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a b s t r a c t

The recognition of the alarming increased cost and looming exhaustion of petroleum resources for the
production of polymeric resins for versatile applications has prompted us to switch towards green and
sustainable resources. There is an immediate urge to develop bio-based polymeric resins via sustainable
routes with enhanced properties for their utilization in polymer and coating applications. The present
investigation reports the synthesis and characterization of aliphatic amine, Hexamethylene tetramine
(HMTA) modified Cardanol(Col)-Formaldehyde(F) (Col-FA) free standing films and coatings for versatile
applications through the use of cost-effective and renewable starting material, Col (agro byproduct of
cashew nut processing) and HMTA (optimum amount, 15%) obviating the toxic solvent usage. The result
indicated transparent (red-yellow colored), homogenous Col-FA films with amorphous morphology, and
can serve as an eco-friendly, thermally stable (up to 430e440 �C), chemically resistant (against various
solvents), mechanically robust and biologically active (moderate activity) material. The overall synthesis
strategy is environmentally benign, employs safer chemistry and is consistent with the principles of
“Green Chemistry” (principles 1, 2, 3, 4, 5, 6, 7, 8, and 12). This is a highly desirable and excellent
approach to develop free standing, transparent, flexible, thermally stable, chemically resistant and
antibacterial thin films/coatings to increase the application of Col.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

During past few years, many efforts have been expended on the
utilization of renewable resources due to the growing environ-
mental concerns. Among the renewable resources, cashewnut shell
liquid (CNSL), an agricultural waste obtained as a byproduct of the
cashew industry is unique in polymer industry (Khan et al., 2016a;
Balgude et al., 2016). CNSL contains a mixture of anacardic acid,
cardanol (Col), cardol and 2-methylcardol which has meta-
nishat_nchem08@yahoo.com
substituted unsaturated/saturated 15-C alkyl chain along with the
reactive phenolic ring (Balgude et al., 2016).

Col, a natural alkylphenol, can be regarded as a versatile and
valuable raw material for oligomer/polymer production such as
epoxies (Balgude et al., 2017a), phenalkamines (Pathak and Rao,
2006), polyols (Balgude et al., 2017b), polyurethanes (Khan et al.,
2016 b), polyureas (Wazarkar et al., 2017), benzoxazines (Puchot
et al., 2016; Calo et al., 2007; Rao and Palanisamy, 2011), azo dyes
(Gopalakrishnan et al., 2011), Schiff base (Raj et al., 2011; More
et al., 2010), resoles (Liang et al., 2016), novolac (Natarajan and
Murugavel, 2013) and many others. Besides the widespread use
of Col in polymers synthesis, production of materials for various
applications has been reported, such as adhesives (Shukla et al.,
2015), plasticizers (Greco et al., 2010, 2017; Greco and Maffezzoli,
2016), surfactants (Wang et al., 2015a), anti-biofilm coatings
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(Zafar et al., 2016), phenolic foams (Shukla et al., 2015), antioxi-
dants (Feng et al., 2017), drug delievery (Lalitha et al., 2015), flame
retardant materials (Ravichandran et al., 2011) and others.

Novolacs are acid catalyzed phenol-formaldehyde (F) resins that
are used for various industrial materials such as binding material,
coatings, adhesives, brake friction materials and so on (Knop and
Pilato, 1985). Novolac preparation proceeds through condensation
reaction between phenol and F in the mole ratio of less than unity,
resulting into soluble and fusible linear low molecular weight
resins. This novolac resin does not react further itself; hence, a
curing agent like hexamethylenetetramine or methenamine
(HMTA) has been usually used to produce cross-linked materials
(Wang et al., 2015b). The obtained novolac cured material has
multiple advantages for application which needs quick curing,
better mechanical properties and heat resistance. However, there
has been a prodigious need for the design of environmental-benign
pathways with the use of eco-friendly, cheap and non-toxic starting
precursor, in accordance with green chemistry principles to pro-
duce the cleaner products. The replacement of phenol with Col for
Col-F resin or novolac preparation can solve our concern to reduce
the dependence on petroleum feedstock as well as improved
properties of the developed novolac materials.

Previous studies revealed the synthesis of Col-F novolac resin for
reinforcement of natural rubber (Chuayjuljit et al., 2007), semi-
interpenetrating polymer network using Col-F (both resol and
novolac resin) and polymethyl methacrylate (Manjula et al., 1991),
Col based epoxidized novolac network blended with carboxyl-
terminated butadiene acrylonitrile copolymer, further cured with
stoichiometric amount of polyamine (Yadav and Srivastava, 2009),
and Col-furfural based novolac resin cured with HMTA (Srivastava
and Srivastava, 2013).

Literature survey indicated that a lot of research has been done
to investigate the curing behavior of phenolic resins (usually petro-
based) with HMTA (Wang et al., 2015; Medeiros et al., 2003) and
modifications of Col-F. But to the best of our knowledge, no work is
reported on the synthesis of aliphatic amine (HMTA) modified Col-
FA thin film and coatings aiming towards green and sustainable
chemistry that leads to the development of non-toxic and cleaner
products with enhanced applications in different fields.

The primary objective in the present work is focused on the
synthesis of aliphatic amine modified Col-FA free standing, trans-
parent, flexible thin films via following “Green” chemistry princi-
ples. In this research, a cost-effective and environmental-friendly
approach is utilized for the in-situ synthesis of Col-FA with further
application in the development of thermally stable, chemical-
resistant free standing films as well as mechanically-robust coat-
ings for surface coating applications. The structure of the synthe-
sized Col-FA was established with the aid of Fourier transform
infrared spectroscopy (FTIR) and Nuclear magnetic resonance (1H-
NMR & 13C-NMR) technique. The mode of Col-FA thin film forma-
tion was first time analyzed by FTIR - Attenuated Total Reflectance
(ATR) spectral techniques and Differential Scanning Calorimetry
(DSC). This work investigates the changes in opacity and color
properties of the films with change in HMTA concentration. The
effect of HMTA concentration on physico-mechanical behavior of
coatings was also studied. The morphology was investigated using
Field Emission-Scanning Electron Microscopy (FE-SEM) and X-ray
diffraction (XRD) techniques. Thermogravimetric analysis (TGA)/
Differential thermal analysis (DTA) was used to investigate the
thermal stability of the prepared films. Chemical resistance of films
was also investigated in 3.5% acid, base, neutral and salt medium to
check their resistance towards chemicals. For preliminary anti-
bacterial activity, Kirby Bauer disk-diffusion method was used to
assess the activity of Col, Col-F and Col-FA resins against gram
positive [Staphylococcus aureus (S. aureus)MTCC 902 and Bacillus
subtilis (B. subtilis) MTCC 736] and gram negative bacteria [Escher-
ichia coli (E. coli) MTCC 443 and Pseudomonas aeruginosa (P. aeru-
ginosa) MTCC 2453].

2. Materials and methods

2.1. Materials

Col (Mol wt. 298.46 g/mol) (Golden Cashew Products Pvt. Lt.
Pondicherry, India), [Specification: Color: gardeners standard 10;
Specific gravity at 30 �C, 0.9268; viscosity at 30 �C, 47; iodine value,
235 and Mol. Mass - 298.46 g/mol]. F (37% w/v) [mol. wt. 30.03 g/
mol, Merck specialities Pvt. Ltd. Mumbai], citric acid (anhyd.) [mol.
wt. 192.13 g/mol, High Purity Laboratory Chemicals, Mumbai],
HMTA [mol. wt 140.19 g/mol, Merck Limited, Mumbai], methanol
[Loba Chemie Pvt, Ltd. Mumbai] and xylene [Merck Limited,
Mumbai].

2.2. Synthesis of Cardanol-Formaldehyde (Col-F)

Col-F in the mole ratio 1:0.7 was prepared using citric acid as a
catalyst by following the method published in our earlier work
(Khan et al., 2016 b). Col (1mol) was taken in a 250ml three-necked
round bottom flask. 0.7mol of F was taken in a 50ml beaker. Then
the catalyst (1% based on Col) was dissolved in methanol at 60 �C in
another beaker. Half of the catalyst solution was added to Col,
charged in a three-necked round bottom flask fitted with a
condenser and mechanical stirrer at 100± 5 �C. The remaining half
of the methanolic solution of the catalyst was added to F and this
was filled in burette and was added to reaction mixture drop wise
within 1 h, and the temperature of the reaction kettle was main-
tained at 120± 5 �C. The reaction was carried out till pH of the re-
actionwas dropped to 4 from initial pH of 6.5. Then the stirring was
stopped and the content of the three-necked round bottom flask
was transferred to a beaker. Col-F thus produced was a dark brown
viscous liquid. The progress of the reaction was checked periodi-
cally with the help of TLC, pH and finally confirmed by FTIR.
(Yield¼ 79.36%).

2.3. Synthesis of aliphatic amine modified Col-F (Col-FA)

For Col-FA resin synthesis, Col-F was taken in a 100ml three-
necked round bottom flask fitted with an air condenser and me-
chanical stirrer. It was kept on constant stirring in an oil bath till the
temperature reached 120 ± 5 �C and kept for 30min at this tem-
perature. Then reaction temperature was reduced to 80±5 �C and
subsequently maintained. At this temperature methanolic solution
of HMTA (5%, 10%, 15%, 20% and 30% with respect to Col-F) was
added slowly over the period of 15min by using burette with
continuous stirring. After complete addition of HMTA the temper-
ature was raised and maintained at 100± 5 �C. The reaction was
monitored periodically by TLC and FTIR. Sample designation and
reaction condition for synthesis of Col-FA is given in Table 1.
(Yield¼ 90e95%).

2.4. Preparation of Col-FA free standing thin films and coatings

To obtain the free standing thin films of all the compositions,
Col-FA05 to Col-FA30, desired amount of material (70% by weight
solution) was dissolved in xylene and poured onto Teflon sheets.
They were then kept undisturbed at ambient temperature
(28e30 �C) for 2 h and further at 80 �C for 30 min, followed by
stepwise thermal curing at different temperature starting from
100 �C upto 180 �C for definite time period (listed in Table 2) to
achieve the free standing films with desirable performance. After



Table 1
Sample designation and reaction condition for synthesis of Col-FA.

Code Col: F (mole ratio) HMTA (%) Reaction time (min) Reaction temperature (�C)

Col-FA05 1:0.7 05 15 100± 5
Col-FA10 1:0.7 10 15 100± 5
Col-FA15 1:0.7 15 15 100± 5
Col-FA20 1:0.7 20 20 100± 5
Col-FA30 1:0.7 30 60 100± 5

Table 2
The film formation schedule of Col-FA.

Temperature Resin code

Time (hrs)

Col-FA05 Col-FA10 Col-FA15 Col-FA20 Col-FA30a

100 �C 2 2 2 2 2
120 �C 2 2 2 2 2
140 �C 2 2 2 2 2
160 �C 2 2 2 2 2
180 �C 2 2 2 2þ2þ2 2þ2þ2þ2þ2

a Did not form free standing film.
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completion of curing they were allowed to cool at room tempera-
ture and these filmswere cut into appropriate dimension to be used
for further analysis.

The commercially available carbon steel (CS) strips, having
composition (inweight %) 2.87% C and 97.13% Fe, were employed for
the preparation of Col-FA coatings. Prior to the coating preparation,
the CS were successively polished with different grades of silicon
carbide papers, thoroughly washed with double distilled water,
degreased with methanol and acetone, and dried at room tem-
perature. Col-FA05 to Col-FA 20 compositions (70% by weight so-
lution in xylene) were applied using brush technique on CS of
standard size (70mm� 25mm� 1mm) for physico-mechanical
testing. The CS were dried at room temperature for several hours,
followed by stepwise drying from 100 �C to 180 �C for definite time
period (same as discussed in the preparation of free standing films,
Table 2).

2.5. Characterization of materials

Solubility of these materials were tested in various polar and
non-polar solvents by taking 50mg of material in 10ml of solvent
(e.g. xylene, dimethylformamide, ethanol, methanol, ethyl methyl
ketone) in a closed test tube and set aside for 24 h.

TLC method was used to monitor the progress of the reaction. It
was carried out by standard laboratory method.

FTIR spectra were recorded in the mid operating range of 4000-
500 cm�1 using IR Affinity-1 CE spectrometer (Shimadzu corpora-
tion analytical and measuring instrument division, Kyoto, Japan).
The samples were applied between two Zinc Selenide windows
with a 0.05mm thick teflon spacer. All the FTIR spectra were
recorded averaging 40 scans with data spacing of 4 cm�1 and the
data acquisition was achieved through IR solution software.

1H-NMR and 13C-NMR were performed on Bruker Avance III
500MHz in deuterated chloroform (CDCl3) using tetramethylsilane
(TMS) as an internal standard.

ATR spectra of the cured films were recorded using Attenuated
Total Reflectance (ATR, TENSOR 37 spectrophotometer, Germany) in
the mid operating range of 4000-600 cm�1 by placing films onto
the Universal Diamond ATR top plate and data acquisition was
carried out through Opus-Spectroscopic software.

The thickness of the films was measured by an Elcometer in-
strument (Model 345 NT; Elcometer Instruments, Manchester, UK).
The opacity of the films was determined by placing
10mm� 20mm film portions into the test cell of U-3900 UV
spectrophotometer Model 212-0013 and using the empty cell as a
reference. The opacity was calculated by measuring the absorbance
at 650 nm following themethod reported earlier (Wang et al., 2017;
Peng et al., 2013) by using the equation:

O¼Abs650 / d

where, O is the opacity, Abs650 is the absorbance value at 650 nm
and d is the film thickness (mm).

The color of Col-FA films was evaluated using Gretag Macbeth
Color-Eye 7000 A Spectrophotometer in terms of CIE Lab values (L*,
a*, b*, C*, h and DEcmc). Where, ‘L*’ denotes lightness based on a
scale from black to white with grey in the middle, ‘a*’ measures
redness (þve) or greenness (-ve) and ‘b*’ measures yellowness
(þve) or blueness (-ve).

C* (Chroma) represents the departure of color from grey, h (Hue)
describes the overall color of an object, i.e., how much red, green,
blue or yellow, DEcmc defines elliptical color difference space
around the product standard.

The physico-mechanical performance of the coatings was tested
by analyzing the scratch hardness (BS 3900), impact resistance (IS:
101 part 5 s�1, 3, 1988), bend test (1/8 inch conical mandrel, ASTM-
D3281-84) and specular gloss at 45� by gloss meter (model RSPT
20; Digital Instrument, Santa Barbara, CA, USA). The adhesion of the
coatings on the CS was evaluated using the crosshatch adhesion
method (ASTM D 3359).

The wide angle powder XRD patterns of the materials were
recorded using X-ray diffractometer (Ultima IV model, Rigaku
cooperation, Japan) with Cu Ka radiation (k50.15406 nm). The
spectra were recorded against 2q from 10 to 60� with a scan rate of
1ο min�1. Optical microscope (Leitz, Wetzlar, Germany) was used to
study the surface morphology of the materials.

FE-SEM Scanning Electron Microscope (model ZEIS EVO 50 SE-
RIES) was used to analyze the morphology of the samples and its
surface composition.

The thermal stability and film formation of Col-FA was studied
by TGA/DTA and DSC, respectively [Mettler Toledo AG, Analytical
CH-8603, Schwerzenbach, Switzerland] under nitrogen atmo-
sphere at a heating rate of 10οC min�1. Integral procedural
decomposition temperature (IPDT) method as initially proposed by
Doyle (1961) was calculated from TGA thermogram that correlates
to the volatile parts of the polymeric material and is used to assess
the inherent thermal stability of the polymeric materials
(Vyazovkin and Sbirrazzuoli, 2006; Laxmi et al., 2018). IPDT ac-
counts for the whole shape of the curve in a single number by
measuring the area under the curve. In the present work, IPDT was
calculated as follows:

IPDTð�CÞ ¼ A*K*
�
Tf � Ti

�
þ Ti (1)
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A* ¼ S1 þ S2=S1 þ S2 þ S3 (2)

K* ¼ S1 þ S2=S1 (3)

Where, A* is the area ratio of the total experimental curve defined
by the total TGA thermogram, Ti is the initial experimental tem-
perature, and Tf is the final experimental temperature. The repre-
sentations of S1, S2, and S3 for calculating A* and K* have been
shown in many reported works on IPDT (Yadav et al., 2012).

Chemical resistance of films was checked using 3.5% solutions of
acid, base and salt along with water by the following formula:

% Weight loss¼ [(Initial weight - Final weight)/Initial weight] X
100.
2.6. Antibacterial activity

Preliminary antibacterial activity of Col, Col-F and Col-FA was
determined with respect to Ampicillin (as standard control drug)
following Kirby Bauer disk-diffusion method against gram positive
(S.aureusand B. subtilis) and gram negative bacteria (E.coli, and
P. aerugenosa). Mueller-Hinton agar (HiMedia India) plates were
inoculated by 50 ml of 0.5 McFarland unit grown test organisms to
get a uniform loan of culture. Circular wells of 6mm diameter were
made using sterile steel borer at appropriate distance and 10 ml Col,
Col-F and Col-FA were added at a concentration of 62.5mg/ml,
125mg/ml and 187.5mg/ml. The parafilm sealed plates were
incubated at 37 �C for 12e14 h. After incubation, zone of growth
inhibition (mm) presenting antimicrobial activity of test com-
pounds was measured.

The bacterial cultures were procured form Microbial Type Cul-
ture Collection and Gene Bank, IMTECH Chandigarh, India, with the
culture collection nos. - MTCC 443 (E.coli), MTCC 736 (B.subtillis),
MTCC 902 (S.aureus) and MTCC 2453 (P.aeruginosa).
3. Results and discussion

3.1. Synthesis

Scheme 1 represents the chemical reactions involved in the
synthesis of Col-FA from Col. It reveals the twomajor steps involved
in the synthesis, synthesis of Col-F (Step I) and Col-FA (step II). Step
I (synthesis of Col-F) carried out by condensation reaction between
Col and F at 120± 5 �C in the presence of acidic catalyst to produce
Col-F. This step results in the substitution of methylol group or
eCH2OH at ortho position (Khan et al., 2016 b), which is confirmed
by FTIR spectra discussed in Section 3.2. Step II (synthesis of Col-FA)
carried out via two step in situ method. The synthesis involves the
formation of ether linkage by condensation reaction between Col-F
moieties with the removal of water molecule at 120± 5 �C in
presence of acid followed by the amination reaction with HMTA at
100±5 �C. The latter reaction initiated with in situ synthesized
water that is formed during the former reaction. HMTA break down
in situ into formaldehyde and ammonia that react to form Col-FA
(García et al., 2010). This step proceeds through the formation of
most stable benzoxazine intermediate (Zhang and Solomon, 1998)
in the present case among all the possible intermediates such as
hydroxybenzylamine and benzoxazine discussed in detail in Sec-
tion 3.2.

It was observed that both reactions (methylolation and amina-
tion) were carried out with the use of minimum possible solvent. In
the present case, methanol (low boiling point) was used (mini-
mum) during the synthesis that evaporated at high temperature.
However, Col was effectively used as base material, reaction me-
dium (provide functional group for the reaction) and reactive
diluent to carry out these reactions successfully due to long alkyl
chain and reactive phenolic hydroxyl group that offers respectively,
synthetic flexibility and functional sites for the synthesis (Zafar
et al., 2016; Lochab and Varma, 2012). The overall reaction was
carried out through environmental benign chemical route that is, it
follows most of the principles of Green Chemistry (Anastas and
Warner, 1998).

The solubility data clearly reveals that Col-FA was soluble in
DMSO, THF, hexane, chloroform, xylene and ethyl methyl ketone
while insoluble in common organic solvents such as water, ethanol,
methanol even after 24 h.

3.2. Spectral analysis

Fig. 1.1 and 1.2 depicted FTIR spectrum of Col, Col-F, Col-FA (Col-
FA05 to Col-FA 30). The following characteristic peaks were
observed: Col (Zafar et al., 2016):3345 cm�1 (eOH y, intermolecular
hydrogen bonded), 3061 cm�1 (Ar C]CeH y), 3007 cm�1 (C]CeH
y), 2931 and 2854 cm�1 (asymm and symm CH2/CH3 y), 1589 cm�1

(C]C, y), 1265 cm�1 and 1153 cm�1 (phenolic CeO y), 1071 cm�1

(tert. CeOH, y), and 782 cm�1 (CeH out of plane d). Col-F:
3351 cm�1 (eOH y, broad), 3076 cm�1 (Ar C]CeH y), 3009 cm�1

(C]CeH y), 2926 and 2855 cm�1 (asymm and symm CH2/CH3 y),
1589 cm�1 (C]C y), 1265 cm�1 and 1155 cm�1 (phenolic CeO y),
1072 cm�1 (tert. CeOH. ʋ) and 1097 cm�1 (CeO y of CH2OH),
782 cm�1 (CeH out of plane d) and 746 cm �1 (ortho substitution at
benzene ring). Col-FA: 3062-3091 cm�1 (Ar C]CeH y), 3008-
3010 cm�1 (C]CeH y), 2923-2927 cm�1 and 2852-2854 cm�1

(asymm and symm CH2/CH3 y), 1580-1581 cm�1 (C]C y), 1487-
1504 cm�1 (tetrasubstituted benzene ring ʋ), 1350-1374 cm�1 (CeN
ʋ), 1261-1275 cm�1 (phenolic CeO y), 1240-1248 cm�1 (asymm.
CeOeC ʋ in aryl alkyl ether), 1155-1165 cm�1 (CeNeC ʋ), 1114-
1120 cm�1 (asymm. CeOeC ʋ in dialkyl ether), 1010-1020 cm�1

(symm. CeOeC ʋ) and 964-971 cm�1 (NeCH2eO or NeCeO ʋ).
The FTIR spectra of Col-F is somewhat identical to Col with all

the characteristic peak of Col alongwith some additional peaks as
reported in our previous work (Khan et al., 2016 b). The FTIR spectra
of Col-FA05, Col-FA10, Col-FA15, Col-FA20, Col-FA30 (Fig. 1.1c�1.2
a-d) reveals the gradual disappearance of eOH stretching peak at
3345-3351 cm�1 as percentage of HMTA increases from 5 to 30%.
There is also disappearance of peak at 1072 and 1091 cm�1 due to
tert. CeOH and primary CeOH ʋ, respectively, that can be corre-
lated to the reaction between twomethylol group in Col-F resulting
in the formation of ether linkage as confirmed by the appearance of
peak at 1114-1120 cm�1 typical of dialkyl ether linkage. This for-
mation is followed by the amination reaction of available phenolic
eOH group with amine group of HMTA leading to the formation of
most stable benzoxazine intermediate in our case (Zhang and
Solomon, 1998). The FTIR spectra of Col-FA showed significant
bands at 1240-1248 cm�1 (asymmetric CeOeC), 1010-1020 cm�1

(symmetric CeOeC) (Rao and Palanisamy, 2011) and 964-971 cm�1

(NeCH2eO or NeCeO) stretching (Vaithilingam et al., 2017),
typical of benzoxazine ring structure except Col-FA05 in which all
these peaks are much less intense. All the compositions of Col-FA
showed some additional peaks in comparison to Col-F at 1487-
1504 cm�1, 1155-1165 cm�1 due to tetrasubstituted benzene ring ʋ
(Velez-Herrera and Ishida, 2009) and CeNeC ʋ (Ishida and Ohba,
2005), respectively, which again confirm the involvement of ben-
zoxazine type structure. It can also be seen that as the percentage of
HMTA increases, the peak area and value due to tetrasubstituted
aromatic ring increases upto 20%. Hence, the disappearance of OeH
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peak alongwith appearance of some additional peaks indicates
utilization of Col and HMTA towards the formation of benzoxazine
type ring structure as an intermediate. There is also appearance of
peak at 1350-1374 cm�1 due to the CeN ʋ that can further be
correlated to the presence of nitrogen-containing functional groups
as an intermediate in Col-FA (Vaithilingam et al., 2017). It is also
observed that CeN ʋ peak becomes more pronounced with
increasing content of HMTA from 5 to 30% indicating the involve-
ment of mainly nitrogen-containing species.

3.3. NMR spectral analysis

1H-NMR (Fig. 2.1) and 13C-NMR (Fig. 2.2) spectral analysis of Col-
FA15 shows the following characteristic peaks:

Col-FA15, 1H-NMR (CDCl3, 500MHz, d ppm): 0.99 (CH3/CH2, l),
1.15e1.41 (chain eCH2-, f), 1.68 (CH2eCH2eAr, e), 2.13e2.26
(CH2eCH]CH, g), 2.63 (CH2-Ar, d), 2.89 (CH]CHeCH2eCH]CHe,
i), 4.06e4.10 (eArCH2-OeCH2-, c), 4.76 (AreCH2eNe, m), 4.9
(eOeCH2eNe, n), 5.06e5.12 (CH]CH2, k), 5.45e5.51 (CH]CH, h),
5.89 (CH]CH2, j), and 6.62e7.16 (AreH, a, b).

13C-NMR (CDCl3, 500MHz, d ppm): 13.94e14.27 (CH3, t),
22.92e29.88 (chain eCH2e, j), 31.46e36.03 (eCH]CHeCH2e,
k,n,q), 47.12e54.63 (AreCH 2eNe, u), 74.14 (AreCH 2eOeCH2e, g),
80.70 (eNeCH2eOe, v), 112.79e129.93 (CH]CH, CH]CH2, CH]
CH2, l, m, o, p, r, s), 130.01e136.84 (ArC, b, c, d, f), 143.29e144.73
(ArC-R, e), and 153.2e157.41 (ArCeOe, a).

On comparing the 1H-NMR and 13C-NMR of Col-FA15 with the
spectra of Col, as reported in our earlier publishedwork (Zafar et al.,
2016), the appearance/disappearance of certain peaks is evident
confirming the structure of Col-FA. Fig. 2.1 shows the 1H-NMR of
Col-FA with the same characteristic protons of aliphatic alkyl chain
in the range of 0.99e2.89 and 5.06e5.89 ppm. The aromatic ring



Fig. 1.1. FTIR spectra of (a) Col (b) Col-F (c) Col-FA15.

Fig. 1.2. FTIR spectra of (a) Col-FA05 (b) Col-FA10 (c) Col-FA20 and (d) Col-FA30.

Fig. 2.1. 1H-NMR spectra of Col-FA15.

Fig. 2.2. 13C-NMR spectra of Col-FA15.

S. Khan et al. / Journal of Cleaner Production 196 (2018) 1644e1656 1649
protons appeared asmultiplets between 6.62 and 7.16 ppm. The 1H-
NMR spectra revealed the disappearance of ArCeOH peak as
compared to Col indicating its possible involvement in benzoxazine
ring formation. The characteristic protons of oxazine ring are
observed at 4.76 and 4.9 ppm (AreCH2eNe and eOeCH2eNe)
(Li and Yan, 2015), respectively. In addition to this, a new peak
observed at 4.06e4.10 ppm that corresponds to -CH2e of ether
linkage (eArCH2-OeCH2-, c) with a downfield shift due to the ar-
omatic ring.

Fig. 2.2 shows the 13C-NMR spectra of Col-FA15 in which the
characteristic oxazine ring carbon resonances at 47.12e54.63 and
80.70 ppm for AreCH2eNe and eNeCH2eOe, respectively, further
confirming the Col-FA structure. The peak at 74 ppm corresponds to
the eCH2e of ether linkage. The NMR spectral result thus also
confirms the proposed structure of Col-FA as reported in Scheme 1
(Silverstein et al., 1991).

3.4. Thin films formation

For the preparation of thin film, Col-FAwas kept in vacuum oven
at 180 �C for 1e2 h. However, pores and cracks were observed on
thewhole surface of Col-FA film. Therefore, we have to optimize the
curing temperature and time for the preparation of Col-FA thin
films for various applications. Table 2 shows the optimized curing
temperature and time for the preparation of Col-FA thin film. It is
clear from the cure schedule that Col-FA20 thin film formation take
longer time as compared to Col-FA05, Col-FA10 and Col-FA15 at
180 �C. In addition, the composition Col-FA30 did not cured prop-
erly to form free standing film even after prolonged heating. Hence,
the obtained free standing thin films of only four different com-
positions (Col-FA05, Col-FA10, Col-FA15 and Col-FA20), reddish-
yellow in color and transparent in nature according to the
mentioned curing steps. There were no bubbles and cracks on the
surface of Col-FA films. These obtained thin films were flexible and
can be bent as shown in Fig. 4b. The flexibility of the film is due to
long aliphatic alkyl chain present in the Col-FA that imparts flexi-
bility (Sharmin et al., 2016).

The film formation of Col-FA (Fig. 3) proceeds through two step
processes i.e. physical and chemical. The physical process involves
solvent evaporation along with polymer chain entanglement. The
chemical (thermally activated) process involves the complex re-
actions of available functional groups at elevated temperature. This
film forming ability of Col-FA was confirmed by using ATR-FTIR
(Fig. 5) of cured films and compared with the FTIR of uncured



where, R = C15H29
Cured in vacuum oven

Crosslinked Col-FA

100-180 OC

Col-FA
resin

At room temperature and
at 80 oC in Vacuum oven

Chain entanglement of Col-FA
resin

R

OH N

O

OHN

R

OH

R

HO

N

R

OH

OHR

RO

HO N

R

O

OH

N

R
O

Col-FA05 Col-FA10 Col-FA15 Col-FA20
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samples of Col-FA. The ATR-FTIR spectrum reveals the re-
appearance of broad peak due to phenolic -OH ʋ at 3360-
3364 cm�1 and decrease in intensity of peak at 1349-1365 cm�1

(CeN ʋ) that can be corroborated to the presence of N-alkylated
moieties in Col-FA thin films. The ATR spectra also depict the
disappearance of characteristic peaks of benzoxazine (964-
971 cm�1) (Vaithilingam et al., 2017) and tetrasubstituted benzene
ring (1487-1504 cm�1) in Col-FA10 to Col-FA20. However, in Col-
FA05 the above mentioned peaks were present with much less
intensity. Hence, the aforementioned results can be correlated to
thermally-induced benzoxazine ring opening leading to cross-
linked structure of Col-FA thin films (Zhang and Solomon, 1998).
These results were further confirmed with the help of DSC
technique.

In DSC thermogram (Fig. 6aed), a small endothermic peak
centered at 43 �C in Col-FA05, while at 59e60 �C in Col-FA10, Col-
FA15 and Col-FA20 corresponds to their melting temperatures (Li
and Yan, 2015). This endothermic peak followed by a very broad
endotherm ranging from 65 �C - 190 �C, 65 �C - 210 �C,
65 �C �215 �C, respectively for Col-FA10, Col-FA15 and Col-FA20
except Col-FA05, that can be correlated with molecular rear-
rangement or removal of entrapped solvent. TGA also shows no
weight loss at this temperature range. DSC also shows two
exothermic peaks (small and big) ranging from 200 �C-290 �C and
290 �C-400 �C, respectively. The peaks maxima for Col-FA05 and
Col-FA10 were observed at 248 �C, 342 �C whereas for Col-FA15 at
268 �C, 347 �C, and for Col-FA20 at 268 �C, 342 �C. TGA/DTA
(Fig. 7.1eFig. 7.4) also showed very slight weight loss at the tem-
perature range 200e400 �C. Therefore, these exothermic behaviors
at higher temperature region can be associated to the thermal-
activated ring opening polymerization of oxazine rings (first max-
ima) of Col-FA(Li and Yan, 2015) followed by the cross linking



Fig. 4. Film (a) before bent and (b) after bent, and coating (c) before bent (d) after bent
of Col-FA15.
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(second maxima) of the polymeric chain by the removal of small
molecules (like ammonia, formaldehyde) (Fig. 3).
3.5. Film appearance, thickness and opacity

The obtained Col-FA films were homogeneous, flexible and
transparent as observed through naked eye observation (shown in
Figs. 3 and 4b) that indicated the better compatibility among film
components. If the compatibility among different constituents of
films is not appreciable, then the opacity is high or transparency is
low due to reflection or dispersion of light at phase interface
Col-FA05

Col-FA10

Fig. 5. ATR of Col-
(Martins et al., 2012). The thickness and opacity of the films at
selected wavelength are listed in Table 3. From the results obtained,
the thickness of the films showed no significant difference and was
found to be in the range of 110e180 mm. The opacity values (listed
in Table 3) indicated that with increasing HMTA concentration upto
10%, the opacity value of Col-FA also increased. However, the
opacity value of Col-FA15 films was found to be low, suggesting it to
be more transparent among all compositions.
3.6. Color properties of thin films

Color of the film is an important parameter in terms of general
appearance and consumer acceptance. The visual color perception
is purely subjective in nature and can be affected by outside factors
such as lighting environment and material of the object. The
different color models are available for the quantitative represen-
tation of color. Among them, CIELAB (CIELab) is the commonly used
color space as it represents color the same way as humans perceive
color and thus ideal for visual color matching.

Table 4 depicts the CIELab and CIELch values of Col-FA filmswith
different % concentration of HMTA. It is clear from the data that on
increasing the percentage of HMTA (10%e20%), there was a slight
increase in L* and decrease in C* values indicating the light and
bright shades of the films respectively (Rather et al., 2014). The
positive values of a* and b* indicated the red and yellow tinge
characteristics of the films and falls in the moderate red-yellow
zone of CIE-Lab color space. With the increase in HMTA concen-
tration, the values of overall color difference (DEcmc) decreased that
indicates less colored films. The decrease in h values, indicate
redder color for the films with increased HMTA concentration. It is
noteworthy to mention that overall there were no appreciable
differences in color values and the films shows moderate red-
yellow color or orangish color.
Col-FA15

Col-FA20

FA thin films.
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Fig. 7.1. TGA/DTA thermogram of Col-FA05 film.

Fig. 7.2. TGA/DTA thermogram of Col-FA10 film.

Fig. 7.3. TGA/DTA thermogram of Col-FA15 film.

Fig. 7.4. TGA/DTA thermogram of Col-FA20 film.
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3.7. Physico-mechanical properties

The physico-mechanical properties of all the compositions of
Col-FA coated CS are presented in Table 5. The results indicated that
the gloss values of the Col-FA compositions were enhanced with
the increase in % HMTA concentration with maximum gloss shown
by Col-FA15. The increased gloss value can be attributed to the
increase in cross-link density with increasing concentration of
HMTA, which, in turn, reflects large amount of light and resulted in
high gloss value. Similarly, the scratch hardness value increased
from Col-FA05 to Col-FA15 can also be correlated to the effective
cross-linked network and improved adhesion between Col-FA and
CS (Pathan and Ahmad, 2013). The cross-hatch adhesion results of
all compositions further supports the good adhesion of coating
material on CS. All the coatings except Col-FA20 passed 150 lb/in.
impact resistance test and 1/8 in. conical mandrel bend test. The



Table 3
Thickness and opacity of Col-FA films.

Films Thickness (mm) Opacity (Abs650/mm)

Col-FA05 0.11 3.03
Col-FA10 0.12 4.18
Col-FA15 0.18 2.83
Col-FA20 0.13 3.15

Table 4
Color values of the Col-FA films.

Films L* a* b* C* h DEcmc

Col-FA10 25.87 4.76 1.77 5.08 20.43 24.26
Col-FA15 23.49 4.15 1.79 4.52 23.39 24.83
Col-FA20 26.28 3.59 0.72 3.66 11.28 23.71

Table 5
Physico-mechanical properties of all the compositions of Col-FA.

Properties Sample code

Col-FA05 Col-FA10 Col-FA15 Col-FA20

Scratch Hardness(kg) 1.7 1.9 2.0 1.8
Cross hatch adhesion (%) 95 100 100 90
Impact Resistance (150 lb/inch) Pass Pass Pass Fail
Bend test (1/8 inch) Pass Pass Pass Fail
Gloss at 45� 74 76 80 70
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bend test revealed that the coatings were flexible (except Col-
FA20), as they could be bent without any damage or fracture
(Fig. 4d). The flexibility in the coating is due to the presence of
aliphatic hydrocarbon chain in the Col moiety that offers a plasti-
cizing effect in the coating (De and Karak, 2013). The overall
physico-mechanical test results indicated Col-FA15 composition to
be the best for coating application.

3.8. Thermogravimetric analysis

The TGA/DTA curves of Col-FA thin films of different composi-
tions were represented in Fig. 7.1 to 7.4 while the thermal data such
as initial decomposition temperature (IDT) and temperature at 10%
weight (T10) loss along with IPDT data were tabulated in Table 6. It
was revealed that IDT of Col-FA increases with HMTA up to Col-
FA15 whereas 10wt % loss was observed in the temperature
range 422e450 �C. In addition to this, the thermal stability will
decrease if more than 15% HMTA is used as this percentage is more
than enough to react with all the available functional sites
(Alaminov et al., 1976). Thus, the amount of HMTA used in the
modification of Col-F tends to affect the thermal stability pattern.

TGA/DTA thermogram (Fig. 7.1 to 7.4) of all the compositions of
Col-FA followed almost the same degradation pattern. It proceeds
through two degradation steps in which slight degradation was
observed in the first step and maximum degradation at second
step. The first degradation step revealed as an small and broad
endothermic peak in the DTA thermogram of all the compositions
Table 6
Thermal analysis data of Col-FA films.

Code IDT (�C) T10 (�C) Ti (�C) Tf (�C) S1

Col-FA05 270 425 25 800 39760.
Col-FA10 312 450 25 800 39637.
Col-FA15 330 445 25 800 41106.
Col-FA20 310 422 25 800 40675.

T10: Temperature at 10% weight loss.
with a peak maxima in the range of 300e320 �C, can be correlated
to the opening of benzoxazine rings and polymerization followed
by the crosslinking of the polymeric chain with the expel of
ammonia as a byproduct (Connor et al., 1987). The difference in
thermal properties of Col-FA films was observed in this range. The
second steep weight loss ranging from 450 to 560 �C which can
clearly seen as a sharp endothermic peak with peak maxima at
about 510e515 �C (as shown in DTA thermogram) in nearly all
compositions corresponds to the scission of the methylene linkages
in the long alkyl chain. This degradation step was similar in all the
composition of Col-FA films. The steep decline in weight at second
stage can be correlated to the length of alkyl chain, the longer the
length of alkyl chain, the steeper will be the decline in weight loss
(Connor et al., 1987).

In addition to this, the overall thermal stability of all the com-
positions, i.e., Col-FA05, Col-FA10, Col-FA15, and Col-FA20 can be
determined by calculating IPDT values. Comparing the thermo-
grams of all compositions revealed the inherent thermal stability to
be in the range of 540 �C �550 �C.

3.9. Morphology of Col-FA thin film

3.9.1. XRD
The XRD pattern was shown in Fig. 8. It reveals that the

composition of Col-FA15 thin film seems to be amorphous in nature
as indicated by the appearance of a broad hump at 2q value of
20e22�.

3.9.2. FE-SEM micrographs
FE-SEM micrographs of fractured surface of Col-FA15 thin film

were shown in Fig. 9 at different magnifications. The micrographs
revealed that Col-FA15 film surface seems to be dense, rough, and
homogenous composed of spherical nanostructures that can be
formed by thermally activated chemical reaction of Col-FA.

3.10. Chemical resistance of Col-FA thin film

Fig. 10 shows the comparative acids (3.5% HCl), alkalis (3.5%
NaOH), salt (3.5% NaCl) and water resistance of Col-FA thin films of
various compositions for 30 days. This clearly illustrates that out of
all the films prepared from various compositions, Col-FA15 offered
better resistance towards aforementioned concentration of acid,
alkalis, salt as well as water. All the compositions except Col-FA15
showed maximum weight loss within a period of 30 days in acid
(3.5% HCl), alkali (3.5% NaOH) and salt (3.5% NaCl). The maximum
resistance offered by Col-FA15 can be attributed to the fact that
while increasing the percentage of HMTA from5% to 15%, the extent
of crosslinking tend to increase resulting in a highly cross-linked
structure of Col-FA15 composition. The water resistance of all of
the compositions showed minimum weight loss and homogeneity
after 1 month of dipping. This could be attributed to the hydro-
phobic nature due to the long alkyl chain of Col moiety, thereby,
resisting any probable interaction between crosslinked structure
and water. Hence, the chemical resistance test revealed Col-FA15 to
be the best composition in our case.
S2 S3 A* K* IPDT (�C)

44 5665.25 32075.86 0.59 1.14 543.97
19 6326.16 31536.66 0.593 1.15 557.99
14 4919.79 31474.84 0.594 1.12 540.34
73 5194.86 31631.74 0.592 1.13 542.27
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Fig. 8. XRD micrograph of Col-FA15 thin film.

Fig. 9. SEM photograph of the fractured surface of Col-FA15 thin film at different
magnifications.
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3.11. Antibacterial activity

The antibacterial activity of Col, Col-F and Col-FA15 resin was
carried out using Disk diffusion method. Results of antibacterial
studies were given in Table 7, which revealed moderate antibac-
terial activity observed in the form of zone of growth inhibition
(Fig. 11). Among the three concentrations tested, the least con-
centration (i.e. 62.50 mg/ml) showed clear zone of inhibition for
E. coli, S. aureus and B. subtilis, but had no effect on P. aerugenosa.
Higher concentrations showed a smaller zone of inhibition prob-
ably due to solubility issues with aqueous medium. Almost similar
antibacterial activity against all strains was observed for Col and
Col-FA15.

The antibacterial activity of Col (a phenolic lipid) could be
attributed to its amphiphilic nature that allow the interactions with
cellular membranous structures and hydrophobic domains of pro-
teins present in bacterial cell wall (Stasiuk and Kozubek, 2010). Col
showed maximum antibacterial activity against E. coli with zone of
inhibition diameter of 11mm. However, the antibacterial activity of
Col-F is somewhat less as compared to Col that may be attributed to
high molecular weight of the former resulting in lesser diffusion of
compound. Further, there is slight improvement in the antibacterial
efficacy in Col-FA15 in comparison to Col-F but not to a great extent
that might be correlated to the benzoxazine ring structure con-
taining N-alkylated group that are generally less active as compared
to free eNH groups (Alper-Hayta et al., 2006). Although the anti-
bacterial activity of Col-FA15 is not comparable to the standard
antibiotic drug, i.e. Ampicillin, yet it is moderate enough to develop
antibacterial films/coatings to be used in medical devices.

4. Conclusion

This paper introduces an innovative, widely applicable,
straightforward, rapid, inexpensive and environment friendly
method to prepare free standing, transparent, flexible Col-FA thin
films/coatings via following simple and cleaner route. The synthesis
of Col-FA in five different compositions were carried out and the
mechanism involved in the same is discussed with the aid of FTIR,
1H-NMR and 13C-NMR spectral techniques. The thin film formation
was first time analyzed by ATR-FTIR and DSC. The films obtained
were transparent, flexible and falls under the category of reddish-
yellow zone as confirmed through color analysis of films. The
physico-mechanical analysis also confirmed the improved me-
chanical strength with good adhesion, bending ability (1/8 inch
bend test), impact resistant (150 lb/inch), scratch resistant (2 kg)
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Table 7
Antibacterial activity results.

Zone of inhibition(mm)

Abbreviation E.coli S.aureus B. substilis P.aeruginosa

Col 11 8 7 0
Col-F 9 0 7 0
Col-FA15 11 7 7 0
Ampicillin 28 27 35 15

Fig. 11. Comparison of inhibition zone against different bacterial strains for (a)
Ampicillin, standard drug (b) Col (c) Col-F (d) Col-FA15.
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with excellent gloss values (80�). Overall, among all the synthesized
compositions, Col-FA15 turned out to be the best composition in
the present case having dense, homogeneous and amorphous
morphology, excellent chemical resistance (against various sol-
vents), thermally stable (up to 430e440 �C) with moderate anti-
bacterial activity against E. coli, S. aureus and B. subtilis.

In a nutshell, this cost-effective and cleaner approach can be
utilized for the synthesis of Col-FA that could be employed as an
environment friendly, green material for versatile applications in
the field of packaging, antimicrobial films and coatings in
numerous medical devices. Certain limitations such as water
insolubility, high temperature curing of the material will be
improved in future work. The synthesis of coordination polymers
(CPs) of Col-FA will be carried out to enhance the moderate anti-
bacterial activity of the material that may find further applications
in the biomedical field. Other improvement in functional aspects
for broader applications is highly desirable in the near future.
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