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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. The methodology of synthesis of these aerogels mostly con-
sists of three main parts: synthesis — creation of aqueous dispersions of carbon nanomaterials with its sub-
sequent reduction, freeze-drying of the samples and thermal heating of aerogels in inert atmosphere. Aer-
ogels 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 — 5 °C and pressure of 30-80 Pa. After freeze-drying which last-
ed for 20 hours, the as-obtained aerogels were carbonized at temperature of 800 °C in an inert atmos-
phere. 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.
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Introduction

Aerogel is a synthetic porous ultralight mate-
rial derived from a gel, in which the liquid com-
ponent of the gel has been replaced by a gaseous.
These materials are characterized by extremely
low density and exhibit a number of unique prop-
erties: toughness, transparency, heat resistance,
very low thermal conductivity. Among them are
well known aerogels based on amorphous silica
alumina, chromium and tin oxide. At the begin-
ning of 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 resor-
cinol-formaldehyde (RF) aerogel. In turn, it is
usually treated as a kind of highly porous amor-
phous graphite foam. The basic idea of obtaining
of RF-aerogel lies in high-temperature pyrolysis
of resorcinol-formaldehyde (1000-1200 °C) 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 car-
bon skeleton by using carbon dioxide [1].

In view of a huge variety of aerogels, for fur-
ther investigation it is more perspective to study
the carbon nanomaterials based aerogels because
of 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 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 of the influence of the
original type of CNM that used in the synthesis of
3D structures to the physic-chemical properties of
the final products.

Nowadays there are many different ap-
proaches 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 fol-
lowed by formation of a three-dimensional porous
structure;

2. Composite aerogel based on carbon nano-
tubes (CNT) and graphene formed by chemical
reduction of graphene oxide or using different
chemical binders;

3. The chemical vapor deposition (CVD)
method for the formation superhydrophobic aero-
gels and sponges using high temperature, metal
substrate and gas vapours.

Graphene is a two-dimensional nanomaterial
with a thickness of just one atom that contains sp*-

['OPEHHUE U IIJTASBMOXUMMUA



A3POT'EJIN HA OCHOBE YT JIEPO/JHbIX HAHOTPYBOK U XUTO3AHA

@.P. Cyamatos u dp.

hybridized carbon. Graphene is of great scientific
interest because of its unique properties: surface
area — 2600 m?%/g [3], high thermal conductivity
[4], high mechanical stiffness with Young's modu-
lus of about 1000 GPa, [5], an unusual electro-
catalytic activity [6] and optical properties [7].

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 [8] has done a detailed research in the
field of producing of ultra-light and flexible (ca-
pable to restore the original shape after mechani-
cal 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 ox-
ide. 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 of the 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 for-
matting the functional aerogel. For stabilization of
aerogel, it was placed in a quartz tubular reactor
and flashed with argon for 20 min until full deaer-
ation. Once all the air has been forced out of the
reactor by the stream of argon, aerogel was sub-
jected to Microwave Irradiation (MWI) to carbon-
ize and form the structure of resulting aerogel [8].

An innovative and easy-to-use method of
synthesis of composite aerogels based on gra-
phene and CNTs was proposed by Prof. Qiu in
[9]. Often superhydrophobicity occurs in the con-
ditions of increased roughness, which results in
the minimization of the contact between the sur-
face and water due to entrained air [10,11]. 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 [12]. In [9] composite aer-
ogels based on graphene and CNTs were obtained
by rapid microwave irradiation, in which the lay-
ers 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 [8] was
immersed to a solution of acetone with ferrocene
and dried. After that it was subjected to micro-
wave irradiation for rapid growth of the nanotubes
within the structure of the aerogel due to the de-
composition of ferrocene. For the growth of CNTs
within the structure of the graphene aerogel, parti-
cles 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 of MWCNT/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 min. Then, during a vigorous stirring, a
certain amount of chitosan was added to the re-
sulting dispersion and stirred under heating for
120 min until the chitosan is completely dis-
solved. 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 par-
ticles of ice were formed thus forming the porosi-
ty of the whole structure of aerogel.

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

Freeze-drying installation

Using freeze-drying the solvent was com-
pletely 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.
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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

Fig. 1 — The scheme of installation for freeze-drying of samples

Study of sorption capacity and hydrophobicity of
aerogels

The sorption capacity of aerogels have been
studied for a number of organic liquids. Samples
were immersed into organic liquids for 60 sec and
then removed by shaking the residual amounts of
the organic liquid and weighed. The adsorbed
mass of organic liquid was calculated by calcula-
tion the difference in mass of the sample of the
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.

Results and discussion

The resulting aerogel based on carbon nano-
tubes and chitosan is a porous 3D-structure of
bright-saturated black color (Fig. 2a). The me-
chanical properties of aerogel depends on amount
of chitosan. Increasing of amount of chitosan im-
proves the mechanical strength of aerogel, but at
the same time, the 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, ¢).

The phenomenon of shrinkage of aerogel was
studied. It was found that a pressed tablet of chi-
tosan after annealing to 800 °C in inert atmos-
phere is carbonized and shrinks in size. The car-
bonization of chitosan followed by shrinkage in
turn leads to shrinkage of aerogel in size (Fig. 3).

For better sorption of organic liquids, aero-
gels has to be porous with a low density. As was
said above, the increasing of chitosan content in-
creases the density and at the same time that is
also adversely affects the sorption capacity of the
sample. However, on another hand, the less chi-
tosan we use the mechanically weaker is the ob-
tained 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 increasing of
amount of chitosan the relative density of result-
ing aerogels also significantly increases, but the
shrinkage of the aerogel structure decreases. Ac-
cording to obtained results, the following investi-
gation of properties was performed using aerogel
with MWCNT to chitosan ratio 1:2 because of its
low density and higher sorption activity.
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Fig. 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).

1|Ji|j-|:-=--'Hﬂ:u|||||iq)m]i||||[||m|!u;

32nds

1t

__m_m ,'-\I 2'0_
o

—

Fig. 3 — A pressed tablet chitosan before (left side)
thermal treatment

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

Type of aerogel Relative density | Shrinkage,
(MWCNT to chitosan of mg/cm? %
ratio)
1:2 7,32 33,3
1:10 20,31 30,6
1:20 29,96 27,2

For further investigation of the hydrophobi-
city and the ability of these aerogels to sorb or-
ganic liquids their surface morphology was stud-
ied 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. 3a, b).
Multiwalled carbon nanotubes that have an aver-
age outer diameter of 20-30 nm, are localized on
the surface of carbonized chitosan skeleton, there-
by forming microdefects (Fig. 3d). This phenom-
enon may explain the superhydrophobicity of ob-
tained aerogels.

The presence of MWCNTs 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 pro-
nounced superhydrophobicity with a contact angle
between water drop and a surface of aerogel over
140 ° (Fig. 5).

It is known that due to its low density and ul-
tra-porosity the aerogels based on carbon nano-
materials exhibit high sorption capacity to organic
liquids, oil and petroleum products.

Date :2 Sep 2014
Time :11:30:47 LE
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Fig. 5 — The image of a water drop on the surface of
) : synthesized MWCNT/chitosan based aerogels with
e meiats ]_E(b indicated contact angle
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(b) Given the fact that their surface is superhy-
drophobic, i.e. they have the ability to repel the
water while adsorbing organic liquid, there ap-
pears a promising possibility of its application as a
sorbent for collection of oil and petroleum prod-
ucts from the surface of the 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 struc-
ture of the aerogel.

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 organ-
EWT=1000KY Signal A=Inlens  Date 2 Sep 2014 g ic 11qu1ds has the aerogel which is characterized
poe g feoteme T by the lowest content of chitosan as well as its
density is much lower comparing to others sam-
ples. It has been established that 1 g of that aero-
gel is capable to adsorb up to 87 g of diesel.

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

Conclusion

Aerogels based on MWCNTSs and chitosan,
which acts as a binder, were prepared by creation
of MWCNT/chitosan dispersion via ultrasonic
treatment, followed by freeze-drying and carboni-
zation at 800 °C for 60 min under an inert atmos-
- @ 4 ot phere of argon. Due to its unique porous structure,
A ‘M B N these aerogels are characterized by ultraporosity,
| H et e sey Tmerima superhydrophobicity and high adsorption capacity
™ T PRI : : to organic liquids. The investigated properties of
(d) MWCNT/chitosan based aerogels provide the op-
portunity to talk about the prospect of their use as
a water-repellent, regenerable sorbent for oil, pe-

troleum products and other organic liquids.

Fig. 4 — SEM images of surface of MWCNT/chitosan
based aerogels
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Table 2 — Quantitative values of sorption of organic liquids by MWCNT/chitosan based aerogels

Type of Mass of absorbed | Mass of absorbed | Mass of absorbed | Mass of absorbed | Mass of absorbed
aerogel, 1g n-hexane, g n-octane, g gasoline, g diesel, g pump oil, g
(MWCNT :

chitosan

ration)

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
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AHHOTAIUA

JlanHas cTaThs MOCBAIIEHA CHHTE3Y M UCCIEIOBAHUIO a’porelieil Ha OCHOBE yTIIEPOTHBIX HAHOMATEPHAJIOB.
Abnporenu Ha OCHOBe TpadeHa W APYrMX YIIepOJHBIX HAHOMATEPUAIIOB IPEICTABISIIOT COOOW Kiacc
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YIBTPAJIETKUX CHUCTEM, B KOTOPBIX JKUIKas (paza MOIHOCTBIO 3aMelleHa ra3000pa3Hoi. MeTonuka CHHTe3a
asporesieil Ha OCHOBE MHOT'OCTCHHBIX YTJIEPOAHBIX HAHOTPYOOK COCTOMT M3 TPeX Ba)KHBIX ITAINOB: CHHTE3 —
CO37aHHE BOIHBIX IHCIEPCUIl YTJIEPOJHBIX HAHOTPYOOK C XHTO3aHOM, KOTOPBIA CIIy’)KUT B KayeCTBE
CBSIBYIOIICH MAaTpHIBI B CTPYKType adporeins, CyOIMMAamMOHHOW CYNIKM ITOJYYEHHBIX THApOTeNneil u
TEPMUYECKUM HarpeBoM B aTrMoc(epe HHEPTHOro rasza. ['OMOTEHH3alMI0 YIIEPOAHBIX HAHOTPYOOK C
XHWTO3aHOM MPOBOJMIN TOCPEICTBOM YJIBTPA3BYKOBOH 00pabOTKM, MOCIE Yero Ui yNaJleHUS BOIBI M3
CTPYKTYPBI TeJIs IPUMEHSIIH CyOIMMaMoHHy0 cymKy. CyOmuManus Jiba IpOBOAMIACH IIPH TEMIIEpaType -
5 °C u naBnennu 30-80 Ila. Ilo okoHyanuu cyOnumMaruu, Kotopas B cpeaHeM autces 20 yacoB, IOTyYeHHbBIE
asporenu ObuTM KapOoHM30BaHbl npu Temmneparype 800 °C B armocdepe mHepTHOro raza. Mopdomorus
MOBEPXHOCTH TMOJYYCHHBIX aj’poreiell OblIa HWCCIeIOBaHAa METOJOM CKaHHPYIOIICH AJICKTPOHHOM
MUKpockomuH. bbia mccnenoBana ruapopoOHOCTh U COPOIMOHHAS €MKOCTh TMOJYYEHHBIX aj’porelnieil 1mo
OTHOUICHUIO K OPTaHWYECKUM JKUAKOCTSIM PA3IHUUHBIX UIOTHOCTEH.

KuaroueBble ciioBa: asporeib, KOKCOBaHHUE, YIIEPOAHBIC HAHOTPYOKH, XHTO3aH, CyOJIMMaIMOHHAS CYIIKA

KOIIKABATTbBI KAPBOH HAHOTYTIKIIE/XUTO3AH HEI'IBIHAEI'T ADPOT'EJIBJAEP
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Bepinren Makana KeMipTeKTI HaHOMaTepuangap HEri3iHIEri a’porenblepAiH CHHTE31 MeH 3epTTelyiHe
apHanraH. ['paden xoHe Oacka KOMIPTEKTI HaHOMAaTepHal[ap HEri3iHAeri a’porenbiaep - CYWbIK (azachl
TOJIBIFBIMEH Ta3 TOpPI3AiMEH alMacCTHIPBUIFaH YIBTPaXKEHIT XyHermep ToOb. KemnkaObIpraasl KOMipTEKTi
HAHOTYTIKIIENep HETI3iHJeri a’poreNblep CHHTE31 9/icTeMeci YII MaHBI3Ibl OOJIMHEH TYpajbl: CHUHTE3 —
a’poreib KYpBUIBIMBIHAA OalIaHBICTBIPFBIII MAaTpHULA POJIiH aTKapaThlH XWTO3aHHBIH KOMIPTEKTi
HAHOTYTIKIIEMEH CyJbl IUCIEPCUSACHIH aly, alblHFAaH T'MAPOTENbAEpli CyONMMAIlSUIBIK KENTIpy MXKOHE
WHEpPTTI ra3 aTMocdepachblHIa TEPMUSUIBIK KbI3ABIpY. KeMipTekTi HaHOTYTIKIIeNepAiH XHTO3aHMEH
TOMOTCHU3AIMSICHl YIBTPaAbIOBICTEIK OHJIEIYMEH JKYPri3iiai, KeHiH resib KYphUIBIMBIHAAFBI CyJaH apbLIy
YIIH CyONMMAIMSUIBIK KENTipy KoimaHbUiAbpl. My3 cyOommMmarusicel 5 °C temnepartypa med 30-80 Ila
KbIchIMa Kyprizinai. Cyonumanus oprama yakeITel 20 caraTka co3siiaasl. CyOnnManusaan Keiid anbiHFaH
asporensaep 800 °C TemmepaTypalza MHEpTTI ra3z atMocdepacbiHna kapOonmzanusuanasl. CkaHepieymn
3JIEKTPOH/IBI MUKPOCKOIIUSI KOMETIMEH aJIbIHFaH a’porenpaep OCTiHiH MOP(OIOTHICH 3epTTeili. AJBIHFAaH
a’3poreibAeplaiH op TYpJi THIFBI3ABIKTEL OPraHUKAJIBIK CYMBIKTapFa KaTbBICTHI I'MAPO(OOTHIIBIFEI >KOHE
COPOIUSITBIK CHIHBIMIBUTBIFBI 3€PTTEI/I.

Tyiingi ce3nep: airgel, kapOoHaay, KOMipTeri HAHOTPYOKH, XUTO3aH, My3/aTy-KeNTipy
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