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Аннотация. Данная статья посвящена синтезу и исследованию аэрогелей на основе углеродных 

наноматериалов. Аэрогели на основе графена и других углеродных наноматериалов представляют собой 
класс ультралегких систем, в которых жидкая фаза полностью замещена газообразной. Гомогенизацию 
углеродных нанотрубок с хитозаном проводили посредством ультразвуковой обработки, после чего для 
удаления воды из структуры геля применяли сублимационную сушку. Сублимация льда проводилась при 
температуре -15°C и давлении 40-50 Па. По окончании сублимации, которая в среднем длится 20 часов, 
полученные аэрогели были карбонизованы при температуре 800 °C в атмосфере инертного газа. Морфология 
поверхности полученных аэрогелей была исследована методом сканирующей электронной микроскопии. 
Была исследована гидрофобность и сорбционная емкость полученных аэрогелей по отношению к 
органическим жидкостям различных плотностей.
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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.

In tro d u c tio n . Aerogel is a synthetic porous ultralight material derived from a gel, in which the liquid 
com ponent o f  the gel has been replaced by a gaseous. These materials are characterized by extremely low 
density and exhibit a num ber o f  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. At the beginning o f the 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 o f  highly porous amorphous graphite 
foam. The basic idea o f  obtaining o f RF-aerogel lies in high-temperature pyrolysis o f  resorcinol- 
formaldehyde (1000-1200 eC) at high pressure or in an inert gas atmosphere. In 1996 H anzawa et al. 
developed a new approach in obtaining o f  carbonized RF aerogel characterized by ultrahigh surface area 
via activation o f  its carbon skeleton by using carbon dioxide [1].

In view o f  a huge variety o f  aerogels, for further investigation it is more perspective to study the 
carbon nanomaterials based aerogels because o f  its 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 num ber o f  researches are devoted to study o f  the phenom enon o f  synthesis o f ultra-light, 
flexible and ultraporous aerogels based on carbon nanomaterials (CNM). The perspective and interesting 
is the study o f  the influence o f  the original type o f  CNM  that used in the synthesis o f  3D structures to the 
physic-chemical properties o f  the final products.

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

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

2. Composite aerogel based on carbon nanotubes (CNT) and graphene formed by chemical reduction 
o f  graphene 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 o f  ju s t one atom that contains sp2- 
hybridized carbon. Graphene is o f  great scientific interest because o f  its unique properties: surface area - 
2600 m 2/g [11], high thermal conductivity [12], high mechanical stiffness with Young's modulus o f  about 
1000 GPa, [13], an unusual electrocatalytic activity [14] and optical properties [15].

More often in modern literature a great amount o f  articles are devoted to the area that is associated 
with the use o f  graphene oxide as a raw m aterial for the synthesis o f  aerogels. The group o f  scientists [16] 
has done a detailed research in the field o f  producing o f  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 am ount o f  reducing agent was added to the aqueous dispersion o f 
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 o f  the hydrogel. During the chemical 
reduction o f  graphene oxide, the OH-groups that are on a surface o f  graphene layers are reduced by 
functional amino-groups, and this in turn also has an effect on the structure o f  the graphene layers that are 
formatting the connection between each other.

After the formation o f  hydrogel it was freeze-dryed for 48 hours while the whole solvent was 
completely removed from o f  hydrogel thus formatting the functional aerogel. For stabilization o f  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 o f  the reactor by the stream o f  argon, aerogel was subjected to Microwave 
Irradiation (MWI) to carbonize and form the structure o f  resulting aerogel [16].

An innovative and easy-to-use method o f  synthesis o f  composite aerogels based on graphene and 
CNTs was proposed by Professor Qiu in [17]. Often superhydrophobicity occurs in the conditions o f 
increased roughness, which results in the m inimization o f 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 o f  creating o f  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 o f  graphene are vertically 
"carpeted" by aligned arrays o f  CNT, which in turn forms the superhydrophobicity o f material. The 
resulting aerogel based on reduced graphene oxide [18] was immersed to a solution o f  acetone with 
ferrocene and dried. After that it was subjected to microwave irradiation for rapid growth o f  the nanotubes 
within the structure o f the aerogel due to the decomposition o f  ferrocene. For the growth o f  CNTs within
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the structure o f  the graphene aerogel, particles o f  iron and cyclopentadienyl served as the catalyst and the 
carbon source, respectively.

E xperim en ta l
M ultiwalled CNTs were purchased in Nanostructured & Amorphous M aterials, Inc. (Houston, USA), 

a purity o f  95% and the outer diam eter 20-30 nm. Chitosan was purchased in A lfa A esar (USA). The 
purchased chemicals were used without further purification.

Synthesis o f  M W C N T /ch itosan  based  aerogels
A weighted am ount (0.05 g) o f m ultiwalled carbon nanotubes were dispersed in 50 ml o f  a 1% 

solution o f acetic acid under ultrasonic treatm ent for 60 minutes. Then, during a vigorous stirring, a 
certain amount o f  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 o f  liquid nitrogen and freeze-dryed. W hile hydrogels were freezing in 
liquid nitrogen the particles o f  ice were formed thus forming the porosity o f  the whole structure o f 
aerogel.

The as-obtained M W CNT/chitosan based aerogels were carbonized in electrical oven for 60 minutes 
at the temperature o f  800 °C in atmosphere o f  inert gas. The average heating rate is 5 °C/min.

S tudy o f  sorption capacity  a n d  hydrophobicity  o f  aerogels
The sorption capacity o f  aerogels have been studied for a num ber o f  organic liquids. Samples were 

immersed into organic liquids for 60 seconds and then removed by shaking the residual amounts o f  the 
organic liquid and weighed. The adsorbed mass o f  organic liquid was calculated by calculation the 
difference in mass o f  the sample o f  the aerogel before and after the immersion.

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

F reeze-drying  insta lla tion
Using freeze-drying the solvent was completely removed from hydrogel thus giving rise to 

M W CNT/chitosan based aerogel. Freeze-drying is characterized by a certain ratio o f  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 tem perature o f  -5 ° C and a pressure o f  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

R esults of research  and  its discussion
The resulting aerogel based on carbon nanotubes and chitosan is a porous 3D-structure o f  bright- 

saturated black color (Fig. 2a). The mechanical properties o f  aerogel depends on amount o f  chitosan. 
Increasing o f  amount o f  chitosan improves the mechanical strength o f  aerogel, but at the same time, the

22



ISSN 2224-5286 Серия химии и технологии. № 3. 2016

density also increases w hat leads to decreasing o f  its porosity and sorption capacity. It was found that 
after therm al heating aerogel shrinks in size for 33% (Fig. 2 b, c).

b с
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 phenom enon o f shrinkage o f  aerogel was studied. It was found that a pressed tablet o f  chitosan 
after annealing to 800 °C in inert atmosphere is carbonized and shrinks in size. The carbonization o f 
chitosan followed by shrinkage in turn leads to shrinkage o f  aerogel 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 
ratio)

Relative density of , mg/cm3 Shrinkage, %

1:2 7,32 33,3
1:10 20,31 30,6
1:20 29,96 27,2

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

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

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

The presence o f  M W CNTs on the surface o f  aerogel’s skeleton that is formed by carbonized chitosan 
particularly forms the hydrophobicity o f  the surface o f  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 o f 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 o f  its application as a sorbent for collection o f  oil and petroleum 
products from the surface o f  the water. This potential application is also improved by the possibility o f  its 
recovery and re-use by a simple squeezing or heating that is followed by evaporation o f  all amount o f 
adsorbed organic liquid from the structure o f the 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 o f M W CNT/chitosan based aerogel exhibits high sorption capacity to 
organic liquids o f  different densities. The highest sorption capacity for organic liquids has the aerogel 
which is characterized by the lowest content o f  chitosan as well as its density is much lower comparing to
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others samples. It has been established that 1 g o f  that aerogel is capable to adsorb up to 87 grams o f 
diesel.

Table 2 - Quantitative values of sorption of organic liquids by MWCNT/chitosan based aerogels

Type of aerogel, 1g 
(MWCNT : 

chitosan ration)

Mass of absorbed 
n-hexane, g

Mass of absorbed 
n-octane, g

Mass of absorbed 
gasoline, g

Mass of absorbed 
diesel, g

Mass of absorbed 
pump oil, g

1:2 29,3 58,7 41,3 87,2 82,1
1:10 27,1 30,4 31,3 52,3 51,1
1:20 18,7 19,5 23,3 33,1 28,9

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

Conclusion
Aerogels based on M W CNTs and chitosan, which acts as a binder, were prepared by creation o f 

M W CNT/chitosan dispersion via ultrasonic treatment, followed by freeze-drying and carbonization at 
800°C for 60 minutes under an inert atmosphere o f  argon. Due to its unique porous structure, these 
aerogels are characterized by ultraporosity, superhydrophobicity and high adsorption capacity to organic 
liquids. The investigated properties o f  M W CNT/chitosan based aerogels provide the opportunity to talk 
about the prospect o f  their use as a water-repellent, regenerable sorbent for oil, petroleum products and 
other organic liquids.
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Аннотация. Бершген макала кемipтeктi наноматериалдар непзшдеп аэрогельдердщ синтeзi мен зерттелуше 

арналган. Графен жэне баска кетртекта наноматериалдар непзшдеп аэрогельдер - с^йык фазасы толыгымен газ 
тэpiздiмeн алмастырылган ультражецш жуйелер тобы. Кемipтeктi нанотутакшелердщ хитозанмен гомогенизациясы 
ультрадыбыстык ецделумен ЖYpгiзiлдi, кейн гель кфылымындагы судан арылу Yшiн сублимациялык кептару 
колданылды. М^з сублимациясы -150C температура мен 40-50 Па кысымда жYpгiзiлдi. Cyблимaцияныц орташа уакыты 
20 сагатка созылады. Cyблимaциядaн кейн алынган аэрогельдер 8000C температурада инертт газ атмосферасында 
карбонизацияланды. Cкaнepлeyшi электронды микроскопия кемепмен алынган аэрогельдер бетшщ морфологиясы 
зерттелдг Алынган аэрогельдердщ эр TYpлi тыгыздыкты органикалык с^йыктарга катысты гидрофобтылыгы жэне 
сорбциялык сыйымдылыгы зepттeлдi.

Поступила 23.05.2016 г.

26


