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UNANED

Trssnifediiiingusrasdlunsianneommednyialvaiid msdndedasaiagnuuuuiensy
Tnuenegnafiusndey Tauifinnungugs Sanwlaveurh (hydrophobicity) uagiivaflsiduuuiiuiag
mnzauiteUszgnalunuiunsissUfizeuassgadu reuwednTduaT Rt leneSanoune
An998195550978 (natural rubber, NR) uazignwzlnusatulenosa@an (hexagonal mesoporous
silica, HMS) #50 NR/HMS lagldmaiindudylea-taa (in situ sol-gel approach) Mntdas s
e muLaziAiivasrounedn NR/HMS fidaaseililagldinafindinsevinngg seuwanisinuves
lassn1susenaumie (n) N1sAnwinavesvilatediulgugd (primary amine) fldduansnelaseasng
(structure-directing agent) sioautAnunIuLae amwlmauuwamauwaam NR/HMS fdaumsngaflel
(1) nsWLARLWEAR NR/HMS-SO5H HaumsiaulsituRaves NRHMS Immimamwummwuﬂmm
Tnsfiadalniin (propylsulfonic acid group) iitelfiduiussufAserviansalueameifiaduvesnsa
arsvendanratevilafuieniuea () N1SWALIRBLNEAR NRHMS-NH, Rauni1snwlsituiaves
NR/HMS Tasnissefnituiindevyiladdueiuriiadine iteldidumgedulunsiidansaeasliuin
(clofibric acid) flazanglutih uag (1) nsfigailassadnsneunadniznineeisssusiag HMS uay
ns@nwinalnnisiinaeuwedn NR/HMS Tuszuududylea-iaa nansAnEnlassnsikandlfidiugi
auvAnienienmuaziniivesnaunedn NR/HMS auisausuuddldlaeldnssuizalidudou uwasd

aaa

Fnonwlunisimundudissjiseuasdigadu Tnsanmliveuiivesessssuiffiunsndly
Imm%’mm‘[%wa%’a%émLﬁuﬂaé’aaWﬂzyJwLaimJuam%mwiuﬂmﬁ'wﬁﬁ‘%mLLazmmm%’Ulmwuﬁ
goulmaui uenainiu Tasnsiteiuszavaudisalumsfigrimaialasainseounednsening
£1955 T RkAETANTIU NR/HMS Tnsansldenssssumaunsndududiuvisvedlasaislassarouuu
lawasaves HMS wazdunsisensevindluianasasssuyfnudanndunssegeseu (weak interaction)

Falvajienendues TEOS Mlignlalasladvimiimdudugey (linker) seninanelaluanasnuazdani



Abstract

This project is aimed to develop a new class of polymer/silica nanocomposites with
well-ordered mesostructure, high mesoporosity, hydrophobicity and tunable surface functional
groups for catalysis and adsorption applications. The nanocomposites developed are
mesoporous composites based on natural rubber (NR) and hexagonal mesoporous silica (HMS),
namely “NR/HMS”, which are synthesized using in situ sol-gel approach, followed by
characterization for their physicochemical properties using various techniques. The scope of
study in this project includes: (a) to study effects of type of primary amine used as structure-
directing agent on the textural properties and hydrophobicity of NR/HMS nanocomposites
attained, (b) to develop NR/HMS-SOsH nanocomposites via surface modification of NR/HMS by
grafting propylsulfonic acid groups in order to use as acidic catalysts in esterification of various
carboxylic acids with ethanol, (c) to develop NR/HMS-NH, nanocomposites via surface
modification of NR/HMS by erafting various types of amine functional groups in order to use as
adsorbents in removal of clofibric acid in aqueous solution, and (d) to verify the nanocomposite
mesostructure composed of NR and HMS and to study mechanism for which the NR/HMS
nanocomposite generated in the in situ sol-gel system. These studies indicated that the
physicochemical properties of NR/HMS nanocomposites can be tuned using simple methods
and the resulting materials find potential uses as catalysts and adsorbents. The hydrophobicity
derived from the NR incorporated into the mesostructured silica is a key factor for enhanced
catalysis and adsorption in water-sensitive environment. Moreover, this project successfully
verified the formation of NR-silica composite structure of the NR/HMS materials in which the
rubber chains are entrapped as a part of mesostructured HMS framework and the interaction
between rubber molecules and silica is rather weak. The ethoxy groups of incompletely

hydrolyzed TEOS act as hydrophobic linkers between rubber chains and silica.



Executive Summary
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TasamAdeiliiingussasdlunsinnnreumednyia i msdniFedasadgnsuuuuienss
Tnueasgrafussdou TauiRnnungugs Tanimlsiveuni (hydrophobicity) uagiivilsrduuuiiufing
wanzafiolszendlunuiuniase§iseuasnisgedu reumedniiduamziiudunlonesanoune
AnUD38719535UA (natural rubber, NR) Lazigngzlnuoalulanosadana (hexagonal mesoporous
silica, HMS) 58 NR/HMS lagldinaiindudnlea-aa (in situ sol-gel approach) Mntdas s
anmenLaziaivesrounedn NRHMS fiduameilalagldaininsziinie Faweuwnnisine
wUseonidu 4 du

1. nsAinwinavesvilaeduugundl (primary amine) Alfiduarsdelassasia (structure-
directing agent, SDA) maamummmwauL.Lauamwima‘uuwamau‘waam NR/HMS fidaasnenils tngld
Lamuﬂgmqumu’m 5 98a Lawn octylamine (CgH17NHy), decylamine (CyoH,1NH,), dodecylamine
(C12H2sNH,), tetradecylamine (CigH29NH,) e hexadecylamine (CigH33NH,) i’a@ﬂauwaﬁm NR/HMS
fn1svaisgalaseadiagnsuiuuienyglnuoauasldnume sNIUAAEIUBY (wormhole-like
mesostructure framework) Maifiswuialuianavesefutgunilisniudsmalimudussidovvos
Tnssasagatu aeldluianavasessssumuisdugniadiluneglugnuasnoumedalusmiienis
daas1gsilner1y hydrophobic interaction fuanelelasasueuveaeiiulgugil Aesmedn NR/HMS 7
FunsRladiuifas g TUINFHTU Ua zUTuImsgngulugae 575-737 m?/g 1.99-3.58 nm uaz
1.14-1.25 cm’/g gadiiy wazdsadudiatiuth (water contact angle) figand 90° Fauansanufiaiil
outh nan1sAnwduiuansi aounedn NR/HMS Wutanfiansouusiausiaunguuazaud
aralsivauiinlg Tnsmsidsurinvesefuugugdillifu spA lunsduase

2. MSWAUIABUNDERN NR/HMS-SO5H NUNNSFALUSTHURYDS NRZHMS Tnanissefniufia
mevinsalnsiiadalwiln (propylsulfonic acid group) dWieltdusisesufisevianselueaimesiiad
Y9INIAAISUBNTANaIevadulenIuea Lawn NIALadRn (acetic acid) Nsnoannludn (octanoic
acid) n3nae3n (lauric acid) uwaznsaluiuuiau (palm fatty acid distillate, PFAD) AinwinavosuIuia
fL3sUfAsen gungiuazinarlunisiujiseniifive acid conversion wag ester yield uona1niu
AnwnuIsuiiisunanisnaassitldfuant@idaseujAiTe1ues conventional HMS-SOsH wag
commercial acidic Nafion/silica composite (SAC-13) mﬂﬁmﬂ%mmwyjﬂaﬁ%’u propylsulfonic acid
Tu NR/HMS-SOsH dawalnaninnsa (acidity) wag acid conversion ﬁLLmIﬁmqﬁu AONNBER NR/HMS-
SOsH seUfiseneamesiiaduveinsnaanniludn nsnassn waznsnludulidy lanndn HMS-SOsH
way SAC-13 s?fqm%ﬁmstga'lﬂaﬂ'lwlziﬁuauﬁflsuaamaﬁiimfﬁlu NR/HMS-SO,H fivhlsnsaansuanaan
TwanalngunsidlulugissufAsenlddtu nanisdnwludiuduansin NRHMS-SOsH Wusaise
Uiisewiiansaiiaullueaneiiinduresnsaaivendaniitarelslslnsafueusniuaznsaludiu
Udu Tnsanwilidveuiwessnssssumfduasunisunsvesansnadud ludsiuminse uaztavan
ﬂzymmas]’us]zqnmﬁ@ﬂﬁﬁ%mLﬁaamﬂﬂfﬁﬁLi‘]umémﬁmsﬁwaaﬂlﬁmﬂLaama'%ﬂ?\lm%’u



3. AsWmUIABLNDER NR/HMS-NH, KunisdauUsiiufinnes NRHMS Tngn1ssefiniiufia
Frevyfilsdduieiiuaiaiieg elfilusgadulunistidansanaslaiuin (clofibric acid) fazaneluti
fafuasanéneninen (pharmaceutical residue) siandsitnuvesluumasiriepsu msfaungiofiu
714 luauidedl 3 9da 1duwn  3-aminopropyltrimethoxy-silane (APTMS), 3-(2-aminoethylamino)
propyltrimethoxysilane (AETMS) L & ¢ 3-[ 2-( 2-aminoethylamino)ethylamino]propyltrimethoxy
silane (AEETMS) anigffidedszauarmudnialunmsdauusiiuinges HMS wag NR/HMS Tiingiofusia
APTMS Tud3ana 5-15 molo Jaqiisasndndanansiondnynives wormhole-like mesostructure
ogadLau Taofiufiiadunizves HMS-NH, uag NR/HMS-NH, ogfluting 272-986 m%/g uag 115-492
m?/g MUAIAY ﬁ";mmmgw§usuaq5’a¢]ﬁgqaawﬁmhjmeshaﬁ’ummﬁfﬂ (2.48-2.90 nm) uBNIINTu
AuzfAfedszauanudnialunisdaunsngs HMS-NH, fisednsovgiefuruinlng (AETMS uaz
AEETMS) n1svioRangiefiudaaliinaugnisgadu CFA iiutusgradfiulddn osannyiofuiin
protonation Tuansazangnanaily —NH5* Faanu1504in electrostatic interaction ﬁwaﬁjm%um%amm
CFA 1# meaamon NR/HMS-NH, awnsagadu CFA Tdfndn HMS-NH, Fufinananiwliveuiivesens
595UMATINIBNTUNIUAZANIAATU CFA s hydrophobic interaction

4. nsiigaulassadeneunednsenineeNsTsugIALag HMS wagnsinwinalnnisiinaeune
dn NR/HMS luszuududylea-a dwsudiuusnangdidsldinaliansaingasssuyifoenatnaeune
dn NR/HMS aa8lngdu (toluene extraction) $9ufiunITilAsIEnanvauzautfves NR/HMS nauuay
naINsARAAIATAG1eY) Wud1 NsatneeTIiYIReandwralilaseaiegnguiuy wormhole-like
mesostructure Wamany Jsanunsadusuldin enssssunaunsniaududiuniedasaielasadiauuy
wlgnedaues HMS wazdunsnsersznindluianas1esssuyfnudannduunssegisgeu (weak
interaction) dwiudiuiiaosnnziideAnymarean1suINe1953INIALY TEOS (swelling of NR sheet
in TEOS) Apurweiendunsumeda NR/HMS Gsnuin e1ssssuminas TEOS Wiulddidesnn
hydrophobic interaction szwinsanglgnedlelansuiasngiefiondves TEOS LazduasunIsunsves
sDA Wlunglufpanaens wenanilvgiefiondues TEOS lsignlalasladesteauysal (incompletely
hydrolyzed ethoxy groups) ag¥inniinilldudidon (linken) seminsanslalutanasisuay siicate
oligomers liAndulasaensunedauuualenesaves@anifitnenssssumils (mesostructured
entrapped NR/silica nanocomposite framework) gy Tnauslunanisiinlassasisnounadn
SEMINYNEIINTIANALTANTIU NR/HMS sunalnliuy cooperative templating mechanism



U 1

nsAnenavasviineiulguglireautinnunsusasaniwliveaulives
ABUWBHR NR/HMS

n1sduATIERauNedn NR/HMS H1unssudssudnleaiaa (in situ sol-gel process) Landmd
wruislusuil 1.1 Bumnthenauiansn STR-5L ¥t 0.05 n¥u dafiuturunadn saufy tetraethyl
orthosilicate (TEOS) U3anas 7 ndu udlfifunan 16 4alus annduthensiiuaadndadmdniiien
USun TEOS figngaduld udrararsendlunnszlolasiiansy (tetrahydrofuran, THF) U3unns 15
fiaddns wldvomanidnvusduneanosddvnngu anduiueiulgugideimiiduasie
1A5983519 (structure-directing agent, SDA) agluvaIngsl ﬁ?iamiﬁﬂwﬂumu‘ﬁ%wﬁuﬂgmqﬁ 5 vila oA
octylamine (CgH;7NH,), decylamine (CioH,1NH,), dodecylamine (CioHpsNH,), tetradecylamine
(C1gH29NH,) tag hexadecylamine (CigH33NH,) mmfwﬁu TEOS Sndaumnils (8.5 N5u) asbuvasnay g
nnmmaaeslidnndrulagluaves SDA e TEOS windu 0.4 wasniuniuduna 30 Wit Aesqmen
thnduuiana 53 n3u waztumudigamgiivesdunan 3 Su iieliAnnsmuuiuvedlassairesdan
yhmsanagneutesdviunfiiatufeiomusauiingg 50 fadans nesusnuardsfelenIuea 200
fiadans udnhwoudedild Toufigamail 60 samiwaiBua Wuan 6 99lua (as-synthesized NR/HMS)
91ntur1da SDA penantanlnenisaiafisaisazatonsndaiiainluloniueaiigungl 80 o
waiea 1Wunan ¢ $2lus wazeudigumgll 60 ssrwaidea Wunan 4 $2lus Tudeuggannie e
MAneNIUea IMITUNITALATILNTANT HMS TEnseurunsihediun1sdansien NR/HMS wileguwe b
maidn NR wagldfszoznainstiuniuanasenn 3 3u 1fu 1 fu 1lesannddnifansmuuiulisani
i1 Yan@anns HMS uazaeumedn NR/HMS filsidunsdvnn ilesssnemalifirnaunnsinsiuegng
DEGALNI
nslAsisnvaaLTRves HMS uay NR/HMS fiduaseildldmaiasnag feil
® X-ray diffraction (XRD) Wiedinszsinnuduszifeulunsiniseddaseaiisgniunuy
wwnezlnuea (hexagonal mesostructure)
® Thermogravimetric/differential thermal analysis (TG/DTA) e dasnzsinu3unaiens
sysuvIRluTanAounadn NR/HMS
® CHNS elemental analysis Lila31As1zin1U3ums mAfUs lelasiau lulnsiou
wazdames
® N, physisorption measurement Wehasre R fiuiinadimae (BET surface area)
U311AIINTUIIU (total pore volume) WAENTNTEINBIUIATNTU (BJH pore size
distribution)
® Solid-state ?°Si magic angle spinning nuclear magnetic resonance (*°Si NMR)
spectroscopy Lﬁaszq%ﬁmaqﬁuﬁz%ﬂau



Fourier transform infrared (FTIR) spectroscopy Lﬁamﬂjﬁﬂwyjﬂﬂﬁsﬁuuuﬁuﬂ?

Field emission scanning electron microscopy (FE-SEM) Lﬁaimwﬁé’mgmﬁwm
Transmission electron microscopy (TEM) tileTnsnzsilasainauagnsdniFoagngu
Water contact angle measurement wag H,O adsorption-desorption measurement
dteRnunaudtiaueuth- liveuhuuiiug,

X-ray photoelectron spectroscopy (XPS) Wiodnsiesusznoumaniivuituiia

NR sheet+TEOS

Swelled for 16 h
A4

Swollen NR
THF
Overnight
DDA
Stirred 30 min
Dropwise
THF+TEOS
) Stirred 30 min
Dropwise
DI water

Stirred at ambient temperature for 24 h
Aged at ambient temperature for 72 h

Filtered, washed with ethanol

Vacuum dried at 60 °C for 6 h

As-synthesized NR/HMS

Extracted with 0.05 M stOd/ethanol

solution at 80 °C for4 h
Filtered, washed with ethanol

Vacuum dried at 60 °C for 4 h

NR/HMS

UM 1.1 Jumpunisdunsievineunedn NR/HMS medsdudylvain



110,000 a.u. * 110.000 a.u. (&)
/L HMS-Cyg ~~—___ NR/HMSCy
5 S
2 /\ s
g & HMS-Cy, k5 “~—___ NR/HMSC,
= /\ =
"X
g HMS-C, e NR/HMS-C,
L~ M~
N HMS-Cy, N~ NR/HMS-Cy,
N HMS-Cq NR/HMS-C,
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
2-Theta/degree 2-Theta/degree

U 1.2 JULUU XRD w89 (A) HMS wae (B) NR/HMS fidansizilagliiefiuuguniunnsneiu

MNMFIATIzsinsdniFedlasiaiagngures HMS wag NR/HMS fduaseilagliiefiulgug
uAnE1afy (FUA 1.2) wudia XRD nénfsdumssluting 2 theta = 1.0-3.0 © Fauanafiaszuny (100) vos
Sanulonaadaniiinisdazoagnguadnegnusu (wormhole-like mesostructure framework) 113
duralianavesiefiuUsugilistudmalinruiussdouvedanainegeiu iesndunsia
nsufiniaesluead (micelle) uonaniinud dundsesdia (100) Fousiias uanshauineadniie
(unit cel) vene6 WowFeuisunisidiefiuugugiviafeddu agiuladn NRHMS dnnsdaises
Tassassiifuszifoudinia HVS osannenssssuwadavinnisiniBesivesluwaduazannis
AukiuYedlasEi@an viaveueiiulguiiddimanon1snszanefiivew19ss Ul NR/HMS g
213U 1.3 antulddn msnszanedvesigaesananievuiavesedulugtu uenainidmy
Tnssa$ha arystalline folded-chain lamellae (<10 wiluwns) vesevsssuminigninluiodanide

HV | Mag TRV Mag RV
200 kV/400000 x 10 nm 200 kV400000 x 10 nm 200 V400000 x 10 nm

U 1.3 29 TEM 983 (A) NR/HMS-Cio, (B) NRZHMS-C1q Waig (C) NR/HMS-C;4 firndsvens 400000x o
DY UNISTBUMIBEITATAY 1 wt.% OsOq



3600

3000

2400

1800

1200

Adsorbed volume /cm3(STP) ¢!

600

(A)

HMS‘C16

HMS'C12 f
"__M“/-_ HMS'ClO

HMS-C,

0 0.10203040506070809 1
PIP,

(A)
| HMs-C,

. HMS'C]_O

» HMS-Cy,

3600

3000

Adsorbed volume /cm?(STP) g

2400

1800

1200

600

1.0

0.9

0

(B)

NR/HMS-Cy¢

NR/HMS-C,

NR/HMS-C,,

NR/HMS-C,

NR/HMS-Cq

0 01020.3040506070809 1
PP,

| 1.4 lolwifisunsgadu N, v84 (A) HMS way (B) NR/HMS fidainszilaelflofiuugugiiumnsineiu

(B)
NR/HMS-C,
. gNR/HMS-Cy,
NR/HMS'C12
NR/HMS'C14
NR/HMS-C

UM 1.5 MINT2VUININTUVRS (A) HMS Uag (B) NR/HMS Nidaameilagldiediuuguniunnsieiu
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U 1.4 uag 1.5 uansloloifisunsgadu N, uazn1snszanevuIngnguues HMS wag NR/HMS
fiduareilagliiofuugugiunnieiu Taniaesiinuandelaisunuud IV Souandslassainegngu
wuutalewes (mesoporous structure) Msifinvualuianavesoiudgugidawaliusuinsnisgady
ge¥udae Seaenadesfuninufusnisvvndlasiadieiiiinseidaomaiia XRD uenaninyin
NR/HMS finmsnszansuuiagnguiininenia HMS Tasianzegdaiedunsizsilagldiofiuvalng s
dufigrud anglgluanavetesssugiduisdrugnasdlunielugniuvesneunednluseniianis
duasgilagrinu hydrophobic interaction fuanglalasasusuveseiiulzunt Gaenadosiuyium
gsTsuTAluasunedniituun g wiledurualianavesediu Wetrdoyanisgaduinduanm
fuiRndmng uagngu uasdiinesgngy wudn msldiefudgunddtvualinanalvgtu dewaliiud
Fdnnizanasuivuingngulvgtuludas 575-737 m¥/g wag 1.99-3.58 nm dauviunsgnguinig
Wasuwasiiliduwnldudnau (1.14-1.25 cm¥/g) 819392 n9INN13n529185320987195 550 AT M
asiiane

Water contact angle measurement L‘fluL‘Vlﬂﬁﬂﬂ’lii’@ﬁﬂ’lwlﬂﬂjauﬁ’muﬁluﬂ?ﬁa”mml,ag
TI0457 mﬂiﬂ‘m 1.6 1iud1 Yam NR/HMS ynsfuansyuduiiadigandn 900 muammwumwlmaum
UaNIINLNU :ummwa:uLLqumawumamemdmLaﬂasuaqLamuﬂ'ﬁmwﬁlsﬁumsaumwﬁ Wwapad
NR/HMS-C s mmé’mamwamawLuaqmmmemﬁiimmmmmLGU’ﬂ:Uﬂwimwaumnmwmmauuﬂ%u
QivuaLEn il ifdndhuvs s Rana 4 maauumuuaamﬂaaaﬂuwamsamiwmmamﬂuﬂ
XPS fisg1dn Ustnaumflwauea (silanol groups, =Si—-OH) uituiinues NR/HMS-Cys ganiniandu

nan1sANuILAnId Aawmadn NR/HMS iufanfianunsnyfuussautfiaanungy (textural

properties) warvaniinuliveuiild Ineniswdeusiavesefiulguginldidu SDA lunisduasien

(A) (B) ©)

Contact angle in degrees = 105°+1.8 || Contact angle in degrees = 98.5°+ 2.6 || Contact angle in degrees = 92.8°+ 1.7

;Jilﬁ 1.6 A8 Water contact angle 484 (A) NR/HMS-C;g, (B) NR/HMS-C 4 ta% (C) NR/HMS-Cy4
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uni 2

AsNAILIABNNEAR NR/HMS-SO;H Wudassufjisenusiiansaly
AW NiAtuvaInTa iy

n1sHmuIneunedn NR/HMS ludsaufiserstdansanse NRHMS-SOsH 1435n15anuds
Nufave9 NR/HMS Wiy #leaidu propylsulfonic acid H1UN15ATUKUUSIIN (co-condensation
method) ﬁﬂLLa@\ﬂugﬂ‘ﬁ' 2.1 lag/ld 3-mercaptopropyltrimethoxysilane (MPTMS) Duansfeudmsu
soRauuiufn@anives HMS uagld 30 wt.o% H,0, \uarseenduauilunisideuns thiol uny
sulfonic acid Fadumounisduaszindreadeiunsdaunsied NRHMS fuandluunil 1 wafinsiiu
MPTMS wa H,0, lurenauneunisiiutindu uonanifneinavesdnsidiuineluaves
MPTMS/TEOS uag HyO/MPTMS Woningiwmanzanlun1sdunsizvinounadn NR/HMS-503H
dm¥unisiseufseneamesiiatu lnstaeunednvianiafiduaseildluiinseimandinig
NMUATWLAZLANAIUNATARIIY 18U XRD, TG/DTA, CHNS analysis, N, and H,O adsorption-
desorption measurement, FE-SEM, TEM Wudu

mMsfnwantAduseUiiorvesneunedn NR/HMS-SOH AfiUTanamsinsaineiuluy fAzen
wawmesntuldnsnmsvanddnuaznsaluiunatsvie laun nsawedfn (acetic acid) nsnosnniludn
(octanoic acid) nsnas3n (lauric acid) kaznsalasiuuran (palm fatty acid distillate, PFAD) wagla
vuealfuasisiuteanssed Tneviujaseluriafunauiidefugamiuny (reflux condenser)

a v L3

wagliaennandusimewmadauialasuilnnsil AnvinavesUSunudusau)isen sungiuasiaanly
N13YUYAs1 Nlsio acid conversion wag ester yield wanantuAn¥UTUWIBUNANITIARRINANY
anUndaseuf)isenves conventional HMS-SOsH wag commercial acidic Nafion/silica composite

(SAC-13)

Reversed MPTNMS molecule

Silicate framew ork—;,
(hydrophilic layer)

1) Precipitation in ethanol 'o\ o
3 & .
2) Surfactant extraction 8 —0-si SOH
: 230
NR molecules—— §
(hydrophobiclayer) 2 o 5_on Inmersurface
Outer surfac =0~ Si- OH€~Hydrophilic Silanol gr
@ = 3-Mercaptopropy] trimethoxysilane <—Hydrophobiclayer

(MPTMS)

AMANNH,= Dodecylamine
(DDA)

UM 2.1 winAnlunsduasgineunadnviiansa NR/HMS-SOsH

12



4500 (a)

s (@S (A) (B) i (@) ||
fﬁ 4200 @ m/‘ﬁ r, |
i (b) IMS-S0,H (0.1) (_.,-»f-"‘"“"‘“:'t‘:“:‘ {n \

Jr;i;—(c) HIMS-S0,H (0.2) 3600 ‘}f | &
74 i - © ﬁ_s__j:__gf,,)ﬂ { l
f (d) NR/HMS-SO;H (0.1) -~ o np—— : ‘
A e B
Gl R o & @
Bl J:H £ b 4-—-*-:::‘-'—”'-'"‘"“}1 = ! L
= b Ju— o s S -
EIWN (&) NRIMS-SO,H 0.2) 7 et . e |¢ |
5[ E PSS ‘l‘/" |
= | g 1800
‘ g Af‘,:-"‘ %.
3 O e 5
() NR/EIMS-SO,H (0.4) g 200 - I . )
— O o __},/-/
e
600 rg;;_.""."‘f/"”"

1 2 3 4 5 6 7 8 9 10 v
2-Theta/degree

D0l 02 03 04 05 06 07 08 05 1 g
PP,

gﬂ‘ﬁ 2.2 (A) 3UuuY XRD, (B) lalaifisunisgadu N, uag (O) N13n52A18VUIATNTUVES HMS-SO5H
wag NR/HMS-SOsH idaaszvisnednsidiu MPTMS/TEOS wansnariu

U7 2.1 wananansiegauiAdadaseainauazamnunguyes HMS-SOsH wag NR/HMS-SO5H
Agnaila XRD wag N, physisorption measurement Kaaan1sAaRany ety propylsulfonic acid
UURUAID HMS way NR/HMS fuuiliuedendetu nanfe nisfiudnsdinues MPTMS/TEOS 4
Tumsdansziligtu demalinruiussdouredasiaiauaraudiaunguvesfananas 29N
71 2.1 aziuldiudlowIsuisunidnnd1uves MPTMS/TEOS Wiy NRHMS-SOH agiina1siu
sufovvadasadiegnyu Hufiiaduniz suingngu wazd3uamsswgu dnd1 HMS-SO,H wenani
wuth mafiudnsndiures MPTMS/TEOS dswalianinnsa (acidity) fuualiugstu iosinyiinamy
e propylsulfonic acid ety vausitanwliveuiitves NRHMS-SOsH 41371 HMS-SOsH

A15197 2.1 audRnisnen nuazAiiveg HMS-SOsH wag NR/HMS-SOsH

) Structural Seet’ Dy ' o o ao’ it Acidityi H:?;;ﬁ?g;bed
Sample” order” (%) ) .
(m2 g'l) (nm) (em’ g'l) (nm) (nm) (nm) (mmol g'l) (em’ g'l)

HMS 100 852 3.15 0.73 43 5.0 1.8 ndk 823
HMS-S0sH (0.1) 75 759 2.60 0.53 4.5 52 2.6 1.05 67.3
HMS-S0;H (0.2) 64 673 2.54 043 4.7 54 2.9 1.35 70.3
NR/HMS-SOsH (0.1) 61 560 2.33 0.35 44 5.1 2.8 0.83 58.7
NR/HMS-SOsH (0.2) 45 543 2.33 0.34 45 52 2.9 1.18 60.8
NR/HMS-SOsH (0.4) 23 524 2.08 0.29 44 5.1 3.0 1.61 80.3

* Extracted samples. " XRD intensity ratio of functionalized materials/pure silica HMS. © BET surface area. 4 Pore diameter determined
from the BJH method. ¢ Mesopore volume. " (100) interplanar spacing obtained from XRD analysis. * Hexagonal lattice parameter
calculated from ag = 2die0 / 37 " Pore wall thickness calculated by subtracting the BJH mesopore size from the hexagonal lattice
parameter. ' Determined by titration with 0.02M NaOH. ' Monolayer adsorption volume at STP determined from H.O adsorption-
desorption measurement. ¥ n.d. = not determined.
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100 - Without catalyst A 100 B
90 | * SAC-13 90 4
—=—HMS-SO3H(0.1) -
- 80 =—HIMS-SO3H(0.2) = 804
S 0 - NRHMS-SO3H(0.1) IS ERT i
3 be NRHMS-SO3H(02) -7 m 2
% 60 4= NR/HMS-SOAH’(E)?:U G 2 60 4 - ‘_‘{i’:""_' o
£ 50 4 P T 5 50 A St
S - =] a,-”
= 40 A i ‘'S 40 A e 4
3 s 3 S /’O/".
B 30 A ) T z 30 A Lo e
= - 5 J e ammmTT
s 20 A . § 20 ‘.,/ __"0-’,_
04/ R (U R aeemT
= P S
0 4—=— T T T T T T T 0 = T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time/ h Time/ h
100 C 100 =+ SAC-13 (no water addition) D
90 - 90 - -M-SAC-13 (water addition)
o = i ——HMS-SO3H(0.2) (no water addition)
i 80 _ f: 80 -#- HMS-SO3H(0.2) (water addition)
5 70 4 . g/_‘,‘ - S 5 70 4 =—NR/HMS-SO3H(0.2) (no water addition) -
é 60 . - g - - - "31 60 4 -A- NR/HMS-SO3H(0.2) (water add[ﬁ?}l)—/""""
g . g A
E 50 A x 5 50 A L
et ;
5 40 - Lt ‘S 40 A o —
5 o - = S =
2 30 | - T -2 30 A e .
: e 2 |
S20q 4 £ 20 ¢
LT 2
10 4 4 I ~ 10 A
’,é’ -
0 S T T T T T T T 0 T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time/ & Time/ h

gﬂ*ﬁ 2.3 AUENNTOLUNTSUHATEI8S HMS-SOsH wag NR/HMS-SOsH lueainasiiatuves
(A) N3ALBTAN, (B) nsnaanniludn uag (C) NIna3n NULBYIUEA ﬁqmmﬁ 80, 100 way 120 o saldyd
AUEIFU uay (D) NaweINSIRNT (5 wt.% Weusuthmtinuesnsneenniludn) se acid conversion Wiold
dnsaulagluavesenIusananInAITUBNTan = 2:1 wasUSunuiusausen
5 wt% Wsuiuthminvesnsaansuandan

Ul 2.3 uansinegsnansinuiauaansnlunsissfiAzenves HMS-SO3H uag NR/HMS-
SO;H lueamesfiaturasnsauein nsnoonmludn wagnsmaein fulovuea wul Fussufiserts
a0awilalif acid conversion getumudnaiaauyes MPTMS/TEOS Aldlunisdansies osanuTum
AWMUINTANTE acidity maqﬁalﬁ'wﬁﬁ%wﬁwﬁu nMsiinvunaluanavesnsaativenddniliiiuans
Fadu daaliienuumanenawes acid conversion 5¥wina HMS-SOsH wag NR/HMS-SO3H 1iisnniu Tne
nsdinsneonniludnuazninasin NRHMS-SOsH 1%A1 acid conversion f1g3an31 HMS-SOsH uaz
commercial acidic Nafion/silica composite (SAC-13) %aﬁwzﬁmmmmamwlaj%auﬁwaww
s39u1RLL NR/HMS-SO;H fivhlsinsaensuenddnluanalvgunsdluludussufisenldftu vonanid
WUI1 NR/HMS-SOH anunsanisisaufaseneameiiiaduves PFAD fiusznoudaensaudfian
(palmitic acid, 47.1%) waznsaassn (lauric acid, 48.6%) lAAnI1 HMS-SOsH MnAnwINaTeInTinth
TuujAzeneamesiliadunudn acid conversion 489 NR/HMS-SO3H(0.2) aassiInn HMS-SO5H(0.2)
G?j’ﬁLLamﬁqamwhjﬁuaufwaqEmﬁiimnaﬁﬁmmuma@jm%ﬁmuﬁwLmﬂqmmaﬁuiwgﬁ%m
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100

Sample Content (wt%)"

80 - C H N S

70 4 Fresh NR/HMS-SOsH (0.2) 12.5 3.0 0.5 2.5

Octanoic acid conversion/ %

60 | Spent NR/HMS-SOsH (0.2) (1'x11.-a)b 14.5 3.0 05 2.5
50 Spent NR/HMS-SO3H (0.2) (rxn.-b)? 15.5 3.5 0.5 2.5
) Spent NR/HMS-SO3H (0.2) (rxn.-¢)® 15.5 4.0 0.5 2.5
401 Spent NR/HMS-SO3H (0.2) (rxn.-b)° 16.6 5.0 0.2 1.5
301  Determined by CHNS analyzer. ° Spent NR/HMS-SO3H after one repetition.
201 ¢ Spent NR/HMS-SOsH after five repetitions.
12 | rxn.-a = esterification of acetic acid with ethanol

1 2 3 4 5

1xn.-b = esterification of octanoic acid with ethanol

Fa 2
Number of repetitions rxn.-c = esterification of lauric acid with ethanol

sUft 2.4 (dne) erwanansalunsldanes NR/HMS-505H(0.2) Tuieameifaduresnsnoenyludniu
nuea (Bnsdnulagluavedeniueadensnasuanan = 2:1, USunudusaujisen
5 wt.9% Wieuifuthuiinvesnsnensuendan, gamgl 100 ssriwald wazia 8 92l
(¥27) HANFUATIZIBIAUTENOUTIA CHNS 989 NR/HMS-SO5H(0.2) firinumsldfanuda

Ui 2.4 wananmamnzalun1sligives NRHMS-SOsH(0.2) lun1sissufAseneamesiiadu
vesnsneanniludniuleniuea sudiulédn Fussuisenintanunsaseuiiseldesaden 4 ads
w§991n1 acid conversion axiiAnanaduInni 10% o NR/HMS-SO5H(0.2) AEun519 g
$1uu 1 uaz 5 ase Wheseidemadasiieg nuin audussdevredassadisliwandsain
NR/HMS-SO5H(0.2) Lémﬁuaﬂwqﬁﬁaé’wﬁm mmxﬁwamﬁmeﬁaaﬁﬂszﬂaumae’haLwﬂﬁﬂ CHNS
analysis WU31 A18UAIN1TIE9U NR/HMS-SO5H(0.2) agdiUsunes C wag H qﬂéﬁu druusuna S by
uanenanduLnin FeduFduigiud n1sgayidsANaInnsalun1sissufjisenves NRHMS-
SOsH(0.2) Tenumsl¥ausmansasafinannsavanvesnss v enan Suseame SuLTiu-

nan1sAnuludiuduansin aeunedn NR/HMS-SO5H L*‘f]u(?hLﬁauﬁﬁ%m%ﬁﬂﬂsmﬁmauiﬂu
UjAseeameiilatuvesnsaafuendaniilanslalelasafueusnuaznialutuundu Tasanmiliveu
drvese1esssuRdnasunisunsvesarsnadudluSiundense wazdarsandymnisdudanng
AoufRsedesnnihiidundnfausinasslfaneameiiady
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uni 3

NsAIARUNAER NR/HMS-NH, WWudaadulunisiidn
ninAaalnuIniiazangluin

msaAeunedn NR/HMS ilusigadu NRHMS-NH, THnssaiBnsdaulsiufinres NR/HMS
Tnyilarduiefurdaciieg krun1sauuiusiy Sstunsunisduasiziadioadafunisdaunsey
NR/HMS-SOsH fwansluund 2 Imaawaﬁqﬁungaﬁuﬁlﬁﬁ 3 4dn lown  3-aminopropyltrimethoxy-
silane (APTMS), 3-(2-aminoethylamino)propyltrimethoxysilane (AETMS) wag 3-[2-(2-aminoethyl-
amino)ethylamino]propyltrimethoxysilane (AEETMS) Fananslumsned 3.1 vnsdnwimnied
wanzanlunsdaunsizd NRHMS-NH, fiflassadagngudussidovuarumnamyiefiugs (5 wt.%)
WIBUWauAUNITEUATIZA HMS-NH, TngnisUuaidunisiiudiunay, dnsidiulaneluaves
APTMS/TEOS, aaumgiluazszestiailun1sus (aging conditions) n1sAnwaudinianienimuaziniives
HMS-NH, way NR/HMS-NH, fidaasieilaldmaiiniinsizinatsuszunn 1éun XRD, TG/DTA, CHNS
analysis, N, and H,O adsorption-desorption measurement, FTIR, FE-SEM, TEM L&y 295i NMR

a51afl 3.1 anseissuvgofuiildlunisdansigy HMS-NH, wag NR/HMS-NH,

A13nuvyiadiy Common Name Yoeio
OCHs - . .

H3CO—§i—/\/NH2 3-aminopropyltrimethoxysilane APTMS
OCHg (IN)
OCHg H 3-(2-aminoethylamino)propyltrimethoxysilane AETMS

cho—giJ\/N\/\NHz g PropY g
OCHj (2N)

H3CO‘Si/\/\N/\/N\/\NH2 3-[2-(2-aminoethylamino)ethylamino] AEETMS

HCO™ oo, M propyltrimethoxysilane (3N)

AIRATU HMS-NH, wag NR/HMS-NH, 1duasizsilairluldlunis O

fdansaaasliiuin (clofibric acid, CFA) fiazaneluth CFA Wuwmuelas /@/O%J\OH
Cl

(metabolite) vosnaeliusn (clofibrate) Gulusnanlusiu (lipid-lowering
agent) LilomuANsEAUARBIaaWasoaLazlnsndwelsnluden Jagiunislyd
a dy = dn( dl‘ 1 1 = ¥ 1 Y U
gyiiatiluauiiinnyu deseaneldaiunsagady CFA lavan dawalvdnisdu
CFA unfudaaniewazrUulaunuwnadtnsssuyIfuIndu CFA dinatdasasasiuulunswasdniunvinla
N5 ulavesElTIninUNG nTzUIuNITEoaatunIeatnlUsednsnmldiisanadonisnidn

Clofibric acid

CFA HnIdgvanenguianauakiIAnNISAINE1TANAAINYT (pharmaceutical residue) AIgLnATANTS
Andu Fadusninsidendimiegs sunui waglineliiandndnridiufeninugisead
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8 @) g ®) g ©
€ (2) HMS p (2) HMS < (a) HMS
= . = . . =5
3 (b) HMS-1N-0.05 & (b) HMS-IN-0.05 2
— ~
z z =
= 7 @ (b) NR/HMS
s o (c) HMS-2N-0.05 S
0 = 3 Lt Q
. 2
] (c¢) HMS-1N-0.10 = R=i ; 5
(d) HMS-3N-0.05 (¢) NR/HMS-1N-0.05
(d) HMS-IN-0.15 (d) NR/HMS-1N-0.10
U (e) NR/HMS-IN-0.15
1
1 2 3 4 5 6 7 & 9 101 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 1 8 9 10

2-Theta/degree 2-Theta/degree 2-Theta/degree

U 3.1 ULUU XRD w89 HMS-NH, wazmesmedn NR/HMS-NH, fwdeslagld (A) uag (C) APTMS

v
v v I

Duansisiueiiuluuiunm 5-15 mol% @ (B) 1u HMS-NH, Twseulagldansniumieduyinsiieg
Tudsuad 5 mol%

3500

(A) ©)

() NR/ATMS-1N-0.15

2500 4 (d) NR/HMS-1N-0.10 J

2000 - (c) NR/HMS-1N-0.05

(d) HMS-3N-0.05
(d) HMS-IN-0.15 "

[
h
<
=3

() HIMS-2N0.05 _,

b
=}
=3
<

wh
=
=

2 1500 (b) HMS-IN-0.05 _5

1000

Quantity Adsorbed (cm’/g STP)

(a) HMS

wn
=
=}

500 4

0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/Po) Relative Pressure (P/Po) Relative Pressure (P/Po)

;J'Uﬁ 3.2 laleiiisuveinisgadu N, v8s HMS-NH, wagaaunadn NR/HMS-NH, n3ealagld (A) uaz (O
APTMS Juansasiuefiuluuiuia 5-15 mol% d@w () lu HMS-NH, Mweulagldansadunyioliuyiin
A199 Tuusua 5 mol%

g‘th?i 3.1 ez 3.2 hanagutuy XRD LLanLaIGzJLﬁ%mmmi@m%’U N, 989 HMS-NH, wazaauwedn
NR/HMS-NH, fi3ould nrsdaudsiufinues HMS uag NRHMS THingedulasnisdefiafiadae
APTMS Tu3anas 5-15 mol% Uszauaudnsaduegied whinsifisySunamyieduazdanaliaig
HusnidouveddasiadugnyuuazUiinassnguanas uianisaesduanaendnuaives wormhole-like
mesostructure agnednLau Tasfiufiidunzaes HVS-NH, uay NR/HMS-NH, oglutag 272-986 m¥/g
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uay 115-492 m%/g nuandiu druruiagnguvesianiassrialuunnatetuninin (2.48-2.90 nm)
MaifinUTIna APTMS U8 15 mol% (1esUSunusuashafudant) §aannsndauasizst HMS-NH, 7
flassadegnsuiiinnudussdsuuasfiufiinsinizgendt amine-functionalized mesoporous
silica Tapreeulilunuidotouniing fninsdunannnsdinulaiinisdanmsiuuilsa-aalagly
THE iudvhazanssia uenainiu anediddssauanudnialunisdunsizst HUS-NH, fidofin
shemsjiesiurunnlng (AETMS wag AEETMS) fauanslusud 3.1 uay 3.2 usdslianunsadaasizsiney
WodAN NR/HMS-NH, fisedadaenyieiiu AETMS wag AEETMS 1¢ 1losandunsisenseuinavyjiofuuas
§19555UMANTUNMUMIAMIYedlATIAT1 WY

U7 3.3 wansaiunmiu Si NMR 483 HMS uaz NR/HMS reunazndanssauussmeniefiulag
14 APTMS U301 5 mol% wuin Fanynudiauans chemical shift 18N 3 fumidedl -92, -101 wag -111
ppm Fouanslasead19anailn Q2 (SI(OSiOH),), O (SIOS)(OH)) wag Q° (S0Si)) AuaRY d1msy
HMS-NH; tag NR/HMS-NH, WUﬁ@JQJJ’WLﬁ&J%USﬂ 2 FunUI o chemical shift -56 way -66 ppm
wansialassairedanivda T2 (R-SIOSNOH) wag T (R-SIOSNs muandiu Taedl R Ao vajilsdduleiiy
uONINT 91NN1TNATIEE HMS Wwag NR/HMS-NH, faeimadia FTIR (Uil 3.3) nuuaulutag 1000 uas
1300 cm™ 19U asymmetric stretching 909 usy Si-O-Si lulAsevngvesa1susenoudani d7u
NR/HMS-NH, 950510 uaunsdulUY stretching uae bending ¥osWuss C-H fisuvta 3050, 2966,
2930, 2844, 1455 Way 1376 cm’! Fauansdalaseai1evede9s95uYIA (cis-1,4-polyisoprene) ALY
LOUMSEULUY symmetric bending Basstusy N-H Tungiadiufidumis 1530 cm Sediannuidugedu
puUIII APTMS Tiiiutu nan1siiesisdimaniarunsadududn Aufa@dnives HMS-NH, uag
NR/HMS-NH; dnjiefiusiafnag

raw peak 3
_____ devonvoluted peak Q

. 0-H C-H
cumulative peak

strecthing

Transmitance/ a.u.

———————— —r -/ ——————
" i 0 o0 Ba o 3900 3700 3500 3300 3100 2900 2700 25001900 1700 1500 1300
Chemical shift / ppm Wavenumber / cm!

U7 3.3 (418) awUnady Z'Si NMR 984 (a) HMS, (b) HMS-1N-0.05, () NR/HMS uag (d) NR/HMS-1N-0.05
() aUnesy FITR 04 (a) HMS wag (c-d) NR/HMS-1N nseuse APTMS 5, 10 4ag 15 mol% niudsu
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MsAnwInIsgedu CFA msmeassluszuuuundlaglivinguunifiln fgaduazimns
ouTlgaungfl 80 asmueaLdea Wunan 4 $alus anglunisgaduiludd arududuves CFA 50 pg/L
dn3duveInddavennal 1 g/L §ns1n1siuegveman 200 saudeundl wazaungiitunisaadu 35
geAwalded n1shasIzinanududuves CFA udsundasiuld UV-Vis spectrophotometry
uenNtu AnvinavesUinasgaduuasssaznarlunisgaduiiothdeyaluliesginleludfuuay
JaUNAFNARTYBINTRATU MNdIRU JUT 3.4 uansleluiisuuazsaunaraniveanisgadu CFA sedh
paduriinfneg auitulédn nsgadu CFA iRatusgisinuandngdaaaunanislunat 30 unit e
\WiBUlEUAINN1SAAdUTed HMS wag NR/HMS wuin asumednaninsanady CFA lauinninintes
Fafnnaninldvouthuese1ssssurAfitisnsunsuaznisnadu CFA ri1u hydrophobic interaction
nssefnuyiofiudwalinnugnisgaduiistuegraiulddn osanmgiefiuiAa protonation u
arsazatonaneidu -NH,* Faaansaiiin electrostatic interaction fungAsuandaves CFA 1¢ agdls
femuin fgaduiiiinnugmsgadugeanie NRHMS-1N-0.05 msiiia3anamyieiiugsndn 10 mol%
dwalvinisgaduanas iadesurefensanamesantiaunguidedefanyefiufistu vonaini
U3 AIRATY CFA 698 HMS-NH, wag NR/HMS-NH, aeaadasiuiuudaslolaiisuuuuuanies
(Langmuir isotherm model) tag pseudo-second order kinetic model %QLL&@@W%U’JUM?@@%’UV{
Aatuduuuutuies (monolayer adsorption) wazifeatasiunszuunsniaed

5.00 6
(A) - (B)
4.50 A | ]
]
]
4.00 > "
: ]
- =
3.50
A 4
< 3.00
2.50 A [ ] =2
) e o
o [ ) ~ d hd d o
2.00 A A <
, u ° 2 A
1.50 A A A A A A
= 'y A .
1.00 A .
1 * * * . *
* *
0.50 - L) . . ° ° e o ° o o
b <&
0 10 20 30 40 50 60 0 50 100 150 200
CJppm Time/ min

U 3.4 (1) lolmifisy waz (B) sauwamansuaansgadu CFA e (O) HMS, (A) HMS-1N-0.10,
(@) NR/HMS, () NR/HMS-1N-0.05, (A) NR/HMS-1N-0.10 and (®) NR/HMS-1N-0.15
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unii 4
n15NgaUulATeas19AaUNaANTENINNEIETTUYIALEE HMS
wazn1sAnwnalnnisiinrauwadn NR/HMS luszuududylva-1aa

wirnuATenounihdldiaun fanneumodnsewitaulene¥adanuaznediues 1wy woddlnu
(polystyrene) uagwedalnsudalviiun (polystyrenesulfonate) Lﬁai%lﬂuﬁag]m%’w%a@hl,s'qﬂﬁﬁ%m 1y
fauugiluananedweiunsndieglulasainglaswasawvuilenasa (mesostructure framework)
wgdlifinsfigaivdonanisveassitdaniaifnlasadnsneunedndngn Tasein1sidei Teaneena
figaunisinlassasnenaunednsenineenesssugAwag HMS Tu NR/HMS agslshfmaliadiasziias
1A59E5191ar0IAUTENOUNINLATIAEY 11U XRD, XPS, SEM-EDS way Solid-state 2°Si NMR aildadiin
Uasensdslianunsatunldlalagnse angdidedsldinatianisaine1esssuviiesnannaeunedn
NR/HMS sasfiun1sitasigidnuazantfives NRHMS Aoulazndinisaniamamainnigeg UanNI
ANWINAVDINITUINYNNGTTUTIALU TEOS (swelling of NR sheet in TEOS) neuthuessuduneunedn
Foililsnamsdnuiiiaulanazannsaienlesidassainaz nalnnisiinaesmedalu NR/HMS
HIUNTEUIUNTTBUTY LYa-137

nsnAinsatnenssssurAnanainaounadn NR/HMS fldlulassinsideiedioadeiunism
bound rubber luyanasunednueie1as55uYIA Insutusnounadn NR/HMS lulngduiidnindu
vosudsderanvan 1 se 80 (miinsdeuiunms) iunan 24 Falus antunsesuenvesufsoonuardns
felngdu drvewislusufigungl 60 ssrwaioa 1Wuian 2 $2lus veudadlalidedn
“NR/HMS_Ex” Bsaziiluiasesvimandfinianienmuazinilagldimaiiasien 1dud XRD, TG/DTA, N,
physisorption measurement, FE-SEM gz TEM (with OsOy staining)

Ul 4.1 wWisuiisuTusladnisgaydediviin (TG curves) Uluy XRD wagloluiisunisgady
N, ¥esABNNDER NR/HMS Aeulazndanisaing asssumionn ankansmaassiildmuin msafnse
ngduaIu130n19ne19sITUYIF00NIINABUNDEN NR/HMS TaUseun 50 wt.% uazdenalviia
lnNanyal XRD Y093y U1y (100) ¥1ely waneinlaseainan1sTniFeagngukuy wormhole-like
mesostructure Wamany dsaonadesiunamsAnnevisnemaiia N, physisorption Alsinugwsuana
lgwasiAnved HMS LLauaqmaiwwumwaaawL‘ww.vu,awﬂimwmigwqwamamwaﬁmwmumsaﬂﬂamaqamamﬂ
U 4.2 A uay B Wisuifieuduguves NR/HMS uaz NRHMS Ex wuin msafinenssssumnisilinen
wodnilvunoyniAdnas :InMIMAaBILarNsANYIANvAzaNTRYEY NR/HMS Ex Lianfudemaia
Juq AaziAfeduiguin snsssumavisdudimasegudanisada (lifu 30 wt.%) inazduened
LeNMeaNaN1ATIATNVRI NR/HMS composite Uil widiaaniiouinnigusnveseuninnaunadn (3U
7l 4.2 0 FedunanisfnuluduiTeannsnfuduldin srsssurfunsndndudiunisoslaseie
Tnssadauvulanedaves HMS (lildnisiAa in situ silica/NR nanocomposites wuufifisnesunau
wiil) uazdunsAzenszuindluanassseAtudanidunsiegisseu (weak interaction) FsBudu
fhenwene TEM (U7l 4.2 D) fluanamsievansvesniiagngues HMS vdannsannenisssuvia
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Weight loss/ %

1400

(A) (B)

-5

=

N

o

o
!

1000 -

dVp/dDp

N
o
L

NR/HMS 800

-15 4

Intensity/a.u.

NR/HMS_Ex

N}
o
.

NR/HMS_Ex 400 1

-25 NR/HMS

Volume adsorbed/ cm3 (STP) g*

200 A

NR/HMS_Ex

02 04 06 08 1

0 200 400 600 800 1000 12345678910 0
20/° PIP,

Temperature/ degree C

g‘dﬁ 4.1 (A) 3UUY TGA profiles, (B) 3Uiuu XRD wag (C) lelaiisunsaadu N, vasnaunadn NR/HMS
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heterogeneous acid catalysts in the esterification of model carboxylic acids and palm fatty acid distillate
(PFAD) with ethanol. The NR/HMS-SOsH composites exhibited a wormhole-like framework with enhanced
wall thickness, high mesoporosity, and enhanced hydrophobicity. The NR/HMS-SOsH composites exhibited a
superior catalytic performance compared to a commercial Nafion/silica composite solid acid catalyst (SAC-13)
and conventional propylsulfonic acid-functionalized HMS (HMS-SOsH). The NR/HMS-SO3H catalyst can be
regenerated and reused in the esterification.

© 2016 Published by Elsevier B.V.

1. Introduction

Organic esters are important chemicals in various industrial prod-
ucts, which are commonly synthesized via esterification of carboxylic
acids with alcohols in the presence of homogeneous acids. However,
the process is energy-inefficient and environmentally unfriendly.
Various acidic materials have been investigated as heterogeneous cata-
lysts for the esterification of carboxylic acids [1-4]. Hybrid/composite-
type catalysts combine good aspects of inorganic and organic materials
in which the organic moieties, such as functionalized polymers [5,6],
provide strongly acidic sites and hydrophobic properties, whereas the
inorganic frameworks have porous structures and high surface areas.
For example, SAC-13, an amorphous silica-supported Nafion® polymer
containing sulfonic acid groups, has a high surface area (>200 m? g~ !)
and nanometer-scale pores (>10 nm) that allow its application to the
catalytic reaction of bulky reactants. Although it has great potential for
the esterification, a considerable number of surface silanol groups
(=Si-0H) deteriorate its activity in water-sensitive reactions [7].

Hexagonal mesoporous silicas (HMSs) functionalized with
organosulfonic acid groups are promising catalysts in the esterification
due to their wormhole-like porous structure with high surface area
and strong sulfonic acid groups [8]. Propylsulfonic acid-functionalized

* Corresponding author at: Department of Chemical Technology, Faculty of Science,
Chulalongkorn University, Pathumwan, Bangkok 10330, Thailand.
E-mail address: Chawalit. Ng@Chula.ac.th (C. Ngamcharussrivichai).

http://dx.doi.org/10.1016/j.catcom.2016.02.019
1566-7367/© 2016 Published by Elsevier B.V.

HMS materials (HMS-SO3H) have been synthesized using 3-
mercaptopropyltrimethoxysilane (MPTMS) as the precursor [9]. The
thiol groups were then oxidized with H,0, [10], yielding the sulfonic
acid moieties. However, the residual silanol groups on the surface of
the resulting materials contributed the hydrophilicity and retarded the
reaction by readsorption of H,O on the acid sites [11].

Recently, we successfully prepared novel mesoporous composites
consisting of natural rubber (NR) as a hydrophobicity improver
dispersed in the wormbhole-like mesostructure of HMS (NR/HMS) [12].
Moreover, the NR/HMS composites were functionalized with
propylsulfonic acid groups via the direct co-condensation method
(NR/HMS-SOsH) [13]. In this communication, we report the catalytic
performance of NR/HMS-SOsH in the esterification of model carboxylic
acids and palm fatty acid distillate (PFAD) with ethanol in comparison
with that of SAC-13 and HMS-SOsH.

2. Experimental
2.1. Synthesis of acidic mesoporous catalysts

The synthesis of NR/HMS-SOsH materials was carried out using the
in situ sol-gel method as described elsewhere [13]. The molar composi-
tion of synthesis gel was 0.10 TEOS: 0.04 DDA: 5.89 H,0: 0.37 THF: 0.01
NR: (n) MPTMS: (7n) H,0,, where n = 0.01, 0.02 or 0.04. The obtained
acidic composite was designated as NR/HMS-SOsH (x), where x repre-
sents the MPTMS/TEOS molar ratio used in the synthesis. The HMS-


http://crossmark.crossref.org/dialog/?doi=10.1016/j.catcom.2016.02.019&domain=pdf
http://dx.doi.org/10.1016/j.catcom.2016.02.019
mailto:Chawalit.Ng@Chula.ac.th
http://dx.doi.org/10.1016/j.catcom.2016.02.019
http://www.sciencedirect.com/science/journal/15667367
www.elsevier.com/locate/catcom

6 S. Nuntang et al. / Catalysis Communications 80 (2016) 5-9

SOsH materials were synthesized using the same procedure but without
the addition of the NR sheet.

2.2. Characterization of acidic mesoporous catalysts

Structural and textural properties of HMS-SOsH and NR/HMS-SOsH
materials were analyzed by powder X-ray diffraction (XRD), N,
physisorption measurement, and transmission electron microscopy
(TEM). The presence of surface functional groups in the acidic mesopo-
rous catalysts was confirmed by in situ Fourier transform infrared (FTIR)
spectroscopy. The CHNS elemental analyzer was used to quantify the
composition of the functionalized materials. The concentration of
sulfonic acid groups in the mesoporous catalysts was determined by
acid-base titration. The monolayer adsorbed volume of H,0 (Vy,) was
determined by H,0 adsorption-desorption measurement. The informa-
tion about characterization instruments and conditions were described
in our previous report [13]. The water contact angle was examined
at room temperature using a Ramé-Hart Model 200-F1 standard
goniometer. Water was dropped on the powder sample, and the droplet
dimension was analyzed using the software system. The experiment
was repeated five times for each sample, and the averaged value was
reported.

2.3. Esterification of various carboxylic acids with ethanol

Esterification of carboxylic acids with ethanol was carried out in a
50-mL three-neck round-bottom flask equipped with a magnetic stirrer
and a reflux system. The cooling water temperature (5 °C) was
controlled by bath circulating equipment. Before being used, the
catalyst was dried at 100 °C for 2 h. The reaction temperatures were
set at 80 °C, 100 °C and 120 °C using an oil bath when the acid reactants
were acetic acid (AR grade, TCI), octanoic acid (AR grade, TCI) and lauric
acid (AR grade, TCI), respectively. Other typical operating parameters
were the molar ratio of ethanol:carboxylic acid of 2:1, catalyst loading
of 1 wt% (based on the carboxylic acid weight), and reaction time of
8 h. The batch system was checked for any possible leaks prior to the
experiment. The product composition was analyzed with a Shimadzu
GC-2014 gas chromatograph equipped with a 30-m DB-5 capillary
column and a flame ionization detector (FID). The quantitative analysis
was performed according to an internal standardization method.
N-methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) (>98.5%,
Aldrich) was used as derivatizing agent. In all cases, the weight loss of
reaction mixture was <10 wt%.

24. Esterification of PFAD with ethanol

The esterification of commercial PFAD (Morakot Industries Public
Co., Ltd. (Thailand)) with ethanol was carried out in a 100-mL PTFE-
lined autoclave reactor equipped with a magnetic stirrer. Typically,
6.75 g of PFAD was melted by heating at 70 °C, and then poured into

the reactor together with adding ethanol (4.18 g) and a catalyst
(5 wt% of PFAD). Subsequently, the reactor was tightly sealed and
heated to 120 °C under vigorous stirring. The reaction temperature
was controlled by a silicone oil bath. After 5 h, the reaction mixture
was filtered to recover the solid catalyst. The excess ethanol and H,O
as by-product were removed using a rotary evaporator. The reaction
mixture was analyzed for its composition in an on-column mode with
an Agilent 7890A gas chromatograph (GC) equipped with a 30-m HP-
5 column, and a FID. The free fatty acid (FFA) conversion was deter-
mined according to an external standardization method using methyl
heptadecanoate (AR grade, Fluka) as the reference standard.

3. Results and discussion
3.1. Physicochemical properties of acidic mesoporous catalysts

The physicochemical properties of acidic mesoporous catalysts are
summarized in the Supplementary Information (SI) Table S1. The XRD
analysis indicated that the materials retained the mesostructure
ordering after forming the NR/HMS composite and the functionalization
with propylsulfonic acid group (Fig. S1: SI). The N, physisorption
isotherms and the BJH pore size distribution of all functionalized mate-
rials confirmed their mesoporosity (Fig. S2: SI). Both HMS-SOsH and
NR/HMS-SOsH exhibited framework-confined mesoporous channels
with a wormbhole-like structure similarly to HMS, as revealed by TEM
images (Fig. S3: SI). The wall thickness of HMS-SOsHs and NR/HMS-
SO3Hs was increased by 44-61% and 56-66%, respectively, when
compared to that of the pristine HMS (Table S1: SI), indicating that
the propylsulfonic acid groups were attached on the silica wall. This
observation was consistent with the FTIR results (Fig. S4: SI). The larger
wall thickness expansion for NR/HMS-SOsH suggests that the NR
molecules were dispersed in the silica matrix [14]. HMS-SOsH and NR/
HMS-SOsH exhibited an increase in the acidity with the MPTMS/TEOS
ratio (Table S1: SI). At a similar MPTMS loading, NR/HMS-SOsH
possessed slightly lower acidity than HMS-SOsH.

The presence of organic moieties increased the water contact angle
by 5.6 and 6.8 times for HMS-SOsH and NR/HMS-SOsH, respectively
(Fig. 1). Moreover, the volume of H,0 adsorbed on the functionalized
materials was lower than that of the pure silica HMS (Table S1: SI).
The reduction of H,O affinity was explained by the extent of the
exposed surface silanol groups that were diminished upon the
functionalization, as evidenced by the FTIR analysis (Fig. S4: SI). In addi-
tion, the incorporated NR created a hydrophobic environment around
the mesoporous framework.

3.2. Esterification of various carboxylic acids with ethanol
Fig. 2 shows the conversion profiles of model carboxylic acids with

ethanol in the presence of various acidic mesoporous catalysts. Within
the first hour, the HMS-SOsH (0.2) catalyst gave the highest conversion

N

Contact angle = 19°+2.2

-

Contact angle = 106°+ 2.8

C

’ TR
Contact angle = 129°+ 2.6

Fig. 1. Water contact angles of (A) pure silica HMS, (B) HMS-SOsH (0.1) and (C) NR/HMS-SOsH (0.1).
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Fig. 2. Esterification of (A) acetic acid, (B) octanoic acid and (C) lauric acid with ethanol.
Reaction conditions: catalyst loading, 1 wt%; molar ratio of carboxylic acid:ethanol, 1:2;
time, 8 h; temperature, 80 °C, 100 °C and 120 °C when using acetic acid, octanoic acid
and lauric acid, respectively.

of acetic acid due to its high acidity and high surface area (Table S1: SI).
At a similar MPTMS loading, the initial rates observed for both types of
catalysts differed, however, by a few percentage points. A negative
effect of acidity loss (Table S1: SI) on the reaction rate over NR/HMS-
SOsH might be compensated by the reactants diffusion enhanced by
the hydrophobicity of NR. The NR/HMS-SOsH (0.2) catalyst exhibited
the highest acetic acid conversion and gave the maximum conversion
of 74.9% at 8 h. Besides, NR/HMS-SOsH (0.1) also showed higher
conversion than HMS-SOsH (0.1). An increased amount of H,0,
stochiometrically generated when the esterification was prolonged,
slowed down the ester formation by poisoning the acid sites [8].
However, the hydrophobic environment caused by the NR may prevent
the readsorption of H,0 onto the NR/HMS-SOsH surface. The conversion
decreased to 69.4% over NR/HMS-SOsH (0.4) due to an increase in its
affinity for H,O (Table S1: SI). SAC-13 exhibited higher conversion
than HMS-SOsH (0.1) after 5 h. This was ascribed to the acid strength
of Nafion® (—161 k] mol~'), which is higher than that of

7
100 1.0
O Catalyst loading 1 wt%
90 4 . r 0.9
O Catalyst loading 2 wt%
© 80 - @ Catalyst loading 3 wt% ro0s8
k- —
270 1 ro7s
o E
E 60 - 065
0 ] g
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& 2
% 40 04z
2 5
330 - F03%
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10 A 0.1
0.0
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Fig. 3. Effect of catalyst loading on the esterification of octanoic acid with ethanol. Reaction
conditions: molar ratio of octanoic acid:ethanol, 1:2; time, 8 h; temperature, 100 °C.

propylsulfonic acid (—128 k] mol™!) as determined by ammonia
adsorption calorimetry [15].

In the esterification of octanoic acid and lauric acid, the NR/HMS-
SO3H catalysts exhibited a higher initial rate and acid conversion than
the HMS-SOsH catalysts. Both long-chain carboxylic acids are more
hydrophobic than acetic acid, and their esterification can be seriously
hampered by competitive adsorption between the acid molecules and
ethanol onto the active sites. Pirez et al. demonstrated that methanol
binding to catalyst surface with enhanced hydrophobicity is significantly
weakened relative to fatty acid molecule [16]. Therefore, the higher
hydrophobicity of NR/HMS-SOsH catalysts should facilitate a higher
surface coverage of octanoic acid and lauric acid molecules on acid
sites, and promote esterification.

By increasing the catalyst loading from 1 to 3 wt% (Fig. 3), the initial
rate and the conversion of octanoic acid were enhanced due to an
increase in the total number of acid sites. In contrast to the functional-
ized mesoporous catalysts, the initial rate curve of SAC-13 leveled off
at 3 wt% loading. Some —SOsH groups are embedded in the Nafion
polymeric matrix, limiting the diffusion of reactants to the acid sites.
At the same loading, the NR/HMS-SOsH (0.2) composite gave a higher
initial rate than HMS-SOsH (0.2).

The effect of H,0O addition on the esterification of octanoic acid with
ethanol is shown in Fig. 4. The H,0 (5 wt% based on the octanoic acid
weight) was directly mixed with the reactants before conducting the
reaction. With the H,0 addition, the conversion is ranked in the follow-
ing order: NR/HMS-SO3H (0.2) > SAC-13 > HMS-SO5H (0.2). At 8 h,
HMS-SO3H (0.2) showed a drastic decrease in the conversion of 38%,

100 +SAC-13 (no water addition)

90 - -BSAC-13 (water addition)
> 80 - -©-HMS-SO3H(0.2) (no water addition)
= - & HMS-SO3H(0.2) (water addition)
& 70 -2 NR/HMS-SO3H(0.2) (no water addition)
g 60 -A-NR/HMS-SO3H(0.2) (water addition,
g
8 50 A
=]
'S5 40 A
&
)
=1
8 20 4
153
© w0 &

0

0 1 2 3 4 5 6 7 8 9
Time/ h

Fig. 4. Effect of H,0 addition on the esterification of octanoic acid with ethanol. Reaction
conditions: catalyst loading, 1 wt%; molar ratio of octanoic acid:ethanol, 1:2; time, 8 h;
temperature, 100 °C.
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whereas NR/HMS-SOsH exhibited only 5% drop of the acid conversion.
These results indicate that the hydrophobicity of the NR/HMS-SOsH
composite reduced the poisoning effect caused by the H,0 added into
the reaction.

3.3. Reusability of NR/HMS-SOsH composite in the esterification

After the esterification reactions, the NR/HMS-SOsH catalysts were
recovered by filtration, followed by washing with acetone. All the
spent catalysts exhibited FTIR spectra similar to the fresh one (Fig. 5).
However, a weak band at 1700 cm™ ' and broadened band around
3440 cm~!, respectively corresponding to the (=0 and O—H
stretching of carboxylic acid groups [13], were observed. The CHNS
analysis revealed that the spent catalysts had higher C and H contents
than the fresh ones, while the amount of S remained intact (Table S2:
SI). As shown in Fig. S5: SI, the octanoic acid conversion over NR/
HMS-SO5H (0.2) was retained in four repetitive uses. The conversion
decreased to 45.5% in the fifth repetition at which the color of the
spent catalyst turned yellow. Besides, the CHNS analysis evidenced an
increase in the cumulative amount of reaction mixture (Table S2: SI).
Deposition of reactants/products on the surface should be a major
cause of the deactivation of the NR/HMS-SOsH catalyst, similarly to
the case of the Nafion® catalyst [17].

3.4. Esterification of PFAD with ethanol

The FFA content of the initial PFAD was 86.2 wt, i.e., 47.1% palmitic
acid (C16:0), 48.6% oleic acid (C18:1) and 4.3% stearic acid (C18:0). The
esterification of PFAD with ethanol generated ethyl palmitate, ethyl
oleate, and ethyl stearate as desired fatty acid methyl ester (FAME)
products. Likely to the esterification of model carboxylic acids with
ethanol, HMS-SOsH (0.2) and NR/HMS-SOsH (0.2) exhibited higher
conversion (7-12%) than SAC-13 (Fig. 6). The enhanced hydrophobicity
of NR/HMS-SOsH (0.2) should contribute to higher FFA conversion than
HMS-SOsH (0.2). It is noteworthy that NR/HMS-SOsH (0.2) provided
higher selectivity to ethyl palmitate (51.2%). In addition, the NR/HMS-
SOsH (0.2) composite was not significantly swollen in vegetable oil,
commercial FAMEs, and a mixture of PFAD and ethanol.
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<
b
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3900 3400 2900 2400
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100
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80
70 1
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50 A

40

FFA conversion or FAME selectivity/ %

SAC-13

HMS-SO;H (0.2) NR/HMS-SO;H (0.2)

Fig. 6. Esterification of PFAD with ethanol over acidic mesoporous catalysts. Reaction
conditions: catalyst loading, 5 wt%; molar ratio of PFAD:ethanol, 1:4; time, 5 h;
temperature, 120 °C.

4. Conclusions

The NR/HMS-SOsH nanocomposites were successfully applied as
new hybrid/composite-type solid catalysts in the esterification of
carboxylic acids with ethanol. The acid sites of these catalysts are likely
to be less poisoned by H,O when compared to the HMS-SO3H materials.
The enhanced hydrophobicity of NR/HMS-SOsH catalysts promoted the
initial rate and the acid conversion — particularly in the esterification
of octanoic acid and lauric acid with long hydrocarbon chains. The
NR/HMS-SO3H catalyst can be repeatedly used at least four times. A
cumulated carboxylic acid and/or ester product on the surface was
suspected as a cause of its deactivation. Further research is in progress
to investigate a potential use of the NR/HMS-SOsH composites as solid
acid catalysts for the biodiesel production.
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We report here a simple way to prepare mesoporous silica materials with hydrophobic properties, as
natural rubber (NR)/hexagonal mesoporous silica (HMS) nanocomposites, via an in situ sol-gel process
using tetraethyl orthosilicate (TEOS) and decylamine as a silica precursor and organic template,
respectively. Effects of swelling the NR sheet in TEOS, prior to dissolution in tetrahydrofuran, on the
mesostructure, chemical composition and hydrophobicity of the resulting nanocomposites were inves-
tigated. The NR/HMS prepared with the pre-swelling step had superior structural and textural properties
to that prepared without the pre-swelling step. The presence of rubber phase entrapped in the meso-
structured silica and genuinely mesostructured NR/silica nanocomposite framework was confirmed by
osmium tetroxide staining coupled with transmission electron microscopy analysis. The results obtained
from X-ray photoelectron spectroscopy indicated a good dispersion of NR molecules in the mesostruc-
tured nanocomposites, which was determined by the distribution of non-hydrolyzed ethoxy groups. The
use of toluene extraction, followed by characterization of the resulting material, identified the weak
nature of the NR-silica interaction. Dynamic light scattering indicated that the presence of TEOS in the
pre-swollen NR matrix enhanced the diffusion of template molecules into the rubber phase, and the
dispersion of NR molecules in the synthesis mixture. Finally, a plausible mechanism for the formation of
NR/HMS nanocomposites via cooperative templating route, in which the remnant ethoxy groups acted as
hydrophobic linkers between the rubber chains and the silica oligomers, was proposed.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction mesoporous silica surface with hydrophobic functional groups is a

promising technique to enhance the hydrophobicity of adsorbents

The desirable properties of mesoporous silica materials, namely
a high specific surface area, large pore volume and narrow distri-
bution of meso-scale pores, have been widely exploited in the fields
of adsorption and catalysis. Because of the high density of surface
silanol groups, these materials can be functionalized with various
chemically active moieties, either by post-synthesis grafting or by
the direct co-condensation methods [1,2]. Modification of the
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and catalytic materials applied in a water sensitive environment
[3—11].

In the past decade, nanocomposites based on organic poly-
mers and mesoporous silicas have attracted considerable atten-
tion due to the presence of synergistic advantages in which the
silicate framework provides a high mesoporosity, surface area
and thermal stability, while the polymeric species affords
chemically active functionality and hydrophobicity [12—19]. The
polymer/mesoporous silica nanocomposites with hydrophobic
properties have been applied in diverse areas, including catalysis
[12—14], adsorption [15—17] and drug delivery [18—20]. There are
two reported strategies to obtain these porous composites: (i)
direct introduction of polymeric moieties into the mesopores of
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the formed siliceous materials [11,15,21] and (ii) fabrication of
polymer/silica framework confined mesopores [14,17,20,22—24],
both of which are successfully performed via in situ sol-gel pro-
cess. Although the preparation of composites with entrapped
polymers is relatively simple and offers a high loading of chem-
ically active groups [11,15,17], intraparticle diffusion can be
hampered by the reduced pore size and/or volume. On the other
hand, the polymeric chains embedded in the silica matrix hinder
the functional groups from surface adsorption and reaction.
Therefore, the catalytic activity of these nanocomposites is not
competitive to that of conventional surface-functionalized mes-
oporous silica materials [12—14].

Recently, novel mesoporous nanocomposites consisting of nat-
ural rubber (NR) as a hydrophobicity improver dispersed in the
wormbhole-like mesostructure of HMS (NR/HMS) were synthesized
via an in situ sol-gel technique using dodecylamine (DDA) as the
organic template in the presence of tetrahydrofuran (THF) [24].
Moreover, the remaining surface silanol groups allow the com-
posites to be modified with different active functional groups to
prepare hydrophobic mesoporous materials serving adsorption
[15] and catalysis [12,13] applications. Despite the advantageous
properties and potential applications of mesoporous polymer/silica
nanocomposites, there is still lack of experimental evidence to ac-
quire knowledge on the (i) interaction between polymeric and
silicate species, each of which has different physical and chemical
natures, (ii) mechanism of the template-assisted self-assembly of
the silicate species in the presence of polymer molecules, and (iii)
location and dispersion of polymeric moieties in the mesostructure
of the resulting nanocomposites.

Swelling of the rubber sheet in tetraethyl orthosilicate (TEOS) is
an essential step in the reinforcement of rubber with silica formed
via an in situ sol-gel process in the presence of acid or base catalyst
[25,26]. A high compatibility of in situ formed silica with rubber
molecules was due to the surface hydrophobicity that originated
from the lower degree of particle condensation and fewer silanol
groups, as well as the remnant ethoxy groups [27]. An intimate
contact between the rubber, TEOS and catalyst is of importance to
obtain uniform nano-sized and well separated silica particles in the
resulting composites, which is determined by the limitation of
diffusion the reagents into the rubber matrix [28]. These works
motivated us to explore how the pre-swelling step affects the
preparation of mesostructured NR/HMS nanocomposites, since
there is something in common regarding the substrates used. Our
finding can provide a better understanding of the mechanism for
the formation of a composite-framework confined mesoporous
structure.

In this work, we demonstrated the effects of swelling NR in
TEOS prior to dissolution in THF, on the mesostructure, chemical
composition and hydrophobicity of the resulting NR/HMS nano-
composites. The NR/HMS composites were synthesized using
decylamine (DCA) as a template, which is smaller than the DDA
conventionally used in the synthesis of pure silica HMS [29,30].
In the procedure without a pre-swelling step, a NR sheet will be
directly dissolved in THF to form a homogeneous mixture. The
physicochemical properties of materials obtained from both
procedures were comparatively examined using various tech-
niques. Moreover, extractive removal of rubber molecules from
the composite structure, followed by characterization of the
resulting material, allowed us to gain knowledge about the na-
ture of the NR-silicate interaction and structural aspects of
mesopores confined with the NR/in situ formed silica framework,
and a plausible mechanism for the formation of NR/HMS nano-
composites was then proposed.

2. Experimental
2.1. Materials and chemical reagents

The TEOS (AR grade, 99%), DCA (AR grade, 95%) and DDA (AR
grade, 98%) were purchased from Sigma-Aldrich, while THF (AR
grade, 99.5%) and toluene (AR grade, 99.8%) were obtained from
QREC Chemicals Co., Ltd. Sulfuric acid (AR grade, 98%) and absolute
ethyl alcohol (AR grade, 99.5%) were supplied by Merck Millipore
Ltd. Technically specified NR (commercial grade, STR-5L) was pro-
vided by the Thai Hua Chumporn Natural Rubber Co., Ltd.
(Thailand). All materials and reagents were used without prior
purification.

2.2. Synthesis of NR/HMS nanocomposites and pure silica HMS

The synthesis of NR/HMS nanocomposites using the TEOS
swelling step was performed as previously reported (Fig. 1) [24].
Typically, 1 g of a 1-mm-thick NR sheet was immersed in 10 g of
TEOS at room temperature for 16 h. The swollen NR sheet was
weighed to determine the amount of TEOS absorbed in the rubber
matrix, approximately 3 greos gﬁfg and then dissolved in 15 mL of
THF with stirring overnight. To this homogeneous mixture, DCA or
DDA was added, followed by dropping an additional amount of
TEOS (=18 g). After stirring for 1 h, deionized water was slowly
added. The molar composition of the final mixture was 0.10 TEOS:
0.04 amine: 5.89 H,0: 0.37 THF: 0.01 NR. The resulting mixture was
aged at 40 °C under stirring for 3 d after which a white gel was
formed. The solid product was recovered by precipitation in
ethanol, filtered, washed with ethanol, and dried under vacuum at
60 °C for 2 h. The removal of organic template was performed in a
solution of 0.05 M H,SO4/ethanol at 70 °C for 8 h. The resulting
solid was thoroughly washed with ethanol until the filtrate pH
became neutral, and then further dried under vacuum at 60 °C for
2 h. The white powder obtained was designated as “NR/HMS-WS”.

The synthesis of the NR/HMS nanocomposite without the
swelling step (NR/HMS-WO) started by directly dissolving the NR
sheet in THF at room temperature overnight under stirring to
obtain a homogeneous mixture (Fig. 1). The other synthesis steps
and the molar gel composition were the same as those used in the
synthesis of NR/HMS-WS. Using the same procedure, a pure silica
HMS was synthesized in the presence of DCA as the template with a
similar molar gel composition as the NR/HMS composites, but
excluding the NR.

2.3. Bound rubber determination and preparation of the NR/
HMS_Ex (NR/HMS after NR extraction)

Extractive removal of NR from the nanocomposites was per-
formed to determine the amount of bound rubber contained in the
NR/HMS-WO and NR/HMS-WS. The nanocomposite was immersed
in toluene at ambient temperature for 24 h. The ratio of solid: liquid
was kept constant at 1: 80 (w/v). The residual solid was recovered
by filtration, thoroughly washed with toluene, and dried under
vacuum at 60 °C for 2 h. The bound rubber content was calculated
according to Eq. (1);

W oo — W

Bound rubber content(wt.%) = —emaining —_silica . 100, (1)
Winitial — Whitica

where Wipitial is the initial weight of sample used in the experiment

(g), Wremaining is the weight of sample remaining after the toluene

extraction (g) and Wsgjca is the weight of silica in the
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Fig. 1. Schematic diagram of nanocomposite preparation without and with the pre-swelling step. Total amount of TEOS used was the same in both procedures. Particle size
distribution of synthesis mixture was determined by DLS: the NR or swollen NR was dissolved in (a) THF, (b) THF mixed with DDA, and (c) THF mixed with DDA and TEOS.

nanocomposites (g). Furthermore, the solid residue obtained from
extracting NR/HMS-WS, designated as “NR/HMS_Ex”, was sub-
jected to characterization for its physical properties in order to
access the nature of NR-silicate interaction and structural aspects of
mesopores confined with the NR/in situ formed silica framework.

2.4. Characterization of the pure silica HMS, NR/HMS
nanocomposites and NR/HMS_Ex

The nanostructures of HMS and NR/HMS materials were
analyzed by powder X-ray diffraction (XRD) using a Bruker D8
Advance X-ray diffractometer equipped with Cu Ka radiation. The
measurement employed an X-ray power of 40 kV and 40 mA, and
scanned from 26 = 0.5° to 10° with a step size of 0.02° and a count
time of 1 s. The repeating distance (ag) between the pore centers of
the hexagonal structure was calculated from the d spacing of the
(100) plane (djgo) using the formula ag = 242, The NR and silica
content of the nanocomposites were determined by thermogravi-
metric analysis (TGA) using a Rigaku Thermo Plus thermogravi-
metric analyzer. The sample (~10 mg) was heated from room
temperature to 900 °C at a ramp rate of 10 °C min~! under a dry air
flow (50 mL min~1).

The textural properties of HMS and NR/HMS were determined
by nitrogen (N;) physisorption. The adsorption and desorption
were performed at —196 °C using a Micrometrics ASAP 2020 in-
strument. All samples (~50 mg) were pretreated in vacuum at
150 °C for 2 h, then accurately weighed prior to the measurement.
The specific surface area (Sger) was calculated by the Brunauer-
Emmett-Teller (BET) method using the adsorption data in the
relative pressure (P/Py) range of 0.02—0.2. The total pore volume
(Vi) was obtained from the accumulative volume of N, adsorbed at
a P/Py of about 0.990. Pore size distribution was obtained by a
Barrett-Joyner-Halenda (BJH) pore analysis of the desorption
branch of the isotherm. The t-plot method was used to estimate the
external surface area (Sext). The primary mesopore volume (V}) was
calculated from the slope of linear portion of the t-plot in the

relative pressure range above which N, was condensed inside the
primary mesopores.

The adsorption and desorption of H,O were measured at 25 °C
using a BEL Japan BELSORP-max instrument. The sample pre-
treatment was performed at 150 °C for 2 h under vacuum. The
monolayer adsorbed volume of H,O (V) was determined from the
adsorption data in the P/P, range of below 0.2. The water contact
angle was examined at room temperature using a Ramé-Hart
Model 200-F1 standard goniometer. Water was dropped onto a
powder sample, and the droplet dimensions were analyzed by a
Dropimage Standard software. The results were reported as average
of five experiments per sample.

The morphology and mesostructured arrangement of materials
were observed by transmission electron microscopy (TEM) using a
JEOL 2010 transmission electron microscope at an accelerating
voltage of 200 kV and at magnifications of 20000 x and 500000 x .
Prior to the analysis, the powder sample was diluted 20 times with
ethanol, and then 10 pL of the mixture was dropped on a 400-mesh
copper grid with a carbon supportive layer and allowed to dry at
room temperature. For osmium tetroxide (0sO4) staining, the
sample grid was equilibrated with saturated vapor of 1% (w/v) OsO4
aqueous solution overnight before the TEM observation. The ma-
terial morphologies were also studied by field-emission scanning
electron microscopy (FE-SEM). The FE-SEM images with magnifi-
cations of 50000 x and 150000 x were recorded on a JEOL JSM-
6301F scanning electron microscope operating at 30 kV.

The presence of NR and distribution of silicate species in the
nanocomposite framework were investigated by X-ray photoelec-
tron spectroscopy (XPS). The XPS spectra were recorded on a Kratos
Axis Ultra DLD X-ray photoelectron spectrometer equipped with a
monochromatic small-spot X-ray source of an aluminum anode (Al
K, = 1486.6 eV) operating at 15 kV and 10 mA. Survey scans were
measured at a spot size of 400 um and a constant pass energy of
200 eV. The C 1s signal at 284.6 eV, corresponding to adventitious
carbon, was used for calibration of the binding energy scale. The
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high resolution XPS signals were deconvoluted using the Origin
version 8.1 software.

3. Results and discussion
3.1. Physicochemical properties of the NR/HMS nanocomposites

The thermal decomposition of the NR/HMS nanocomposites
prepared without and with the pre-swelling step was studied to
determine the rubber content (Supplementary Information (SI)
Fig. S1). The decomposition of NR molecules occurred in the tem-
perature range of 300—400 °C [24]. No weight loss was attributable
to DCA decomposition (180—250 °C) [31], revealing that the amine
template was successfully removed by extraction. The result was
confirmed by elemental analysis, which indicated a nitrogen con-
tent of <0.04 wt% for both samples. As summarized in Table 1, the
NR content of NR/HMS-WO (17.6%) was 1.35-fold higher than that
of NR/HMS-WS (13.0%). Given the hydrophobic nature of NR, this is
in accord with the weight loss in the first step, which suggested a
lower moisture content in NR/HMS-WO (4.6%) than in NR/HMS-WS
(9.1%).

The XRD patterns of both NR/HMS nanocomposites were
compared with that of pure silica HMS in Fig. 2A. All samples
exhibited a main diffraction peak at 26 in the range of 2.0—3.0°,
which was attributed to the characteristic (100) plane of hexagonal
mesoporous silica with a wormhole-like structure [7]. In the case of
pristine HMS, the small peak observed at a 26 around 4.7° was
related to the presence of lamellae as a minor mesophase [32]. The
direct addition of TEOS into the NR-THF mixture reduced the
structural order more severely than the pre-swelling procedure.
Moreover, the (100) peak of the NR/HMS nanocomposites shifted to
lower 26 positions than in the pure silica HMS, which corresponded
to an increase in the dygg spacing from 4.2 nm to 4.6 and 4.9 nm,
and expansion of the unit cell parameter (ap) from 4.8 nm to 5.3 and
5.7 nm for NR/HMS-WO and NR/HMS-WS, respectively (Table 1).
This was related to the incorporation of NR molecules into the sil-
icate framework of HMS [24]. Accordingly, the NR/HMS-WS nano-
composite should contain a higher amount of the incorporated NR,
probably due to an enhanced interaction of NR and TEOS via the
pre-swelling process, while the NR/HMS-WO with a higher NR
content (Table 1) was supposed to have a higher portion of rubber
phase that was not incorporated into the mesostructured silica.

Fig. 2B shows the N, physisorption isotherms of pure silica HMS
and the NR/HMS nanocomposites, all of which exhibited a type IV
isotherm (as defined by the IUPAC classification), indicating the
framework-confined mesoporous characteristics of these materials.
The nanocomposite formation reduced the Sggrand Vp compared to
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the pristine HMS (Table 1). NR/HMS-WS possessed a higher Sggr
and Vp than NR/HMS-WO by 13% and 11%, respectively. The BJH plot
indicated a similar pore diameter for both NR/HMS nano-
composites (Fig. 2C) of 2.1 and 2.2 nm for NR/HMS-WO and NR/
HMS-WS, respectively (Table 1) since the mesopore size was
essentially determined by the molecular size of amine template
[30]. However, the broad size distribution (1.9—5.4 nm) observed
for NR/HMS-WS suggested that there were some mesopores that
had been expanded by the NR molecules. A large Sext and V; are
characteristics of NR/HMS nanocomposites (Table 1) due to their
small nano-sized particles (Fig. S2: SI). Unlike NR/HMS-WS, the NR/
HMS-WO composite had a lower V; than the pure silica HMS, which
could be explained by the presence of NR molecules depositing on
its external surface, as well as those occluding inside the inter-
particle voids, when the NR mixed with TEOS without the pre-
swelling process.

Both NR/HMS-WO and NR/HMS-WS composites possessed
much smaller particle agglomerates than the pure silica HMS
(Fig. S2: SI) since the hydrolysis and condensation of TEOS were
impeded in the presence of the rubber phase [27,28]. Interestingly,
HMS exhibited relatively well-arranged wormbhole-like meso-
porous channels (Fig. 3A), while the pore structure became short-
ened and disordered when forming the NR/HMS nanocomposites
(Fig. 3C and D). This was ascribed to the DCA concentration, and so
the mesophase, changed upon the addition of NR. Goddard
demonstrated that the critical micelle concentration (CMC) of
surfactants was altered when polystyrene was mixed in the solu-
tion as a result of hydrophobic interaction between the polymeric
molecules and hydrocarbon tail of surfactant [33]. It can be seen
that NR/HMS-WS had larger mesopores and a thicker silicate walls
than HMS and NR/HMS-WO (insets, Fig. 3). Compared to the pris-
tine HMS, the wall thickness (W) was increased by 33.3% and 45.8%
for NR/HMS-WO and NR/HMS-WS, respectively (Table 1). The pre-
swelling process should promote the NR-TEOS interaction and the
incorporation of NR molecules into the mesostructured silicate
wall. The formation of the NR/silica composite framework may be
related to a trapped entanglement structure, generally found inside
the in situ sol-gel silica particles generated in the NR matrix [27].
The bound rubber content of NR/HMS-WO and NR/HMS-WS was
35.7% and 45.2%, respectively, indicating a better interaction be-
tween the rubber chains and silicate structure when the nano-
composite was prepared with the pre-swelling step.

To verify the effect of the pre-swelling process on the hydro-
phobic properties of the resulting materials, both NR/HMS nano-
composites were characterized by H;O adsorption-desorption
measurement and water contact angle (Fig. 4). The pure silica
HMS exhibited a type IV isotherm with a large hysteresis loop due

Table 1
Physicochemical properties of template-free HMS and NR/HMS nanocomposites.
sample NR content? Sger” Sext” D! Ve Vo' di00® ag" Wr' (nm) Vil
%) (m’g™) (m’g™) (nm) (em’g™) (em®>g™") (nm) (nm) (em’g™)
HMS N/A 780 91 24 1.12 0.58 4.2 4.8 24 67.9
NR/HMS-WO 17.6 553 109 21 0.92 0.24 4.6 53 3.2 471
NR/HMS-WS 13.0 638 228 2.2 1.34 0.27 49 5.7 35 479

2 Determined by TGA.

b BET surface area.

¢ External surface area, derived from the t-plot curves.

d Pore diameter, calculated by the BJH method.

¢ Total pore volume, determined by the N; adsorbed volume at P/Py = 0.99.
f Mesopore volume, determined by BJH pore size distribution.

& dqgo from XRD analysis.
h

' Repeat distance (ap) between pore centers of the hexagonal structure, calculated from ao = 2d100/3".

! Framework wall thickness, determined by subtracting the BJH mesopore size from a.

i Monolayer adsorbed volume of H,0.
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Fig. 3. TEM images of the template-free (A) HMS, (B) NR/HMS-WO and (C) NR/HMS-WS at magnification of 500000 x .
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Fig. 4. H,0 adsorption-desorption isotherms and water contact angles of the
template-free HMS and NR/HMS nanocomposites.

to hydrogen bonding attraction of H,O onto its silanol groups. The
formation of the nanocomposites reduced the hysteresis loop size
and H,0 adsorbed volume due to the hydrophobic environment

created by the rubber phase [12]. This was in accord with the
decreased volume of monolayer adsorbed H,O (Vi) from
67.9 cm® g~ ! for HMS to ca. 47.5 cm? g~ ! for the composite materials
(Table 1). A similar Vi, of the NR/HMS nanocomposites indicated
that the silanol groups were predominant on their interior surface.
However, the water contact angle revealed a higher surface hy-
drophobicity of NR/HMS-WO (102.6°) than that of NR/HMS-WS
(81°). This result should be account for by a larger proportion of
the rubber phase on the external surface of NR/HMS-WO, as seen in
the TEM analysis (see below).

The characterization results clarified the superior structural and
textural aspects of the NR/HMS-WS nanocomposite compared to
those of NR/HMS-WO, probably as a result of the higher distribu-
tion of NR in the mesostructured silica. However, they did not
provide information regarding the chemical composition of the
rubber phase and silica species present in the NR/HMS nano-
composites prepared by the different procedures. This would be
beneficial to access the location and dispersion of polymeric moi-
eties in the mesostructured framework, the interactions between
the organic and inorganic species, and the mechanistic model for
the mesostructured NR/HMS nanocomposite formation.

3.2. Dispersion of rubber phase in the NR/HMS nanocomposites

Staining the NR with OsOy, followed by TEM analysis, is a useful
technique to identify the presence of the rubber phase in the NR/
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silica composites with a core-shell structure [34,35]. Surprisingly,
the TEM images of NR/HMS-WO and NR/HMS-WS stained with
0Os0y illustrate the presence of well-ordered lamellar structures
randomly dispersed in the nanocomposites (Fig. 5), in contrast to
the wormhole-like mesostructure observed in the conventional
TEM images (Fig. 3). The lamellar phase was not found in the pure
silica HMS after the OsO4 staining (Fig. S3: SI). For the nano-
composites, it should be assigned to crystalline folded-chain
lamellae of stained rubber molecules [36]. The crystallization pro-
cess might be induced by trapped entanglement points between
the silicate framework and the rubber molecules. The rubber phase
occluding inside the mesopores can also be seen, which results in
pore size expansion (Fig. 2C), and the over two-fold reduction of V,
(Table 1). The NR/HMS-WS composite exhibited a relatively well
dispersed rubber phase in the mesostructured framework when
compared to NR/HMS-WO. It is worth nothing that, unlike the NR/
HMS-WS where the particle agglomerates were broken down into
smaller sizes, the staining largely modified the NR/HMS-WO
morphology from a loosely packed to a spherical shape (Fig. S4:
SI). This observation indicated a somewhat lower degree of rubber
phase distribution on the external surface of NR/HMS-WO particles
when compared to the NR/HMS-WS nanocomposite.

The NR/HMS nanocomposites were characterized by XPS in
comparison with the raw NR sheet and pure silica HMS, and the
binding energies obtained were interpreted for the effects of pre-
swelling NR in TEOS on the chemical composition and distribu-
tion of both organic moieties and silica contained in the resulting
nanocomposites. The wide-scan XPS spectra revealed Si, C and O
species on the composites surface, and the absence of N derived
from the amine template (Fig. S5: SI). As shown in Fig. 5, the Cls
XPS signals at 284.0 eV and 284.5 eV were respectively assigned to
the C=C bond and the C—C/C—H bonds of the cis 1,4—polyisoprene
backbone of NR [21]. The signals at 285.5 eV, 286.5 eV and 287.4 eV
were also found in the NR raw material (Fig. S6: SI), and were
attributed to the C—O bond, the C—O—C bond and the C=0 bond,
respectively [37], of the surface functional groups formed by
oxidative cleavage of the rubber chains during storage [38]. NR/
HMS-WS had a more similar carbon species distribution to the
pure NR than NR/HMS-WO. It can be concluded that the NR
composition was not significantly altered when the composite was
prepared via the pre-swelling procedure. The disappearance of the
C=0 bond, corresponding to terminal aldehyde and/or ester groups
[38], in NR/HMS-WO is related to the loss of short-chain rubber
molecules with the polar groups during dissolution of NR in the
THEF prior to the addition of TEOS.

The chemical composition (atomic concentration) obtained
from the XPS analysis is summarized in Table S1 (SI). The siliceous
HMS had 2.7% C as the C—C/C—H and C-O species (Fig. S7: SI),
which may possibly be due to the presence of non-hydrolyzed
ethoxy groups [27], which are normally observed in sol-gel syn-
thesized silica [39,40]. The C—C/C—H: C=C ratio of the NR/HMS-WS
(3.34) was close to that of NR (3.80), while the NR/HMS-WO com-
posite exhibited a higher ratio (4.55). In addition, NR/HMS-WO
possessed a higher C—O concentration than NR/HMS-WS, indi-
cating that the nanocomposite prepared without the pre-swelling
step contained a relatively high amount of remnant ethoxy
groups on its surface. Although the C—C/C—H and C-O signals can
arise from the residual ethanol as a by-product from the TEOS hy-
drolysis [28], we discounted the presence of this organic species
since the TGA results indicated a lower content of physisorbed
molecules in NR/HMS-WO than NR/HMS-WS (Fig. S1: SI).

The O1s XPS spectra of the composite materials are shown in
Fig. 5. The NR sheet had an O content of only 6.5% (Fig. S6: and
Table S1: SI). For HMS, the signals at 532.4 eV, 533.1 eV, 533.9 eV
and 534.7 eV corresponded to the Si—0-C, Si—0-Si, Si—O—H and

H—-O-H species, respectively (Fig. S7: SI) [41—43]. The ratio of
Si—0-C: Si—0-Si: Si—O—H in NR/HMS-WS (0.31: 1.00: 0.41) was
similar to that in the pristine HMS (0.35: 1.00: 0.42). However, the
relatively high content of Si—O—C species on the surface of the NR/
HMS-WO composite indicated a high amount of remnant ethoxy
groups, in accord with the C1s XPS results. Miloskovska et al. re-
ported that the non-hydrolyzed ethoxy groups on the silica surface
increased the hydrophobic properties, and resulted in an intimate
contact of the sol-gel silica particles with the NR matrix [27].
Therefore, the dispersion of rubber phase in the NR/HMS nano-
composites and the extent to which the NR molecules were
incorporated into the mesostructured silica framework were
possibly determined by the distribution, and so the location, of the
remnant ethoxy groups.

3.3. Characterization of the NR/HMS_Ex to access the NR-silicate
interaction

As evidenced by the TEM images (Fig. 5), the mesostructured
framework of NR/HMS-WS was comprised of NR molecules
entrapped in the silicate wall. An interaction between the rubber
molecules and the remnant ethoxy groups might play an important
role in the intimate contact between the organic and inorganic
moieties, as suggested by the XPS study. The hydrophobic inter-
action is weak in nature. Some entrapped NR molecules would be
expected to be removed by the toluene extraction, leading to a
remarkable change in the physicochemical properties of the
resulting solid residue. The TGA result indicated that the amount of
rubber extracted from the neat NR/HMS-WS was 47.9 wt% (data not
shown). In order to ensure the nature of the NR-silicate interaction
and the presence of a mesostructured NR/silica composite frame-
work, the NR/HMS_Ex obtained after the toluene treatment was
characterized.

Compared to that of the pristine NR/HMS-WS (Fig. 6A), the
mesostructure of NR/HMS_Ex was completely collapsed by the
toluene extraction. The result was in accord with the N, phys-
isorption isotherm and the BJH plot, which revealed that NR/
HMS_Ex lost the framework-confined mesoporous character
(Fig. 6B). Unlike NR/HMS_EX, the retention of primary mesopores,
but with a bimodal pore size distribution, was observed for the
extracted NR/HMS-WO sample (Fig. S8: SI), which confirmed the
higher dispersion of rubber molecules in NR/HMS-WS than in NR/
HMS-WO. The morphology of NR/HMS-WS and NR/HMS_Ex was
examined using FE-SEM (Fig. 7A and B). After the extractive
removal of NR, the nanocomposite particles became fine and highly
dispersed. By 0sO4 staining coupled with TEM analysis, the pres-
ence of the rubber phase extracted from the NR/HMS_Ex particles
was confirmed (Fig. 7C). Moreover, the wormhole-like meso-
structure of the NR/HMS nanocomposite was substantially
damaged by the toluene extraction (Fig. 7D). From these results, it
can be concluded that the NR/HMS prepared with the pre-swelling
step possessed a genuinely mesostructured NR/silica nano-
composite framework. The majority of the incorporated NR mole-
cules weakly interacted with the silicate framework, probably via
the non-hydrolyzed ethoxy groups, which could be swollen and
extracted in toluene.

3.4. Mechanistic model for the formation of NR/HMS
nanocomposites

Since NR is a large hydrophobic polymer, the incorporation of
NR molecules into the mesostructured silica framework requires a
good liquid media to promote their dispersion and better contact
with the amine template and silica precursor. THF is a good solvent
to prepare the NR solution (Fig. S9A: SI). However, the dissolved
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Fig. 7. FE-SEM images of (A) NR/HMS-WS and (B) NR/HMS_Ex at magnification of 150000 x , and (C and D) TEM images of NR/HMS_Ex.

rubber easily undergoes agglomeration and precipitation in the
presence of water, which is needed for hydrolyzing the TEOS silica
precursor (Fig. S9B: SI). Although DDA was added into the NR so-
lution as a neutral surfactant prior to the water addition, the pre-
cipitation of the rubber phase was inevitable (Fig. SOC: SI). The
detrimental effect of the added water on the phase separation was
not observed when the NR solution was prepared with the addition
of DDA and TEOS (Fig. S9D: SI). This preliminary result gives a clue
to the hydrophobic interaction between the NR molecules and

TEOS, which essentially retain the colloidal state of the synthesis
mixture when water is present.

In order to access the effects of synthesis reagents and proced-
ures on the dissolution and dispersion of NR molecules, the change
in particle size of the rubber phase was examined using dynamic
light scattering (DLS). The results obtained from the different
synthesis procedures are compared in Fig. 1. The particle sizes of NR
directly dissolved in THF (the NR/HMS-WO route) were similar to
those of NR swollen in TEOS, followed by dissolving in THF (the NR/
HMS-WS route). The addition of DDA in the NR solution reduced
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the particle size, which was more noticeable when the pre-swelling
step was conducted. The result indicates that the presence of TEOS
in the swollen NR matrix enhanced the diffusion of DDA into the
rubber phase, and the dispersion of NR molecules in the synthesis
mixture. After adding TEOS (the total amount of TEOS used in both
procedures was the same), the resulting colloidal mixtures con-
tained very small particles of 5—8 nm, which were probably im-
purities in the NR [44].

Scheme 1 illustrates the mechanistic model for the formation of
NR/HMS nanocomposite prepared with the pre-swelling step. The
NR sheet was preferentially swollen in TEOS via hydrophobic
interaction between the polyisoprene chains and the ethoxy
groups. The addition of THF and DDA expanded the swollen rubber
matrix to obtain the NR solution and the TEOS presenting around
the NR molecules allowed a high dispersion of DDA in the rubber
phase. At this stage, the micellar template of DDA was not formed
due to the insufficient polarity of THF, as suggested by the surface
tension measurement (Fig. S10: SI). Upon water addition, the ma-
jority of TEOS was hydrolyzed to form the silicate species
concomitantly with the formation of a hybrid organic-inorganic
mesophase via a cooperative templating mechanism [45]. The hy-
drophobic environment created by the NR slowed the hydrolysis
and condensation rate of the silicate species. The ethoxy groups
adjacent to the NR molecules remained non-hydrolyzed and acted
as linkers between the rubber chains and the silicate oligomers,
resulting in the mesostructured entrapped NR/silica nano-
composite framework. Without the pre-swelling step, the amount
of rubber molecules entrapped in the mesostructured silica was
reduced due to the relatively poor contact between NR, DDA and
TEOS. Consequently, a larger proportion of rubber molecules were
deposited as separate phase on the external surface of the NR/HMS
particles.

4. Conclusions

The pre-swelling process provided the NR/HMS nanocomposite
with superior structural and textural properties, as a result of a
higher dispersion of the rubber phase in the mesostructured silica
compared to that prepared without the pre-swelling step. The
presence of TEOS in the pre-swollen NR matrix enhanced the
diffusion of template molecules into the rubber phase, and the

interaction between NR, the amine template and TEOS in the syn-
thesis mixture. The formation of a genuinely mesostructured
entrapped NR/silica nanocomposite framework and the extent at
which the rubber molecules were incorporated into the meso-
structured silica were determined by the distribution, and so the
location, of remnant ethoxy groups. A majority of the incorporated
NR molecules were weakly interacted with the silicate framework,
possibly via the non-hydrolyzed ethoxy groups adjacent to the NR
molecules, which acted as hydrophobic linkers between the rubber
chains and the silica matrix. Further investigation of the NR/HMS
nanocomposites and their surface-functionalized materials as po-
tential adsorbents under aqueous phase conditions is in progress.
The present synthesis approach is a useful strategy to develop a
wide variety of mesostructured polymer/silica nanocomposites,
which find applications in the area of adsorption, catalysis and drug
delivery.
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One-pot synthesis of wormhole-like mesostructured silica with a high
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Abstract

A series of ordered amine-functionalized hexagonal mesoporous silicas (HMS-NH,) were synthesized successfully via
direct co-condensation using dodecylamine as a structure-directing agent in the presence of 3-aminopropyltrimethoxysilane
(APS), [aminoethylamino]propyltrimethoxysilane or [(2-aminoethylamino)ethylamino]propyltrimethoxysilane (AEEA) as
amine group precursors. Tetrahydrofuran was used as the organic solvent to control the interaction and sol—gel reaction of the
silica source and aminosilanes. The effect of the type and concentration of the added aminosilanes on the physicochemical
properties of the resulting HMS-NH, materials were investigated. Thermogravimetric analysis, Fourier-transform infrared
spectroscopy and solid-state 2°Si nuclear magnetic resonance spectroscopy confirmed a successful functionalization of
the HMS surface with different amine groups. X-ray diffraction and transmission electron microscopy indicated that their
wormhole-like mesostructured framework was retained after functionalization at a high APS loading level (15 mol%) or
using AEEA as the aminosilane precursor. A high degree (88-98%) of aminosilanes was incorporated into the HMS frame-
work, corresponding to an amine concentration of 0.72-2.16 mmol g~'. The HMS-NH, materials had a high surface area
(272-627 m? g~ 1), a large total pore volume (0.48—1.92 cm® g~!) and exhibited an enhanced adsorption capacity for clofibric
acid in aqueous solution.

Keywords Hexagonal mesoporous silica - Amine functional group - Aminosilane - Adsorption - Clofibric acid

1 Introduction

Mesoporous silica materials have received considerable
attention because of their uniquely large surface area, nar-
row pore size distribution and well-defined pore shape [1,
2]. Among the mesoporous silica materials prepared via
different soft-templating routes, hexagonal mesoporous
silica (HMS), synthesized using long-chain organic amines
as structure-directing agents under neutral conditions, has
a wormhole-like framework structure of randomly packed
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mesoporous channels, which encourages intraparticle dif-
fusion of guest molecules [3]. Moreover, HMS exhibits a
thicker silica framework, providing a high thermal stability
[3]. In addition, amine templates are cheaper than the non-
ionic and cationic surfactants typically used in the synthesis
of SBA-15 and MCM-41, respectively, and can be simply
removed by extraction using a solvent, such as acidified etha-
nol (EtOH) [4].

A number of mesoporous silicas functionalized with dif-
ferent active organic moieties have been developed to obtain
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materials suitable for a wide variety of applications [5—-33].
The modification of mesoporous silica surface with amine-
functional groups has garnered intense interest in fields
of catalysis [5-7], adsorption [9-30] and drug delivery
[31-33]. The functionalization of HMS with organic amines
(HMS-NH,) forms an effective adsorbent for the removal
of toxic metal cations, and can be simply regenerated by
acid washing [16—18]. Suriyanon et al. applied HMS-NH,
to adsorptive removal of clofibric acid (CFA), a xenobi-
otic metabolite of the cholesterol-lowering pharmaceutical
fibrate drugs that is most frequently detected in the environ-
ment [34, 35], via electrostatic interaction and H-bonding
between the amine groups and carboxyl groups of CFA [36].
Moreover, the HMS-NH, materials were demonstrated as
potential sorbents for capturing CO, from flue gas streams
via pressure swing adsorption [19, 20].

There are two conventional approaches to prepare the
HMS-NH, materials, as well as other amine-functionalized
mesoporous silicas. The post-grafting method provides func-
tionalized materials with a relatively well-ordered meso-
structure but the organic moieties are mostly anchored on
the external surface and near the pore mouth [37], result-
ing in a non-uniform distribution of amine groups and an
adverse effect on molecular diffusion. In contrast, the one-
pot synthesis of functionalized mesoporous materials via co-
condensation results in a homogenous distribution of amine
groups throughout the resultant material [37]. An increase in
the surface density of amine groups, while maintaining the
mesostructure and mesoporosity, is a desirable approach to
maximize the accessibility to those amine moieties, and so
the catalytic activity [5, 6] and adsorption capacity [9—13] of
the resulting functionalized material. Therefore, a number of
attempts have been made to prepare well-ordered mesostruc-
tured silicas with a high loading of amine groups via co-con-
densation [11, 12, 14, 38]. However, the presence of strong
intermolecular bonding, not only among the aminosilanes
but also between the amine groups and the silica precursors,
interrupts the co-operative self-assembly process, yielding
materials with a poor mesostructure [10, 17, 38] and a large
fraction of amine groups embedded in the silica wall [12].

In this work, the synthesis of HMS-NH, with a high
content of amine groups via direct co-condensation using
a series of mono-, di- and tri-amino-organoalkoxysilanes
is reported. To the best of our knowledge, the synthesis
of highly ordered HMS-NH, at an amine loading level
of > 15 mol% (based on total silica content) has not been
accomplished before. In contrast to the conventional HMS
synthesized in EtOH, the synthesis procedure of this report
was performed with tetrahydrofuran (THF) as the organic
solvent to control the interaction and sol-gel reaction of
the silica source and aminosilane precursors. The molar gel
composition was varied to examine its effect on the phys-
icochemical properties of the materials obtained. Combining

@ Springer

the results obtained from various characterization tech-
niques, this synthesis was shown to provide HMS-NH,
materials with a highly ordered mesostructure and improved
textural properties, even when the amine loading was as high
as 15 mol% or a large amine-functional group was loaded.
In addition, the application of HMS-NH, materials as adsor-
bents for the removal of CFA from an aqueous solution was
investigated.

2 Experimental
2.1 Chemical reagents

Tetraethyl orthosilicate (TEOS; AR grade, 99%),
dodecylamine (DDA; AR grade, 98%), 3-aminopropyltri-
methoxysilane (APS; AR grade, 97%), [aminoethylamino]
propyltrimethoxysilane (AEA, AR grade, 97%), [(2-ami-
noethylamino)ethylamino]propyltrimethoxysilane (AEEA;
technical grade, >80%), sulfuric acid (H,SO,; AR grade,
>95%) and clofibric acid (CFA; AR grade, >98.5%) were
purchased from Sigma-Aldrich. Absolute ethanol (EtOH;
AR grade, 99.5%) and tetrahydrofuran (THF; AR grade,
99.5%) were purchased from Macron Fine Chemicals and
QREC, respectively. All chemical reagents were used with-
out further purification.

2.2 Synthesis of pure HMS

The HMS was synthesized in the presence of THF via a
sol-gel process as previously reported [4], using TEOS as
the silica source and DDA as the amine template. Typically,
DDA was dissolved in a solution of THF and deionized
water under stirring. To this homogeneous solution, TEOS
was added dropwise to obtain the synthesis gel with a molar
composition of 0.05 TEOS: 0.02 DDA: 2.94 H,0O: 0.74 THF.
After stirring at ambient temperature for 24 h, the mixture
was aged in an oven at 40 °C for 24 h. The resulting white
solid was recovered by filtration, thoroughly washed with
EtOH, and dried under vacuum at 60 °C for 4 h. The dried
solid was then extracted with 0.05 M H,SO,/EtOH solution
at 80 °C for 4 h to remove the organic template, followed by
drying under vacuum at 60 °C for 4 h.

2.3 Synthesis of HMS-NH, materials

A series of HMS-NH, materials were synthesized using
APS, AEA and AEEA as amine-functional group precursors.
In a typical procedure, DDA, THF and deionized water were
mixed together to obtain a white colloidal solution to which
a solution containing TEOS, aminosilane and THF was
added dropwise. The APS/(APS + TEOS) molar ratio was
varied at 0.05, 0.10 and 0.15, while the AEA/(AEA +TEOS)
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and AEEA/(AEEA + TEOS) molar ratios were kept constant
at 0.05. After stirring at ambient temperature for 24 h, the
mixture was aged in an oven at 40 °C for 24 h. The result-
ing solid was recovered by filtration, washed, dried and the
organic template removed as in Sect. 2.2. The HMS-NH,
obtained was designated as HMS-nN-m, where n was 1,
2 and 3, respectively representing APS, AEA and AEEA,
whereas m denoted the mole fraction of aminosilanes.

2.4 Characterization of HMS and HMS-NH,

Powder X-ray diffraction (XRD) was used to analyze the
mesostructured arrangement of the synthesized materi-
als. The XRD patterns were recorded on a Bruker D8
ADVANCE diffractometer equipped with Cu Ka radiation
and operated at 40 kV and 40 mA. The measurement was
performed over a 26 range of 0.5-10° with a scanning step
of 0.02° and a count time of 1 s. The repeating distance (a,)
between pore centers of the hexagonal structure was calcu-
lated from the interplanar spacing of the (100) plane (d, ),
as reported [4], using a,=2d,,,/ \/ 3.

The thermal decomposition of the materials was investi-
gated by thermogravimetric analysis (TGA) using a Perki-
nElmer Pyris Diamond thermogravimetric instrument. The
analysis was performed at a heating rate of 10 °C min~!
from room temperature to 1000 °C under a dry air flow
of 50 mL min~!. The amount of nitrogen contained in the
HMS-NH, materials was determined using a LECO Corpo-
ration 628 Series CHNS/O elemental analyzer.

The presence of amine-functional groups in the HMS-
NH, materials was confirmed by Fourier-transform infra-
red spectroscopy (FTIR). Prior to the analysis, the sample
powder was dried at 60 °C overnight to reduce the adsorbed
moisture. The FTIR spectra were recorded at room tem-
perature in attenuated total reflectance (ATR) mode on a
PerkinElmer Spectrum One Fourier-transform infrared spec-
trometer with total of 64 scans over 400-4000 cm™! at a
resolution of 4 cm™!,

Solid-state 2°Si cross polarization/magic angle spin-
ning nuclear magnetic resonance spectroscopy (*°Si CP/
MAS NMR) was applied to measure the type and rela-
tive concentration of silica species present in the pure sil-
ica and functionalized materials. The NMR spectra were
acquired on a Fourier-transform nuclear magnetic resonance
400 MHz spectrometer (Bruker Ascend 400 WB) operated
at 79.4 MHz and a sample spinning frequency of 5 kHz
using a delay time of 3 s and a CP contact time of 2.5 ms.
The chemical shifts of 2Si MAS NMR spectra are quoted
in parts per million (ppm) using tetramethylsilane as the
internal standard. The spectral resolution was sufficient for
accurate peak assignments, and the relative peak area of each
silica species was obtained by a curve-fitting analysis by a
series of Gaussian curves using the Origin Pro 8.5 software.

The textural properties of the HMS and HMS-NH, mate-
rials were determined by nitrogen (N,) adsorption—desorp-
tion measurement at — 196 °C on a Micromeritics ASAP
2020 surface area and porosity analyzer. All samples
were precisely weighed after degassing at 150 °C for 2 h.
The specific surface area (Szpp) was calculated by the
Brunauer-Emmett-Teller (BET) method using the adsorp-
tion data in the relative pressure (P/P,) range of 0.02-0.2.
The total pore volume (V,) was obtained from the accumula-
tive volume of N, adsorbed at a P/P, of about 0.990. The ¢
plot method was used to estimate the external surface area
(Sexy)- The primary mesopore volume (Vp) was calculated
from the slope of linear portion of the ¢ plot curve in the
P/P range above which N, was condensed inside the pri-
mary mesopores. The pore size (D)) was calculated from the
adsorption branch data of the N, sorption isotherms using
the Barrett—Joyner—Halenda (BJH) method.

The morphological change upon the surface function-
alization was studied by field-emission scanning electron
microscopy (FE-SEM) using a Hitachi SU5000 instrument
operated at 40 kV. The FE-SEM images were analyzed with
Image] software for measuring particle size and interparticle
voids. The sample powder was dispersed on carbon tape,
followed by platinum coating. Transmission electron micros-
copy (TEM) was used to directly observe the mesoporous
structure of HMS and HMS-NH, materials. The TEM
images were recorded at a magnification of X150000 using
a JEOL 2010 transmission electron microscope operated at
an accelerating voltage of 200 kV.

2.5 Adsorption of CFA by HMS and the HMS-NH,
materials

The adsorption capacity of HMS and HMS-NH, materials
for CFA was determined using the shake-flask method. The
adsorbents were pre-heated at 80 °C for 4 h before being
used. Adsorption assays were performed as batch experi-
ments with a CFA aqueous solution (50 pug L™!). The ratio
of solid to liquid was fixed at 1 g L™! and the mixture was
agitated in an orbital shaker at 200 rpm at 40 °C. The CFA
concentration was measured using an UV-Vis spectropho-
tometer (Biochrom Libra S22) at a wavelength of 228 nm.
The adsorption kinetics was studied by measuring the CFA
concentration at different time intervals. The experimental
data were then evaluated using the pseudo- and Ritchie-
second-order kinetic models, as shown in Egs. (1) and (2),
respectively [39, 40]:

Pseudo-second order : — = 1 + L )

4q; k2 qz 9. ’

where g, and g, are the amount of CFA adsorbed at any
given time (¢) and at equilibrium (mg g_l), respectively, and
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k, is the pseudo-second order rate constant (g mg™' min™")
determined from the plots of #/g, vs. t.
1 1

Ritchie-second-order equation : 1_ + — )
q} eret qe

where k, is the Ritchie-second-order rate constant (min~")
derived from the plots of 1/q, vs. 1/t.

The Langmuir and Freundlich isotherm models were
applied to analysis of the adsorption isotherm data, as shown
in Egs. (3) and (4), respectively:

1 1

.. . 1
Langmulr isotherm equatlon ==+ 3
9. 9m qumCe ( )

where g,, is the maximum adsorption capacity (ug g~') and
k; is the Langmuir constant,

Freundlich isotherm equation : Ing, = Inky + 1 InC,
n

“
where k is the Freundlich constant and 7 is the adsorption
intensity (dimensionless).

3 Results and discussion
3.1 Structural analysis of HMS-NH, by XRD

The XRD patterns of the pure silica HMS and the HMS-NH,
series after extraction of the templating molecules are shown
in Fig. 1. All samples exhibited a single intense reflection at
a 26 of around 1.75-2.00°, corresponding to (100) plane of
a HMS structure with a wormhole-like silicate framework
[3, 41, 42]. The signal intensity observed for the HMS-NH,
materials was lower than that of HMS, especially at a high

Fig. 1 XRD patterns of the

aminosilane loading, since the aminosilanes perturbed the
self-assembly of the amine template and the silicate spe-
cies [34], resulting in a somewhat lower degree of structural
ordering. Interestingly, the characteristic peak of the HMS-
IN series was still retained even at a 15 mol% APS loading
level (Fig. 1a). As shown in Fig. 1b, increasing the molecu-
lar size of the aminosilanes, and so the number of amine
units per functional group, gradually decreased the struc-
tural ordering. This likely reflects the increased mismatch
between the amorphous silicate framework and the organic
moieties located inside the mesoporous channels [43, 44].
Some of the structural data obtained from the XRD analy-
sis are summarized in Table 1. Increasing the amount of
APS loading from 5 to 15 mol% and the size of the ami-
nosilanes from 1 to 3 amino groups per silane systematically
increased 1.03- and 1.09-fold, respectively, both the d,,, and
a,- The effect of the aminopropyl group loading level on the
hexagonal unit cell size was principally determined by the
conditions under which the functionalized mesoporous silica
was synthesized, and so the nature of the interaction between
the hydrophilic aminosilane groups and the molecules of
the structure-directing agents [11, 12, 17, 38]. In the case of
HMS, the presence of H-bonding interactions between the
amine groups in the aminosilanes and the head groups of
DDA possibly expanded a confined space of micellar tem-
plate [17]. The increased pore wall thickness (W,) with the
increased aminosilane loading and size indicated that the
amine-functional groups were anchored on the inner surface
of the mesoporous silica [45]. The a, and W, values were
mostly affected by the size of the aminosilane and to a lesser
extent by the loading level. The synthesis mixture formed a
gel more quickly when aminosilanes with more amine units
per molecule were added. The hydrolysis and condensation

template-free a HMS-1N series (a)
prepared with different amine

loading levels and b HMS

materials functionalized with

different amine types
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Table 1 Physicochemical properties of the pure silica HMS and HMS-NH, materials synthesized under various conditions

Sample? dyo’ ay’ Amine concentration (mmoly SgET Sl D¢ vh Vpi W)
(m)  (m)  gh m*g™h  @gh  m  (em’gh)  (emig™) ()
Theoretical Experimental
HMS 4.51 5.21 0.00 0.00 986 469 2.80 2.41 0.52 2.41
HMS-1N-0.05 4.60 5.32 0.81 0.72 627 246 2.83 1.92 0.40 2.49
HMS-IN-0.10 4.70 5.43 1.54 1.47 420 102 2.94 1.05 0.29 2.49
HMS-1N-0.15 4.75 5.49 2.20 2.16 396 136 2.96 1.00 0.21 2.53
HMS-2N-0.05 491 5.67 1.57 1.50 451 175 2.84 1.73 0.30 2.83
HMS-3N-0.05 5.02 5.80 2.28 2.16 272 20 2.84 0.48 0.26 2.96

*Extracted samples

®Interplanar spacing of (100) plane (d,,) obtained from the XRD analysis

“The repeat distance (a,) between the pore centers of the hexagonal structure was calculated from ay=2d, /3

4Determined by CHNS/O analyzer

°BET surface area

External surface area determined from ¢ plot curves
£Pore diameter calculated using the BJH method
"Total pore volume

'Mesopore volume

V2

The framework wall thickness was determined by subtracting the BJH mesopore size from the repeat distance between pore centers

of TEOS was catalyzed by the amine group, resulting in
thicker silicate wall [44].

The synthesis of HMS-NH, with an aminopropyl group
loading of 15 mol% in the presence of an EtOH-water mix-
ture was previously reported [10], but the obtained material
had completely lost its hexagonally mesostructured arrange-
ment due to the strong H-bonding between the aminopropyl
groups and the silicate species (=SiO~--*H*NH,-). The pre-
hydrolysis of TEOS before aminosilane addition preserved
the mesostructure of the resulting functionalized materials
[11, 17] but had a weaker effect on the aminopropyl group
content [13]. Herein, the structural ordering of the HMS-
NH, materials was strongly determined by the THF/H,O
molar ratio. Increasing the total amount of THF added from
15 mL to 60 mL enhanced the formation of a well-ordered
mesostructured HMS-IN series at a high APS loading

v
L

without a need to pre-hydrolyze the TEOS or to prolong the
ageing time to obtain a high yield of incorporated amino-
propyl groups (>90%). Therefore, it seems likely that using
THEF as the organic solvent, instead of EtOH, decreased the
H-bonding interaction between the aminosilane precursors,
the amine template and the silicate species, resulting in the
formation of HMS-NH, materials with more uniformly dis-
tributed amine-functional groups.

3.2 Thermogravimetric analysis

The TGA-derived weight loss curves of the pure silica
HMS and the HMS-NH, materials are shown in Fig. 2. The
pure silica HMS exhibited no significant weight loss in the
region of 200-600 °C, suggesting that the DDA template
was successfully removed by the extraction process. For

Fig.2 TGA-derived weight loss
curves of a the HMS-1N series
prepared with different amine
loading levels and b the HMS
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the HMS-1N series, the weight loss between room tem-
perature and 150 °C corresponded to liberation of phys-
isorbed moisture (4—7 wt%). The decomposition of residual
ethoxy groups, due to the incomplete prior hydrolysis of
TEOS, was also found in this temperature range [13]. The
amount of moisture adsorbed decreased with increasing the
APS loading, which was related to the depletion of surface
silanol groups upon the functionalization. The weight loss
at 160-450 °C was attributed to the decomposition of ami-
nopropyl groups incorporated in the materials (6-8 wt%),
which occurred in two steps [11]. The first step, found in
the temperature range of 160-300 °C, corresponded to the
decomposition of amine moieties. The second weight loss
step (300450 °C) was ascribed to the decomposition of the
hydrocarbon chain of aminopropyl groups. The small weight
loss (1-3 wt%) in the range of 500-650 °C was related to
the decomposition of the carbon residue derived from the
organo-functional groups and the dehydroxylation of the
silicate networks. A substantial weight loss at 200-650 °C
was observed for HMS-2N-0.05 and HMS-3N-0.05
(18-20 wt%), where their multiple-step decomposition was
explained by the presence of several amine units per silane
molecule [17, 21]. The weight loss in each step, as well as
the overall weight loss, was systematically increased with
the loading level and molecular size of the aminosilanes,
confirming the presence of amine groups in HMS-NH,.

3.3 Elemental analysis

The amine concentration, as the total amount of nitrogen
(mmoly g7') determined by the CHNS/O analysis, was used
to quantify the amine-functional groups present in the HMS-
NH, materials. As shown in Table 1, the pure silica HMS
had no significant amount of nitrogen, confirming that the
DDA template was successfully removed by the extraction
process. In case of the HMS-IN series, the amine concen-
tration increased with the aminosilane loading level. The
HMS-1N prepared with 15 mol% APS loading possessed
the highest amine concentration (2.16 mmoly g™!). The yield
of aminopropyl group incorporated into the HMS frame-
work was increased from 88 to 95-98% when increasing
the APS loading level from 5 to 10 to 15 mol%, which was
much higher than the maximum degree of incorporation
reported previously for aminopropyl-functionalized HMS
(80-84%) [10, 17] and SBA-15 (83-87%) [11]. Unsur-
prisingly, the nitrogen content of the HMS-nN-0.05 series
increased when using an aminosilane with a higher num-
ber of amine units per molecule in the synthesis, with the
highest nitrogen content (2.16 mmoly g~') being obtained
for HMS-3N-0.05. However, based on the molecular basis,
a similar amount of the different amine-functional groups
was incorporated into the HMS-NH, materials (HMS-
IN-0.05=0.72 mmol g~!, HMS-2N-0.05=0.75 mmol g~*

@ Springer

and HMS-3N-0.05=0.72 mmol g_l), which was not
observed previously for amine-functionalized mesoporous
silica materials synthesized in either water [12, 30, 45] or
an EtOH-water mixture [10].

Normally, the siloxane framework accommodated ami-
nosilanes with a larger size of amine moieties with more
difficulty than APS [12]. The presence of a higher num-
ber of amine units per silane molecule possibly induced a
more complex H-bonding network between the aminosilane
precursors, resulting in a larger portion of the silane being
aggregated amongst themselves and not simultaneously
anchored with the silicate framework [45]. In our case, the
aminosilanes and TEOS were dissolved in THF prior to mix-
ing with the aqueous DDA solution and so the H-bonding
interaction between aminosilane precursors, and so their
aggregation, was efficiently reduced.

3.4 ATR-FTIR spectroscopy

The full-range ATR-FTIR spectra of the pure silica HMS
and HMS-NH, materials are illustrated in the Electronic
Supplementary Material (ESM) Fig. S1. All materials exhib-
ited a large band between 1000 and 1300 cm™' due to the
asymmetric Si—-O-Si stretching, associated with the forma-
tion of a condensed silica network, and a weak peak in the
range of 940960 cm™', corresponding to non-condensed
Si—OH groups [16]. A gradual shift in the Si—-O-Si band
towards lower wavenumbers (from 1067 to 1038 cm™") with
increasing APS loading levels probably resulted from an
increased condensation of the silicate wall [23]. As shown
in Fig. 3, the C—H stretching vibrations (around 2930 cm™)
observed for the pristine HMS were attributed to the remnant
ethoxy groups as incompletely condensed silicate species.
This observation was similar to the pure silica HMS conven-
tionally synthesized in the EtOH-water mixture [17]. The

4
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Fig.3 ATR-FTIR spectra of the template-free (a) HMS, (b) HMS-
IN-0.05, (¢) HMS-2N-0.05 and (d) HMS-3N-0.05
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silica particles synthesized via a sol-gel method in the pres-
ence of organic compounds usually contain residual alkoxy
groups, since the hydrolysis and condensation of the silica
source slows down [38].

Generally, the symmetric N-H stretching vibra-
tion of amine-functional groups is present around
3250-3450 cm~!. However, the bands were not clearly
observed since they were overlapped with the broad band
at 2700-3400 cm™', which was attributed to the O-H
stretching of moisture adsorbed on the HMS-NH, materi-
als [15]. The C—N stretching vibration, normally observed
around 1000-1200 cm™! [24], was not resolved due to its
overlapping with the Si—O—Si band (1000-1300 cm™})
[25]. An intense band around 1630 cm™! was ascribed to
the O—H bending vibration of adsorbed H,O [15, 16]. The
asymmetric N-H bending of primary amine could be found
in a similar region between 1580 and 1650 cm~!, which
became evidenced at 1610 cm™! in the case of HMS-

2N-0.05 and HMS-3N-0.05, whereas the symmetric N-H

' e 1a1 shlft/ppm

Fig.4 2°Si CP/MAS NMR spectra of the template-free (¢) HMS and
(b—d) HMS materials functionalized with different amine types: (b)
HMS-1N-0.05, (¢) HMS-2N-0.05 and (d) HMS-3N-0.05

bending vibration appeared at 1530 cm™' and increased
in its intensity with increasing content of amino groups.
The presence of N-H vibration bands at low wavenumbers
suggested that some amine groups were protonated, form-
ing -NH;* [10], since the template removal was carried
out using acidic ethanol solution. The overall results con-
firmed the successful functionalization of the HMS surface
with the different aminosilane types and loading levels.

3.5 Solid state 2%Si CP/MAS NMR spectroscopy

The successful anchoring of amine groups onto the surface
of functionalized HMS materials was verified by studying
the type of silica species using °Si CP/MAS NMR spectros-
copy. As shown in Fig. 4, all samples exhibited three distinct
signals in their chemical shifts between — 80 and — 120 ppm,
corresponding to the different framework silica species (Q").
The signals at —92, — 101 and — 111 ppm were respectively
assigned to Q? (Si(0Si),(OH),), Q* (Si(0Si);(OH)) and Q*
(Si(OSi),). However, the presence of remnant ethoxy groups
in the pristine HMS (Fig. 3) suggests that the Q* and Q°
signals of HMS-NH, materials were somewhat related to
the incompletely hydrolyzed framework silica species [46].
After the functionalization with different aminosilanes, two
more signals were observed at — 58 and — 67 ppm, relat-
ing to the T2 (RSi(0S1),(OH)) and T3 (RSi(0S1);) species,
respectively, where R represents the organo-functional
groups. Moreover, the relative intensities of Q? and Q’ sig-
nals were concomitantly decreased. This result confirmed
that the amine moieties were incorporated as a part of the
siliceous wall structure [25].

The fraction of T” species (XT"/Z(T™ + Q")) for the
HMSs functionalized with APS, AEA and AEEA was 12.9,
15.6 and 17.7%, respectively (Table 2). The result cannot
be interpreted as representing a higher amount of organo-
functional groups incorporated when using an aminosilane
with a higher number of amine units per molecule in the
functionalization, since the elemental analysis indicated that
the resulting HMS-NH, materials had a comparable content
of amine moieties (Sect. 3.3). Thus, it could be explained
by a reduction in the silanol groups via silica condensation
catalyzed by the basicity of amine groups. Accordingly, the
mesostructured siliceous framework was more condensed,
with a reduced proportion of silanol groups in the presence

Table 2 Relative intensities of

. ; Sample Si species distribution (%) ET7/E(T™
the T™ and Q" species obtained +Q") (%)
from the deconvolution of the T? T3 Q? Q? Q*
2Si CP/MAS NMR spectra

HMS 11.66 69.52 18.82

HMS-1N-0.05 4.82 8.09 7.86 53.52 25.71 1291
HMS-2N-0.05 3.04 12.57 11.84 47.69 24.86 15.61
HMS-3N-0.05 3.79 13.89 11.34 46.49 24.49 17.68
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Fig.5 N, adsorption—desorp- 3500 3500
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of aminosilane with a higher number of amine units per mol-
ecule [44]. This explanation was confirmed by a systematic
increase in W, with increasing the number of amine units per
silane molecule (Table 1).

3.6 N, adsorption-desorption measurement

The N, adsorption—desorption isotherms of the pure silica
HMS and the HMS-NH, materials are shown in Fig. 5,
and can be classified as type IV isotherms according to the
IUPAC classification. The results indicate that all samples
possessed characteristics of framework-confined mesoporous
materials. The HMS-NH, materials had a lower adsorbed
volume than the pristine HMS due to the amine-functional
groups occupying the mesoporous channels. The textural
properties of these materials, calculated from the adsorption
isotherms, are summarized in Table 1. An increase in the
APS loading level or the number of amine units per silane

Relative Pressure (P/P,)

molecule systematically decreased the Sy, V), and V, when
compared to the pure silica HMS. As shown in Fig. 6, the
BJH plots indicated that their pore sizes (2.80-2.94 nm)
were practically all beyond the mesopore range. Increasing
either the amount of APS added or the molecular size of ami-
nosilanes enlarged the pore sizes of the obtained HMS-NH,
materials. These results are in the opposite trend to those
previously reported when the co-condensation of TEOS and
aminosilanes was performed in either water [11, 12, 38] or
an EtOH-water mixture [17]. On the one hand, the reduction
of the pore diameter was related to the non-uniformity of
the organo-functional groups introduced into the mesopores
[12], while on the other hand, the organic precursors were
drawn into the template micelles via hydrophobic interac-
tions, resulting in pore size and unit cell contraction [47, 48].
The H-bonding between the hydrophilic amine groups of the
aminosilanes and DDA molecules probably overcame the
hydrophobic attraction between the hydrocarbon chains of

Fig.6 BJH pore size distribu-
tion of the template-free a
HMS-IN series prepared with
different amine loading levels
and b HMS materials func-
tionalized with different amine

types

()

dv,/dD,

1 3 5

Pore Diameter (nm)
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Scheme 1 Schematic diagram
showing the self-assembly
structures of pure silica HMS
and HMS materials functional-
ized with different amine types
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Fig.7 FE-SEM images of the template-free a HMS, b HMS-1N-0.05, ¢ HMS-1N-0.10 and d HMS-1N-0.15, all at a magnification of X100000

the aminosilanes and template. Moreover, the distribution of
amine-functional groups in HMS was enhanced in the pres-
ence of THF as the organic solvent due to its lower polarity
than EtOH and water.

Despite the fact that the aminosilanes with two or three
amine units had a longer molecular chain than APS, it can
be seen that the enlarged pore diameter was more depend-
ent on the APS loading level than on the number of amine

units per molecule (Table 1). This can be accounted for
by the different configurations of the aminosilanes con-
densed on the HMS-NH, surface (Scheme 1). The amine-
functional groups in APS had the shortest chain, which
was likely to be perpendicularly anchored on the frame-
work surface, resulting in a direct H-bonding with the
DDA template. On the other hand, for AEEA, the pres-
ence of several amine units per molecule and the longest
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Fig.8 TEM images of the
template-free a HMS, b HMS-
IN-0.05, ¢ HMS-IN-0.10 and d
HMS-1N-0.15, all at a magnifi-

] ] o)
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chain rendered the amine-functional groups to be aligned
near the HMS surface due to their multiple H-bonding
interactions with the framework silica. It is worth noting
that, for a given aminosilane type and loading level, the
HMS-NH, materials obtained from this work had a larger
Sggr and V,, than those reported earlier [18].
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3.7 Electron microscopy

100 150 200
Time/ min

The morphology of pure silica HMS and HMS-NH, mate-
rials was investigated by FE-SEM. As shown in Fig. 7,
HMS exhibited small particles that were uniformly aggre-
gated, generating interparticle voids with an average size
of 12-25 nm (Fig. 7a). This observation was in accord
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Fig. 10 Isotherms of CFA (a) 3.00 (b) 8.00
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with the N, physisorption isotherm consisting of a large
hysteresis loop at P/Py,~0.85 (Fig. 5). The amine-func-
tionalization enhanced the agglomeration of the resulting
HMS-NH, particles (Fig. 7), since hydrolysis and conden-
sation of TEOS were promoted via the sol—gel reaction
catalyzed by the amine groups. The higher the amount of
aminosilane that was loaded, the larger the agglomerate
size was obtained.

The TEM images of the HMS-1N series in compari-
son with that of pristine HMS (Fig. 8) show that all the
samples possessed uniform wormhole-like mesopores
conventionally observed for the HMS materials [13]. The
HMS-NH, samples exhibited a larger pore size and thicker
wall than the pristine HMS. This result was in accord with
the data obtained from the N, physisorption measurement
(Table 1), and confirmed that the mesostructure of HMS
was preserved after the functionalization at a high ami-
nosilane loading level.

3.8 Adsorption of CFA

The pure silica HMS and HMS-NH, materials were exam-
ined as adsorbents in the removal of CFA from an aqueous
solution. As shown in Fig. 9, the CFA adsorption reached
equilibrium within 100 min. The adsorption capacities of
the HMS-NH, materials (1.55-7.41 mg g~') were higher
than that of HMS (0.61 mg g~!). The HMS-1N series
exhibited an increased adsorption capacity from 1.59 to
2.84 mg g~! when the APS loading level was increased
from 5 to 15 mol%. In the HMS-nN-0.05 series, the adsorp-
tion capacity was ranked in the order: HMS-2N-0.05
(7.41 mg g~')>HMS-1N-0.05 (1.59 mg g~!)~ HMS-
3N-0.05 (1.55 mg g~")>HMS (0.61 mg g~!). The low
adsorption capacity of HMS-3N-0.05 was due to its poor
textural properties. The calculated parameters obtained from
the pseudo- and Ritchie-second-order kinetic models and the
corresponding correlation coefficients (R?) for each adsor-
bent are summarized in Table S1 (ESM). The adsorption of

CFA onto the HMS-NH, materials was best represented by
pseudo-second order kinetics, indicating that the adsorption
involved chemical processes and was ascribed to electro-
static and H-bonding interactions between the amine groups
and the carboxyl groups of CFA [36]. The amine groups pos-
sess basic character, which can be protonated and charged
in combination with CFA under the studied conditions (pH
7). CFA (pKa=2.9) with negatively charged head groups
interacts electrostatically with the positively charged ammo-
nium sites of the amine-functional groups (pKb~3.4) [41],
which described the adsorption mechanism of the silica-
based adsorbents for CFA via an enhanced electrostatic
interaction [36].

The isotherms of CFA adsorption onto the pristine HMS
and HMS-NH, materials are shown in Fig. 10. The Lang-
muir and Freundlich mathematical models were applied to
analyze the adsorption isotherm data, and the calculated
isotherm parameters obtained are summarized in Table S2
(ESM). For all adsorbents, the Langmuir model provided a
good fit for the data with better R? values than the case of
Freundlich model. This result was in accord with the previ-
ous study in which the CFA adsorption onto amine-function-
alized mesoporous silica materials was carried out at a low
solute concentration [36]. It emphasized that the adsorption
of CFA is rather specific for the HMS-NH, surface, prob-
ably via an electrostatic interaction [45]. In the HMS-1N
series, g,, was well correlated with the amine concentration
since a higher density of amine groups on the silica surface
increased the positive electric charge density on the adsor-
bent surface [36]. However, HMS-2N-0.05 (12.53 mg g_l)
had much higher g, than HMS-1N-0.10 (3.81 mg g™}
regardless their similar nitrogen content and Sy (Table 1).
The result suggests that the molecular structure of amine-
functional groups played a role in the enhancement of CFA
adsorption. A higher number of amine units per silane mol-
ecule might provide a multi-dentate electrostatic interaction
with the deprotonated carboxylic group of CFA. In the case
of HMS-3N-0.05, its low g,,, was not only explained by low
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surface area and highly agglomerating morphology, but also
the presence of H-bonding interaction between the adjacent
amine-functional groups and/or between the amine groups
and surface silanol groups, leading to a decrease in reactiv-
ity [12].

4 Conclusions

A series of ordered HMS-NH, with different aminosilane
loading levels and types of amino-functional groups were
successfully synthesized via direct co-condensation in
the presence of THF as an organic solvent. The preserved
wormhole-like mesostructure and the high degree of ami-
nosilanes incorporated into the HMS framework were due
to the relatively low polarity of THF, which decreased the
H-bonding interaction between the aminosilane precur-
sors, the amine template and the silicate species, resulting
in the formation of HMS-NH, materials with uniformly
distributed amino-functional groups. Although the surface
area and pore volume of HMS-NH, gradually decreased
with increasing aminosilane loading levels and the number
of amino units per silane molecule as a general effect of
surface functionalization via co-condensation, materials
with a high amine concentration of 2.16 mmol g~! were
achieved without a pore size shrinkage. HMS-2N-0.05 had
a maximum adsorption capacity for CFA (12.53 mg g!),
and shows a promising application for the adsorptive
removal of CFA from aqueous solutions.
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Abstract

Polymer/silica nanocomposites with diverse mesoporosity and hydrophobic properties
have actual and potential applications in the area of catalysis, adsorption and drug delivery. The
present work reports a simple but efficient approach to tune the mesostructure and
hydrophobicity of natural rubber (NR)/hexagonal mesoporous silica (HMS) nanocomposites
synthesized via the in situ sol-gel technique in the presence of different primary amines
(CiH2nsaNH3, n = 8, 10, 12, 14 and 16) as structural templating agents. The change in the
mesostructure ordering and textural properties of the NR/HMS nanocomposites with different
template sizes was similar to that for the pure silica HMS series. Powder X-ray diffraction and
transmission electron microscopy analyses revealed an expansion of the hexagonal unit cell and
channel wall thickness of the nanocomposites due to the incorporated rubber molecules. Using
amine templates with longer alkyl chains provided NR/HMS materials with a higher NR content
at 13.7-15.6 wt.% but decreased the rubber phase dispersion and hydrophobic properties. X-ray
photoelectron spectroscopy indicated that the amount of NR exposed at the composite’s surface
was 7.99-9.48 wt.%, while the remaining NR was incorporated into the mesostructured silicate
framework and/or entrapped in the mesopores. The hydrophobic interaction between the NR
molecules and the alkyl chains of primary amine template was probably a crucial factor that
determined the rubber phase dispersion, and so the hydrophobic character, in the NR/HMS

nanocomposites.

Keywords -Natural rubber; Hexagonal mesoporous silica; Nanocomposite; Hydrophobicity;

Primary amine template



1. Introduction

Hexagonal mesoporous silica (HMS) is a class of silica-based mesostructured materials
that are synthesized via a neutral-templated self-assembly of primary amines as structure-
directing agents and silica precursors under neutral conditions. In addition to having a large
surface area and narrow pore size distribution, they possess a wormhole-like framework that is
comprised of randomly packed cylindrical pores that facilitates intraparticle diffusion and
adsorption [1,2]. Compared to other siliceous mesoporous materials synthesized via an
electrostatic pathway, HMS exhibits thicker silica walls and a higher degree of framework
condensation, which is very beneficial for its high thermal stability. Moreover, HMS possesses
mesopore domains of a relatively short length (0.6-0.9 nm), as estimated from the mesopore
volume and Brunauer-Emmett-Teller surface area, when compared to MCM-41 and SBA-15
(range of 0.8-1.8 nm) [3,4]. The amine template occluded in the as-synthesized HMS is easily
removed by solvent extraction, resulting in a high density of surface silanol groups in the final
material. These advantageous properties encourage the utilization of HMS in the field of
adsorption and drug delivery [5-7].

Hybrid organic/silica materials with a high mesoporosity and selective functionalities
have attracted a considerable amount of attention in a broad area of applications [8]. There are
four main pathways by which the mesoporous organic/silica hybrid materials are synthesized: (i)
functionalization of the siliceous surface using organosilanes [9]; (ii) incorporation of organic
moieties into the silica framework using bridged organosilica precursors, such as periodic
mesoporous organosilicas [10]; (iii) direct introduction of a polymeric compounds into the
mesoporous channels [11]; and (iv) fabrication of mesoporous materials with polymer/silica

nanocomposite framework [12]. Their hydrophobic properties control their dispersibility in water



and organic solvents [13,14], and enhance their interaction with organic guest molecules [15,16].
These materials were demonstrated to have potential roles for pharmaceutical residues recovery
[6], immobilizing biomolecules [17-19] and anticancer agent carrier [20—-22].

Mesoporous nanocomposites constituted of natural rubber (NR) dispersed in the
wormhole-like mesostructure of HMS, namely NR/HMS, which are synthesized via the in situ
sol-gel technique, are a new class of mesoporous organic/silica hybrid materials [23]. The
primary amine not only acts a structure-directing agent for the self-assembled silica, but the
amine group basicity also catalyses the sol-gel reaction. The presence of rubber molecules in the
resulting NR/HMS nanocomposites improves the framework hydrophobicity; while a high
amount of surface silanol groups remain inside the mesopore channel [23]. Consequently,
NR/HMS composites can be directly functionalized with propylsulfonic acid groups to obtain
mesoporous solid acids with hydrophobic properties [24]. In addition to the active moieties, the
performance of functionalized mesoporous silicas in catalysis, adsorption and drug delivery is
strongly determined by their surface area, mesoporosity and morphology [25-27]. Although
research has been devoted to tune the textural properties and/or morphology of pure silica HMS
by varying the surfactant sizes [28-30] or adding co-solvents [29], controlling the mesoporosity
and hydrophobicity of polymer/silica nanocomposites synthesized via the neutral-templated self-
assembly route has not been reported.

In the present work, the effect of the alkyl chain length of the template primary amines
(ChH2nsaNH,, n = 8, 10, 12, 14 and 16) on the physicochemical properties of the resulting
NR/HMS nanocomposites were systematically investigated. It was found that the molecular size
of amine templates not only affected the mesostructure and the mesoporosity, but also the rubber

phase distribution and the hydrophobic properties of these nanocomposites. The results obtained



from this work pave the way for designing and preparing polymer/silica nanocomposites with
tunable mesoporosity and hydrophobicity, which could be applied as catalyst supports,

adsorbents or drug carriers.

2 .Experimental
2.1 Materials and chemical reagents

Tetraethyl orthosilicate (TEOS; AR grade, 99%) and the primary amines used in this
study, including octylamine (Cg; AR grade, 99%), decylamine (Cio; AR grade, 99%),
dodecylamine (Ci2; AR grade, >99%), tetradecylamine (Ci4; AR grade, 95%) and
hexadecylamine (Cy; AR grade, 98%), were purchased from Sigma-Aldrich. Tetrahydrofuran
(THF; AR grade, 98%) was obtained from QREC Chemicals Co., Ltd. Sulfuric acid (H,SO,4; AR
grade, 98%) and absolute ethyl alcohol (AR grade, 99.5%) were purchased from Merck
Millipore Ltd .Technically specified NR Standard Thai Rubber (STR) 5L was supplied by the
Thai Hua Chumporn Natural Rubber Co., Ltd., Thailand. All materials and reagents were used

without further purification.

2.2 Synthesis of HMS and NR/HMS nanocomposites

A series of NR/HMS nanocomposites were synthesized using different primary amine
templates via the in situ sol-gel technique as previously reported [23]. In a typical synthesis, 0.5
g of NR sheet was soaked in 10 g of TEOS at room temperature for 16 h. The resulting swollen
NR was weighed to determine the amount of TEOS uptake (~ 1.8 g), and then dissolved in THF
(13.34 g) under vigorous stirring overnight. To this homogeneous mixture, the desired primary

amine and an additional amount of TEOS (~ 8.7 g) were slowly added under stirring. After 1 h,



deionized water was added into the mixture and stirring was continued at 40 °C for 3 h. The
molar gel composition of the synthesis mixture was 0.10 TEOS: 0.04 primary amine: 5.89 H,0:
0.37 THF: 0.01 NR. A white gel formed and was then precipitated in 100 mL of ethanol. The
solid product was recovered by filtration, thoroughly washed with ethanol and dried under
vacuum at 60 °C for 2 h. Finally, the amine template was extracted from the as-synthesized
nanocomposite by treatment in 0.05 M H,SO,/ethanol solution at 70 °C for 4 h. The composite
obtained was hereafter designated as NR/HMS-C,,, where n represents the number of carbon
atoms of the primary amine used. Using the same procedure, a series of pure silica HMS
materials were synthesized in the presence of various primary amines. The molar composition
applied to this case was similar to that used in the NR/HMS synthesis, but excluding the NR

addition.

2.3 Characterization of HMS and NR/HMS nanocomposites

Powder X-ray diffraction (XRD) was used to analyze the mesostructures of the pristine
HMS and NR/HMS nanocomposites. The XRD pattern was acquired on a Bruker D8 Advance
X-ray diffractometer with Cu Ka radiation. The X-ray source was operated at 40 kV and 40 mA,
and the measurement was scanned from 26 = 0.5° to 10° with a step size of 0.02° and a count
time of 1 s. The repeating distance (ap) between the pore centers of the hexagonal structure was
calculated from the XRD data using the formula a, = Zdloo/\/§, where digo is the interplanar
spacing of the (100) plane.

To determine the NR content of the nanocomposite materials, thermogravimetric/

differential thermogravimetric (TG/DTG) analysis was performed on a PerkinElmer Pyris



Diamond thermogravimetric analyzer. The sample (=~ 10 mg) as heated from room temperature to
900 °C at 10 °C min™ under a dry air flow (50 mL min™).

The morphology and mesostructure of the materials were investigated by transmission
electron microscopy (TEM) using a JEOL 2010 transmission electron microscope at an
accelerating voltage of 200 kV. Prior to the analysis, a small amount of sample powder was
diluted 20-fold with ethanol. The mixture (10 uL) was then dropped on a 400-mesh copper grid
with a carbon supportive layer and allowed to dry at room temperature. The TEM observation
was performed at magnifications of 50000x and 200000x. For osmium tetroxide (OsQ,) staining,
the sample grid was equilibrated with saturated vapor of 1% (w/v) OsO, aqueous solution
overnight before the TEM observation.

The textural properties of HMS and NR/HMS series were measured at -196 °C by the
nitrogen (N) adsorption-desorption technique using a Micrometrics ASAP 2020 instrument. A
template-free sample (= 50 mg) was heated under vacuum at 150 °C for 2 h to remove moisture
and organic impurities, and then accurately weighed prior to the measurement. The adsorption
data in the relative pressure (P/Po) range of 0.02-0.2 was used to determine the specific surface
area according to the Brunauer-Emmett-Teller (BET) method. Pore size distribution was
calculated by Barrett-Joyner-Halenda (BJH) pore analysis using the desorption branch data. The
total pore volume (V;) was obtained from the accumulative volume of N, adsorbed at a P/Py of
about 0.990. The t-plot method was used to estimate the external surface area (Sex;). The primary
mesopore volume (V) was calculated from the slope of linear portion of the t-plot in the relative
pressure range above which N, was condensed inside the primary mesopores.

The chemical composition of HMS and NR/HMS surface was investigated by X-ray

photoelectron spectroscopy (XPS). The XPS spectra were recorded on a Kratos Axis Ultra DLD



X-ray photoelectron spectrometer equipped with a monochromatic small-spot X-ray source of an
aluminum anode (Al K, = 1486.6 eV) operating at 15 kV and 10 mA. Survey scans were
measured at a spot size of 400 um and a constant pass energy of 200 eV. The C1s signal at 284.6
eV, corresponding to adventitious carbon, was used for calibration of the binding energy scale.
The high resolution XPS signals were deconvoluted using Origin version 8.5.

Water adsorption-desorption and water-contact angle measurements were applied to
investigate the hydrophobic properties of pure silica HMS and NR/HMS nanocomposites .The
water adsorption and desorption were measured at 25 °C using a BEL Japan BELSORP-max
instrument. The sample was pretreated in a similar manner to the N, physisorption measurement.
The monolayer adsorbed volume of water (V) as obtained from the adsorption data at a P/P, of
below 0.2. The water contact angle was examined at room temperature using a Ram-éHart Model
200-F1 standard goniometer. Water was dropped onto a powder sample, and the droplet
dimensions were analyzed by a Dropimage Standard software. The results are reported as the

average of five experiments per sample.

3 .Results and discussion
3.1 Rubber content of NR/HMS nanocomposites

The weight loss and DTG curves of different NR/HMS nanocomposites are shown in
Figure 1 and the Supplementary Information (SI) Figure S1. All NR/HMS nanocomposites
revealed a three-step weight loss. The weight loss observed below 200 °C was due to removal of
moisture and small organic molecules. The decomposition of NR molecules was observed in the
temperature range of 200—400 °C [23]. Finally, the small weight loss in the range of 450-650 °C

was related to the decomposition of carbon residue and the water released from dehydroxylation



of surface silanol groups. The NR content of the nanocomposites synthesized using different
amine templates is summarized in Table 1. Increasing the alkyl chain length of the template
molecules from Cg to Cy¢ resulting in a slight increase in the amount of NR within the NR/HMS
samples, while the silica content of the nanocomposites was gradually decreased from 86.3 to
84.4 wt.% on a dry basis.

At the same molar gel composition, the yield and geometry of silica generated via the sol-
gel process were determined by the synthesis solution pH [31,32]. Dissolving each primary
amine template in a THF: water solution gave mixtures with a similar pH range (10.8-11.5),
which might not significantly influence the nanocomposite composition. Another possible
explanation was related to the hydrophobic interaction between the NR molecules and the alkyl
chains of the primary amine template. This is because NR is composed of poly(cis-1,4-isoprene)
molecules with a broad range of molecular weight [33], and those with short chains are highly
soluble in THF. Probably, the large Ci4 and Cis amines drew the NR molecules into the
mesostructured composite via hydrophobic interactions. In support of this, previous work has
suggested that the NR matrix was more accessible to amines of a larger size due to hydrophobic

effects [34].

3.2 Structural properties and morphology

Figure 2 compares the XRD patterns of the pure silica HMSs and NR/HMS
nanocomposites synthesized using different amine molecules. The HMS and NR/HMS series
mainly exhibited a wormhole-like hexagonal mesostructure, as evidenced by the (100)
diffraction peak appearing in the 26 range of 1.0-3.0°. For the same amine template, the

NR/HMS composites had a less intense and broader peak than the HMS series, since the
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presence of polymeric molecules in the synthesis mixture perturbed the self-assembly of
surfactant micelles and the silica precursors [14], and lowered the degree of silicate condensation
[35]. The materials synthesized with longer alkyl chain templates possessed a better ordered
hexagonal arrangement. This was explained by the enhanced degree of hexagonal packing of
micelles, since increasing the hydrophobic chain length of the template molecules decreased the
packing parameter (g = V/(agl), where V is the total volume of hydrophobic area, ay is hydrophilic
head group area and | is the kinetic surfactant tail length) [29,36]. In addition, HMS-Cy4 and
HMS-C;¢ exhibited a weak second diffraction peak at a 26 value of around 3.0-4.0°, which likely
corresponded to a lamellar mesophase [37]. In accord, Hu et al. found that using long-chain
amines as the templates and a low alcohol/water ratio favored the formation of a flat lamellar
micelle [29].

As a result of the increased micelle volume, using the longer amine templates increased
the digo and ap of the hexagonal mesostructure up to 1.45- and 1.36-fold for the HMSs and
NR/HMS composites, respectively, (Table 1). The NR/HMS composites exhibited a slightly
larger ao than the HMS series when the primary amines of Cg—C;, were used as the templates,
while those synthesized with Cy4 and Ci6 amines showed the opposite trend. Previous work
indicated that the incorporation of NR molecules into the less condensed silicate framework
increased the pore wall thickness (W) of the NR/HMS materials [23,38]. Compared to the HMS
series synthesized with the same templates, the nanocomposite formation increased the Wt by
12%, 18% and 48% for NR/HMS-Cg, NR/HMS-Cy9 and NR/HMS-C,,, respectively, whereas
further increasing the template size to Cy4 and C; amines decreased the W+ increment to 19%

and 28%, respectively. Moreover, NR/HMS-Cy4, and NR/HMS-Cy;s had a similar Wy to
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NR/HMS-Cg. This result indicates that the incorporation of NR into the silicate framework of
nanocomposites was somewhat restricted in the presence of the C,4 and Cy5 amine templates.

The extent to which the NR molecules were incorporated into the mesostructured silica
was determined by the distribution of non-hydrolyzed ethoxy groups, which act as hydrophobic
linkers between the rubber chains and the silica matrix [38]. Pre-swelling the NR sheet in TEOS
promoted an intimate contact between the polyisoprene molecules and the ethoxy groups and
allowed a high dispersion of the primary amine template into the NR phase. However, the
hydrophobic interaction between the polymer molecules and alkyl chains of the surfactant altered
the critical micelle concentration of surfactant, as demonstrated by Goddard [39], and so should
affect the dispersion of NR in the synthesis mixture during the organic-inorganic self-assembly
and in the resulting mesostructured NR/silica nanocomposites.

The TEM images of the pure silica HMSs and NR/HMS composites synthesized using
Ci0, C14 and Cy6 amines, as representative samples, are compared in Figure S2 (SI). These
materials exhibited uniform, framework-confined mesopores with a wormhole-like structure.
The formation of NR/silica composites enhanced the agglomeration of particles. This is not only
related to the nondirectional aggregative growth of mesoporous silica particles via the neutral-
templated self-assembly route [40], but also to the very small composite particles with a highly
defective surface derived from a somewhat lower degree of silicate condensation [41].

The TEM images were analyzed for mesoporous channels distribution and thickness
using the ImageJ software (version 1.46). As shown in Figure 3, the grey color represents the
silica wall, while the green color highlighted the mesoporous channels. Increasing the template
size markedly enlarged the pore channel of the HMSs, but the presence of NR molecules in the

NR/HMS composites resulted in a reduced extent of the channel size increment. This result
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supported the dependence of D, on the amine template type, as determined from the N,
physisorption measurement (Table 1), where changing the template from Cyp to Ci4 and Cys
increased the D, by 39% and 78%, respectively, for the HMS series, and by 28% and 63%,
respectively, for the NR/HMS series. One possible explanation is that some NR molecules were
entrapped in the mesopores of the nanocomposites. Unfortunately, the rubber phase cannot be
directly observed by electron microscopy due to the low atomic weight of C and H, the main
elements of NR.

To reveal the rubber phase dispersion in the NR/HMS nanocomposites, OsO, staining
was applied prior to the TEM analysis. The OsO,4 vapor reacts with the unsaturated carbon-
carbon (C=C) bonds of cis 1,4-isoprene units in NR to form a five-membered ring osmate esters
on the polymer chains [42], and so increases the elemental contrast between the stained rubber
molecules and silicate framework. As shown in Figure 4, the black spots represent the stained
rubber phase, while the mesopores were observed as bright wormhole-like channels. The
NR/HMS-C, exhibited a relatively well dispersed NR phase in the mesostructured framework
compared to the nanocomposites synthesized with larger amine templates. This could be ascribed
to the hydrophobic interaction between the primary amine tails and the NR molecules, which
drew the rubber chains into the micelle template, and was promoted by the amines with longer
alkyl chains. As a result, the NR chains were partially entrapped in the composite mesopores
and/or deposited near the pore mouth. In addition, well-ordered lamellar structures randomly
dispersed in NR/HMS-Cy¢ (Figure 4C) were ascribed to the crystalline folded-chain lamellae of
rubber molecules (<10 nm in length) [43], which were probably induced by the trapped
entanglement of rubber chains in the silicate framework. This observation indicated the presence

of NR entrapped in the silicate framework, and exposed at the nanocomposite surface and is in
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accord with the model of in situ generated sol-gel silica particle in ethylene-propylene diene
rubber proposed by Miloskovska et al. [35].

The entrapped rubber chain not only interacted with Si—O—Si inside the silica particles,
but also penetrated the silica particles and was exposed at the silica surface. From these results, it
is clear that the amine templates with different alkyl chain lengths can be used to control the
framework wall thickness, the number of accessible pores and the dispersion of rubber
molecules, all of which are crucial factors to sustain the release of drug molecules from

mesostructured silica carriers [4].

3.3 Textural properties

The N, adsorption-desorption isotherms of the HMS and NR/HMS series are shown in
Figure 5. The HMS materials displayed type IV isotherms according to the IUPAC classification,
which is characteristic of framework-confined mesoporous materials. The pore diameter of the
pure silica HMS was systematically controlled by varying the template chain length (Figure 6A),
which enhanced the mesopore volume (Vp) (Table 1). Using the shorter alkyl chain amines (Cs-
Ci0) as templates gave a mesostructured silica with a higher surface area compared to the HMSs
synthesized with long-chain surfactants. These results are in accord with the work reported by
Tanev and Pinnavaia, who demonstrated tuning of wormhole-like mesopores of HMS,
synthesized in ethanol, in the presence of different primary amine templates [36]. However, that
the Sget values of the pure silica HMSs obtained in this work were lower than theirs is due to the
effect of solvent polarity [44]. Furthermore, increasing the molecular size of the amine template

used in the HMS synthesis lengthened the mesoporous channels from 0.46 to 1.18 nm (Table 1).
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This was attributed to the enhanced degree of hexagonal micelle packing, which was promoted
by the long-chain surfactant templates [29].

The formation of NR/HMS nanocomposites reduced the N, adsorbed volume (Figure 5B)
and broadened the pore size distribution (Figure 6B), especially for NR/HMS-C,4, and NR/HMS-
Ci6, Which was explained by the presence of partially entrapped rubber chains inside the
mesopores, as observed in the TEM images (Figure 4). The enhanced Se is characteristic of
mesostructured NR/HMS materials, related to their smaller particle sizes, since the hydrolysis
and condensation of TEOS were impeded in the presence of the rubber phase [34]. The
mesoporosity of the NR/HMS nanocomposites was systematically altered by changing the
molecular size of the primary amine templates. When compared to the pure silica HMSs
synthesized with the same amine, the NR/HMS series possessed a smaller Sger, Dy and V, as
well as the estimated length of mesoporous channels (Table 1). The reduction in D, was large
when the rubber molecules present in the synthesis mixture perturbed the formation of micelle
template and self-assembled organic-inorganic mesophase [14]. Moreover, this is presumably
related to hydrophobic interactions between the NR chains and the alkyl chains of the amine
templates, which induced some rubber molecules into the mesopores of the resulting

nanocomposites.

3.4 Surface chemical composition

The chemical composition of the NR and silica present on the surface of NR/HMS
nanocomposites was evaluated by XPS analysis. The wide-scan XPS results indicated that these
materials consisted of Si, C and O species without the signal of N derived from the amine

templates (Figure 7A). Table 2 summarizes the peak assignment and the atomic concentration of
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each chemical species. The C1s signal was deconvoluted to five peaks (Figure 7B). The signals
at 284 and 284.6 eV were assigned to the C=C and C-C/C-H bonds, respectively, which
constituted the rubber backbone [35]. The signals at 285.5, 286.5 and 287.4 eV were attributed to
the C—O, C—O-C and C=0 bonds, respectively, representing some ester groups originally found
in the raw NR sheet [45]. The C content of these nanocomposites slightly increased as the
template chain length did, where NR/HMS-C;o, NR/HMS-C;4, and NR/HMS-Cys had a C
concentration of 12.34, 13.53 and 14.35 at.%, respectively, (Table 2). This trend correlated well
with the bulk rubber content determined by the TGA analysis (Table 1). Based on the XPS result,
the amount of NR exposed at each composite’s surface was estimated to be 7.99, 8.76 and 9.48
wt.% for NR/HMS-C,o, NR/HMS-C;4 and NR/HMS-Cy, respectively. Combined with the TGA
result, 44.5, 43.1 and 39.2 wt.% of the NR phase in NR/HMS-C;o, NR/HMS-C;4 and NR/HMS-
C16 composites, respectively, was incorporated into the mesostructured silicate framework and/or
entrapped in the mesopores.

Representative O1s XPS spectra of the NR/HMS nanocomposites are shown in Figure
7C. Since the O content of the raw NR sheet was less than 6.5 at.% (Figure S3: Sl), the majority
of the observed O1s signals belonged to the silicate species. The deconvolution of Ols spectra
revealed signals at ca. 531.8, 532.6, 533.5 and 534.6 eV, corresponding to the Si—O—-C, Si—O-Si,
Si—O—H and H-O—H species, respectively [46,47]. As shown in Table 2, the Si—O—H content
(9.72-12.68 at.%) increased with the amine template size. Moreover, the nanocomposites
exhibited a high content of Si—O—C moieties (6.51-7.44 at.%). The presence of Si—O-C species
is normally observed in sol-gel synthesized silica, and is ascribed to non-hydrolyzed ethoxy
groups [35]. The remnant ethoxy groups act as hydrophobic linkers between the incorporated

rubber molecules and the mesostructured silica matrix [38]. Compared to HMS-Cj, as a
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representative siliceous sample, the lower amount of Si—O-C species on the nanocomposite
surface was then explained as being due to the non-hydrolyzed ethoxy groups embedded in the
rubber phase that incorporated into the silicate framework. Overall, the NR/HMS materials
synthesized with different primary amine templates had a similar chemical environment on their
surface, but a significant difference in the rubber phase dispersion in their mesostructured

framework.

3.5 Hydrophobic properties

Figure 8 compares the water sorption isotherms obtained from the pure silica HMS and
NR/HMS materials. The HMS series exhibited type V isotherms (Figure 8A), indicating a weak
interaction between the solid surface and the water molecules [48]. Their large type H1
hysteresis loops, as characterized by the steep adsorption and desorption branches, in the P/Pg
range of 0.3-0.8 originated from not only capillary condensation, which was determined by the
mesopore size, but also the difference in the contact angles between adsorption and desorption
according to the Kelvin equation [49]. Unlike previous works using calcined samples [48,49], the
desorption branches closed at the end of the measurement should be attributed to the extractive
removal of amine templates, which retained the hydroxylated silica surface. Using larger amine
molecules as the template increased the water uptake but decreased the V., (Table 1) of the
mesostructured pure silica samples. This was explained by the increased V, and decreased Sger,
respectively, (Table 1) [50].

On the other hand, the isotherms of the NR/HMS series were not typical for the water
sorption onto siliceous mesoporous materials (Figure 8B). A small uptake at a low P/Pg

resembled the adsorption branch of a type V isotherm but the desorption of water molecules was
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more facile than those observed for the HMS series. Moreover, the isotherms without a plateau
implied that the external surface of the nanocomposites was not fully wetted. This result
suggested that the NR/HMS series had similar interior surface properties to the HMS series but
with a weaker interaction with water molecules, presumably as a result of the hydrophobicity of
NR incorporated into the silicate framework. The nanocomposites synthesized with large
templates, mainly Cy4 and Ci6, not only had an increased water uptake, but also an enhanced
affinity for water as deduced from the Vy, trend (Table 1). This is related to the rubber phase
dispersion, as revealed by the combined TGA and XPS results. Increasing the molecular size of
the primary amines decreased the dispersion of rubber incorporated into the silica framework,
and so the hydrophobic character derived from the rubber phase was not spread throughout the
nanocomposite surface.

The measurement of the water contact angle using the static drop technique is a simple
and precise method to access the hydrophilic/hydrophobic properties of materials surface. As
illustrated in Figure 9 and Figure S4 (SlI), the surface of all the NR/HMS nanocomposites
possessed a hydrophobic character (water contact angle > 90°), while the pristine HMS with an
18.9° water contact angle was classified as a hydrophilic material. The hydrophobicity increased
gradually with decreasing alkyl chain length of the amine templates used in the synthesis.
Although this result concurred with the V, obtained from the water sorption measurement (Table
1), we believed that a high water contact angle should be characterized by the hydrophobic
properties of the external surface. According to Gupta and co-workers, the reduction of silanol
groups on the external surface via silylation with allyltrimethoxysilane, followed by
hydrosilylation to attach a silicone polymer, resulted in an improved hydrophobicity of the

functionalized mesoporous silica [51]. However, in this study the XPS analysis indicated that the
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Si—O-H species (and so silanol groups) on the external surface of the NR/HMS series were not
very different to those on the pure silica HMS (Table 2). Therefore, the hydrophobic
environment created by the exposed NR on the surface was the main reason for the enhanced
hydrophobicity observed in the water contact angle measurement. In addition, the increased
amount of surface silanol groups with increasing template size (Table 2) led to a gradual

decrease in the rubber dispersion and the hydrophobic character among the NR/HMS series.

4 .Conclusions

The NR/HMS nanocomposites with diverse mesoporosity and hydrophobicity were
successfully synthesized via an in situ sol-gel process in the presence of Cg—Cig primary amines
as templates. The effect of the type of amine template on the mesostructure and textural
properties of the resulting NR/HMS nanocomposites were similar to those of the pure silica
HMS series despite the fact that the presence of NR lowered the structural ordering and degree of
silicate framework condensation. Increasing the molecular size of the amine template molecules
increased the rubber content in the NR/HMS series but deteriorated the dispersion of the rubber
phase in the nanocomposites. The NR/HMS materials synthesized with shorter amine templates
exhibited a more hydrophobic surface than those obtained using longer amine molecules. The
hydrophobic interaction between rubber molecules and the alkyl chains of the primary amine
template was probably a crucial factor that determined the content and dispersion of the rubber
phase, and so the hydrophobic character, in the NR/HMS nanocomposites. The present work
offers a simple but efficient approach to develop a wide variety of rubber/silica nanocomposites
with tunable mesoporosity and hydrophobicity, which will find applications in catalysis,

adsorption and drug delivery.
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Table 1 Physicochemical properties of the pure silica HMS materials and NR/HMS nanocomposites
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Sample® NR content” Sger® Sext’ DY W V,? di” @ WY Lv© Vn
(wt.%) (m°g")  (m’gh) (m) (em’g’) (em’gh) (m) (m) (m) (m) (cm’g?)

HMS-Cg n.d. 760 192 2.04 1.27 0.35 384 443 239 0.46 76.3
HMS-Cyo n.d. 781 91 2.49 1.12 0.58 424 490 241 0.74 679
HMS-Cy, n.d. 692 91 2.89 1.03 0.59 433 500 211 0.85 66.7
HMS-Cy4 n.d. 677 129 3.46 1.40 0.73 490 566 220 1.08 63.6
HMS-Ci6 n.d. 635 364 4.43 2.35 0.75 557 643 2.00 1.18 62.2
NR/HMS-Cg 13.7 737 174 1.99 1.25 0.21 395 456 2.63 0.28 453
NR/HMS-C,y, 144 638 228 2.19 1.34 0.27 429 495 278 042 479
NR/HMS-C;, 145 661 300 2.23 1.43 0.32 459 530 3.08 048 492
NR/HMS-C;4, 154 668 218 2.82 1.04 0.48 469 542 261 0.72 50.1
NR/HMS-C;s  15.6 575 267 3.58 1.14 0.49 537 620 266 0.85 56.4

 Extracted samples

b Determined by thermogravimetry analysis

°BET surface area

9 External surface area derived from t-plot curves

¢ Pore diameter, calculated by the BJH method

"Total pore volume, determined by the volume adsorbed at P/Pg = 0.99
9 Mesopore volume

" d100 from XRD analysis

' Repeat distance (ag) between pore centers of the hexagonal structure, calculated as ag = 2d100/ 3%

J Framework wall thickness, calculated as Wy = ao — Dp.
¥ Lengths of mesoporous channels, calculated as Ly = V/SgeT.
' Monolayer adsorption volume at STP determined from H,O adsorption-desorption measurement.



Table 2 Chemical composition on the surface of representative HMS and NR/HMS nanocomposites

Atormic HMS-Cqg NR/HMS-Cyq NR/HMS-Cy4 NR/HMS-Cy¢
orbital Bond type B.E. Conc.? BE.  Conc? B.E. Conct B.E. Conc.?
ev) (%) (eV) (%) (eV) (%) (eV) (%)
Cls c=C - - 284.0 2.03 283.9 1.83 284.1 2.13
C-C/C-H 284.6 2.25 284.6 6.76 284.6 7.87 284.6 8.47
C-O 285.4 0.45 285.5 2.05 285.5 2.04 285.4 2.42
C-0-C - - 286.5 0.93 286.5 1.03 286.6 1.02
Cc=0 - - 287.4 0.57 287.4 0.76 287.7 0.31
Si2p Si—-O 103.1 49.2 102.4 44.19 102.5 44.33 102.4 41.06
O1s C=0/ Si—0—C 532.4 8.83 531.8 7.44 532.0 6.51 532.2 7.29
C-0O/ Si—0O-Si 533.1 255 532.6 24.05 532.6 21.59 532.6 20.64
O-H" Si-O-H 533.9 10.6 533.5 9.72 533.2 11.16 533.2 12.68
O-H° 534.7 3.16 534.6 2.29 534.1 2.88 534.0 3.97

& Atomic concentration
®Non carbonyl oxygen in carboxyl group

¢ As water
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Figure captions

Figure 1. Weight loss (TG) and DTG curves of representative as-synthesized samples: (A)
NR/HMS-Cg and (B) NR/HMS-C;5 nanocomposites.

Figure 2. XRD patterns of the )A (pure silica HMS and )B (NR/HMS nanocomposites. All of the
samples were extracted first to remove the amine template prior to the analysis.

Figure 3. TEM images of )A( HMS-Cyo, )B( HMS-Cy4, )C( HMS-Cy6, )D( NR/HMS-Cyp, )E(
NR/HMS-C,4 and )F( NR/HMS-Cys a atmagnification of 200000x. The TEM images were
analyzed by ImageJ software. The bright green color represents the mesoporous channels and the
grey color represents the silica wall.

Figure 4 .TEM images of )A( NR/HMS-Cyp, )B( NR/HMS-C;14 and )C( NR/HMS-Cys a at
magnification of 400000x. The samples were stained using 1 wt.% OsO,4 aqueous solution.
Figure 5 .N, adsorption-desorption isotherms of the )A (pure silica HMS materials and )B (
NR/HMS nanocomposites.

Figure 6 .BJH pore size distribution of the )A (pure silica HMS materials and )B (NR/HMS
nanocomposites.

Figure 7. XPS spectra of NR/HMS-Cy5, NR/HMS-Cy4 and NR/HMS-C;6; showing the) A (wide
scan spectra and (B, C) high-resolution )B (Cys and )C( Siyp regions.

Figure 8 .H,O adsorption-desorption isotherms of the )A (pure silica HMS materials and )B(
NR/HMS nanocomposites.

Figure 9. Water contact angles of representative NR/HMS samples: (A) NR/HMS-Cy4, )B(

NR/HMS-C14 and )C( NR/HMS-Cig.
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(A)

Contact angle in degrees = 105°+ 1.8

(B)

Contact angle in degrees = 98.5° + 2.6

(©)

Contact angle in degrees = 92.8°+ 1.7

Figure9
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