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ABSTRACT

PURIFICATION, SIZE SEPARATION AND IONIC FNCTIONALIZATION OF

HALLOYSITE NANOTUBES
SANAZ ABBASI
Master Dissertation, January 2018

Supervisor: Asst. Prof. Dr. Serkan Unal

Keywords: halloysite size separatigrpurification, silaneamine coupling reaction, ionic

functionalization

Halloysite nanotubes (HNTs) are tubular clay minerals, with unique chemical composition
and surface charge that can be utilized in compositerrabst for various applications.
However, it is crittal to utilize weldefined, noragglomerated HNTs to obtain
homogenous nanocomposites. Additionally, functionalization of HNTs by organasilane
improves th& physicochemical and mechanical propertidsre, twostudiesregardingthe
preparation of HNTs i#h enhanceaharacteristicsvere carried outrirst, the purification

and size separation of HNTs were introduced by three hierarchical procedures: alkaline
treatment, ultrasonication, and thhgtep viscosity gradient centrifugation. Secondly, the
ionic functionalization of HNTs was examined using an ionic solutrmughthe coupling
reaction betweeran organosilane3-(Triethoxysilyl)propyl isocyanat€lSO) and anN-
Methyltaurine sodium saltN-MTSS), asthe grafting agentDLS, FESEM, XRD, FTIR,

and TGA were used to characterize the size distribution, morphology, structure, chemical
and thermal behavior @il HNTs, respectively. Raw HNTs (1501103 nm in length) that



exist in the form of relatively large agglomerations were considerably brokenuaim c
individual nanotubes during the alkaline treatment and utireation. Impuritiehave been
successfully removed from pure HNTs (averégmgthof 12671 179 nm)by a threestep
centrifugation.Characterization ofonically functionalizzd HNTs showedthat although
modificationdid notaffect the structure oHNTSs, modified sampla were weltdispersed
compared to unmodifiednes indicatingthe improvement adlispersiorbehaviordue to the
ionically charged outer surface. In additiongst suitableconditions forISO and NMTSS
reaction, along with pirhana and oxygen plasmatmatment of HNTsillustratedthe

highest level of graftingn HNT surface



OZET

HALLOSI T NANOT! PLERKN SABOSYUZTAAYRRIDNKMKSI| K

FONSKYQMNRIDKRKLMESK

SANAZ ABBASI

Yuksek lisans TeziDcak2018

Tez Danékmane: Yr d. Do - . Dr . Ser k

Anahtar kelimeler: halloy si t nanot ¢pl er, ,sbacgmitn alyajelmeEma

reaksiyonu, iyonik fonksiyonalizasyon.

Halloysite nanotipler (HNTs) ser ét ma da dahi | ol mak ¢zere
kompozit materyallerde kullanél abil daap benze
Keklinde kil mineralleridir. Bununla birl ik
tanémlanméer| maydm meiINgdél erin kull anél masé Kk
organosil an ajanl arl a HNTO6I erin fonksiyon
nanot¢pl erin t ¢m uygul amal ar da °czellikler
geliktirilmi HKNTakeéti kRl barésbhbnmaseée ile il ggi
I 1 k ol ar ak, HNTO6I1 erin safl akteéereéel maseé vV e
ger - ekl e ounlarraikdlink Lketmm Irt r asoni kasyon ve ¢- adé
bajl e santri fKkjilnemedol ar ak, b-ftrietoksisilil)grapil o s i | a n

izosiyanat (ISO) ve bir amin tuzu olarmmetiltaurin sodiumtuzu (MMTSS) aké aj aneé

kull anél arak her 1 kisi araséndaki bafdppma r



HNTO6l erin iyonik fonksiyonlandér el 8BEM,é i nce
XRD, FTIR ve TGA kull anarak karakterize e
formunda bul unan -118mMmm Hoydtndag ralkal( tdamele ve

ultrasonifka y on s érasénda bireysel nanotg¢pl ere ©
kesil mi ktir. HNT demet. veya mi cr o par - é
sentrifg¢gjl eme i-129 smm dHNiTTadldama (AQBut) bakart
fonksiyore | | endi rme, nanot ¢ ¢plerin yapésé ve geom
Sonu-1ar, modi fiye edil memiKk HNTOI esue Kk eéye
icerisinde- ok daha iyi dajéldejéné g°stermektedir
dék y¢zeyi yekl g ol masé nedeniyl e d#&Sspel em s
ve NMTSSr eaksi yonu i-in en uygun kokull arén H
ormuamel e ile birlikte, en iyl akeél ama sevi )
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1. Introduction

1.1 Introduction

Naroclays are defined amineral nanopatrticles in the form of layers of silicates. Based o
thechemistry and physics of thamoclay particles, they are categorizet variousforms

such agentonite, hectoritemontmorillonite, kaolinite, and halloysit®¥arious benefits of
using nanoclays such as environmentally friendbywy economical price and facile
accessibilityenabledthe application of these natural matkyig numerous technical and
industrial areas s as pharmacpl], cosmeticg2], catalysiq3, 4], textile industry[5, 6],
medicing[7, 8], and food packagin@, 10]. Furthermore, nanoclays applications in the field

of environma t a | engi neer i ng edibn asadsorlzentsrfa yadatle c her
organic compounds andastewater treatments agesfor awide variety of contaminations
including organic andnorganicpollutants[11-13]. The major reasomvhich encourages
researchert investigatananoclays in various applicatiorsstheoutstanding compatibility

of nanoclays for optimizationsand the ability to obtaindesired separated lageby
delamination of stack nanoclays. Thanpatibility of nanoclays for optimizations is due to
the given fact that intdayered cations are replaceable with desired cations or any other
molecules. Surface chemistry modification of nanoclays derived from some simple
treatmentss the key point fomanipulating the characteristics of clays such as acidity, pore
size, interlayer spacing, surface area, polaritg lats of properties whichre responsible

for various performances manyapplications. Additionally, high aspect ratio derived from
sepaation/delamination approach of nanoclays into separated singular nanoslaelety is

property besids otherusefulcharacteristic§l14].

Halloysite is defined aa natural mineral clay like kaolinite, dickite, and nacuitkich are
considerednultiwalled aluminosilicates with 1:1 sheet positioning. The legstructure of

the halloysitas known to hoswater molecules are in the between the layers and the layers
are composedetrahedrally coordinated “Siand octahedrally coordinated Alin a 1:1
positioning.In 1826, Berthier discovered the halloysite and it was introduced as a 1:1 silicate
layer in the ay mineral group of kaolin. In 2000, based on Churchregorted[15] that

halloysite are created throughout the time of rocks weathering, without considering the fiery

1



state of the halloysite. The wide variety of the morphologies of the halloysitelgmsdie
obtainable. Although the elongated tubule of the halloysite particles is the most common
morphology, other forms of the halloysite depending on their specified application such as

spheroidal, short tubular, and platy particle shapes were repmtpeehtly[15-17].

Halloysite nanotube (HNT) with the tubular structure showed wide variety of applications

in various research areas. There are many benefits of the HNT includirgpxign
considerable aspect i@t bio-compatibility, porousness and surface area, regeneration
potential, great thermal stability, high mechanical resistidtfferent inside and outside
chemistry, adequate hydroxyl groups on the surface as a characteristic properties, abundance
(low cost)and high cation exchange capacity that caused HNT to be superior choice for
different applications such as novel drug delivery systems (NDDS), retard and fast release
of active agents, catalysts, wastater treatments,disposable and reusablacting as

nanofillers in hybrid claypolymer nanocompositestc.

1.2 Chemical Composition and Maphology of halloysite

Although theoretical chemical composition of the halloysite is same as kaolinite, the water
content of the halloysite is higher than kaolintee ideal unit formula fohalloysite(7 j )

and halloysitg10 j ) can be introduced as Ai2Os(OH)s.nHO where n = 0 and 2,
respectively{17] which the composition of each layer include®@ahedral ($iO) and an
octahedral (AlOH) shee(seeFig.1) [18, 19] The interaction of watemolecules with the
halloysite in the form of hydrated halloysite (when n=2) is definddlasa | [-(oly® i jt )eo ,
which one layer of water molecules is present between the multilagesandwich mode
and t hetermrépdesent®the dOBAlue of the Igers.In contrast, the dehydrated
structure of halloysite (when n=0) is definedfa® a | [-(0% siji t @, and the |
molecules layer as intermediate can be derived from mild heating and/or a vacuum
environment conditios[20]. However, presence of some typical impurities (Iron oxides or
poorly arranged minerals, some of which may also be localized within halloysites tubes) is

always the challenging subject ¢valuate the chemical analysis of many halloysites that

r
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represents the considerable amounts (up to 12.8 wt%) @k E20]. This result can be
attributed to Iron mwides such asiematite or maghemite, and somewhat to isomorphous
substitution of F& for Al®*in the octahedral shefit5].

Y. Yy,

11 v 3 1
@si @Al co «H

Fig.1. Chemical structure dfalloysite [21]

The morphology of the halloysitparticles Fig.2) is attributed to the crystallization
conditions and geological phenomenftl]. It has been showin the literaturethat

halloysite particles morphology is forcefully assignedgtmlogical conditions and the
crystdlization routine. Jousseiet al.[20] studied the relationship of various morphologies

of hall oysitebés particles with pohteofthe geogr
morphological study, halloysite nanoparticles can be categorized in three main classes:
spherical, platy and tubul§t8, 20]

The most favorable shape for many applications in the-based research is the tubular,

however, all abovenentioned differencategorizes are presdms].

200 nm

(a) (b)

Fig.2. FESSEMimages of a) spheroidal halloysite b) tubular halloysite c) kaolib&e

Spreroidal halloysite is present with a wide range of strucooendthe world, depending

on the location of their occurrencé is mostly common to sepseudespherical or
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spheroidal particles in weathered volcanic ashes and purBiaesated state of solutions is
associated with thepheroidal morphology. Highly tendency to be supersaturated of the
solution in contact withhte glass is due to high dissolution rate of volcanic glaaesparing

with the spheroidal kaolinite formation condition reveals that this condition is associated to
spheroidal kaolinite precipitatid2?2].

Different shapes of the tubules may be emerged in tubular halloysite including long and thin,
short and stubby or even appearing form other tubes2f. Based on the tubesurces,
length and inner diameter of halloysite tubes vary from 200 to 1000 nm and 15 to 100 nm
respectively{23]. In order to clarify the exact reason for planaoknite to roll andgetting
thetubular halloysite shape, Dixon & McKe al.[24] claimed that owing to presence of
interlayer water molecules, bond interactions which they are linking the octahedral and
tetrahedral sheets together are weakéb@ll thus absence of dimensional analogy between

the layers ignhancedand forces the 8D sheet to curve toward the-8IH side.

Similar to feldspars and micas, tubular halloysite is derived fecoystalline minerals
Although Singh and Gilkest al. [25] claimed that deformationf platy kaolinite is the
reasorof formation of tubular morphology, the crystallization process from solution rather
than topotactic alteration is the mechanism of tubular shape halloysite formation from micas.
Transmission electron microscopyEM) study conducted bRRobertson & Eggletoet al.

[26] claimed a model for halloysite tube development from platy kaolinite. The initial point
of the process has been claimed as a progredsarege of kaolinitevhich isinducing a loss

of rigidity of structue at points along the crystal, interpreted as hydration to halloysite.

TEM image of tubular halloysite is presentedig.3.

By progressing the kaolinite chge, the development of the halloysite is occurred, the

primary planar shape of the kaoliniteamges into curly shape evenly.

The influence of individual clay minerals on formation damage of reservoir sandstones: A

critical review with some new insightawing to special characteristics ENTSs is that the



Fig.3. TEM image of Halloysite nanotubes [18]

great deal of researcherdéds i ntenwidetasietyi s att

of applications.

Halloysite nantubes can be obtained easily form the environment as natural nanoclays
including various chemical compositions for interior and exterior walls and is very cost
effective acquirable in contrary to synthetic nanotubes sudar@®n nanotube< TS

[27, 28] Nontoxicity and biocompatibility characteristics of the HNTs are the key points in
biomaterial applications such as a nanoscale filler. In dvelrdrug delivery systems and
biocides applications, HNTs are capable to carry the active materials by encapsulating and
acting as the controlling agent in releasing the substggg8gsHigh thermal and corrosion
resistivity, acting as the filler for other nanocomposites and drug delivery agent of
biomaterials, acting as the purifying agent in water waste treatment applications, textile
wastes, etcof the HNTs all are due to the chemistry and mechanical properties of HNTs
[30].

1.3 Introduction to purification and size separation ofHNTs

The ondemand availability of nanomaterials with selected size and-deéhed
chemical/physical properties is fundamelytamportart for their widespread application.
Likewise considerable potentials of HNTs in various fields of applicationgpendento

its high mechanical properties, enhanced thermal resistivity, great biocompatibility and
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abundant depositiof31, 32] Although HNTs have been used in applications such as
ceramics and polymeric composites industf&® 34]and water waste treatmgB6] for a

long time, heterogeneous quality of natutidlTs has caused difficulties imewide-ranging
usesof HNTs fordevelopingcost effectivehigh performance and rtiiiunctional polymer

or hybrid nanocompositegor purification of inhomogeneous natural pristine HNTs into
homogenous fractionsyhich is a vital factor in the applications of these nanomatenmal
extensive experimental method is need@b]. However conventional separation
approaches of nanoparticles are not applicable for HNTs due to their naturally existing
properties. In this regard, a comprehensive method using multiple separation hcatiouri
methods, along with necessary modification applied to these techniques is crucial to prepare
pure HNTs with uniform dispersion in siZ€his context will be discussed further in the

literature.

1.4 Introduction to ionic functionalization of HNTs

Theelimination ofdangerousieavy metals from drinkinglomestic and industrial water is
significantly vital. In general, naturally available HNW&hout anyfunctionalization are

able to eliminate the pollutants from waste water by physical or chemicatpéds.
However,with the purpose of increasing the performance of HNT, thepféea modified

with somespecificfunctional groupsFunctionalization of HNTs by organosilane agents is
considered to enhance the properties of this naturally availabléubasdor its previously
mentioned applicationI.he useof organosilanes with the chemical formulaSR( O R b))
widely known, due to advantages such as low cost and potential for hydrolysis and thus,
condensation reactions with hydroxyl groups existing on the surface of other particles [66].
Multiple researchhas been dedicated to this field, which will be explained further in the

future.



1.5 Aim of this work

This work focuses otwo crucial subjects regardirnige preparation of HNTs with improved
characteristics(i) purificationand size separation of HNTSs, afiigl ionic functionalization

of HNTs by a silaneompound

In the purification and size separation investigation of HMiesaim was to providgurified

and homogeneous HNTSs in size, as a critical adjustment for the improved performance of
these naturallay minerals in its applicationfhe selected method should be potentially
applicable for large scale production of purified HNTs. For this purpose, the whole
purification and size separation of pristine HNTs was studiedthioge hierarchical
procedures:l&aline treatmen¢for improving the dispersion behavior of HNT suspensions)
ultrasonicatior(to break apart any agglomerations includimgurities in the pristine HNT

such as kaolinite and other similar clay mineralshd threestep viscosity gradient
centrifugation (to sort HNTs into two distinct uniform fractions based on their size) of
pristine HNTs. The effect of ultrasonication power, concentration of the density gradient
media polyvinylpyrrolidone PVP) Solution containinghexadecyltrimethylammamm
bromide CTAB) surfactant), and alkaline treatment on the size distribution and yield of

purified HNTs were investigated.

In the ionic functionalization of HNTSs, the ionic functionalization of HNTs by an ionic
solution prepared from the coupling reaati of a organosilane agenB-
(Triethoxysilyl)propyl isocyanatélSO) with nmethyltaurine sodium salt (NITSS) was
examinedConsidering in the terms of hydrophilicity, diffusion and absorbance, no work has
been done on ionic covering of the external stafaf HNTSs in the literatur&.he objective

of this work was to illustrate the best reaction conditions for graftingeiady synthesized
ionic agent on the outer surface of HNT, andanteestigatehe effect of modification on the

structure, morphologyral dispersion behaviaf HNTSs.



2. Part I: Purification and size separation of HNTs

2.1 Literature Survey

2.1.1  Studies on the general nanoparticles separation techniques

In order to prepargure nanoparticlefor fundamental research and applications, the size
based sparation othemin purification stage is still the challenging stdpevelopment of
methods that provide convenient access to stabilized nanoparticles, offer greater control of
structural definition, and can be conducted at larger scales is becomnegsingly
important for fundamental studies and applications of natioles. Especially, a
considerable value of purity and monodisperaitg vital parameters whiatan make the
evaluation ofstructureproperty relationships complicated. They can alserglex the
electronic and optical measurement, or block the chemical/physical process by which nano
structures are usefB7, 38] Eliminating the impurities angbollutants from outlined
nanoparticle structure is still important challenging topic. Although the effect of impurity
removalon the chemistry and nanoparticles performanceeeim of purification has been
neglected, recently it was found that purification processes have important [S®cts

In order to separate of heterogenous nanoparticle solution into homogenous fractions,
various methods have been utilized with regard to desired physical and structural properties.

The most efficient and trustworthgdhniques are prested inTablel.

Tablel. Nanopatrticles separation techniques

Technique Nanoparticles

Filtration Polymersomes, gold nanopartic{ésl NPs)

Gel electrophoresis Charged colloids, @ots, silver nanoparties (Ag
NPs)

Size exclusior CNTs, polymer/nanoparticles hybrid materia

chromotography polymersomeqAuNPSs).

Centrifugation (rate Metalic nanoparticles, gold nanorod

zonal and isopycnic) ploymersomes, Organic polymers, silicon na
crystals, carbodots (Gdots),CNTs HNTSs.
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2.1.1.1 Separation by filtration

Filtration is one of the common purification methods based on size distribution of particles.
S. F. Sweenet al. [39] reported the diafiltration as a fast and convenient trend for
purification ofwatersolubleAuNPs This method has great potential for size separation of
inhomogeneous nanoparticle sampld3iafiltration was compared to conventional
purification methods and thé-ray photoelectronpectroscopy(XPS), thermogravimetric
analysis TGA), andproton nuclear magnetic resonarftéNMR) analyses resulted in high
purity in less time and less wastath diafiltration rather than conventional purification

methods such as centrifugation, chromatography, and dialysis extractions.

Also, they invstigated the fractionation of a polydispersen3sample into four fractions of
differing mean core diametéeFEM and U\fvisible measurements revealed that diafiltration

as a purification method has great potential for fractionation and represented the possible
field to the pore morphology of diafiltration membran@gfiltration was proved as useful
purification methodwith high efficiency and yield in the size separation applications and

nanoparticle preparation ug@®].

In another workthe purificationof polymersomes prereated from a block copolymer
sensitive to pH by crositow filtration was investigated by. D. Robertsoet al.[40]. Owing

to Afilter cwhikhemeangphbtoekimg theefibenby nanoparticle aggregation,
deadend filtrationmethod could not represent the acceptable results. The filter cake problem
was solved byCross flowfiltration (CFF) by creating the particle flow at a tangent to the
pore under tgh pressure. Schemattg.4 Shows theCFFmechanism under high pressure.

In this method, smaller particles compared with the pore size penetrate the membrane in

presence of high pressure whidengential flow intercepts the #t cake phenomena.
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Porous membrane
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Fig.4. Diagram displaying the purification of polymersomes from micelles by filtration

through 50 nm pores [40]

2.1.1.2 Separation by gel electrophoresis

Gel electrophoresis introduced as a highefficient methodor separating and determining
the characteristics ohanoparticles, nanosphereand biological macromoleculesThis
method has various forms including differeieigrees of dimensionaligndapplying time

varying electric fields.

Au NPs and Ag NPsvere separated according to their size and shape by agarose gel
electrophoresis after coating them with a charged polymerilayleeM. Hanaueet al.[41]
researchThe size and shapelependent plasmon resonance of noble metal parades

TEM were used fowerifying the separation procedure. According to Henry formula, a
formula was driven which illustratthe éectrophoretic mobilities This model gives a
theoretical frameworkor estimating thenobility behavior of polymer coated nanoparticles.

In another work,te electrophoretic propagation of charged colloidal objects, monodisperse
anionically stabilized polygtene spherewere investigated bip. Bikos et al.[42]. They

found thathe ringlike front of monodisperse nanospheres propag&bs/sanpolyethylene

glycol (PEGQ-passivated agarose gels and that the measured ring radius as a function of time
agrees with a simple model that incorporates the electric field of a cylindrical gedayetry
makinga full-ring cylindrical gel electrophoresschamberAdditionally, they illustrated that
thecylindrical geometry gives a potential advantage when acting electrophoretic separations

of objects that have widely size distribution: smaller objects can still be retained in a
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cylindrical gel that has limited size over long electrophoretic run times required for

separating larger objects.

2.1.1.3 Separation by size exclusion chromatography (SEC)

Separation by size exclusion chromatography (SEC) is aneffieient method for the
separation of macromoleculiessolution based on size distributidd8]. Thehydrodynamic
volumeis the fundamental mechanism of this method for separation. The mechanism of this
method is based on miog the mixturethrough the stationary phase of a SEC colihat
smaller moleculeflow in and out of pores within the gethilst larger molecules cannot
penetrate into the pordsftingthem to pass through the stationary phase quicker and elute
from the column earlierComparedto filtration, yield of SEC is higher as most of the
material loaded onto a column will be elutgd]. General uses of SEC is basedtbe

separation ofree small molecules from those encapsulated within nanopafd€les

In another workthe efficient purification of singlevall carbon nanotubes (SWCNTSs) by
SEC was represented (44) by G.S. Duesbtad By size exclusion chromatography applied
to surfactant stabilized dispersions of SWNT raw matedaibon nanospheres, metal
particles, ad amorphous carbon could be successtlitpjinated. Additionally, the tubes
were separated by tihdengths as well. Thatomic force microscopyAFM) measurement
proved thatequal fractions of both individual SWNTand ropes of SWNTwerein the

purified material

In another investigation, G.S. Duesbetal.[45] also performed SEC on micellar aqueous
dispersions of soot from an arc discharge experiment to yield chemically unmodified, almost
impurity free and size separated multiwall carbon nanotubes (MWCNT). The
chromatographic technique was an effective,-destructive method for purificatm and

size separation ofICTs.

In addition to size separatioBEC can also be used thie separation oAu NPsaccording
to their shaperlhis was achieveldased on the adsorption behavior ofds(spherical and

rodlike) on the surface of column material®\ surfactant compound containing
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poluoxyethylene dodecan@rij-35) and sodium dodecyl sulfa€DS) was added to the
eluent for this purpose. Adding SDS eliminated the irreversible adsorption P4 3].

A novel purification method for SWCNTs was introduc€&tis methodvas based on SEC

and vacuunfiltration, and took advantage of the fact that during a swelling procedure in
distilled water, the size of polymer cavities increa3égse cavities angot so small in size

to block the movement nanoparticle bundles, andsadarge that nanotubes could escape.
The stationary phase used in this work was potassoalyagylate[46]. As an alternative
methodto density gradient centrifugation, SEC was carried out to separate CNTSs to two
categories of SWCNTs and DWCNTSs. Sephacryl g208 was useds the stationary phase
materia) andthe aveage diameter gfrapared DWCNTs and SWCNTs were 1.64+(b

and 0.93+0.03im, respectively. This offered technique was highly capable of [z=ialgd

up for industrial applicationig7].

The common application GECis the sepat#on of small particles which are free from
those entrapped inside nanopartickks.an effort toresolve the problem of separation of
nanoparticles specifically by their size and shapesolution of polymersomes was
concentrated by passing through a sift®wv membrane. This part was performed as an
improvement pocess for SEC resolution, andeaesulf the required time for the absorption

of liquid to the stationary phase was reducHoke results obtained from chromatography
indicated that the dividingf polymersomes into fractions with different sizes was efficient.
This methodwas effectual for separation of samples containing various sizes of particles
into many individual fractions with discrete sizd$ie separated samples by SEC and
differential centrifugation (DC) were both tested for measuring their monodispersity, and it
was found out that samples separated by SEC were better dispersed than those purified by
DC. The only drawbackin this techniquevere the higher chance of material loss ataobk

longer to achiee separated particles than D4D].
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2.1.1.4 Separation by centrifugation

Recently,attention has been paid tentrifugation as a separation technique dwectly

dividing nanopaitles by size in liquid medium, since this method has proven to be a great
potent for nanopatrticles purification due to the efficiency in breaking agglomerations, high
amount of yield and its ability to be scaled up for industrial applicafésis Two of most
reported centrifugation tenlgues are isopycnic centrifugation, which is a dersiyed
method, and velocithased rate zonal centrifugation. Small nanopart{eesrage size < 10

nm) are usually less dense thére gradient medium, thus they can be separated by using
isopycnic catrifugation. Howeve density of large nanopatrticles is higher than that of the
solution gradient medium. In this case, the difference in the velocity which particles
sediment depending on their size can be considered as a separation factor. Rate zonal

centrifugation is a suitable method for the separation of large nanopaftigles

Isopycnic centrifugationin this separation methqdll fractions of a desiredample are
divided based otheir densityduring the experienced centrifugal foréecording tothe

equilibrium precipitation, alensity gradient isbuilt. After that, analytecomponents are
concentraté in the form of bands where theiensityis equal tathat of thér surrounding

media

In an earlierwork, selective separation of AUNPs with various sizes was expldiszt
AuNPs wee composed of different surfaceemistres The separation was carried out in
water oranorganic medium. The applied technique caeXtended t@ther NPs separation.
In this research, no solutes were used in order to avoid any possibility of cotiamiAa
advantage of this method was thatatld be processedtlow centrifugational forces, thus

it waseasily attainable using benchtop machinedhe used sedimentation separation, no
density gradient medium (DGM) or any other solute was utiliaesliitable centrifugation
rate was selected. After centrifugation, different fractions with different dimensgieres
preparedafter each rum a sequential waAt the end of the procedure, fractions containing
largest nanoparticles in size to fractiamgh smallest size distribution in the solution were

sedimented. The products of this method were AuNPs with size range from 9.5 to 20 nm,
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with standard deviatianof11% and 18%, respectively. Another outcome of this separation
technique was that thereas/ no needlor modificationof the raw nanoparticles to enhance

their dispersion within the solutidbO].

Ratezonal centrifugation:This centrifugationmethod is basedn the hydrodynamic
properties of materialsuting the separation procedura this approach the required
medium consists of different viscosities attributed to separate zones within the solution. For
preparation of this type of medium, solutions of a specific chemical campsuch as
aqueous sucrose oicdll, with different @ncentrations are layered on top of each other
inside the centrifuge tube. Different zones with different viscoditte® advantage over a
homogeneousnedium inviscosity in a way that using multiple layers withanging
viscosities facilitates thecolledion and enrichment of purified samples. Separated
nanoparticles of each region have narrower size distributitosever, these layers are not
stable,and they tend taollapse during centrifugal acceleration or deacceleration. They can
also get disruptelly diffusion of other regions at the centrifugation time. These drawbacks
make the collection of separated samples problematic. Therefore, for this pshaopeand

stable boundaries between each viscosity zones are necessary to achieve homogeneous

fraction with distinct size§51].

In a novel work, théengthseparation of SWCNTSs was exploited through centrifugation in
a highdensty medum. It is reported that, in order to maximize the density differences
among SWCNT types, the medium density is set about the average density of the nanotubes
in the case of type separatidn amother casef length separatigrin order to minimize the
influence of the differences in density of various SWCNTs types, much higher or lower
density medium was uselth order to make length and electronic tygrelered categorizes,

the consecutive separateran be usedifferent parameters such lsver separatin rate,
higher SWCNTSs concentration, and lower temperature improved the sepatatsoriaimed

that length separation by abaventioned technique is relatively straightforward compared
to othermethod. SWCNTs with long lengths, proving previous résushow great optical
propertied52].
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The effect of centrifugatioon efficient separation of gold nanorods suspendeadmixture

of nanorods and nanosgtes was investigated. Fig.5, shape separation of gatéinorods,

in which they have been synthesized by seedliated through the centrifugation method

was shown Hydrodynamicanalysis of the shape and rods explained the chrgation
conditions under which the shape separation was. dowas claimed thateparation oéll

types of nanoparticles shape through proceed centrifugation can be the promising research
subjectabout separation techniques. It is proposednasiportant, high efficiency method

to obtain monodispersity and dispersion of the nanoparticles by E&ipe

A B —
100nm

-

. Side |

Bottom H

Side wall

Fig.5. Separatedu NPs (A) Schematic drawing of a centrifuge tube after the centrifugation
and the color of resulting solutions. (B) The color of the solution taken from 2 different
locations shown in A. TEM images 8iu NPs (A) Mother, (B) afte centrifugation, NRs
deposited on the side wall of the tube; §G8jl after centrifugation, nanalbes, spheres, and

NRs with larger diameter, sedimented at the bottom of the[53he

In another workthe effect of separation through ultracentrifugal rate technique was studied
on metallic nanoparticles with different size, suspension composition, inclusiue Ps
and FeCo@C. Fidlg, it was claimed that the method yields high resolution for colloid

nanoparticles separation with various compositions, wide range of size, and various bundles
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of nanoparticles in short time through density gradient centrifugation (DGC) with various

rates of nanoparticles sedimentati¢®v].

Recently the nanoparticleseparation and purificationy various colloidal nanoparticles

such as Ag, Au, and CdSe inside an organic density gradient through ultracentrifugation was
done. Size and shape separatiboolloidd particlesandgold nanowiregan besuccessfully
achievedBy using this technique pestatment procedure was facilitated and the following
monodisperse colloids assembhas simplified. The major benefits of the organic polymer
dissolution inside thegradient mediumenhancedthe efficiency of separation and
straightforward creation of functional composite films wklegregatemonodisperse

nanoparticlesvhich they areembedded insidgb5].

Density gradient solution is composed of layers of a specific chemical solutions with
different concentrations. Thicauses the viscosities as well as densities in each layer to be
different. In one research, this change in viscosity has been examined during separation by
density gradient centrifugation. A viscosity gradient was lmyiltising PVPas the specific
chemcal. The densities were nearly similar, but viscosity values were hugely different. This
insured a better separation by size for nanoparticles. In the category of rate zonal
centrifugationfor achieving an efficient nanoparticle size separatilis workensured the
conceptual importance of using a gradient as a function of viscosity, instdadsify.An
original approacior distinctsizeseparatiorof NPswith using PVP solution as tivescosity
gradientwascarried outAuNPs were stabilized by PVBlgtionand separated into fractions

with small differences in size with high resolution. Usivigcosity gradientsolution
compared to using density gradient soluttorachieve acomplete NPssize separatign
especially for large NPsyas highly succe$dl. Furthermore, different solutions of PVP with
different molecular weights, but equal viscosities were utilized to gain similar purification

results, illustrating the pliability of the new appro468].

A novel method which was based on employing rate zonal centrifugation for separation of
nanoparticles by size and s hapiphasavsystems onduc
(MuPSs) o0 as medi a. The AuNRs(mdn synthesis producty k wa ¢

from gold nanospheres and other large nanoparticles (synthesis byproducts). As a

16



conclusion, a new method utilizing thermodynamically stable aqueoussdbaseparation

media was exploited. This method presented an improved and enhanced performance for
rate zonal centrifugation as a separation technique. Separation of media based on phase
eliminated the problems such as sample collection and shorttgtdbilation, which were

related to using previously developed layered mgxdia

In another researchith respect to interfacial scienoslloidal particles were purified by
density gradient centrifugation according to their electronic and optical properties as well as
their sizes. The contribution of electronic, optical and mechanical properties in purification
of thin films was investigad. Isopycnic and transient density gradient centrifugation using
both organic and aqueous media were employefilatdionatethe thin films into their

colloidalcomponents, SWCNTSs and silicon nanocrydtalg.

Despite the interest of employing density and viscosity centrifugation technigues in
separation of CNTs sincEaganet d. [58, 59] these method are not applicable for
purification of HNTs in large scaleBesides Chenet al.[49] demonstrated the problem of
short stability timeafter centrifugationTo overcome these challenges for separation of
HNTs, a new method was introduced using viscosity centrifugation in two [S&jpJ he

aim was to introduce a homogeneous dispersion of HNTs in length, and the procedure was
based on the combination of ultrasonication and ultracentrifugation in teps.3he
obtained resultsshowed the effectiveness and convenience of treating HNTs by
ultrasonication in cutting and dispersidn.addition, the impact of ultrasonication time and
power in dispersion of HNTs were studied. Furthermore, HNTs concentdatiermination

was investigated by employing Wisible spectroscop)s6].

2.1.2  Studies on the effect of pH treatment on the structure, morphology and

precipitation behavior of HNTs

Prior to preparation of purified nanotubes, eliminating the existing agglomerations in natural
HNTs has proven to be amoibuting factor in achieving more homogeneous nanoparticles

in size. Suspensions of HNTs in basic solutions has been effective in breaking the bundles
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of nanotubes and dispersing the particles in agueous or organic fMidiaaction will
preserve the pperties of HNTs in long term for different applicasprwithout any

disturbance in their structure or shape].

Fromthetheoretical point of view, strong acidic or basic ieomwments have a potential to

damage HNTSs structure, due to tieeurrencef desilication and dealuminatioHowever,

it is shown that mild acidic or basic environments ( pH=12) would not harm HNTE51],

and an obvious relation exiesandsdispéreon oféldTh t he
powderg28].

The stability of naural HNTsin acidic, neutral and basic environment at room temperature
were previously studiedn strong acidic or basic solutions (0i@1molL), Ali OH started

to dissolute, causing the gradual thinning of the inner walls of HNT. For example, i
solutions of NaOH the higherlevel of solubility for Si(IV), compared tal(lll) results in
fragmentation and appearance of Al(@Hyers and scaly particléseeFig.6) [60].

In another study concerninpe pH treatment effect on HNT structure, dispersion and
aggregation degree of COOH functionalized HNT under acidic, neutr&laanc conditions
wereinvestigatedIt was shown thah spiteof aggregate for@tion in neutral environment,
HNTs were well dispersed inside the acidic or basic solutions. This phenomenon is caused
by the fact that although hydrogen bonds between COOH functionalized HNTs are strong in
neutralconditions and thus leads to aggregatiahey tend to decrease in acidic or basic

environments due to the change in charge dispefsijn
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Fig.6. HNTs structural changes under strong acidic and alkaline treatments, causing the

appearance of amorph® SiQ nanoparticles and Al(ORnhanosheets, respectivdfB].

In an investigation concerning the properties of halloysite from six different regions in the
world, it was noteworthy that prior to any characterization, all HNT samples were washed
and maimained in the pH conditions of #& in order to achieve a clearly dispersed

suspensiofil8].

The examinationof individual HNTs behavior in relation to other HNTs in a suspension was
carried out under the title of Abl ocking
al kal i ne e ft wasrclaimed ¢hattoseonanotube acts like a door for another
nanotube, in the way that it either blocks any access to the other nanoparticle by aggregation
or it opens the access to tmentioned HNTby dispersionlt was observed that the acidic
solutiors of HNT were unstable, thus huge bundles and agglomerates were formed at pH
values below neutralityMearwhile, HNT suspension at pH values aboggght (basic
environment) showed high dispersion without any precipitation. This is due to the increased
vander Waals interactions between nanotubes. The highest dispersion was seen at pH = 11.
In conclusion, in alkaline solutions, HNTs were successfully dispersed and individual HNTs
were separated from each other (opening phenomenon), and in acidic condiidas H
tended to form bundles and positioned at the end of other HNT bundles and thus blocking

the access to their inner poresdFig.7) [63].
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Fig.7. Schematic view of HNTs behavior in relation to each othein@rspace oHNTs
(b) HNT positions after suspension in solutions vdifierentvalues of pH64].

The mpactof alkali activation orthe chemistry and physics ¢iNTs for adsorptionand
release of fhoxin were reportedIt was provedthat this activation couldenhancethe
adsorptiorability of HNTsfor ofloxin and increase the duration for ttedeasanechanism
Furthermore, it was observed th#itadine treatmentwith NaOH concentrations below 4.0
mol/L at room temperaturéid not affect thestructure oHNTSs [64].

Morphological and structural changes of halloysite with acid or alkaline activation were also
studied in another approac8imilar to results obtained bjooet al.[63], it was shown that

for pH values less thamo, HNT suspension became unstable and they eventually formed
agglomerates and thuksundles. But for pH values higher thaight no precipitation or
bundle fomation ocurred due to van d&aalsinteractions. And again, pH = 11 was found

to contain the highest level of dispersion among other tested pH valuesocthisnce
considerably héhan impacbn the surface area, pore diameter pmetvolume of HNTS. In

basic solution, HNTs were completely dispersed with all the ends of each nanotubes
separated from others. In comparison, in acidic solutions, all nanotube ends were blocked.
However, in strong concentration of acids or bases, significant changes were obsirwed in

structure and morphology of halloys|&8].

Newout come about HNTs surface charge was mea

pHs. It was claimed thatylincreasinghe value opH, surface charge existing at the outer
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space will become dominant over that at the inner space of BdIIsequently his change
in the surface charge can lead to separating individual nanotubes anddispersjng them
in the solutior{65].

2.1.3  Asstudy on the prepamation of homogeneous NTs in length by ultrasonication

and viscosity gradient centrifugation

As previously mentionedjepending on the origimommercialHNTs are inhomogeneous

in size 0.1:5 um), and presenusually in the form of agglomerates and bundiElse
previously applied conventional nanopatrticle separation techniques are difficult to employ
on these natural clay mineraldere, we review an approach presertigdR. Ronget al.

[36], in which ultrasoni@tion and viscosity centrifugation (performed in two steps) were
carried out to break thegglomerates and bundles, cutting long nanotubes into short fractions

and finally separate HNTs according to their length, respectfi&i)8).

A PVP solution in aqueous media was prepared as the viscosity gradient sdltt®on

solution also contained 0.1 molLTAB as a surfactarior beter suspension of HNTS86].

Study of the ultrasonication time on the size and yield of prepared HNTs showed that long
duration of treatmentesulted inshorter HNTs but less amount of yield. In addititire
investigation of ultrasdnation power on the length and yield of prepared Hbl®wved that

by increasing the power of ultrasonication treatmentatheunt of yield also increasg3s].
Another studied effect was related to thentrifugation time It was proven that after
ultrasonication, by centrifugation of HNTs fonig times (75 min), HNT yield drops down.
Thus 45 min wa$ound to bethe optimum centrifugation time to achieve the highest yield
for purified HNTSs[36].

Finally, the effect raw HNTs concentration on the obtained yield of purified HNiBsalso
reported For this purpose, solutions of HNT with @ifént concentrations were processed
by the proposed methoth the end, it was observed that as the raw HNTs concentration is
increased, the amount of yield decregS&].
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Ultrasonic Uniform viscosity
scission centrifugation

Fig.8. Graphic view of preparation of pure HNTs by ultrasonication and viscosity gradient

centrifugation [36].

The resultattained by R. Ronet al.[36] illustrated the achievementlodmogeneous HNTs
in length with high yieldhrough ultrasonication and viscosity gradient centrifugation in two
steps.The main benefit of this method can be described as its potential to be applied in large

scaks forthe preparation of pure HNTSs for industrial applications.

214 Aim of this work

In order toobtain purified and homogeneous HNTs in size, as a crucial process for the
enhancedbehavio of these naturally available nanotubes for all their applicatidres, t
described method in the previous section was employedaaitional parameterdhe
purification and size separation of pristine HNiimed in Turkeywas investigated biyree
hierarchical procedured-irst, the effect ofalkaline treatmenton disperson and de-
agglomeration of pristine HNTs was studied. Secaittcasonicatiorwas carried out to cut

long HNTSs to short nanotubes, and break the bundles and huge agglomerates, and finally,
threestep viscosity gradiertentrifugation was applied to elindte theexisting impurities

in the pristine HNT such asaklinite and other kaolinlay mineralsandto sort HNTs into

two distinct unifom fractions based on their size addition to he effect of ultrasonication

poweron the yield of HNTthe effect dthe concentration of PVP and CTAB as the chemical
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and surfactant of the density gradient media, respectively were investigated. Another new
examination was related to usage of-gliaaline treated HNTSs instead of raw HNTs as the
input material for the gmration process. The objective was to determine the effect of
alkaline treatmenan theyield as well as the size distribution of the prepared HiNaswere

mined in local sources in Turkey

2.2 Materials and experimental procedures
2.2.1  Materials

Pristine HNT pwderwasprovided byEsanEc zac ébak é | nducmpanya l
(Istanbul, Turkey) and were died at 11Dfor 12 h to eliminate any residual physically
absorbed water conteléfore usePVP (Mw = 40000, Sigmaldrich), CTAB (M = 364.46
g/mol, SigmaAldrich) and deionizedvater were used fdhe preparation athe viscosity
gradient media in the purification of raw HNTs. Ethanol (Sighidrich), Chloroform
(SigmaAldrich) and deionized water were the washing solvents for purified E€@ium
hydroxide (NaOH, >97%2.0 mol/l) was used fothe alkaline treatment of HNTs

2.2.2  Experimental procedures
2.2.2.1 Preparation of PVP solution for HNTs dispersion

Forthe preparation dhe PVP solution, two different concentrations of PVP and CTAB
3 g PW and 3.64 g CTAB36] and 2) 6 g PVP and 7.28 g CTABere added separately to
100 ml of deionized water, stirred at 8D-for 15 min and ultrasonicated for 20 min to
achieve a complete transparent solution. CTAB acted as surfagtamionum dispersion
of HNT powders in the media.
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2.2.2.2 Preparation of purified and sizeseparated HNTs

Approximately 2 g of pristine HNT was added to 100 ml of PVP solution. The solution was
ultrasonicéed at 70, 90 and 120 w for 1using a probe sonicatorh& HNT suspension
resulting from ultrasonication was poured into 50 ml centrifuge tubes and then immediately
centrifuged at 1170 g for 45 min. The turbid supernatant was collected and centrifuged at
8800 g for 20 min. This procedure was done for one matratsl5557 g for 20 min, until

the supernatant became completely transparent. All precipitations were collected and washed
multiple timeswith excessive water, chloroform and ethanol alternately. After washing, they
were dried ai.10 Cdor 20h.

The preipitation obtained from centrifuging at 1170 g, after washing and drying, was
considered as raw material and was subjected to the whole purification procedure described
above for twomoretimes. This was performed in order to maximize the final yield for
purified HNTs. A schematic preview of preparation of purified HNT is givefigr®.

i‘zg r;;m}]ﬁ ’ Ultrazonicztion at different powers

(1)) — & for each set of samples: 120, 80 | {ID)
and 70 W fur 1 hr_

100 ml 3 % wt

PVP Sclution with T Cenwifngstion st Cenwifuzation  at
0.1 molL CTAE 1170 g for 45 min 8800 g for 20 min 15357 g for 40 min
(I {Iv) )]

vacuum drying at Washing by dist.
110° C for 12 hr_ water and ethanol

Fig.9. Schematic preview of purification and size separation raw HNT.
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2.2.2.3 Preparation of alkaline treated HNTs

The alkalhe treatment of HNTsamples weregperformed according to the procedure
mentionedelsewherg64]. Approximately4 g pristine HNT was added to 461 NaOH
solution with six different concentrations (@005, 0.001, 0.002, 0.02, 0.2 addmolL)
separately. The suspensions welteasonicated at 50CHor 1 h Then, they were washed
with distilled water five times. Alkamples wereollected,and vacuum dried at 11Qfor

at least 12 h. A schematic prewief alkaline treatment of HNT is given Kig.10.

4 = HXT Washing by dist. -
- Ultrasonication at 30°C for 1 hr waerwl || ol ivRES
i hr

40 m] MaQH solution
with 0.0005, 0.001,
0.002, 002, 0.2 and 1
mol/] concentrations

Fig.10. Schematic preview of purification and size separation raw HNT.

2.2.3 Characterization methods
2.2.3.1 Size distribution analysis

Determination of the hydrgghamic diameter of raw and purified HNT samples was
investigated byhedynamic light scattering (DLS) instrument (Zetasigano- ZS, Malvern
Instruments Ltd., UK)at 25 C. In addition, &e distribution ofHNTs before and after
purification was calcalted byGemini 35 VP Field Emission Scanning Electron Microscope
(FE-SEM).
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2.2.3.2 Morphological analysis
The morphologyf raw and purifiedHNTs were studied usingemini 35 VPFE-SEM.
2.2.3.3 Structural and phase purity analysis

Examination of phase purity faristineandpurified HNTs was doneby X-ray diffraction
patterns (XRDusing a Bruker D2 Phaser XRD (Desktop) instrument.

2.2.3.4 Chemical analysis

Fourier Transform Infrared (FTIRpectroscopy wassedfor thechemical analysis afaw,

alkaline treated and purified HNsamples.

2.2.3.5 Thermal analysis

Thermal behavior of all samples was studiedT®BA using a Netzsch STA 449 C Jupiter
instrumentat 10 €C/min, which is asimultaneous thermal analyzand is capable of

measuring the data with . 1 en€ltivisy.

2.3 Results and dscussion
2.3.1  Characteristics of raw and purified HNTs

As shown inFig.11, color density of the HNT suspension did sbangeafter sonication
treatment in 3% wt. PVP solution containing 0.1 mdlTAB. However, the turbidity of
supermtants after each centrifugation step gradually decreased until complete transparency

was achieved.
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Fig.11. Photographs of HNT suspensions in PVP solut&rpfistine HNTS, (b) sonicated
HNTsat 120 w for 1 hr; €) HNTs after sonication and centrifugation at 1170d);INTs
after sonication and centrifugation at 8800&);H{NTs after sonication and centriation
at 15557g.

(d)

Measured DLSesults(Fig.12) illustrated a broa size range for raw HNSIfrom < 100 nm

to >1 pm andbimodal size distributionin this interval. Zaverage diameter and
polydispersity index (PDI) for pristine HNT weB278 nmand0.735 respectivelyAfter
sonication, Zaverage size and PDI values bothcetased to 569.8 nm and 0.650,
respectively. This suggests that ultrasonic treatment efftioeeHINT size distribution by
breaking agglomerations and cutting large nanotubes to smaller nanoparticles. After the first
level of centrifugation, Average diaeter further decreased to 342.8 nm with the PDI value

of 0.249. In the second centrifugation step, the average hydrodynamic diameter became
302.3 nm and PDI was measured as 0.217. These decreased values indicate that a

monodispersity in the HNT suspensias present after purification.

Since the given size distribution data is theoretically based on models conducted for
measuring the hydrodynamic diameter of spherical parti@esS solely could not be
consideredsa reliable method faan accuratsizeanalysisof nanotubular particles. Hence,
FE-SEM techniquavas employed@s an alternative and more preaisethodto validate the

length range of nanotubes as well as existence of other impurities.
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Fig.12. DLS measurement ofze distribution for @) pristine HNTS; (b) sonicated HN¥ at
120 w for 1 h; €) supernatant of HN§ suspension after sonication and centrifugation at

1170 g; ¢) supernatant of HNIsuspension after sonication and centrifugatiod8a0 g.

FE-SEM images oflried HNTs before and after purification are presenteiml13. It can

be seen from the images that ultrasonication has considerably broken the bundles of
nanotubeshowever impurities such as kaolinite plates and similar otstenctures still
remain within the HNE content. After the threstep centrifugation process, impurities have
been eliminated completely and in timeantime a highly homogeneous HNTispersion
was observedh size. A statistical survey of pristine andrified HNTSs size distribution by
FE-SEMis givenin Fig.14. It wasobserved that while pristine HN¥havea broad range of
average lengtfrom 150+ 20nm to 1103t 20 nm (all three colors of blue, orange and red
representing diffrent size ranges are presespnicated HN's have the sameange of
lengtrs aswell. Though the majority ofonicatednanotubes population is composed of
particles with 20527 + 20 nm average length, which is smaller than the prigtihg's.
This meanshat by ultrasonication, HNTs were auat shorer length hence a decline in
average length size is observed in BiEeSEM images. However, purified HNsTobtained
after centrifugation at 8800g involves nanotubes with average length «#2I/57 20 nm
(red and orange bars). Final purified HdPproducts from 15557 g includes only tubular
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particles with average length size of 1B+ 20nm (red bar). These results comprehend
that by proceeding through each purification step, along with removing impurizes, si
distribution for HNT lengths narrows down, and finally two categories of purified HNT

with distinct aveage length sizes are acquired.
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Fig.13. FE-SEM images of & pristine HNTs; (b) sonicatd HNTs at 120 w for 1 h; @)
Purified HNTs obtained after sonication and centrifugation at 880@gP(rified HNTs
obtained after sonication and centrifugation at 15557 g.
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XRD patterns of pristine and purified HNTs are showfim15. The dominant diffraction

peaks referrig to the hexagonal structure of halloysid 2Si>Os(OH)s- arepresent in XRD
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Fig.14. Statistical survey for size distribution yE-SEM for (a) pristine HNTS; (b)
sonicatedHNTs at 120 w for 1 h; ) Purified HNTs obtained after sonication and
centrifugation at 8800 gd) Purified HNTS obtained after sonication and centrifugation at
155579 (each bar color indicates the average length size range: Red is for particles <200

nm, orange represents particles B0 nm and blue shows particles >600 nm).

pattern of pristine HN3. Also, most of the other present diffraction pealdicate the

standard dehydrated halloysitej |, with |l attice constants fac
7.160, respectivel}66]. A sharp peak 2.1 corresponds to 7.3 Andis attributed to [001]

basal reflections. A second sharp peak af 2ftributing to 4.4 A indicates the tubular

structure of halloysite [100)67]. The third dominant peak at B4belonging to 3.6 A is
responsible for [002basal reflection. Aside from halloysite peaks, there are several other

peaks which belong to other clay minerals such as kaolinite and nacrite or other impurities.

For example, present peaks atl1®9, 256, 266, 385, 43, 47, 50, 524 and 553 belong to
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kaolinite, nacrite and other impurities. From the XRD pattern of purified HNT, it is obvious
that all peaks except the ones contributing to standard halloysite striuaterelisappeared
upon purification This confirms the elimination of inypities during the purification

process

FTIR was employed taharacterizehe raw and purified HNTs. As shown Kig.16,
characteristic peaks of halloysite are as follows: 3698, @621 cmt are indicating the ©

H stretching Morations of Al OH bond in internal surface and in interface of@l

Intensity (Counts)

" “ ] A 'l|
= - A 5 ' ah o "
o Y PR T e e %Q‘fi‘ﬂ

o 1 2 30 4 0 6 7
2Theta(degree)
Fig.15. XRD patterns of ) pristine HNTS; (b) Purified HNTS obtained after sonication at

120 w for 1 h and centrifugation at 8800 g, Purified HNTS obtainel after sonication at
120 w for 1 h and centrifugation at 15557 g.

octah@ron and SiO tetrahedron, respectively. 1635 énis attribued to the water
deformation vibration. Stretching vibration of apical Giand inplane SiO are observed
at 1114 crit, 1089 cm' and 1031 cm, respectively. Peaks at 940 ¢mnd 913 crt belong
to innersurface @H deformation and AIOH deformation of internal surface.i&ii Si
symmetric stretching is shown at 796 €754 cmt is attributed to S$iOi Al perpendicular
strething [36]. By comparingall FTIR spectra lsown in Fig.16, it is confirmed that
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purification and separation did not alter any characteristic peakdl®§, hence this is an

effective method for achieving pure nanoparticles.
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Fig.16. FTIR spectra b(a) pristine HNTS; (b) sonicated HN$ (c) Purified HNTS obtained
after sonication at 120 w for 1 h and centrifugation at 880@)dg?(rified HNTS obtained

after sonication at 120 w for 1 h and centrifugation at 15557 g.

2.3.2  The effect of repurification on the yield of purified HNTs

As previously mentioned in the experimental section, after all purified samples were washed
and dried, the resulting powders from the first step of cegttfan at 1170 g were subjected

to the whole purification and separatiprocessagain This repurification treatment was

done twice after the first level. Thus, as it is showRim17 with the total number of three
times purification, the total yield ¢Yof purified HNTswas successfully increas&om 14

% in the primary stage, to 34%, which is higher thesvious reportby Ronget al.[36].

As it is shown irnFig.17, in the second set of purification processaltyieldincreasedfrom

14% to 18%, indicating that since HNTs as raw material were formerly subjected to
ultrasonication one time, breaking the agglomerations and separating nanotubes were
facilitated. Howeverthe increase in the amount of yietmpaed to the second level of
purification is not observed after the third time (16%). This can be explairibé tact that

most of the free bundles of HNT were already separated in previous levels.
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Fig.17. Effect of repurification on the total yield of purified HNTs

23.3 The effect of Ultrasonic power on the dispersion and size distribution of
purified HNTs

To investigate theeffect of ultrasonic power on the dispersion and size distribution of
purified HNTSs, threalifferentraw HNT samplesweresubjected tahe purification process

as described in the experimental section. In the ultrasonication step, samples were treated at
120, 90 and 70 power watts for 1 h, respectively. FB&SEM images Fig.18) andthe plot
showing the average length size of two categories of purified halloysite samples as a function
of ultrasonication poweiHg.19) illustrate a dramatic decrease in the average length size of
purified HNTs after sonicatioat 70, 90 and 120 w and centrifuging at 8800 g and 15557 g,
separatelyWhile this value for pristine HNT was ~48520 nm, it decreased to ~24020

nm after centrifugation at 8800 g, by increasing the ultrasonication power from 70 to 120 w.
Resultsfor samples separateat 15557 g centrifugation show a higher decrease in average
length size from ~46@& 20 nm to ~150+ 20 nm, by increasing the ultrasonication power.
This falls in line withthe prior assumptiomn the definite effect of the increasing ukoaic

power on narrowing down the size distribution of homogeneous HNT powders.
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Fig.18. FE-SEMimages of (a) pristine HNSI(b) Purified HNTS obtained after sonication at
70 w for 1 h and centrifugation 8800 g; (c) Purified HN$ obtained after sonication at 90
w for 1 h and centrifugation at 8800 g; (d) Purified Hbtained after sonicaticat 120w
for 1 hand centrifugation at 8800 g.

All XRD results showing the diffraction patterns for raw HNT andifped HNTs prepared

through ultrasonication at 70, 90 and 120 power watts and subsequenstéipee
centrifugation Fig.20), showd o mi nant peaks of haldnd24868 -t e s
representing001], [100] and [OOP basal reflection, respectivelyflhe main peaks of

halloysite get sharper as the sonication panarasesNo impurity peaks
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Fig.19. Statistical survey for the effect of ultrasonication power on the dispersion and size
distribution of (A) Pristine HNE (B) Purified HNTS obtained after sonication at 70 w for 1

h and centrifugation at 8800 g; (C) Purified H\NIbtained after sonicaticat 90 w for 1 h

and centrifugation at 8800 g; (D) Purified Héldbtained after sonication aQ w for 1 h

and centrifugatCon aatedhd@ddas (B), (C)amidD) with 15557
g centrifugation force.

werepresent al8.1, 29, 256, 266, 385, 43, 47, 50, 524 and 553 (belonging to kaolinite,
nacrite and other ipurities)in the XRD pattern of purified samples, whicduggests that
sonicationfollowed by centrifugationat all three different powers were successful in
removing components other than halloysite from the purified proddectvever by
comparing the pattns shown irFFig.20, it is observed that the absence of impurity peaks
around 4851 insthesamples prepared by 120 w ultrasonication power is more evident than
those prepared by 90 w and 70 w ultrasonication power. This antire direct impact of
sonication power on achieving a higher purity level in the final product. Similar results were
obtained in the work done by Rong et[86]. Furthermoresamples prepared from 90 and
120w had34% final yield which washigher than that obtained from 70 w (30%).
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Fig.20. XRD patterns of (a) pristine HNI(b) Purified HNTS obtained after sonication at 70
w for 1 h and centrifugation at 8800 g; (c) Purified Hbbtained after sonication at 90 w
for 1 h and centrifugation at 8800 g; (d) Purified Hi\tbtained aftesonication at 120 w
for 1 h and centrifugation at 8800 g.

2.3.4 The effect of PVP concentration on the dispersion and size distribution of
purified HNTs

In order b studythe PVP concentratiorffect on the dispersion and size distribution of
purified HNTs,two different PVR(3% wt. and 6% wt.) and CTAB (0.1 mbland 0.2 mol.)
concentrationsvere chosen. Raw HNTs were added to the solutionsainj@cted tdhe
purification process as described in the experimental section. MeasureefiliSFig.21)
illustrated a broad size range for raw Hi®m < 100 nm to >1 pmand two main very
sharp peaks in this interval. As it was shown earlieay@&rage diameter and polydispersity
index (PDI) for pristine HN$were3478 nmand 0.735respectively. Sonication in the 6%
wt. PVP solution decreased thea¥erage and PDI to 3@Band 0330, respectively These
values are considerably smaller than those measured in the 3% wt. PVP sohatvena@e
size:569.8 nm and PDI: 0.650)his suggests that by increasing the concentration of PVP,

HNT particles were better dispersed within Hupeousnedia, since ultrasonic treatment
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was more effective in breaking agglomerations and cuttirgge lnanotubes. After the first
level of centrifigation, Zaverage diameter of samples in 6% wt. PVP solution further
decreased to 27/with the PDI value of @65 which are smaller than 342.8 nm and 0,249
respectivelypbtained in 3% wt. PVP media. In the second centrifugation step, the average
hydrodynamic diameter decreased from 302.3 nm to3iif by changing the solution
concentration from 3% wt. to 6% wt. PDI values also dropped from 0.2171%5. 0.
According toFig.21, it can be seen the size distributions in 6% WBolution have sharper
peaks in each step of purificatiocpmparedo those in 3% wt. PVP solution. Decreased
values in Zaverage size and PDI values indicate that using 6% wt. PVP solution was more
effective than 3% wt. solution in achieving monodispaNT suspensions.

FE-SEM imagesKig.22) alsoshow that driecandsonicated HNTs in 6% wt. PVP media
have higher level of dispesithan those sonicated in 3% wt. PVP solution. This can be due
to the increased number of partislsuspended in the media during ultrasonication and thus
breaking and cutting nanotubes in the raw material more efficiently. Fro8Eemages,

it canbe realized that PVP aride surfactant facilitate bettedispersion and distribution of
raw HNT mderial.
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Fig.21. DLS measurement of Size distribution for HNT suspensions in (a) 3% wtOP\VP
mol/L CTAB solution; (b) 6% wt. PV#.2 molL CTAB solution ((I) pristine HN; (II)
sonicated HNT at 120 w for 1 h; (llfupernatant of HNgsuspension after sonication and
centrifugation at 1170 g; (IV) supernatant of HiN$uspension after sonication and
centrifugationat 8800 g).
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FE-SEM imagesKig.23) show both categories for purified HNTs in 3% and 6% wt. PVP
media. It isevidentthat purified HNTs prepared by 6% wt. PVP have higher level of
disperson than those prepared by 3% wt. PVP solution. This camhadicationof the
increased number of particles suspended in the media duringouitation and thus
breaking and cutting nanotubes in the raw material more efficiently and helping the size
separation step. Aftahe sonication, impurities such as kaolinite still remain along with
nanotubes, but these nanotubes have shorter lengih RM® media than those in 3% PVP
media. Also, more individual tubes are obserbsdincreasing the PVP and surfactant
concentration. It is clear that PVP and CTAB played an important role in providing a
sufficient viscosity gradient media for HNT sampl€key allowed particles separated from
agglomerates during ultrasonication preserve their separated positions suspended within the
solution. Afterthecentrifugation, as it is shown in tk&-SEMimages Fig.23 andFig.24),

the mentioned impuritiesvere removed from the samples and what remains behind is
individual halloysite nanotubes with longer length (precipitation from 8800ghorter
length (precipitation from 15557 gepending on the centrifugairte The observation of
individual nanoparticles after purification is more apparent in samples obtained from 6% wt.
PVP than those obtained from 3% wt. This result again confirms the impact of PVP and
surfactant on better HNT dispersion. Hence a bedigarstion of impurities, agglomerates,

long and short nanotubes was the result ofgarametem media.
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Fig.22. FE-SEMimages of (a) pristine HNSI(b) sonicated HNSin 3% wt. PVR0.1 molL
CTAB solution at 120 w for 1 h; (c) sonicated HNih 6% wt. PVR0.1 molL CTAB
solution at 120 w for 1 h.

As a dgatistical survey for the effect of PVP concentration on the dispersion and size
distribution ofpurified HNT, we draw the average length sif&INTs as a function of PVP
concentrationKig.25). Pristine HNE has an average length size of 4680 nm. This value
dramatically drops down to 2368 20 nm after purification in 3% wt. PVP solution.
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However, purified HNTsn 6% wt. PVP media, showed average length size of H73®
nm, which is smaller than that in 3% wt. PVP. This analysis illustrates that amount of PVP

directly affectsthe purification of pristine HN3and determines final HNT lengths

(b) (b)

Fig.23. FE-SEM images of (a) Purified HNJobtained from 3% wt. PVP solution, after
sonication at 120 w for 1 h and centrifugation at 8800 g; (b) Purifiedstid@ained from

6% wt. PVP solution, after sonicationl&0w for 1 h and centrifugation at 8800 g.
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Fig.24. FE-SEM images of (a) Purified HNJobtained from 3% wt. PVP solution, after
sonication at 120 w for 1 h and centrifugation at 15557 g; (b) PurifiedstdhiEned from
6% wt. PVP solution, after sonicationl&0w for 1 h and centrifugation at 15557g.
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Fig.25. Statistical survey for the effect of PVP concentration on the dispersion and size
distribution of (A) Pristine HN$ (B) Purified HNTs obtained from 3% wt. PVP solution,
after sonication at 120 w for 1 h and centrifugation at 8§Q@gPurified HNT obtained

from 6% wt. PVP solution, after sonication at 90 w for 1 hr and centrifugation at 8800 g.

XRD patterns Fig.26) of both purified HNE with 3% wt. PVP 6% wtPVP show the
elimination of peaks coming from impurities3(1, 29, 256, 266, 385, 43, 47, 30, 524 and

55.3 belonging to kaolinite, nacrite and other impuritiesthe raw materialand sharpening

of the peaks refl ect i n gland46atthbatedtdd@l[l00]e st r u
and [002] basal reflection, respectivel@esides, no new peak is emerging after increasing

the PVP concentration, confirming tisefficient removal of PVP during the washing of
precipitations from each centrifugation step. For a solid investigation of PVP removal from
the sampleat the end of purification process, FTIR speetexre takenfor both purified
samples. Since the removal of PWPdeneral washing procedures can be challenging, FTIR
spectroscopy was carried out as an extra characterization method compared to the previous
work done by Rongt al.[36].
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Fig.26. XRD patterrs of (a)Pristine HNE (b) purified HNTs obtained from 3% wt. PVP
solution, after sonication at 120 w for 1 h and centrifiegaat 8800 g; (c) Purified HNTs
obtained from 6% wt. PVP solution, after sonication at 120 w for 1 h aridfagationat
8800 g.

FTIR spectrakig.27) of purified samples prepared from 3% and 6% wt. PVP solstiow

all main peaks contributed to the standard halloysite structure. P&8@8atm', 3621 cm

! presented in all thrediffraction patterns, are contributed to thieHDstretching vibrations

of AITOH bond in internal surface and in interface ofi @l octahedron and 8D
tetrahedron, respectively. The peak at 1635 coming from water deformation vibration,
peaks afl114 cmt, 1089 cm® and 1031 cni attributing to stretching vibration of apicali Si

O and inplane SiO, respectively, are also present in both purified samples as well as the
raw material. Besides, other peaks confirming the hsoeface @H deformation (940 cm

1y, Ali OH deformation of internal surface (913 énSii Oi Si symmetric stretching (796
cmt), and Si Oi Al perpendicular stretching (754 ¢t can be observed before and after
purification. This means that purification and size separation process didhamige the
chemical bonding of halloysite nanotubes. However, a new peak around at 166d@sm
appeared after purification. This can be attributed to C=0 stretching vibrations belonging to

the carbonyl group within the PVP structufde existencef this peak and another small
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peak around 2810 chreflecting aliphatic Chlvibrations, means that by increasing the
PVP concentration in the solution media, washing them away from the HNT content
becomesnore difficult Hence, they still remain on the surdéaof HNT. This problem can

be solved by simply adding more steps to the washing procedure with altesudwimets

to make sure no PVP remaiafter drying.

204
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Fig.27. FT-IR spectra of (a)Pristine HNT(b) purified HNTS obtainedfrom 3% wt. PVP
solution, after sonication at 120 w for 1 h and centrifugation at 8800 g; (c) Purified HNT
obtained from 6% wt. PVP solution, after sonicatiod2@w for 1 h and centrifugatio at

8800 g.

2.3.5 The effect of alkalne treatment on the disperson and agglomeration of

pristine HNTs

The effect of NaOH treatmeran the morphology ofaw HNT is shown irFig.28. Raw
HNTs arecomposed ofarge amourgof agglomerates and other impurities. As it is shown
in Fig.29, the average length size and external diameter of raw HNT are 2@80hmand

60.2+ 8 nm, respectively. After treating the nanotubes \ailtkaline solution, from HNT
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treatmentwith 0.0005 molL NaOH to 10 mol/L NaOH, degree ofagglomeratia of the
nanotubes decreassgstematicallywhich is an indication of the effectivenes®laOH in

dispersing HNT to achieve a more homogeneuspension

pH values or each of the prepared NaOH solutiwas measured an@lable 2 shows
measured pH values for each suspension sample. pH values differ from 8.48 to 13.96 with
increasing NaOH concentration from 0.0005 .rfol/L. FE-SEMimages shownat HNTs

treated by 0.0005 mol/NaOH solution still contain some agglomerations, wierfea
example, fo HNTs treated by 0.02 mol/NaOH solution, there are no HNT bundles are
presentandnanotubes are still packed togettea certain exteniThis trend continues by
increasing the NaOH concentration in the suspension until after tré#tihg by 10 mol/L

NaOH solution, we observe no HNT agglomerates, bundles or densely packed nanotubes.
According to Jocet al. [61], this pfenomenon is due tdh¢ van deMVaals interactios
between individuaHNTs. At pH=13.96, the HNT dispersion wasthéhighest level among

the other tested HNTs, and pH 8.48 had the lowest level of dispersidn. basic
environmentsHNTsbeamewell dispersedthe end of achHNT got separated from other
nanotubegthis is called HNT inner pore opening by Jeial. [63]). This effect of alkaline
treatment on the external charge of HNT surface was also investigated by Baéfit5],

suggesting the dominance of the outer surface charge by increasing the pH.

Table2. pH values of the prepared alkaline suspensions for pristine HNT treatment.

NaOH concentration in alkaline treated- pH value
HNT suspension (mol/l)

0 7.04

0.0005 8.48

0.001 9.88

0.002 10.17

0.02 11.25

0.2 12.26

1 13.96
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On the other hand~E-SEM images also show that by increasing the NaOH concentration,
although the degree of dispersion grows and agetates are disappeared more efficiently,
some nanosheets and nanoparticles appear outside the nanotubular striaici2&g)(

This can be originatetom the semidamagedanotubesffected by the high pH value
These semdamaged nanotubes are appearing after NaOH has a concentration of @2 mol/
and above, which makes the concentrations below this aiiti@ble for facilitating the
agglomerate breaking of halloysite nanotubes without any damage on the tubular structure.
Similar morphologral resultsnverereportedoy Whiteet al. [60] and Wanget al.[64] after

pH treatment of HNTs b%.0 molL and 4.0 mol. NaOHsolutions, respectively.

A statistical surveyby FE-SEM for the effect of alkaline treatment on theerage length

size and external diameter of HBlWasconductedAs shown irFig.29. FromFig.29, it can

be observed that by increasing the NaOH concentration from 0.0005 to 0.02 and fihally 1
mol/L, average length size of HNT narrows ddinom 470+ 20nm (in neutral solution) to
455.9+ 20 nmand finally 422.6: 20 nm respectively. This falis in line with our earlier
explanation about how alkaline treatment can influence the dispersion of HNT and thus,
separating small and large nanotubes from each othermupsserof smallnanotubes were
obscured by bigger particles. This is the reason that more population of small tubes are

observed in FESEMimages.
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Fig.28. FE-SEM images of (a) pristine HNT (b)alkaline treated HiNWith NaOH (0.0005
mol/L) (c) alkaline treated HNSwith NaOH (0.001 mol).
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Fig.28. (Continued)FE-SEMimages of (d) alkaline treated HEWith NaOH (0.002 mol/)
(e) alkaline treated HNS'with NaOH (0.02 mol/) (f) alkaline treated HN¥$ with NaOH
(0.2 molL) (g) alkaline treated HNT with NaOH.@mol/L).
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Fig.29. Statistical survey by¥E-SEM for the effect of alkaline treatment on the dispersion
and agglomeration of pristine HNT(@ average length size of HI¥Tbefore and after
treatment with 0.0005, 0.02 and)Inol/L NaOH solution (b) average external diameter of
HNTs before and after treatment with 0.0005, 0.02 afdribl/L NaOH solution.
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In Fig.29-b the effect of NaOH concentration on the average external diameter of HNT is
illustrated. By increasing the pH from neutrality to 13.96 (NaOH concentrations rising from
0 to 1 moal/l), the average diameter is increased from68.2m to 61.2°4 8, 76.99+ 8and
finally 83.92+ 8 nm with 0.0005, 0.02 and 1 mol/l NaOH treatment, respectively. This
confirms previous studief61-65, 68] suggesting the influence of basic environment on

enlarging the lumen space and expagdire nanotubes diameters.

XRD patterns of raw and alkaline treated HNTs are present&yiB0. Raw halloysite

indicatesa sharp peatttributedto halloysite( 7 a2} d = 7 DeBySratedAthte

is affrmedby the paks at246U( d = 3and2® . 88)U ( d, which ghowshg e A) .
[00Z and thg02(] / [11Q basal reflectios, respectivelyQuartz (SiQ) andalunite (KAl 3

(SQu)2(OH)e) characteristic peakare also present atd = 3 .aB8dd eA 2, 98 ¢eA

respective}. Alkalinetreatmenby NaOH solutions of alconcentratioahas no alteredthe

HNTSs characteristidiffraction peaksAs it was reported by Wang et f84], the disposition

of HNTs characteristidiffraction peakshappens wheiNaOH concentration iabove 4.0
mol/L. Since, the maximum concentration used for NaOH solution in this work is ¥10,mo

no such changes in HNT structure is observed after alkaline treatment with NaOH solution.
XRD analysis of treated samples shows no chaimgés characteristic peak§ HNT before

and after treatment with NaOH solutjoeven with 10 mol/L concentrabn. This was
previously confirmed by White et 460]. However, peaks at 47.04nd 53.4&arisingfrom
impurities in natural halloysite gradually disappeared by increasing the NaOH concentration
of the alkaline solution. The complete disappearance of these two peaks is illustrated in the
diffraction pattern of HNT treated by. mol/L NaOH solution, suggesting the slight
removal of some impurities from the systefhe resultsndicae stability in the halloysite
crystal structure after alkaline treatment with 0.0005.€mol/L NaOH concentration, as

well as removal of some minor purities from the natural HNsT
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Fig.30. XRD patterns of pristine and alkalhtieeated HNTSs.

FTIR spectra of raw and alkaline treated HiNife shown irFFig.31. In the FTIR spectra of
raw HNTs, peaksat 3698 cm?, 3621 cmt are reflective of the CH stretching vibrations of

Al OH bond in internal surface and in interface of @loctahedron and 8D tetrahedron,
respectively. The peak at 1635 ¢ns attributed to water deformation vibratidPeaks at
1114cm?, 1089 cm' and 1031 cmi are contributed to stretching vibration of apicali

and inplane SiO, respectively. Other peaks such dHQieformation (940 crb, Ali OH
deformation of internal surface (913 €jnSii Oi Si symmetric stretching (796 ¢ty and

Sii Oi Al perpendicular stretching (754 ¢y can be observed in the spectra of raw HNT.
After alkaline treatment of HNWwith NaOH solution,most of main peaks of halloysite
structure remained unchanged. The only observed change is in the intetistgla$orption
bandat 911 cm!. This peak gradually broadens by increasing the NaOH concentiEtisn.
decrease in intensity is indicative of small level for alumina lag@rsval[60]. Another
peak broadening observed in the FTIR results is related to 469, 536 and 1630 cm
suggeting that alkalingreatment slightly removed th&li OH and Sii OH groups from
natural HN'G. Thesechanges however, are not observed intensely, indicating that our

treatment did not disturb the structure of raw HNT
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Fig.31 FT-IR spectra of pristine and alkalimeated HNTSs.

TGA analysis of HNT samples before and after alkaline treatment is preserisp32.
TGA curve ofthenatural HNTshowsthree main sudden mass losses. First onerearound

90 Cywherethe physically absorbed water content in HNTeimoved The second sudden
mass lossoccurs around247 G, as a result of decomposition of structural alunite
(KAl 3(SQy)2(OH)e). This peakis preservedh the curves of all the alkaline treatdtlTs, as
aproof that alunitevas noremoved from HN'§, whichis consistent with FTIR results [64].
The last sudden and sharp mass loss takes place &48rethe existing structural water
content is dehydroxylated at this stag@e amount of massoss for HNT after alkaline
treatment is decreased more as the NaOH concentiationreasedin overall, since no
disappearance, sharpening or broadening in the characteristic peaks of TGA curve of natural
HNT is observed, we have proved that all ahaltreated sampled preserved the thermal

and structural properties of HNE€specially below 1 mol/L NaOH treatment
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Fig.32. TGA curves of pristine and alkaliriteeated HNTS.

2.3.6 The effect of alkaline treatmentof pristine HNTs on the purification and size

separationof purified HNTs

In order b investigatehealkaline treatmengffect on thepurificationand sizeseparatiorof
purified HNTs, two concentratiemof NaOH, 0.0005and 0.002 mol/L, were chosenFE-
SEMimages Fig.33 andFig.34) show both categories for purified HN{fgrecipitations of
8800 g and 15557 g¥ter0, 0.0005 and 0.002 mol/L NaQkeatmentslt is shown thaboth
purified alkaline treatedHNTs haveequally higher level of dispersn thanthe purified
HNTs without any alkaline treatmenthis is anindication of the increased number of
particles suspended in the medige to the alkaline treatmesud thus breaking and cutting
nanotubes more efficiently ardcilitating the size separation stepurified samples from
alkaline treated HN3'by 0.002 mol/L NaOH show a more homogenedissributionthan
those prepared by 0.0005 mol/L NaOH solution. Tigiattributed to the effect of higher

basic concentrations othe success in breaking agglomerates. No alumina sheets or
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amorphous particles are present in either purified samples obtained from alkaline treated
HNTSs, indicating that pH level is ndtigh enougho disturb the tubular structure of HNTSs.

In the statistal survey obtained frolRE-SEM images Fig.35), it is shown that purified
HNTs without any pralkaline treatment have average length size of 23%2.20 nm
(Fig.35-a) and 150.95 20 nm (Fig.35-b) for precipitation from 8800 g and 15557 ¢
centrifugal forces, respectively. These average sizes in length slightly increase for both
purified categories of to 244#720nm (Fig.35-a) and 164. 8% 20nm (Fig.35-b) by alkaline
treatment in 0.0005 mol/L NaOH solution. However, after alkaline treatment by 0.002 mol/L
NaOH solution these values drop down to 21220 nm (Fig.35-a) and 140.4& 20 nm
(Fig.35-b). This falls in line with thé&~-E-SEM results, showing that pH treatment at 0.002
mol/L was more effective in providing a more homogeneous system and separatiess

for HNTs compared to 0.0005 mol/L NaOH concentration.
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(d)

Fig.33. FE-SEM images of (a) Pristine HNST(b) Purified HNTS precipitated at 8800 g
centrifugal force; (c) Purified alkalirieeated HNE obtained from 0.0005 mol/L NaOH
solution and precipitated at 88@0centrifugal force; (d) Purified alkaliteeated HNB
obtainedfrom 0.002 mol/L NaOH solutioandprecipitated a8800 g centrifugal force.
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