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6.1 Introduction

Among the different polymeric materials, polyurethanes (PUs) are well-
recognized owing to their exceptional versatility as they can be tailored for a large
number of applications like adhesives, elastomers, surface coatings, tissue engineering,
sensors and biomedical equipment [1-5]. However, conventionally, the PUs are
synthesized by the addition polymerization of fossil source-based polyols and
polyisocyanates [6,7]. So, an alternative greener route is most needed from these
petroleum-based materials. For that reason, recently, in the production of polymers, the
utilize of renewable resources for instance vegetable oils has gained importance as they
are available worldwide, low price and environment-friendly in nature [8—10]. Recently,
bio-based PUs are synthesized from various bio-based polyols (acquired from sunflower
oil, castor oil, and soybean oil etc) by reacting it with polyisocyanates [11]. However,
these isocyanates are synthesized from phosgenation of diamines which is unattractive
because phosgene is a very toxic gas and longtime contact can create some bad health

effects [12].

Therefore, PU development is focused on isocyanate free PUs and renewable
resources which can compete with the fossil resource-based PUs. On this issues, the most
favorable stand-in pathway is addition polymerization of polyamines with
polycarbonates, leading to the non-isocyanate polyurethanes (NIPU) [13—17]. These
cyclic carbonate are gained by the reaction of epoxides with CO, [18-21]. The main
advantage of this chemical way is the substitution of phosgene by CO,, an easily
abundant and inexpensive resource [22]. Also, CO; is recognized as a one of the major
greenhouse gases which origin the global warming and climate variation. Hence, the
valorization of CO; for the preparation of essential materials is greatly helpful from the

standpoint of utilization of renewable material and environmental.
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Recently NIPUs have been synthesized from various renewable raw material like
vegetable oil, limonene and syringaresinol etc. [23—25]. Therefore in this study, we have
developed bio-based NIPU by using tannic acid as a renewable raw material. Tannic acid
is a readily available, water-soluble and high-molecular weight polyphenolic compound,
and is generally extracted from plants as well as microorganisms. Its chemical structure
consists of decagalloyl glucose core with phenolic hydroxyl groups [26,27] Besides, the
properties of these tannic acid-based polymers is not suitable to achieve the high-
performance applications such as engineering materials with regards to mechanical and
thermal properties. From this perspective, the incorporation of nanomaterials plays a
major role to enhance the properties of the pristine polymer. In recent years, polymer
nanocomposites with nanoclays, such as montmorillonite (MC), have often been used to
attain polymeric nanocomposites owing to its high aspect ratio, softness, superior
mechanical properties, good solvent resistance, and low-priced and also because it is an
earth-abundant inorganic nanomaterial [28,29]. Furthermore, the properties of polymer
composites are highly dependent on the dispersion of the nano-fillers i.e. the low
dispersion of nano-fillers results in poor properties of the nanocomposite. To resolve this
difficulty, organic modifiers like silane are used to develop better compatibility between
the nanoclay and the polymer matrix [29,30]. So in this work, to further enhance the
properties of the prepared polymer, the nanoclays are functionalized with silane coupling
agent 3-glycidoxypropyl trimethoxy silane (GPTMS) and then incorporated into the
polymer matrix by varying amounts of modified clay (0.5, 1.0 and 1.5 wt% with respect

to the resin).
6.2 Experimental
6.2.1 Materials

Tannic acid (Pure), 3-glycidoxypropyl trimethoxy silane (GPTMS) and MC were
procured from Sigma-Aldrich and used as received. All the other chemicals used for the

experiments are the same as explained in section 5.2.1 of Chapter 5.
6.2.2 Preparation of epoxidized tannic acid (ETAN)

The tannic acid based epoxy was prepared according to the method reported by

Esmaeili et al [31]. Typically, tannic acid (6 g), epichlorohydrin (30 g), tetra-n-
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butylammonium bromide (TBABr) (0.60 g) and distilled water (20.0 g) were put in a
three-neck round bottom (RB) flask fitted with a thermometer and a condenser with
constant stirring at 80 °C. After 1 h, to this reaction mixture, aqueous sodium hydroxide
solution (20%) was added dropwise. The reaction was further continued for 3.5-4 h at 80
°C under constant stirring. After the desired time, the resulting mixture converted into a
viscous mass and transferred into a separating funnel. The organic layers were separated
and washed with 10% NaCl aq. solution and water 3-4 times. Finally, the resulting
viscous mass was kept at 80 °C to evaporate excess epichlorohydrin and water. The
epoxy equivalent weight (EEW) of the prepared ETAN was 535+7 g mol”. The epoxy

equivalent was calculated by titration methods.
6.2.3 Preparation of carbonated tannic acid (CTAN)

The cyclic carbonated tannic acid was prepared by reacting ETAN with CO, in a
reactor at 75 °C and 50 bar pressure by using dimethylformamide (DMF) as the solvent
and TBABT as the catalyst (10 wt% with respect to ETAN) for 16 h. The viscous cyclic
carbonate product was precipitated out by adding water. The organic phase was collected

and kept at 80 °C to get the final brownish viscous product.
6.2.4 Synthesis of cyclic carbonate functionalization of clay (CCLAY)

To synthesize cyclic carbonate clay (CCLAY), first, the cyclic carbonate
derivative of GPTMS was prepared by reaction of GPTMS with CO, by using 10%
(w/w) TBABr as the catalyst in a high-pressure reactor for 12 h under same reaction
conditions as mentioned in the above procedure. Afterwards, the pressure was discharged
and the carbonated product was collected. In the second step, 1 g of unmodified clay was
dispersed in 100 mL of distilled water (solvent) at 50 °C. To the above mixture, 1 g of
carbonated silane dissolved in 100 mL solvent was added and the dispersion was put
under constant stirring for 2 h. The product clay (CCLAY) was filtered followed by
washed with water and kept at 24 h at 60 °C to dry the product [32]. The schematic

representation of the whole synthesis conversion process is shown in Scheme 6.2.
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6.2.5 Preparation of tannic acid based NIPU (NPT)

NPT was synthesized by the reaction of CTAN with poly(amidoamine)
(equivalent weight with respect to CTAN) at 70 °C for 3-4 h in DMF. The obtained
product was kept on a Teflon sheet and maintained at 55 °C to take out the solvent. Then
the resin was allowed to cure at 80 °C for 24 h and then post-curing occurred at 125-135

OC for 2 h to obtain completely cured films.
6.2.6 Preparation of NPT/CCLAY composites (NPTC)

The nanocomposites of NPT were prepared by incorporating CCLAY (0.5, 1.0
and 1.5 wt% compared to the resin). The CCLAY was first dispersed in DMF and after
obtaining a stable dispersion, it was added to CTAN with continuous stirring at 70-75 °C
for 3-4 h with the addition of poly(amidoamine). After completion of the reaction, the
prepared composite was cured using the same process as mentioned above. NPTs with

wt% 0.5, 1.0 and 1.5 of CCALY are designated as NPTCO0.5, NPTC1.0 and NPTC1.0.

Table 6.1: Composition of the nanocomposites.

Sample name CTAN (g) Polyamidoamine (g7 CCLAY (mg)

NPT 2 2 0

NPTCO0.5 2 2 20
NPTC1.0 2 2 40
NPTC1.5 2 2 60

*NPT stands for tannic acid based NIPU.
*NPTC stands for tannic acid based NIPU composites and the digit in NPTC
represents the wt% of CCLAY added into the NPT.

6.2.7 Characterization

The instruments used for characterization including FT-IR, SEM, TGA, UTM,
XRD, scratch hardness tester and titration methods of EEW determination are described
in section 2.2.4 of chapter 2 and for XRD in section 3.2.6 of Chapter 3. The exploitation
of clay was observed by using a transmission electron microscope (JEM-100 CX II). The
chemical resistance of prepared films was evaluated by sinking small pieces of the cured

in different types of solution.
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6.3 Results and discussion
6.3.1 FT-IR studies
6.3.1.1 Preparation of ETAN and CTAN

ETAN was prepared by the reaction between tannic acid and epichlorohydrin in
the presence of a base. This reaction is driven by the highly acidic nature of the phenolic
protons of tannic acid. Here the active hydroxyl groups of tannic acid react with
epichlorohydrin catalyzed by NaOH to give ETAN as shown in the Scheme 6.1a. The
carbonation of ETAN was conducted in a high-pressure reactor at 75 °C and 50 bar for

16 h (Scheme 6.1Db).

The formation of cyclic carbonate (CTAN) groups was established by FT-IR
analysis. In the FT-IR spectrum (Fig. 6.1a), two characteristic peaks appear at around
895 cm™ due to the epoxide groups of ETAN. The peaks appearing at around 1604 and
1240 cm™ are the peaks of C=C bonds of aromatic ring and C-O of phenolic group
respectively. The broad bands around 3442 and 1105 cm™ are associated with hydroxyl
groups of tannic acid and stretching C-O-C vibration of ether respectively. Regarding the
reaction of ETAN with CO,, the emergence of a new sharp signal at 1798 cm™ (Fig.
6.1b) is attributed to the C=0O vibration of the cyclic carbonate groups in CTAN.
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Fig. 6.1: FT-IR spectra of (a) ETAN and (b) CTAN.
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Scheme 6.1: (a) Formation of ETAN and (b) its reaction with CO; to form five-
membered cyclic carbonate (CTAN).

6.3.1.2 Synthesis of CCLAY

The formation of carbonated silane (Csilane) and silane modified clay (CCLAY)
were confirmed by FT-IR (Fig. 6.2) and shown in Scheme 6.2. In the FT-IR spectrum of
Csilane (Fig. 6.2a), the band at 1796 cm ™' and the broad peak at 1098 cm ' are ascribed
to the carbonyl of the cyclic carbonate and Si-O stretching respectively [32]. Moreover,
the bands at 1493, 793, and 693 cm ! are attributed to Si-H, Si-O-C and -CH out-of-
plane deformation. In the FT-IR spectrum of CCLAY (Fig. 6.2b), the characteristic peak
at 1794 cm ' along with other aforementioned peaks confirms the incorporation of
Csilane into the clay. The two bands in the range 2843-2947 cm™ ' in both the spectra are
due to the -CH symmetric and asymmetric stretching of -CH, groups [28].
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Scheme 6.2: Cyclic carbonate functionalized of clay (CCLAY).

Transmittance (a.u.)

d T T T T ¥ T v T v T ¥
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 6.2: FT-IR spectra of (a) Csilane and (b) CCLAY.

6.3.1.3 Preparation of NPT and NPTA/CCLAY composites (NPTC)

FT-IR spectra of NPT and NPTCO0.5 are presented in Fig. 6.3a and 6.3b
respectively and shown in Scheme 6.3. In the FT-IR spectrum of NPT (Fig. 6.3a), the
bands at 1706 cm ™" is attributed to the C=O stretching of urethane groups. The bands at
1653, 1546, 1252 and 1101 cm™' correspond to C=C/amide group from polyamidoamine,
N-H deformation of urethane group and C-N/C-O stretching vibration respectively. The
absorption bands appearing at around 3426 cm™ are related to O-H and N-H stretching.
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In the spectrum of NPTCO0.5 (Fig. 6.3b), the peak at 1796 cm ' for cyclic carbonate in
the CCLAY disappears. It confirms the formation of urethane bonds among the NPT,

clay and polyamidoamine.
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Fig. 6.3: FT-IR spectra of (a) NPT and (b) NPTCO.5.
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Scheme 6.3: Reaction of CTAN and CCLAY with polyamidoamine to form NPT and
NPTC.

Page 6.8



Chapter 6: Synthesis of tannic acid based polyurethane through non-
isocyanate route and effect of organically modified clay on its physico-
chemical behavior

6.3.2 XRD analysis

Fig. 6.4 presents the XRD patterns of unmodified clay and silane modified
CCLAY. After incorporation of the CCLAY, the characteristic peak of pristine clays
(001) (Fig. 6.4a) is shifted to lower 20 value, suggesting that the grafting of carbonated
silane into the layers of clays took place and results in the increased d-spacing of clay
(18.5 A). The increase of d-spacing reveals that the Csilane was grafted as well as

intercalated in the layers of clay (Fig. 6.4b) [32].

Intensity (a.u.)

26 (Degree)

Fig. 6.4: XRD curves of clays (a) unmodified clay and (b) CCLAY.
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Fig. 6.5: XRD curves of clays (a) NPT and (b) NPTCI.0.
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Fig. 6.5 represents the XRD patterns of the pristine NPT and its nanocomposites
NPTCI1.0. The NPT (Fig. 6.5a) exhibits a broad diffraction peak at around 26 = 21°. This
diffraction pattern corresponds to the amorphous nature of NPT. The nanocomposite
(Fig. 6.5b) also shows the same broad peak as that of the pristine polymer. No
characteristic peak of the clays is observed in the nanocomposite which indicates that the

clay platelets are fully exfoliated.
6.3.3 Morphological analysis

The surface morphologies of pure NPT and NPTC1.0 nanocomposite films were
examined by SEM. From Fig. 6.6a, it is seen that the prepared film shows a uniform
surface morphology. In comparison to the pure NPT, the nanocomposite samples exhibit

a rougher surface, due to the presence of rigid clays in the polymer matrix.

X2,000 10pm 0000 11 36 SEI 20kV _ X2,000 10pm 0000 10 36 SEI

Fig. 6.6: SEM micrographs of (a) NPT and (b) NPTCI1.0.

Fig. 6.7: TEM microphotograph of the NPTC1.0 nanocomposite at different

magnifications.
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The microstructure of NPTC1.0 nanocomposite was obtained by TEM analysis
and the images are shown in Fig. 6.7. From the TEM micrograph, it is seen that the
layers of clay are uniformly distributed and exploited within the polymer network which
is in good agreement with the XRD study.

6.3.4 Mechanical properties

The mechanical performances of the prepared films are recorded in Table 6.2.
From Table 6.2, it is seen that the addition of nanoclays significantly affects the
mechanical properties of the nanocomposites. This is because of the increase in inter and
intramolecular interactions between the macromolecular chains and the degree of
hydrogen bonding. The reinforcement effect depends on the interactions between the
polymer network and the dispersion of nanoclay. The tensile strength and scratch
hardness is significantly enhanced with the incorporation of rigid clays due to the
uniform dispersion of the carbonated clay (evidence from Fig. 6.5b). The highest tensile
strength and scratch hardness are obtained for the sample with 1.5 wt % clay. The
layered structure and chemical modification of clay make it easier to enhance the
covalent cross-linking density and homogeneous distribution on the polymer matrix

(Scheme 6.3).

Table 6.2: Mechanical properties of NPT and NPTC.

Sample Id Tensile strength Elongation at Scratch hardness
(MPa) break (%) (Kg)

NPT 5.6+0.2 3542 4.5+0.2
NPTCO0.5 7.8+0.1 4142 5.340.1
NPTC1.0 8.2+0.1 37+1 5.6+0.2
NPTC1.5 8.8+0.2 30+3 6.0=0.2

6.3.5 Thermal properties

Fig. 6.8 shows the TGA curves for NPT and its nanocomposites and the values
are documented in Table 6.3. The results showed that the prepared NPT exhibits
comparable thermal stability. In the case of NPT, the initial 10% weight loss (around 245

Page 6.11



Chapter 6: Synthesis of tannic acid based polyurethane through non-
isocyanate route and effect of organically modified clay on its physico-
chemical behavior

°C) can be related to the degradation of the urethane bonds and the ester groups of tannic

acid.

With the incorporation of modified clays, the thermal stability of the
nanocomposites is considerably improved. The interaction of nanoclay particles via
chemical bonding with the polymer matrix by its cyclic carbonate group (as shown
Scheme 6.3) may serve as a heat insulator resulting in the improvement of the thermal
stability of the NPTC. Owing to the layered structure of the clay, it acts as a mass
transport barrier, which slows down the degradation of the nanocomposites and release
of the volatile products. Further, the hydroxyl group produced in the synthesis process of
NPT can form hydrogen bonding with hydroxyl groups on the surfaces of clay, which

additionally improves its stability.

Table 6.3: Thermal properties of NPT and its nanocomposites.

Sample Id Temp @ 10% Temp @ 25% Temp @ 50%

wt loss (°C) wt loss (°C) wt loss (°C)

NPT 245 326 369
NPTCO0.5 252 328 368
NPTC1.0 258 329 373
NPTC1.5 267 349 396

Weight residue (%)

T T T T T T T T T T T
100 200 300 400 500 600

Tempreture (°C)

Fig. 6.8: TGA thermograms of (a) NPT, (b) NPTCO0.5, (c) NPTC1.0 and (d) NPTCL1.5.
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6.3.6 Chemical properties

The chemical resistance test of NPT and its nanocomposites was carried out in
HCI, NaCl, ethanol and NaOH by immersion method and the results are summarized in
Table 6.4. The prepared NPT and NPTCs exhibit excellent resistance to acid, ethanol
and salt solution. Here, the chemical resistance properties in the cured films can be
credited to the highly crosslinked structure and strong hydrogen bonding interactions of
the functional groups present in the polymer networks. But due to the presence of
hydrolyzable ester linkages in tannic acid, the alkali resistance is simply fair. However,
due to the formation of nanocomposites of rigid clay and aromatic nature of tannic acid,
the solvent penetration is forbidden and the nanocomposites display suitable resistance to
alkali.

Table 6.4: Chemical resistances of NPT and NPTC.

Sample Id  HCI (10%) Ethanol NaCl (10%) NaOH

(25%) (5%)

NPT Excellent  Excellent Excellent Fair
NPTCO0.5 Excellent  Excellent Excellent Good
NPTC1.0 Excellent  Excellent Excellent Good
NPTC1.5 Excellent  Excellent Excellent Good

*Excellent= No weight loss

6.4 Conclusion

In this study, bio-based polyurethane was synthesized via novel isocyanate-free
routes by using CO, and tannic acid. Tannic acid-based cyclic carbonates were first
obtained by the reactions of CO, with epoxidized tannic acid under pressure 50 bar at 75
°C. This cyclic carbonated tannic acid was then reacted with poly(amido amine) to
obtain tannic acid-based NIPUs. The prepared resins were successfully characterized and
finally, the nanocomposites of the NPT were prepared using organically modified clay.
The prepared nanocomposites showed better performance than the pure polymer. The
chemical interactions and strong hydrogen bonding of clay with the polymer matrix
resulted in improved performance of the nanocomposites. The prepared composites

exhibited better mechanical, thermal and chemical properties than pure NPT.
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