the areas of the bands corresponding to 1(°Dy — "Fo)/1(°Dy —
F1) (Ro) and 1(°Dg — "F2)/I(°Dy — "F1) (R2); Judd-Ofelt parameters Q, and Qu;
total radiation (Arag) and non-radiation (Anag) €mission rate; obtained lifetime
ratio (zbs) and lifetime of radiative emission (zaq); number of water molecules in
the first coordination sphere (q) and internal quantum yield of radiative emission
(Qin ).

These 4f — 4f transitions also provided information about the chemical

environment of the Eu®* ion such as ion microsymmetry, bond covalence,

influence of vibration transitions, among others, through the Judd-Ofelt intensity
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parameters (MOURA et al., 2016): the higher value for the intensity parameter
Q,, lower the symmetry, and it is sensitive to small angular variations. As for the
higher ranks intensity parameter of Q4 they are more sensitive to the distance
between the Eu* and the ligands.

According to Supkowski and Horrocks (2002), for trivalent lanthanide
ions, especially Eu®** and Tb**, it is possible to identify the influence of each
functional group in the complex on non-radiative relaxation. These functional
groups release the energy absorbed in the form of vibration and are called
oscillators. The amino acid groups such as amine and carboxylate contribute to
the non-radiative relaxation of the complex. The Eutta-Kaol-AP2 sample
showed a greater mobility of the organic phase in the matrices, allowing to form
a complex with greater rigidity due to the coordination of these groups,
decreasing their oscillation and improving the efficiency in radiative emission.

The time resolved spectra are intended to remove matrix and ligand
emissions and thus to evaluate their influence on the Eu®* emission. The
emission efficiency of the Eu® ion in these spectra was reduced, except for
sample Eutta-Kaol-AP1, which presented a low efficiency compared to the
others, 7% (Table 1). This was due to the high concentration of isolated L-Pro
and APTES molecules in kaolinite compared to modified alkoxide (See three
samples in Fig. 8), which greatly decreased the ligand conjugation, in addition
to the increase of oscillating groups contributing to suppression of
luminescence. This showed that low conjugation molecules such as APTES did
not contribute significantly to radiative emission, even though they did not have

a longer lifetime, since besides providing a low energy transfer to the central
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ion, the number of oscillating groups still increased, which did not occur for the

other complex samples.

(.
Fig. 8. Photographs of solids a) Eutta-Kaol-P, b) Eutta-Kaol-AP1 and c) Eutta-

Kaol-AP2.

The Eutta-Kaol-AP2 sample showed higher quantum efficiency (69%)
and lower hydration number (2) in the first coordination sphere, showing that
this boric acid-catalyzed route was the most suitable for Eu* ion complexation
and consequently for luminescent applications. Higher dispersion of organic
molecules in the matrix combined with higher efficiency of APTES alkoxide
modification with amino acid provided better complexation of Eu* ion by the
hybrid material. The modified alkoxide increased the molecule mobility for
complexation, the changes in the PXRD peak strongly supported that the
modified alkoxide located within the kaolinite interlayer space went out of this
region for favoring coordination. In the Eutta-Kaol-P sample, unlike Eutta-Kaol-
AP2, where the alkoxide remained bound to the matrix, amino acids were
removed from the interlayer space in the complexation process, interacting with
the matrix by intermolecular forces such as hydrogen bond and van der Waals

forces (Fig. 9).
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Fig. 9. Schematic model of the main proposals of the Eu®" complexes for a)
Eutta-Kaol-P, b) Eutta-Kaol-AP1 and c) Eutta-Kaol-AP2.

Europium(lll) complexes with organic ligands generally have high

mobility and can form different coordination compounds with different
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symmetries (BINNEMANS, 2005). When added to the tta ligand, they tend to
adopt a slightly distorted trigonal prism symmetry or slightly distorted
quadrangular antiprism, stabilizing with 8 or 9 coordination sites according to
reported similar studies (BINNEMANS, 2005; LI et al., 2009; STANLEY et al.,
2010), with the formula [Eu(tta)s(H20)4L] where q is the hydration number and L
are the organic-inorganic hybrid ligands. As they had different complexing
environments, the symmetry values of the complexes changed. Analyzing the
intensities of 4f — 4f transitions, for both Ry and R; intensities, in relation to the
magnetic dipole transition and Judd-Ofelt parameters, low symmetries were
observed, resulting in environments without center of symmetry, except for the
Eutta-Kaol-P sample, which indicated higher intensity parameter values among
the complexes. The Eutta-Kaol-AP2 sample showed the smallest R, and
values among all the hybrid materials here studied, indicating a lower symmetry
and a larger covalence degree between the metal ion and the ligand (MOURA
et al., 2016). From time-resolved spectroscopy the intensity values of the
parameters increased, that is, when emissions from the ligand containing the

modified kaolinite were not considered, the symmetry was even lower.

5. Conclusions

Kaolinite was successfully functionalized by three different routes and
complexed with Eu®*, and the photoluminescent properties of the obtained
solids were studied. A new route for kaolinite functionalization through the boric
acid catalyzed amidation reaction between APTES and the amino acid L-Pro
proved to be efficient for increasing kaolinite organophilicity, being a reaction

route suitable for Green Chemistry, with low cost, and easily reproducible. The
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physical properties of sample Eutta-Kaol-AP2, obtained by this new route, such
as dispersion, thermal resistance, and improved radiative emission efficiency of
the complex, make these materials better suited for luminescent applications
compared to materials obtained by the conventional routes, as biomarkers,
sensors of contaminants, among others. The new material has high added
value and may be applicable in a variety of related areas, due to its low cost,

non-toxicity, non-polluting activity and high efficiency.
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Fundamentals for the calculation of spectroscopic luminescence
parameters.

The experimental intensity parameters can be determined from the
emission spectrum of the Eu®* ion, specifically from transitions °Dy — ’F» and
°Dy — 'F4 for parameters Q, and Qq, respectively (NASSAR et al., 2007). These
transitions were estimated according to (PARRA et al., 2002):

4e?w3 n(n? + 2)? .
_ n| s
Aoy = =373 9 E 2 < 7R [[u@]| *D, >2 (1)
7

where A = 2 and 4; Ao, is the spontaneous emission coefficient; n is the
refractive index (1.5 for the solid state sample Eu®"); "F,||JUY|°D, are the
reduced matrix elements for which the values are 0.0032 and 0.0023 for J = 2
and 4, respectively (CARNALL; FIELDS; RAJNAK, 1968). The value of Ay can

be determined experimentally according to equation 2 (BALA et al., 2018):

(10]/101)

Ay = Ag —————
o ot (Vo1/V0])

(2)

where lp1 and lpy are the integrated intensities and vp1 and vy are the energy
(1/A) of the barycenter of the transitions °Dy — 'F1 and °Dy — ’F, respectively.
The integrated intensity of the transition °Dy — F; is considered as a reference
because it is insensitive to the ligand environment and its value is estimated to
be 50 s”. Each electric dipole transition depends exclusively on a squared
matrix element, so we can calculate the intensities across the area of the °Dy —
’F, dividing by the transition area °Dy — 'F4, according to equation 3 (DACANIN
et al., 2011):

_ Dypvy 9n3 J [ (v)dv
2T eI n(n? + 2)2|( TFy[[UD|| °Dg)? [ oy (v)dv

3)
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where Dyp is the intensity of the transition °Dy — “F1, being 9.6 x 10™*? esu® cm?,
[ ;(v)dv and [ Iy, (v)dv are the areas of transitions °Do — 'Fy and °Dg — "F,
respectively.

With the sum of all radiation emission rates (Ag,) from ion Eu®*, the total
radiation emission rate (Araq) can be determined. Through it, it was possible to
evaluate the rate of non-radiative emissions and therefore the internal quantum
yield of radiative emission (QLD), that is, the ratio of photon absorbed by the

photons emitted by the Eu®* ion (PARRA et al., 2002):

ANRraD = 1/’[ — AR (4)

Ln — ARAD
Lo (Arap + Anrap)

()

where 7 is the lifetime of radiative emission. The value of r can be obtained by

the following equation (WERTS; JUKES; VERHOEVEN, 2002):

1 1
= AMDn3 (—t0t> (6)
TRAD Iy

where I is the total integrated area of the experimentally obtained emission
intensities, lp1 is the integrated area of the magnetic dipole transition °Dy — F,
and Awp is the probability of spontaneous emission under vacuum for the
transition °Dy — F4, which has a calculated value of 14.65 s™'. From the value
of 74, it is also possible to obtain the internal quantum efficiency through the
experimentally obtained lifetime ratio (zps) for the lifetime of radiative emission

(zaa) (BUNZLI, 2015):

Ln _ LOBS

TRAD
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Finally, with the experimentally obtained lifetime (Fig. S6) and the
radiative lifetime, it is possible to calculate the amount of water molecules in the
first coordination sphere through the following formula (HORROCKS;
SUDNICK, 1979; SUPKOWSKI; HORROCKS, 2002):

q=A< S —a) ®)

TH,0 Tp,0

Where q is the number of water molecules in the first coordination
sphere, A= 1.1, a = 0.31 (oscillator contribution), 74,0 is the experimentally
obtained lifetime and 7.0 = 7aq for the Eu** ion (BOSSHARD et al., 2016).
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Table S1

Basal spacing (d); change in the basal spacing (Ad), intercalation ratio (a), full

width at half maximum (FWHM) index of (001) reflections and particle

orientation (R) of the samples analyzed by PXRD

d(nm) Ad(nm) a(%)* FWHM(°28) R*
Kaol 0.71 - - 0.40 3.73
Kaol-DMSO 112 0.41 92 0.32 7.27
Kaol-APS 1.12/0.85  0.14 77 0.96 1.09
Kaol-P 1.21 0.50 59 1.36 1.06
Kaol-AP1 0.85 0.14 65 1.24 1.00
Kaol-AP2 1.14 0.43 77 1.66 1.46
Eutta-Kaol-P 1.21 0.50 36 1.44 0.45
Eutta-Kaol-AP1  0.85 0.14 64 0.72 0.76
Eutta-Kaol-AP2  0.85 0.14 68 1.16 0.89

* Calculated as « = /[l + 1;], | being the intensity of the reflection in an intercalated

sample and |, the intensity of the same reflection in unreacted kaolinite. **Calculated as

R = loo1/lo20; loo1 and lgag being the intensities of the corresponding reflections.

Table S2

Textural parameters of the solids obtained from nitrogen adsorption isotherms.

Sample SSA (m?/g) Pore volume (cm®/g) Pore size (A)
Kaol 17 0.14 344
Kaol-P 13 0.11 334
Kaol-AP1 18 0.11 255
Kaol-AP2 12 0.10 319
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Table S3

Assignment of infrared absorption bands (cm™) characteristic of the kaolinite

structure for parent kaolinite and the derived materials

Kaol Kaol-P Kaol-AP1 Kaol-AP2 Eutta-Kaol-P Eutta-Kaol-AP1 Eutta-Kaol-AP2
VOHintra 3620 3628 3626 3624 3620 3620 3621
3668, 3653, 3652, 3698,
VOHinter 3696 3698 3698 3699 3699
3696 3668
3544,
vHO--H 3435 3534 3550, 3504 - - 3548
3510
SHOH 1823 1823 1823 1823 1823 1823 1823
1113, 1032, 1092, 1100, 1038, 1100, 1042, 1105, 1034,
vSi-O 1009, 1035, 1097 1008, 1039, 1100
1011 1026 1014 1024 1017
VAI-OHiter 938 - - 960 - - -
vAI-OHiqtra 914 910 910 906 906 907 909
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Table S4

Relative theoretical carbon (C;) and nitrogen (N:;) amounts for differently
functionalized species (when more than one species can be proposed, the
average values are given), compared to the experimental relative amounts of
carbon (Ce¢) and nitrogen (N.), and number of kaolinite unit cells that share one

organic species (UC/OM).

Sample Proposal Ctc N XC XN Ce Ne UC/OM
)
Kaol-P MOH 5 1 - - 5 1 3
(o) H
N
Of ~_NA 8 2
-~ \I.
0 o

Kaol-AP1 O N, 1 9 2 9 2 12
S OH 8 2
O O

o H
o N
\_~"NH 8 2
_si
I
0 o
H
N O O

OH
Wg\ 10 2
Kaol-AP2 10 2 10 2 17

- N
O\gﬁNH(OHj 13 3
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Fig. S1. Possible applications for the synthetized luminescent materials.
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Fig. S2. Nitrogen gas adsorption isotherms for samples a) Kaol-P, b) Kaol-AP1
and c) Kaol-AP2.

Fig. S3. Schematic representation of kaolinite describing the hydroxyl positions

(adapted from Tosoni et. al, 2006).

134



1.0
a) 507 °C Kaol
o 081 DTG
R 06
@
© 0.4
=
2 02+
5]
0 0.0 T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)
o 104
e b) 190 °C Kaol-DMSO
R 08+
% 0.6
©
< 044 519°C
>
5 0.2
a
00 T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)
—~ 1.0 _ -
) ] C) 304 °C Kaol-P
§ 0.8
3
2]
©
=
Z
o}
[a}
00 T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)
s 104d) 506 °C Kaol-AP1
N
1
©
=
2
5]
=}
T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)
1.0
_"e) 500 °C Kaol-AP2
® o8-
N ]
% 0.6+
2]
@ .
= 309 °C
CI:.) 0.2 153 °C
[a) 4
0.0

T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. S4. DTG of samples a) Kaol, b) Kaol-DMSO, c) Kaol-P, d) Kaol-AP1 and e)
Kaol-AP2.

135



a) Kaol b) | : ——Kaol
5 Kaol-P 411 ' 433nm Kaol-P
5.0 x 10° cps Kaol-AP1 ! ! Kaol-AP1
Kaol-AP2 | —— Kaol-AP2
358 nm 376 m v
1
5.0 x 10° cps

Intensity (u.a.)
Intensity (a.u.)

T T T T T T T T
250 275 300 325 350 375 400 400 4%0 5(‘)0 55‘50 600
Wavelength (nm) Wavelength (nm)

Fig. S5. (a) Excitation (Em=411 nm) and (b) emission (Ex = 250 nm) spectra of

complexed precursors without Eu** in continuous light.
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4. Chapter 4 — Results not published in journals

The discussion of the results was divided into three parts, the first on the
discussions and characterization of the hybrid materials obtained by the
intercalation and functionalization of clay minerals with the amino acids proline
and phenylalanine. The second part is about the discussion of the luminescent
properties of the obtained materials, and the last one is about the use of these
fingerprint detector materials, as adsorbent and luminescent sensors of the

emerging contaminants caffeine and estrogen and the potentially toxic ion Cr*.

4.1. Discussion and characterization of hybrid materials
4.1.1. Materials obtained with kaolinite

41.1.1. X-ray diffraction

This characterization technique allows obtaining information on the
crystallinity of materials, including the increase in the basal space of clay
minerals and other information on structural organization. These
crystallographic regions are determined by the Miller index, which is based on
vector projections located in each of the three axes of the Cartesian plane,
these being measured in terms of lattice parameters (a,b,c), where a (1, 0,0); b
(0,1,0) and c (0,0,1), as shown in Figure 14 (KAMEDA; YAMAGISHI; KOGURE,

2005).
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(100) (010) (001)

Figure 14 — Examples of Kaolinite network parameters.

Kaolinite has a triclinic structure and the most common Miller indices are:
(001), (110), (020), (110), (ﬁO), (210) e (060) (DA SILVA et al., 2014; DRITS

et al., 2019; KREMLEVA; KRUGER; ROSCH, 2011). Reflection 001 is assigned
to the horizontal plane and is used to determine the basal space between the
kaolinite lamellae. This information is obtained using Bragg's Law, adapting to
the X-ray diffractogram used with copper incident radiation wavelength (A=1.54

nm), as shown in equation 1 and 2:

n-A=2d-sinf Equation 1
= 1,54 Equation 2
2sin6

where d is the distance between planes in a crystal and A is the incident
wavelength. X-ray diffractograms of purified kaolinite and resulting materials are

shown in Figure 15.
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Figure 15 - X-ray diffractograms of the samples: a) kaolinite purified with main Miller's
reflections; b) functionalized materials with 26 degrees at 5-25; c) 50-65 degrees at 26; d) of
complexed materials at 5-25 degrees at 26 and d) 50-65 degrees at 26.

Purified kaolinite has 7.1 A of interlamellar spacing, and after
incorporation of the modified alkoxide, a drop in crystallinity is evidenced by
several factors. When dealing specifically with kaolinite, it is possible to analyze
the crystallinity through the degree of orientation of the particles (R), calculated
as R=lqo01/lqo20 Wwhere the higher the value, the greater the crystallinity (DA
SILVA et al., 2016), because the 020 reflection of this clay mineral does not
undergo significant changes in several treatments (SMRCOK et al., 2010).
Another factor that can be analyzed in relation to crystallinity is the FWHM index
(full-width half maximum) which analyzes the width of the peaks at medium

height (ALABA et al., 2015; DE ARAUJO et al., 2020).

In all samples, it is possible to observe the reflection 001 of non-
intercalated kaolinite (7.1 A), indicating the presence of non-intercalated

material even where there was expansion of the interlayer space. Therefore, it
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is possible to analyze the intercalation rate through the intensities of these 001
reflections of the intercalated material compared to non-intercalated kaolinite,
through the formula a= 141/(11 + lp), where a is the intercalation rate, |4 is the peak
intensity of the 001 reflection of the intercalated material and I, the peak
intensity of the 001 reflection of the non-intercalated kaolinite (MBEY et al.,

2013).

Kaolinite has 4 peaks between 20 to 25° in 20, which are attributed to
reflections (020) in 20° (26), (110) in 20.5° (26), (111) located at 21.3° in 26 and
the reflection (111) in 23.2° (26). These peaks allow to obtain information about
the structural order of kaolinite through the Hinckley index (HI) through the
formula HI = (A+B)/A,, where A and B are the intensity from the peak to the
overlap region of the reflections (110) and (111) respectively and Ah is the
intensity of the reflection peak (110) (ALABA et al., 2015), as shown in figure

16.

170
117

8000 HI= (A + B)/A,

. 020

19.00 19.50 20.00 20.50 21.00 21.50 22.00 22.50 23.00
20

Cuka

Figure 16 - Representation of obtaining data for calculating the Hinckley index. Reproduced
from ALABA et al. (2015).
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To corroborate the HI, the Aparicio-Galan-Ferrel index (AGFI) can also
be used, which is obtained from the sum of the reflection intensities (110) (la)
and (111) (Ig) due to the double the intensity of the reflection (020) (Ic) [AGFI =
(Iat+lg)/2lc]. In addition to these, another index used to analyze the degree of
structural order is the weighting intensity ratio index (WIRI), which ranges from
0 to 1, where WIRI values <0.4 are assigned to kaolinite with low structural
order, values above 0.4 and below 0.7 are considered structural medium order
and values 20.7 are considered high-order structural (ALABA et al., 2015). WIRI

values are obtained through equation 3:

Wil(310)¥W2l(117) *W3! (ﬂn) Equation 3

WIRI =1 — e( Wal(020)

Where w;y, wo, wz and wy are the FWHM indices of the reflections (110),
(111), (111) and (020) respectively and / is the intensity of these reflections. The

results on the structural order of kaolinite are shown in table 5.

Table 6 - Structural order properties of purified kaolinite.

HI AGFI FWHM (26) WIRI
W1 W2 W3 Wy
Kao 0,74 1,06 0,4 0,72 0,44 0,32 0,64

As seen in table 6, the purified kaolinite used in this work has a medium
structural order, being below 1 in HI and considered median by WIRI, with high
crystallinity, as evidenced by low FWHM values. The organofunctionalized

materials did not show all the peaks indicated to obtain the WIRI values,
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evidencing the low structural order of these materials, characteristic of kaolinite

after delamination (ALABA et al., 2015).

After intercalation with DMSO, kaolinite increases its basal space to 11.2
A, values close to the literature (DEDZO; DETELLIER, 2016; FROST et al.,
1999; ZHANG et al., 2018). This 4.1 A increase corresponds to the presence of
DMSO between the lamellae. DMSO needs to exceed 2.7 kcal/mol before
starting the intercalation, being attributed to the attraction force of the kaolinite
edge, which explains the need for intercalation synthesis at high temperatures

(ZHANG et al., 2018), as shown in figure 17.

Kaolinite layer DMSO solution

- (¥} b = -

Figure 17 - Schematic representation of the intercalation process of kaolinite with DMSO.
(Reproduced from ZHANG et al., 2018)

The strong interaction by hydrogen bonds between S=0 and AI-OH is
responsible for maintaining the crystallinity of kaolinite and the intercalation of

kaolinite with DMSO obtained 92.5% of intercalation rate, showing the efficiency
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of the method and the quality of the material for functionalization with amino

acids.

The Kao-Pro sample presented greater basal spacing among the others
with approximately 12 A, obtaining a variation of 0.5 A which is very close to the
diameter of the proline molecule (0.5 nm, as calculated in the ACD ChemSketch
program1), indicating the presence of the molecule within the interlamellar
space, with a 59% intercalation rate and a drop in crystallinity in relation to the

Kao-DMSO sample, as shown in table 6.

Table 7 - Basal spacing (d); basal spacing variation (Ad); intercalation/functionalization ratio (a);
particle orientation degree (R) and the ratio of the peak widths of the reflection d001 (FWHM)
kaolinite samples, kaolinite intercalated with DMSO and organofunctionalized kaolinite samples.

Sample dA) Ad(A) o (%) R (u.a.) FWHMyo1 (20)
Kao 7.1 - - 3.7 0.4
Kao-DMSO 11.2 0.4 92 7.3 0.3
Kao-Pro 12.1 5.0 59 1.1 1.0
Kao-APro 7.5 0.4 51 1.1 1.5
Eutta(KaoPro) 12.1 5 36 0.4 0.7
Eutta(KaoAPro) 7.6 0.5 53 2.0 1.5
Kao-Phe 12.0/7.8 5.0/0.7 32/48 0.9/1.7 0.2/0.3
Kao-APhe 7.9 0.8 60 1.0 1.9
Eutta(KaoPhe) | 12.0/7.9 5.0/0.8 41/48 0.9/1.3 0.2/0.3
Eutta(KaoAPhe) 7.9 0.8 60 1.6 1.2

The amidation reaction between the amino acid proline and the alkoxide
APTES raises 0.4 A of the kaolinite interlamellar space, indicating an interaction
of the modified alkoxide in this region of the clay mineral, however, due to the

diameter of the molecule, the modified alkoxide preferentially interacts with the

' The download of the program was done on 20/05/2021 from the URL:
http://www.acdlabs.com/resources/freeware/chemsketch/
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kaolinite through the sides of the lamellae (YANG et al.,, 2012) at a 51%
intercalation rate. After complexation with the Eu®* ion, the interactions of the
modified alkoxide with the matrix are maintained, showing a strong interaction

between them, with only a low change in crystallinity.

For the Kao-Phe sample, it is possible to observe 3 peaks related to the
001 reflection: one with 12 A, which is attributed to the amino acid intercalated
in the interlamellar space of the matrix, another peak close to 8 A of the basal
space related to the amino acid interaction with aluminol on the sides of the
matrix and finally the reflection peak of non-intercalated kaolinite. Due to the
large diameter of the amino acid phenylalanine in relation to proline, it interacts
in the interlamellar space in the form of monolayers, parallel to the orientation of
the layers, this conformation with a low intercalation rate (32%) while the higher
concentration of the modified alkoxide interacts through the sides of the
lamellae, with an intercalation rate of approximately 50%, where there is no
steric hindrance and where the kaolinite lamellae remain with the original

orientation.

For the Kao-APhe sample, where the modified alkoxide has a large
molecule diameter compared to the others, only the interaction on the sides of
the kaolinite is observed, with a 60% intercalation rate and a reduction in
crystallinity, indicating delamination and decreased tactoid sizes. After
incorporation of the Eu®* ion, the properties observed by X-ray diffraction are

maintained, with a slight increase in crystallinity in the complexed samples.

In all organofunctionalized samples, delamination was observed, with a

decrease in crystallinity, however it is also possible to observe the peaks related

146



to the 060 reflection in all these same materials (Figure 15-c/e), close to 60° in
20, attributed to the dioctahedral clay minerals, showing that there was no

exfoliation (TONLE et al., 2007).

4.1.1.2. Infrared molecular absorption spectroscopy

This technique is generally used to identify organic groups through the
vibrations of molecules and is widely used qualitatively within the 400 to 4000
cm™' regions. Radiation is absorbed by the molecule and energy is dissipated in
the form of vibrations and the frequency of these vibrations are dependent on
several factors such as relative mass, bond strength and geometry, being
essential for identifying organic compounds (SILVERSTEIN; WEBSTER;
KIEMLE, 2005). However, this technique is also widely used to identify

vibrations in clay minerals, especially hydroxyl groups in solids.

Tosoni and collaborators performed a series of computational studies to
define the hydroxyl vibrations in kaolinite and to study their properties. They
were able to identify 4 main hydroxyls present in kaolinite, where one is in the
intramolecular region (OH1) close to 3620 cm™ and the other 3 in the
interlamellar regions 3696 (OH4), 3653 (OH3) and 3668 cm™ (OH2), being
responsible for the interactions (TOSONI; DOLL; UGLIENGO, 2006), as shown

in figure 18.
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Figure 18 - Schematic representation of kaolinite with hydroxyl positions. Adapted from
TOSONI; DOLL; UGLIENGO, (2006).

In purified kaolinite, water bands can be found in the region of 3435 and
1823 cm™ corresponding to stretch and angular vibrations respectively. Si-O
stretch vibrations are found between 1000 to 1200 cm™, while vibrations outside
and in the plane of the Si-O-Si oxygen bridge are seen at 701 and 473 cm™.
Finally, as already seen, the intermolecular and intramolecular aluminol stretch
vibration bands are found at 938 and 912 cm™ (DE FARIA et al., 2009; FROST,
1996; TOSONI; DOLL; UGLIENGO, 2006). The absorption spectra in the

infrared region are shown in Figure 19 and 20.
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Figure 19 - Infrared absorption spectroscopy of purified kaolinite between 4000 to 400 cm™ with
break in 3200-1600 cm™".
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Figure 20 - Infrared absorption spectroscopy of organofunctionalized materials between 4000
to 400 cm™ with breakage of 3200-2000 cm” (a) and of materials after complexation of
europium IIl ion with breakage of 3200-2000 cm™ (b).
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After intercalation with DMSO, two new bands appeared at 3540 and
3504 cm™, resulting from the hydrogen bond between the kaolinite interlamellar
region and the DMSO molecules (ZHANG et al., 2015c). These hydrogen bonds
can also be confirmed by shifting the characteristic band of interlamellar
aluminol at 938 to 960 cm™. The characteristic bands of C-H bonds were
identified at 3023 and 2936 cm™. The Si-O antisymmetric stretch vibrations of
the matrix shifted from 1034 to 1030 cm™, in a “shoulder” shape, suggesting
that water molecules entered the hexagonal cavities of the tetrahedral silica
disturbing these interactions (MA; ZHENG; PANG, 2012). The assignment of
kaolinite bands in the pure sample and in the organofunctionalized ones are

shown in table 8.
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Table 8 - Assignment of infrared absorption bands characteristic of kaolinite structure to purified kaolinite (Kao) and organofunctionalized materials.

Kao Kao-DMSO Kao-Pro Kao-APRO Kao-Phe Kao-APhe Eutta(KaoPro) Eutta(KaoAPro) Eutta(KaoPhe) Eutta(KaoAPhe)

(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
vOH1 3620 3621 3632 3628 3626 3624 3622 3621 3621 3620
vOH2 3668 3664 - - - - 3670 3670 3670 3669
vOH3 3653 - - - - - 3652 3654 3654 3653
vOH4 3696 3698 3698 3698 3697 3698 3698 3698 3698 3697
vHOH 3435 3424 - - - - - - - -
S6HOH 1823 1642 1653 1661 1653 1653 - 1654 1661 1654

1113;

si.0 1032 1100; 1099; 1035; 1092; 1026; 1115; 1031; 1102; 1040; 1096; 1032; 1112; 1031; 1113; 1031;  1111; 1031;
VoI~ ’
1011: 431 1034; 434 1011; 432 1011; 434 1008; 430 1012; 435 1008; 432 1008; 431 1008; 431 1008; 431

vAI-OH

938 960 - - - - - - - -
inter
vAI-OH

914 906 912 909 912 907 912 912 912 912
intra
6Si-0-Al 755 744 751 747 757 748 751 753 757 752
56Si-O-Si

473 468 469 475 469 470 469 470 470 470
in plane
56Si-O-Si

701 688 691 684 684 683 691 694 699 693

out plane
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There is a structural difference between proline and phenylalanine in the
amine group of the molecule, as the amine in proline is classified as a
secondary amine because it is found in a cyclic chain in the amino acid,
whereas in phenylalanine the amine is primary. Thus, in the zwitterionic form,
the amines tend to be in the form of NH," and NHs" for proline and
phenylalanine respectively. For the amino acid proline, secondary amine stretch
vibrations are found between 3200 to 3600 cm™, with overlapping CH and CH,
stretch vibrations forming a wide band extending up to 2000 cm™, while angular
vibration of NH," is found in 1572 cm™ (JACOBS et al., 2018; NEACSU et al.,
2019; WAGNER; TORRE; BARAN, 2008). As for the amino acid phenylalanine,
the primary amine (NH3") symmetric and antisymmetric stretch vibrations are
observed at 3031 and 3066 cm™ respectively, while the NH stretch vibrations
are observed between 3200 to 3400 cm™ and are superimposed by stretches of
CH; and CH that appear as broad bands extending up to 2000 cm™. The
angular vibrations of symmetrical and antisymmetrical primary amine are
observed at 1495 and 1626 cm™ respectively (KACZOR et al., 2006; LI et al.,
2001; MAHALAKSHMI; JESURAJA; DAS, 2006; POLFER et al., 2006;
RAVIKUMAR; RAJARAM; RAMAKRISHNAN, 2006). Infrared absorption

spectra of free amino acids and their main attributions are shown in Figure 21.
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Figure 21 - Infrared spectra of amino acids a) Proline (between 4000 to 400 cm™) and
phenylalanine between b) 4000 to 1600 cm™ and c) 1600 to 400 cm™.

The carboxylate group in amino acids is mainly characterized by two
bands of stretch vibration, a symmetrical and an antisymmetrical vibration,
being assigned in proline at 1612 cm™ for antisymmetric stretch vibration and
1404 cm™ for the symmetrical one, while for phenylalanine these bands are
seen at 1563 cm™ and 1411 cm™ for symmetrical and antisymmetrical stretch

vibrations respectively.

For the Kao-Pro sample, the wide bands between 3400 to 2000 cm™ are
related to overlapping stretch bands between CH; and C-H. Signals of OH2 and
OH3 disappeared indicating a strong interaction between kaolinite and the
amino acid proline, confirmed by the appearance of stretch bands of hydrogen

bonds between proline and kaolinite at 3544 and 3510 cm'1, related to HO-H
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vibrations and/or CH-O and NH stretch bands (SILVERSTEIN; WEBSTER,;
KIEMLE, 2005; WAGNER; TORRE; BARAN, 2008). At 1630 and 1380 cm™ are
the vibrations relative to the proline carboxylate and the disappearance of the
aluminol band at 938 cm™ indicate strong interactions between the amino acid

and kaolinite.

In the Kao-Phe sample, the hydroxyls OH2 and OH3 did not disappear,
nor the interlamellar aluminol band at 938 c¢cm™ which indicates a weaker
interaction between the amino acid phenylalanine and the matrix such as
hydrogen bonding or Van der Waals forces. The hydroxyl band relative to the
hydrogen bond between the amino acid and the matrix at 3550 cm™ and the
presence of NHs* bands at 1462 cm™ and COO" at 1497 and 1339 cm™ confirm
the presence of the amino acid phenylalanine and the interaction between the
amino acid and the matrix, proven by the displacement of COO" vibration bands

from phenylyalanine (1563 and 1411 cm™) to lower wavenumbers.

In the modified alkoxides of the Kao-APro and Kao-APhe samples, the
COO bands are slightly shifted with proline and greatly shifted to phenylalanine
in relation to the free amino acid, indicating different interactions in this region.
For phenylalanine, the ease of peptide formation increased by catalysis with
boric acid indicates an amidation reaction between amino acids in addition to
the amidation reaction between APTES and phenylalanine, evidenced by the
appearance of carbonyl stretch bands (C=0) of the amide COO-N at 1725 cm™
for both Kao-APro and Kao-APhe. Carbonyl bands from peptide bond are found
at 1676 cm™ for the Kao-Phe sample. The characterization of the vibration

bands of amino acids in the kaolinite samples are shown in table 9.
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Table 9 - Assignment of infrared absorption bands characteristic of the amino acids proline and phenylalanine to organofunctionalized kaolinite materials.

Kao- Kao-
Pro Phe Kao-Pro Kao-Phe Eutta(KaoPro) Eutta(KaoAPro) Eutta(KaoPhe) Eutta(KaoAPhe)
i i i APRO i APhe 4 4 1 4
(cm 1) (cm 1) (cm 1) (cm 1) (cm™) (cm™) (cm™) (cm™)
(em™) (cm™)
v CH, 3048 - - - - - - - - -
vCH 2988 - - - - - - - - -
v COO 1612 1563 1630 1630 1497 1540 1629 1534 1542 1538
v COO’, 1404 1411 1379 1392 1339 1380 1413 1412 1339 1350
v NH2+ 3600- ) ] ] ) ) ) ] ] ]
3200
3 NH," 1572 - 1540 1582 - - 1537 1544 - -
o CH, 1452 - 1446 1460 - - 1448 1442 - -
T CH, 1332 - 1337 1332 - - 1357 - - -
\Y NH_~,+as - 3066 - - 3063 3065 - - 3063 3071
\Y NH3+s - 3031 - - 3029 3030 - - 3029 3031
v CH,; 4 2958 2963 2950 2952 2966 2968 2952 2944 2966 2937
v C=C - 1955 - - 1951 1937 - - 1951 1943
vC=0 - 1762 - 1725 1770 1725 - 1751 1725, 1676 -
8 NH;" - 1626 - - 1662 1654 - - 1605 1624
3 NH;" - 1495 - - 1497 1454 - - 1497 1498
Pw CH} . - 1226 - - 1213 1229 - - 1212 -
pwCH; ¢ - 1250- - - 1300-1350 1250- - - 1240-1390 1305

Continues on the next page
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1350 1340

1010- 1020-

8 CH iy, - - - 1020-1290 - - 1020-1205 1111,1031
1200 1200

A C-C 1ing - 1004 - - 1008 1013 - - 1008 1007

vC-C - 969 - - - - - - - -

 C-C - 564 - - 537 542 - - - -

pw C-H - 963-800 - - 850 - - ] ]

The symbols as and s mean antisymmetric and symmetric respectively; v are stretch vibrations; 0 are angular vibrations; 7 means torsion

movement; p,, are scissor-shaped angular vibrations (wagging); 4 are breath-shaped movements (breathing).
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After complexation of the europium (lll) ion, the OH2 and OH3 bands
reappeared in all samples indicating leaching of material intercalated in kaolinite
in the complexation process (Table 9), a factor also evidenced by the "shoulder"
at 938 cm™ of aluminol interlamellar. However, it is possible to verify that the
amino acid remains interacting with the matrix through the characteristic bands
of the amino acids present in the samples, especially the bands related to the

carboxylate and amine groups (Table 9).

4.1.1.3. Thermal analysis

Thermal analysis is an important characterization technique where the
physical and chemical properties of samples are studied by submitting them to
a treatment with temperature programming. Among the most used techniques
are thermogravimetry (TG), derivative thermogravimetry (DTG), Differential
thermal analysis (DTA) and Differential scanning calorimetry (DSC) (BERNAL et
al., 2002). The samples are subjected to a temperature ramp while the sample
is heated on a balance. The TG and the DTG is to study the physical properties
related to the mass, while the DTA is analyzed the temperature and finally by

the DSC it is possible to obtain information about the enthalpy of the samples.

In the case of kaolinite, it has an initial formula Al;Si,O5(OH)4 and that
after thermal treatment, it suffers from several reactions until the formation of
mullite (SAHNOUNE et al., 2012), which consists of 1 mol of AlIO3 and 2 mols of
silica (SiO). In this process, two dehydroxylations occur, losing 2 moles of
water, the first dehydroxylation occurring at temperatures close to 520 °C and
the second around 900 °C. Thus, the thermal behavior of kaolinite can be

represented by equation 4 (AVILA et al., 2010):
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450-900° ¢
Al203. ZSLOZ 2H20 E— Al203. ZSLOZ + 2H20

) 925-1050° C . .
2(Al203 ZSlOZ) _— 2Al2 03. 35102 + SlOZ (amorphous)
Equation 4

00

21050 C

) 21200°C
5102 (amorphous) ? SLOZ (cristobalite)

The kaolinite used in this work showed a small loss of mass relative to
water molecules adsorbed on the surface between 50 and 100 °C. The first
dehydroxylation of kaolinite occurs at a temperature of greater mass loss at
520 °C (endothermic) causing the formation of metakaolinite and the second
dehydroxylation (exothermic) occurs near 1000 °C forming mullit (AVILA et al.,
2010; DE FARIA et al., 2012). The kaolinite TG, DTG and DTA curves are

shown in Figure 22.
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Figure 22 - TG, DTG and DTA curves of purified kaolinite obtained in an oxidizing atmosphere

(O,) with a heating rate of 20°C/min.

When kaolinite

is functionalized,

the temperature of the first

dehydroxylation is slightly lowered. Solvents and molecules adsorbed on the

matrix surface are removed at low temperatures (close to 100 °C). Thermal

analyzes of purified kaolinite intercalated with DMSO and organofunctionalized

kaolinite materials are shown in Figure 23.
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Figure 23 - Thermal analysis of kaolinite samples being: TG, DTG and DTA before (a, ¢, and
respectively) and (b, d, f respectively) after complexation of the europium ion (ll1).

In kaolinite intercalated with DMSO, three mass losses are observed, the
first being related to water adsorbed on the surface close to 100 °C, the second
endothermic loss at 190 °C and attributed to the removal and decomposition of
DMSO molecules and the last loss of relative mass, also endothermic
dehydroxylation occurs at 519 °C. In all organofunctionalized samples, a small
mass loss is observed between 25 and 100 °C relative to solvents adsorbed on
the material. For the Kao-Pro sample, an endothermic mass loss occurs close
to 303 °C and is attributed to a proline decomposition phase, greater than its
decomposition temperature, resulting from the increase in the thermal
resistance of the material, which is mainly found within the interlamellar space,
while in the kaolinite dehydroxylation region there is a loss of endothermic mass
close to 495 °C, the lowest temperature among the organofunctionalized
samples, also attributed to the last phase of proline decomposition, indicating a
large concentration of functionalized material. After complexation of the Eu’*
ion, it is possible to observe a loss at 455 °C relative to the decomposition of the
complex and at 525 °C the dehydroxylation of kaolinite together with the last

stage of organic matter decomposition.

162



In the Kao-Phe sample among all organofunctionalized kaolinite
materials, it is the sample that obtained the greatest mass loss with
approximately 42% loss, relative to the size of the molecule and its
concentration in the kaolinite. The decomposition of most of the molecule
occurs with the highest loss temperature of 324 °C and with the dehydroxylation
temperature (endothermic) and the last stage of organic matter decomposition
(exothermic) occurring at 517 °C. After complexation with the lanthanide ion, the
material properties were maintained, with a drop in the temperature of greater
loss of kaolinite dehydroxylation to 510 °C. The highest concentration of organic
matter occurs in the samples obtained by conventional synthesis, a fact
evidenced by the higher energy released (exothermic) in the last stage of
organic matter decomposition, overlapping the energy absorption in the
kaolinite dehydroxylation reaction close to 500 °C, the which does not occur in

samples obtained by amidation reaction between APTES and amino acids.

Knowing the amount of mass lost at a given temperature, it is possible to
calculate the amount of organic matter per mole of kaolinite, taking into account
the modification of the APTES alkoxide with the amino acids and the formation

of a peptide bond between the amino acids, as shown in the equation 5.

AlLO3.2Si0,.2H,0 + O.M. —— Al,Os + 2Si0, + SO, + H,0 + CO,

258,16 + MM(O.M.)x-B(O.M.)x—18x —— 222,13 Equation 5
1 —> %/100 r
Where MM (O.M.) is the molar mass of organic matter; B(O.M.) is the molar

mass of lost organic matter; 18x is the molar mass ratio of water due to
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dehydroxylation of kaolinite by functionalization; %/100r is experimental

percentage of waste divided by 100, obtained by heat treatment.

For the Kao-APro and Kao-APhe samples, the arithmetic average of the
modified alkoxide and the alkoxide modified by the equivalent peptide was
considered as molar mass. For the Kao-Pro sample, the presence of only
proline as a monomer was proposed, while for the Kao-Phe sample, both the
monomer and the dimer were proposed. It is possible to observe this difference
in functionalized material by calculating the molarity between the organic matter

and the kaolinite unit cell, as shown in table 10.

Table 10 - Relative mol number for kaolinite samples according to proposed structures for the
interaction between matrix and organic matter.

Sample relative mol number X U.C./O.M.

Kao-DMSO 0.84 - 1

Kao-Pro 0.41 - 2
x1: 0.16

Kao-APro 0.11 10
X2: 0.05

Eutta(KaoPro) 0.30 - 3
x1: 0.07

Eutta(KaoAPro) 0.07 14
X2: 0.06
x1: 0.84

Kao-Phe 0.63 1,5
X2: 0.42
x1: 0.10

Kao-APhe 0.08 13
X2: 0.06
x1: 0.37

Eutta(KaoPhe) 0.34 3
X2: 0.30
x1: 0.09

Eutta(KaoAPhe) 0.09 11
X2: 0.08

X4: alkoxide modified with an amino acid; x,: alkoxide modified with the corresponding amino
acid dimer; X: arithmetic average of x; and x,. U.C./O.M.: Approximate value of kaolinite unit cell

per organic matter.
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This result allows to modulate the concentration of intercalated amino
acid according to the application to be assigned, obtaining a material with
greater agglomeration for conventional synthesis or a material with the amino
acid dispersed in the matrix, through the amidation reaction between the amino

acid and the alkoxide APTES.

4.1.1.4. Electron Microscopy (SEM)

The electron microscope uses an electron beam in place of photons
(common optical microscope), in order to increase the resolution of the images
obtained, with extremely short wavelengths of approximately 5x10* nm, which
can increase (zoom) up to 300,000 times. Through this technique it is possible
to obtain information mainly on the morphology of materials, in addition to
collecting information on microstructural characteristics and even identifying
chemical elements in solids (DEDAVID; GOMES; MACHADO, 2007; INKSON,

2016).

The microscope emits a highly focused beam of electrons onto the
sample in a vacuum chamber, microscopes that are primarily designed to
examine the surfaces of the sample (such as the common optical microscope)
are referred to as a scanning electron microscope (SEM) while microscopes
that are primarily designed to examine the internal structure of the sample are
known as a transmission electron microscope (TEM) (INKSON, 2016). Electron
microscopy of kaolinite and organofunctionalized materials are shown in Figure

24.
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e) Kao-APhe

SED
5TD

Figure 24 - Scanning electron microscopy of purified kaolinite and organofunctionalized
samples. Images taken with a working distance of approximately 12.5 mm and beam energy of
5.0 kV.

Kaolinite has a morphology with hexagonal microcrystals parallel to the
001 plane, which remains agglomerated in tactoids that can reduce their

stacking or have their size changed in the intercalation and functionalization
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process (DE FARIA et al., 2010). This morphological organization remains in
the samples after functionalization, with the exception of the Kao-APhe sample,
which presented, in addition to the tactoids, a tubular morphology of various
diameters and lengths, caused by the weakening of the hydrogen bonds in the
intercalation process which, when leached from space, interlamellar causes
displacement in the structure of the layers promoting the rolling of the lamellae

offering this tubular appearance (LI et al., 2015).

4.1.2. Hydrotalcite Materials (LDH)

Hydrotalcite is a clay mineral with exchangeable anions in the
interlamellar space, in the case of this work with CI" ions. However, the
zwitterionic characteristic of amino acids hinders the intercalation of proline or
phenylalanine by ion exchange (NAKAYAMA; WADA; TSUHAKO, 2004). In
addition to ion exchange, two main amino acid intercalation routes in LDH have
been reported, being them by the reconstruction method (NAKAYAMA; WADA,;
TSUHAKO, 2004) and by co-precipitation method (TRAN; LIN; CHAO, 2018).
Therefore, the intercalation of the amino acids proline and phenylalanine were

performed by these two methods.

41.21. X-ray diffraction

In the analysis of X-ray diffraction for hydrotalcite, Bragg's law is also
used, however, a series of reflections 001 are observed as fine and intense
lines at low angles, limiting its analysis in conventional X-ray diffraction
techniques, thus the main reflections for obtaining crystallographic information
are reflections 003, 006 and 110. The 003 reflections demonstrate the distance
between two adjacent metal-hydroxide layers. The X-ray diffractions of the

samples with hydrotalcite are shown in Figure 25.
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Figure 25 - X-ray diffractograms of LDH samples, a) purified LDH and
acids and b) complexed with europium ion (llI).

The X-ray diffractogram profile of hydrotalcite used in

intercalated with amino

this work presented

a typical LDH structure with hexagonal rhombohedral symmetry (3R) (CAVANI;

TRIFIRO; VACCARI, 1991).
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Through the diffractions, it is possible to obtain structural organization

information through the parameters "a" and "c", according to equation 6 and 7.

Equation 6

Equation 7

With parameter "a" it is possible to obtain the distance between the

cations within the LDH layer (brucite type), while parameter "c" reveals the

distance adjacent to the hydroxide layer (SILVA; DUARTE; MEILI, 2021). The

information of the parameters obtained by the diffractograms is shown in table

11. The parameter "a" obtained indicates that there were no significant changes

on the brucite-type structure in the samples, while the parameter "c" reveals a

greater adjacent distance in the samples obtained by the co-precipitation

method.

Table 11 - Network and basal space parameters of X-ray diffractograms of samples with

hydrotalcite.
Sample 20 d(A) a(A) c(A)
003 006 110 003 006
LDH 11.3 227 60.55 7.8 3.9 3.05 23.46
R-LDHPro 11.2 22.3 6045 7.9 4.0 3.06 23.67
Eutta(R-LDHPro) 11.1 222 30.35 7.9 4.0 3.06 23.76
8.8 10.0 30.12
R-LDHPhe 11.0 22.2 60.6 8.0 4.0 3.05 23.99
Eutta(R-LDHPhe) 11.1 22.3 60.4 8.0 4.0 3.06 23.88
8.75 10.1 30.27
C-LDHPro 11.2 22.6 60.6 7.9 3.9 3.05 23.58
4.6 19.3 58.05
Eutta(C-LDHPro) 11.3 23.0 60.7 7.8 4.0 3.05 23.43
4.6 19.0 57.07
C-LDHPhe 11.6 22.8 60.8 7.6 3.9 3.04 22.92
4.7 18.7 56.10
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Eutta(C-LDHPhe) 11.4 23.0 30.8 7.7 3.8 3.04 23.16
4.9 17.9 53.82

After the intercalation of amino acids and complexation of the Eu®* ion,
the samples maintained the characteristic peaks of hydrotalcite with hexagonal
structure and rhombohedral symmetry. For the samples obtained by the
reconstruction method, a slight change in the reflection peaks 003 and 006 is
observed, being dos= 7.9 A and doye= 4.0 A for the sample R-LDHPro, dyos= 8.0
A and dyos= 4.0 A for the R-LDHPhe sample, the presence of the amino acid
being attributed parallel to the layer, together with the anions CI" and/or OH"

(AISAWA et al., 2001).

The theoretical thickness of the brucite layer is approximately 4.8 A,
while the theoretical basal space for Mg-Al-(Cl) LDH is approximately 7.6 A
(CAMACHO CORDOVA et al., 2009; TRAN; LIN; CHAO, 2018). The amino acid
proline is approximately 4.9 A long and 3.0 A thick?, while phenylalanine is 9.4
A long and 4.0 A thick approximately (CHOI et al., 2015). In all samples
intercalated by the reconstruction method, amino acids were intercalated
parallel to the layer and/or interacting on the sides of the lamellae. For the
samples obtained by the reconstruction method (C-LDHPro and C-LDHPhe) it
presents two reflection peaks 003 indicating two types of interactions between
the amino acid and the hydrotalcite, being preferably oriented perpendicular to
the matrix. The basal space of these samples expanded between 18 to 19 A

indicating an interaction between two phenylalanine molecules through the Tr-11

2 Calculated from the software Chemcraft, version 1.8, obtained from the URL:

https://www.chemcraftprog.com. Calculated on 16/August/2021.
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interaction between the aromatic rings (CHOI et al., 2015), while proline

organizes itself into a pileup caused by hydrogen bonds, as shown in figure 26.

C)
a) b)
7/ NS
HO —
o}
\\-OH O\ s 0’
NH,
H,N
NH
O OH
N
NH
d)
NH, HN
HO\
H OH

Figure 26 - Proposed schematic representation of the structure of amino acids intercalated in
hydrotalcite for a) C-LDHPhe, b) C-LDHPro, c) R-LDHPhe and d) R-LDHPro.

For a better understanding of the structural properties, it is possible to
calculate the approximate crystallite size of hydrotalcite using the Scherrer
equation, where the FWHM index of the 003 reflection is analyzed through
equation 8 (HERALDY; NUGRAHANINGTYAS; HERIYANTO, 2017; LIN et al.,
2017):

. 09x4 Equation 8
~ Bcosb

Where t is the is the mean size of the ordered domain, which can be equal to or

smaller than the crystallite size, which in turn can be equal to or smaller than

171



the particle size; 0.9 is the form factor; A is the Cu Ka radiation (0.1540) and B is
the FWHM index of the 003 reflection. The crystallite sizes are shown in table

12.

Table 12 - FWHM index of reflection 003 and the respective crystallite sizes of samples with
LDH.

F WH Moo3 F WH M 003
Sample t(A) Sample t(A)
(20) (20)
LDH 0.65 21.19
2.24 6.12
R-LDHPro 0.75 18.36 | C-LDHPro
1.24 11.11
1.96 6.70
Eutta(R-LDHPro) 0.75 18.36 | Eutta(C-LDHPro)
1.40 9.84
2.08 6.59
R-LDHPhe 0.75 18.36 | C-LDHPhe
1.12 12.30
2.16 6.35
Eutta(R-LDHPHe) 0.75 18.36 | Eutta(C-LDHPhe) 48 o3

It was observed that the lower the crystallinity, the smaller the crystallite
size and that the samples obtained by the co-precipitation method had smaller
crystallite sizes, while the samples obtained by the reconstruction method
practically did not change the size of the hydrotalcite crystallite, with only a
slight change between pure and intercalated LDH. The complexed samples
were also not observed significant changes in the sizes of crystallites in relation

to their precursors (18.36 A).

4.1.2.2. Molecular spectroscopy in the infrared region (FTIR)

The FTIR spectra of the hydrotalcite samples are shown in Figure 27. In
the region between 3200 and 3800 cm™ are the stretch vibrations of the

hydrotalcite hydroxyls, while water stretch vibrations are observed in the region
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of 1650 cm™. At approximately 1375 cm™ are located the stretching vibrations of

COs” related to the contact between the synthesis solution with the atmosphere

(SILVA; DUARTE; MEILI, 2021).
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Figure 27 - Infrared spectra (FTIR) of samples with a) hydrotalcite and b) after complexation of
Eu(lll) ion.
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The most definitive bands to identify the presence of amino acids in the
FTIR spectra are the symmetrical and antisymmetrical vibrations of the
carboxylate group (COQO’), however, these vibrations are found in regions close
to the vibrations of the carbonate anion and angular vibrations of water present
in the hydrotalcite, resulting in the possibility of overlapping of these
characteristic amino acid bands, as seen in the R-LDHPro sample (figure 27-a).
In the samples obtained by the coprecipitation method, the characteristic amino
acid bands are more visible. In all samples with phenylalanine it is possible to
observe the angular vibration of amine (NH3") close to 1497 cm™, while in 1423
and 1600 cm™ symmetrical and antisymmetrical stretch vibrations of the
carboxylate are observed (CHOI et al., 2015). For the C-LDHPro sample these

vibrations are at 1424 and 1610 cm™ respectively.

After complexation of the intercalated samples with the europium (1) ion
and addition of the secondary ligand tta, the characteristic bands of the
carboxylate are maintained. In the samples obtained by the reconstruction
method, the vibrations of the complex, as well as of the tta, are more intense
and defined by superimposing the main vibrations of the amino acid, which
does not happen in the samples obtained by the co-precipitation method. The
most intense vibrations are recorded at 1585 cm™ relative to the stretch of C=0
in coordination with the Eu®" ion. The free C=0 bands are observed at 1630 cm
! and shifted to lower wavenumbers when interacting with the lanthanide due to

a resonance between C-O-Eu and C=0---Eu (ZHAO et al., 2006).

4.1.2.3. Thermal analysis

Mg-Al-CO3 hydrotalcite has a very defined mass loss profile, the first

mass loss starting at 35 °C to 200 °C is attributed to water adsorbed on the
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material surface. In the 220 °C region, the dehydroxylation of LDH occurs,
remaining together with double hydroxide oxide, and a strong peak related to

the decomposition of the intercalated carbonate in the form of CO,. Above

400 °C,

magnesium and aluminum, with the last stage of this decomposition occurring

the remaining hydroxyls decompose, forming double oxides of

at 800 °C, resulting in the collapse of the lamellar structure. The curves of the

thermal analysis of materials with hydrotalcite are shown in figures 28 to 32.
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Figure 28 — Thermal analysis of synthetic LDH. With ramp from 25 to 900 °C, at 20 °C per min

and in an oxidizing atmosphere.
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Figure 29 - TG of R-LDHPro samples before and after complexation with Eu®* ion, with a ramp
from 25 to 900 °C, at 20 °C per min and in an oxidizing atmosphere.
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Figure 30 — Thermal analysis of C-LDHPro samples before and after complexation with Eu®*
ion, with a ramp from 25 to 900 °C, at 20 °C per min and in an oxidizing atmosphere.
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Figure 31 - Thermal analysis of R-LDHPhe samples before and after complexation with Eu®
ion, with a ramp from 25 to 900 °C, at 20 °C per min and in an oxidizing atmosphere.
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Figure 32 - Thermal analysis of C-LDHPhe samples before and after complexation with Eu®
ion, with a ramp from 25 to 900 °C, at 20 °C per min and in an oxidizing atmosphere.

In the R-LDHPro sample, there is a mass loss with maximum loss peak
close to 128 °C of large width starting at 35 °C up to 220 °C, attributed both to

the removal of adsorbed water and the first phase of melting and decomposition
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of proline and the LDH dehydroxylation phase. At 372 °C, the endothermic
decomposition of [CO3]" occurs and the last stage of proline decomposition
occurs at peaks close to 420 °C. The decomposition of carbonate is
endothermic because it reacts with a nearby water molecule, resulting in volatile

CO; and an interlamellar hydroxyl, as shown in equation 9 (KANEZAKI, 1998):

(Cog_)interlayer + H,0 - Z(OH_)Interlayer + CO, T Equation 9

The process of transformation of COs% into CO; is endothermic while that
of proline decomposition is exothermic, with the superposition of energy of
these processes occurring in the DTA peaks, with the resulting peak being the
one with the highest energy. After the complexation of the Eu* ion, with the
increase of organic matter from tta, the energy release resulting from the
decomposition, mainly from the aromatic rings of tta and the cyclic radical of
proline, overlaps with the endothermic process of [COs]* |, resulting in two

exothermic peaks in the regions of 317 to 400 °C.

In the proline sample obtained by the coprecipitation method, there is an
increase in the temperature of the LDH dehydroxylation mass loss peak to
254 °C, also attributed to the melting of proline. Removal of water adsorbed on
the surface of the C-LDHPro sample occurs between 35 to 100 °C with a mass
loss peak at 75 °C, as well as the onset of melting and proline decomposition
occurring at 125 °C. The mass loss peak of the interlamellar anion
decomposition also increases to 371 °C with the last stage of proline
decomposition occurring at 429 °C (MA; ZHENG; PANG, 2012). After
complexation, the mass loss peak for dehydroxylation shifts to 221 °C, closer to

pure LDH, while proline fusion appears with maximum mass loss at 251 °C.
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For samples containing phenylalanine, 5 peaks of mass losses are
observed. The first, between 100 and 130 °C, is related to water adsorbed on
the surface of the material, while the second loss in mass close to 254 °C is
attributed to the beginning of melting and decomposition of the intercalated
phenylalanine, starting with the removal of the aromatic ring, in the form of
toluene, with overlapping of LDH dehydroxylation. The peak of mass loss at
360 °C is related to the decomposition of [COs], while the last two steps of
phenylalanine decomposition occur at approximately 405 and 530 °C. In the
sample obtained by the co-precipitation method, the temperature of these last
two phases shifts to 430 and 550 °C indicating an increase in the thermal

stability of the material.

In general, the decomposition of LDH Mg-Al is described according to

equation 10 (ZHITOVA et al., 2020):

Mg, Al, (CO5)(OH), ¢ - 4H,0 5 5Mg0 + MgAl,0, + 12H,0 T +C0, 1 Equation 10
Which can be readjusted to calculate the molarity of lost organic matter, through

the initial and final molar mass, as shown in equation 11:

%m[M.M.LDH + (0.M.)y — (CO3 + (OH); + H;0)x] = MgeAl;(02)45 Equation 11

Where %m is the percentage of mass remaining after heat treatment, M.M.LDH
is the molar mass of hydrotalcite, x is the molarity of organic matter and O.M. is
the molar mass of the intercalated organic molecule. The chemical
compositions calculated by thermal and elemental analyzes are shown in table

13.
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Table 13 - Calculated chemical formulas for hydrotalcite samples intercalated with amino acids.

Sample Chemical formula

LDH [Mg2.49Al0.87(OH)6.67](CO3)0.77 + 1.67H20
R-LDHPro [Mg2.49Al0.87(OH)6.67](CO3)0.24(Pro)o.os + 1.67H20
R-LDHPhe [Mg2.49Alp 87(OH)6 671(CO3)0.10(Phe)o 22 - 1.67H20
C-LDHPro [Mg2.49Al0 87(OH)6 671(CO3)0.12(Pro)o.20 - 1.67H20
C-LDHPhe [Mg2.49Al0 87(OH)6 671(CO3)0.06(Pro)o.ss - 1.67H.0

As shown in table 15, the samples obtained by the coprecipitation
method showed approximately twice the amino acid concentration compared to
the reconstruction method. With the increase of the interlamellar space
evidenced by the X-ray diffractograms, the amino acids obtained greater
mobility in relation to the reconstruction synthesis, facilitating the intercalation.
The low concentration of proline in relation to the amino acid phenylalanine is
due to the chemical environment and affinity between the amino acid and the
matrix. Proline is very soluble and has greater affinity with carbonate than with
hydrotalcite, making substitution difficult in both applied methods. On the other
hand, the same does not happen with phenylalanine, which has low affinity with
both water and carbonate, facilitating intercalation, even using ethanol as a

solvent (TRAN; LIN; CHAO, 2018).

4.1.2.4. Scanning electron microscopy

The scanning electron microscopy images of the samples with

hydrotalcites are shown in Figure 33.

182



c) R-LDHPhe

Figure 33 - SEM images for pure and amino acid intercalated LDH samples.

183



The material has a typical morphology of hydrotalcite hexagonal
structure, in the form of plates that remain in the materials intercalated with the
amino acids proline and phenylalanine. However, the R-LDHPro sample
presents a kind of surface exfoliation, with a rough characteristic, indicating the
region of interaction of the complex with the matrix. The samples obtained by
the coprecipitation method had a more "smooth" and more distributed surface
compared to the samples obtained by the reconstruction method, being even
more distributed in the samples with phenylalanine, due to the influence of the
solvent and the hydrophobic character of the amino acid. In all samples, the
characteristic of material stacked in the form of tactoids was observed,

maintaining the initial characteristic of LDH.

4.1.3. Materials obtained from LAPONITE® and saponite (smectites)
Due to the relative ease of expansion of the basal space of smectites, the
lanthanide complex with amino acids was synthesized and intercalated directly

in LAPONITE® and saponite and studied their properties.

4.1.3.1. X-ray diffraction

The X-ray diffractograms of the samples obtained by LAPONITE® and

saponite are shown in Figure 34.
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Figure 34 - X-ray diffractograms of LAPONITE® (a) and saponite (b) samples.

Both pure clay mineral samples showed a typical structure of smectites
with the main reflections present, these being reflection 001 (between 5 to 8° in
20), 110 (close to 20° in 28) and 060 (near 60° in 20 ), with the other reflections

shown in Figure 38 being particular to each clay mineral (MARCHESI et al.,
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2021b; SILVA et al., 2018). The pure saponite synthesized by the microwave
method showed lower crystallinity related to other similar works in the literature
(AVILA et al.,, 2010; TRUJILLANO et al., 2011; VOGELS; KLOPROGGE;

GEUS, 2005), factor evidenced by the FWHM index, as shown in table 14.

Table 14 - Basal space (d) and FWHM index of X-ray diffractograms of samples obtained by
LAPONITE® and saponite.

Sample 20 (degree) d(A) FWHMyo1
001 110 060 (26)
Lap 6.1 19.5 60.8 14.6 3.45
Sap 7.4 19.6 60.7 11.9 1.96
Eutta(LapPro) 6.1 19.4 61.0 14.6 2.35
Eutta(LapPhe) 5.7 19.5 61.0 15.5 0.10
Eutta(SapPro) 6.9 - - 12.7 1.64
Eutta(SapPhe) 71 - 60.4 12.5 1.84

X-ray diffraction is an established method for studying the structures and
intercalation of species in clay minerals such as the smectites group. The 001
plane had an increase from 14.6 A to 15.5 A in the phenylalanine sample, while
the proline sample remained with the same spacing, however with a finer peak
compared to pure LAPONITE®. The sample with phenylalanine presented an
intense and fine peak in reflection 001, in addition to relatively fine peaks in
reflections 005 and 200, indicating an increase in the crystallinity of the material
with the intercalation of the complex with phenylalanine. The results suggest

that the interactions between amino acid and the matrix occur at the
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interparticle sites, on the sides of the lamellae or on the surface of the lamellae

rather than in the interlayer space.

On the other hand, samples intercalated in saponite had a significant loss
of crystallinity. The Eutta(SapPro) sample did not show the peak relative to the
060 reflection attributed to the bonding planes between the tetrahedral and
octahedral layers. The absence of this plane may indicate crystallite exfoliation
or the total loss of the lamellar structure. As for the Eutta (SapPhe) sample,
despite having low crystallinity, it was possible to identify the 001 and 060
reflection planes, maintaining the characteristic of smectites. Similarly to
LAPONITE®, with the approximate increase of 0.8 A suggests that interactions

occur at interparticle sites, on the surface or on the sides of the lamellae.

4.1.3.2. |Infrared spectroscopy (FTIR)

The vibrational spectra in the infrared region are shown in Figure 35.
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Figure 35 - Infrared vibrational spectra for samples with LAPONITE® (a) and saponite (b) and
their main attributions.

Through vibrational spectra in the infrared region, it is possible to
observe the characteristic bands of LAPONITE®, the first being at
approximately 3687 cm™ attributed to stretching vibrations of the hydroxyls of
the Mg-OH octahedron. The second band is observed near the vibrations of
these hydroxyls, close to 3640 cm™ referring to the stretch vibrations of Si-OH
tetrahedral hydroxyls, the remainder of the hydroxyls referring to adsorbed
water molecules appear between 3600 to 3200 cm™, with angular vibration of
adsorbed and intercalated water molecules in 1630 cm™ (XIONG et al., 2019).
In the region between 800 and 1200 cm™ the Si-O and Si-O-Si stretching
vibrations are located. The width of the bands and their displacement after the
intercalation of the complexes shows their interaction in these regions through
hydrogen bonds between the carboxylated or amine group of these amino acids

with the oxygen of the Si-O group (GHADIRI et al., 2014). After the intercalation
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of the complexes, the vibrations of the carboxylate group for the two amino
acids in LAPONITE® were observed, in the region of 1410 and 1340 cm™ for
antisymmetric and symmetric stretch vibrations respectively. In addition, it is
possible to observe the amine stretch vibration at 1497 cm™ in the
Eutta(LapPhe) sample, which in general, the identification bands of the organic

groups were more defined in relation to the Eutta(LapPro) sample.

As for the saponite samples, the structural vibrations of Mg-OH hydroxyls
are found at 3674 cm™, while the stretch vibrations of free hydroxyls and
adsorbed water appear between 3200 to 3600 cm™, with the angular vibrations
of water in 1640 cm™ (TRUJILLANO et al., 2010, 2011). In the region between
800 to 1200 cm™, Si-O stretch vibrations are found, which, as in LAPONITE®,
are also sensitive to the chemical environment and the intercalated material,
where changes in the intensity and width of this band were observed, indicating
interactions between the Si-O group and the complexes intercalated through
hydrogen bonds or weaker forces such as Van der Waals interactions. At 650
cm™' bands of angular vibrations of Mg-OH are observed and angular vibrations
of Si-O-Si are observed at 458 cm™ (AVILA et al., 2010). Amino acid vibrations
in saponite are observed at 1416 and 1336 cm™, attributed to antisymmetric
and symmetric stretch vibrations of the COO™ grouping respectively, in addition

to amine stretch vibrations close to 1520 cm™.

4.1.3.3. Thermal analysis

Both saponite and LAPONITE® have three stages of mass loss in heat
treatment, the first with mass loss peak between 80 and 85 °C relative to water
adsorbed on the clay mineral surface, while the second is the gradual loss of

interlamellar water and exchangeable sodium hydration phase, and finally,
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around 800 °C, dehydroxylation and collapse of the lamellar structure occur

(GHADIRI et al., 2014; RYU et al., 2014). Thermal analyzes of LAPONITE®

materials are shown in figures 36.
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Figure 36 - Thermal analysis (TG, DTA and DTG) of pure LAPONITE® and intercalated with
amino acid complexes. With ramp from 25 to 900 °C in oxidizing atmosphere.
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In the LAPONITE® dehydroxylation stage between 700 and 750 °C, a
loss of 3% of mass is observed with 3 peaks of mass loss, where the first two
(720 and 732 °C) are attributed to dehydroxylation presenting an endothermic
behavior while the last peak of mass loss (751 °C) of exothermic character is
attributed to recrystallization of the amorphous meta-phase (PALKOVA et al.,
2010). After the addition of complexes with amino acids in LAPONITE®, the
dehydroxylation temperature undergoes a slight increase, with broader peaks of
mass loss, showing the interaction of interlamellar hydroxides with the

luminescent complex.

In the Eutta(LapPro) sample, the exothermic mass loss stage relative to
the complex is located between 200 to 600 °C representing approximately 12%
of the mass loss, the main peak (260 °C) being related to the breakage of the
rings of the tta and the cyclic structure of proline while the last rather broad
peak close to 500 °C is attributed to the final stages of organic matter
decomposition, together with the complete decomposition of the Eu(lll) complex
into EuCIO (RYU et al., 2014). In the Eutta(LapPhe) sample these peaks are
thinner and more defined in relation to proline, the first loss with a peak at
197 °C being attributed to the breakage of the aromatic rings of phenylalanine
and tta, while at 490 °C the peak is observed of loss of mass of the last stage of

decomposition of the organic matter of the complex.

Like LAPONITE®, saponite also has three defined stages of mass loss
with dehydroxylation occurring around 800 °C, with two endothermic mass loss
peaks at 757 and 790 °C and an exothermic peak at 835° C for saponite meta-
phase recrystallization and lamellar structure collapse. The thermal analyzes of

the saponite samples are shown in Figure 37.
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Figure 37 - Thermal analysis (TG, DTA and DTG) of pure saponite and intercalated with amino
acid complexes. With ramp from 25 to 900 °C in oxidizing atmosphere.

After the addition of the complexes, only a broad and endothermic peak
is observed between 770 and 780 °C, showing the interaction of the complexes
with the interlamellar hydroxyls. For the Eutta(SapPro) sample, the complex
decomposition occurs in three steps between 200 to 600 °C and approximately
14% mass loss, while in the Eutta(SapPhe) sample the complex decomposition
presents 11% of the mass loss. material. On the other hand, the sample with
phenylalanine showed greater thermal stability compared to the sample with

proline with higher temperature of dehydroxylation and the final stage of

decomposition of the Eu(lll) complex.
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4.1.3.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy images are shown in Figures 38 and 39:

b) Eutta(LapPro)

Figure 38 - SEM images of pure LAPONITE® and intercalated with Eu(lll) complexes.
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Figure 39 - SEM images of pure saponite intercalated with Eu(lll) complexes.

In the images with LAPONITE® it is possible to observe that the
crystallite has a structure with a size ranging from 15 to 25 nm in diameter and
morphology in the form of platelets with lamellar structure. After the clay mineral
complexes, the structure remains with a higher incidence of smaller crystallites
and a spongier surface morphology compared to pure LAPONITE®, resulting
from the interaction of the complex with the matrix. It was also possible to

observe a parallel stacking of the tactoids compatible with similar works in the
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literature (GHADIRI et al., 2014; GUIMARAES; CIMINELLI; VASCONCELOS,
2007; PALKOVA et al., 2010). In saponite, the morphology is more irregular and
with larger crystallites than in LAPONITE®. After the complexation of the Eu®*
ion, the spongy surface is more evident in samples with saponite, despite

maintaining the size and general characteristics of the crystallites.

4.2. Luminescent properties of the materials obtained
In luminescence spectroscopy, the detection limits as well as the
analytical sensitivity promote an advantage over other characterization
spectroscopic methods such as UV-Visible, increasing the selectivity of the

analysis, being ideal for obtaining optical information of materials.

In a common spectrophotometer, the sample absorbs photons by a
source that covers a wide range of the electromagnetic spectrum, promoting a
high energy state (excited state), which when relaxing to the ground state, emits
photons that are propagated to all dimensions. These photons are directed by
monochromators and converted into electrical signals forming the spectrum

record, as seen in figure 40.
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Figure 40 - Schematic representation of a common fluorimeter (font = author).

The Eu(lll) ion emits mainly in the red region, generally relaxing from the
excited state °Dg to the ground states 'F, (J= 0-6), the last two being observed
in the infrared region and generally with the most intense transition at
approximately 610 nm (°Do—'F>). Due to the low molar absorption, lanthanide
ions are usually complexed with organic ligands of high molar absorptivity to
transfer the absorbed energy to the central ion transitions. Ligands absorb
energy from the ground state (Sp) to the singlet excited state (S4), and can
return to the ground state releasing this energy through radiative or non-
radiative emission such as molecular vibrations for example (HAGAN;
ZUCHNER, 2011), as shown in figure 41. Once excited, the ligand can also
transfer this energy to the triplet state (T1), which in turn can transfer to the
excited state of the europium ion, releasing this energy radiatively when

decaying to the ground state "F,.
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Figure 41 - Representation of energy levels in the process of energy transfer from the ligand to
the Eu(lll) ion. Wgr and Wpr are energy transfer rates and back energy transfer rates
respectively. (font: author)

To interpret the emission spectra, it is necessary to integrate the intensity
of the transitions in the spectrum to obtain the area (Ao.y) and transform the
wavelength (nm) of the barycenter of the transitions to frequency (cm™) through
the formula: v (cm™) = 1/(Ax107). After this procedure, it is possible to find the

Einstein's spontaneous emission coefficient by equation 12:

Equation 12

Where Ag, is the spontaneous emission coefficient of the transition *Do—F; Ao.
, is the integrated area of transition °Dy—’Fy; 50 s’ is the spontaneous
emission coefficient of the transition Dy—’F; which is independent of the
chemical environment (BALA et al., 2018; DE ARAUJO et al., 2017; MATOS et
al., 2014). The sum of these coefficients results in the radiative emission rate

(Arad)-
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The emission lifetime can also be obtained in a fluorimeter by fixing the
excitation and emission wavelengths and analyzing the decay in the detection
time. The result can be analyzed by an exponential decay function (y =
Yo + Ay x 10[-G=xo/Tops)]) (FARAT et al., 2019) to find the observed lifetime
(Tobs)- The radiative emission lifetime can be obtained by equation 13:

1

Trad

Itot) Equation 13

= Ayp Xn3 (
Io—q
Where Aup is the probability of spontaneous emission of the magnetic dipole
transition °Dy—’F4, calculated as 14.65 s™'; n is the refraction index and is
assigned as 1.33 for H,0, 1.328 for D,0, 1.3288 for methanol and 1.55 to solid
state metal-organic complex. The value of 1.55 was assumed because it is
accepted for Eu3+-organic complexes and because it is close to the refractive
indices of clay minerals (LDH = 1.510, Saponite = 1.559, Laponite = 1.540 and
Kaolinite = 1.559) (ARAKAWA et al., 1997; BINNEMANS, 2015; DAS et al,,
2019; HOXHA et al., 2020; ISHIl; HASEGAWA, 2015); Iyt is the sum of the
integrated area of luminescence intensity and /1o is the integrated area of
transition intensity °Do—'F (FARAT et al., 2019; UTOCHNIKOVA et al., 2016).

With the lifetimes, it is possible to obtain the quantum yield of emission of the

ion Eu(lll) through the equation:

Ln _ Tobs Equagio 14
n

Trad
Where QI is the quantum yield of emission of the Eu(lll) ion, also called the

intrinsic or internal quantum yield. To find the emission quantum yield of the

complex (Q _ n°of photons absorbed)

, that is, the general quantum vyield, it is

n° of emitted photons

necessary to calculate the quantum vyield of the ligand (Q%,), also known as
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external quantum yield and the sensitization efficiency (nsens), through the
formula 7ns,s = QF,/Q (BUNZLI, 2015). However, to define the external
quantum yield, more advanced techniques such as an integration sphere are
needed (UTOCHNIKOVA et al., 2016) or using a reference with known quantum

yield (BOSSHARD et al., 2016).

In addition to the quantum yield, the lifetimes 1,5 and 1,4 can also be
used to calculate the amount of water molecules coordinated in the first
coordination sphere of the Eu(lll) ion, as proposed by Horrocks (SUPKOWSKI;

HORROCKS, 1999, 2002), equation 15.

A( 1 1 > Equation 15
q=A|l——-——-a

TH,0 Tp,o
Where q is the amount of water molecules in the first coordination sphere of the

complex; A =1.1; Ty,0= Tobs: Tp,0= Traa fOr the ion Eu(lll) and a = 0.31.

The europium(lll) ion has a unique property involving the transition
°Dy—'F4, as it is a magnetic dipole (MD) transition, the dipole strength is
independent of the chemical environment and can be calculated and used as a
reference for transitions caused by the excited state °Dy, being calculated as:
Dup= 9.6x10* esu’cm? (CIRIC et al., 2019). Another property that can be
calculated is the reduced matrix elements, |(/|U%|)'}|?, where the magnetic
dipole transitions caused by the excited state °D are calculated as zero, with
the exception of transitions 'F, (J= 2, 4 and 6), that have the value of U*=
0.0032, U*= 0.0023 and U°= 0.0002 (CIRIC et al., 2019; DACANIN et al., 2011),
however, as the transition °Dy—’Fg is not observed in the visible region, it is not

considered. From this information it is possible to calculate the Judd-Ofelt
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parameters for europium (1) ion emissions (BALA et al., 2018; DE SA et al.,

2000; PARRA et al., 2002), according to equation 16.

Dypvy3 9n3 Io_; Equation 16
== A2 = 2 7 X
e2v 3 [JIUM)? n(n® +2)% Iy

Where e is the elementary charge of the electron (4.803x107° esu); v is the

frequency at the barycenter of the transition °Do—"Fy; loy is the integrated area

of transition °Dy—'F; and the expression is the local Lorentz field

n(n?+2)2

correction with n being the refractive index with a standardized value of n = 1.55
(PARRA et al., 2002). The Judd-Ofelt parameters include the contribution of
electrical dipoles and the dynamic coupling mechanism, providing information
about structural changes in the complex, allowing to compare the contributions
of covalence between Ln-Ligand interactions. The parameter Q, it is very
sensitive to micro symmetry and the ligand's electric field, where the higher the
value, the lower the local symmetry (BOSSHARD et al., 2016). While the
parameter Q4 is related to the structural rigidity of the complexes, where higher
values are related to greater sensitivity to the distance between the Eu(lll) ion
and the ligand (DE ARAUJO et al., 2020; MATOS et al., 2018; PARRA et al.,

2002).

Another factor that can be used to assess the symmetry of the complex
is the ratio of the barycenter intensities of the transitions 1(°Do—'Fo)/
I(°Do—"F1)(Ro) e 1(°Do—"F2)/ 1(°Do—"F1)(R2), serving as a parameter to assess
the symmetry of the chemical environment and the degree of covalence in the
Eu(lll)-Ligant interactions (DE ARAUJO et al., 2020; RYU et al., 2014), where
the greater this ratio, the smaller the symmetry of the complex and the greater

the covalent character. However, depending on the matrix where the complex is
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immobilized or even on the organic molecule used as a ligand, the intensities of
europium (lll) emissions may be interfered with by the emission of the ligand,
mainly due to the properties of organic ligands that present wide band
emissions. To work around this problem, a mathematical correction to remove
the emission of the ligand or matrix by modifying the baseline was proposed in
this work, analyzing the position at the barycenter of the emission band (ly) and
relation to the intensity in the base linear pseudoline that intersects the peak of
the transition band (lp) to get the corrected intensity of the transition (Ic), as

shown in figure 42.
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Figure 42 - Representation of the pseudo baseline emission of the Eutta(KaoPro) sample to
find the calculated intensities ratio (R¢,), being J = 0 and 2.

It is possible to obtain the intensity with baseline correction through the

equation Icy = Iy — Ip (with J = 0, 1 and 2) and the intensity at the baseline that
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intersects the transition through the equation I, = Al X S, + I, where Al is the
variation in the intensities of the transition (Al = |1 — lp) and Sp is the wavelength
that intersects the intensity of the transition, represented by equation 17.

A — Ao Equation 17

S, =
P Al_AO

And finally it is possible to find the ratio between the intensities with the baseline
correction (Rcy), removing the matrix or ligand emission through the equation:
Rc; = I¢;/1¢1- All spectroscopic information and parameters obtained from the
resulting luminescent materials are discussed according to the matrix where

they were immobilized.

4.2.1. Optical properties of materials immobilized in kaolinite
The excitation and emission spectra of luminescent materials with

kaolinite are shown in Figure 43.
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Figure 43 - Luminescence spectra of europium transitions for the kaolinite materials a)
excitation and b) Emission with normalized intensity from the transition 5D0—>7F1.

The proline sample obtained by conventional synthesis (Eutta(KaoPro))
showed the lowest emission intensity of the europium ion and a great
interference of emission from the matrix or ligands. The size of the proline
molecule results in a smaller distance between the carboxylate and amine
groups, making it difficult for the Eu(lll) ion to complex, which explains the
presence of 6 water molecules in the first coordination sphere of the complex.
The increase in the radiative emission intensity of the ligand also means less
energy transfer to the central ion and, consequently, lower sensitization
efficiency of the complex, justifying the low internal quantum emission yield of
the samples. The optical properties and parameters of luminescent materials

are shown in table 15.
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Table 15 - Optical properties of materials complexed with Eu(lll) ion. Total radiation (A,.q) and
non-radiation (A..q) €mission rate; obtained lifetime ratio (z,,s) and lifetime of radiative emission
(77a¢); number of water molecules in the first coordination sphere (q) and internal quantum yield
of radiative emission (Q% ).

Sample Arad (s')  Anrad (s™) Tobs (IMS) Traa (MS) q In (%)
Eutta(KaoPro) 3398 67539 0.16 3.30 6 5
Eutta(KaoAPro) 1362 4280 0.36 1.54 2 24
Eutta(KaoPhe) 4477 24939 0.38 2.51 2 15
Eutta(KaoAPhe) 6097 8239 0.49 1,15 1 42.5

The samples obtained by modifying the alkoxide APTES with amino
acids by catalyzed amidation reaction showed better optical properties, with
longer lifetimes, higher internal quantum yields and lower presence of water
molecules in the first coordination sphere. This is due to the greater mobility
offered by the molecule, facilitating complexation with the central ion. Another
factor is related to the greater dispersion in the matrix of amino acids compared
to the conventional route, which reduces the steric hindrance caused by the

chemical environment.

Samples with the amino acid phenylalanine also showed better optical
properties compared to proline, due to the aromatic ring present in
phenylalanine, which increases its conjugation and consequently improves
energy transfer and sensitization yield. The structure of phenylalanine also
facilitates the chelation between the central ion and oxygen of the carboxylate
and the amino acid amine, making it difficult for oscillators such as water
molecules to be present in the complexes. Thus, the sample with phenylalanine
obtained by the catalyzed route had the best internal quantum yield, as well as
the longest lifetime and radiative emission rate among all samples with

kaolinite.
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In the samples obtained by synthesis of amidation reaction in a catalytic
environment, no significant interferences from the radiative emission of the
ligands or the matrix were observed, so it was not necessary to correct the
ratios of the intensities of the transition °Dy—'Fy and °Do—'F. Information on

symmetry and covalence parameters is shown in table 16.

Table 16 - Ratio between the areas of the bands corresponding to (Ry) and (Ry); ratio between
areas corrected of the bands corresponding to (Rcy) and (Rcy) and Judd-Ofelt parameters Q,
and Q.

Q, Q,
Sample Ro RCO R2 RC2
(10 em’ (10 em?)
Eutta(KaoPro) 0.74 0.28 3.01 6.19 5.02 2.95
Eutta(KaoAPro) 0.57 - 9.90 - 15.62 2.91
Eutta(KaoPhe) 0.85 0.68 7.20 11.34 8.30 2.20
Eutta(KaoAPhe) 0.72 - 14.85 - 21.01 5.71

As seen in table 16, the samples obtained by modifying the alkoxide with
the amino acids had lower symmetries in the complexes and consequently a
greater sensitivity to disturbances of the Eu(lll) ion with the ligands, while the
samples obtained by the conventional route had less than half of the values in
the Qo parameter, with greater symmetry. In the Eutta(KaoPro) sample where
there was a greater amount of complexed water, with 6 water molecules in the
first coordination sphere, the complex tends to have greater symmetry in
complexes with a higher degree of hydration. On the other hand, in the
Eutta(KaoAPhe) sample, the complex presented smaller symmetries in relation
to the others, due to the size of the ligand in relation to the others, as well as a
greater degree of covalence between phenylalanine and the ion Eu(lll) in

relation to the amino acid proline.
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4.2.2. Optical properties of materials immobilized in LDH

The excitation and emission spectra of luminescent materials with

hydrotalcite are shown in Figure 44.
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Figure 44 - Luminescence spectra of kaolinite materials a) excitation and b) Emission with

normalized intensity from the transition °Dy—'F;.
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The transition °Do—'Fy is seen in all spectra with hydrotalcite. By the
Judd-Ofelt theory the transition °Do—’F, is prohibited by the selection rules,
however, this emission band can occur by J-mixing effect caused by
disturbances in the crystalline field (BINNEMANS, 2015). The observation of
this transition in the spectrum indicates sites with symmetry C,,, C, or Cs. All
samples had the same emission pattern, with 3 observed bands in the transition
°Do—'F4, 2 bands in °Dy—'F,, which can indicate the presence of several
symmetry sites, however, the presence of two emission bands in the transitions
°Dy—'F,, °Do—'F3 and °D¢—'F4 indicates the hexagonal Cs symmetry as
predominant in the chemical environment (TANNER, 2013). The symmetry

parameters are shown in table 17.

Table 17 - Ratio between the areas of the bands corresponding to (Ry) and (R,) and Judd-Ofelt
parameters Q, and Q.

Q, Q,
Sample R, R,
10 ecm? (102 cm?)
Eutta(R-LDHPro) 0.56 11.99 13.05 5.23
Eutta(R-LDHPhe) 0.55 10.00 14.03 5.41
Eutta(C-LDHPro) 0.47 10.12 13.21 5.39
Eutta(C-LDHPhe) 0.41 11.40 13.66 5.51

Regardless of the amino acid and the intercalation route, the samples did
not show major differences in symmetry properties. The Eu(lll) emission spectra
of the samples with hydrotalcites remained without interference from the matrix
emission, and it was not necessary to correct the emission baseline. The
complexes showed low symmetry, but with relatively high covalence between

metal and ligand, being sensitive to the distance between metal-ligand.
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The lifetimes of these materials showed an unusual characteristic for
trivalent europium emissions, with a rise in low lifetimes before decay, showing
a non-exponential or multi-exponential characteristic. This indicates that the
complex has a high energy absorption rate, evidenced by the high lifetimes. The
optical properties of the hydrotalcite complexes and the emission lifetimes are

shown in table 18 and figure 45.

Table 18 - Optical properties of materials complexed with Eu(lll) ion. Total radiation (A,.y) and
non-radiation (A,,.q) emission rate; obtained lifetime ratio (z,,s) and lifetime of radiative emission

(77a0); numMber of water molecules in the first coordination sphere (q) and internal quantum yield
of radiative emission (Q% ).

Sample Arad (s')  Anrad (s7) Tons (MS) Traq (MS) q n (o5)
Eutta(R-LDHPro) 6032 10590 0.52 165 1 31
Eutta(R-LDHPhe) 6164 9086 0.52 156 2 33
Eutta(C-LDHPro) 5721 13117 0.43 164 1 26
Eutta(C-LDHPhe) 6040 13610 0.50 159 1 31
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Figure 45 - Emission lifetimes of samples with hydrotalcite. With emission set at 612 nm and
excitation set at 365 nm.
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The rise in intensity at low lifetimes in photoluminescence is due to the
reabsorption of photons emitted at different absorption sites independently. This
effect is more commonly observed in semiconductors, when the disorder
potential is greater than the binding energy of excitons, resulting in higher
energy photons at low lifetimes (which are reabsorbed), while lower energy
photons are emitted with long lifetimes (WANG et al., 2006). Photon
reabsorption consequently increases the emission time of the process, and
when the emission lifetime is greater than the excitation pulse width, there is a
time lag between absorption and emission, resulting in a rise in the decay curve

(SAKAI et al., 1989).

In this case, high energy photons are usually emitted with short lifetimes
and only high energy photons are strongly reabsorbed in the system (DIAB et
al., 2017), that is why the rise in intensity on the decay curve always occurs at
low lifetimes. The interpretation of this type of decay curve (with low lifetime
rise) depends on the luminophore and the chemical environment. In organic
luminophores such as rhodamine B, photon reabsorption occurs at the same
site and is concentration dependent, that is, a rhodamine B molecule emits a
photon that is reabsorbed by another rhodamine B molecule and this
reabsorption decreases proportionally with the concentration dye, where diluted
systems have low reabsorption rates. In this case, the multi-exponential
analysis of the non-exponential curve does not provide useful information, it is
necessary to deconvolute the curve using the lifetime of a diluted solution of the

material as a standard (SAKAI et al., 1989).

In materials doped with lanthanide ions such as Eu** and Tb*, there is a

long pathway of energy in the transfer process to the ion Eu®*, like for example,
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in the compound KsGdLiF1¢ doped with Tb and Eu, where Solarz (2021)
observed a pathway of excitation energy [°D4 (Tb>*) — °D1 (Eu**) — °Dg (Eu*")]
which resulted in an increase in the intensity of decays, and therefore,
photoluminescence was analyzed using an equation that involves the lifetime of

the donor and acceptor (SOLARZ, 2021).

In the case of the materials used in this work with LDH, there is a
reabsorption of high energy photons by the matrix, which in turn transfers this
energy to the amino acids, due to the proximity of the hydrotalcite band gap
(=4.43 eV) (NASEEM et al., 2020) with the band gap of amino acids proline
(=4.28 eV) (CAETANO et al., 2018) and phenylalanine (= 4.83 eV) (BORAH;
DEVI, 2017) resulting in this rise in low lifetimes. On the other hand, the
radiative emission lifetime is not affected by energy transfer between molecules
of the same type (SAKAI et al., 1989). To prove this behavior, an analysis of the
lifetime decay was performed, adjusting the photon input and output slit in the

fluorimeter, ranging from 2 nm to 5 nm, as shown in figure 46.
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Figure 46 - Sample emission lifetime decay curves a) Eutta(R-LDHPro); b) Eutta(R-LDHPhe);
c) Eutta(C-LDHPro) and d) Eutta(C-LDHPhe), varying the photon input and output slits from 2 to
5nm.

By changing the photon input and output slit in the fluorimeter, the
amount of energy that reaches the sample and the amount of energy that
reaches the detector is also changed. Thus, when smaller amounts of photons
affect the sample, smaller amounts of high energy photons are reabsorbed by
the system shifting the decay curve and the rise in intensity, however,
depending on how much the input and output slit is suppressed, even photons
low energy start to be prevented from being detected, which happens in the
2nm slits. On the other hand, regardless of how many photons are reabsorbed,
the mono-exponential decay curve has very close lifetime values, indicating that
regardless of the photons reabsorbed by the system, the radiative emission

lifetime of the complex has no significant changes.

In all samples with hydrotalcite, the emission lifetime of the complex was
above the average for complexes immobilized in clay minerals with lifetimes
above 0.40 ms. This behavior is related to the matrix providing the complex with
structural rigidity and stabilizing the charge transfer energy close to the triplet
energy level of the complex, resulting in long emission lifetimes (XIE et al.,
2021). This type of interaction between the matrix and the complex is a result of

the contribution of hydrotalcite in the energy transfer process for the Eu®* ion.
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This behavior is not presented either by the isolated complex, or with the
Eu(tta);-nH,O complex, without the presence of the amino acid (with lifetimes
close to 0.21 ms) (LIN et al., 2016) and is above mean for Eu*>* complexes
immobilized in LDH (between 20 to 40 ms) (CHU et al., 2012; GAO et al., 2014;

ZHANG et al., 2017).

The samples with the amino acid phenylalanine showed quantum yields
with approximately 30%, due to the aromatic radical of the amino acid
increasing the conjugation of the complex and consequently the radiative
emission. All samples showed high lifetimes and low amounts of water
molecules in the first coordination sphere, which shows the contribution of the
secondary ligand in the energy transfer and removal of water molecules from

the complex.

4.2.3. Optical properties of materials immobilized on LAPONITE® and
saponite
The excitation and emission spectra of the samples with LAPONITE®

and saponite are shown in figure 47.
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Figure 47 - Luminescence spectra of excitation (a and b) and emission (¢ and d) LAPONITE®
and saponite materials. The excitation intensities of samples with saponite were normalized by
the 5D2<—7Fo transition, and in the emission, all analyzed samples had the intensity normalized

by the °Dy—'F transition.
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In the Eutta(SapPro) sample, the charge transfer bands were not
evidently observed, where the highest intensity transition was observed at 394
nm relative to the excited state transition °*Le—'Fo of the Eu(lll) ion, indicating
low efficiency of sensitization of the complex, affecting the quantum yield
consequently. In the Eutta(LapPro) sample, the broadband transition relative to
charge transfer appears close to 350 nm, however with less intensity than the
transition °Lg—'F,, also showing the low efficiency of sensitization of the
complex. This low energy transfer efficiency from the ligand to the Eu** ion may
be related to the large amount of water molecules in the first coordination
sphere and/or the low complexation of the secondary ligand tta, reducing the
molar absorptivity of the complex. The optical properties of the complexes are

shown in table 19.

Table 19 - Optical properties of materials complexed with Eu(lll) ion. Total radiation (A,.q) and
non-radiation (A,,.q) emission rate; obtained lifetime ratio (z,,s) and lifetime of radiative emission
(77a0); number of water molecules in the first coordination sphere (q) and internal quantum yield
of radiative emission (Q% ).

Sample Arad (s")  Anrad (s™) Tobs (MS) Tyaa (IS) q e
Eutta(LapPro) 2645 23506 0.42 4.18 2 10
Eutta(LapPhe) 4880 4483 0.85 1.62 0 52
Eutta(SapPro) 3045 62258 0.14 3.10 7 4.7
Eutta(SapPhe) 3269 55859 0.15 2.81 6 5.5

As shown in table 19, samples with saponite had lower quantum yields of
Eu (lll) ion emission and higher amounts of water molecules in the first
coordination sphere. The high non-radiative emission rate (Anag) €xplains this
low yield being this decay by molecular vibrations caused by oscillators such as
H,O and various organic groups (MARCHESI et al., 2021b; SUPKOWSKI,

HORROCKS, 2002). The structural rigidity of the complex also contributes to
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the radiative emission rate, where the complex with greater rigidity tends to
decrease molecular vibrations increasing the radiative emission efficiency.
According to the results obtained by the thermal analysis, the samples with
saponite had lower concentrations of intercalated amino acids, allowing the
greater presence of intercalated water molecules, together with the ease of
expansion of the clay mineral basal space, favoring the leaching of the complex
in the process of adding the ligand secondary tta. As a result, the complexes
that remained intercalated in the saponite had low complexation of the tta ligand
and large amounts of water molecules, increasing energy dispersion by

molecular vibrations, decreasing the radiative emission efficiency.

The samples with LAPONITE® presented the charge transfer bands,
however in the Eutta(LapPro) sample it is still possible to observe that the
transition of greater intensity is the °Lg—'Fo of the Eu(lll) ion, as in saponite,
resulting in low sensitization efficiency and consequently internal quantum
yields. However, this sample presented only 2 molecules of water in the first
coordination sphere, indicating that the low yield is in the capacity of energy
transfer from the ligand to the central ion. This large non-radiative emission
(Anrag) may be related to the amount of water in the second coordination sphere,
dissipating energy through vibration between H,O molecules and in the low

conjugation of the complex in general.

On the other hand, the Eutta(LapPhe) sample showed the best optical
properties among the materials, with longer lifetimes (0.85 ms), higher radiative
emission rate, higher internal quantum yield with 50% and no water molecule in
the first sphere of coordination. The lifetime of this sample showed a different

behavior from the others with three stages of emission, the first being a slight
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decay up to 0.2 ms, a second stage of increased intensity that extends to 0.55

ms and only after this time the decay starts, as shown in figure 48.
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Figure 48 - Radioactive decay of samples with LAPONITE® with emission fixed at 614 nm and
excitation fixed at 362 nm.

As in the samples with hydrotalcite, this high lifetime of the Eutta
(LapPhe) sample is related to the contribution of LAPONITE® in the energy
transfer process, providing greater structural rigidity to the complex and
stabilizing the charge transfer energy for close to the triplet excited state,
favoring the phosphorescent emission of the complex (XIE et al., 2021). This
contribution of LAPONITE® is attributed to the proximity between the band gap
energy of LAPONITE® in relation to the band gap of phenylalanine (= 4.83 eV)

(ASLAN, 2020; BORAH; DEVI, 2017), facilitating energy transfer between
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LAPONITE® and amino acid transitions, favoring complex sensitization

efficiency and triplet state stability, resulting in long radiative emission lifetimes.

Isolated complexes of Eu** with phenylalanine present approximately
0.13 ms (HELLER et al., 2010), as isolated complexes of tta (Eu(tta);-nH,O)
have lifetimes of approximately 0.20 ms (LIN et al., 2016). Furthermore, Eu’*
complexes immobilized in LAPONITE® have lifetimes ranging from 0.10 to 0.40
ms (WANG et al., 2019; YANG; WANG,; LI, 2015). Long lifetimes (> 0.50 ms) in
LAPONITE® are generally only observed in heat treatment above 100 °C
(TRONTO et al., 2009). Therefore, this long radiative emission lifetime of the
complex with phenylalanine immobilized in LAPONITE® is a novel property
specific to the complex of Eu®*" with the amino acid and the ligand tta

intercalated in LAPONITE®.

Similarly to the samples with hydrotalcite, the Eutta(LapPhe) sample
showed a rise in low lifetimes, resulting from the reabsorption of high energy
photons by the matrix, which in turn transfers this energy back to the complex
by the amino acid phenylalanine. However, the radiative emission lifetime is not
affected by energy transfer between the same system (SAKAI et al., 1989). To
confirm this statement, the radiative decay was performed by changing the
fluorimeter's input and output slit between 2 and 5 nm, as shown in figure 49. It
was observed that even changing the amount of high energy photons
reabsorbed in the system, decreasing the input and output slits, the lifetimes
remain at approximately 0.85 ms, with the exception of the 2 nm slit, where the
lower energy photons that were not reabsorbed began to be prevented from

reaching the detector, changing the emission lifetime.
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Figure 49 - Sample emission lifetime decay curves of Eutta(LapPhe), varying the photon input
and output slits from 2 to 5 nm.

Analyzing the emission °Dy—'F, it is possible to obtain symmetry
information when compared to the magnetic dipole (MD) transition °Do—'F4 and
through the parameter Q, where it is possible to obtain information about the
hypersensitive behavior of the transition °Dy—'F, which indicates the
polarizability of the material and the strength of the metal-binder interaction, that
is, whether the complex is in a chemical environment of high polarizability
(PARRA et al.,, 2002). Judd-Ofelt parameters and the ratio of intensities of

transition °Do—'F2/°Do—'F1 (R>) and *Do—'Fo/°Do—F+ (Ro) are in table 20.
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Table 20 - Ratio between the areas of the bands corresponding to (Ry) and (Ry); ratio between
areas corrected of the bands corresponding to (Rcy) and (Rc,) and Judd-Ofelt parameters Q.
and Q..

Q, Q,
Sample R, Rc, R, Rc,
10" cm? (102 cm?)
Eutta(LapPhe) 0.61 - 7.82 - 13.55 5.72
Eutta(SapPro) 0.35 - 3.08 - 6.42 6.57
Eutta(SapPhe) 0.24 - 2.85 - 4.87 3.81

The large amount of water molecules in the first coordination sphere
results in less disturbance of the crystalline field and greater symmetries, as
seen in table 20. Saponite materials had low ratio values between areas, with
high local symmetries and a lower degree of covalence in relation to materials
with LAPONITE®, a factor also evidenced by parameters Q, and Q. Relatively
high values of Qg indicate complexes with high sensitivity between the distance
of the Eu(lll) ion and the ligand. The intensity of emissions of transition *Dy—'F4
are relatively tall and wide in relation to the transition °Do—'F, in samples with
saponite, which is an unusual characteristic for these complexes, a factor
evidenced by the low ratio between the parameters Q, and Q4. Studies indicate
that this characteristic is related to a local symmetry of a slightly distorted
polyhedron of D44 with square antiprism coordination geometry, where this
distortion is related to a chemical environment of high polarizability (CHAN et

al., 2015; SA FERREIRA et al., 2006).
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4.3. Applications of luminescent materials
4.3.1. Adsorption Tests
After studying and determining the luminescent properties of materials
intercalated in clay minerals, the samples were subjected to adsorption
treatment of Cr’*, caffeine and estrogen contaminants to evaluate the
adsorption efficiency of these contaminants and their impact on the optical
properties of the materials obtained. Through UV/Vis spectroscopy, a calibration
curve is initially made to determine the concentration of the contaminant in the

sample. In all samples, curves with high linear correlation values (R?) were

obtained, as shown in figure 50.
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Figure 50 - Calibration curves for a) Cr**; b) caffeine and c) estrogen.

After obtaining the calibration curve, it is possible to analyze the

adsorption kinetics to find the adsorption capacity of the materials for each
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contaminant. To determine the adsorption capacity, it is necessary to evaluate

the initial and final concentration of the contaminant in relation to the mass of

the adsorbent through equation 18 (ALMEIDA NETO; VIEIRA; SILVA, 2012;

TRAN; LIN; CHAO, 2018):

q: = m

(Co—Cy) XV Equation 18

Where q; is the adsorption capacity on time t; Cy is the initial concentration

(mg/L); C; is the concentration on time t (mg/L); v is the volume used that has

been standardized at 0.005 L and m as the mass of the adsorbent (mg). The

adsorption kinetics of the materials for the contaminants used are shown in

Figure 51.
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Figure 51 - Adsorption kinetics where gt is the adsorption capacity of the material at time ¢, for
materials with adsorption of a) cr¥, b) Caffeine and c) Estrogen.
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Values of g; below zero are related to material leaching, indicating that
the material is not applicable for adsorption. Among the contaminants, the crt
ion showed the best applicability for sensing, with greater affinity with the
materials without leaching, except for samples with hydrotalcite, which showed

leaching in all contaminants.

The organophilicity of the Eu®* complex results in a greater affinity with
organic molecules in relation to the matrix, facilitating the leaching of the
complex during interaction with the contaminant. The greater the covalence
between the matrix and the complex, the lesser the leaching. Due to this factor,
the materials immobilized in kaolinite were the ones with the greatest
applicability as a luminescent sensor due to the interaction strength (covalent
bond) between the complex and the matrix. On the other hand, LDH samples
cannot be applied for sensing due to the low interaction between the complex
and the matrix during adsorption kinetics. Only the Eutta(R-LDHPro) sample
among the materials with LDH showed low leaching in Cr** and was therefore
applied. Thus, the samples where it was possible to evaluate the adsorption

capacity as well as analyze their isotherms are shown in table 21.
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Table 21 - Adsorption capacity (gf) in the longest time (t) for Cr’*, caffeine and estrogen
contaminants.

Samples cr Caffeine Estrogen
qt qt qt t
t (min) t (min)
(mg/g) (mg/g) (mg/g)  (min)
Eutta(KaoPro) 0.104 1 0.002 7 - -
Eutta(KaoPhe) 0.280 60 0.003 60 0.006 15
Eutta(KaoAPro) 0.222 7 0.004 1 0.008 7
Eutta(KaoAPhe) 0.182 30 0.003 60 - -
Eutta(R-LDHPro) 0.062 3 - - - -

Eutta(R-LDHPhe) - - - - - -

Eutta(C-LDHPro) - - - - - -

Eutta(C-LDHPhe) - - - - - -

Eutta(SapPro) 0.245 3 0.002 1 0.346 3
Eutta(SapPhe) 0.241 1 0.001 1 0.339 7
Eutta(LapPro) 0.100 60 - - - -
Eutta(LapPhe) 0.141 60 - - - -

Cr** was the contaminant where it was possible to obtain the highest
adsorption capacities, obtaining a high adsorption already in the initial times in
all samples observed, with the Eutta(KaoPhe) sample having the highest
adsorption capacity with 0.280 mg/g of Cr** adsorbed on 60 min. For caffeine,
only half of the samples showed adsorption capacity without leaching of the
material, with the Eutta(KaoAPro) sample having the highest capacity with
0.004 mg/g in 1 minute. It was possible to identify the estrogen adsorption
capacity in only 4 samples, two in kaolinite samples and in the two saponite

samples with higher adsorption capacity in saponite samples, with the
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Eutta(SapPro) sample having the highest capacity with 0.346 mg/g in 3

minutes.

After obtaining the adsorption capacity of each applicable material,
kinetic adsorption models were proposed to understand the kinetic behavior of
the samples obtained for adsorption of contaminants. Lagergren's pseudo-first
order kinetic models were used (LAGERGREN, 1907)(Equation 19), and
pseudo-second order (HO; OFOMAJA, 2006) using the linear equation of Ho
and McKay (Equation 20), as shown in equations 19 and 20.

l_ ky +i Equation 19
Q@ Xt q

Where k; is the first order adsorbate/adsorbent interaction constant (L/mg) and
g+ is the pseudo-first order adsorption capacity. These parameters can be
obtained through a linear graph of 1/q; over 1/t.
t 1 t Equation 20
PR CET O RR
Where k; is the second order adsorbate/adsorbent interaction constant
(L/mg) and q, is the pseudo-second order adsorption capacity. These
parameters can be obtained from a linear graph of t/q; over t. The pseudo-first
order model is described for materials where adsorption occurs by
physisorption, that is, by weak interactions such as Van der Waals forces or
hydrogen bonds, while the pseudo-second order model is applied to materials
where adsorption occurs by chemisorption, that is, through stronger interactions
such as covalent bonds or where adsorption occurs in more than one site. The

error is calculated through the difference between the experimental and the
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_ Qtexp—Ytcal

calculated qt (E x 100). The adsorption kinetic properties of the

qtexp

materials are shown in table 22-24.
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Table 22 - Properties obtained from pseudo first order and pseudo second order kinetic models for Cr®" adsorbents.

pseudo first order pseudo second order
Sample a qs k4 E ) q: k> E )
OO mge)  wme) (mglg) (Umg) (%)

Eutta(KaoPro) 0.104 0.083 -0.196 19.78 0.241 0.089 10.377 13.76 0.992
Eutta(KaoPhe) 0.280 0.094 -0.107 32.54 -0.168 0.180 -13.312 35.62 0.943
Eutta(KaoAPro) 0.222 0.199 -0.078 10.21 -0.039 0.177 -2.855 20.00 0.995
Eutta(KaoAPhe) 0.182 0.129 0.068 29.22 -0.323 0.195 1.648 7.06 0.968
Eutta(R-LDHPro) 0.062 0.023 -0.673 62.12 0.267 0.018 -37.313 7117 0.982
Eutta(SapPro) 0.245 0.245 -0.018 2.28 -0.111 -58.072 1.95E10* - 0.106
Eutta(SapPhe) 0.241 0.236 -0.025 10.73 0.041 0.232 -19.23 3.45 0.999
Eutta(LapPro) 0.100 0.120 0.483 14.87 0.67 0.131 5.477 7.22 0.995
Eutta(LapPhe) 0.141 0.087 -0.021 12.33 -0.195 0.092 23.624 7.85 0.995
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Table 23 - Properties obtained from pseudo first order and pseudo second order kinetic models for caffeine adsorbents.

pseudo first order

pseudo second order

Sample gt (exp) qs k4 E ) q: k> E )
(mglg) (L/mg) (%) (mglg) (L/mg) (%)

Eutta(KaoPro) 0.002 1.262E-3 -0.067 41.22 -0.182 1.165E-3 -1064.416  45.71 0.998
Eutta(KaoPhe) 0.003  4.011E-3 4.888 17.26 0.860 2.506E-3 -204.102 26.74 0.971
Eutta(KaoAPro) 0.004  3.127E-3 -0.128 12.16 0.861 3.099E-3 -1144.120 12.94 0.999
Eutta(KaoAPhe) 0.003  2.862E-3 -0.025 4.64 -0.145 2.778E-3 -389.401 7.45 0.998
Eutta(SapPro) 0.002 1.111E-3 -0.448 38.85 -0.067 1.600E-3 66.460 12.00 0.777
Eutta(SapPhe) 0.001 6.298E-4 -0.493 56.44 -0.004 3.927E-3 -331.651 72.84 0.934
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Table 24 - Properties obtained from pseudo first order and pseudo second order kinetic models for estrogen adsorbents.

pseudo first order pseudo second order
Sample q: (exp) g kq E R? 92 k, E R?
(mg/q) (L/mg) (%) (mg/q) (L/mg) (%)
Eutta(KaoPhe) 0.006 3.522E-3 -0.264 39.84 -0.153 2.319E-3 -119.845 60.38 0.976
Eutta(KaoAPro) 0.008 0.019 -12.538 118.68 0.155 5.985E-3 -7.316 29.88 0.157
Eutta(SapPro) 0.346 0.033 0.022 3.64 0.579 0.034 -442 176 1.01 1.000
Eutta(SapPhe) 0.339 0.034 0.002 0.62 -0.179 0.033 -164.705 1.59 0.999
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After performing the adsorption kinetic models, it was observed that the
pseudo second order model came closer to the results indicating the presence
of more than one adsorption site and/or interaction between the contaminant
and the material through chemosorption, with the exception of samples
Eutta(SapPro) in Cr’* adsorption and in the Eutta(KaoAPro) sample for
estrogen adsorption where neither of the two models showed high linear

correlation values.

The infrared spectra of the samples after adsorption of contaminants
(gtexp) provide information on the behavior of these pollutants in the adsorption
process (Figure S1 in the supplementary material). The Eutta(KaoPro) sample
showed a new band at 1725 cm™ after the adsorption of Cr** and caffeine,
referring to stretch vibrations of C=0, indicating the interaction of the amino acid
hydroxyl in the aguocomplex of cr, preventing the electronic resonance of the
carboxylate and favoring carbonyl vibrations in addition to the carbonyl
vibrations of the caffeine molecule. The vibrations of the aquocomplex appear
at 3657 cm™, while the vibrations of the hydroxyls OH2 and OH3 of kaolinite
returned after the addition of the contaminants, indicating a decrease in the
interaction between the complex and the matrix in the adsorption process of the
Cr** and caffeine contaminants. In the presence of caffeine, the amino acid
vibration bands in relation to the complex do not change, indicating that the

interaction does not occur in the first coordination sphere of the complex.

In the Eutta (KaoAPro) sample, the bands of the carboxylate group
shifted from 1534 and 1412 cm™ to approximately 1557 and 1460 cm™ for the
contaminant Cr** and 1555 and 1456 cm™ for caffeine. This small displacement

for higher vibration energies indicates the interaction between the complex and
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the contaminants by weak interactions such as Van der Waals forces in the
complexes not functionalized by covalent bonds in the matrix, that is, with
greater electronic affinity of the complex with the contaminants in relation to
kaolinite. The presence of COO" bands without displacement in the sample
indicates that the complexes functionalized by covalent bonding in the matrix
remained functionalized and interacting with the Eu®* ion. In the sample in the
presence of estrogen, however, there is a decrease in the intensity of the
carboxylate bands, and it is only possible to identify the antisymmetric stretch
vibration at 1543 cm™, which may indicate an amidation reaction between the
amino acid and the hydroxyl of estrogen, reducing the covalent interaction
between the complex and kaolinite, justifying the high leaching of the complex

in matrices in contact with this contaminant.

For kaolinite samples with the amino acid phenylalanine, the stretch
bands of the tertiary amines of caffeine, the bonds of C-H and hydroxyls to
estrogen and the hydroxyls of the aquocomplex of Cr** are observed in the
regions between 2800 and 3200 cm™. The amino acid carboxylate bands did
not show position shifts indicating that the interaction of contaminants occurs in
the second coordination sphere, without significantly altering the interactions

between the complex and the matrix.

In the Eutta(R-LDHPro) sample in the presence of Cr**, the carboxylate
bands shift to smaller wavenumbers (from 1600 and 1423 cm™ to 1580 and
1406 cm™), indicating a greater structural rigidity of the complex in the presence
of aquocomplex, due to the interaction of Cr** in the first coordination sphere of
the Eu®* complex. For the samples with LAPONITE® there was a decrease in

the intensities of the amino acid bands, without showing band shifts, indicating a
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weaker interaction between the electronic clouds of the complex and the
contaminants. Finally, in samples with saponite, there was a decrease in the
intensity of the carboxylate bands and a slight displacement of the
antisymmetric stretch band in the region from 1415 cm™ to 1390 cm™, indicating
the interaction of the complex in the first coordination sphere, providing a more

rigid structure in the complex, causing a decrease in vibration energy.

For all materials where it was possible to obtain the kinetic models,
equilibrium tests were performed to know the maximum adsorption capacity of
the materials up to the equilibrium point, varying the concentrations up to the
detection limit of the calibration curve for each contaminant. Two models of
adsorption isotherms were used for the results obtained, the first being the
Langmuir isotherm, where it is possible to verify the adsorption in monolayers,
that is, where each site contains an adsorbed molecule. It is possible to obtain
the Langmuir adsorption isotherm through equation 21 and 22 (MALIK, 2004;
TRAN; LIN; CHAO, 2018):

 1+k.Ce

qe
Where q. is the amount of solute adsorbed per gram of adsorbent at equilibrium
(mg/g); Qmax is the maximum adsorption capacity (mg/g); K. is the
adsorbent/adsorbent interaction constant (L/mg) and C. the concentration of the

adsorbate in equilibrium. To get the value of gmax and K it is necessary to

perform linear regression using equation 22:

1 _ 1 N 1 Equation 22
qe Qmax kLCImaxce

236



Where a 1/qe by 1/Ce graph is plotted to find the values through the intercept
and slope of the line. The Langmuir isotherm can also be used to calculate the
affinity between the adsorbent and adsorbent by calculating the separation

factor or equilibrium parameter (R,) through equation 23 (MALIK, 2004).

B 1 Equation 23
1+ kG,

R,
Where Cy is the initial concentration of the adsorbate. The results indicate
whether the Langmuir isotherm is irreversible (R, = 0); if it is linear (R, = 1); if
the solute prefers the liquid phase, that is, unfavorable (R, > 1) or if the

adsorbate prefers the solid phase, the result where the adsorption is favorable

(0 < R, < 1) (AJENIFUJA; AJAO; AJAYI, 2017).

The second isotherm used was the Freundlich model, which is applied to
non-ideal systems, such as heterogeneous or multilayer surfaces, where the
adsorption occurs at several adsorption sites with different energies involved,
which is obtained through equation 24 (AJENIFUJA; AJAO; AJAYI, 2017,

BELTRAME et al., 2018).

ge = KpCe'/n Equation 24
Where K is the Freundlich adsorption capacity constan; C is the concentration
in equilibrium of the solution and 7/n is a constant related to surface
heterogeneity. To obtain the values of the constants it was necessary to

perform the linear regression of this equation, obtaining equation 25.

1 .
log qe = log kF + Elog Ce Equatlon 25

Where a graph of log ge by log Ce is plotted to obtain the constants by the
slope and intersection of the line.
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The information obtained by the linear isotherms were used in the
nonlinear equations of Langmuir and Freundlich. The parameters obtained by
the Langmuir adsorption isotherms are shown in table 25, while the parameters

obtained by the Freundlich isotherms are shown in table 26.
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Table 25 - Parameters obtained by the Langmuir isotherm and its linear regression for cr¥, caffeine and estrogen contaminants.

Linear Not linear
Sample Pollutant > >
Qmax (Mg/g) Ky (L/mg) R, R Qmax (Mg/g) K (L/mg) R
cr’ 0.106 -0.101 (-3.07x10°) — (-1.84x10°)  -0.047 7.353 -1084.87  0.780
Eutta(KaoPro) . .
Caffeine  1.06x10" -5.191 (-0.0027) — (-1.07x10™*)  -0.249 892.86 -372.69  0.744
crt 0.136 0.443 1.90x107 - 1.14x107  -0.0053 7.575 17487.51  0.970
Eutta(KaoPhe) Caffeine  1.84x10™ 0.722 0.021 — 8.64x10™ -0.242 8074.28 4525 0.723
Estrogen  -671.14 -10.340 3.33 — (-2.50) 0.079 9.233 -194.96  -0.247
crt 0.194 0.008 1.44x10° — 8.64x10° 0.289 15.992 231.51 0.977
Eutta(KaoAPro)  Caffeine  7.59x10™ -0.273 0.944 — 0.402 0.238 82250.37 0.059 0.999
Estrogen 0.027 0.033 3.75x10™ - 1.88x10™ -0.224 113.12 53.19 0.986
Eutta(KaoAPhe) crt 0.583 7.56x10™ 1.93x10° — 1.16x10” 0.289 27.655 17238  0.987
utta(Kao e
Caffeine  5.38x10™ -0.070 1.07 —(-1.33) 0.001 -531.915 -11.56  -0.061
Eutta(R-LDHPro) crt -0.013 -0.003  (-8.10x10°) — (-4.86x10°)  0.111 10.803 -411.04  0.135
cr' 5.67x10°  -5.84x107 (-1.33) — (-0.52) 0.245 5.143 -255.14  0.856
Eutta(SapPro) Caffeine  1.77x10” 5.137 0.004 — 1.4x10™ -0.249 598.80 27376 0.837
Estrogen 0.024 0.027 1.7x10™ — 8.5x10” -0.153 98.52 117.03  0.793
crt 0.032 0.108 0.041 — 0.040 -0.249 33.990 58.84 0.998
Eutta(SapPhe) Caffeine 2.99x10™ -0.106 1.12 - (-0.61) 0.231 -671.14 -10.34 0.114
Estrogen 0.020 4.81x10” 0.91-1.33 -0.224 1301.11 12.15 0.998
Eutta(LapPro) cr’ -0.019 -4.257x107  (-5.75x10°) — (-3.45x10°)  0.131 24.814 -579.27  0.134
Eutta(LapPhe) Ccr’ 0.078 -5.97x10” 4.69x10° —2.81x10° -0.216 31.046 711.19  0.923
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Table 26 - Parameters obtained by the Freundlich isotherm and its linear regression for Cr*", caffeine and estrogen contaminants.

Linear Not linear
Sample Pollutant 5 5
1/n  Kr(mg/g) R 1/n Kr (mg/g) R

cr’ 0.119 0212  -0.032  -1.26x10" 1374  0.933
Eutta(KaoPro) <

Caffeine 1.323 4.55x10°  0.947 0.037 0.836  0.994

cr’ 0.457 7.59x10°  0.015 1.94x10™ 1.112  0.998
Eutta(KaoPhe) Caffeine  2.659 6.90x10”7  0.840 1.213 1.38x10°  0.869

Estrogen 0.627 8.995x10™* 0.771 1.136x10%  1.011  0.997

crt 0.461 0.010 0.369 2.84x10™ 1.142  0.995
Eutta(KaoAPro) Caffeine  0.954 1.31x10" 0.993 1.13x10*  13520.72  0.999

Estrogen 0.387 4.178x10™ -0.223 1.68x10™ 1.025  0.997

crt 0.193  0.205 0.107 -2.37x107 1.197  0.906
Eutta(KaoAPhe) . 1

Caffeine 1.703  7.69x10°  0.981 1.30x10" 0.999  0.975
Eutta(R-LDHPro) Cr'*  -1.535 89.743  0.559 -5.63x107 1.083  0.713

cr’ 7.949 2.38x10°° 0.926 2.86x107 0.300  0.964
Eutta(SapPro)

Caffeine  0.844 2291 0.937 1391.67 - 0.999

crt -0.829  3.001  -0.234  -1.16x10*  1.148  0.998
Eutta(SapPhe) Caffeine 1.840 9.12x10° 0.968 1.27x10™ 0.999  0.981

Estrogen 1.020 1.03x10™ -0.153 1.14x10™ 0.999  1.000
Eutta(LapPhe) Cr™ 2478 68.103  0.674 -4.4x107 1.000 0361
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In general, the nonlinear isotherms presented more concise results and
with higher values of linear correlation (R?), being the Freundlich isotherm
applicable in most materials. For the kaolinite samples, the Langmuir isotherms
showed high linear correlation values in all cases, however, with K; with
negative values and gmax With high values as in the Eutta(KaoAPro) sample
(gmax= 82250.37 mg/g). The only hydrotalcite sample, Eutta(R-LDHPro) showed
low linear correlation values in both cases. Only the Eutta(KaoAPro) sample
showed a favorable separation factor (R;) range for adsorption among the
samples synthesized with the amino acid proline for the Cr’* contaminant. As
for caffeine, only the Eutta(KaoPro), Eutta(KaoAPhe) and Eutta(SapPhe)
samples showed negative R, values, not being applied for the Langmuir
isotherm, while only the Eutta(KaoPhe) sample obtained a negative R, value for

the estrogen. The isotherms of the materials are shown in figure 52 to 55.
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Figure 52 - Adsorption isotherms for kaolinite samples for Cr’*, caffeine and estrogen
contaminants.
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Figure 55 - Adsorption isotherms for samples with saponite for cr¥, caffeine and estrogen
contaminants.

The Eutta(LapPro) sample was not applicable to the Freundlich isotherm
for Cr** adsorption, as well as the Eutta(KaoPhe) and Eutta(SapPro) samples
were not applicable to the Freundlich model for estrogen adsorption. On the
other hand, with the exception of the Eutta(LapPhe) sample, all samples that
were applicable to the Freundlich isotherm showed high correlation values for
the application of the nonlinear equation, which classifies these samples for
application as luminescent sensors. The samples showed characteristics of
several adsorption sites with different energies, in agreement with the other
characterization techniques, showing adsorption capacity both in the matrix and
in the different chemical environments of the complex, as evidenced by

luminescence spectroscopy.

The non-linear isotherms as shown in figures 50 to 53 showed distinct
characteristics in the adsorption behavior for each isotherm. For non-linear
isotherms that presented a straight line, as in the Eutta(SapPhe) sample in
estrogen adsorption, the adsorption is proportional, that is, the adsorption rate
increases or decreases proportionally with the concentration. When an

ascending curve is observed (such as in the Langmuir isotherm in the
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adsorption of estrogen in the Eutta(SapPro) sample), it indicates that the
adsorption is favorable and when descending (in the adsorption of Cr** in the
Eutta(SapPro) sample), unfavorable, that is, when the adsorption is low

regardless of the concentration.

The Langmuir isotherm has the characteristic of a rectangular hyperbola,
while the Freundlich isotherm has an allometric exponential characteristic.
Therefore, the non-linear fits of ge by C, that present a higher correlation with
any of these properties apply better to the material and consequently present
more precise parameters. Therefore, the non-linear fit presents more accurate
results compared to those obtained by linear regression. On the other hand, to
obtain the nonlinear isotherms, the fit must converge with the experimental
results. In the samples tested with the Cr** contaminant, only the samples
Eutta(KaoAPro), Eutta(LapPhe) and Eutta(R-LDHPhe) showed convergence
between the nonlinear Freundlich isotherm and the experimental data. In the
samples tested with caffeine, in all samples in the equilibrium tests it was
possible to obtain the nonlinear Freundlich isotherms and in the samples tested
with estrogen, none of the experimental data converged with the nonlinear
Freundlich isotherm. Data from nonlinear Freundlich isotherms are shown in

table 27.
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Table 27 - Parameters obtained by the nonlinear Freundlich isotherm.

Sample Pollutant 1/n Ky (mg/g) R’
Eutta(KaoPro) Cr' 0.469 9.95x10'z 0.431
Caffeine 1.472 2.77x10° 0.690
Eutta(KaoPhe) Caffeine 1.718 8.94x10°° 0.829
Eutta(KaoAPro) Caffeine 1.161 7.28x107 0.874
Eutta(KaoAPhe) Caffeine 2.071 4.52x10° 0.685
Eutta(R-LDHPhe) cr’ -2.555 18496.27 0.418
Eutta(LapPhe) Cr’ -2.499 17907.16 0.422
Eutta(SapPro) Caffeine 1.307 6.92x107 0.734
Eutta(SapPhe) Caffeine 2.702 8.02x10” 0.659

4.3.2. Quenching measurements for luminescent sensors

In determining the contaminants, the radiative emission intensity
presents changes, which involve an increase in luminescence, obtaining a
stimulating response or a decrease in radioactive emission (quenching) in the
recognition of analytes (ZHAO et al., 2018). The transition band °Dy—'F, was
used for presenting greater intensity of radiative emission. In the case of the
organic contaminants caffeine and [B-estradiol (estrogen), in most cases a
stimulating response evidenced by increased emission in initial times was
observed, while suppression of luminescence was observed for the detection of

crit

The interaction of Cr** with the complex occurs in the form of an
aquocomplex ([Cr(H20)s]**) increasing the number of oscillators, dispersing
energy in the form of vibration and consequently decreasing the radiative
emission of the complex. The interaction of Cr’* with the cyclic grouping of
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proline or with the aromatic rings of phenylalanine or the secondary ligand tta
can decrease the conjugation of the complex, resulting in a lower external
quantum yield (Q%,) and consequently in the suppression of luminescence. As
for organic contaminants, both caffeine and estrogen have cyclic groups with
relative conjugation, which can contribute to the transfer of energy to the central
ion by antenna effect, resulting in a stimulating effect for the emission,
depending on where the interaction starts. However, with the increase in the
concentration of these pollutants, oscillating groups such as OH" and CHg; for
example, can bypass the conjugation and disperse the energy by vibrations,
resulting in quenching. Therefore, these contaminants may have two detection
bands, a detection band with stimulating emission (at low concentrations) and
another band with quenching (at higher concentrations), but only quenching
was analyzed for sensor application. The photoluminescence spectra were
obtained for the kinetic adsorption study samples that did not show leaching of
the material intercalated in the clay minerals (Tables 22-24) and are displayed

in Figures 56-58.
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Figure 56 - Photoluminescence spectra of samples complexed with Eu®" ion obtained after adsorption
tests with Cr** in times from 1 to 120 min.
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Figure 57 - Photoluminescence spectra of samples complexed with Eu®* ion obtained after

adsorption tests with caffeine in times from 1 to 120 min.
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Figure 58 - Photoluminescence spectra of samples complexed with Eu®" ion obtained after
adsorption tests with estrogen in times from 1 to 120 min.

In the Cr* adsorption process, the luminescence suppression is
observed in all tested samples, with adsorption greater than 50% of the
adsorbate concentration already in the initial times. For materials with kaolinite,
regular suppression of luminescence is observed in samples obtained by the
conventional route (Eutta(KaoPro) and Eutta(KaoPhe)), while in samples
obtained by modification of the alkoxide APTES there is almost total

suppression of luminescence for the sample Eutta(KaoAPro) and total for the
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Eutta(KaoAPhe) sample, where Eu®** emission bands are no longer observed.
For the only sample where there was no leaching of the material intercalated in
hydrotalcite (Eutta(R-LDHPro)), the quenching increases as a function of time.
The same occurs for materials obtained from LAPONITE®, while for materials
obtained from saponite they reduced almost entirely the emission of the Eu®**

bands.

In the caffeine adsorption kinetics, there was an increase in radioactive
emission in the initial times and a suppression in longer times for the Eutta
(KaoPro) sample, indicating a type of interaction in lower concentrations of the
adsorbate and another type in higher concentrations. At lower concentrations,
caffeine can complex in the first coordination sphere, replacing water molecules
in the complex and contributing to energy transfer. However, at high
concentrations there may also be an interaction between the amino acid and
caffeine, increasing the number of oscillators and/or decreasing the conjugation
of the complex, resulting in the suppression of luminescence. The same
happens for the Eutta (KaoPhe) sample, however with greater difficulty,
because the complex has only 2 water molecules in the first coordination
sphere. As for the samples obtained by catalyzed synthesis (Eutta(KaoAPro)
and Eutta(KaoAPhe)), the complex presented greater dispersion in the matrix
and greater structural rigidity compared to the conventional route, which hinders
the interaction of caffeine in the first coordination sphere, resulting in the
suppression of luminescence, caused by the increase of oscillators in the

second coordination sphere.

The complex intercalated in saponite presented 7 water molecules for the

sample Eutta(SapPro) and 6 for Eutta(SapPhe), facilitating the replacement with
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organic contaminants, both caffeine and estrogen, resulting in an increase in
the external quantum yield, caused by greater energy transfer between the
contaminant and the Eu®" ion and consequently an increase in the radiative

emission of the complex after the adsorption process.

It is possible to obtain a detection range for contaminants and verify its
applicability as a luminescent sensor, analyzing the transition °Do—'F; in
relation to the transition °Dy—’F1 (R2), where the detection range comprises the
points of R, as a function of the contaminant concentration (q:), it is possible to
obtain a high linear correlation (R?). For samples where the emission bands of
the matrix and/or the organic part of the complex interfere with the emission
intensity of the Eu®* ion, the correction of the intensities ratio (R2c) was
performed, as shown in figure 46. The relationships between the intensities and

concentration of contaminants are shown in Figure 59-61.
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Figure 60 - Variation in the relationship between intensities R, (5Do—>7F2/5Do—>7F1) of the
samples in relation to the concentration of caffeine.

824 10.4

= R2 . 1w R2
8.0 Linear range Linear range [ ]
761 |Eutta(KaoPhe) %21 Eutta(KaoAPro)
764 |Estrogen Estrogen
10.04
7.4+
£ o~
724 u x 9.8 n
[ ]
7.04
[ ]
6.8 9.6
6.6 n
9.4
6.4 T T T T T T T T
0.0020 0.0025 0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.0060 T T T !
0.004 0.006 0.008 0.010
Estrogen (mg/g) Estrogen (mg/g)
3.354 3.06 4
u 3.04 " R.2 m\ "
3304 Linear range
.\ 3.024
3254 Eutta(SapPhe)
n 3.00
320 . ... [EStrogen .
| |
mN 3.15 4 D? 2.96
3.104 2941
= R2 292
3.054 Linear range u
2.90 4
#9071 Eutta(SapPro) . . 288
2954|Estrogen 2.6+ "
0_0‘336 0_0‘338 0,0‘340 0,0‘342 0,0‘344 0_0'345 0_0‘343 0.0333 00‘334 00‘335 00‘336 00‘337 0.0‘338 00‘339 0.0‘340
Estrogen (mg/g) Estrogen (mg/g)

Figure 61 - Variation in the relationship between intensities R, (5D0—>7F2/5Do—>7F1) of the
samples in relation to the concentration of estrogen.

In almost all samples it was possible to obtain a detection range of
contaminants. For the Cr®" ion, only the Eutta(SapPro) and Eutta(LapPhe)
sample did not present a detection range with linear correction. As for caffeine,
it was necessary to disregard the adsorption at 1 min and 120 min in samples

with kaolinite to obtain a straight line with linear correlation. As for the estrogen
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contaminant, although few samples were tested due to the leaching effect, all 4
tested samples showed a detection range with linear correlation. Sample
detection ranges for contaminants and their respective linear correlation

indicators are shown in table 28.
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Table 28 - Linear correlation data between the luminescence intensity of the synthesized hybrid materials and the adsorbed amounts of cr*, caffeine and

estrogen.
R, R;c
Sample Pollutant Points > >
Operation range (mg/g) R a Operation range (mg/g) R a
Eutta(KaoPro) Cr’ 7 0.075 —0.140 0.344  48.131 0.075—0.14 0.459  171.552
cr’ 3 0.160 — 0.201 0.466  -4.859 0.160 — 0.201 0.716  -14.808
Eutta(KaoPhe) Caffeine 5 2.54x10” -3.23x10°  0.628 -387.258  2.41x10° -3.23x10°  0.788 -2194.793
Estrogen 4 2.38x107° —4.98x10°  0.992  527.294 - - -
cr’ 6 0.196 —0.222 0.844  64.551 0.196 — 0.222 0.799  87.905
Eutta(KaoAPro)  Caffeine 5 3.07x10° —3.33x10°  0.946 -4928.297  3.07x10° —3.33x10°  0.883 -9680.616
Estrogen 5 7.47x10° —8.20x10°  0.603 1054.967 - - -
Eutta(KaoAPhe)  Caffeine 3 2.84x107° —3.00x10°  0.995 12381.241 - - -
Eutta(R-LDHPro)  Cr" 3 0.025 — 0.062 0.928  -9.614 - - -
Eutta(LapPro) cr’ 3 0.084 —0.105 0.637  -9.026 0.084 —0.105 0.929  -73.533
Caffeine 4 1.48x10° — 1.82x10°  0.716 -398.916 - - -
Eutta(SapPro) . .
Estrogen 3 3.36x10” —3.44x10° 0.707  -98.933 - - -
cr’ 5 0.239 — 0.241 0.774 -1122.712 0.239 — 0.241 0.732 -1408.546
Eutta(SapPhe) Caffeine 4 8.07x107 - 1.45x10°  0.796 -654.958 - - -
Estrogen 6 3.37x10° —3.39x10°  0.862 -1458.619 - - -
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After obtaining the detection ranges for the contaminants through the
kinetic study and determining which samples were applicable as a luminescent
sensor, it is possible to assess the reliability of the sensor through the
equilibrium study, using the most convergent isotherm with the experimental
results and applying the Stern-Volmer equation (LIN et al., 2021; ZHAI et al.,

2012).

The Stern-Volmer equation allows you to dynamically evaluate the
luminescence suppression mechanism, applying the equation on the intensity of
the material without the contaminant (/p)) on the concentration of the
contaminant in the sample (/). The Stern-Volmer equation can be described by

equation 26.

Iy Equation 26
7 == 1 + kSV [A]

Where [A] is the concentration of the contaminant in the sample and ksy is the
luminescence suppression constant and is unique for each material in contact
with the specific contaminant, within a detection limit where a high linear
correlation line can be obtained (AZAB; KHAIRY; KAMEL, 2015). When a non-
linear plot is observed for the Stern-Vomer equation, it is likely that the different
emission sites have three distinct characteristics being (i) the sites where
suppression is evaluated by the Stern-Volmer constant (ksy), (ii) the sites where
the emission is not affected by the concentration of the contaminant (BARJA,;
ARAMENDIA, 2008), (iii) and the sites where the presence of the contaminant
increases the quantum yield of emission, opposing the suppression. In this
case, it is necessary to perform linear regression of the Stern-Vomer equation

to obtain the detection limits and the suppression constant, as shown in
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equation 27 (AZAB; KHAIRY; KAMEL, 2015; BARJA et al., 2011; BARJA;

ARAMENDIA, 2008).

Iy 1 4 1 1 Equation 27
Al fo  faksy [4]

Where Al is the variation of intensities (/o and /) of transition °Do—'F and f, is

the fraction of suppressor sites. The concentration of contaminants in the
samples [A] were obtained by the Freundlich isotherm where the values of ge
had a higher linear correlation with the experimental data. Among the samples
that did not leach and showed good linear correlation with the Freundlich
isotherm, only the materials Eutta(KaoAPro), Eutta(SapPro) and Eutta(SapPhe)
presented detection limits obtained in a linear straight line for the contaminant
Cr**. For caffeine, the materials where it was possible to obtain the detection
limits by the Stern-Volmer equation were the samples Eutta(KaoPhe),
Eutta(KaoAPro), Eutta(KaoAPhe) and Eutta(SapPro) and for estrogen, only the
sample Eutta(SaoPhe) presented detection limit for the Stern-Volmer equation.
Stern-Volmer luminescence suppression graphs for materials are shown in

figures 62-64
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Figure 62 - Stern-Volmer plot and modified Stern-Volmer equation (inset) for the detection of
Cr’" for the samples where it was possible to draw a linear line for the detection limits.
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Figure 63 - Stern-Volmer plot and modified Stern-Volmer equation (inset) for the detection of
caffeine for the samples where it was possible to draw a linear line for the detection limits.
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Figure 64 - Stern-Volmer plot and modified Stern-Volmer equation (inset) for estrogen detection
for the Eutta(SapPhe) sample, where it was possible to draw a linear line for the detection limits.
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The properties obtained by the Stern-Volmer graphs for the sensors are

shown in table 29.

Table 29 - Properties of luminescent sensors obtained by the Stern-Volmer equation.

Sample Pollutant Operation range f, ks‘i R’
(mg/g) M)
Eutta(KaoPhe) Caffeine 0.218 — 6.330 0.84 1.54 0.97
Eutta(KaoAPro) Ccr’ 0.089 —0.125 1.16 41.27 0.62
Caffeine  9.48x10™ —2.32x107 0.99 6.23x10°  0.74
Eutta(KaoAPhe)  Caffeine 0.068 — 1.327 1.02 12.17 0.76
Eutta(SapPro) cr’ 4.15x107 - 6.88x10 0.28 11.10 0.99
Caffeine 81.250 —292.992 2.97 3.82x10%  0.21
Eutta(SapPhe) cr’ 0.031 —0.035 7.11x107 31.94 0.99
Estrogen  4.02x10” —7.39x107 1.26 134.46 0.58

The samples where it was possible to apply the Stern-Volmer equation

showed higher detection limits, especially for the pollutant caffeine. The

samples that showed better properties as a luminescent sensor of Cr** were the

materials with saponite, both with 0.99 linear correlation. The amount of water

molecules in the first coordination sphere and the ease of cation exchange in

the saponite's interlamellar space facilitated the interaction between the

contaminant and the sensors.

Interaction mechanism

The interaction mechanism in the complex and the contaminants can be

diagrammed as shown in figure 65.
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Figure 65 - Schematic representation of the energy diagram between ligands, contaminants
and europium Ill ion.

Organic compounds such as amino acids, tta and the contaminants
caffeine and estradiol absorb energy and move from the ground state to the
singlet state (S1) that decay by vibronic relaxation or transfer this energy to the
triplet state (T¢). In amino acids, the energy contained in the triplet state can
follow three possible routes: 1) return to ground state through vibronic relaxation
(VT), 2) transfer this energy to europium Il ion via charge transfer (CT), mainly
for the state °D4, that decays to the state Dy and finally emits photons or
returns to the ground state and 3) transfer this energy to the triplet state of tta,
through the Intersystem crossing (ISC), due to its proximity to the °D; excited
state of the europium Il ion, this third route being the most probable (ABBAS et

al., 2019).

The same process occurs with organic contaminants, however at low
concentrations, where the contaminants interact in the complex in the first

coordination sphere. Due to the higher energy levels in relation to tta, it is
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possible to increase the energy transfer between the systems, so the radiative
emission increases instead of suffering quenching (GEORGES, 1993; GUO et
al., 2021). Only when the concentration of the contaminant increases or when it
interacts in the second coordination sphere, the vibronic relaxation of the
organic groups of the contaminants is favored, resulting in quenching. In the
case of Cr®", both transitions Ey and Toq4 of the layer 3d° have values below the
transition from the excited state of the europium ion Ill, making the transfer of
charge impossible, resulting only in the quenching of the emission (NISTORA;

ANDREICI; AVRAM, 2009).

In some cases, as in the Eutta(LapPhe) sample, some energy levels in
the matrix are close to the S; state of the amino acids, which can transfer
absorbed energy, increasing the lifetime and radiative emission yield of the

europium Il ion.

Caffeine had better interactions as luminescent sensors applied by the
Stern-Volmer equation among contaminants, especially with kaolinite samples.
The covalent interactions between the complex and the matrix and the
formation of well-structured complexes, with few water molecules in the first
coordination sphere of the complexes and high optical properties, favored the
quenching process, through the interaction between caffeine and organic part of
the complex, preventing its interaction in the first sphere of coordination. Due to
the low optical property of the Eutta(KaoPro) sample compared to other
kaolinite samples, the quenching process was hampered for the application of

the Stern-Volmer equation.
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Despite the good applicability of saponite materials for the detection of
Cr**, materials with kaolinite showed more promising results for the detection of
contaminants, among all materials, considering the application of luminescent
sensors using the ratio of intensities (R2) and the equation by Stern-Volmer.
This is due to the interaction strength between the complex and the matrix and
the optical properties that favor the quenching of contaminants, especially for
materials obtained by the APTES alkoxide modification route by amidation
reaction, catalyzed by boric acid. As for the detection of estrogen, the
hydrophobic characteristic of the contaminant under the conditions tested made
it difficult to interact with the sensors, and the property of easy expansion of the
basal space of smectites and hydrotalcite facilitated the leaching of complexes
in contact with the contaminants. A decisive factor that places Eu** complexes
functionalized in kaolinite as the most promising for application in luminescent
sensors of contaminants in effluents in the form of solid powder materials, as

they were applied.

4.3.3. Application in enhanced latent fingerprint detection

When touching an object with your hands, a fingerprint is left on the
surface, composed of water-soluble components such as amino acids, amines,
monosaccharides, urea, lactic acid, among others (BINNEMANS, 2005). These
prints are essential in crime identification and forensic research, however, they
are hardly visible and easily damaged. Therefore, the development of a material
that does not damage and make visible is vital for fingerprint identification. In
this case, the optical materials in this work have an emission characteristic

based on downshifted, where the emission occurs in the visible region and the
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excitation is easily achieved with a lamp in the Ultraviolet region (BUNZLI,

2016).

Eu®* organocomplexes immobilized in clay minerals are promising
materials for application in fingerprint detection, due to their optical
characteristics and dispersion in the matrix, which results in a lower
concentration of the lanthanide ion, maintaining and even improving its optical
properties. The materials synthesized in this work showed a characteristic of
clear and fine powder, not aggressive to the environment and of low toxicity,
being easily handled and applied in-situ. The samples showed a red color in the
presence of ultraviolet light (Em: 360 nm) as shown in the chromaticity

diagrams, shown in figure 66.
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Figure 66 - CIE chromaticity coordinates of samples complexed with Eu3+ ion and images
before and after the incidence of ultraviolet light (360 nm) on the samples.

The samples Eutta(KaoPro), Eutta(LapPro), Eutta(SapPro) and
Eutta(SapPhe), did not show high intensity visible luminescence in the red. On
the other hand, Eutta(KaoAPro), Eutta(KaoAPhe), Eutta(LapPhe), Eutta(C-
LDHPro) and Eutta(C-LDHHe) samples showed intense emission in the red
region, being the most suitable for detecting prints digital, as it can generate a

good light response with a small amount of sample and covering a larger area.
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Conclusions

The luminescent complexes were efficiently immobilized in clay minerals.
For kaolinite, the conventional functionalization synthesis resulted in amino
acids intercalated within the interlamellar space while in the APTES alkoxide
modification route by amidation reaction the amino acids interact with kaolinite
through the sides of the coverslips. These materials also showed greater
dispersion in the matrix, which favored the complexation with Eu®** ion, offering
greater mobility in the complexation process, resulting in higher chelation
complexes and fewer amounts of water molecules in the first coordination
sphere, which increased the internal quantum yield for radiative emission. The
samples with phenylalanine had better optical properties compared to those

with proline.

After a kinetic and equilibrium study with the contaminants, the samples
with kaolinite leached the least, due to the strength of interaction between the
complex and the matrix. Cr** interacts with the complex through the second
coordination sphere, however, in the samples obtained by the catalytic route
they presented higher quenching, due to the complex interaction occurring on
the sides of the lamellae facilitating the access of the contaminant and
consequently increasing the suppression of luminescence. With the exception
of the Eutta(KaoPro) sample, the samples showed efficacy for caffeine

detection while the Eutta(KaoAPro) sample showed detection efficiency for Cr*.

The samples obtained with LAPONITE® and hydrotalcite showed high
leaching of the material in contact with contaminants and low efficiency as a

luminescent sensor for contaminants applied as solid powder material. On the
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other hand, among all samples, they were the ones that presented the best
optical radiative emission properties, with the highest internal quantum yields
(>30% for the samples with LDH and 52% for the Eutta(LapPhe) sample, and
longer times of emission life, showing the compatibility of the amino acid
complex with these clay matrices to increase luminescent properties. The
complexes interact in the interlamellar space with the contaminants and three
types of interaction between these materials and the contaminants were
observed: (i) the contaminants interact directly with the matrix; (ii) interact in the
first coordination sphere, resulting in increased emission intensity for organic
contaminants and (iii) interacting in the second coordination sphere. Finally,
samples with saponite had low optical properties, however, greater compatibility
as a luminescent sensor for the contaminants tested, with high linear

correlations and large detection range, evaluating both kinetics and equilibrium.
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Final considerations and perspectives

In this thesis, the development of new hybrid materials formed by the
complexation of the europium (lll) ion with the amino acids proline and
phenylalanine and immobilized in natural and synthetic clay minerals was
presented. These materials were applied (i) as adsorbent materials for Cr**
contaminants, caffeine and estrogen; (ii) as luminescent sensors of these same

contaminants and as (iii) materials applied in improved fingerprint detection.

The materials immobilized in kaolinite were functionalized by two distinct
routes, one by the conventional synthesis and the other by the modification of
the alkoxide APTES with the amino acids through an amidation reaction
catalyzed by boric acid. In this new catalyzed route, the materials showed
greater dispersion in the matrix, greater thermal resistance and better
luminescent properties compared to those synthesized by conventional
synthesis. The interaction between the complex and the matrix was
fundamental for application in the adsorption of contaminants, presenting
pseudo second order kinetic behavior and convergence to the Freundlich
isotherm. Based on the results obtained, luminophores immobilized in kaolinite
have properties that make their research attractive and commercially viable,
with high quantum yield, especially for materials obtained with the amino acid
phenylalanine, maintaining the lamellar structure of kaolinite even after several
treatments, in adsorption, equilibrium and leaching processes, bringing high

added value.

The samples immobilized in hydrotalcite were synthesized in two routes,

being them by the reconstruction method and by the co-precipitation method.
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The co-precipitation method showed better optical properties and high lifetimes,
being qualified as phosphorescent materials, and can be applied as a fingerprint
detector, security materials, LEDs and OLEDs, in addition to being easily
synthesized and with low concentrations of lanthanide ion, which makes it

commercially viable in the widest variety of related areas.

As for the smectites (LAPONITE® and saponite) the finished complex
was intercalated in the interlamellar space by ion exchange. The Eutta(LapPhe)
sample showed unique optical properties for materials immobilized in clay
minerals that could not be achieved in the isolated complex or in the direct
addition of europium (ll1) ion in the matrix, with high lifetimes, being classified as
phosphorescent material, and high internal quantum yield of radiative emission,
which makes it ideal to be applied in several luminescent areas on a
commercial scale, since the dispersion of the complex in the matrix attributes
low concentration of the complex, with low production cost, non-toxic, non-
polluting, expanding the perspectives for application where you need high

emission yield.

Samples with saponite showed high affinity for the detection of
contaminants, bypassing the low quantum emission yield, and can be used as a
sensor for emerging contaminants and potentially toxic metals, expanding its
application area, and can be used in polymeric films and others matrices to
further improve their optical properties in identifying polluting compounds. The
ease of synthesizing this material, together with its low toxicity and low cost,
makes its application on a commercial scale viable, in addition to justifying

research involving these matrices for ecological purposes.
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Consideracoes finais e perspectivas
Nesta tese foi apresentado o desenvolvimento de novos materiais
hibridos formados pela complexagdo do ion eurdpio (lll) com os aminoacidos
prolina e fenilalanina e imobilizados em argilominerais naturais e sintéticos.
Estes materiais foram aplicados (i) como materiais adsorventes dos
contaminantes Cr*, cafeina e estrogénio; (ii) como sensores luminescentes
destes mesmos contaminantes e como (iii) materiais aplicados na deteccéo

aprimorada de impressdes digitais.

Os materiais imobilizados em caulinita foram funcionalizados por duas
rotas distintas, sendo uma pela sintese convencional e a outra pela
modificagdo do alcéxido APTES com os aminoacidos através de reacdo de
amidacgao catalisada por acido borico. Nesta nova rota catalisada, os materiais
apresentaram maior dispersdao na matriz, maiores resisténcias térmicas e
melhores propriedades luminescentes em relagao aos sintetizados pela sintese
convencional. A for¢a de interagdo entre o0 complexo e a matriz foi fundamental
para aplicacdo na adsor¢édo dos contaminantes, apresentado comportamento
cinético de pseudo segunda ordem e convergéncia para a isoterma de
Freundlich. Baseado nos resultados obtidos, os luminéforos imobilizados em
caulinita apresentam propriedades que tornam sua pesquisa atraente e de
grande viabilidade comercial, com alta eficiéncia quantica, principalmente para
os materiais obtidos com o aminoacido fenilalanina, mantendo a estrutura
lamelar da caulinita mesmo apds varios tratamentos, nos processos de

adsorgao, equilibrio e lixiviagao, trazendo alto valor agregado.

Ja as amostras imobilizadas em hidrotalcita foram sintetizadas em duas

rotas, sendo elas pelo método de reconstrucdo e pelo método de
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coprecipitacdo. O método de coprecipitacdo apresentou melhores propriedades
Opticas e altos tempos de vida, sendo qualificados como materiais
fosforescentes, podendo ser aplicado como detector de impressdes digitais,
materiais de seguranca, LEDs e OLEDs, além de serem facilmente sintetizados
e com baixas concentragdes do ion lantanideo, que o viabiliza comercialmente

nas mais variedades de areas afins.

Ja para as esmectitas (LAPONITE® e saponita) o complexo pronto foi
intercalado no espacgo interlamelar por troca ibnica. A amostra Eutta(LapPhe)
apresentou propriedades oOpticas unicas para os materiais imobilizados em
argilominerais que nao poderiam ser alcangados no complexo isolado ou na
adicao direta do ion eurdpio (lll) na matriz, com tempos de vida altos, sendo
classificado como material fosforescente, e alto rendimento quantico interno de
emissao radiativa, que o torna ideal para ser aplicado em varias area
luminescentes em escala comercial, ja que a dispersdo do complexo na matriz
atribui baixa concentragdo do complexo, com baixo custo de producdo, nio
téxico, nao poluente, ampliando as perspectivas para aplicacédo onde necessita

de alta eficiéncia de emisséao.

As amostras com saponita apresentaram alta afinidade para a detecgcao
de contaminantes, contornando a baixa eficiéncia quantica de emisséo,
podendo ser utilizada com sensor de contaminantes emergentes e de metais
potencialmente toxicos, ampliando sua area de aplicacdo, podendo ser
utilizada em filmes poliméricos e em outras matrizes para melhorar ainda mais
suas propriedades Opticas na identificacdo de compostos poluentes. A

facilidade de sintetizar este material, junto com sua baixa toxicidade e baixo
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custo, torna viavel sua aplicagdo em escala comercial, além de justificar a

pesquisa envolvendo estas matrizes para fins ecolégicos.
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Consideraciones y perspectivas finales
En esta tesis se presentd el desarrollo de nuevos materiales hibridos
formados por la complejacién del ion europio (lll) con los aminoacidos prolina y
fenilalanina e inmovilizados en minerales arcillosos naturales y sintéticos. Estos
materiales se aplicaron (i) como materiales adsorbentes de contaminantes Cr**,
cafeina y estrogeno; (ii) como sensores luminiscentes de estos mismos
contaminantes, y como (iii) materiales aplicados en la deteccion mejorada de

huellas dactilares.

Los materiales inmovilizados en caolinita fueron funcionalizados por dos
rutas distintas, una por la sintesis convencional y la otra por la modificacion del
alcoxido APTES con los aminoacidos mediante una reaccion de amidacion
catalizada por acido bédrico. En esta nueva ruta catalizada, los materiales
mostraron mayor dispersion en la matriz, mayor resistencia térmica y mejores
propiedades luminiscentes en comparacion con los sintetizados por sintesis
convencional. La fuerza de interaccion entre el complejo y la matriz fue
fundamental para su aplicacion en la adsorcion de contaminantes, presentando
un comportamiento cinético de pseudo segundo orden y convergencia a la
isoterma de Freundlich. Basados en los resultados obtenidos, los lumindforos
inmovilizados en caolinita presentan propiedades que hacen atractiva y viable
comercialmente su investigacion, con alta eficiencia cuantica, especialmente
para materiales obtenidos con el aminoacido fenilalanina, manteniendo la
estructura laminar de la caolinita incluso después de varios tratamientos, en

adsorcion, procesos de equilibrio y lixiviacién, aportando un alto valor afiadido.

Las muestras inmovilizadas en hidrotalcita se sintetizaron en dos rutas,

por el método de reconstruccién y por el método de coprecipitacion. EI método
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de coprecipitacion mostré mejores propiedades Opticas y mayor tiempo de vida,
calificandose como materiales fosforescentes, y puede ser aplicado como
detector de huellas, materiales de seguridad, LED y OLED, ademas de ser
facilmente sintetizado y con bajas concentraciones de iones lantanidos, que lo

hace comercialmente viable en la mas amplia variedad de areas relacionadas.

En cuanto a las esmectitas (LAPONITA® y saponita), el complejo se
intercalé en el espacio interlaminar mediante intercambio i6nico. La muestra
Eutta(LapPhe) presentd propiedades Opticas Uunicas para materiales
inmovilizados en minerales arcillosos que no se pudieron lograr en el complejo
aislado o mediante la adicion directa del ion europio (lll) en la matriz, con altos
tiempos de vida, siendo clasificado como material fosforescente, y alto
rendimiento cuantico interno de emision radiativa, lo que lo hace ideal para ser
aplicado en varias areas luminiscentes a escala comercial, ya que la dispersién
del complejo en la matriz implica baja concentracién del complejo, con bajo
coste de produccion, no téxico, no contaminante, ampliando las perspectivas

de aplicacion donde se necesita una alta eficiencia de emisién.

Las muestras con saponita mostraron una alta afinidad para la deteccion
de contaminantes, eludiendo la baja eficiencia de emision cuantica, y pueden
usarse como sensor para contaminantes emergentes y metales potencialmente
téxicos, expandiendo su area de aplicacion, y pueden usarse en peliculas
poliméricas y otras matrices para mejorar aun mas sus propiedades Opticas en
la identificacion de compuestos contaminantes. La facilidad de sintesis de este
material, junto con su baja toxicidad y bajo costo, hace viable su aplicacion a
escala comercial, ademas de justificar la investigacion que involucre estas

matrices con fines ecoldgicos.
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B Supporting Information

ABSTRACT: The luminescence properties of Eu'™ and Tb*-dipicolinate (pyridine-  Kaofiite-dipiclinan
dicarborylate) compleves covalently grafted into a kaolinite matriz were studied. The
stability of the grafbed bnthanide complexes 2¢ a function of the thermal treatment was
also investigated.  Baolinite intercalated with dimethy]l sulfoxide was heated in the
preence of meied dipicolinic acd to form dipicolinate-intercalated kaolinite. The
this intercalated solid at cation/ligand mobr mtios of 1:1, 12, or 1:3. The resulting

+ Eu'* ar Th*

materials were characterized by thermal analyss, CHN element analysic, powder X-ray
diffraction, infrared absorption spectroscopy, and photol uminescence. The hnthanide complexes coval ently grafted into laolinite
were thermally more stable than the isohted lanthanide complexss. The hybrid materials evhibited more intense Bo®™ and Th*™

emismions than the solated
a ligand-to-metal
mdm"imuﬁmnﬂ'b:unmd:ﬁbﬂ Dy and *D, to the

exes. The excitation spectra of the hybrid materials showed a hmclluml at 277 nm, asmigned to
transfer, uﬂtermﬂuemnm:gemﬂwwﬂ"nmknﬂ:mdmﬂ!
F, fundamental states. The (4 — 5and 4 — 4) and (0 — 2) tramsitions

electronic transitions of Eu™

mﬂumthMMmﬂm?mﬂdmpmmﬂrd:mnmmpmﬁvdr

B INTRODUCTION
important to develop advanced himinescent materals with
applications in photodectronics, bser, himinescence labels,
fluorescent %, luminescence sensors, light-conversion
molecular devices (LCMDs), ormganic light-emitting devices
(OLEDs), fluerescent amps, and cathode-ray tubes as well
phsma display panels [PDPs)."™'® Lanthanide-ammatic
carboarylate complexves display interesting photophysical proper-
ties due to the antenna effect; that is, the organic ligand in the
complex absorls energy more intensely than the isolated
organic ligand" " However, these complexss exhibit low thermal
and chemical stabilities. One strategy to render more stable
lanthanide-aromatic carboxylates i to immobilize them on
:inmgu'i:il: matrnes

Hybrid materials obtained by modification of the aoboe of
day minerals with luminescent organic complexes have

[ L

B LT L T e LI T = S S

alechels, pohalechols, polymens, and alkowddes, among others,
to yield organic—inorganic hybrids that can further accom-
maosdate luminescent jons "™

Smectite days belong to the tetmbednl—octahednal-
tetrahedral (TOT) type days Weak interactions between
luminescent organic species and smectite allow only a partial
muodification of this day with luminescent organic complexes.
Indeed, the resulting hybrid material has low chemical and
thermal stability, and the luminescent crganic complex is easily
leached from the day®® Another Botor that limits the wse of
TOT days to immobilize luminescent organic complexes is the
presence of water molecules in the intedayer space of the
inorganic matrix,™ the water moleculss interact with the
bnthanide iong, leading to nonmdiative decays between the
excited and fundamental levels uidquﬂbdun;g_ﬂ'be humimes -
cence of the hnthanide com

Kavlinites with the theoretical :Ecr:'ru.llt ALSGOOH), and a
basal interkver distance of 7.1 A are cav minerals belonwing to
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Immobilization of r-alanine into natural kaolinite via amidation catalyzed E
by boric acid for the development of biohybrid materials
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ARTICLEINFO ABSTRACT

Lo The natural amino add valanine was immaobiized on the interlayer space and surface of the natumal Breedlizn Sio
Ao ac i Simao's kaalinite using two diferent routes. In the first J-aminopropy e oy slane was previosly grafted into
Blohyhrid maserils kaalinite interdayer space resulting into aminofimctionlizsd kaolinite that was further smployed a5 peactive sites
;mﬂﬁm an kaalinite surfaes to bond calanine via amidaton readion. In the sscond route 3-aminoprogy hnethaxy silane

was first modified by c-alanine via amidation reaction catalyz=d by boric acid and the modified alkodide grafted
imto lesoliniie 1 ing kaol indte.dimethy bulfocde reulting on the biohybrid In both simiegies the amino add was
covalently bounded wwing the @rboxylic add from the amino acids and amine groups present on the leolinite
surfaces resulting in amide bonds. In both rowtess, the neadtion was catalyeed by boric acid. Reults onfimms that
the nature amd loading of immohbilized calanine changes depending of the route employed. Neray diffmdtion
confirmed the sxpansion of the interlayer spaces of the grafted salids reulting in 8.3 Aand 10.8 & respectively for
grafted mateTiak routes one and two respectively. Reaction effectivity was kinetially evaluated by inframsd
vibrational spectnsmpy that confirms the presence of amide bonds in both products due to the bands at 1560
= ", due i carbonyd (N-C—0) sireiching, and 1430cm™ ", amcribed 0 N-H plane vibrations and C-N stretching.
The typical vibration of inner surfce shuminagl groups =t 318 cm™ (for purifisd ksolinie=) & shsent for bath
moutes employed afier gafting resctions @mnfiming the atschment of the modifi sd alkoxide into alumino] groups
via mvalent bonds resulting in bonds type Al-0-5i. Thermal analysis showed the typial reduction of dehy-
drmy lation empeatre ffom 510 “C on pure keolinite o 480 and 450 “C, respectively, on the bichybrid ma-
terials and confimmed the fumctional eation in both routes, the amownt of organic mnent was quamtified and was
0,193 and 0,298 maol of organic wnit per 1 mal of ksolinite minimal fmmulas using roue of previous grafting of
kaalinite with amine groups and direct grafting of maodified allmdde into kaolinite dimethy] sulfoxdde nespec-
tively. Specific surfsce ares amahsiz by N,y adsorption-desorption iothems (BET method), cationic sxchange
capadty, and total specific surface area by the methylene lue method also confirmed the reduction of specific
surface area from kaalinite grafied dervatives induced by amidation reaction. The salids obiined was tested 2
matrix in ncoparaie acety] salicylic ackd and ibuprofen and reveal that grafted clays incorporate a higher amount
of both drugs (gt =210 mg gl The maodel that explain the adsomption kinetic mechanism was the pseud o-seoonad
order that reveal the higher affinity betwesn adsorbent and scety] salicdBaliovlic add and dbuprofn using the
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Effect of sodium bentonite content on structural-properties of ureasil poly
(ethylene oxide)-PEO hybrid: A perspective for water treatment
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ABSTRACT

Kepwords
Marocedmpo 5
Srelling

day

Swnchroman X-ray wmogra ply

Wiaer et

‘We r=port here the synthesis of an ureasil paol yethyl ene aeide)-FEO nanocomposie (UPFED) containing sodium
benionite (Bent) for removal of cation spedes. The solgel proces allows the day dispersion thrughout the
matric. Toward the goal of understanding propenties-smuohre relatiorships the present study we Xy dif
fraction (XRIY), differential scanning caloimetry (ISC), Founier Transform infrared (FTIRL The influsnes of clay
amaunt on marphal ogy and submicrn micnestruchural properties was tacked by Scanning electron midooscopy
{SEM) amd Synchmotron Xe-may tomogaphy. Regardles of the amount of Bent incomporaied into UFED (1 from
10 widh), homogensois nanocomposites wene ob@ined The dispersion/intercalatesd Bent into UPFED clearhy
showed a decreaze of water uptake by the matrix and could be used 25 wehicle to tanspont theapeutic agents
and ax flame retardancy systems. A partial intercalstion of PEO in the interls yer space of the Bent was observed
by XBD and a change of the PED backbone environmentl was evidenced by FTIRL A wider Bent distribution
akmg the UPHED hybrid thickness, lexds to a more fFactuned and tortuows miooestruchre evidenced by SEM aned
Noay tomography images. These changes dirsctly affecks the thermal properties (DSC feshres) leading to a
decreme of aystallinity degree of UPEQ koaded with Bent The adsorption seledtivity of UFEQ can be easily
tuned from cations to anions species by the presenee ar not of clay in the nanocompasites due to the cation
exchange @pacity from Bent present in the surfsce of the matrix following anintraparticle di fusion mechaniam.

1. Introdvet on

Since the Toyota group reported the montmorllonite Mt-nylon-&
maneeompiate {Kojlma et al., 1993), reearch and developmen t of new
hybrd/nanscompodie matertals have attracted both industral and
academic Interest around the workl The structural chamctersties and
Functional applications of manostrectemed hybrids based on nateral (or
synthetic) clays allow distinet applications of these materials, inchiding

vinyl trietoxysilane-VTES and acrylamide (AM) via mdical poly-
merization. The authors observed both exfellation and intercalation
effect of the nansclay into the hydrogels with increased Si0: particles
{acting as croslinker) that improved the mechanical properties wnder
different water contents (Yu et al, 2018). Despite the ey intercalation
of drugs (positvely charged — catlon) inte montmorilondte (Mt), the
fAne contrl of drog release (amount and rmte) aill shows some diffi-
culty usng jon exchange methods. A strategy to develop new drum
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The propertics of Euz"-'hiuhybrid (esclimite-proline] materizls were investigated by powder X-ray diffraction,
vibrational spectroscopy, scanning slectron micrascopy, nitrogen adsorption and photaluminescence to under-
stand how Fu”* interacts with the bichybrid matrices. Biohybrids were obiained through the conventional routs
and by two new catalytic routes for fanctionalization of clay minerals, and were then complexed to Fu'* jonsat
a constant prolinesFa®* molar mtio of 3:1, whils the water molecules originally existing in the fist coordination
sphere of Eu”* ions in the kaolinite-grafted complexes were replaced by 2-thenoyliriflooroacetone (tta). The
typical Eu?* emission spectra for solids containing tta revealed the characteristic Bu®* transitions from Fum-
damental T, state to excited 7F, (J =0, 1, 2, 3 and 4) states. The Lifetime measurements also confirmed that
water maolscules were exchanged, increasing emission efficiency. The time-resolved spectra allowed o remove
the matrix and ligand emissions and thas to evaluate their influence on the emission of the lanthanide on. After
incorporation of Eu?*, the thermal stability of the solids improved. The intercalated europium complexss did not
show the same ligand/Eu®* molar ratio as the free complexes, due to the restricted mobility of the ligands
grafted within the interlayer spaces of kaclimite. On the contrary, these complexes showed high intermal
quanium yields, low luminescence suppression (after Ha coordination], preserved the kaolinite layered structare.
They also showed a low water molecules coordination number, which made them very abtmactive for luminescent
applications, in addition to bringing high added value, due to a low cost, noa-toxidiy, non-pellating and high
efficiency.

1. Introduction

Rare earth metal compounds have low direct excitation lumines-
cence effidency, due to the low molar absorptivity, low lon con-

Lanthanide lons have been the subject of research In luminescent centration and the parity-selection rule, which prohlblts these translk-

applications for many years due to their [Xe] 4 electronic configura- tions that can be 10° tmes weaker than the permitted transitions
tinn tha AF cholle ora chicldad b mator Allad Ge and Snoachitale which Mincen and Mrokmator 10044 Thie fartar malos thoes lnne b reanine o
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Denis T. de Aradjo®, Katia J. Ciuffi®, Eduardo J. Nassar®, Miguel A. Vicente®,
Raguel Trujillano®, Vicente Rives®, Elena P. Bernal *, Emerson H. de Faria™*

* Grupe de Pexpabia em Maerials Lowe bres Fibrides (GPMalom). Urhemidads de Premos, Av. Dr. Amando Salles Odhvedm, Parque Dnhe mitdriy, 201, 144004600

Fraues, SF, Brasi

B GIR QUESCAT, Deparaamun de (raimden ooy dielen, [Vmdeersidad de Solowenve, 37008 Sslomune g, Jpain

ARTICLE INFO

ABSETRACT

Keyword.
Kaod indue:

P thon il zamion
Phenylalanine

Crganical ly medifled kaolinke

The amidation resction catalyzsd by boric acid betwesn the amino acids proline and phenylalanine and the
alkoxide Jaminopropyinisthoxysilane was studisd Afterwands, the modifisd alkoxide was ussd to functionaliz
the clay minemal kaglinite. The hybrid material wes characerized by powder X-ray diffracton, molecular absorp-
tion spedmoscopy in the infrared region, themmal analysis and scanning electron miooscopy, o understand the
influence of the reaction time on the kaolinite intencal ation proaess, in onder o improve this fimctonal zation
routs for both amino scids. The reaction times svalusted varisd from 0 to 24 h, kesping the refhx temperaturs
fixed at 180 "C, being then reacted with kaolinie previously intercalated with dimethyl sulfoocde (D85 00 Afier
24 h of reaction the maodified alkoxide interacesd effectively, replacing the D&M 50 molecules and resulting in the
formation of covalent bonds betwesn the modifisd alkmdde and the clay. The material showsd greater dispe msion
of the arganic phase along the layersd matrix, and significantly inoresssd its thermal stability, with maodmum
loss at 320 “C. The sample containing phenylalanine was mare agglomemated than that containing proline, with
2.4 times in mol mumber. Inall cases, the crystallinity of the material deoessed by e interaction of the modified
alkaxide with the kaolinite matrix, the modified alkaxide being partially ouside the interlayer space because of
its large molecular size.

1. Introduction

o tee interlayer space, which can form covalent bonds through con-
densatbon reactions [7]. In the context of this work, the aming aclds

COrganfe-inorganie hybrid materials have attracted interest among re- L-proline and L-phenylalanine were clhosen because they are molecules

seamhers due to thelr broad vadety of properties. Consequently, hybdd
matertals synthedzed from layered day minerals as inorganic matrices
have been studied extenslvely in recent years for the most diverse ap-
plcations such & catalyss [1,2], luminescent sensors [ 3], adsarption
[4], and controlled drug release [5], among others Among these clay

with kigh potential for different applications, belng already widely usad
in the pharmaceutical industry, in addidon to show low toxielty, being
of low oost and mon-polluting.

The mest commaon mute for grafting is the displacement method [5-
107, which provides a greater concentration of the functonalized ma
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