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This article presents the results of a study of the colloidal properties of multiwalled carbon nanotubes (MWC-
NTs) in water and two organic solvents. This work continues the systematic study of the aggregation stability
and coagulation of carbon nanoparticles in various solvents with the aim of identifying the contribution of solva-
tion to the colloidal properties of these widely used systems. The samples were characterized by EDS and XPS
methods. The suspension was prepared using ultrasonic treatment in N-methyl-pyrrolidin-2-one and diluted
100-fold with water, acetonitrile, or dimethyl sulfoxide. The working concentration of MWCNTs carbon
nanotubes was 5x10~ g L™'. The size of negatively charged particles in water, 95 vol% aqueous CHsCN, and
95 vol% DMSO was determined by dynamic light scattering: the Za..r values are 249+15, 265+42 and 1468 nm,
respectively, which corresponds to the diameter of the equivalent sphere. TEM images show that the CNT diam-
eter in aqueous suspension is approximately 9—11 nm and the length is approximately 40—170 nm. Critical co-
agulation concentrations (CCC) of NaCl were determined using the Fuchs function. These values differ signifi-
cantly in water and 95% acetonitrile: CCC = 230 and 1.0 mM, respectively. In 95% DMSO, coagulation is less
pronounced. The effects were discussed in terms of Gutmann’s Donor Numbers for organic solvents and the
specificity of hydration of non-polar materials in water. The CCC of HCI in water is 1.5 mM, which suggests the
role of acid-base properties in the formation of the negative charge of the MWCNT colloidal particles.

Keywords: carbon nanotubes, suspensions in water, acetonitrile, dimethyl sulfoxide, critical coagulation
concentration, solvation.

Introduction

Carbon nanotubes, CNT, belong to the widely used and studied carbon nanomaterials [1-4]. The
dispersion and properties of the CNT in water and in some organic solvents was explored by many
authors. The colloid properties of CNT in water have been examined in detail [5, 6]; a collection of the
critical coagulation concentrations (CCC), determined by fourteen research groups, was presented and
analyzed in our previous publication [6]. However, studies of colloidal stability have been conducted
almost exclusively for aqueous systems; data concerning organic solvents are scarce [7-9]. We
recently published two papers devoted to the coagulation of carboxylated single-walled nanotubes by
electrolytes in aqueous-organic solvents with a high, up to 95 vol%, content of the second component
[10, 11]. Here we present some results of a study on the coagulation of other CNT suspensions in
water, 95 vol% acetonitrile aqueous solution, and 95 vol% dimethyl sulfoxide (DMSO). Acetonitrile is
a proto- and cationophobic solvent, whereas DMSO is a well-known proto- and cationophilic solvent
with pronounced electron-donating properties. The Gutmann’s donor numbers, DN, are 14.1 and 29.8,
respectively [12]. Both of them are polar, with relative permittivity values er25 of 35.9 and 46.4,
respectively [12]; for water, er25 = 78.4. Consequently, the electrolytes dissociate quite strongly in all
the solvents studied.

The aim of this work was to test the generality of observations on the effect of solvation on the col-
loidal stability of nanotube suspensions obtained in previous studies [10, 11].
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Experimental

The sample of CNT was provided to us by the late Dr. A. V. Kravchenko. The solid sample was
dispersed in N-methyl-pyrrolidine-2-one [13] under sonication for 2 h at 42 kHz, 70 W, and decanted.
Thus obtained solution was diluted 100-fold with water, acetonitrile, or DMSO. In the last two cases,
5 vol% of water was added, either with or without electrolytes. The concentration of the suspensions
was about 5x10—4 g L—1. For the characterization of the colloidal particles and determining the CCC
values, the dynamic light scattering method was used with a Zetasizer Nano ZS Malvern Instrument
apparatus (UK) at 25°C, at a scattering angle of 173°. For size determination, all measurements were
made 10 times for a working solution; each determination was based on 12—16 runs. The values of the
electrokinetic potential ({-potential) were averages of three determinations; for each determination,
12-20 runs were made. For the determination of the coagulation rate, 10 size measurements were
made, with automatically performed 12—16 runs. The size of particles was expressed as Z-average
(Zaver) values. Zaver is the intensity-weighted mean hydrodynamic size of the ensemble collection of
particles. The time period from mixing the solutions to the first measurement was no more than 3 min.
The calculations of the {-potential values were made using the Henry—Ohshima equation [14]. The
transmission electron microscopy (TEM) studies were carried out using FEI Titan G2 Cubed 60-300
TEM operated at 200 kV.

The composition analysis of the solid samples was carried out using an energy-dispersive spec-
trometry (EDS) system, Bruker XFlash 5010, installed on a scanning electron microscope Tescan
Vega 3 LMH. Energy-dispersive spectra were acquired from areas of 100 x 100 um. Quantification of
the spectra was performed using the self-calibrating detector mode.

The X-ray photoelectron spectra (XPS) of the core levels of the sample elements were obtained us-
ing JEOL XPS 2400 X-ray spectrometer (Japan). The working vacuum during the experiment was
10 7 Pa. The radiation of a magnesium anode with an energy of the Mg K, line of 1253.6 €V was used.
The energy resolution was 0.1 eV. The calibration of spectra was performed taking into account the
Au 4f line energy (E = 83.8 eV). For every studied line the number of scans was at least 200. Analysis
of surface element composition was carried out by taking into account the receiving spectra at the
same modes and scattering cross sections

Results and Discussion

The EDS measurements indicate following content of main components (in atomic %): C 90.28,
0 3.34, Yb 1.43, and Ni 2.27. The results of XPS study are presented in Fig. 1
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Fig. 1. Wide X-ray photoelectron spectrum of the sample.

Intense peaks are observed for carbon and oxygen. The presence of Ni is detected by several char-
acteristic lines, whilst the Yb peak in the spectrum appears slightly above the background noise. The
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XPS measurements indicate the following content of main components (in atomic %): C 70.69,
0 24.49, Yb 1.25, and Ni 3.57 (Fig. 1). The difference in the ratios of chemical elements between the
two methods can be explained by the different depth of photoelectron emission in the XPS method and
the depth of electron interaction in the EDX method.

The full width at half maximum (FWHM) of the C 1s spectrum is 1.31 eV, which is slightly greater

than that of pyrolytic graphite (1.20 eV, Fig. 2). It should be noted that an increase in the FWHM of
the C 1s spectra is characteristic of all carbon nanostructures.

292 288 284 280 276 540 536 532 528 524
Cls EeV) 015, E (eV)

Fig. 2. XPS spectra of the C and O.

The FWHM of the O 1s lines for oxides of light elements is ~1.5 eV. In this sample, we observed a
rather significant FWHM for the oxygen line: 3.02 eV (Fig. 2). A blurred main peak is also observed.
This indicates that oxygen is present in various oxygen-containing components. Based on the widths
of the oxygen lines, it can be concluded that oxygen is present in 3—4 different chemical positions.

The particle size distribution of the suspension in three solvents is shown in Fig. 3. The DLS
measurements give the hydrodynamic diameter of the equivalent sphere. In water, 95 vol%
acetonitrile, and 95 vol% DMSO, the Zaver values are 249+15, 265+42, and 146+8 nm, respectively.
The PDI values are 0.300, 0.149, and 0.311, respectively. The particles are negatively charged;

€ =-19.1£2.5, —-5.0+2.2, and —-26.8+£3.7 mV in water, 95 vol% acetonitrile, and 95 vol% DMSO,
respectively.
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Fig. 3. Particle size distribution by volume in the CNT suspension in water (1), 95 vol% acetonitrile (2), and
95 vol% DMSO (3).

The TEM image of the CNTs obtained from a dried aqueous suspension on a substrate is exempli-
fied in Fig. 4.
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Fig. 4. TEM image of the dried aqueous suspension of the CNTs on a substrate.

Judging by the estimation of the average diameter 9—11 nm, the CNT are rather multi-walled than
single-walled. The length of the tubes varies from 40 to 170 nm; the upper limit can be even higher
since the ends are somewhat hidden in the substrate. In Fig. 5, the aggregates are presented together
with the HRTEM image. The structure of the material looks amorphous.

Fig. 5. TEM and HRTEM images of the dried aqueous suspension of the CNT.

Coagulation was studied using the rate of particle size increase, using the Fuchs function,
Eq. (1).
W= krapid _ [(67'/6’):%0]@1'(1 (1)
k (or/ot), ,,

Here k and k:.pia are the rate constants of slow and rapid coagulation, respectively. The time depen-
dences are exemplified in Fig. 6.
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Fig. 6. Growth of the particle size with time. CNT dispersion in 95 % acetonitrile; NaCl concentration, mM:
0.1(1),0.25(2), 0.5 (3), 0.75 (4), 1.0 (5), 1.25 (6), 2.5 (7), and 3.5 (8).
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The dependence of the reciprocal Fuchs function on the logarithm of the electrolyte concentration
(in mM) is shown in Fig. 7. The CCCs (+ 15-20 %) correspond either to the plateau or apparent de-
crease in the rate of particle growth.
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Fig. 7. The dependence of reciprocal Fuchs function on the logarithm of the electrolyte concentration, mM: NaCl
in water (circles), NaCl in 95 vol% acetonitrile (triangles), and HCI in water (crosses)

In water and 95 vol. % acetonitrile, CCC(NaCl) are 230 and 1.03 mM, respectively. In 95 vol%
DMSO, no distinct signs of particle size increase were observed within the range of NaCl concentra-
tion from 8 to 200 mM NaCl, although the £ value turns from —26.84+3.7 mV in the salt-free solution to
—8.4+4.2 mV in 100 mM NacCl solution, due to the screening of the surface charge.

It should be noted that the CCC value for HCI in water is 1.52 mM. The { value turns from —
19.5+£2.5 mV in water to —10.0+0.8 mV in 0.2 mM HCI. However, at the acid concentration of 5 mM,
i.e., above the CCC, overcharging takes place: { = +8.3+0.7 mV. Such effects allow assuming that the
negative interfacial charge of the colloidal particles is caused by the ionization of the oxygen-contain-
ing groups or/and adsorption of the HO™ ions. The last mechanism for graphene [15] or orientation of
the HO™ ions near the paraffin surfaces [16] is proved in the literature [15, 16]. Other reason is the sup-
pression of the acid dissociation of the oxygen-containing functional groups by the hydrochloric acid.

The study of coagulation carried out in this work allows us to draw some conclusions. In a 95%
acetonitrile solution, the suspension is much less stable than in water. In contrast, DMSO stabilizes the
colloidal dispersion of interest. The ratio of CCC values for NaCl in water and 95% acetonitrile is 223.
In our previous work [11], the CCC values in water and 95 vol% acetonitrile were found to be
150 mM and 0.89 mM, respectively. Hence, the above ratio is 168 for another sample of CNT. In 95%
DMSO, the CCC(NaCl) value was 96 mM [11]. Therefore, the COOH-decorated SWCNT suspension
is also much more stable in water than in 95% acetonitrile. The difference in the surface charge (see
the above { values) alone is unlikely to explain such a significant effect. As it was assumed previously
[11], the huge difference between the CCCs in water and acetonitrile (with 5% water) is caused by the
poor solvation of the electrophilic CNT, which is a kind of a Lewis acid, like their relatives’ fullerenes
[17, 18] and graphene [19], by the cationophobic acetonitrile. On the other hand, it can be concluded
that there is a stabilizing factor in the aqueous colloidal system under study, in addition to the molecu-
lar attraction and electrostatic repulsion, assumed by the DLVO theory in the original version. There-
fore, it deals about a third contribution to the energy of the inter-particle interaction, which is called
“structural”, or solvation contribution [11]. The cationophilic solvent DMSO strongly solvates the
CNT, which stabilize the colloidal system. The difference between CH;CN and DMSO is from this
viewpoint explained by the DN values of 14.1 and 29.8, respectively. Analogous conclusions were
made basing on the CCCs of fullerenes Ce and Cs in water, acetonitrile, and DMSO [20].
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Conclusions

The results presented in this article confirm our previously made conclusions concerning the
pronounced role of the solvation of carbon nanomaterials. The value of critical coagulation
concentration of NaCl in water is two orders of magnitude higher than that in 95 vol% aqueous
acetonitrile. The same observation was made by us earlier basing on results with COOH-decorated
SWCNT. It convincingly indicates that the solvation factor, which can be considered as a third
contribution to the energy of inter-particle interaction, besides the molecular attraction and
electrostatic repulsion, can be in some cases substantial. In the case of water, it is the hydration of
CNT, which is a kind of a Lewis acid, analogous to fullerenes and graphene. The key role of solvation
is emphasized by the powerful stabilization of the electrophilic CNT dispersion by DMSO, which is a
typical cationophilic solvent; in 95 vol% DMSO, the CNT suspension is even more stable than in
water.
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B.I. Tangap, K.[O. Cknaposa’, B.Jl. Kap6iscbkuin®, O. . Kpuwrans?, C.l|. Boratupexko’, M. O. Myeanos-
MeTpocaH’. Byrneuesi HAHOTPYBKM y PiOKNX cepefoBuLLaX: BNMUB COMbBaTaLil Ha KOMOoiaHy CTabinbHICTb.

" XapkiBcbkuii HaLjioHanbHWUIM yHiBepcuTeT imeHi B. H. KapasiHa
T IHcTUTYT chisnkn MeTanie HAH Ykpaiuu imeHi I". B. Kyparomosa
* YHiBepcuTeT Hayku Ta TexHonorii ®akynbTeT iHXeHepii MeTarnis Ta NpoMUCIIOBOI iHPOPMaTUKK

Y uin cTtaTTi npeacTaBneHo pesynbTaTu AOCNIAXEHHS KONMOIAHMX BNacTUBOCTElN GaraTolapoBux BYyre-
ueBux HaHoTpybok (MWCNT) y Boai Ta ABOX opraHiyHMx po3umHHuKax. [laHa poboTa € NpoJOBXKEHHSM CU-
CTEMATUYHOrO BMBYEHHSA arperaTuMBHOI CTIMKOCTI Ta Koarynsuii ByrneueBnx HaHOYaCTUHOK Y Pi3HUX PO3YMH -
HMKaX 3 METOK BUSBMEHHSA BHECKY COMbBaTaUilHOI CKNagoBoi B KOMNOIAHI BNACTUBOCTI LIMX LUMPOKO BUKOPM-
CTOoBYyBaHUX cucteM. 3pasku O6ynu oxapaktepusoBaHi metogamm EDS ta XPS. CycneHsito rotyBanu 3 Bu-
KOPUCTaHHAM ynbTpa3BykoBoi 06pobku B N-meTunniponiaumH-2-oHi Ta posbasnanu y 100 pasiB Bogoto,
aueToHiTpuniom abo gumetuncynbdokcnaoM. Poboya KoHUeHTpalis ByrneueBuMx HaHOTPyOOK cTaHoBuna
0,05 mac./06.%. Po3mip HeraTMBHO 3apsiAXeHUX YacTUHOK y Bogi, 95 06.% BogHOMy aueToHiTpuni Ta 95 006.
% OMCO BusHayanu 3a 4OMNOMOro AMHAMIYHOrO PO3CitoBaHHS CBiTNA: 3HAYEHHSA Zaver CTAHOBNATL 249115,
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265+42 Ta 14618 HM BignoBigHO, WO BigMoBigAae AiameTpy ekBiBaneHTHoi cdepu. TEM-306paxeHHs
nokasylTb, WO AdiaMeTp YaCTUHOK Yy BOAHIA cycneHsii cTaHOBUTb NpubnusHo 9—11 HM, a OOBXMHa — Npu-
6nn3Ho 40-170 HM. KpuTuuHi koHueHTpauii koarynsuii (KKK) NaCl BusHauanu 3a gonomMoroto dyHkuii dykca.
Lli 3HayeHHs cyTTeBO Bigpi3HATLCA y Boai Ta 95 06.% aueToHiTpuni: KKK = 230 i 1.03 MM BignosigHo. Y
95 06.% AMCO «koarynsauia meHw BupaxeHa. OuiHka pe3ynbTaTiB NpoBefeHa 3 ypaxyBaHHAM AOHOPHUX YM-
cen 'yTMaHa Ansa opraHiyHMX PO34YMHHUKIB Ta cneundikv rigpaTtauii HenonapHMX maTepianiB y BOAHOMY
cepeposuuli. KKK HCI y Bogi ctaHoBuTh 1.5 MM, wWwo cBiguuTb npo ponb ioHiB HO™y dopmyBaHHi HeraTneHoO-
ro 3apsiay KomnoigHux yactmHok MWCNT.

Knroyoei cnoea: syeneuesi HaHompybku, cycreHsii y 800i, auemoHimpur, dumMemurcynbpoKcud, Kpu-
mu4yHa KOHUeHmpauisi koaz2ynsauii, conbeamauis.

KoHdbnikm inmepecie: ABTOpW 3acBiguytoThb, L0, HE3BaXAKOUM Ha Te, WO OAWH i3 aBTOPIB CTATTi € YNEeHOM
pepakuiviHoi  Komerii UbOro »ypHany, NpoLec peueH3yBaHHS, NPUUAHATTS pilleHHa wogo nybnikadii Ta
pefaryBaHHS NPOBOAMNNCS He3anexHo, 6e3 noro yyacti 4n BnnuBy. Byab-aki NoTeHUiNHI KOHMNIKTK iHTepeciB
Oy NOBHICTIO YCYHEHI LUMSAXOM 30BHILLIHBOrO KOHTPOSO NPOLECY.

BHecok aemopie: B. |. langap: npoBefeHHs OOCigXeHb, Bidyanisauisi, obpobka aaHux, opmanbHui
aHanis, HanucaHHsi opuriHanbHoi Bepcii. K. [. CknsipoBa: gocnigkeHHs, Bisyanisauis. B. J1. Kapbiscbkuii: gocni-
[DKeHHs, Bidyanisauis, obpobka AaHuX, HanucaHHa opuriHanbHOI Bepcii, pecypcu. A. M. Kpuwitans: gocnigxeHHs,
Bidyanisauis, popmansHuin aHanis, pecypcu. C. |. BoratupeHko: Banigauis, Bidyanisauis, dpopmanbHWin aHanis,
pecypcu. H. O. Muegnos-leTpocsH: koHUenTyani3auis, kKepyBaHHS, peLeH3yBaHHA Ta pefaryBaHHs.
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