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This work presents an effect of two different silanization procedures on thermal and structural properties
of oxidized and oxidized followed by sodium borohydrate (NaBH4 ) reduction of multiwalled carbon nan-
otubes (MWCNTSs). Purified sample was oxidized in a mixture of nitric and sulfuric acids in a reflux.
An oxidized material was divided into two batches. The first batch underwent a silanization proce-
dure directly, while the second batch was reduced by NaBH, treatment prior to the silanization. The
silanization experiments were performed: (A) with y-aminopropyltriethoxysilane (APTES) at room tem-
perature in acetone (pH ~7) and (B) with condensated y-aminopropyltriethoxysilane at 40°C in water
(pH 4). The extent of the functionalization of the samples after each procedure was examined by Raman
spectroscopy. The vibrational properties of the materials were studied via Fourier transform infrared
spectroscopy. Boehms titration technique was applied to quantify the amount of the functional groups
on MWCNTSs. The morphology of the pristine and functionalized carbon nanotubes was exposed to high-
resolution transmission electron microscopy analysis. The energy dispersive X-ray (EDX) analysis was
used to characterize the elemental composition of each sample. The effect of the silanization process
on the thermal properties of MWCNTs was investigated by thermogravimetry analysis. Interestingly,
the significant increase of the thermal stability of silanized MWCNTs samples in respect to the pristine
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MWCNTSs was observed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Since their discovery, a lot of effort has been launched into
functionalization of the carbon nanotubes (CNTs) in order to take
advantage of their unique properties. Recently, CNTs were inten-
tionally modified in order to perform an exact role in certain
applications in such fields as metal and polymer composites [1-7],
electrodes [8-11] or sensors [12,13]. Modern modifications of mul-
tiwalled carbon nanotubes (MWCNTSs) involve single to several
steps of the external walls modification, called exohedral function-
alization, which depends on further applications of the prepared
material [2,14-18]. The oxidation process is the simplest and most
common single-step of the outer wall functionalization, leading to
the introduction of the functional groups on their outer walls, which
can be used as a linkers for further more sophisticated modifica-
tions [19-23]. The silanization process is the effective procedure
for further modification of the physical and chemical properties of
multiwalled carbon nanotubes for present polymer nanocompos-
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ites development [7,24]. This modification method involves high
concentration of the hydroxyl moieties which act as the anchor-
ing points in the wall’s structure and can be obtained via NaBH4 or
LiAlH4 reduction of carbonyl and lactone functional groups pre-
viously introduced by the oxidation process [20,25]. So far the
silanization process was investigated and utilized in many differ-
ent applications, such as solubility improvement of CNTs, polymer
nanocomposites and biosensors [26-32]. However, there was no
comprehensive reports describing in great details the influence of
the silanization routes on oxidized and reduced MWCNTs sam-
ple. Modification of the MWCNTSs exohedral surface via silanization
process is a complex process and does not involve a single mech-
anism. The reactivity of the aminosilane molecule to the inorganic
surface depends on the reaction time, pH and nature of the sol-
vent, temperature and silane concentration [33]. The aminosilane
molecule, composed of hydrolytically stable bond H;N-CHj)3-Si
and Si-(OCyHs)s, can easily undergo the hydrolysis process due
to pH, temperature or aqueous solvent to form a trisilanol. It is
known that those groups readily react with the hydroxyl groups
on the nanotube surface [33]. In this study, two silanization proce-
dures were used to deposit y-aminopropyltriethoxysilane on the
oxidized and oxidized followed by the reduction of MWCNTSs sur-
face. In the first approach (Experiment A) the silanization occurs
in one step. The APTES was placed in anhydrous MWCNTs solu-
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tion of acetone at room temperature and which was magnetically
stirred for 0.5 h. In this way the aminosilane molecules were grafted
into MWCNTs defect sites containing hydroxyl groups. In the sec-
ond approach (Experiment B) the silanization occurs in two steps.
Firstly, the APTES was placed into an acid MWCNTSs aqueous solu-
tion at 40°C in an ultra-sonication bath for 3 h. The experimental
conditions of the second approach promote the hydrolysis process
of the ethoxy groups. In the hydrolysis reaction, ethoxy groups
(OCyHs) are replaced by hydroxyl groups (OH) to form reactive
trisilanol groups. The silanols self-condense producing siloxane
bonds (Si-0-Si) and form water insoluble aminopropyl-functional
resinous oligomers and polymers. The by-products of the conden-
sation process are alcohol and water. Secondly, the polymer which
associated with the multiwalled carbon nanotubes surface, formed
a covalent bond in defect sites with OH groups. A schematic sim-
plified representation of the experimental steps is shown in Fig. 1.

The detailed spectroscopic, microscopic along with thermo-
gravimetric analysis of the prepared samples were performed.

Interestingly, it was detected that the thermal stability of the
silanized MWCNTs samples in respect to the pristine (purified)
MW(CNTs significantly increased. To the best of our knowledge this
is the first detailed report on the influence of the silanization pro-
cess on the thermal stability of these molecular hybrids.

2. Experimental
2.1. Materials

Sodium borohydrate >98.5% was purchased from Sigma-Aldrich. Anhydrous
ethanol 99.8% p.a. was obtained from Eurochem BGD. Chloric acid 35-38% p.a., nitric
acid 65% p.a., acetone 99.5% p.a. were obtained from Chempur. Sulfuric acid 96% p.a.

was purchased from Cheman. y-Aminopropyltriethoxysilane 99% was purchased
from Aldrich.

2.2. Preparation of MWCNTSs

Multiwalled carbon nanotubes were synthesized by the chemical vapor deposi-
tion (CVD) method. The CVD synthesis method was described in details elsewhere
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Fig. 1. Simplified representation of the experimental steps.
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[34]. MWCNTs were purified by the chloric acid treatment in an ultra-sonication
bath for 3 h. Next, the sample was subjected to the multiple filtration in order to
remove impurities such as metal particles and the residual catalyst. Then MWC-
NTs were dried for 1 h. The purified sample (called pristine MWCNTs) (P-MWCNTs)
was mixed with 80 ml mixture of 2.6 M HNO3/2.6 M H,SO4 (v/v=1:3). Then the
sample was sonicated for 10 min and refluxed for 18 h at 175°C. After this treat-
ment, the mixture was neutralized with water after reversed osmosis process (RO
H,0) and filtrated through the polycarbonate filter (Whatman pore size 0.2 wm).
Subsequently, the sample was rinsed thoroughly with RO H,0 and acetone. Then
the oxidized MWCNTs (O-MWCNTs) were dried under vacuum at 180°C for 1h to
degass adsorbed CO, and H,O. A part of the oxidized MWCNTs was mixed with
200 ml of 99.8% anhydrous ethanol and sonicated in the ultra-sonication bath until
dispersed. Then the sodium borohydrate powder (w/w=5:1 NaBH4/MWCNTSs) was
gently added into the solution and the mixture was placed onto a magnetic stirrer
for 18 h at 4°C. Subsequently, the mixture was filtrated through the polycarbon-
ate filter and the sample was rinsed thoroughly with RO H,0 and acetone. Finally,
the material was dried under vacuum for 1h at 180°C. This sample will be called
reduced MWCNTSs (R-MWCNTSs).

2.3. Modification of functionalized MWCNTSs surface

Two test tubes (Falcon - 50 ml) containing O-MWCNTSs and two test tubes con-
taining R-MWCNTs were prepared. The samples were mixed with RO H,0 and
dispersed under vacuum in an ultra-sonication bath at 60 °C for 20 min. Next, the
influence of two different silanization processes (A and B) on the O-MWCNTSs and R-
MWCNTs was tested. In Experiment A the solutions of the oxidized and reduced
MWCNTs were filtrated through the polycarbonate filter and rinsed thoroughly
with acetone. Then the obtained samples were redispersed in acetone solution
in the test tubes connected to the vacuum pump and placed onto the magnetic
stirrer. Next, APTES solution was gently added to the test tubes until its concen-
tration of 2% was reached. Subsequently, the mixtures were stirred under vacuum
for 15 min and were then left for 30 min in closed tubes at room temperature. The
final solutions obtained in the silanization A reaction were well dispersed. They
will be named OSA-MWCNTs and RSA-MWCNTs for the starting O-MWCNTSs and R-
MWCNTs, respectively. In Experiment B the solutions of the oxidized and reduced
MWCNTSs were filtrated through the polycarbonate filter and rinsed thoroughly with
RO H,O0. Next, the obtained samples were redispersed in RO H,O in the test tubes
connected to the vacuum pump for 20 min at 40°C in an ultra-sonication bath. Then
the pH of the solutions was adjusted to 4.0 with known amount of glacial acetic
acid. Afterwards, APTES solution was gently added to the test tubes until its con-
centration of 2% was reached. Subsequently, the mixtures were sonicated under
vacuum for 15min and then left for 3h in closed tubes at 40°C. The final prod-
ucts obtained in the silanization B reaction were poorly dispersed MWCNTs and
will be named OSB-MWCNTs and RSB-MWCNTs for the starting O-MWCNTSs and R-
MWCNTs, correspondingly. In the next step all four mixtures were filtrated through
a polycarbonate filter, rinsed with RO H,0 and acetone and dried on a hot plate at
50°C.
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2.4. Characterization of MWCNTs samples

Raman analysis was carried out using a micro-Raman Renishaw spectrom-
eter (A=785nm). For the investigation by the FT-IR spectroscopy [Nicolet 6700
FT-IR Spectrometer], the MWCNTSs samples were dispersed in acetone in an ultra-
sonication bath and prepared as a KBr pellets. The titration method proposed by
Boehm was used to estimate the number of the surface functional groups. Ther-
mogravimetric analysis was performed with 5mg samples on DTA-Q600 SDT TA
Instruments apparatus with the heating rate of 10°C/min from room temperature
to 900 °C in air. The morphological studies of the samples were conducted on a high-
resolution transmission electron microscope (HRTEM) [FEI Tecnai F30] and their
elemental compositions were detected with energy dispersive X-ray spectroscopy
(EDX) as the microscope mode.

3. Results and discussion

After each experimental step, all the samples were investigated
by the Raman spectroscopy. Raman spectra exhibit the D and G
bands. The intensity of the D-band is proportional to the density
of defects or surface functionalization [35]. Both effects allow the
inelastic scattering needed for the single-phonon, double or triple
resonance effects [36]. Therefore, Raman spectroscopy was used to
determine the extent of functionalization which was estimated via
calculation of the Ig/Ip ratio [37]. The Ig/Ip ratios from obtained
Raman spectra of all investigated MWCNTs samples are shown in
Fig. 2a.

The averaging Ig/Ip ratios were collected from several Raman
spectra from different sample positions. The pristine MWCNTs
(P-MWCNTs) exhibited the highest I /Ip ratio. From the results pre-
sented in Fig. 2a one can observe a gradual increase of the structural
defects and/or surface moieties concentration after the oxidation
(O-MWCNTs) and reduction (R-MWCNTSs) processes. The acid treat-
ment of MWCNTs led to the creation of new defect sites and
destruction of the existing defects according to the mechanism of
defect-consuming and defect-generation steps proposed by Zhang
et al. [38]. These surface active sites containing hydroxyl functional
groups, were anchoring points for the aminosilane molecules dur-
ing the silanization process. The sodium borohydrate treatment of
the oxidized sample led to the increase of hydroxyl group content
by the reduction of the previously introduced lactone and carbonyl
functional groups. From the results presented in Fig. 2a one can
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Fig. 2. I¢/Ip ratios from the Raman spectra of all investigated MWCNTs samples (a) and Raman 2D microscope images of the P-MWCNTs (b), OSB-MWCNTs (c), and RSB-

MWCNTS (d).
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Fig. 3. FT-IR spectra of pristine (a), oxidized (b), reduced (c), OSA (d), RSA (e), OSB (f), and RSB (g) MWCNTs samples.
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notice that the vibrational properties of the silanized MWCNTSs
had been significantly modified. The decrease of the Ig/Ip ratios
in the case of OSA/RSA-MWCNTs and OSB/RSB-MWCNTSs samples
after the oxidation and reduction processes are closely related to
the exohedral grafting of the silane molecules onto MWCNTSs sur-
face. The difference in the I¢/Ip ratio between OSA/RSA-MWCNTs
and OSB/RSB-MW(CNTSs samples is due to the aminosilane conden-
sation process which occurred in the silanization B process. This
difference indicates that the hydrolysis process of APTES molecules
provided a higher functionalization extent onto MWCNTSs surface.
Fig. 2b—d shows the Raman 2D maps of the distribution of D-mode
in each sample: the pristine sample (b) OSB-MWCNTs (c), and RSB-
MW(CNTs (d). The darker area observed in the map corresponds
to the lower intensity of D peak. For the pristine sample (Fig. 2b),
the inhomogeneous distribution of the defect mode response is
detected. The highly silanized samples (Fig. 2c and d) exhibit the
increase of the D-mode intensity and increase of the homogene-
ity of D-mode distribution. Additionally, the distribution of this
peak in RSB-MWCNTs sample (Fig. 2d) is much more homogeneous
than in the OSB-MWCNTs sample (Fig. 2c) which could be due to
the higher content of the attached molecules on the nanotubes
surface.

Furthermore, FT-IR spectroscopy was used for the identification
of the surface functional groups and exohedral functionalization by
aminosilane molecules in all investigated samples (Fig. 3). In the
presented spectra, the background was subtracted and normalized
to the peak at 3440 cm~'. The spectra of all the investigated sample
exhibited C=C bonds at 1634 cm~"! and high narrow peak of O-H
functional groups at ~3440 cm~!. In most of the observed spectra,
asymmetric methyl stretching band at ~2960cm~! and asym-
metric/symmetric methylene stretching bands at ~2920cm~! and
~2850cm~! were observed, respectively. The intensities of these
bands decreased in the optical response of the oxidized sample due
to the formation of oxygen containing functional groups—mainly
COOH whose vibrational response could be observed at 1704 cm™!
(Fig. 3b). In the spectra of the silanized samples (Fig. 3d-g), the
intensity of CH;, groups increased along with the amount of the
bonded aminosilane molecules due to the presence of the surface
aminopropyl moieties. Additionally, the vibrational response of the
carboxylic groups decreased along with increase of the surface
coating. The spectra of the pristine and reduced MWCNTs sample
(Fig. 3a and c) exhibits C-O bond at 1180cm~! and asymmetric
stretching bands at 1151cm~! and 1080cm~! which are associ-
ated with ether type groups. The disappearance of these bands at
oxidized MWCNTs sample (Fig. 3b) could be caused by the cleav-
age of the C-0 bond of the C-O-C fragment in the ether type
functional groups by the nitric and sulfuric acid mixture. The reap-
pearance of these groups at the spectrum of the reduced sample
(Fig. 3c) could be a consequence of the NaBH,4 treatment process
in which the reduction of the lactone groups into hydroxyl groups
leads to the creation of the ether type groups. The grafting of the
aminosilane molecules onto MWCNTSs surface in all silanized sam-
ples was confirmed by the presence of the siloxyl (Si-O-C) bonds
at 1110cm~! and Si-OH stretch mode at 875cm™1, respectively.
The presence of the siloxane (Si-O-Si) bonds at 1161 cm~! con-
firmed the occurrence of the condensation process. The intensity of
these bands is related to the amount of the aminosilane molecules
grafted on the surface. Additionally, at the spectrum of the RSA-
MWCNTs (Fig. 3e) one can clearly see the band at 3470 cm~! related
to hydrogen-bonded silanols, however, in the remaining silanized
samples, that the band could be screened due to the overlapping
with peak related to ~OH functional groups at ~3440cm™!.

The concentration of the functional groups content was
estimated by modified Boehm titration method [20,39]. The quan-
titative composition of the investigated functional groups onto
oxidized and reduced MWCNTSs surface is summarized in Table 1.

Table 1
The functional groups content of the oxidized and reduced MWCNTSs samples esti-
mated by the Boehm titrations.

Functional groups content Oxidized MWCNTs Reduced MWCNTs

(%) (x1073) (%) (x1073)
Carboxyl 0.50 0.50
Lactone 1.48 0.00
Phenolic hydroxyl 0.20 0.20
Hydroxyl 0.22 0.62

The oxidation via acid treatment provided a low content of
the hydroxyl groups which determine the amount of bonded
aminosilane molecules onto MWCNTs surface in both silanization
experiments. The following reduction of the lactone and carbonyl
functional groups via NaBH,4 treatment led to an almost threefold
increase in hydroxyl group content. Therefore, with the increase of
the number of anchoring points for silanization process the increase
in efficiency of the silanization process was also expected.

Thermogravimetric analysis of all the prepared samples
presents the thermal stability of each sample fractions: amorphous
carbon, weakly bonded aminosilane molecules and multiwalled
carbon nanotubes. The thermal stability was monitored by the
weight-loss during the heating process. The TG, DTG and Voigt
fitting of DTG curves of the pristine, oxidized and reduced sam-
ples obtained in thermogravimetric analysis are presented and
described in details elsewhere [20]. Briefly, Table 2 summarizes
the oxidation temperatures (T,) and the calculations of the areas
under the peaks corresponding to different fractions from DTG and
Voigt fitting of DTG curves.

The Fraction I of the pristine sample (Table 2) corresponds to
burning off the amorphous carbon. The ash content left after the
thermoanalysis of P-MWCNTSs sample was 4.6 wt%, O-MWCNTs and
R-MWCNTSs < 0.1 wt%, respectively. The disappearance of Fraction
[ in O-MWCNTs (Table 2) along with minimal ash content left,
leads to the conclusion that amorphous carbon and remaining cat-
alysts particles were removed via the oxidative acid treatment. The
remaining fractions from P-MWCNTs, O-MWCNTs and R-MWCNTSs
samples correspond to the multiwalled carbon nanotubes with a
different type and content of defects and/or functional groups.

In Fig. 4 presenting the thermogravimetric analysis of the
silanized MWCNTSs samples the bold, dash and dot lines correspond
to the TG, DTG and Voigt fitting of DTG curve, respectively.

The DTG curve of the OSA-MWCNTSs sample in Fig. 4a presents
four stepwise weight-losses. An oxidation temperature of the Frac-
tion I corresponds to the oxidation temperature of the weakly
bonded aminosilane molecules to MWCNTSs surface, while T, of the
FractionsII, Il and IV correspond to T, of the silanized MWCNTSs. The
calculations of the areas under the peaks corresponding to these
fractions are indicated in the inset of this figure. One can notice the
slight differences between T, of the silanized MWCNTSs from Fig. 4a
and T, of the fractions of O-MWCNTs sample from Table 2. The TG
curve presented in Fig. 4a indicates the increase of the total mass
left after the thermal analysis up to 3.13 wt%. This can be attributed
to the silicon which is stable at high temperature and remained
after the thermogravimetric analysis.

Table 2
The data obtained from DTG and Voigt fitting of DTG of the investigated samples.
Fractions in DTG~ P-MWCNTs O-MWCNTs R-MWCNTs
Temp. Area Temp. Area Temp. Area
) (%) O (%) §9) (%)
1 380 1.52 - - 372 13.32
2 507 33.58 489 29.84 405 14.67
3 530 30.28 515 22.64 440 4379
4 550 34.62 547 47.52 457 28.22
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Fig. 4. TGA curves of the OSA (a), OSB (b), RSA (c), and RSB (d) MWCNTSs samples.

The DTG curve of the OSB-MWCNTs sample in Fig. 4b exhib-
ited three main stepwise weight-losses. Fraction I contains three
consecutive weight-losses which correspond to the weakly bonded
condensed aminosilane molecules. The presence of the two con-
secutive weight-losses in Fraction Il seems to be an overlap of the
burning off of O-MWCNTs and grafted aminosilane with the higher
condensation degree, in comparison to the condensed aminosilane
molecules burnt off in Fraction 1. The strongest Fraction III corre-
sponds to the O-MWCNTSs with the abundance of well condensed
aminosilane attached to the outer nanotube walls. The last fraction
of the OSB-MWCNTs indicates highly improved thermal stability
of the analyzed sample (T, =643 °C) which is 96 °C higher than T,
of the Fraction III of the oxidized multiwalled carbon nanotubes
(Table 2). The TG curve in Fig. 4b indicates that the total mass left
after the thermal analysis increased up to 5.89 wt%. This can be
explained by the fact that the condensation process influenced the
level of MWCNTSs silanization.

In Fig. 4c four stepwise weight-losses of RSA-MWCNTs sam-
ple can be observed. Fraction I corresponds to the combustion of
aminosilane molecules, while Fractions II, Il and IV correspond to
the combustion of the reduced MWCNTSs with a high degree of the
APTES grafting. The high level of the surface functionalization led to
the significant T, increase which is over 117 °C higher than T, of the
reduced MWCNTs fractions. The TG curve in Fig. 4c indicates that
the total mass left after the thermal analysis is 9.30 wt% which is
6.17 wt% higher than the total mass which was left in OSA-MWCNTs
sample. Both effects can be explained by the fact that higher amount
of hydroxyl groups created during the reduction process provided
more active sites for aminosilane molecules.

Finally, the DTG curve of the RSB-MWCNTSs sample in Fig. 4d
exhibited three stepwise weight-losses. Fraction I corresponds to

the burning off of the weakly bonded condensed APTES molecules.
FractionIof the RSB-MWCNTSs sample presents a very similar oxida-
tion temperature to the Fraction | RSA-MWCNTs sample. However,
in the RSB-MWCNTs sample the amount of the aminosilane is
higher (3.27%) due to the condensation process. Fractions Il and III
correspond to the reduced MWCNTSs featured by the strong grafting
of the condensed aminopropyl-functional resinous polymer. The
surface condensation of APTES in Fraction III of the RSB-MWCNTSs
sample led to the significant increase of the T, which is 142°C
higher than T, of Fraction IV of the R-MWCNTSs sample (Table 2).
The TG curve in Fig. 4d indicates the consecutive increase of the
total mass left after the burning process (17.7 wt%).

Overall, based on data presented in Table 2 and Fig. 4 one
can deduce that the fractions of the silanized MWCNTSs whose T,
is in the range of 250-470°C are attributed to the combustion
of the APTES and decomposition of weakly bonded aminosilane
molecules with different state of condensation. It is suggested that
above 470°C the thermal decomposition of the strong Si-O links
to the nanotubes surface occurs. In comparison to the last fraction
of the P-MWCNTs sample, the oxidation temperatures of the last

Table 3

The elemental composition of all investigated MWCNTs samples by EDX analysis.
Sample C(wt%) O (wt%) Si (wt%) N (wt%)
Pristine MWCNTSs 97.91 2.09 0.0 0.0
Oxidized MWCNTSs 62.84 37.16 0.0 0.0
Reduced MWCNTs 59.76 40.24 0.0 0.0
Silanized A O-MWCNTSs (OSA) 94.85 2.02 2.28 0.85
Silanized B O-MWCNTs (OSB) 90.95 2.87 3.44 2.74
Silanized A R-MWCNTs (RSA) 87.50 4.24 4.56 3.70
Silanized B R-MWCNTSs (RSB) 82.18 9.04 4.95 3.83
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Fig. 5. TEM micrographs of pristine MWCNTSs bundles (a) and individual nanotube (b).

fractions of the OSB-MWCNTs and RSB-MWCNTSs samples exhibited
improved thermostability up to 93 °C and 49 °C, respectively.

The energy dispersive X-ray (EDX) analysis was used to char-
acterize the elemental composition of all investigated MWCNTs
samples. Table 3 presents the weight percentage of the carbon, oxy-
gen, silicon and nitrogen in pristine, oxidized, reduced and silanized
MW(CNTs samples. The increased amount of silicon atoms (almost
5%) obtained in analysis of the RSB-MWCNTs sample could be a
significant evidence of the surface covalent modification which is
clearly related to the high amount of the hydroxyl groups in the
reduced MWCNTs sample and condensation of the aminosilane
molecules during silanization process.

Fig. 5 reveals the morphology of the pristine MWCNTSs in a
larger fraction of the sample (a) and the closeup of the individual
tube (b). One can clearly see that the presented structure exhibits
typical multiwalled carbon nanotubes characteristics. Detailed
microscopic analysis proved that almost no amorphous carbon was

detected in all the observed sample areas. This observation was
confirmed in high-resolution TEM observation. The individual tube
shows a well-organized cylindric graphene layers without only a
few amorphous species in or out of the tube.

The TEM analysis of the functionalized samples is depicted in
Fig. 6: the oxidized sample (a), OSA (b), OSB (c), the reduced sam-
ple (d), RSA (e) and RSB (f). The microscopic analysis allows one to
observe the morphological changes in each sample. The samples
were compared to the pristine sample. After each step of the func-
tionalization the presence of some additional structures, mostly
on the nanotubes surface, were detected. This can be attributed to
the introduction of the respective functional groups and aminosi-
lane molecules. This effect is the most pronounced in the sample
after the oxidation followed by the reduction process and silaniza-
tion in hydrolysis conditions (RSB-MWCNTSs) seen in Fig. 6f. Here,
one can see even the whole tubes being coated presumably by the
condensed aminopropyl moieties.

Fig. 6. TEM micrographs of oxidized (a), OSA (b), OSB (c), reduced (d), RSA (e), RSB (f) MWCNTSs samples.
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4. Conclusions

The influence of the different silanization routes on the ther-
mal, structural and vibrational properties of MWCNTs has been
presented. The detailed spectroscopic, thermogravimetric, and
microscopic analyses of the samples at each step of the prepara-
tion have been shown. As it was observed, the thermal stability of
MWCNTs decreased along with the increase of the functionalization
by surface moieties. Interestingly, it was proved that the silaniza-
tion process enhances the thermal stability of MWCNTs. This effect
is clearly visible in the oxidized and reduced samples silanized
via the condensation process of the aminosilane molecules on the
MWCNTSs surface. Moreover, the silanization B route of the oxidized
followed by the reduction MWCNTs forms homogenous layer of
aminopropyl-functional polymer around its outer walls. This effi-
cient functionalization leads to the obtaining of MWCNTSs matrix
which due to the abundance of free NH, functional groups could
be used as a matrix for the immobilization of enzymes, drugs and
as a part of polymer nanocomposites.
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