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SMALL-ANGLE NEUTRON SCATTERING OF MULTIWALLED CARBON NANOTUBES
IN AQUEOUS SUSPENSIONS IN PRESENCE OF LAPONITE PLATELETS
OR CETYLTRIMETHYLAMMONIUM BROMIDE

The results of small angle neutron scattering (SANS) study of semidiluted 0.1 and 0.3 % wt aqueous suspensions of
multiwalled carbon nanotubes (MWCNTSs) are reported. The additives of Laponite platelets or cationic surfactant
cetyltrimethylammonium bromide (CTAB) were used for enhancing the dispersion ability of MWCNTs. At high
values of wave vector ¢, (1 nm” < g < 3.5 nm™") all samples exhibited behavior characteristic for rigid rods (i.e., ¢
variation of neutron scattering intensity was observed). At low values of ¢ (0.1 nm™ < ¢ < 0.5 nm™), the neutron
scattering intensity followed the power law ¢ “with exponent the « in the range of 1.2 - 2, depending on concentration
of the Laponite platelets or CTAB. Addition of Laponite platelets or CTAB allowed improvement of dispersion ability
of MWCNTs. The effects were optimal at the certain value of Laponite/MWCNTs ratio X =0.5 or CTAB concentration
(=0.2 %wt). SANS also revealed existence of a mesh structure in MWCNT aggregates with characteristic mesh size of

=7.4 nm and =6.3 nm in suspensions with concentration of 0.1 and 0.3 % wt of MWCNTs, respectively.
Keywords: SANS, elastic neutron scattering, nanotubes, Laponite platelets, CTAB.

Introduction

Nowadays different composites with carbon
nanotubes (NTs) as an additive attract great attention
[1, 2]. These materials manifest useful mechanical,
electrical, magnetic and other properties and can
find interesting industrial applications [3 - 5]. Highly
dispersed and well stabilized NTs are required for
production of such materials.

Usually, NTs dispersed in water connect
producing bundles and form big aggregates owing to
the strong hydrophobic and van der Waals inter-
actions. To enhance dispersion ability of NTs,
several physical methods, such as ultrasonication
[6], high pressure homogenization [7] or high
voltage discharges [8], are usually applied. But
physical treatments have only a temporary effect and
can result in significant damage of NTs. In order to
obtain more stable NT suspensions, the chemical
methods of oxidation, functionalization, or intro-
duction of different polymers and surfactants were
also used. However, the chemical methods also have
many disadvantages and can result in deterioration
of initial properties of NTs [9] Recently,
introduction of supplementary nanoparticles was
shown to have a positive effect on dispersion ability
of NTs in water [10, 11]. E.g., it was shown that
highly charged platelets of montmorillonite or
Laponite can significantly improve dispersability of
multiwalled carbon nanotubes (MWCNTSs).
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This work is devoted to the study of the effects of
platelets of Laponite or cationic surfactant
cetyltrimethylammonium  ammonium  bromide
(CTAB) on dispersion ability of MWCNTSs in an
aqueous suspension. The aqueous suspensions
of MWCNTs were taken in concentrations of
C,= 0.1 % wt and 0.3 % wt, which corresponded to
the semi-dilute regime of partially overlapped NTs.
The concentration of Laponite was varied in the
range of (0.005 + 0.3) % wt, which corresponded to
Laponite/MWCNTs weight ratio X within 0.05 - 1.
The concentration of CTAB, C,, was varied in the
range of (0.025 + 0.5) % wt.

The small-angle neutron scattering (SANS)
technique was used as a method for investigation.
This method allowed determination of the structure
features of MWCNT suspensions and estimation of
the quality of MWCNT dispersion in the presence of
Laponite and CTAB. Note that SANS allows using
of the contrast variation method and thus minimizing
the neutron scattering input of additives to the total
scattering profile. This is an advantage as compare
with small angle X-ray scattering technique that was
traditionally applied for studying suspensions of
nanoparticles [12, 13].

Materials and methods

MWCNTs were prepared from ethylene using the
chemical vapor deposition method
(TMSpetsmash_Ltd., Ukraine) with Fe-Al-Mo
catalyst. The nanotubes had the outer diameter
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d = 20 - 40 nm, while their length, /, was varying in
the range of 5 to 10 microns. The average solid
density of MWCNTSs was 2.2 g/cm3 , which is close
to that of graphene. According to our calculations,
the neutron scattering length density of MWCNTs
was 7-10""-cm™.

Laponite (Rockwood Additives Ltd., UK) was
used as received. It has the empirical formula
Nag7[(SigMgs sLig.4) Oy(OH)4)o7 [14] and its solid
density is 2.53 g/em® [15]. Laponite consists of
charged platelets with diameter (25 + 30) nm and
radius 1 nm [16]. These particles bear both basal
negative and rim positive charges [17]. Their
scattering length density for neutrons is
3.76 - 10"%cm’™.

Cetyl trimethyl ammonium bromide (Fluka,
Germany) is commonly used as a surfactant for
organo-modification of Laponite. Its chemical
formula is C;sH33N(CH3);Br and its molar mass is
364.45 g/mol. The scattering length density of cetyl
trimethyl ammonium bromide is 0.45 - 10'%-cm™,
which is close to that of water, H,O.

The hybrid suspensions of MWCNTs-Laponite
and MWCNTs-CTAB were prepared by mixing the
stock  solutions/suspensions with water and
consequent sonication of the samples during 10 min
using an ultrasonic  disperser UZDN-20/40
(UkrRosprylad, Sumy, Ukraine) at the frequency of
44 kHz and the output power of 150 W.

All the experiments were carried out at SANS
facilities of Joint Institute for Nuclear Research
(Dubna, Russia). The flux of thermal neutrons was
high enough (~10"n/s:.cm™) to provide good
resolution of the scattering pattern. The g-range of
0.1 +3.5nm™ was used. It corresponds to the real-
space length range of (1.7 + 63) nm. The constant
temperature of 298 K was maintained. The neutron
scattering patterns of the studied samples were
divided into three parts: power-law scattering of
MWCNTs (Z,), coherent scattering of Laponite or
CTAB (/,) and background incoherent scattering (/;):

I=1+1,+]1. (1)

The contrast variation method was used for
matching the scattering length density (SLD) and for
reducing the neutron scattering intensity of
additives.

Results and discussions
MWCNT-Laponite aqueous suspensions

To match the neutron scattering length intensity
of Laponite, the mixture of H,O and D,0 was used
as a solvent in this series of samples. Fig. 1 presents
the neutron scattering intensity / versus the wave

vector ¢ for samples with C, = 0.1 % wt (a) and
C, =0.1 % wt (b) at different Laponite/ MWCNT
weight ratio X.
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Fig. 1. Neutron scattering intensity / versus wave vector ¢
for samples with C,= 0.1 % wt (a) and C,= 0.3 % wt (b)
at different Laponite/MWCNT ratio X.

The scattering patterns show the power
dependencies I(g)eg™ with different exponents at
large (1 nm” < ¢ < 3.5 nm™) and small (0.1 nm™ <
<g<0.5nm™) values of wave vector g.

The constant value of o= 1 was observed at high
values of g. Such behavior is characteristic for the
rigid rods and it is typical for MWCNTs [18]. From
the other side, the exponent « value was higher
(=1.2 - 2) at small values of g. The value & can be
used for characterization of the dispersing ability of
MWNTs in an aqueous suspension: better degree of
dispersion of the MWNTs corresponds to smaller
values of a [19].

Dependencies of the power exponent o versus
Laponite/MWCNTs ratio X are presented in Fig. 2
for samples with different concentrations of
MWCNTs: 0.1 and 0.3 % wt.
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Fig. 2. Power exponent o versus Laponite/MWCNTs
ratio X for two values of nanotube concentrations
C,=0.1 % wtand C,= 0.3 % wt.

With increase of Laponite/MWCNT ratio X, the
power exponent o was passing through the
minimum at certain optimal level of X, = 0.5. Ability
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of Laponite to stabilize the aqueous suspensions of
MWCNTs was previously explained by adsorption
of Laponite particles and formation of a hydrophilic
charged shell on the surface of nanotubes [10]. The
degree of MWCNT surface coverage by the platelets
of Laponite can be estimated as

S/Sy =~ 6.06 X )

and is equal to = 3 at X = 0.5.

However, further increase of X value was
accompanied by reduction of dispersing ability of
MWCNTs, which can be explained by cross-linking
of different MWCNTs via the Laponite platelets.

Note that transition from q-a to q-1 was observed
at some crossover value of qc, which can be used for
estimation of the scale of meshes in MWCNT
networks, & = 2a/q. (Fig. 3). The similar behavior
was observed earlier in SANS experiments with
surfactant-stabilized single-wall carbon nanotubes in
water [18]. The value of £ was 7.4 nm and 6.3 nm
for samples with MWCNT concentration
C, = 0.1%wt and C,=0.3 % wt respectively. It
reflected compacting of the aggregate structure with
increase of C,,.
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Fig. 3. Transition from ¢ to ¢”' behaviour and mesh scale
in MWCNT aggregates, & = 2z/g. [18].

MWCNT-CTAB aqueous suspensionS

The scattering length density (SLD) of CTAB
was approximately the same as for water H,0O, that’s
why H,O was used as a solvent in this series of
experiments. The scattering patterns of these
samples also show the typical power dependencies
I(¢)* ¢“ with different exponents at large (I nm™ <
<g <3.5nm") and small (0.1 nm" < ¢ < 0.5 nm™)
values of wave vector ¢ (Fig. 4).

Dependences of the power exponent a versus
concentration of CTAB, C,, at different concen-
trations of MWCNTs, 0.1 % wt and 0.3 % wt, are
presented in Fig.5. Addition of surfactant also
resulted in enhancing of the dispersing ability of
MWCNTs. The optimum concentration of CTAB was
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= 0.2 % wt for both 0.1 % wt and 0.3 % wt MWCNTs
suspensions. At C;> 0.2 % wt, the partial reduction of
the dispersing ability was observed. These concen-
trations noticeably exceed the critical micelle
concentration of CTAB, which is = 0.036 % (1 mM),
and formation of large CTAB micelles sized 6 nm is
expected at such concentrations[20, 21].
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Fig. 4 Dependences of neutron scattering intensity versus
q for samples with C, = 0.1 % wt (a) and C,= 0.3 % wt
(b) at different CTAB concentrations Ci.
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Fig. 5. Power exponent a versus CTAB concentration C;
for two values of MWCNT concentrations: 0.1 % wt and

0.3 % wt.

These micelles can cause rearrangement of
MWCNTs at large concentrations of CTAB. The
average mesh sizes of aggregates were 7.4 and
6.3nm for MWCNT concentrations 0.1 and
0.3 % wt, respectively, i.e. they were practically the
same as in MWCNT-Laponite aqueous suspensions.

Conclusions

The small-angle neutron scattering (SANS) is an
appropriate experimental technique for investigation
of the aqueous suspensions of MWCNTSs stabilized
by Laponite platelets or surfactant additive. This
method enables to explore structures within
(1 +50)nm and allows using of contrast variation
technique.
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Addition of charged Laponite platelets allowed
improvement of the dispersing ability of MWCNTSs
in an aqueous suspension. The effect was optimal at
the certain value of Laponite/ MWCNTs ratio X
=0.48, which corresponded to the degree of
MWCNT surface coverage by the platelets of
Laponite =3. SANS also revealed existence of a
mesh structure in MWCNT aggregates with
characteristic mesh size of =7.4 and = 6.3 nm in

suspensions with concentration of 0.1 and 0.3 % wt
of MWCNTs, respectively. The similar effects of
CTAB addition on stabilization of aqueous
MWCNT suspensions were also observed. The
optimal surfactant concentration was = 0.2 % wt.
The partial reduction of dispersing ability above this
level can be explained by formation of the large
micelles of CTAB.
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JI. A. Byaagin, B. C. CaBenko, M. 1. JIeboBka, A.I. Kykain, /I. B. ConosiioB, O. 1. IBanbkoB

MAJIOKYTOBE PO3CISIHHSI HEMTPOHIB BATATOIIAPOBUMHW BYIJIEIIEBUMMU
HAHOTPYBKAMHM Y BOJAHUX CYCHEH3IAX ¥V HPHCYTHOCTI JIAIOHITY
ABO HETUWJITPUMETHJ/ AMOHIA BPOMIAY

[IpencraBneHo pe3yapTaTH JOCTIIKEHHS CTpyKTypu HamiBpo3BeaeHux 0,1 i 0,3 % BaroBumx BOAHHX CyCIEH3ii
OaratomapoBux ByrieneBux HaHOTPyOok (MWCNTSs) meromom MamokyToBoro poscissaaa HewtpoHiB (MKPH). [lns
migBuIeHHs cryneHs aucnepcHocTi MWCNTs Oyino BHKOpHCTaHO IOMIIIKH HAHOAWCKIB JIAIIOHITY a00 KaTiOHHOi
NIOBEPXHEBO-aKTUBHOI peYOBMHH LeTwiTpuMmerminamoHii opominy (LITAB). Ilpu BHCOKHMX 3HAuY€HHSX XBHJIBOBOTO
Bektopa ¢ (1 HM' <g< 3,5 uM") yci 3pasku TPOSBISIM MOBEIHKY XapaKTEPHY U JKOPCTKHX CTPIKHIB (TOGTO
{HTEHCHBHICTb PO3CISHHS HEHTpOHiB crmajana sik ¢ ). Ipu mamux 3uadenHsax g (0,1 M < g <0,5) iHTCHCHBHICTH
PO3CIHHS HEMTPOHIB cmazana Sk ¢ % 3 MOKa3HMKOM « B AiamasoHi 1,2 - 2 3aJ€KHO BiJ KOHIEHTpALii HAaHOIMCKIB
naronity abo I[TAB. JloMilkn HaHOIUIACTWHOK JIANOHITY abo moBepxHeBo-akTHBHOI pedoBuHM LITAB no3somsim
noimuuti aucnepryBanas MWCNTs. HaiiOinbim onTuManbHuil eeKT criocTepiraBcsi Npy MEBHOMY CITiBBITHOIICHHI
nanoHit/MWCNTs, X' = 0,5 a6o konuenrpauii LITAB (= 0,2 % BaroBux). YCTaHOBJIEHO TAaKOX iCHYBaHHS CITKOBOi
cTpykTypu arperatiB MWCNT 3 xapakTepUCTHYHOK TOBXKUHOKW = 7,4 1 = 6,3 HM y cycrneH3isx konuentparismu 0,1 i
0,3 % Baroux MWCNTSs BiaIoBiHO.

Kniouosi ciosa: MKPH, nipyHe po3cisiHHS HEUTPOHIB, HAHOTPYOKH, tucku janoHity, LITAB.

JI. A. ByaaBun, B. C. CaBenxo, H. U. JleboBka, A. U. Kykiaun, /1. B. ConoBbeB, A. U. UBanbKOB

MAJIOYTJIOBOE PACCESSIHUE HEMTPOHOB MHOI'OCJIOMHBIMU YTIJIEPOJHBIMU
HAHOTPYBKAMH B BOJHBIX CYCIIEH3UAX B IIPUCYTCTBUU JTAIIOHUTA
nim NETHWITPUMETUJIAMOHHNU BPOMUJIA

[IpencraBneHbl pe3ynbTaThl HCCIENOBAaHMS CTPYKTyphl mosrypasoaBieHHbix 0,1 u 0,3 % BecoBBIX BOJHBIX
CYCIEH3UIl MHOTOCJIOWHBIX YriepoJHbix HaHOTPyOok (MWCNTSs) MeTonoM MajoyriioBOTO paccesHUs HEHTPOHOB
(MYPH) . [lns noseimenns crernenn aucrnepcHocty MWCNTSs Obuti MCIIONIB30BaHBI IPUMECH HAaHOANCKOB JIAIIOHHUTA
WA KaTHOHHOTO IOBEPXHOCTHO-aKTUBHOTO BeIIecTBa HeTHiaTpuMeTmiaamMMmoHuid Opomuma (LITAB). Ilpu BeICOKHX
3HAYCHHAX BOJHOBOro BekTopa ¢ (I HM'<g<3,5 uM') Bce 0Opa3lBl MPOSBIIN TOBEACHHE, XapaKTEpPHOE I
JKECTKMX CTepKHeil (T.e. MHTEHCHBHOCTh pAcCEsSHHS HEHTPOHOB crajana kak ¢ ). IIpM MaibiX 3HAYEHHAX
g (0,1 aM™' < q < 0,5) HHTEHCHBHOCTb paccesHHs HEHTPOHOB CHajana Kak ¢ * ¢ mokasateneM ¢/ B auanasone 1,2 - 2, B
3aBUCUMOCTH OT KOHIIGHTpaluu HaHoauckoB jamonuta wuian [[TAB. Jlo6aBkM HAHOMJIACTHHOK JIAMIOHUTA WU
MMOBEpXHOCTHO-aKTUBHOTO BemecTBa LITAB no3somsumn ynyamuts aucnepruposanne MWCNTSs. Haubonee ontumas-
HBIA 2P QeKT HAbIoacs npu onpenereHHoM cootHomeHnd JanoHUT/MWCNTSs, X = 0,5 wnn kormnentpanun [{TAB
(=0,2% BecoBbIX). YCTaHOBIEHO TaKXe CYyNIECTBOBAaHME CETOYHOM CTPyKTypbl arperatoB MWCNT ¢
XapaKTepUCTHIeCKoH IHOW = 7,4 n = 6,3 HM B cycnen3usax konneHtpamusmu 0,1 u 0,3 % BecoBerix MWCNTSs
COOTBETCTBEHHO.

Kniouesvie cnosa: MYPH, ynpyroe paccestHie HeHTpOHOB, HAHOTPYOKH, Avicku jJarnoruTa, [{[TAB.
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