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4.1 Introduction

CO; is known as one of the main greenhouse gases which is responsible for
global warming and the major climate change in the 21st century [1]. Meanwhile, CO; is
also an abundant, recyclable as well as inexpensive resource. So, from the standpoint of
environmental safety, economic and resource consumption, the utilization of CO, as a
renewable material for the preparation of valuable materials is highly advantageous [2—
6]. An important utilization of CO, is in the preparation of five-membered cyclic
carbonates via its reaction with epoxy substrates [2,3]. These cyclic carbonates have a
large number of applications like aprotic polar solvents, electrolytes and precursor for

polymer synthesis [7].

These cyclic carbonates are used as a precursor for the preparation of
polyurethanes (the so-called non-isocyanate polyurethanes (NIPUs)) which avoid the use
of isocyanates. Usually, conventional polyurethanes (PUs) are synthesized from
isocyanates and polyols [8—10]. Isocyanates are highly toxic and volatile materials, and
their long term exposure causes several harmful health effects [10]. The amount of
methylene diphenyl diisocyanate (MDI) should be no more than 0.10 wt% in a
constituent of mixtures [11]. Therefore, as concerns about health and safety, a substitute
synthetic route needs to be developed for replacing isocyanates in the preparation of PUs

from renewable resources.

The use of renewable resources in the production of polymers has attained global
consideration by the reason of the environment safety and diminution of petroleum

resources at high rate [12]. Amongst them, vegetable oils are attracting more
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consideration owing to their easy availability and environmental friendly [12—-14]. In
addition, they can be chemically functionalized to give variety of products [15]. In recent
time, various vegetable oils derived cyclic carbonates are being gradually used as
precursor for synthesizing NIPUs [16-21]. NIPUs prepared by this way show better
resistance to organic solvents and improved thermal stability [22,23,24]. However, due
to steric hindrance of cyclic carbonated structures, the reactivity of amine or amide

towards the cyclic carbonate is low [25].

In comparison to the conventional PUs, the low reactivity of secondary amine or
amide towards the cyclic carbonates results in low molecular weight of NIPUs which
affects its mechanical properties [26]. Therefore, to overcome these drawbacks of
NIPUs, scientists are working on the development of catalysts and the design of
molecular structures of cyclic carbonates up to seven-membered reactive cyclic
carbonates to enhance the rate of the aminolysis reaction of the cyclic carbonates [27,28].
Researchers have found that 1,5,7-triazabicyclo[4.4.0]dec-5-ene is the most excellent
catalyst to increase the reaction rate of aminolysis of cyclic carbonates [29]. However,

this catalyst is very expensive.

To overcome these drawbacks, in this work amine functionalized multi walled
carbon nanotube (AF-CNT) are incorporated into the polymer network of NIPU prepared
by reacting carbonated sunflower oil (CSFO) with isophorone diamine (IPDA). (The
prepared NIPU is also represented as CSFO/IPDA). Nanomaterials can play an key role
in exceeding the limitations of conventional organic coatings and creating advanced
coatings with longer lifetime [30]. Meanwhile, carbon nanotubes (CNT) have been
considered broadly because of their exceptional electrical, thermal, mechanical
properties, and high aspect ratios [31]. However, owing to inhomogeneous dispersion
and interfacial bonding of the CNT, nanocomposites do not give the expected
enhancement [32,33]. So, chemical functionalization at the surface is required to increase
the polymer-CNT interaction by covalent interaction with pre-polymers and polymers
[34]. In this work, we have used AF-CNT as the nano-filler and examined the influence

of various wt% of AF-CNT in the properties of the NIPU.
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4.2 Experimental
4.2.1 Materials

Multi walled carbon nanotube (MWCNT) was procured from Redex
Technologies Pvt. Ltd., India. All the other chemicals used for the experiments are the

same as mentioned in section 2.2.1 of Chapter 2.
4.2.2 Preparation of carbonated sunflower oil (CSFO)

Carbonated sunflower oil was prepared by reacting CO, with epoxidized
sunflower oil (ESFO) at 120 °C and 40 bar CO, for 10 h catalyzed by tetra-n-
butylammonium bromide (TBABr) (3.5 mol% with respect to the ESFO) in a reactor.
After the desired time, the system was cooled down and the pressure was discharged to

obtain the final product.
4.2.3 Amine modification of MWCNT (AF-CNT)

The pristine MWCNT (500 mg) was dispersed in HNO; (conc.) and ultra-
sonicated for 2 h followed by refluxing and continuous stirring for 48 h at 85 °C. After
cooling down, the suspension was diluted by using 500 mL distilled water, filtered and
subsequently washed with distilled water till neutral pH was attained. The resulting

functionalized MWCNT (f-CNT) were kept at 60 °C for 12 h in a vacuum oven.

f-=CNT was silane functionalized according to the procedure reported by Zhu et
al. [32]. The carboxylated MWCNT (f-CNT) were dispersed in toluene, and then (3-
aminopropyl)trimethoxysilane (APTMS) (1 wt%) was subsequently added to the above
solution. The resulting solution was refluxed at 110 °C for 8 h. The resulting MWCNT
(AF-CNT) were filtered and washed with distilled water and acetone. It was finally kept

at 60 °C for 24 h to evaporate water.

4.2.4 Preparation of NIPU and its nanocomposites with AF-CNT

The CSFO/IPDA/AF-CNT nanocomposites were synthesized by ring opening
polymerization of CSFO by using IPDA as the curing agent. In a typical synthesis, AF-
CNT (different wt%: 0.50, 1.0, 1.5 and 2 wt% with reference to CSFO) were dispersed

in tetrahydrofuran (THF) and sonicated for 1 h to obtain uniform suspension of AF-
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CNT. After obtaining stable dispersion of AF-CNT in THF, it was added to CSFO with
continuous stirring for 3-4 h at 90 °C with the addition of IPDA as the curing agent. A
pristine NIPU sample (0 wt% AF-CNT) was also synthesized for comparison purpose
and will be designated as CNTO. The resulting mixture was poured onto a Teflon sheet
and heated at 85-90 °C for 48 h followed by heating in oven at 110 °C for 2 h to attain
fully cured and freestanding NIPUs film. The constitutions of the nanocomposites with

varying wt% of AF-CNT are given in Table 4.1.

Table 4.1: Composition of the nanocomposites.

Sample name CSFO (g) AF-CNT IPDA (g)
(wt%)

CNTO 5.0 0.0 1.54
CNTO0.5 5.0 0.5 1.54
CNT1.0 5.0 1.0 1.54
CNT1.5 5.0 1.5 1.54
CNT2.0 5.0 2.0 1.54

*CNTO stands for NIPU without AF-CNT
* CNTO0.5 stands for NIPU with 0.5 wt% AF-CNT and so on.

4.2.5 Characterization

The instruments used for characterization including FT-IR, SEM, TGA and
scratch hardness tester are discussed in section 2.2.4 of Chapter 2 and for XRD in section
of 3.2.6 of Chapter 3. To examine the chemical resistance of the prepared films, small

parts of the prepared polymer were kept in different concentration solutions.
4.3 Results and discussion

4.3.1 FT-IR studies:

4.3.1.1 Functionalization of MWCNT

FT-IR spectra of f-CNT and AF-CNT are presented in Fig. 4.1. In the FT-IR
spectrum of f-CNT (Fig. 4.1a), peaks appear at 1738, 1069 and 889 cm™ corresponding
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to the carboxylic acid groups, C-O and the broad carboxylic acid -OH deformation
respectively [35]. The peaks in the region of 2853-2928 cm™ are observed in both the f-
CNT and AF-CNT spectra due to C-H stretching. The results suggest that the successful
introduction of carboxylic acid groups at the surface of the MWCNT. Fig. 4.1b presents
the FT-IR spectrum of AF-CNT, the reaction product of f~CNT with APTMS. After
silanization, two characteristic peaks are observed at 1581 and 695 cm™ due to the
primary amine of APTMS and weak N-H bending bonds [32]. The results show that
COOH and silane moieties are effectively introduced at the surface of MWCNT by
chemical treatment. The whole reaction process is represented diagrammatically in

Scheme 4.1.
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Fig. 4.1: FT-IR spectra of (a) f~CNT and (b) AF-CNT.
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Scheme 4.1: Amine functionalization of MWCNT.
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4.3.1.2 Preparation of NIPU and its nanocomposites with AF-CNT
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Fig. 4.2: FT-IR spectra of (a) CSFO, (b) CNTO and (c) CNT1.

FT-IR spectra of (a) CSFO, (b) CNTO and (c) CNT1 are presented in Fig. 4.2. In
the FT-IR spectrum of CSFO, the signal at 1805 cm™ corresponds to carbonate stretching
vibration (Fig. 4.2a). In the case of CNTO (Fig. 4.2b), the presence of a shoulder peak at
1701 cm™ indicates the formation of urethane along with a significant amount of residual
cyclic carbonated at 1805 cm™. The broad peak at 3429 cm™ is because of the hydroxyl
groups resulting from the aminolysis of cyclic carbonated reaction and -NH stretching. In
the FT-IR spectra of CNT1 (Fig. 4.2¢), signals at 1698, 1545 and1029 cm™ represent the
formation of urethane group, -NH deformation of urethane group and Si-O stretching of
Si-O-C respectively. These peaks of NIPU along with AF-CNT confirm the formation of

nanocomposites.

4.3.2 XRD analysis

XRD studies were carried out in order to examine whether there is a change in
the structure of f~-CNT and AF-CNT. The typical diffraction peak at 26 = 25.7° for the
plane (002) having interlayer distance 0.35 nm and another peak at 26 = 43.18° for the
plane (100) corresponding to the concentric cylinder structure of MWCNT are obtained
in the XRD patterns of all the MWCNT (Fig. 4.3.a, b, ¢). Both acid functionalization and
APTMS modification do not change the typical diffraction peaks of MWCNT, indicating
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that chemical treatment of MWCNT does not destroy their structure. After the
functionalization of the raw MWCNT, the intensity of the diffraction peak for the (002)
plane is altered, it can be attributed to the different absorption coefficients of the
functional groups and an increase in the graphitization degree due to the conversion of

amorphous carbon [34].

(a) MWCNT
(b) f-CNT
(c) AF-CNT
(b) ——(d)CNTO
- (e) CNT1

Intensity (a.u)

20 (Degree)

Fig. 4.3: XRD patterns of (a) MWCNT, (b) f-CNT, (¢) AF-CNT (d) CNTO and (e)
CNTI.

XRD pattern of pristine CNTO (Fig. 4.3d) shows a broad diffraction peak at
around 206 = 19.01° which indicates some crystallinity of the pristine NIPU.
Additionally, XRD pattern of the nanocomposite (CNT1) shows that the characteristic
peak becomes sharp with the incorporation of AF-CNT (Fig. 4.3¢). Noticeably, no
typical diffraction peak belonging to the regular and periodic structure of the AF-CNT is
observed in the nanocomposites. Thus, XRD pattern of the nanocomposite confirms the
formation of fully exfoliated structure and the homogeneous distribution of AF-CNT

within the NIPU [15].
4.3.3 SEM analysis

The surface of the CNTO resin is represented in Fig. 4.4a which exhibited smooth
surface. The surface of the nanocomposite CNT1 (Fig. 4.4b) shows a considerable

increase in the surface roughness, which suggests the reinforcement of AF-CNT in
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NIPU. The modification of the MWCNT enhanced their dispersion and interfacial
bonding with the NIPU matrix because of the formation of reactive amine functional

groups on their surfaces.

-

20kV  X1,000 10pm 0000 09 36 SEI

20kV"  X2,000 10pm 0000 09 36 SEI

Fig. 4.4: SEM micrographs of (a) CNTO and (b) CNT1 nanocomposite films.
4.3.4 Mechanical properties

The mechanical properties of the nanocomposites were observed by varying the
wt% of AF-CNT content. From Table 4.2, it is seen that the tensile strength, scratch
hardness and impact strength improves with the incorporation of AF-CNT. It can be
attributed to the chemical bonding between the carbonate groups of CSFO and IPDA,
and the amine groups on the surface of AF-CNT (Scheme 4.2). Furthermore, hydrogen
bonding between urethane, ester and hydroxyl groups also helps strong interfacial
adhesion. The mechanical properties of the nanocomposites show a marked enhancement
when 1.5 wt% of AF-CNT are added. The tensile strength of the pristine polymer
network (CNTO) is initially 4.66 MPa which increases to 8.92 MPa with the
incorporation of 1.5 wt% AF-CNT. This results compares favorably to other NIPUs
based on soybean oil reported by Javni et al. [17]. At high loading of AF-CNT (2 wt%),
these properties of the nanocomposites are decreased. This may be due to the fact that at
high AF-CNT content, particle aggregation takes place. This improvement is attributed
to the reinforcing effect of the CNT and uniformly dispersed AF-CNT in the
CSFO/IPDA polymer network which hinders the motion of the polymer chains [15]. As a
result of the reduced movement, a decrease in elongation at break of the nanocomposites

1s observed.

Page 4.8



Chapter 4: Development of sunflower oil based non-isocyanate
polyurethane/multi walled carbon nanotube composites with improved
physico-chemical properties

°o o il
U/“\DD/J\"J' 2 W
WHMQ{O
OTJWM_\’W
o O® o‘“,u
o o

HsN

IPDA ﬁ NH;-MWCNT (AF-CNTSs)

H bonding

Scheme 4.2: Plausible cross-linked structure of the CSFO/IPDA/AF-CNT

nanocomposites.

Table 4.2: Mechanical properties of the nanocomposites.

Tensile strength  Elongation Impact strength Scratch
(MPa) at break (%) height (cm) hardness (kg)
CNTO 4.66 290 63 3.5
CNTO0.5 5.2 205 75 4.1
CNT1 7.20 171 86 4.8
CNT1.5 8.92 89 100 53
CNT2 4.92 273 77 4
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4.3.5 Thermal stability

TGA thermograms of the nanocomposites are shown in Fig. 4.5 and results are
displayed in Table 4.3. From Table 4.3, it is suggested that nanocomposites have better
thermal stability than CNTO. For example, a 5% weight loss of CNTO takes place at 274
°C, whereas the same for the nanocomposite with 1 wt% of AF-CNT is increased by 28
°C. It is ascribed to the nano-mechanical interlocking of AF-CNT with the polymer
matrix via the polar functionalities that can make possible electrostatic interactions and
hydrogen bonding. Thermal stability is increased up to 1.5 wt% of AF-CNT and these
properties decrease at 2 wt% of AF-CNT for CNT2. This is due to the steric hindrance
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Fig. 4.5: TGA curves of the nanocomposites with different wt% of AF-CNT.

Table 4.3: Thermal properties of the nanocomposites.

Temp @ 5% Temp @ 25% Temp @ 50%
wt loss (°C wt loss (°C) wt loss (°C)
CNTO 274 347 390
CNTO0.5 287 352 397
CNT1.0 302 366 401
CNT1.5 310 383 430
CNT2.0 289 353 393
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and particle aggregation takes place at high AF-CNT loading. Due to the chemical
bonding between the CSFO/IPDA and amine groups on the surface of the MWCNT, the
mobility of polymer chains are reduced, thus slowing down its degradation [15]. These

thermal properties are superior to those previously reported by Samanta et al. [18].
4.3.6 Chemical resistance analysis

The chemical resistance of the nanocomposites towards water, NaOH (5%, aq.),
ethanol (25% aq.) and HCI (10% aq.) were tested for 20 days and the outcome are listed
in Table 4.4. The prepared films posses high cross-linking density and rigid structure, so
they exhibit excellent resistance to water, ethanol and HCI. But due to the presence of
hydrolyzable ester linkages in pristine NIPU, the alkali resistance is only fair.
Nonetheless, due to the formation of nanocomposites and cyclic-aliphatic structure of
IPDA, the solvent diffusion is prohibited and the nanocomposites reveal suitable

resistance to alkali.

Table 4.4: Chemical resistance tests for the nanocomposite films.

Chemical Environment

ethanol NaOH HC1
(25%., aq.) (5%, aq.) (10%, aq.)
CNTO Good Excellent Fair Excellent
CNTO0.5 Excellent Excellent Fair Excellent
CNT1 Excellent Excellent Good Excellent
CNT1.5 Excellent Excellent Good Excellent
CNT2 Excellent Excellent Good Excellent

*Excellent= No weight loss

4.4 Conclusion

Herein, we have developed an environmentally friendly NIPU/AF-CNT
nanocomposite coating through an in situ catalyst-free, non-isocyanate method. Amine
functionalization of MWCNT was done using an aqueous APTMS solution which is

used as the nano-filler. As a result, the properties of composites increased in contrast to
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pristine NIPUs. Furthermore, we observed that different wt% of the amine functionalized
MWCNT (i.e., AF-CNT) had a significant impact on the chain confinement in the
polymer network. The physico-chemical properties of the pristine NIPUs are enhanced
considerably upon addition of AF-CNT. The nanocomposites were thermally stable and
exhibited a tensile strength of 8.92 MPa with 89% elongation at break. It has been found
that the properties of composites increase with the increase of AF-CNT content in the
composites upto 1.5 wt%. The overall study suggests that the prepared nanocomposites

are sustainable materials for coating applications.
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