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AHHOTauua. [aHHas cTaTbsl MOCBALLEHA CUHTE3Yy W WCCNeA0BaHUIO asporenei Ha OCHOBE YrNepPOAHbIX
HaHOMaTepuanoB. A3porenn Ha OCHOBE rpadeHa W APYrux yrnepoAHbIX HaHOMaTepuanoB NpPeacTaBNAlT coboi
Knacc ynbTpanerknx CUCTEM, B KOTOPbIX XXMAKas (dasa MOSIHOCTbIO 3amellleHa ra3oobpasHoi. TOMOreHmsauuto
YINepofHbIX HaHOTPYOGOK C XMTO3aHOM MPOBOAMAM MOCPEeACTBOM YNbTPa3BYKOBOW 06pabOTKM, nocne yero Ans
yAaneHnsa BoAbl U3 CTPYKTYPbI Fenif NPUMEHSNN cy6nMManMoHHyo cywky. Cybnnmauyumsa nbga NpoBOAWMAACcL Npu
Temnepatype -15°C un paBneHmm 40-50 Ma. Mo OKOHYaHWM cy6nMMauun, KoTopas B cpedHeM Anutcs 20 4acos,
nosnyyeHHble asporenn 61 kKap6oHM30BaHbI Npy Temnepatype 800 °C B aTMocepe nHepPTHOro rasa. Mopdonorus
MOBEPXHOCTU MOJTYYEHHbIX asporenein 6bina mccnefoBaHa MeTOAOM CKaHUPYHOLLEA 3M1EKTPOHHON MUKPOCKOMUMK.
Bbina uccnefoBaHa ruapoo6HOCTb M COPOLMOHHAS EMKOCTb MOMyYEHHbIX as3porefieid MO OTHOLIEHMIO K
OPraHNYecKUM XINAKOCTAM Pas/IMYHbIX NIOTHOCTEN.
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Abstract. This paper is devoted to synthesis and investigation of aerogels based on carbon nanomaterials.
Graphene and other carbon nanomaterials based aerogels represent a class of ultra-light materials in which the liquid
phase is completely substituted by gaseous. Aerogels were synthesized by homogenization of carbon nanotubes and
chitosan under ultrasonic treatment and active stirring, followed by freeze-drying in order to remove the liquid from
its structure. Freeze-drying was carried out at temperature of - 15°C and pressure of 40-50 Pa. After freeze-drying
which lasted for 20 hours, the as-obtained aerogels were carbonized at temperature of 800 °C in an inert atmosphere.
Surface morphology of resulting aerogels was studied using scanning electron microscopy. The hydrophobicity and
sorption capacity to organic liquids that are characterized by different densities were investigated.

Introduction. Aerogel is a synthetic porous ultralight material derived from a gel, in which the liquid
component ofthe gel has been replaced by a gaseous. These materials are characterized by extremely low
density and exhibit a number of unique properties: toughness, transparency, heat resistance, very low
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thermal conductivity. Among them are well known aerogels based on amorphous silica alumina, chromium and
tin oxide. Atthe beginning ofthe 1990s the first aerogel based on carbon was synthesized [1].

The first carbon based aerogel was obtained in 1989 (Prof. Pekala) by carbonization of resorcinol-
formaldehyde (RF) aerogel. In turn, it is usually treated as a kind of highly porous amorphous graphite
foam. The basic idea of obtaining of RF-aerogel lies in high-temperature pyrolysis of resorcinol-
formaldehyde (1000-1200 eC) at high pressure or in an inert gas atmosphere. In 1996 Hanzawa et al.
developed a new approach in obtaining of carbonized RF aerogel characterized by ultrahigh surface area
via activation of its carbon skeleton by using carbon dioxide [1].

In view of a huge variety of aerogels, for further investigation it is more perspective to study the
carbon nanomaterials based aerogels because ofits unique properties - extremely low density, low thermal
conductivity, high elasticity (ability to recover its shape after repeated compression and expansion) and
the ability to absorb organic liquids. The latter property can be used for oil spill recovery [2].

A huge number of researches are devoted to study of the phenomenon of synthesis of ultra-light,
flexible and ultraporous aerogels based on carbon nanomaterials (CNM). The perspective and interesting
is the study ofthe influence ofthe original type of CNM that used in the synthesis of 3D structures to the
physic-chemical properties ofthe final products.

Nowadays there are many different approaches in synthesis of 3D porous materials. The most
perspective and interesting to explore are the following areas of synthesis of aerogels:

1. Chemical reduction of graphene oxide followed by formation of a three-dimensional porous
structure [3-5];

2. Composite aerogel based on carbon nanotubes (CNT) and graphene formed by chemical reduction
ofgraphene oxide or using different chemical binders [6-8];

3. The chemical vapor deposition (CVD) method for the formation superhydrophobic aerogels and
sponges using high temperature, metal substrate and gas vapours [9-10].

Graphene is a two-dimensional nano-material with a thickness of just one atom that contains sp2-
hybridized carbon. Graphene is of great scientific interest because of its unique properties: surface area -
2600 m2g [11], high thermal conductivity [12], high mechanical stiffness with Young's modulus of about
1000 GPa, [13], an unusual electrocatalytic activity [14] and optical properties [15].

More often in modern literature a great amount of articles are devoted to the area that is associated
with the use of graphene oxide as a raw material for the synthesis of aerogels. The group of scientists [16]
has done a detailed research in the field of producing of ultra-light and flexible (capable to restore the
original shape after mechanical loadings) aerogel based on graphene oxide using its chemical reduction by
ethylenediamine (EDA). A certain amount of reducing agent was added to the aqueous dispersion of
graphene oxide. The resulting mixture was sealed in a glass vessel and heated for 6 hours at 95 °C, while
the bonds were forming and resulted to the overall structure of the hydrogel. During the chemical
reduction of graphene oxide, the OH-groups that are on a surface of graphene layers are reduced by
functional amino-groups, and this in turn also has an effect on the structure ofthe graphene layers that are
formatting the connection between each other.

After the formation of hydrogel it was freeze-dryed for 48 hours while the whole solvent was
completely removed from of hydrogel thus formatting the functional aerogel. For stabilization of aerogel,
it was placed in a quartz tubular reactor and flashed with argon for 20 minutes until full deaeration. Once
all the air has been forced out of the reactor by the stream of argon, aerogel was subjected to Microwave
Irradiation (MWI) to carbonize and form the structure of resulting aerogel [16].

An innovative and easy-to-use method of synthesis of composite aerogels based on graphene and
CNTs was proposed by Professor Qiu in [17]. Often superhydrophobicity occurs in the conditions of
increased roughness, which results in the minimization of the contact between the surface and water due
to entrained air [18, 19]. Given this fact, CNTs, or more exactly their vertically stacked arrays, were
examined for the possibility of creating of superhydrophobic surfaces due to their large aspect ratios,
chemical inertness and natural hydrophobicity [20]. In [19] composite aerogels based on graphene and
CNTs were obtained by rapid microwave irradiation, in which the layers of graphene are vertically
"carpeted" by aligned arrays of CNT, which in turn forms the superhydrophobicity of material. The
resulting aerogel based on reduced graphene oxide [18] was immersed to a solution of acetone with
ferrocene and dried. After that it was subjected to microwave irradiation for rapid growth ofthe nanotubes
within the structure of the aerogel due to the decomposition of ferrocene. For the growth of CNTs within
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the structure ofthe graphene aerogel, particles of iron and cyclopentadienyl served as the catalyst and the
carbon source, respectively.

Experimental

Multiwalled CNTs were purchased in Nanostructured & Amorphous Materials, Inc. (Houston, USA),
a purity of 95% and the outer diameter 20-30 nm. Chitosan was purchased in Alfa Aesar (USA). The
purchased chemicals were used without further purification.

Synthesis o fMWCNT/chitosan based aerogels

A weighted amount (0.05 g) of multiwalled carbon nanotubes were dispersed in 50 ml of a 1%
solution of acetic acid under ultrasonic treatment for 60 minutes. Then, during a vigorous stirring, a
certain amount of chitosan was added to the resulting dispersion and stirred under heating for 120 minutes
until the chitosan is completely dissolved. The resulting homogeneous mixture was poured into special
glass flask and frozen in a volume of liquid nitrogen and freeze-dryed. While hydrogels were freezing in
liquid nitrogen the particles of ice were formed thus forming the porosity of the whole structure of
aerogel.

The as-obtained MWCNT/chitosan based aerogels were carbonized in electrical oven for 60 minutes
atthe temperature of 800 °C in atmosphere of inert gas. The average heating rate is 5 °C/min.

Study o fsorption capacity and hydrophobicity ofaerogels

The sorption capacity of aerogels have been studied for a number of organic liquids. Samples were
immersed into organic liquids for 60 seconds and then removed by shaking the residual amounts of the
organic liquid and weighed. The adsorbed mass of organic liquid was calculated by calculation the
difference in mass ofthe sample ofthe aerogel before and after the immersion.

The hydrophobicity of resulting aerogels was studied by measuring the contact angle between water
drop and a surface of aerogel.

Freeze-drying installation

Using freeze-drying the solvent was completely removed from hydrogel thus giving rise to
MWCNT/chitosan based aerogel. Freeze-drying is characterized by a certain ratio of pressure and
temperature at which the solid phase, in our case - the ice, turns into a gas without passing through a
liquid phase. Freeze-drying was carried out at a temperature of -5 ° C and a pressure of 30-80 Pa.

Figure 1- The scheme of installation for freeze-drying of samples:
1 - the vacuum pump VRD - 4; 2 - ball valve; 3 - a vessel filled with liquid nitrogen; 4 - Glass trap placed in liquid nitrogen to
condense water vapor coming from sublimation of ice; 5 - Vacuum gauge; 6 - freezer Exquisit; 7 - the vacuum valve; 8 - a rubber
stopper; 9- flask with frozen hydrogel

Results of research and its discussion

The resulting aerogel based on carbon nanotubes and chitosan is a porous 3D-structure of bright-
saturated black color (Fig. 2a). The mechanical properties of aerogel depends on amount of chitosan.
Increasing of amount of chitosan improves the mechanical strength of aerogel, but at the same time, the
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density also increases what leads to decreasing of its porosity and sorption capacity. It was found that
after thermal heating aerogel shrinks in size for 33% (Fig. 2 b, c).

b c
Figure 2 - Image of aerogel based on carbon nanotubes (a); image of aerogel sample before thermal heating in an argon
atmosphere at 800 °C (b); image of aerogel sample after a thermal heating in an argon atmosphere at 800 °C (c)

The phenomenon of shrinkage of aerogel was studied. It was found that a pressed tablet of chitosan
after annealing to 800 °C in inert atmosphere is carbonized and shrinks in size. The carbonization of
chitosan followed by shrinkage in turn leads to shrinkage ofaerogel in size (Fig.3)

Figure 3 - A pressed tablet chitosan before (left side) thermal treatment
at 800 °C and after (right side) of thermal treatment

Table 1 Physical properties of MWCNT/chitosan based aerogels with various chitosan content

Type of aerogel (MWCNT to chitosan Relative density of , mg/cm3 Shrinkage, %
ratio)
1:2 7,32 333
1:10 20,31 30,6
1:20 29,96 27,2

For better sorption of organic liquids, aerogels has to be porous with a low density. As was said
above, the increasing of chitosan content increases the density and at the same time that is also adversely
affects the sorption capacity of the sample. However, on another hand, the less chitosan we use the
mechanically weaker is the obtained sample. In that case, it was important to optimize the amount of
chitosan to perform better mechanical strength and sorption capacity. The data of Table 1 shows that with
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increasing of amount of chitosan the relative density of resulting aerogels also significantly increases, but
the shrinkage ofthe aerogel structure decreases. According to obtained results, the following investigation
of properties was performed using aerogel with MWCNT to chitosan ratio 1:2 because of its low density
and higher sorption activity.

For further investigation of the hydrophobicity and the ability of these aerogels to sorb organic
liquids their surface morphology was studied by scanning electron microscopy (Fig.4). From scanning
electron microscope images can be seen that the surface of the aerogel is presented by a system of
macropores, ranging in size from a few tens to hundreds of micrometers (Fig. 4a). Multiwalled carbon
nanotubes that have an average outer diameter of 20-30 nm, are localized on the surface of carbonized
chitosan skeleton, thereby forming microdefects (Fig. 4 b). This phenomenon may explain the
superhydrophobicity of obtained aerogels.

a b
Figure 4 - SEM images of surface of MWCNT/chitosan based aerogels

The presence of MWCNTSs on the surface of aerogel’s skeleton that is formed by carbonized chitosan
particularly forms the hydrophobicity of the surface of the whole aerogel. It was found that the
synthesized aerogels exhibit a strong pronounced superhydrophobicity with a contact angle between water
drop and a surface of aerogel over 140 e (Fig. 5)

It is known that due to its low density and ultra-porosity the aerogels based on carbon nanomaterials
exhibit high sorption capacity to organic liquids, oil and petroleum products. Given the fact that their
surface is superhydrophobic, i.e. they have the ability to repel the water while adsorbing organic liquid,
there appears a promising possibility of its application as a sorbent for collection of oil and petroleum
products from the surface ofthe water. This potential application is also improved by the possibility of its
recovery and re-use by a simple squeezing or heating that is followed by evaporation of all amount of
adsorbed organic liquid from the structure ofthe aerogel.

Figure 5 - The image of a water drop on the surface of synthesized MWCNT/chitosan
based aerogels with indicated contact angle

Table 2 shows that the samples of MWCNT/chitosan based aerogel exhibits high sorption capacity to

organic liquids of different densities. The highest sorption capacity for organic liquids has the aerogel
which is characterized by the lowest content of chitosan as well as its density is much lower comparing to
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others samples. It has been established that 1 g of that aerogel is capable to adsorb up to 87 grams of
diesel.

Table 2 - Quantitative values of sorption of organic liquids by MWCNT/chitosan based aerogels
Type of aerogel, 1g  Mass of absorbed ~ Mass of absorbed ~ Mass of absorbed Mass of absorbed Mass of absorbed

(MWCNT : n-hexane, g n-octane, g gasoline, g diesel, g pump oil, g
chitosan ration)

12 29,3 58,7 41,3 87,2 821
1:10 271 304 31,3 52,3 51,1
1:20 18,7 195 233 31 28,9

The established high sorption capacity of obtained aerogels to organic liquids, primarily defined by
their low density and a well-developed porous surface.

Conclusion

Aerogels based on MWCNTs and chitosan, which acts as a binder, were prepared by creation of
MWCNT/chitosan dispersion via ultrasonic treatment, followed by freeze-drying and carbonization at
800°C for 60 minutes under an inert atmosphere of argon. Due to its unique porous structure, these
aerogels are characterized by ultraporosity, superhydrophobicity and high adsorption capacity to organic
liquids. The investigated properties of MWCNT/chitosan based aerogels provide the opportunity to talk
about the prospect of their use as a water-repellent, regenerable sorbent for oil, petroleum products and
other organic liquids.
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KOW ABATTbl KAPEOH HAHOTYTI1KLWE MEH XUTO3AH HEI13WAEN1 ASPOIE/IbAEP
®.P. CyntaHoB12 AA. Ypasranuesal? b. bak6onatl2 3.A. MaHcypos12 Shin-Shem Pei3

"YKany Mpo6nemanapbl IHCTUTYTbI, AnMaTbl, ~a3akcTaH
2n-Papabu aTbiHAArbI Aa3ak MITTbLL, YHUBEpCUTETa, ANIMaThl, ~a3akcTaH
3XbOCTOH YHMBEpCUTETa, MepcrnekTuBT Matepuangap OpTasbirbl, XbtoCTOH, AL

TyLUH ce3gep: asporenb, kapboHaay, CopbLYA, XMTO3aH, CybnmmaLms.

AHHOTauusA. beplureH Makana KemipTeKTi HaHOMaTepuangap Henswgen asporebAepAll CUHTE3i MeH 3epTTenylie
apHanraH. pacdeH xaHe 6Gacka KeTpTeKTa HaHOMaTepuanfap Henswifen asporenbaep - CMAblK (hasachbl TOMbITbIMEH a3
TIPI3AIMEH aMacTbIpbUIraH YbTPaKeLLw >xyienep Tobbl. KeMipTeKTi HaHOTyTaKLenepAl, XMTO3aHMeH rOMOreHM3aumschI
YNbTPaAbIObICTLIK euaenymeH JKYPrisingi, KeiH renb KgbiabIMbiHAArbl cyfaH apbuly YLUiH Cy6/MMaLmMsnbIK - Kerrapy
KongaHbigsl. M”3 cybnumaumscel -150C Temnepatypa MeH 40-50 Ma KbicbiMaa XY prisingi. CyonmmaLmnsaHbIL, opTaLla yakbITbl
20 caraTka co3blnagbl. CybnumaumsgaH KeilH anbiHraH asporesbiep 8000C Temneparypaja MHepTT ras atMocdepacbiHia
KapboHu3aLmanarabl. CkaHepreyLui 31eKTPOHAbl MVKPOCKOMMA KeMernMeH afblHraH asporerbiep OGeTLuL Mopdhonorvschl
3epTTengr AsblHraH asporenbaepAw, sp TYpi Thirbi3AblKTbl OPraHUKabK CAbIKTapra KaTbiCTbl MAPOdO6TLIIbINbI XK3HE
COpPOUMAMBIK ChIMbIMABIILINbI 3ePTTENA].
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