JQ/B}+ iBQM- ?v# B/Bx iBQM M/ TTHB+ iBQ
M Qp2 pB2r
*2mMM >mB w?Qm-ZB Mw?Qm-ZB ZB gm- a #BM2 S2iB
hBM; sB - *?mM a?2M; GB- g2B >m um

hQ +Bi2 i?Bb p2 ' bBQM,

*2mM >mB w?Qm-2ZB Mw?Qm-2ZB ZB gm-a #BM2 S2iBi- sm2 *? Q CB M;-
iBQM M/ TTHB+ iBQMb Q7b TQMBi2, M Qp2'pB2rX TTHB2/*H va+B2
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Abstract

Modification of @ponite (Sap) by surface engineering and intercalation chemigttyoduces guest
speciednto the structure oBapandenhancethe functionalities of the resultaBapbased hybrids or
composites This review summarizeand evaluate latest scientific advances ithe strategies for
surface engineeringntercalation andhybridization ofSap the insights into the relevantechanisms
andthe properties and applications tferesultantSapbased material$Studieshaveindicated thaSap
can beinorganially modified by acid activation, inorganic cation exchangélaring, andadsorption
The method of prepaimng orgaro-saponite (OSap) hybrids can be categorizedas follows 1)
exchangng the inorganic cations in the interlayer spaad Sap with organic cations2) covalent
grafting of organic moieties or groupsonto thesurface ofSap 3) intercalatng polymer into the
interlayer space of Sap by solution intercalabn, and melt mixing or in situ polymerization
Organicinorganic modifiedSap can be madehrough the reactianbetween organic species and
inorganiecmodified Sap or by the combination ofinorganic species with organiodified Sap
Modified Sapexhibits exceptionalthermal stability surface acidityoptical effectsand adsorption As
such, he modified Sap can be usedor optical materiad, adsorbents, catalg and clayfpolymer
nanacomposites(CPN). Literature survey suggests thaitdre studiesshould place emphasis on
optimizing and scalng up the modification of Sap probing the thermodynamics, kinetics and
mechanisms of the modificationf Sap endowingSap with novel functionalities and accordingly

advancing theracticalapplicatiors of the resultanSapbased materials

Keywords: Saponite; Modification; Hybrid; Adsorbent; Catalyst; Saponite/plymer

nanocomposite
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1. Introduction

SaponitgSap)is a 2:1 trioctahedrallay mineraland belongs tthe smectite grouypically, alayer
of Sapis composed ofwo tetrahedralO-Si-O- sheetssandwichinga central octahedralO-Mg-O-
sheet(Fig. 1). A smallamount of isomorphous substitution of 'Sy AI** (and possibly other trivalent
cations such as @ in the tetrahedral sheetuses the layer to be negatively chargduds chargds
compensated by exchangeable interlayer cafimiadingNa’, NH,", K*, Li*, andMg®* (M #*). In this
context, the ideal structural formula 8apcan be described &8,;," TMge][SigsAl]O20(OH)4-NH0,
where M “* representghe interlayer cations and x can range from approximately 0.4 toThe.
majority or even all the layer charge $dipis located on the tetrahedsiieet andhis has an important
influence in the properties dBap Nevertheless, ane studies have suggested thég®* in the
octahedral sheatanbe substitutel by trivalent cations such as %l If Mg? cations are replaced by
Al®* cations at a ratio of 3M§2AI*", the substitutiorin the octahedral sheet doeseae additional
positive charge in thelayer; If at a ratio of 1Mg*"/1AI**, positive chargesare created in the layer
(Brigatti et al., 2013 The positive charges can partbompensate the negative chargd the
tetrahedral sheeMg®" in the octahedral sheet can also be substituted by other divzamm(Nizﬁ

Cc®* Fé, etc) with no consequence on the layer charge.

Sodium
Magnesium and/or Aluminium
Silicon and/or Aluminium

Oxygen
Hydroxyl <OH

+®5 Water molecule

Fig. 1. (A) Structure of saponite, two TQ, (T =Si* and/or Al*") tetrahedral shees oneach side of an octahedral sheet
occupied by magnesium and/or aluminium cations, forming 2D layerd={gure is made by using the VESTA software)
(Adapted and Reprinted from Lainéatt 2017, Copyright 2017, with permission from Royal Society of Chemistry under the

terms of Creative Commons CC By Licenstomma and Izumi, 2011). Each TOT layer has a thickness of roughly 9A.

Compensating cations (here sodium) are present in interlayspace and are surrounded by water molecules. Thed
value obtained from X-ray diffraction experiments enables determining the thickness of the interlayer space, and hence,
the number of water layers in it (Lainé et al., 2017). (B) Top view of saponistructure (Figure is madeby using the 3D

Max software).

Saponitehasa large specific surface areéSSA), surface acidity andation exchange capacity
(CEC). In addition, it is distinct from dioctahedral smec#s such asmontmorillonite (Mt) and

nontronite For exampleSaphasa higher thermal stabilitghanMt (Casagrande et al., 2005; Vogels et

3
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al., 2005 Tao et al., 2016 the sizeof Sapparticles(~50 nm) isgenerallysmaller than that dfit (~300
nm) (Ebina and Mizukami, 2007; Paul and Robeson, 2008ddition,Sapis easier talelaminateand
to be exfoliated into nanoplateletsor evenindividual nandayers in water (Takagi et al., 2013
However,naturally occurring Sapis scarce Due to thepresence of impurities the Sapdeposits in
nature, laboriouand timeconsumingpurificationis required to obtain relatively puap(Carrado et
al., 2006) Moreover the chemicatomposition of naturgbapcan be extremely variahldepending on
the geological genesis proce@dtracki et al., 2007). Thiglefectslimits the useof natural Sapin
catalysis(GomezSanz et al.2017) adsorption Franco et al., 201 and optics(Tsukamotoet al.,
201@). Hence Saplike solids with well-controlled chemical compositiorare synthesizedand such
solid products are often called synthefiap Generally,typical approach tdéhe synthesis oSapare
hydrothermal synthesiSuquet et al., 197 Kloprogge 1999;Zhang, et al., 2009]aber et al., 2013;
Baldermann et al., 2014; Carniatbal., 2014 Zhang et al., 2007 The process can be modified to be
microwaveassisted synthes{@rujillano etal., 2010; Gebretsadilet al., 2014)and solgel synthesis
(Garade eal., 2011; Garciar et al., 2013

The synthesis ofSapis relatively mature, at least on a laborat@gale. Howevereither natural
Sapor syntheticSapis rarely used directly. Under many circumstanttesSap needsmodification
including surface engineering,intercalation and hybridization ofap Taking advantage of the
swellability of Sap(Ferrage et al., 2010; Dazas et al., 2015; Ferrage, 2@darchersanintrodue
functionalguest molecules intthe structure oBapandthustune porosity, acidity and otherphysical
and chemical properties Many types ofSapbased hybrids ocompositeshave been successfully
preparedby the intercalation of bulky organi&urokawaet al., 2014Marcal etal., 2015 Saset al.,
2017)and inorganic(Franco et al.2016; Miyagawaet al., 2017)cationic speciesneutral polar
molecules(Marcal etal., 2015)and polymersNlishchenkoet al., 2016;Eguchiet al., 2017)into the
interlayer space oBap Covalentgrafting of a moiety of organic moleculesnto thesurface ofSap
proves feasibleAccordingly, the resultantSapbased materialsavebeenexaminedor awide rangeof
applications Increasing studies show that sunhterialscan be used aslsorbentsMarcal et al., 2015
Sato et al., 2006 catalystsand catalyst supports (Carniato et al., 2014; Fatimah et al.,.ZX®y can
alsobe usedasa functionaladditivein clayfpolymer nanocompositd€PN) (Wu et al., 2014; Wang et

al., 2015 (Fig. 2). Strikingly, Saphas been used aa support for themmaobilization of luminescent
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entities rendering theresultant nancompositeswith particularities inoptical imaging(Tsukamoto et

al., 2016b) and optoelectronic applicatiofananet al., 2015)

(A)

0.6%
0.6% =————

(B)

= Polymer nanocomposit

= Catalyst

= Adsorbent
Wastewater treatmer

m Caffeine removal

= Agriculture
Radioactive

m Optical material

m Others

Fig.2 (A) Application category distribution of saponite (by percentagefccording to peerreviewed scientific papers

published (from 2007 to endof 2017). (Datafrom Web of SciencetCoreCollection. Search terms: saponitgpolymer
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nanocomposite, catalyst, adsorbent, wastewater treatment, caffeine removal, agriculture, radioactive, optical material) (B)
Annual number of peerreviewed papers published (from 2007 to 2017) relevant to the tasi ofsaponite and the title

contain saponite. (Datafrom Web of SciencetCore Collection. Search terms: saponite).

2 Inorganic modification and hybri dization of saponite

The inorganic modification oBapis mainly achievedy the exchangeof cationsM** in the
interlayerspaceof Sapwith externalinorganic cabns or the generation of oxides in the form of pillars
in the interlayer space @ap The frequentlyusedmethods includeacid activation (1** exchange
with H"), inorganic cation exchang@exchangewith inorganic metal cations), pillaringvi¢* first
exchangd with inorganic metal hydroxycationfollowed usually by calcination to form oxide pillrs
and the hybridization of metal nanoparticleswith Sapto form nana@omposite After suchinorganic
modificatiors, the interlayer spacindhe thermal stabilityand the surface acidityof Sapare usually

increasd. Thus the resultar@apbased materials ammmonly usedscatalysts anddsorbents.

2.1 Acid activation and inorganic cation exchange

Acid activationrefers to the procedseating Sapwith mineral acids sucls sulphuricacid or
hydrochloric acid. The final texture and structure of the treat8dp is dependent upon the
concentration of the acid used in the process. The product caft ISepHbecausenerely M cations
in the interlayer space &apareexchangedy H". It can also be smallgrarticulate H-Sapif part of
Sapparticleshasbeen dissolved or damaged by the acid. It is worth noting thaliséwution ofSapis
much easier than that ®t. Hence the final producitan even ben amorphous silicékomadel and
Madejova, 2018 In the former two casethe H'- Sapusuallyexhibitsincreased surface aciditgSA
and pore voluméKomadel and Madejova, 20;1Brancoet al., 2016). A recent study shows that the
microwave irradiation as heating in the acid activatiosapcan remarkably reduce the time for acid
activation (Franco et al., 2016i8imilar to acidactivatedMt (also known as bleaching eartisuch
acid-activatedSapcan beused asadsorbentéUgochukwuet al., 2014; UgochukwuandFialips 2017)
andas catalyst(De Stefaniet al., 2013)pr catalyst supports3ebretsadik edl., 2016 201D).

The inherent natureof acid activation ofSapis a cation exchange reactios such the
exchangeable cations“Min theinterlayer spacef Sapare replaced by Hions Nevertheless, under

many circumstances, theissolutionof part of the octahedral and tetrahedral skeeften occurs
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simultaneouslyKaviratna and Pinnavaia, 1994; Komadel &tadejova,2013). The dissolutiorof the
whole layeris also possible if the acid is strong enoulyh a result, due to the attack the protonH™
the structural cationsre released from the layers, leading Itheakageof the layers(Kaviratna and
Pinnavaia, 1994; Komadel arMadejova,2013). Such attack prefers to be at the edge of the layer
which is the broketibond planebutit can also take plaan the oxygenplane

WhenSapis treatedby mild acidandharshconditionsusually caused by the acid ateinperaturg
the morphology, structureand textue of the resultant acitteatedSapappeardifferent (Bisio et al.,
2008 Guidottiet al., 2009. WhenSapis treatedundermild conditions usually theamount of Brgnsted
acid sites increases without little alion of the structure ofSap In contrast,when Sapis treaéd
underharshconditions the cation exchange reaction is also accompanied by progressive dealumination
of the framework (layer) oBap Accordingly,a significant amount of porowsmorphoussilica can be
produced. Thougmmicroporosity andSSA are largely increasedthe number oBrgnsted acid sites
significantlydecrease

In additionto acid activation, e original cationsM** in the interlayerspace ofSapcan alsobe
exchangd with otherinorganic cations, such as*LiCU/**, Ni* (Vicente et al., 2011)Zn** (Intachaiet
al., 2017) and Fe* (Francoet al., 2018). In particular, Ci**, Ni* and Fe** can be converteéhto
zerovalent netal nanoparticledy appropriateeductionreaction. In this context, twdimensionalSap
ack as a nanoreactor with limited space fageneratingmetal nanoparticles anduch metal

nanoparticles ardree of organiqrotectars (Miyagawaet al., 2017).

2.1 Pillaring, supporting and hybridization

A typical pillaring procedureof Sapinvolves the introduction of pre-preparedbulky inorganic
metal polyhydroxycationsor polyoxocationinto the interlayer space @&apby a cation exchang
reection or the electrostatic attractignfollowing by calcination which usually causelehydration,
dehydroxylation andxidation of the intercalatedspecies(Fig. 3A) Hence, the polyoxocatisnare
converted tometal oxide clustercalled pillas commonly (Gil et al., 200Q. If the solid is calcined
under a flow of H, areduction reactiomccurs Namely, the layexd structureof Sapis pillared by the
metal oxide clustar Thepillars stablyexpand the 2:1 layeisf Sap prevent its collapseexpo® their

internal surfacend make the pillareBapwith micro- to mesoporosityDing et al., 2001 Vicente et al.,
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2013. In addition,the pillars bring additionalacid sites or redox siteandthus providecatalyticactive
species forspecific catalysis and adsorptigifable 1). Upon the pillaring procedures, thecursors
andthe chemical compositions of pillars, threrlayer spacingand theporosity of the pillaredSap

vary.

(A)

——— — EEE———

(
® & o 0 & & o o Tptercalation . . . . Calcination

Saponite Polyoxocation-intercalated Pillared

@® Exchangable cation . Polyoxocation ' Pillar
(B)

& - i
ﬁ + 1 , precipitation decomposition !
- Q.. ' i

colloidal dispersion  colloidal dispersion of metal (Cu/Co) saponite — CuO/Co30y
of negatively charged p-aminobenzoate hydroxide nanoparticle
saponite layers intercalated intercalated saponite composite

a - hydroxide layers

Fig. 3 Schematicrepresentation of (A)A typical pillaring process. (B)A process to prepare metal oxide nanoparticle
/saponitenanommposite (Reprinted from Nityashree et al., 2014, Copyright 2014, witlpermission from Elseviel). The
stepsmainly include the synthesis ofnetal hydroxide intercalated saponite andtheir decomposition tometal oxide
nanoparticle /saponitesnanocomposite Layered .-hydroxide and hydroxysalt [or basic salt]are obtainedby intercalating

p-aminobenzoic acid(PABA) into the interlayer space

Table 1. Basal spacing (s,), pore volume, surface area and applications of metal pillared saponite.

* *

Pillaring door’ A Sger Applications Ref.

agent Amount A) (cm®lg) (m%g)




212
213
214
215
216
217

218

219

220

221

222

Al 5mmol/g 17.8 0.188 177

Catalyst for the synthesis of  Velasco et al.

0Q)
Cs Al 025w 0.167 95 N-alkyl pyrazoles. (2011)
18.0
Cs Al 1.25 wt% 0.156 111
Catalyst for acetalation of Kannan et al.
Al 5mmol/g 180 - 274 o
pentaerithritol (2011)
Al - 17.6 0.120 134
Al: 12 Catalyst for the cracking of  De Stefanis et
mmol/
Fe/Al g 182 01D 162 polyethylene al. (2013)
Fe: 1
mmol/g
Zr - 143 0.053 233 Catalyst for theisopulegol Fatimah et al.
Ni/zr 1 Wt% ' 0.042 199 hydrogenation (2015)
Al tommolg 0 ) ! Photocatalytic phenol
mmo otocatalytic pheno
9 166" 0.042 1911 _ p Fatimah and
photcoxidation N
] 0.019 132 ] ) Wijaya (2015)
Al-Ti 1.2 wt% - N in agueous solution
0.01¢ 276
Fe 2 mmol/g 0.160 127 .
128 Adsorption of keavy metal Francoet al.
Al 20 mmolig 01 178 cationsfrom water (2016a)
2 wt% 0.1441 53
Magnetite 4 wt% 0.1455 56 Adsorption of dyes from Makarchuk et
7 wt% 0.1464 53 aqueous solution al. (2016)
10 wit% 0.3058 69
zr - 134 0.0054 1m Catalystfor the conversion of  Fatimah et al.
0
SZr 15.7 0.0016 190 citronellal into menthol (2016)

" For clarity, consistencyand easy comparison, some original data have been rounded off.
a) Saponite pillared withAl and then the pillared solid doped with Cs. $mples prepared by using microwave irradiation as
calcination procedure instead of conventional calcination methget specific surface areealculated according to the BET

equation V, = total pore volumeS-Zr: sulphated zirconium pillared saponite.

As the precursorsf thepillars, alsocalled pillaing agentscanbe metallic cations, metallioxide
sol, polyhydroxycations opolyoxocations(Table 1). [Al 1304(OH),4(H,0):5] " usually abbreviatecas
Aly3 is the most widely studied (Trujillano et al., 2009; Kannan et al., 20&fhsco et al, 2017.
Accordingly, theAl-pillared saponiteis well-documented. This ismainly becaus¢he preparatiorof

Al is very matureand itsstructureis better understood than that of other catidmsaddition, AbOs
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pillars is thought tqpossessolid acidity. Particularly thermal resistance of Aldillared Sapis higher
than that of Alpillared Mt (Chevalier et al., 1994; Lambert et al., 19®&rgaoui et al., 19953).
Pillars made fronpolycationswhich formedby the hydrolysisof Zr**, Ti**, F€*, or G&" (Malla and
Komarneni, 1993Vicente et al., 2008; Fatimah et al., 2015; Fatimah and Wijaya, 2015; Franco et al.,
2016, Makarchuk et al.2016;Gebretsadik et al., 20byhas also been reportdtlis worth mentioned
that Ni** cation does not form polycations upon hydrolylisgeneral, thévasal spacing antthe poresize of

the resultanipillared Sap are inherently decide8ly the size ofthe oligomersand accordingly the
products after calcinatiofVicenteet al., 2008Francoet al., 2018). In the two-dimensional network

of pillared Sap interlayer spacing is controlled lilge height of theillars, whereadoth the distance
between theillars and the height of the pillaksnown as intepillar distance, determines the pore size
The interpillar distancealso reflectsthe density of pillars in the interlayespaceof Sap Of great
challenge ighe interactions between guest pillars dine layers of theSap For Al-pillared Sap the
-O-Al-O- on theAl,O;3 pillars could form covalent bonds witl\l-O and-Si-O on the layer oSap
However, for many other elements with 4f/5f orbitals, the interactions remain unElessibly
theoretical modeling can lmnduciveto getting more insights into this issue (Bian et al., 2015; Dong
et al., 2016) Besides, it has not yet fond an effective way to measurethe size and charge of each
individual pillaraccurately.

Thoughthe chemicalcompositionand structureof the metallic catiorr its polycationused inthe
pillaring procesolay a pivotal role in the characteristics anpropertiesof the pillarsin the pillared Sap
other important factorsuch as the concentratiaf the pillaring agentKhumchooet al., 2016
Makarchuket al., 2016)the drying methodandthe calcinationtemperaturgVicenteet al., 2008have
significanteffect on the pillars. For instanaecently Fatimah and Wijaya (2015) found that during
the calcination procedure, when microwave irradiation for 15m@e used, thél-pillared Sapwith a
higher SSAwas oltained comparedwith the Al-pillared Sap by conventional slow heating for 4h.
Inherently, underthe two different calcination methqd¢he conversion ofpolycationswould be
different. As conventionally to prepare pillar&hpneed a long proceduregpid microwave irradiation
for heatingor calcinationcan shorten the process and much increase productivity.

Saponite camlso beused as anatrix or support for adsorption of metallic nanoparticles or oxides
to producenan@omposite. To thisend,there are such ways as impregnation and deposition. Also the

Sapcan be preanodified judiciously if necessary. For exampl@e, the case of Zn, itsideposited as
10



253  oxide on acetyltrimethylammonium cation(CTA"-intercalatedSap(Khumchoo et aj2016)while in

254  the case of Ni, this metal is supported 8ap (Gebretsadik et gR017%). Notably, Sap easily

255 delaminates or can be exfoliated in watBy spontaneoudlocculation of delaminaed Sap the

256  delaninated or exfoliatedSap can thenbe used to host other layerathnomaterialsg.g. Co,Cu

257  hydroxide) to formcompositesNityashree et al., 2014). Upon calcination, the metal hydroxide therein
258 decomposs to form metal oxide nanoparticledp nanocompositan which the nanoparticles get
259  uniformly distributed inSapmatrix (Fig. 3B). The particle size of thmetaloxide nanoparticles formed
260 in the nanocomposite could be altered by varyimgtors such ashe temperatureatmosphere and
261  duration of decomposition. If the nanoparticles ahosen to beanosized magnetitthen amagnetic

262  nanocomposite can laehieved fakarchuket al, 2016).

263 3 0Organic modification of saponite

264 Positively charged organicationscan be intercalated into the interlayer spac&apby cation
265 exchange or adsorptidn produceDSap(Zhen and Wang, 2018pminagaet al., 2017)Theinorganic
266  cationsin theinterlayerspaceof Sap that compensate theegatively chargethyer, can beexchangd
267  with positively chargedorganic cations Such cations can be formed frosurfactars, dye or
268  organometallic compleesin water (Kurokawaet al., 2014;Seki et al., 2015;Saset al., 2017)The
269  organiccatiors arenot only intercalateih the interlayespaceof Sap but also adsorbed on tearface
270 of Sapto form an electric double layeBuch organic modification dbapis easilyachieved Studies
271  have demonstrated thdtiring the synthesis procesESap OSapcan besynthesizedn a onepot way
272 by the direct adding organic cationsnto the inorganic gel for synthesizingSap (Bisio et al., 2011;
273 Kurokawaet al., 2014).The surface ofSapis usually hydrophilic and the inorganic cations in the
274  interlayer space tend to be hydra{éérrage, 2016)When such places aoecupiedby organic species
275  after organicmodification the surfaces then covered by organic carbon chains or groups, thus the
276  hydrophilicSapare changethto hydrophobicOSap Accordingly, thepolarity is altered(de Paiva et al.,
277  2008. Besidesa wide range obrganiccations groups omolecules carbe used and caperforma
278  variety offunctions suclas inoptical propertie{Wu etal., 2015) adsorption $ekiet al., 2010, 2015)
279 and catalysigGoto et al., 2016) In addition, the inorganic layersf Sap play an active role in

280 stabilizing and protecting the intercalated organpecses. Typically, theirthermal stability or
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heatresistance remaakly increased (Bisicet al, 2011)
3.1 Organiccations

By taking advantage afaion exchangeabilitpf Sap organiccatiors can beincorporatednto the
interlayer space oBap by a cation exchangesaction. Consequenthgrganic cations replacehe
original inorganiccation in the interlayer space $apto compensate theegativeelectric chargén the
layer of Sap Such organic cations are commonly moieties aationic surfactantssuch as
cetyltrimethylammoniunm(CTA), benzylammonium(BA), and didecyldimethylammoniunfDDDMA)
cations In particular, cationic surfactants have been successfully used as organic modifitrsoof
produce organoMt in industry (Lagaly and Weiss, 1969; Lagaly, 1981, 1984 et al.,2014. In
addition, over the last decadeguaternary futic acid (QFA), and aminopropyl isobutyl
titanosilsesquioxan@li-NH;POSS have also been uséalmodify Sap(Table 2).

After organic modification, thesurface of theSap becomes hydrophobiérom hydrophilic
(Ugochukwuet al., 2014; Ugochukwuand Fialips 2017%). Depending on the layer chargensity
(LCD) of Sap and thechain lengthor the stereoscopistructureand geometric sizef organiccaions
the extent to which the inorganic cations are replaced by the orgatiins, theorganic moieties
appear to haveeveraltypes of arrangements in the interlayer spafc8ap In the interlayer space of
Sap the organiccaions may lie flat as enonolayen(Okadaetal., 2014)or bilayer(Marcal etal., 2015)
pseudaetrilayers or multilayers(Yu et al., 2014) Clearly, the arrangements of organic cations, along
with the length of their carbon chains, decitie degree of expansion of tsap For example for
BA-intercalatedSap whenBA™ cationsoccurin the form of a monomolecular layéne caions should
bealignedparallel to theoxgen plane ofthe Saplayer. As aresult, thanterlayerspacing oBA-Sapcan
be increased a lig by a fewAngstromsfrom the basal spacint 26 nmof original Sap(Okadaet al,
2014). By contrasfpr CTA-intercalatedSap whenan arrangement dfilayer CTA" ionsis achieved,
the interlayer spacingf Sap increass remarkablyby severalAngstromsto a few nanometers
(Marcal et al., 2015)In this case, the ammonium groupscurlike being tethered to theurfaceSap
layer, and the alkyl chains lagimost vertical to the layer$loreover, thaéntercalatedorganic cations
may undergo a conformational change when the thickness of the intercalated molecule is larger than
theinterlayer spadéng of Sap This conformational change depends on the extent of loadings of organic

species anthe layercharge density dbap(Tominagaet al., 2017)
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Table 2. Characteristics ofsome organicmodified saponite(Sap).

) M Interlayer *
. Amounts Basal spacing  Sggr™*
Modifier -~ 5 VSDFH Ref.
(modifier/ Sap) (nm) (m/g)
(nm)
] Carniato et al.
Ti-NH3;POSS - - - 2.60
(20092011
Seki et al. (2010,
CONH 110%CEC 151 144 0.55
2015)
1.43 -
CTAB 200%CEC - - Bisio et al. (2011)
1.38”
BA 50,100%CEC, 1.31,1.30 0.35,0.34
- Okada et al. (2014)
CONH 200%CEC 151 -
Arquad 2HT75 500%CEC 3.60
Octadecylamine 50%CEC 1.42 - Albeniz et al. (2014)
OTAB 200%CEC 1.92
330(EGME) Ugochukwu et al.
DDDMA 35%CEC 1.40 A -
(2014b, 2017b)
CTAB - 1.84 0.1 0.88 0 D dlet al. (2015)
Zhen and Wang,
QFA 50 wt% 157 - -
(2016)
Tominaga et al.
BP 10-27%CEC - - 051-0.55
(2017)

# The spedic surface areéSSA)of the samples was determinedBi T equation., The SSAof the samples was determined
by theEGME (Ethylene glycol monoethyl ether) meth(@arter et al., 1965) For clarity, consistencyand easy comparison,
some original data have been rounded off.

¥ Onepot synthesized CT/Sap Y Post synthesized CT8ap

Ti-NH3POSS: aminopropyl isobutyitanosilsesquioxane; CONH: neostigmine; CTAB: cetyltrimethylammorbuomide BA:
benzylammonium; OTAB: trimethyloctadecylammonium bromide; DDDMHAdecyldimethylammonium QFA: quaternary

fulvic acid; BP: biphenyl derivative.

A onepot stratey for producing OSap has been developed as an alternativeto the
postmodificationmethodof Sap(RoelofsandBerben 200§ Bisio et al, 2011). This new method can
intercalateorganiccationsinto the interlayerspaceof Sapby the direct introduction obrganiccations
in the gelused for synth&izing Sapduring the proces@-ig. 4). By this methodologythe proceduref
producingOSapis significantly simplified and no longer timeonsumingMoreover,a low amountof
surfactantis neededn such a methodhat thereby lowes the costsof producingOSap Besides the

distribution of surfactant moleculesuld bemorehomogeneous ithe OSap(Bisio et al, 2017
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Fig. 4 Schematicdrawing showing onepot synthesis of organesaponite (OSap) (Bisio et al.,2011). CTAB:

cetyltrimethylammonium bromide.

3.2 Dyemolecule

Compared withMt, Sapis more easy delaminatecompletely in water to form a transparent
dispersion Suchoptical transparengytogether withhigh absorption capacitpf Sap make ita very
good twadimensional inorganic hostfor many organic dye moleculs with optical functions
(Tsukamotoet al., 2016hk)in particular fluorescenc& he interlayer space and the layer charge can
provide a static confinement to tHkiorescent dyes ands iconducive to better distribution and
assembly of thalye molecules therebypreventing fluorescence from quenchimfg.variety of dye
moleculesincluding porphyrindyes(Takagiet al., 2013Konnoet al., 201%, cyanine dys (Takagiet
al., 2013;Czimerovéet al., 2017 Matejdeset al., 2017) acetylene derivative (Suzukiet al., 2014),
methylene blugMB) (Donauerovéet al., 2015)triphenylbenzene derivatige(Tokiedaet al., 2017)
biphenyl derivative (BP{Tominagaet al., 2017)Jaser dyeshodamine 6G (R6G)oxazine 4 (Ox4)
(% H O X aétNaR 2017)andanthocyaninOgawaet al., 2017have beesuccessfullyntroduced oto
the surface omto the intedayer spaceof Sap The driving forces involve cation exchange reactions,
electrostatic attraction, hydrophobic interaction, van der Waals forgehysical adsorptionand
chemisorptiorbetween dyandSap

Organic dyecations generally tend to aggregate dhe surface ofSap due largely to the
hydrophobic interaction andan der Waalsforce between organicspecies(Konno et al., 2014;
Donauerovéet al., 2015Matejdeset al., 2017 Saset al., 2017 Tokiedaet al., 201). The aggregates
arecategorized intawo types H-aggregateand Jaggregates. The former more frequemitgurs and
is based on a sandwidkipe intermolecular association and absiheblight of higherenergy the latter

appeardess frequentand are formed bya heaeto-tail intermolecular associatiof.he types of the
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aggregateare relatedo theamountof adsorbed dyeations.At higher ratio ofdye/Sap alarge amount
of H-aggregatesendsto form whereas athe lowerratio of dye/Sap Jaggregatesre preferentially
formed % R Kip . RR0¥§.0Or@e amount of the-dggregateslsoincreasd with the aging of hybrid
colloids and isinfluencedby the solvents(Czimerovaet al., 2017) In reverse sgregation ofdye
cations on the surface of Sap often occurs (Konno et al.,, 2014) Segregation behavior depends
primarily on the chemical structure of the dye catio8sch aggregationdrastically reduces the
efficiency of the intermolecular photochemicadactionsbecausethe functional dye cationsare
separated from each otharthe interlayer space &apor on thesurface ofSap

The structure of dye assembly 8apcan be effectively controlled the HOHFWURVWDWLF KRVWi.
interaction(Takagiet al., 2013)It includes he intermoleculadistance, the molecular orientation, the
segregationaggregation andhtegration, and thestrength ofthe immobilization. In this context a
sizematching effechave been proposebh addition, he arrangement afrganic fluorescentyescan
be also affectedby the layerchargedensity of Sap (Wu et al., 2015). Hence, it can be tuned by
changng the layercharge ofSap According toarecent study by miecular dynamic simulatiQfWu et
al., 2015) as to bidN-methylacridinium (BNMA)-intercalatedSap when the layer charge density
increased the electrostatic attractiobetweenthe layer ofSap and BNMA becamestronger and
BNMA in the interlayerspace oSaptendedto arrange irmmonolayer parallel tthelayer. The parallel
orientation suppresad remarkablythe molecularaggregation, preservinthe photoactivity of dye
molecules.
3.3 Organometallic complex

Someorganometalliccomplexes catbe introducedinto the interlayerspaceof Sapand interact
with the anionic layersf Sap The confinement obrganometalliccomplexes irthe interlayer space of
Sapcan regulate the moleculstructure andhe relevant arrangements, and increase the stability of the
complexes(Pimchanet al., 2014)Much importantly, the intercalationof organometallic complexes
into the interlayer space &apbrings additionalfunctionscaused byhe organometalliccomplexes In
other words, the organometalliccomplexSap hybrids can act as atalysts Pimchanet al., 2014;
Kurokawaet al., 2014 Goto and Ogawa 2016, catalyst support (Goto and Ogawa, 20@Bpptical
materials $atoet al., 2014; HosokawaandMochida 2015;Tamuraet al., 2015Eguchiet al., 2017.

Up to now, manyorganometallic compless, including bis(&hydroxyquinoline)zinc(ll) complex

(Zng) (Pimchan et al., 2014iridium(lll) complexes $ato et al., 201 Tamura et al., 20)5nickel(Il)
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complexes with diketonato and diamine ligands (Hosokawa and Mochida, 2015), trls(®80ine)
ruthenium(l) complex ([Ru(bpy)*) (Goto and Ogawa, 2016), and iror{bidsed
metallosupramolecular complex polymer (polyFe) (Eguchi et al.,72®hve beensed to modifySap

to produceorganometalliccomplexSap hybrids. Typically, the intercalationof an organometallic
complexin the interlayer space &apis achieved by exchaimg the inorganic cations theinterlayer
space of Sap with cationic a@ganometallic complexesRecently, a newprocessto produce
organometallic complexesSaphybrids have beedeveloped byKurokawaet al. (2014) Fig. 5). In

this processtransitionametal complex$aphybrids have been in situ synthesized successfully, instead
the complexes should be psgnthesized usually. The #eand Nf*-exchangedSapacied as an acid
catalyst and promoted ligand formation from an aniline derivative and a ketone derivVagviermed
ligand then simultaneously coordinated to the metal ions located in the intesfeper ofSapto form
ELV LPLQR S\UL GdiQikehitkBI@), and iminopyridinenickel(ll) complexes, respectively.
Such methodology tactically combines casidy ligand synthesis, complex synthesis and
immobilization together in a oReot process and can be regarded as a more efficient and cleaner

approach to producingrganometallic complexSaphybrids

Fig. 5 Onepot preparation of transition inetal complexksaponitehybrid (Adapted and reprinted from Kurokawa et

al., 2014, Copyright 2014, with permission from Elsevigr
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3.4 Grafting organic moiety and silylation

Beside cations, eutralorganicmoleculescanalsobeintercalated into the intktyer space oSap
Generally,cation exchange methazhnnotbe used to introduce neutral organic molecules 8dap
Instead, in the case of neutmaanicmolecules, the possiblghemical interactionscluding covalent
bonds,hydrogenbonding co-ordination ion #ipole interaction, charge transferidbase reactions,
and van der Waals forcean beused Marcal et al., 2015Tao et al, 2016. In particular,in grafting of
organic moiety ontdSap covalent bonds between surfag®H groups of Sapand reactiveorganic
groups form As such, thereactive hydrophobic organic groupsdurably immobilizedon Sap
preventing the organimoiety from leaching(He et al., 2005Marcal etal., 2015 Tao et al, 201§. By
contrast,when organicationintercalatedSapis dispersedn solution, the long alkyl chain afrganic
cationscanleach into the medium. In addition gvafting, reutral organic compounds cafso form
complexes with the interlayer cations&dp(Kurokawa et al., 20104

In the context of grafting organic moiety orfiap silylation, hascapturel particular attention.
The hydroxyl groupgSi-OH-) on the external surface and/or edgesSap can reactwith the silyl
groups (RsSi) of silanesto form covalentbonds Marcal etal., 2015) In particular,the brokenedge
of Sappossesssactive SiOH, Mg-OH and AFOH groups YWu et al, 2015Hondaet al, 2016 Tao et al.
2016) Namely, theactive groupsof Sapreadily reactwith Si-O groups ofsilane and then produce
silylatedSaphybrids(Herrera et al., 20Q£2005;He et al., 2014)After the edge oBapis silylated with
properlychosen silanghenit is possible for th&apparticlesto belinked by silane(Zhou and Keeling

2013).

MAAL T ~ 1.5 nm
A4

\I“’"\r =CTA cation
' =HAT6 molecule
Fig. 6 Schematicdrawing of the structure of CTA-HAT6-Saponitehybrid (Reprinted Nanan et al., 2015, Copyright 2015,
with permission from Elsevier). CTA: Cetyltrimethylammonium cation, and HAT6: Hexakis(hexyloxy) triphenylene (a
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triphenylene based liquid crystal molecule)

Alternatively, Sapcan be firstly intercalated by organic cations, then@8apenables neutral
organic molecules to be attracted into the interlayer space by hydrophobic interaEtiorexample,
Ishidaet al. (2013)successfully prepareaisupramolecuD U KRVWiJXHVW K\EULG FRPSRVHG R
organic cavitand (octaamine, OArhost), two neutral aromaticmolecules (pyrenend thracene
guests), andap Due to strong Coulombic attraction between the ammonium grafuPpg\m and the
anionic layer ofSap the OAm was anchoed to the layer of Sap OAm can then form capsular
assembly with organic neutral guest molecules. Nantledycationic organic cavitand OAm enabled
neutral organic molecules to lmtercalatedinto the layer space @dap More recently,Nananet al.
(2015) successfully prepared functional hybrid of a triphenylenbased liquid crystal molecule,
hexakis(hexyloxy) triphenylenend Sap by the reaction between colloid8hpin the presence of a
cationic surfactant, cetyltrimethylammoniuniCTA") cation, and hexakis(hexyloxy) triphenylene
(HAT®6) (Fig. 6). Such findings mean that omp®t facile process for introducing cationic and neutral

organic species into the interlayer spac8apis a lot feasible.

4 Saponite/plymer nanocomposits

The idea of Sagpolymer nanocomposite might be borrowed from thevit /polymer
nanocomposite (Lambert and Bergaya, 2013)Similarly, the preparation of Sagpolymer
nanocompositeis also achieve by solution intercalatiorfJairamet al., 2013Shin et al.2013;Yang et
al., 2013;Chang etl., 2014 Wu et al., 2014Wang et al., 2015Xi et al., 2015;JuandChang 2016;
Eguchiet al., 2017 Saset al., 2017, melt mixing or melt intercalationZhen et al., 201 XKitajima et
al., 2013; Zhen and Wang, 2016 in situ polymerization Jairamet al., 2013NakamuraandOgawa,

2013 Tong and Deng, 2018Bandlaet al., 201Y (Table 3).

Table 3. Preparation and properties of typical saponite/polymer nanocomposites.

Saponite
Polymer Method Conditions Properties Ref.
(Sap)
plasticizer: water and formamide; mel coexistence of intercalated an Zhen et al.
raw Sap PVA melt mixing

temperature: 115, 135, 125, and 110°  partially exfoliated layers of (2012)
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QFA-
Sap

synthetic
Sap

Sap

synthetic

Sap

synthetic

Sap

synthetic
Sap

HTCC+
Sap

QFA 5ap

Sap

synthetic

Sap

synthetic

Sap

QAL $Sap

PLA

QAL

PVA

PVA

cellulose

TOCN

PLA

PLA

PAA

RhPEG

Poly-

(NIPAM)

PSBA

melt mixing

solution

intercalation
solution
intercalation
solution

intercalation

solution

intercalation

solution

intercalation

solution

intercalation

solution

intercalation

solution

intercalation

solution

intercalation

in situ

polymerization

in situ

polymerization

Sap

flocculated structure and Zhen and
plasticizer: ATBC;
partially intercalated Wang
melttemperature: 170,180°C.
morphology of the composite. (2016)

Lignin content: 30 wt%,; solvent: water
30.35+0.15 wt% of lignin was  Jairam et

stirred overnight;
absorbed witlSap al. (2013)

dried in vacuum at rootremperature.
PVA content: 610 wt%; solvent: water;

thickness of resulting films: ~ Shinet al.
vigorous stirring for 2 h at 80°C; dried

54-63pm. (2013)
at 80°C for 24 h.
Sapcontent: 610 wt%; thickness of PVA hybrid films:
solvent: water; vigorous stirring for 3F 2081pm. Chang et al.
(2014)

dried at 80°C for 24 h.
cellulose content: 4 wt%; solven the longitudinal directions of Yang et al.
LiOH/urea water solution; cellulose and Sap oriented (2013)
stirred at 1200 rpm for 10 min; adried parallel to the film surface.

at ambient temperature.

Sapcontent: 050 wt%; solvent: water;

thickness of resulting films: Wu et al.
stirring for 1 h;
5.041.7um. (2014)
dried at 40°C for 3 d.
content of HTCESap 0.3-5 wt%);
solvent:trichloromethane; thickness of resulting films: Xi et al.
vigorous stirring in a water bath at about 0.5 mm. (2015)

60°C.

content of QFASap 0.3-5 wt%; ) o
thickness of resulting films: ~ Wang et al.
solvent: trichloromethane;

about 0.5 mm. (2015)
vigorous stirring at 60°C for 4 h;
Sapcontent: 0 to 40 wt%; solvent:
DMAc; vigorous stirring at 30°C for 1 Ju and
thickness of resulting films:
h; ultrasonication 6 times for 5 min Chang
68-71um.
each; heating at 80°C for 1 h; at (2016)
100,130, and.60°C for 30 min.
polymer content: 0.08.25 wt%;
Sas et al.
solvent: water; films were prepared -
(2017)

using vacuum filtration technique.

Sapcontent: 11, 23 and 46 wt%; Well-defined spherical particles

Nakamura
monomer: NIPAm; crosBnking agent:  of poly(NIPAm) hydrogel with
’ and Ogawa
14.8 mmol L'* KPS solution; react for 4 theparticle size of 808.300 (2012)
1

h at 70°C under nitrogen atmosphere nm.

co-stabilizer: hexadecane, AIBN; o ]
miniemulsions were only stabl

monomers: styrene, butyl acrylate; al
LQ O LSagnar@lybrid Jairam et

temperature of 80+2°C for 6 h under
concentrations from 1.6 to 5.2 al. (2013)

continuous magnetic stirring; drying a

60°C for 12 h.

wt %.
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Sapcontent: 480 wt%; costabilizer:
asymmetric polystyrene
hexadecane and AIBN; monomer:
nanoparticles (hemispherical c
VBTAC- in situ styrene; degassing withyMdt RT for 30 Tong et al.
PS truncated particles) with a size
Sap polymerization min, and increasing temperature to (2013)
about 106500 nm were
80+2°C keeping>6h under continuout
synthesized.
mechanical stirring (600 rpm).

Sapcontent: 18 wt%; monomer: AAm; The 3 wt%Saphydrogel
in situ Bandla et
raw Sap PAAM solvent: water; initiator: potassium showed the highest swelling
polymerization al.,, (2017)
persulfate, accelerator: TEMEDA capacity than other hydrogels

AAm: acrylamide;AIBN: 2, 2 azoisobutyronitrile; ATBC: acetyl tributyl citrat®MAc: N, N-Dimethylacetamide; HTCC:
N-(2-hydroxyl) propyt3-trimethyl ammonium chitosan chloride; KPS: potassium persulféileAm: N-Isopropylacrylamide;
PAA: poly(amic acid);PAAmM: poly acrylamide; PLA: Poly(lactic acid);poly(NIPAm): poly(N-isopropylacrylamide); PSBA:
polystyrene cébutyl acrylate; PS: polystyrene?VA: Poly(vinyl alcohol); QAL: quaternary ammoniumighin;  QFA:
quaternary fulvic acid; TEMEDA: N,N,N!,N-tetramehyl ethylenediamine TOCN: 2,2,6,6tetramethylpiperidinyll-oxyl
(TEMPO)-oxidized cellulose nanofibrils; RhPEG: rhodamine B (RhB) modified polyethylene glycol (PEG); VBTAC:

(ar-Vinylbenzyl) trimethylammonium chloride

Melt mixing is the simplestmethodsince it is easily operatedeconomicand environmental
friendly (Shen et al.2002; Pandey et al., 20030ou et al., 2008 During melt mixing,Sapis firstly
mixed with thermoplastic polymersuch as poly(vinyl alcohol) (PVA) and poly(lactic acid) (PLA)
(Zhen et al., 2012; Zhen and Warg)16) The mixture isthenheated to the softening point of the
polymer in the presence of a plasticizaWith the mechanic force unddreating the Sap can ke
exfoliated and dispersed in the polymer matrix to yie@PAN Comparatively solution intercalation is
a liquid-state process that brings about a good molecular levelixttire of Sapnanolayers and the
polymer molecules(Zou et al., 2008)During this process,the soluble polymerge.g. PVA, PLA,
poly(amic acid) (PAA), polyethylene glycol (PEQ)) thedispersion of macromolecules (e.g. lignin
and cellulose) in the soluticareexpected tdoe introducednto the interlayeispaceof Sap Ideally, the
polymers are soluble a certain solvent such a&ter,aqueous alkali/urea solutigrtsichloromethane,
N, N-Dimethylacetamide (DMAg)etc.(Jairamet al., 2013 Shin et al., 2013Yang et al., 2013; Chang
et al., 2014; Wu et al., 201%Wang et al., 2015Xi et al., 2015; Ju and Chang, 20Hjuchi et al., 201,7
Sas et al., 2017However, the solution intercalatian anindustryscalecould be problematic because
of the use otostintensivesolvent and its recovery (Zou et al., 2008)in situ polymerizationprocess,
Sapis firstly dispersed int@ monomer(s)ksolutionfollowed by directpolymerization.In this way, the
CPN are formedin situ (Jairam et al., 2013Nakamura and Ogawa, 2013; Tong and Deng, 2013;

Bandla et al., 2017)
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Whatever theprocess isised,an inherent issue is thaver Sapis hydrophilic whereapolymeis
aremostly hydrophobicThis limits the compatibility betweenSaplayersand polymer chairs (Jairam
et al., 2013Tong et al., 2013) Micro-phase separatiasften occursin the CPNowing tothe &sence
of interfacial interaction betwee8ap layersand polymer chains. As aesult, the intercalation and
uniform dispersion oBapin the polymer matriappeadifficult (Wang et al., 2015Zhen et al., 2016
Therefore,to solve these issuel,is necessary tonodify the surface ofSapwith organic species to
increase the hydrophobicity of the surfaceSafpnanolayers\(Vu et al., 2014Wanget al.,2015. In
addition, hebulky organic speciesanexpand thenterlayerspaceof Sap allowing easier intercalation
of the polymer chainsto theinterlayerspaceof Sap(Kotal and Bhowmick; 2015)Fig. 7).

Alternatively, the modifcation ofpolymers, instead of modification &ap can makehe polymer
chains partly hydrophilic, therebygetting compatiblewith Sap so that polymer chains can well
penetrate into the interlayer spaceSaipto produceCPN (Wu et al., 2014 Xi et al., 2015;Sas et a|
2017) For example, recently, Sas and ewmorkers (2017) produced a watersoluble and
positively-charged polymer (RhPEG) polyethylene glycol (PEG) with a reactive rhodamine B (RhB)
fluorophoreand therRhPEGwassuccessfully intercalateidto the interlayespaceof Sapby solution
intercalation with a vacuum filtration technique.In addition, certain polymer molecules or their
derivatives carbe used to modifisapfirst to produceOSapand suchOSapis thenusedwith other

polymers to produc€PN (Jairam et al., 2013i et al., 2015)

Enhancement in _ )
interlayer spacing \ . . i~

/7 4 B\

. = Intercalation of modified
+ Cations or anions Modified clay clay with polymer forming
Organomodifier polymer nanocomposites

Fig. 7. Schematicdrawing of modification of saponitefollowed by intercalation of polymer to form clay/polymer

nanocompositeCPN) (Reprinted Kotal and Bhowmick, 2015, Copyright 2015, with permission from Elsevigr

Recently bionanocompositehave attractedhuchattention Shchipunowet al., 2012a,b; Migakt

al,, 2016) The conventional methods to produe CPN cannot bedirectly used to produce
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Sapbiopolymer nanocompositesFirstly, melt intercalationdoes not worksince the majority of
biopolymerssuffers from degradatiorupon heatingSecondly, theén situ polymerization which stars
polymerizationfrom monomersin dispersionof Sap can also nobe usedbecauseunder such a
circumstance thesynthesis ofbiomacromolecules such gsolysaccharides angbroteins seems
impossible(Shchipunowet al., 2012a,b)in addition,Sapbiopolymer nanocompositesannot bemade
by a conventionalsolution intercalation becausthe flocculation or theprecipitation caused by
cooperative electrostatic interactions betwb@macromoleculeand Sapnanoparticlesfor example
theoppositely charged polysaccharide @apnanoparticles, usuallgccur(Shchipunowet al., 2009)
Chitosan natural cationic polysaccharideontaining free amino groupbave beerintercalatel
into Sap(ShchipunovandPostnova201Q Shchipunowet al., 2012a,bBudnyaket al., 2016 Migal et
al., 2019. Shchipunov et ak2009) demonstrateahn effective way to achieve monolithic chitos&ap
hydrogel byshifting the pH ofthe reactionsolution). The procedure to fornSagchitosanhydrogel
nanocompositemcludes severalsteps(Fig. 8A): (1) dispersing of chitosan imaqueouglispersion of
Sapnanopatrticles at a pklalue corresponding to the neutral statehifosan (2) gradudly acidifying
the dispersioimedium tomakechitosan macromolecules positively charged, anddBning network
structure via electrostatiattractionbetweenSap nanoparticles and chitosan matmecules These
physical crosdinked, a threedimensional networlexhibiteda gradualincrease in the viscosity and
finally got hydrogellationin later studies have also suggested that in subldaogel, part of the
protonatedamino groups ofchitosanwere electrostaticallycrosslinked to the oppositely charged
surface ofdelaminatedsapnanoparticles imnaqueous solutiofShchipunoet al., 2012bBudnyaket
al., 2014) Recently Budnyaket al. (2016) revealed th#he interactionbetween chitosamith Sap
involves both the electrostatic attraction and hydrogen bonghitg 8B). It is noteworthythat this
methodand the chitosaBapsystem can alsbe usedo fabicate CPNfilms, similarto the structure of

mollusk shell{Shchipunowet al., 2012p

(A)
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Fig. 8 (A) Schematicdrawing of main stages of formation of monolithic hydrogel by chitosan andaponite(Reprinted
from Shchipunov et al., 2009with permission from The Royal Society of Chemist() Schematic diagram showing that the
interactions between chitosan angaponiteinvolves the electrostatic interactioras well as hydrogen bondingReprinted

from Budnyak et al., 2016, Copyright 2016, with permission from Springeunder the terms of the Crative Commons

Attribution 4.0 International License).

5 Organic - inorganic hybridization

Organicinorganic modifiedSapcan beprepared through theaction between organic species and
inorganiecmodified Sap or by combining inorganic species with organinodified Sap The
organicinorganic modification ofSapcan be achieved bthe in situ polymerization of polymers in
pillared Sap(Zhen et al.2014) or pillared organi8ap(Albeniz et al., 2014Zhen and Sun, 201Zhen
and Zheng, 2016 and the formation of metal nanoparticles in organically modifieghp
(Venkatachalanet al., 2013Khumchooet al., 2015Bandlaet al., 201%.

The pillaring treatment oSapcan improve catioxchange and enlarge theerlayer space of
Sap hence allowinghe smooth insertion giolymer chainsnto the interlayer space &apduring the

preparation oCPNby in situ polymerization(Zhen et al., 2014However, the interfacial compatibility
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between pillaredsapandthe polymer is very lowandthe organic modification of pillare®apcan be
used to solve this problem efficiently (Zhen and Sun, 2014; Zhen and Zheng, 2016). The g@ilthred
organic pillaredSap help in eliminating the toxic effects in tHa situ polymerization process of
polymers andacilitate the green polymerizatioof polymers Moreover, pillaredand organic pillared
Sap can acceleratethe crystallization process gfolymer matrixes hence improing ther thermal
stability.

In addition, he organically modified Sap can be used tctabilize and tune thesize and
morphologyof metal nanoparticlem the interlayer spacd he interaction of the organic species and
Saplayers can affect the properties of thetalnanoparticles\fenkatachalanet al., 2013Khumchoo
et d., 2015; Bandla et al., 2016). For example, Khumchoo et al (2015) found that he
photoluminescence intensitiasd energyf zinc oxidein CTA-Sapwere controlled by the hosjuest
interactionsof Sap and CTA. Bandlaet al (2016) presentd a new process of developirgjlver
nanoparticles viathe reduction of silver ions with NaBHn aqueous solutionsusing Sagpoly
acrylamide (PAAm) nanocompositehydrogels(Fig. 9). The AgO nanoparticlecontaininghydrogel
exhibited a strong antibacterial activitgainst two bacteria. These agents can easily find applications
in wound and burn dressingBhe incorporatedrganiccompounchot only enteredhe interlayeispace
of Sap but also cated on the structual unit layer of the outer surfacef Sap In such
LQRUJDQLFIiR ¥ Jix@anespaté SapGan be tuned by spatially controlling the number and
size (molecular structure) of the organic moietigsich affects their spatial distributiq®@kada etl.,

2014 Marcal etal., 2015).
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Fig. 9 Schematic representation of formation of AgOnhanoparticle hydrogel (Reprinted from Bandla et al., 2017,
Copyright 2017, with permission from John Wiley &Son3. .36 SRWDVVLXP SHUVXOID W-tétramethys 1 1 19 179

ethylenediamine.

6. Applications

Earlier, Sapand its modified hybridare oftenconsideredo be useds adsorbentévarcal et al.,
2015;Seki et al., 2015Sato et al., 2016 catalysts and catalyst supports (Carniato et al., Zedtéimah
et al., 2016)Overthe last decadefcreasing studies aim at usiBgpasfunctionaladditivesin CPN
(Wu et al., 2014; Wang et al., 2013} involvesimproving mechanicalproperties gas permeability,
degradationthermal stability andlame retardang of the CPN. More recentlySaphas also been used
asa support for the immobilization of luminescent entitieprevent fluorescencigom quenchingby
suppressig dye molecular aggregatioand promotng luminescent energy transfer between donor and
acceptordye pairs inside thenterlayer spac®f Sap In addition, dye molecules magxhibit unique

optical imagingTsukamoto eal., 201&) and optoelectronic properti€@dananet al., 2015)

6.1 Optical materials

Among clay mineralsSap could be the mosideal hostmaterials for the immobilization of
luminescent entite Firstly, Sapeasily delanmmates to singlenanolayers in wateSecondly, such an
aqueoudispersionof Sapis transparent in the rangdg UV ivisible light Thirdly, Sapitsdf is not
photo or redox activéTsukamotoet al., 2016h Fourthly manyluminescenbrganicdye moleculesor
cations can be facilely introduced into the interlayelspace of Sap to produce clay-based
nanocompositesin this way, the aggregation of luminescent entites be controlled so their
luminescentintensity can bestabilizzed or enhancd. In addition the luminescent energy transfer
between donor and acceptdye pairs inthe interlayerspace ofSap can be promotel. Thus the
resultantclay-based nanocompositeghibit uniqueoptical properties

During fabricating luminescent materialie aggregation ofluminescentdye moleculesoften
occurs The formation of irregular aggregatesuch as Faggegats, which are sandwichtype
structuredmolecular assemblie@Donauerovéet al., 2015) significantly decrease the excitedstate

lifetime of luminescentdye molecules Moreover, irregular aggregatesould lead to fluorescence
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quenching or lowephotoactiviy (Takagiet al., 2013 Bujdak et al., 201%. Hence,suppressinghe
aggregation ofuminescentdye moleculesis a critical issue Saponitehas a rigid structurand can
provide a confined microenvironment to luminescent molecolesa nanoscale.Hence, inthe
interlayer spaceof Sap Jaggregates with a more open geometry in which ltieinescentdye
molecules better contact with tiserface ofSapbecome favorabl¢EpeldeElezcanoet al., 2015 A
gooddye distribution in the interlayer space ®pcan ke achieved reducing molecular aggregation
The net negative charge at the extertedtahedral sheén the films of Sappermitsstrong electrostatic
Sapdye interactiongn adye moleculeSaphybrid. Thesdnteractions areonduciveto suppresisg dye
moleculeaggregationThey can alsincreasduminous intensityof the dye moleculs and extendhe
fluorescence lifetiméWu et al., 2015EpeldeElezcancet al., 2016 % RKip HW ;Badaket al.,
2016. In addition,in a confined microenvironmenbf the interlayer space &ap the dye molecuke
have tooccurin a parallel orientatiomvith respect to the surface of tBapnangarticles(Tominagaet

al.,, 2017) Fig. 10). Moreover, ¢e molecules in theinterlayer spaceof Sap may undergo a
conformational change when the thickness of the intercalated molecule is larger thiaterthger
spacingof the Sap Such intercalation renders a pseudo uniaxial pressure to an organic molecule
under ordinary temperature and pressure. Inlalyglrostatic pressure field, the organic molecule
favors a planar conformatiomntercalating the fluorescence dye into the interlssaiceof Sap
representsa promising progressin developng inorganicorganic luminescenthybrid films of high

performance
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Fig. 10 Schematic representation of molecular confinement of biphenyl derivative (BP) in solution and in a hybrid film
fabricated at 27% CEC. Sodium ions and anion sites in the smectite are indicated by circles that contain plus and minus
signs, respectively Reprinted from Tominaga et al., 2017, Copyright 2017, with permission from Springer Nature under

the terms of Creative Commons CC By Licenge

Aggregation of luminescentlye molecule can be further tuned by the ceadsorption of
alkylammonium cation®ecausahey competavith dye cations for adsorption sitehgereby isolating
eachdye molecule and suppressing the aggregdtidr{ O X Vet IR 20D5Donauerovéet al., 2015;
EpeldeElezcanoet al., 201%. In other words,co-intercalation ofalkylammonium cationsn the
interlayer space dbapallows potential fluorescent-dggregatesatherthan undesirable dggregates
(EpeldeElezcanoet al., 2016) It is noteworthy thathe layer charge o$apand the solventsalso
remarkably affect the aggregation of luminescerdye molecule in the interlayer space, hence
influencingthe properties athe Sagdyehybrids(Wu et al. ,2015Czimerovéet al., 2017)

Luminescent energy transfer is the dynamic proaegeccurs viahe excited state of a dondye
molecule (Calzaferri, 2012erma and Ghosh, 201McLaurin et al., 2013 The process plays a
critical rolein natural ancartificial photochemical processes such as photosynthesis,-phiostized
molecular transformatio and solar cells (Gugt al., 2009; Hasobe, 2013ntercalaing luminescent
cationic dye species in theconfined interlayer space &apcanpromde )| U V YWeddnhnce energy
transfer (FRET) between donor and accepi@pairs(Ishidaet al., 2013; Olivero et al., 2018atoet
al., 201d; % H O X deNaR,2015Goto et al., 2015Fujimuraet al., 2016 Tsukamotoet al., 2016a;

% H O X aét\aR, 2017)In addition,FRET is sensitive to surface concentration, which could be easily
controlled by an appropriate selection of the 8gapratio (% H O X aétNaR, 201). Promoing FRET
between donor and acceptor dye pairs initkerlayer space dbapprovide a new way fodevebping

new artificial light harvesting systems.

(A)
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Fig. 11. (A) Changes in fluorescence color of f8" TMPySp and pB" TMPySp without and with the saponite excited at
365 nm in water. [subporphyrin] = 2.7 x 10° M (0.4% versus CEC of the saponite]Reprinted with permission from
Tsukamoto et al., 2016b. Copyright (2016) American Chemical Society % )JOXRUHVFHQFH FRORUV RI VDSRQLWEF
hybrid films with various %CEC loading. Left and right columns correspond to the asprepared and swollen states,
respectively DPTP:4,4 +[4,1-phenylenedi2,1-ethynediyl]bis[1-methylpyridinium] diiodide (Adapted and reprinted with
permission from Tominaga et al., 2016. Copyright (2016) American Chemical Societ)).

LuminescentG \ I3&pcomplexes can act as highly sensitive sensors and can be used in artificial
photosynthesis systenf§ominagaet al., 2016;Tsukamotoet al., 2016b;Ogawaet al., 2017) For
example,Tsukamoteoet al. (2016b) intercalata@o types of mesaubstituted +3harged subporphyrin
derivativeshaving m-methylpyridinium and gmethylpyridinium (m-B" TMPySp and gB" TMPySp)
into the interlayespaceof Sap The photo or opticalproperties, with and without the anionic layers of
Sap of the two subporphyrinderivatives proved to be differenThe absorption and fluorescence
spectra of subporphyriBap complexes shifted to longer wavelengths becaabeluminescent
molecules lying flat on the surface &ap Changes in fluorescencelao of mB" TMPySp and
pB"TMPySp without and with théSap excited at 365 nm in watetan be observedFig. 11A).
Tominagaet al. (2016)preparecchromic hybrid filns consistingof fluorescent organic molecules with
S O D Qdonjugé&ked systems and syntheBap The swelling and dryingof Sap can reversibly
switching fluorescence coldFig. 11B). In the hybrid films, theorganic moleculeformed anexcimer
in the swollen interlagr space oSap whereas they were a monomer in the dried interlayer space. The

emission wavelengths of the excimer and monomer were different, leatiinghe switching
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fluorescence color of the hybrid filmBormationand deconstruction of the excimer daa controlled
under a mild external stimulus. Moreovéhne color switching can be repeated for many cycles. The
findings imply that both the confined microenvironment by the interlayer space &aghand the
reversible swellability can be usddr switching optical properties of the resultanybrids andsuch
intelligent methodology and mentality can be exemhtb make many other smart materials with

switchableproperties.

6.2 Adsorbents

Saponitecan be used asation exchangerand adsorbentso removeradioactiveions in nuclear
wasteg(Srinivasan, 2011Satoet al., 2016/ Adraa et al., 2017SatoandHunger 2017. It can also be
appliedto separatiorof heavy metaldrom wastewateland fixation of the hazardous cations in soil
(Budnyaket al., 2016Franco efal., 2016; Petraet al., 2017. After organicmodification ofSap the
affinity of OSapfor organic speciess increasd and thuscan beused to removelyes and pigments
from wastewate(Nakamuraand Ogawa 2013;Makarchuk efal., 2016 Tangarajet al., 2017) It can
alsobe usedo removecarcinogens from foods aridod additives Geki and Ogawa, 201@arraro et

al., 2014 Marcal etal., 2015 Okada et al., 2(; Sekietal., 2015)

6.2.1 Adsorption of metallic cations

Heavy metal pollution is aevereproblemand threatens ecologicalystems and human health.
Typically, nowadayswith the increasing relevant mining and uses oftteavy metalesources. &ne
waters, groundwater and soil have been pollute€ty, C/**, Hg**, and P**(Cruz%uzman et al.,
2012 Yang et al.2016 Zhu et al., 2016 Numerousnethodsfor handling the pollution of theeavy
metak have beeneportedin the literature, but little is satisfactory view of thehigh expenses and
low efficiency(PadillaOrtega et al., 2016).

Over last few yearsthe use of inorganically pillaredorganically modified chemical and
mechanochemical activat&@hphas been studietb adsorb and fix heavy metal catioRsanco efal.
(20169) evaluated the effectivess of adsorption of heavy metatiors (As”, Cd*, Cr*, CU*, Hg?",
Ni?*, PE* and ZA") at very low concentrations 0100 ppb)by natural Sapand Fepillared and

Al -pillared Sap aiming at puifying thedrinking water.Natural Sapand pillared Sags showed notably
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higher adsorption capacitiesf those cations except Hghancarbon used asreferenceln particular,
both natural angillared Sapappeared tde highly efficient to adsorbCr**. The adsorption capacity is
in the order:Fe- pillared Sap> natural Sap> Al-pillared Sap Recently studies have shown that
Sapichitosannanocompositegan act asfficient adsorbentdor the removal of heavy metafsom
polluted waterThe adsorption behavior is influencedthe pH value ofhe mediumgcontacttime, and
initial metal ion concentration Budnyak et al., 2016) For such nanocomposite, in addition to the
interlayer space dbapto adsorb the cations, tlsorptioncanoccurthrough complexation of aqua,
acetic, or biligand complexes othe cationswith amino groups of chitosaand such formation of
complexeseavilydepend onthe pHvalueof themedium, namely, acidic basic and neutral one.
Besides chemical modification, aohanochemical activation by higmergy ball milling or
grinding haverecentlybeendemonstratedo activateSapfor effectivefixation of heavy metatations
Comparativelyspeaking, mechanochemicattivation isa relatively low-cost, effective, andyreen
methodto practical applicationSuch activate@apcan beproducedeffectivelyin a planetary ball mill,
where the impact energyising from the ball to ball and ball to wall collisioisstransferred to th8ap
powder.Such nechanochemical activatiaransubstantidl/ produe fresh andactive surface$or Sap
particles As a result, the surfaces are actfee adsorbingheavy metakations 9GRYLO HW DO
Owing to the existence of manyOH groups on the surface 8fap the adsorbed metatationscan
form insoluble hydroxides on the surfaceS#p Hence thecationsarewell fixed. More recentlyPetra
etal. (2017)disclosed thathe adsorption forCu?* by activatedSapwas more efficient thafor Ni*".
Nevertheless, for producing effecti@apadsorbents for fixation of heavy metals, tedious screening for
the types of metal cations, condition and the modificatidBagfremain necessary and challenging.
Earlier studieshave revealedthat radioactive Cs firmly staysn Sapin soil or water (Kim and
Kirkpatrick, 1997 Mcbride, 1997;Satoet al, 2016 Dzene et al. 2037 2D narplayeaed Sap can
form several types of structures and provégweral types osites fa adsorption(Fig. 12) (Sato and
Hunger, 2017).The adsorption can occur at teaternalsurfaces(oxygen plane)the brokerbond
edgesthewedgeshaped partghe surfaces in the oncoming hexagonal cavitieglthe surfaces in the
hexagonal cavitiesConsequentlyat different sites, the amount and the strength of adsorption appear
different due to the different@pmetrical confinemenphysisorptionandchemical bondsThe edges
cansignificantly contribute to the Cs adsorptioalongthe oxygen planes Both the oxygen planes

and the edges of Sap should be usedheactivesites foradsorling anddecontaminating radioactive
30



728

729

730

731

732

733

734

735
736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

Cs Such subtle analysis and diimgs have much deepened into the insights into the adsorpt®apof
for radioactive elementsFinally, it shodd be pointed out that few studies are reported lom t
adsorptionof radioactiveU, Th and Pu ions from nuclear wast€beseelements are more practically

used for nucleagnergy so suctstudiescould be more needdBian, et al., 2015).

Fig.12 Schematiadrawings of local molecular structures formed by 2D nanolayers in the dehydrated state: (I)
two-nanolayer insertion type, (II) oncoming hexagonal cavities, (l11) hexagonal cavities, and (V) steps. Cs adsorption
occurs at (a) surfaces, (b) edges, (c) wedgkaped pats, (d) surfaces in the oncoming hexagonal cavities, and (e) surfaces

in the hexagonal cavitiefAdapted and reprinted from Sato and Hunger, 2017with permission from the PCCP Owner

Societie$.

6.2.2 Removal ofcarcinogensand caffeine

In addition to cation species, the adsorption of nonionic species is also possible through ion-dipole
interactions and hydrogen bonding (Theng, 1974). When the cations in the interlayer spaparef
replaced with organic cations, the surface of thalr@st Sap become activdor the adsorption of
various ionic and nonionic organic species (Ogawa, and Kuroda).IR®¥applications ofSapbased
on the adsorptiois now expandedb the selective adsorption andmoval ofcarcinogens and additives
from foods and plant®-phenylphenol (also known ast#droxybiphenyl 2PP) isan antifungal agent
used for orange®n-site removal of 2PBy organicallymodified Sapcanimprove the safety of fresh
orangejuice (Seki and Ogawa, 20)CEven in the presence of sucrose in the starting aqueous solution,
2PP can also bselectivelyadsorbed on organicalyodified Sap Interestingly, Seki etal. (2015)

found thatthe removal of2PP by CONH-modified Sap (CONH-Sap from aqueous sucrose solution
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was evenmore efficient than that fronthe solution without sucroseMonolayer 2PP adsorption to
CONH-Sapreached).067 g/gin the presence afucrose and 0.062 gilg the absence afucroseThe

basic reason is ascribedtte differencdn the 2PP solubility in water and agueousucrose solution.

Fig. 13 Schematic drawing of the process of preparation dienzylammonium (BA)-saponite and the adsorption of
caffeine over water dispersed BAsaponite Reprinted and adaptedth permission fronOkada et al., 205, Copyright (2015)

American Chemical Society

The large consumption of coffee worldwide has made caffeine a chemical marker or indicator of
water pollution. Microorganisms in wastewater usually cannot metabokzedimpound effectively.
Recently,OSapcan act as an efficient adsorbent of caffelgsorptioncapacity dependgrimarily on
the intercalated organic cations. Fexample,Okada et al. (2014have clearlydemonstrated the
enhanced adsorption of caffeine in water on benzylammonium -fBAl)ified Sap (BA-Sap
respectively) Fig. 13). By contrast, CONHSapadsorbed less caffeine than r®apand BASap It
was suggested that BA enlarges the siloxane surface a®apahd m&e it more available for the
DGVRUSWLRQ RI FDIIHLQH 7 Kapid fQriveH éxmabddd WigMiBdaniyHn Ratedody i
the intercalation of water molecules into it, making the nanospaces suitable for accommodating
caffeine molecules. By interaey with BA, the siloxane in the layers of tlsapplays an important
role in caffeine adsorption.Marcal et al. (2015) found that CTABnd APTSmodified syntheticSap
are also efficient absorbents for the adsorption of caffeine from aqueous solutiend@ndtic studies
the adsorption fitted into the pseudecondorder equation, implying that chemical adsorption
controlled the proces€omparatively, APTSSapexhibited a high affinity for caffeine and possessed a

maximum adsorption capacity of 80.54 /gqgfter 4 h. The above studies indicated thapbased
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materials arepromising candidates for the selective adsorption and removal caffeine from aqueous

solution.

6.2.3 Removal ofdyes and pigmentdrom wastewater

Dyes and pigmentare widely used in the textilegaper, plasticdeather, and cosmetic industries
for coloring products. Mostlyes and pigmentare toxicand not biodegradableso theyneed tobe
removedfrom wastewatein industry (Hashemiaret al., 2015)A wide range ofphysicochemical and
biological methodsfor removing dyes andcigments fromwastewaters have beestudied The
adsorption procesprovesmore effective(Bhatnagarand Sillanpéaé 2010).In recent years, there has
been increasing intereist usingOSapto adsorb organic molecule$ dyes and pigmen{Rafatullahet
al., 2010;Nityashreeet al., 2014).

As always, e organicmodification of Sapincreasests affinity for dyes TheOSapcan also be
made into hydrogel for adsorptiozor example,Nakamuraand Ogawa (2013examined the
adsorption of a cationic dye (rhodamine 6@Gh the spherical particle of a Sapcontaining
poly(N-isopropylacrylamide) hydrogeTlhe cation adsorption capacity the hybrid hydrogeparticles
wasmainly determined by the cation exchange capacit@a Tangarajetal. (2017)investigatedhe
adsorption capacitieef CTA-Sap with three fluorescent dyesiamely Rhodamine 640 perchlorate
rhodamine (Rho), sulforhodamine B (SRnd Kiton red 620 (KR) The edges anflaces ofSap
particles was found responsible for the adsorptiotlyes.The adsorption isotherms feéd well into the
nortlinear Langmuir isotherm mode\iost of the dye moleculesan bereleased iraqueoussolution
Another issue is that after adsorptidhe separation ofSap particles from theaqueoussolution are
considerabldalifficulty due to theirrasydelaminate antiigh dispersionTo overcomehis, a suggested
methodis to endow saponite particlesvith magnetic propertie§Chen et al., 2016)As a result,
magnetizedSapcan be separatduly the simple procedur@f magnetic separatioand removed from
thewater(Xu et al., 2012Giakisikli and Anthemidis, 2013Moreover,magnetitebapnanocomposites
can possess a microporous and mesoporous structure arthtienhanced abrptionperformance

in comparisorto Sapaloneand magnetitalone(Makarchuk et al., 2016)
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804 6.3 Catalysts

805

806

807

808

809

810

811

812

813

814 Fig. 14 Schematic drawing of Brgnsted acid, Lewis acid and redox sites saponite catalyst or saponitesupported

815 catalyst

816

817 Over the past few decades, many strategies have been developed to produce claylbasestals
818 catalysts (Zhou, 2011). In the lay&rSap isomorphous substitution ebme Si(1V) by Al(lll) in the

819 tetrahedral sheet not only make the layer to be negatively charged but also creates Lewis acidity. The
820 exchangeable cations in the interlayer spacgapf typically N&, K*, and C&", which compensate the
821 layer charge, can be exchanged with tHereby creating Bragnsted acidifig. 14B).  Besides,

822  more Brgnsted acid sites can be created throdgtobtdination or silanol grougSi-O-H" (Fig. 140).
823  Such acidity can be enhanced by proper acid treatme&udpib partly remove Al and create more
824  edges or broken bondBi§. 14E). Many studies have proved that Al in the tetrahedral sheet exhibits
825 Lewis acidity. In addition, twalimensional nanolayemgsesses the large surface and the surface can
826  be used to support Lewis acid reagents like AIZhClL and Fed (Fig. 14D). SuchSapprove tobe an
827 efficientcatalyst foracid-catalyzed organiceactions for exampleghe V\ Q W K H-"rhivo kRetones via
828  Mannichtypereactions under mild conditiori&6mezSanzet al., 2017)In addition, the synthesis of
829  Sapcan be easily adapted to introduce some metal or metal oxide dariteoctahedral or

830 tetrahedral sheet &apso that the MSapare able to catalyze redox reactioRigy( 14F). Moreover,

831 due toits easily and controllably expandable interlayer space with large surfag&apean also be
832  used as catalyst support$able 4)
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833

834 Table 4. Catalytic activity of saponite(Sap)and Sapsupported catalysts.
) SeeT T t  Conversion Yield
Catalyst Reaction ) Ref.
(m7g) (K) (h) (%) (%)
Cs(1.25 wt%)/Aks Synthesis of Velasco et al.
) 47 353 1 100 100
-pillared Sap N-alkyl pyrazoles (20112)
] Hydrogenation of Vicente et al.
Ni (20 wt%)Sap ) RT 344 1 100 100
styrene oxide (2011)
Epoxidation of .
MgFeSap 467 7.5 7.5 Trujillano et
) (2)-cyclooctene by RT 48
NiMgAl -Sap ) 334 8.8 8.8 al. (2011)
hydrogen peroxide
) ) Oxidative o
Acid activated ] Ostinelli et al.
dehydrogenation of - 773 05 21 -
V(0.05mmol/g)/ Sap _ (2012)
propene into coke
Zirconiacluster o )
Isomerization of Kameshima et
(Immol/g)/ 410 573 25 82 -
1-butene al. (2013)
Sap
Oxidative abatement )
v Carniato et al.
NbY/Sap of - 298 8 98 715
(2014)
CEES
] o Goto and
TiO,(0.42 g/L) Oxidation ofbenzene
[IRU(bpY) 2 g 0 oh | - VIS 5 72 69 Ogawa
u -Sa o pheno
py. p p (2016)
Photocatalytic
- Khumchoo et
ZnO/fSap decomposition of 168 uv 3 93 -
al. (2016)
Methylene Blue
Sulphated zirconium Conversion of . 10 Fatimah et al.
) ) 190 MW ) 100 -
pillared Sap citronellal min (2016)
Diesel soot Gebretsadik et
Cu (5 wt%)/NaSap ) - 673 - 100 99
combustion al. (2016)
Glycidol )
) ) Gebretsadik et
Ni (40 wt%)/HSap hydrogenolysis to 229 453 1 100 29

1,3-propanediol

35

al. (2017b)



Re (7 wt%) modified Ni Glycidol )
Gebretsadik et

(40 wt%)/ hydrogenolysis to 331 393 4 98 46.1
] ] al. (2017a)
acid Sap 1,3-propanediol
6\Q W K H\ainvioF i
) GomezSanz
RawSap ketones by Mannich 131 318 5 80 -
) et al. (2017)
reaction

835 * For clarity, consistencyand easy comparison, some original data have been rounded off.
836 T: Temperature; t: Time; VIS: Visible light irradiation; UV: UV irradiation; MW: Microwave irradiation; RT: Room temperature;
837  CEES: (2chloroethyl)ethyl sulfide

838

839 The incorporation of transition elemensaich aNi (Trujillano et al., 2011)Fe (Trujillano et al.,
840 2011),V (Ostinelli et al., 2012), and N{Carniatoet al., 2014)into theframeworkof Sap including
841 acid activatedSap allows thecombhation ofhigh surface area and porosity of tBapwith the solid
842 acidic and redoxatalyticactive centers Theoretically, he transition metahtons can be incorporated
843 in the octahedral or tetrahedraheetsof Sap When transition elements aiatroducedinto the
844  tetrahedrakheet ofSap the co-existenceof activetransition metatations for exampleV (Ostinelli et
845  al., 2012)and Nbcations(Carniatoet al., 2014)andthe tetrahedral silicortations, ssynergetic effect
846  of the redox propertiesof the transition metals and tHgr@nsted acid sitesnakes the transition
847  metalcontainingSapan effective catalyst Qstinelli et al., 2012Carniatoet al., 2014)Recentstudies
848 demonstratedhat thetransition metatontaiing Sap can be used to catalyzée epoxidation of
849  (2)-cyclooctene by hydrogen peroxidérujillano et al., 2011)the conversion ofpropene intocoke
850 (Ostinelliet al., 2012)xnd theoxidative abatement othemicalwarfareagents(Carniatoet al., 2014).
851 Moreover,the active cations in thtameworkof Sapcould be more stabland leachingf the active
852  metallic cationduring catalyic reaction in a liquid phasean be mitigated to some exteiityjillano
853 et al., 2011)Pillaring treatmenrd of Sapcan increase thB8SA the pore volumeandthe surface acidity
854  and redox catalysisof Sap In particular pillars in the pillaredSapcan be designed and made with
855  additional specific catalytic performanc@e Stefanis et al., 201Zhen et al., 2014Zhen and Zheng,
856 2016. In pillared Sap the major sources for Brgnsted and Lewis sites are associatethevitittice
857  hydroxylsof Sapand the pillarsn the interlayer space &ap For exampleKameshima eal. (2013)
858  successfullypreparedzirconiacluster pillaredSapandrevealedthat oth the amountsfdrgnsted and
859 Lewis acidsremarkablyincreasedafter pillaring Sapwith zirconiacluster. The zirconiaclusterwasa

860  main sourcdor generatind-ewis aciditybesides the tetraoordinated Al in the tetrahedral sheeSaip
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861  while Brensted acitly was providedby H' coordinationand silanol group generated gmoval of
862 someAl from the tetrahedral sheet 8ap(Fig. 14E). Recently,regarding sulphated zircongillared
863 Sap Fatimah efal. (2016)discoveredhat the sulphatanionson the surface can increase the number
864  and strength of the Bronsted acid sidézirconiapillared Sap

865 Saponitgeacid activatedsap pillared Sap and other related hybrids can also be uszalcatalyst
866  support The support offerexpandable interlayer space, hi§BA surface acidityand good thermal
867  stability (Garciano etl., 2014 Gebretsadilet al., 2016 Khumchoo et al., 2016)n particular, in view
868  of synthesisswellability, surfaceacidity, and thermalstability, Saphas anadvantageover Mt. Such
869  Sapsupported catalysts can catalyze a wide rangeasftionsRecent examples afes/Al-pillared Sap
870 catalystsfor the synthesis oiN-alkyl pyrazoles(Velasco et al., 2011)Ni/Sap catalysts forthe
871 hydrogenation of styrene oxid&icente et al., 201]1)Co#Mo/Sap catalystsfor upgrading squalene
872 (CyHsg) (Garciano etal.,, 2014) TiOJ/Al-pillared Sap catalysts for photocatalytic phenol
873 photooxidation (Fatimah and Wijaya, 2015), Ni/Zr-pillared Sap catalysts forhydrogenation of
874  isopulegol (Fatimahet al., 2015),TiO, /[Ru(bpy}]**-Sap catalystsfor photocatalytic oxidation of
875 benzene to phenol (Goto and Ogav®l15, 2016 ) ZnO/Sap catalystsfor photodegradation of
876  Methylene Blue (Khumchoo et al., 201&u/Sap catalystsfor soot combustion(Gebretsadiket al.,
877 2016),andNi (Gebretsadik et al201) and MQ-modified nickelcopper catalysts (Gebretsadikabt
878 2017 supported orH-Sapfor glycidol hydrogenolysigTable 4). Saponitesupportedcatalystsare
879  muchstable everunder irradiatiorand acid conditiors (Khumchooet al., 2016)In addition,a more
880 recent study fornGebretsadik eal. (2017) indicatedthat the acidity of FSapis conduciveto the
881 dispersionand reductiorof NiO catalyst orthe surface oH-Sap The NiO and Niparticlescould play
882 a role in changinghe amountand strengthof surfaceacid sitesof the Ni/Sap (Gebretsadik et al.,
883 2017). As proved by many reactions, there are indeed interactions be®a&eEsupport and metal
884  atoms or metal oxides and the two can hasggreergisticcatalytic effect. Howeverthe details remain

885 unclear.

886 6.4 Polymer additives

887 Recently,Sapand organeésaphas beemsedas reinforcing filles in CPN (Table 3). Basically, it

888 hasbeen considered to possess the same functiokk asandayers. By contrasSapcould be more
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easily dispersed in the polymenatrix. Compared with pure polymer&PN exhibit remarkable

LPSURYHPHQW LQ PHFKDQLFDO VWUHQJWK <RXQJYV PRGXOXV JDV

water resistance (Zhen et al., 2012; Jairam.eP@ll3; Yang et al., 2013; Zhen and Wang, 2016). The

enhancement ahose properties of thePNis commonlyascribedto the existenceof well-dispersed

Sapnanolayers with a high aspect ratio in @N (Chang et al., 2014; Zhen and Wang, 2016)

In addition,Sapcan act as heterogeneous nucleating agent and accelerate the crystallization rate

of polymers(Xi et al., 2015; Zhen and Wang, 2018)hen the crystallization is improved, it alselps
improve the thermal stability of th&€PN (Zhen et &, 2014; Zhen and Zhen@016. Furthermore,
during the in situ polymerization processSap can act asa green catalystvhich catalyze the
polymerization reactionBesides,Sapas adsorbentsan contribute t@dsorbing ancliminating the
toxic chemicals duringhe polymerization process (Zhen et al., 2014; Zhen and Zh2®tH. More
recently the CPN have been endowed witiintibacterial propertiedXi et al., 201% Bandla et al.,
2017) This broadesthe functions oBapand the application of thePN

It is noteworthy thatte amountof Sapin the polymer matrix has asignificant effect on the
properties of theesultantSagpolymernana@ompositeln many caseshe addition ofa small anount
of Sapis sufficient to improve the thermaind mechanical propertieand gas barrief~or example,
Changet al. (2014) found thafor even3 A0 wt.% Sapin the PVAmatrix, the CPN exhibited much
higher transition temperature than p&#¢A. Ju and Chang (2016) found thgion the addition oap
into PI matrix up to a criticdbading amount oSap (20 wt.%), the glass transition temperaturdg)(
and the initial thermal degradation temperature&)i; of the SapPI hybrid films were remarkably
improved. Nevertheless, the coefficient of thermal expanst®hK) decreasedf Sapwasadded more
than the critical contenthe thermal propertiesvorsenedWu etal. (2014) found that th&apTOCN
nancomposite with 10wt.% SapH[KLELWHG WKH <RXQJTV PRGXOXV RI
MPa, and straito-failure of 10.2%. Due to thadditionof rigid Sap theresistance tdracture of the

SapgTOCN nanocompositéncreased more thasevefrfold whentheloading amount o8apis increased

from O to 10wt.%. Finally, it is worth mentioning tha&apis not alwaygust an additive for polymers.

In some cases, both the polymer &apare main components of tl&&PN, in particularas it is in the
hybrid films Zhouetal., 2011). In additionSapcan be the main component and ploi/mers could be

used with a lower amount to improve some functi@Shin etal. E2013)
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918 7. Concluding remarks and future work

919 Last decade has witneskgreat ad advancaa modificationand hybridizationspanningfrom
920 simple interaction and surface engineering to fabrication of nanocompositeeaacthicalassembly.
921 The researchers have smartly developed many stratiegie@sgroducingfunctionalinorganic, organic
922  and organidnorgarc guests into thénterlayer spacef Sap In addition toacid activation, inorganic
923 cation exchange, pillaringnd catalyssupporting, the nanoscale interlayer spac8agis increasingly
924  being considered as a naeactor to produce a functional metalmetal oxide nanoparticteaphybrid
925  with magnetic, selective adsorptive and catalyioperties.BesidesOSap and CPN, organially
926  modified Sapand polymerscan bemade intofunctional films and such materials show promising
927  applications in optics, biogical and medical materials.

928 Undoubtedly the great strides in the approaches to the modification and hybridizati®apof
929  along with the upsurge of inorganic nanotechnology and the discovery of functional angdedtiles,
930 providemanyopportunitieso useSapfor producing advanced materialeanwhile previous studies
931 have highlighted some challenges and problems which need laddering, as prudently and briefly
932 remarked as follows:

933 (1) To the best obur knowledge Sapis a scarce naturaésourceandis not as abundant a4t; At
934  presentthe synthesismodificationand applicatios of Sapor therelatedstudies is stillimited on a
935 laboratoryscale.ln order b scale up thenodification and applicationf Sap somecritical issues need
936 to beresolved.For examplea cleaner, efficient and profitable process of syntHesipshould befirst
937 developedForthe modification ofSap the wastewater and the toxic solvents need handling properly.
938 In most cases,successful modification ofSap is usually a multiplestep process, which is
939 time-consumingand cosiintensive A good alternative way could hie integratethe synthesiswith the
940 modification of Sap The onepot reaction significantly shortens the procesand simplifies the
941  proceduretherebylowering thecost. Afew studies have shed new light on this technolbigyvever,it
942 is unknownif many otherorganicspecies can be introduced into thapin this way. Alternatively, a
943  supercriticalcontinuousflow processcould worth be appliedto synthesize and modif$gap Such
944  intensified processanimprove mixing of reactants, mass and heat transfer and acdgrdiragten the

945  reaction and improve productivity.
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(2) Although themethodsof modifying Saphave been greatlgxpandedfew studiesprovidethe
mechanisms,thermodynamics, and kineticsTheoretically molecular dynamics simulations and
experimental cryeelectron microscopy (cry&EM) and other scientific tools areelping throw new
light on the mechanismén order togeta beter understanding of the modificati@md scale up the
relevant processletailedinvestigations andata forengineering aref basic necessity

(3) There is a neetb put SapandSapbasedmnaterials ontdhe practice in industry. A critical issue is
to modify Sapwith functional specieswith the practical application#\s Sapis a good player in the
hydrogel system a combination of magnetic nanoparticles witlfSap to produce magnetic
nanoparticleSap hydrogel can bring exceptionaproperties inmagnetism,rheology adsorption,
catalysis, and biocompatibility. Thus, tleay-based nanocompositémve potential to be applied in
electromagnetic devices, magnetorheological fluids/ferrofluids, magnetic adsorbents, c¢atalysts
biomaterials biomedicinesor highly simulatedrobots In addition, there are various choices of
functionalguestspecieghat exhibit exceptional biological, electrical, and optical propestiescould

to be introduced int&apto producenewfunctional materials.
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