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Abstract: Surface modification of hydroxylated, multi-walled carbon nanotubes (OH-MWCNTs) was
carried out by silanization with 3-aminopropyltriethoxysilane (APTS). Rigid polyurethane foam nano-
composites were prepared by silanized MWCNTs in different weight percents via a one shot method and
the thermal, mechanical and morphological properties of the nanocomposites were investigated in detail.
The obtained results from thermogravimetric analysis indicated that the thermal stability of the nano-
composites were increased by higher silanized MWCNTs contents. Morphological studies showed an
increased cell density parallel to higher silanized MWCNTs contents in the polyurethane matrix. Further-
more, the tensile properties showed that the Young’s moduli, as well as tensile strengths, were improved
in comparison with pristine foam. The obtained data revealed reverse effects of 3 % functionalized
MWCNT on the properties of respective nanocomposites due to agglomeration of MWCNTs.

Keywords: multi-walled carbon nanotubes, rigid polyurethane foams, nanocomposities, surface modifi-
cation, 3-aminopropyltriethoxysilane.

Otrzymywanie i wlasciwosci nanokompozytow sztywnych pianek poliureta-
nowych z funkcjonalizowanymi wielosciennymi nanorurkami weglowymi

Streszczenie: Przeprowadzono funkcjonalizacje hydroksylowanych wielosciennych nanorurek weglo-
wych (OH-MWCNTs) w procesie silanizowania za pomoca 3-aminopropylotrietoksysilanu (APTS).
Nanokompozyty sztywnych pianek poliuretanowych wytwarzano przy uzyciu réznej ilosci silanizowa-
nych MWCNTs (1,5, 2,0, 3,0 % mas.). Badano termiczne i mechaniczne wtasciwosci uzyskanych pianek
nanokompozytowych, a takze ich morfologie. Wyniki otrzymane metoda analizy termograwimetrycznej
wskazuja, ze stabilnos¢ termiczna kompozytéw zwigksza sie wraz ze wzrostem zawartosci silanizowa-
nych wielo$ciennych nanorurek weglowych (Si-MWCNTs). Zwigkszenie udziatu zastosowanego na-
petniacza w matrycy poliuretanowej wptywa takze na wzrost gestosci komorkowej pianki. Stwierdzono
rowniez poprawe modulu Younga oraz wytrzymatosci przy rozciaganiu otrzymanych nanokompozy-
tow. Dodatek do matrycy poliuretanowej juz 3,0 % mas. silanizowanych wielosciennych nanorurek weg-
lowych powoduje pogorszenie omawianych wiasciwosci nanokompozytéw PUR/Si-MWCNTs, wynika-
jace z obecnosci w matrycy poliuretanowej aglomeratéw czastek napetniacza.

Stowa kluczowe: wieloscienne nanorurki weglowe, sztywne pianki poliuretanowe, nanokompozyty,
modyfikacja powierzchni, 3-aminopropylotrietoksysilan.

Currently, carbon nanotubes (CNTs) are a major to-
pic of research due to their extraordinary mechanical,
thermal, electrical, optical and electrical conductivity
properties [1—4]. Carbon nanotubes are widely used
as a reinforcing filler in polymer matrices to prepare
high performance composites [5—8]. The agglomera-
tion of the CNTs and poor interaction between the
CNTs and matrix are two major problems that occur
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during the preparation of CNT reinforced composites.
Therefore, to overcome these problems, various me-
thods and techniques have been devised. Chemical
functionalization [9—12] and ultrasonic sonication
[13, 14] are two effective methods that can improve the
interfacial adhesion between the nanotubes and mat-
rix. Silanization of the CNTs by silane coupling agents
is another method that can be used to introduce reac-
tive functional groups, as well as improve surface pro-
perties. Nowadays, silane coupling agents have been
confirmed as effective and versatile surface treatment
agents for nanoparticles, especially CNTs [15]. The ge-
neral formula of silanes is given by Formula (I)
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where: n = 0—3, OR” — the hydrolysable alkoxy group,
R — the organic functional group. The organo functional
group (R) in the coupling agent causes the reaction with
the polymer matrix.

Hydrolysis of the OR’ groups leads to the trisilanol
group, which can react with the hydroxyl groups on the
surface carbon nanotubes that are already oxidized or
reduced by various methods [16—18]. This method was
used by Velasco et al. for the first time [19] where they mo-
dified the oxidized MWCNTs with 3-mercaptopropyltri-
methoxysilane (MPTS). It was shown that silanization of
CNTs with 3-mercaptopropyltrimethoxysilane is an ef-
fective way to lead to a better distribution of CNTs in the
polymer matrix. Lee et al. investigated the effect of silani-
zation of MWCNTs with 3-aminopropyltriethoxysilane
(APTS) on the properties of ultra high molecular weight
polyethylene (PE-UHMW) composites [20]. They sho-
wed that silanized MWCNTs have a better dispersion
and interfacial adhesion in the polymer matrix. In ano-
ther report, Ma and his coworkers studied the silaniza-
tion of oxidized MWCNTs by using 3-glycidoxypropyl-
trimethoxysilane (GPTS), resulting in a good dispersion
of MWCNTs in ethanol as a solvent [21].

Rigid polyurethane (PUR) foams are a member of the
family of polymer foams that have a variety of applica-
tions in everyday life due to their unique properties [22].
Unfilled and non-reinforced PUR, due to its poor mecha-
nical and thermal properties, is unsuitable for many app-
lications. Therefore, many researchers have attempted to
solve this problem in order to enhance the properties of
polyurethane composites [23—26]. For example, Saha
et al. added different types of nanoparticles at 1 wt %
loading into the polymer matrix. Their results showed
that the mechanical properties of nanocomposites are
dramatically increased and also the decomposition tem-
perature was improved about 18 °C in comparison with
pure samples [27]. Wang studied the thermal and mecha-
nical properties of polyurethane/amine- terminated
MWCNTs composites and indicated the performance of
functionalized CNT in such properties of the final pro-
duct [28].

In the present study, hydroxyl functionalized multi-
-wall carbon nanotubes (OH-MWCNTs) were functiona-
lized by silanization processes using 3-aminopropyltri-
ethoxysilane (APTS) and the effect of chemical functiona-
lization of MWCNTs evaluated on the mechanical, ther-
mal and morphological properties of Si-MWCNTs nano-
composites.

EXPERIMENTAL PART
Materials

— The hydroxyl multi-walled carbon nanotubes
(OH-MWCNTs) used in this work were purchased from

the Neutrino Corporation Co. (Tehran, Iran). The
OH-MWCNTs had a diameter range of 10—20 nm,
lengths in the range 10—30 pum, purity >95 %, Specific
Surface Area (SSA) (200 m?/g) and 3.06 wt % OH groups
according to the manufacturer’s data.

— DaltoFoam TA® 14066 is a commercial polyether
polyol derived from the polymerization reaction between
ethylene and propylene oxide and containing all of the
required additives, namely amine catalysts, surfactants,
cell stabilizer and water as the blowing agent. PMDI
(Suprasec® 5005) for rigid PU foam formulations was
supplied by Huntsman Company. Technical data are lis-
ted in Tables 1 and 2.

Table 1. Polyol (DaltoFoamTA® 14066) technical data

Appearance

Viscous yellow liquid

Viscosity 5.260 Pa - s at 25 °C
Specific gravity 1.06 g/cm3 at 25 °C
Water content 2.3 %

pH 12

OH number 430 + 20 mg KOH/g

Table 2. PMDI (Suprasec® 5005) technical data

Appearance Dark brown liquid
Viscosity 0.220 Pa-sat 25 °C
Specific gravity 1.23 g/em?3 at 25 °C
Flash point 233 °C
Fire point 245 °C

— 3-Aminopropyltriethoxysilane (wetting area
353 m?/g), triethylamine (TEA), ethanol, acetone were
supplied from Merck and used as received without fur-
ther purification.

Silanization of OH-MWCNTs with
3-aminopropyltriethoxysilane (APTS)

OH-MWCNT (1 g) was dispersed in ethanol (250 cm?®)
with an ultra probe for 5 min. Then, distilled water
(3 cm®), APTS (3 cm?®) dispersed in ethanol (50 cm?) and
TEA (1 cm®) were dropped into the suspension sequen-
tially. The mixture was stirred at 900 rpm for 3 h. The final
product was then filtered, washed with ethanol and ace-
tone three times and dried in a vacuum desiccator at
80 °C for 24 h. A schematic illustration of the silanization
process is shown in Scheme A

Preparation of PUR foam nanocomposites

For the preparation of nanocomposites: first, different
amounts of silanized MWNT — 1.5, 2.0 and 3.0 wt %,
were added to the polyol matrix and sonicated in an
ultrasonicator (IKA® T25 Digital) for 10 min to achieve
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a uniform mixture. Then, the mixture was transferred
into a paper cup with a volume of 300 cm® and open
mold. In the next step, PMDI was added to the polyol
blend and hand mixed. The foam reactivity parameters
were recorded simultaneously using a digital timer as
shown in Table 3. The neat PUR (polyurethane rigid)
foam composite was also prepared using the same proce-
dure for comparison purposes. The cream time of the
nanocomposites was longer than pure PUR. This is due to
the fact that -NCO groups of isocyanate quickly react
with OH groups of polyol to form the PUR product. The
addition of nanotubes to the reaction mixture reduces the
effective concentration of the functional groups of com-
ponents (hydroxyl or isocyanate), thus the rate of the
reaction decreases and there is an increased reaction
time.

Table 3. Reactivity parameters of PUR foam nanocomposites

erel%?tof Cream Rising String | Tack free
Sil?MWCNTs time, s time, s time, s time, s
0.0 8 196 200 141
15 29 143 149 163
20 26 118 173 187
3.0 18 173 186 134

Furthermore, the higher amounts of Si-MWCNT in
the PUR matrix, and larger numbers of functional groups
on the nanotube surfaces, leads to an increase in the reac-
tion rate between the amine functional groups (-NH,) on
the MWCNT surface and PUR components, which led to
increments in rising as well as stirring times. In other
words, a decreasing trend in the cream time is seen from
1.0 to 3.0 wt % silanized MWCNT loading. After foaming,
the test samples were cured at room temperature for 24 h.
Finally, to prepare samples for mechanical and thermal
testing, the skin layers of the molded foam block were cut

off to remove the influence of the non-uniform skin layers
on the mechanical and thermal properties. The weight
ratio of polyol to diisocyanate for all nanocomposites was
10 to 12.

Methods of testing

— Fourier transform infrared spectrometer (FT-IR,
Brucker Tensor 27) was used to evaluate the interfacial
interaction between Si-MWCNT and PUR matrix, as well
as to confirm the functionalization of OH-MWCNTs.

— Thermal stability of the nanocomposites was mea-
sured by a Thermogravimetry Analyzer (TGA, DuPont
TGA951) from room temperature to 800 °C with a heating
rate of 7 deg/min under N, (25 °C—600 °C) and O,
(600 °C—800 °C) atmospheres.

— The morphology of the samples were examined
under a Field Emission Scanning Electron Microscope
(FE-SEM) (54160 Hitachi, Japan) with an accelerating vol-
tage of 20 kV. The fracture surfaces were coated with a
thin layer of gold by the RF-sputtering method.

— Tensile tests were done using a Hegewald & Pesch-
ke measuring instrument according to ASTM D412. To
ensure the reliability of the test results, at least four speci-
mens of each sample were analyzed.

RESULTS AND DISCUSSION
FT-IR spectroscopy

The FT-IR spectra are shown in Fig. 1. In the
OH-MWCNT spectrum, the bands at 3428, 2922, 2855,
1630, 1382 and 1056 cm’!, are attributed to O-H stretch-
ing, C-H stretching (Asym), C-H stretching (Sym), qui-
none groups, bending in alcoholic groups (C-OH) and
C-O stretching, respectively. After silanization, the peak
corresponding to C-OH bending almost disappeared and
the peak intensity of O-H stretching was reduced, which
are indications of successful silanation. The peak at
around 1065—1090 cm'lr related to Si-O stretching, is not
clearly seen due to overlap with other groups [19, 21, 29].

3
g / 4 \3855 / x
g b 2922 1630
= 1065—1090
= — Si-MWCNT
=== OH-MWCNT
- V3428

4000 3500 3000 2500 2600'115b0 © 1000
Wave number, cm’
Fig. 1. FT-IR spectra of OH-MWCNT and Si-MWCNT
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Analysis of morphology

The cell density for both nanophased and neat PUR
are given in Table 4. The cell density (N;) is calculated
using the following equation [30]:

N;= (n M*/A)"? 1)

where: n — the number of cells, A — the area of the micro-
graph (cm?), M — the magnification factor.

SEM images of the samples are shown in Fig. 2 with
a magnification factor of 60. With an increased number of
MWCNT particles, the cell density increased and, as a re-
sult, the cell size decreased. This cell density increase is
due to nucleation and growth phenomena during the

Table 4. Cell density of PUR foam nanocomposites
Weight percent of Si-MWCNTs 0.0 1.5 3.0
Cell density x 104, cell/cm3 1.10 4.45 4.90

foaming process. A small amount of well-dispersed na-
noparticles in the polymer may serve as nucleation sites
to facilitate the bubble nucleation process [31]. Figure 3
shows the distribution of the MWNTs in PUR foam nano-
composites. It can be observed from Fig. 3c and d that the
PUR containing 3.0 wt % Si-MWCNT was severely agglo-
merated. However, the high surface energy between
nanoparticles leads to agglomeration. These agglomera-

Fig. 2. SEM images of pure and Si-MWCNT-filled PUR foams:
a) pristine PUR, b) Si-MWCNT 1.5 wt % and ¢) Si-MWCNT 3 wt %
samples

Fig. 3. SEM microphotographs of PUR foam nanocomposites: a) Si-MWCNT 1.5 wt %, b) is a magnified image of (a) (at x100 000),
¢) Si-MWCNT 3 wt % and d) is a magnified image of (c) (at x100 000)
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ted nanoparticles act as defects and can have a detrimen-
tal effect on polymer performances [14].

TGA analysis

Figure 4 shows the TGA curves for OH-MWCNT and
Si-MWCNT, respectively. The thermogram of
OH-MWCNT shows a weight loss of about 3.0 % (in
agreement with the manufacturer’s data) in the tempera-
ture range of 512—714 °C, which is attributed to the num-
ber of OH groups on the surface of the MWCNTs. Ther-

gs] ~ —OH-MWCNT

—Si-MWCNT
80 1

25 125 225 325 425 525 625 725 825
Temperature, °C
Fig. 4. TGA thermograms of OH-MWCNT and Si-MWCNT

mal degradation, in the case of PUR nanocomposites con-
taining OH-MWCNTs after silanization by using APTS,
were carried out in three steps. The first step was between
25 and 40.9 °C with a weight loss of 1.8 %, which is attri-
buted to the evaporation of adsorbed water on the
Si-MWCNT surfaces [32] and the second step occurred
between 40.9 and 383 °C with a weight loss of about 5 %,
which is proportional to the amount of coupling agent
that coated the MWCNTs. Therefore, the surface coating
of the OH-MWCNTs was confirmed by the TGA as used

110 -
100 A — Neat PUR foam
90 - —1.5 wt % Si-MWCNT
—2.0 wt % Si-MWCNT
80 - — 3.0 wt % Si-MWCNT
S 70 -
4 60 -
g 50
= 40 -
30 1
20 1
10 -
25 125 225 325 425 525 625

Temperature, °C

Fig. 5. TGA thermograms of neat PUR and its nanocomposites
containing 1.5, 2.0 and 3.0 wt % of Si-MWNT

for the reinforcement of PUR foam matrix. The final stage
was in the temperature range of 484 —716 °C at which the
MWCNTs structurally decomposed.

Figure 5 shows the decomposition process of neat
PUR and Si-MWCNT nanocomposites. The thermal deg-
radation of samples took place in two stages, which cor-
responded to the soft and hard segments, respectively
[27].

The T5, for neat PUR matrix is observed around 447 °C
that was improved to approximately 464 and 463 °C at 1.5
and 2.0 wt % Si-MWNT filled PUR nanocomposites, res-
pectively. This indicates that the thermal stability of the
PUR foam nanocomposites is improved by the addition
of the Si-MWCNT to the polymer matrix and interfacial
interactions between MWCNT and the PUR matrix [33].
The thermal decomposition of the nanocomposite contai-
ning 3.0 % wt Si-MWCNT indicated a weak thermal sta-
bility compared to neat PUR foam due to agglomeration
of nanoparticles. The agglomeration of Si-CNTs also re-
sulted in poor interfacial adhesion with the PUR matrix.
However, due to the poor dispersion of the Si-MWCNTS
in the PUR matrix, strong van der Waals forces between
CNTs caused the formation of aggregates in the matrix
and the thermal stability of the PUR nanocomposite was
reduced [34].

Tensile characteristics

The typical stress—strain curves for the pure PUR and
PUR/Si-MWCNT nanocomposites are shown in Fig. 6.
All samples showed a linear elastic behavior in the low
stress region and plastic deformation in the high stress re-
gion. The tensile strength and modulus were improved in
comparison with neat PUR by the incorporation of
Si-MWNT into the PUR matrix. The mechanical proper-
ties of the nanocomposites are given in Table 5. The mo-
dulus and tensile strength of the 2 wt % Si-MWNT nano-
composites were 5.25 MPa and 0.53 MPa respectively,
which are enhanced by about 41.5 % and 32.5 %, respecti-
vely, compared to the neat PUR.

0.6 1
0.5 1
£0.4 7
=
%03
g
7 0.2 — Neat PUR foam
—1.5 wt % Si-MWCNT
0.1 ] — 2.0 wt % Si-MWCNT
o — 3.0 wt % Si-MWCNT
0 fFHFH7 4 9——4—H0—7"+r—+—F/——+—
0 5 10 15 20 25

Strain, %
Fig. 6. Stress—strain curves of neat PUR and its nanocomposites
with 1.5, 2.0 and 3.0 wt % Si-MWNT loadings
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Table 5. The mechanical properties of neat PUR and its nano-

composites

Weight Apparent | Young's Tensile Elonga-
percent of density modulus | strength tion at
Si-MWCNTs g/cm? MPa MPa break, %

0.0 4.447x102 3.71 0.40 17.25

1.5 4.255x 102 4.46 0.43 15.93

2.0 4.363x 102 5.25 0.53 15.20

3.0 3.673x 102 3.82 0.38 16.50

Enhancement of the mechanical properties of the
composites is attributed to the uniform distribution of
MWCNTs in the polyurethane matrix, and the strong
interfacial interaction between the MWCNTs and the
polyurethane matrix [23]. It can be seen from Fig. 3 that
the sample containing 3.0 wt % Si-MWCNTs formed
many clusters in the polyurethane matrix. So, due to
an uneven distribution of Si-MWCNTs in the matrix,
the mechanical properties of nanocomposites are deg-
raded. A good distribution of CNTs in the matrix in-
creases the interfacial interaction between the nanotu-
bes and the polymer chains, which leads to the molecu-
lar restrictions of the polymer chains and results in the
elongation at the break of the composites in compari-
son with pristine samples [35]. In addition, the in-
crease of Si-MWCNTs in the polyurethane matrix due
to the formation of nucleation sites increases the cross-
linking density and so decreases the apparent density
of the nanocomposites.

CONCLUSIONS

The hydroxyl multi-walled carbon nanotubes
(OH-MWCNTs) were functionalized via a silanization
process using 3-aminopropyltriethoxysilane (APTS) in
order to introduce amine functional groups (-NH,) on the
MWCNT surface. Nanocomposites with different
amounts of silanized MWCNT (1.5, 2.0 and 3.0 wt %)
were prepared to investigate the effects of amine functio-
ned MWCNT on the properties of PUR foam nanocom-
posites. The results of FT-IR and TGA analysis confirmed
the functionalization of OH-MWCNTs with 3-aminopro-
pyltriethoxysilane. The obtained data from SEM analysis
indicated that the cell density increases with increase
MWCNT content because of heterogeneous nucleation of
MWCNT in the PUR matrix. In addition, the Young’s
modulus of the PUR foam nanocomposites increased by
about 20.2 and 41.5 % with 1.5 and 2.0 wt % silanized
MWCNT loading, respectively, according to tensile tests.
Finally, compared to neat PUR foam, thermogravimetric
analysis revealed that the degradation temperature (at a
50 % weight loss) of the PUR foam nanocomposites
increased by about 16.8 °C and 15.5 °C with the incorpo-
ration of 1.5 and 2.0 wt % silanized MWCNT loading, res-
pectively. In all cases, 3.0 wt % nanocomposites indicated
poor performance due to their uneven dispersion.
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