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O0HuM u3 n00X0008 K peuwieHur0 npoodaemsl ROJIYYeHUA OUCHEPCUIL Yel1ePOOHbIX HAHOMPY-
00K A671€MCA UCHONB306AHUE HEUOHOZEHHBIX HOBEPXHOCHIHO-AKIMUGHBIX 6€U{ECHIE 8 RPOUECCax Yilb-
mpazeyKoeoii 00padomku yenepooHsviX HAHOCMPYKMYP 6 600HbBIX pacmeopax. Ighghexmusnocmp ouc-
nepzupyrwuiezo u cmaduauIuUpyrOuLezo O0elicmeus HeuoHO2EHHbIX NOBEPXHOCHMHO-AKMUBHBIX ée-
WieCme onpeoenaemca adCopoOUUHOHHbBIM 63AUMOOEIiCIEUEM MOTIEKYTl NOBEPXHOCHIHO-AKMUGHBIX e-
uiecmae ¢ 2pagheno6oii ROGEPXHOCMbIO, UCCE006AHUE KOMOPO20 MOXMCEM BbIAGUMb GAIHCHBLE 3AKOHO-
MEPHOCHU ROJIYYEHUS CIAOUTBHBIX OUCREPCUTL Y21EPOOHBIX HAHOMPYOOK HPU YIbMPA38YKO6OIl 00-
pabomke oopadomke 6 rHcuokux cpeoax. Llenvro oannoit pabomut 0v110 ucciedosanue adcopoyuu ce-
DUl OKCUIMUTUPOBAHHBIX U3OHOHUIPEHOI06 C 8APLUPYEMOIL CPeOHell CHENeHbI0 OKCUIMUIUPOGa-
HUSA HA 0OHOCHEHHBIX U MHOZOCMEHHBIX Y2NePOOHBIX HAHOMPYOKAX U3 60OHBIX PACMEopos. Benu-
YUHA A0COPOYUU HEUOHOZEHHBIX NOGEPXHOCIMHO-AKMUGHDIX 6CU4ECING HA Y2/1EPOOHBIX HAHOMPYOKax
Ovlna paccuumana HA OCHOBAHUU UIMEHEHUA PABHOGECHON KOHUECHMPAUUU OKCUIMUIUPOCAHHBIX
U30HOHUNDEHOI06 8 PACMEOpe 8 RPUCYMCMEUN Y21ePOOH020 HaHOMOoOougukamopa. Pagnosecnan
KOHUEHMpPauus HEeUuOHOZEHHBIX NOGEPXHOCMHO-AKMUGHBIX GEU{CCIE ONPEOeIANaAc, Memooom ao-
COPOYUOHHOU CHEKMPOCKONUU. YCMAHO081eHO, YUMo (hopma uzomepm adcopoyuu OKCUIMuIuposaH-
HbIX U3OHOHUIPEHOJ108 HA Y2/1ePOOHBIX HAHOMPYOKAX U3 600HBIX PACHIEOPOE 00 YIbMPA3EYKOGOIL 00-
pabomku coomeemcmeyem 1eHZMIOPOGCKoil uzomepme aocopoyuu L2. Ilokazano, umo c yeenuuye-
HUeM CpeOHell CMeneny OKCUIMUIUPOBAHUA 3HAUCHUA MAKCUMATIbHOU a0copOyuu OKCUIMUIUpo-
GAHHBIX U3OHOHUNPEHON08 cHUMNcalomcea. Ouesuono, IMo céA3aH0 ¢ KOHPOPMAUUOHHBIMU UIMEHE-
HUAMU OKCUIMUIEHOGOI Yenl, OKA3bI6AIOWUMU GJIUAHUE HA PA3MED MUUENT U CIPYKMYPY a0copo-
UUOHHO20 C105. YcmaHoeneno, umo cuopoghooroe e3aumooeiicmaue y2ie6000pooHoz0 paduxkaia no-
6EPXHOCIHO-AGKMUGHBIX 6CULECING C ZPAPEHOBOIL HOBEPXHOCHBIO ABIAEHICA OCHOGHBIM MEXAHUIMOM
aocopoyuu OKCUIMUIUPOBAHHBIX UZOHOHUNPEH 0106 Ha Y2i1epoOHbIX Hanompyokax. Ilonyuenst u uc-
C1e006aHbl OUCHEPCUU Y2T1ePOOHBIX HAHOMPYDOOK 8 MUUETIAPHBIX PACMEOPAX HEUOHO2EHHBIX NO-
6EPXHOCIMHO-aKmMUGHIX eujecms. Ilokazano, umo ynempa3eykoeas o0padomKa npueooum K usme-
HEHUI0 MEeXaHU3Ma aocopoyuu HeuOHOZEHHBIX HOGEPXHOCHIHO-AKIMUGHBIX 6eU{ECME HA Y21ePOOHbIX
HanompyoOKax.
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One of the approaches to solving the problem of carbon nanotubes dispersions obtaining is
the use of nonionic surfactants in the processes of ultrasonication of carbon nanostructures in
aqueous solutions. The effect of nonionic surfactants on dispersing and stabilizing is determined
by the adsorption interaction of surfactant molecules with a graphene surface, the study of which
can reveal important patterns of stable carbon nanotubes dispersions obtaining during ultrasonic
treatment in liquid media. The aim of this work was to study the adsorption of ethoxylated
isononylphenols with a variable average degree of ethoxylation on single-walled and multi-walled
carbon nanotubes from agueous solutions. The value of adsorption of nonionic surfactants on car-
bon nanotubes was calculated on the basis of changes in the equilibrium concentration of ethox-
ylated isononylphenols in the solution at presence of carbon nanotubes. The equilibrium concen-
tration of nonionic surfactants was determined by absorption spectroscopy. It was found that the
shape of adsorption isotherms of the ethoxylated isononylphenols on carbon nanotubes from aque-
ous solutions before ultrasonic treatment corresponds to the Langmuir adsorption isotherm L2.
The values of maximum adsorption of ethoxylated isononylphenols were shown to decrease with
an increase in the average degree of ethoxylation. Obviously, this is due to conformational changes
in the polar chain, showed in the sizes of ethoxylated isononylphenols micelles, in the structure of
the adsorption layer. It has been established that the hydrophobic interaction of the surfactants
hydrocarbon radical with a graphene surface is the main mechanism for the adsorption of ethox-
ylated isononylphenols on carbon nanotubes. The dispersions of carbon nanotubes in micellar so-
lutions of nonionic surfactants were obtained and studied. It was shown that ultrasonic treatment

leads to a change in the mechanism of nonionic surfactants adsorption on carbon nanotubes.
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INTRODUCTION

Carbon nanotubes (CNT) are the subject of a
variety of fundamental and applied research due to
their mechanical, electrical, and thermally conductive
properties. The prospect of using CNTs when creating
new functional composite materials or modifying ex-
isting ones is relevant for materials science and poly-
mer chemistry [1, 2].

At the same time, the aggregated state of CNTs
doesn’t allow obtaining stable dispersions of nano-
tubes in aqueous and organic media, including poly-
meric ones, and prevents their uniform distribution in
the volume of the composite material [3, 4].

One of the approaches to solving the problem
of nanotubes aggregation is non-covalent modification
of the CNTs surface by adsorption of anionic, cationic
and nonionic surfactants [5-7]. Dispersion of carbon
nanotubes in aqueous solutions of the surfactants, as a
rule, is carried out using ultrasonic (US) treatment. US
treatment promotes the exfoliation of nanotubes from
each other, while surfactant molecules penetrate into
the spaces between the tubes and prevent their re-ag-
gregation [5, 8, 9]. In a number of studies, the optimal
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surfactant / CNT ratios were revealed at which stable
concentrated dispersions of nanotubes with a small
particle size can be obtained [10]. At the same time, it
was shown that the quality of dispersions dependence
on the surfactant / CNT ratio is implicit [11]. Most
studies in this area are related to the dispersion of
CNTs at surfactant concentrations in solution higher
than the critical micelle concentration (CMC) [12].
However, it was shown that the formation of micelles
isn't an important condition for the dispersion of nano-
tubes, and the surfactant concentration in solution be-
low the CMC is also effective [13]. These contradictions
are obviously based on differences in the adsorption
interaction of surfactant molecules with the CNTSs
surface. Despite the fact that considerable attention has
been paid to the interaction of surfactants with the sur-
face of nanotubes, the question of the morphology of
the adsorption layer of surfactant molecules on the
CNTs surface remains open.

Previously, we studied the effect of nonionic
surfactant additives — ethoxylated isononylphenols
(EONP) on the process of ultrasonic dispersion of full-
erenes Ceo and CNTs and obtained results [14, 15],
which give evidence to the significant effect of the
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number of ethoxylated groups of the surfactant mole-
cule on the complex of dispersion properties. There is
insufficient information in the literature on the effect
of the ethoxylation degree of nonionic surfactants on
the nature of adsorption on CNTs. The effect of ultra-
sonic treatment on the adsorption layer morphology
hasn’t been studied. A correlation analysis of the data
on the adsorption interaction of nonionic surfactants
with nanotubes and the colloid-chemical properties of
disperse systems obtained by ultrasonic treatment can
be useful to identify important aspects of the prepara-
tion of CNT dispersions in aqueous and organic media.
The aim of this work was to study the adsorp-
tion of a series of EONP on CNTSs depending on the
ethoxylation degree of nonionic surfactants, the mor-
phology of nanotubes, pH and ultrasonication.

EXPERIMENTAL PART

The objects of the study were nonionic surfac-
tants — EONP produced by PJSC “Nizhnekam-
skneftekhim” with an average degree of ethoxylation n
=8, 10, 12. It was found by gel permeation chromatog-
raphy that they are characterized by low polydisper-
sity: 1.05-1.10 [16].

Single-walled and multi-walled carbon nano-
tubes were used in the work without preliminary puri-
fication of the starting material. Single-walled CNTs
(SWCNT) of the “Tuball” brand (CNT content 75%
wt., diameter d = 1.8 nm, length | > 5 um, specific sur-
face Ssp = 422 m?/g) and “Tuball R&D” brand (CNT
80% wt.,d=1.8 nm, I>5 um, O = 5% wt., Ssp = 600 m?/g)
manufactured by OCSiAl company (Novosibirsk)
were synthesized by the plasma-chemical method ac-
cording to the technology of academician M. Predte-
chensky. Multi-walled CNTs (MWCNT) of the
“Taunit” brand (CNT > 99 wt., d=20-40 nm, | > 2 um,
O < 6% wt., Ssp > 120 m?/g) manufactured by LLC
“NanoTechCenter” (Tambov) obtained by chemical
vapor deposition (CVD) method in the process of cat-
alytic pyrolysis of hydrocarbons.

Agqueous solutions of honionic surfactants with
a pH value of 2, 4, 6, 8, 10, and 12 were prepared using
HCI (0.01N, pH 2) and NaOH (0.01N, pH 12). De-
creasing the pH of solutions below 2, or increasing
more than 12, leads to salting-out of nonionic surfac-
tants. Surfactant solutions with a 20 ml volume in the
presence of nanotubes (0.1% wt.) were mixed on a
LOIP LS-110 device at 200 rpm for an hour, then they
were kept for 24 h to achieve adsorption equilibrium.
A further increase in the duration of mixing or storage
doesn’t lead to a change in adsorption values. Adsorp-
tion isotherms were calculated on the basis of equilib-
rium concentrations of nonionic surfactants in aqueous
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solutions in the absence and presence of nanotubes,
which were determined by absorption spectroscopy on
a Perkin Elmer “Lambda 35” spectrophotometer using a
calibration curve at a wavelength A =275 nm [17].

Dispersions of CNTs in water and in aqueous
surfactant solutions were obtained by ultrasonication
in a YX2100 ultrasonic bath for 20 min at a frequency
of 42 kHz and a power of 50 W. The initial content of
CNTs was 0.1% wit.

The study of the adsorption interaction of
EONP with CNT after ultrasonication was carried out
by measuring the surface tension of surfactant solu-
tions in the presence of nanotubes on a K6 KRUSS ten-
siometer according to the Du Nui ring method in a tem-
perature-controlled cell at a temperature of 25 °C and
pH = 6.0 [18].

RESULTS AND DISCUSSION

In Fig. 1 shows the adsorption isotherms of
EONP on CNTSs. It can be seen from the figure that the
curve of the adsorption isotherm corresponds to the ad-
sorption isotherm L2 according to the Gils classifica-
tion. The maximum adsorption Amax on SWCNTSs is
higher than on MWCNTS, which can be explained by
the larger specific surface area of SWCNTs. With an
increase in the ethoxylation degree, the values of Amax
decrease. Obviously, this is due to the conformational
changes in the oxyethylene chain that we studied ear-
lier [19]. They affect the adsorption capacity at various
interfaces and on the size of micelles.

A-10%, mol/g

- - 8- — -8
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0 2 4 6 8
ol ;10°, molL
Fig. 1. The adsorption isotherm of EONP on CNTs (0.1 % wt.) from
aqueous solutions: EONP n = 8: 1- SWCNT “Tuball”, 2—- SWCNT
“Tuball R&D”, 4 — MWCNT “Taunit”; EONP n=12: 3—- SWCNT
“Tuball”, 5- MWCNT “Taunit”

Puc. 1. U3otepma apcopbunu OOH® na YHT (0,1 % mac.) u3
BoAHBIX pacTBopoB: OOH® n=8: 1- OYHT «Tuball», 2- OYHT
«Tuball R&D», 4— MYHT «Tayaut»; OOH® n=12: 3— OYHT

«Tubally, 5—- MYHT «Tayxut»

The presence at the graphene surface of oxy-
gen-containing carboxyl, hydroxyl, lactone, and anhy-
dride polar groups can affect the adsorption process.
Hydrophilization of the nanotubes surface can be the
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result of oxidation by acids during the purification of
the starting carbon material from catalyst impurities.
Analysis of the fig. 1 showed that despite the fact that
the SWCNT “Tuball R&D” are characterized by a
higher specific surface area than the SWCNT “Tuball”,
it has a lower value of the maximum nonionic surfac-
tant adsorption. Adsorption of EONP n =12 on the ox-
ygen-containing surface of “Tuball R&D” is com-
pletely absent, but it is observed for the MWCNT
“Taunit” (d = 20-40 nm). This indicates the depend-
ence of nonionic surfactants adsorption on the ethoxy-
lation degree, the presence of polar groups on the gra-
phene surface, and the diameter of the nanotubes. The
absence of adsorption on SWCNT “Tuball R&D” can
be explained by the fact that it is energetically more
favorable for EONP n = 12 molecules to be in the so-
lution volume in the form of free molecules or as a part
of micelles.

One of the methods for assessing the effect of
polar groups on a graphene surface on the adsorption
of nonionic surfactants is the study of changes in ad-
sorption depending on the pH of the medium [20].

In Fig. 2 shows the dependence of EONP ad-
sorption with the ethoxylation degree n=8and n =12
on the pH of the solutions (Csut = 4-10* mol/L). An
analysis of the figure shows that the nature of the de-
pendence of adsorption on the surfactants degree of
ethoxylation and the morphology of carbon nanotubes
is preserved. The adsorption of EONP on SWCNT
«Tuball» remains constant for n = 8 in the pH range 4-
12, and for n = 12 pH range 2-12, which indicates that
the main mechanism of adsorption of nonionic surfac-
tants on the surface of non-oxidized nanotubes is hy-
drophobic interaction of the EONP hydrocarbon radi-
cal with the graphene surface of nanotubes. The EONP
structure contains a benzene ring, which, according to
some data, has an affinity for the surface of nanotubes
[21]. At the same time, SWCNT “Tuball R&D” and
MWCNT “Taunit” showed a slight decrease in the ad-
sorption of nonionic surfactants with increasing pH.
Obviously, in addition to the hydrophobic interaction,
the formation of hydrogen bonds between the oxyeth-
ylene groups of nonionic surfactants and the polar
groups of CNTs affects adsorption. At pH = 2-4, one
can note the adsorption of EONP n = 12 on the surface
of the SWCNT “Tuball R&D”. A sharp increase in the
adsorption of EONP at low pH is obviously due to a
decrease in the solubility of nonionic surfactants in wa-
ter, and an increase, as a result, of surface activity.

To explain the dispersing and stabilizing effect
of nonionic surfactants, it was necessary to study the
nature of the adsorption interaction between EONP and
CNT in the dispersion obtained by ultrasonication. The
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indicated parameters of ultrasonic treatment lead to the
production of dispersions of the MWCNT “Taunit”,
but are insufficient to obtain the dispersions of the
SWCNTs “Tuball” and “Tuball R&D”. Therefore, we
studied the effect of ultrasonication on the nature of the
adsorption of nonionic surfactants on MWCNTS by the
tensiometry method. In fig. 3 shows the adsorption iso-
therm of EONP on CNTs (0.1% wt.) after ultrasoni-
cation. According to the Gils classification, the adsorp-
tion isotherm refers to the H4 form.

A-104, mol/g

2 +4 6 8 10 12 pH

-1

=~

EN7 N

Fig. 2. The dependence of the adsorption of nonionic surfactants on
CNTs (0.1 % wt.) on the pH of aqueous solutions: EONP n = 8:
1- SWCNT “Tuball”; 2— SWCNT “Tuball R&D”’; 4—- MWNT
“Taunit”; EONP n = 12: 3— SWCNT “Tuball”; 5- MWCNT
“Taunit”; 6—- SWCNT “Tuball R&D”

Puc. 2. 3aBucumocts ancopburm HITAB Ha YHT (0,1 % mac.) ot pH
BoAHBIX pacTBOpoB: OOH® n=8: 1- OYHT «Tubally; 2—- OYHT
«Tuball R&D»; 4 — MYHT «Taynur»; OOH® n=12: 3 - OYHT

«Tubally; 5— MYHT «Taynur»; 6 — OYHT «Tuball R&D»

There are no data in the literature on the study
of the effect of ultrasonication on the parameters of the
adsorption layer of surfactant molecules on CNT. Nev-
ertheless, it is known that ultrasonic treatment intensi-
fies the processes of adsorption of high molecular
weight compounds on a solid surface: it contributes to
a change in the thickness and structure of the adsorp-
tion layers (conformation and orientation of adsorbed
molecules) of the polymer on the interphase surface,
giving new properties to the surface of the dispersed
phase and the colloidal system [22]. The nature and
guantitative parameters of adsorption are obviously in-
fluenced by an increase in the contacting surface as a
result of the dispersion of CNTs in a liquid medium. It
is possible that ultrasonic treatment changes the nature
of the surface of CNTSs so that new centers of planting
of nonionic surfactants appear on it, different from un-
treated CNTSs.

During adsorption, the number of EONP mol-
ecules on the graphene surface is much larger than in
volume. Most likely, nonionic surfactants, depending
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on the average degree of ethoxylation, can form vari-
ous sizes associates (hemi-micelles) of adsorbed
EONP molecules on the surface of carbon nanostruc-
tures [23]. Using dynamic light scattering, we previ-
ously found that the average hydrodynamic size of
EONP micelles in aqueous solutions decreases with in-
creasing ethoxylation degree n (diameter of EONP mi-
celles — dn=s = 22.8 nm, dn=10= 10.6 NM, dn=12= 7.6 NM)
[16]. Most likely, this is due to contraction of the oxy-
ethylene chain at certain values of n, leading to an in-
crease in the number of aggregation of EONP associ-
ates [19]. Nonionic surfactants forming large micelles
in the bulk of the solution can also form larger hemi-
micelles on the surface of carbon particles, while
providing a greater screening effect (Fig. 4). This as-
sumption is consistent with the results of [16] in which
the content and electrophoretic scattering of particles
of CNT dispersions obtained during ultrasonication are
analyzed.

A-104, mol/g

Eq. |
Csury. 104, mol/L

Fig. 3. Adsorption isotherm of EONP on CNT (0.1% wt.): 1- n=8;
2-n=10; 3—n=12

Puc. 3. U3otepma apcopbrmu OOH® na YHT (0,1% mac.): 1-n=8§,;
2-n=10; 3—- n=12

EONP n=8

HHO-MANANARA,
HAO- VAV,

EONP n=8
EONP n=10
HHO-MAVAAMAAAAMAAY,, EONP n=12

Fig. 4. The hemi-micelles of EONP on the surface of MWCNT
Puc. 4. ITonymunemist OOH® na nosepxanoctu MYH
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The results of the study can be useful in as-
sessing the dispersing and stabilizing effect of nonionic
surfactants when obtaining dispersions of single-
walled and multi-walled carbon nanotubes by ultrason-
ication in agueous and organic media.

CONCLUSIONS

1. It has been shown that the nature of the ad-
sorption interaction of nonionic surfactants — CNT is
significantly affected by the EONP degree of ethoxy-
lation, surface characteristics and diameter of nano-
tubes.

2. It was shown that with an increase in the av-
erage degree of ethoxylation, the values of the maxi-
mum adsorption of ethoxylated isononylphenols de-
crease.

3. It is shown that the adsorption isotherm of
nonionic surfactants on CNTs corresponds to the Lang-
muir adsorption isotherm L2 form according to the
Gils classification, and after ultrasonication it has a
stepwise character of H4 type.

4. 1t has been established that the main mecha-
nism of adsorption of ethoxylated isononylphenols on
CNTs is the hydrophobic interaction of the hydrocar-
bon radical with the graphene surface of nanotubes.

The study was financially supported by the
Russian Foundation for Basic Research (project no.
17-03-00600 a).
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mom PO@DOU (npoexm Ne 17-03-00600 a).
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