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Abstract

In the present work, an attempt has been madkevelop bio-based composites using
cardanol and eugenol based benzoxazine matricds otsilica as well as natural fibrous
materials (coir felt, kapok fabric, jute felt ande husk) as reinforcements. The bio-composites
developed were studied for different applications.,vdielectric, water repellent, oil-water
separation, sound-absorption including corrosi@istance use. Among the bio-silica reinforced
benzoxazine composites, 7 wt% bio-silica reinforcattlanol composites possesses the highest
value of water contact angle (147°) and the lowaste of dielectric constant (2.0) than those of
other bio-silica reinforced composites. Furtheg totton fabric was coated with cardanol and
eugenol based polybenzoxazines separately, whdgesvaf water contact angles are found to
be 159° and 157° with oil-water separation efficienas 96% and 95 % respectively.
Furthermore, the cardanol based benzoxazine wasately reinforced with jute felt, coir felt,
kapok fabric and rice-husk. The corresponding soabdorption efficiency was found to
increase in the following order, Neat polybenzorazk rice husk < coir felt < kapok fabric <
jute felt. Data resulted from corrosion studiesyats noticed that the mild steel specimen coated
with bio-based benzoxazine matrices and bio-sil@aforced benzoxazine composites coated
specimens exhibit an excellent resistance to como®ata resulted from different studies, it is
suggested that the cardanol and eugenol basedbipeasites can be considered as an effective
materials for microelectronics insulation, watgpekent, oil-water separation, sound absorption
and corrosion resistant applications.

Key words: bio-benzoxazines, bio-silica, natural fibers, bamposites, water contact angle,

dielectric contact, oil-water separation, souncatson coefficient, corrosion resistance.
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Introduction

Development of commercial materials from renewalelgources become major thrust
area for researchers around the world, sinceatialles most of the environmental problems. A
variety of chemicals, monomers, polymers and offreducts have been prepared from bio-
source materials, namely wood, proteins, cellultigajn, tannins, starch, chitin, chitosan, etc,
have been used for different industrial and engingeapplications.[1-15] Among the bio-based
products derived, bio-phenols viz., cardanol framshew nut shell liquid (CSNL) and eugenol
from clove oil are considered to be the most imgodrprecursor materials and are widely used
for the preparation of polymers and polymer bagpedducts like epoxy, cyanate ester,
benzoxazine, etc.[16,17] In the recent past, rebeas around the world have extensively
studied the benzoxazine based materials usingtyab®-precursor materials for different
applications. The synthesis of benzoxazines wergedaout through Mannich condensation
using phenolic derivatives, formaldehyde and amjh8f Benzoxazines possess an enhanced
thermal properties, improved flame resistance, gonedhanical performance, flexible molecular
design and near zero shrinkage during curing. Qaum have been actively involved in the
development of different types of benzoxazines/fious engineering applications and reported
elsewhere.[18-22][23]

Recently our research group have developed andspebl bio-based benzoxazines using
renewable bio-resource raw materials namely caildamb eugenol with aniline, N, -dimethyl
amino propyl amine (DMAPA) and caprolactam modifi@MAPA separately.[23] The
graphene reinforced eugenol based polybenzoxazomapasites were also prepared by
incorporating varying weight percentages (1, 37,5and 10 wt %) of graphene oxide to obtain
hybrid nanocomposites for high dielectric applicafil9]. Further, prepared cardanol based
benzoxazines were reinforced with varying weightpatages (1, 3, 5 and 10 wt %) of bio-silica
derived from rice husk to obtain hybrid composi@slow dielectric application [23]. We have
also prepared the bio based polybenzoxazine-dilydaid through in-situ sol-gel method for
high thermal and flame retardant applications [Z&Jrthermore, the bio-silica reinforced
eugenol based polybenzoxazine composites have theegloped for low k application and
reported.[25]
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In the present work an attempt has been made paprdwo types of bio-benzoxazines
based on cardanol and eugenol separately usingryurdmine and paraformaldehyde under
appropriate experimental conditions and their priogee were characterized using different
analytical methods. Both bio-benzoxazines have beemposited with bio-mass derived
reinforcements, such as rice husk ash bio-siliafynal fibers (rice husk, coir felt, kapok fabric,
jute felt) and cotton fabrics for various indudtaaplications. The varying weight percentages of
bio-silica reinforced bio benzoxazine compositegehlaeen studied for their insulation behavior
and corrosion resistant efficiency. The bio-basemzbxazines coated cotton fabrics were
studied for oil-water separation behavior. Furtleamdanol based benzoxazine was reinforced
with natural fiber reinforcements namely rice-huskjr felt, jute felt and kapok and the
composites resulted were tested for their soundrpben behavior. The present study utilizes
the fully bio-based benzoxazines and bio-basedaiements to develop composites for some
of the versatile industrial applications (Fig. Data obtained from different studies are discussed

and reported.
Experimental
Materials

Cardanol was obtained from Satya cashew produttsni@i. Eugenol, paraformaldehyde, and
anhydrous sodium sulphate @$&) were obtained from Spectrochem, India. Furfuryl raami
was purchased from Sigma Aldrich. Ethyl acetate sodium hydroxide has received from SRL,
India. Glycidoxypropyltrimethoxysilane (GPTMS) wabtained from Sigma Aldrich. Natural

fibers, cotton fabric and rice husk have been cadli@ from local source Tamilnadu, India.
Synthesis of the benzoxazine monomers.

Separately 0.1mol of cardanol (C) and eugenol éatted with 0.1mol of furfuryl amine
() and 0.2mol of paraformaldehyde, which were pthtn a 250 ml three-neck round bottomed
flask equipped with magnetic stirrer, thermometet without solvent. The reaction mixture was
heated under constant agitation at f@0for 3-4 h. The crude products obtained from the
reaction were (Schemes 1 and 2) diluted separatglyy ethyl acetate and then thoroughly

washed with distilled water. The organic phase segsarated and dried with anhydrous sodium



O 00 N o un

10
11
12

13
14
15
16
17
18

19
20
21
22
23
24
25
26
27
28
29

sulfate and filtered. The solvent was removed urdevum distillation. A consistent amount of
benzoxazine was isolated and characterized by FIFIR S1) and'H NMR (Fig. S2a-h),

spectroscopic techniques.
Preparation of neat benzoxazine matrices and biodgia reinforced composites

The polymerization of benzoxazines was carried wig thermal ring opening
mechanism. Bio based benzoxazine (eugenol as wealhedanol benzoxazines) monomers are
taken in a petri dish separately and dried welb@t°C for 6 h. Further, before curing the
monomers were subjected to 80 °C for 8 h to stabaind to remove the traces of moisture if any
present. After the stabilization, the temperatuas raised to 250 °C at a rate of 20 °C per hour.
The temperature was maintained for another 3 hraeroto achieve the completion of curing
process. The formation of polybenzoxazines witlss#iinked network are shown in Schemes 3
and 4.

The formation of bio-silica[23,25] reinforced bi@ased benzoxazines (Poly(C-f) and
Poly(E-f) ) are presented in Schemes 5 and 6 c&spy. The preparation of GPTMS
functionalized bio-silica has been given in themaring information (Scheme S1). In brief, 1, 3,
5 and 7 wt% of bio-silica were separately reinfdregth C-f and E-f benzoxazine monomers
and stirred for 1 h to obtain the homogeneous lslefithe blends obtained were cured in a

similar manner as carried out for the preparatiomeat matrices.

Measurements

FTIR spectra measurements were carried out witheAgiCary 630 FTIR Spectrometer. NMR
spectra were obtained with Bruker (400 MHz) usimgethylsulfoxide (d6-DMSO) as a solvent
and tetramethylsilane (TMS) as an internal standB®IC measurements were recorded using
NETZSCH STA 449F3 under Npurge (60 mL mitt) at scanning rate of 10 °C rfin
Thermogravimetric analysis (TGA) was obtained usNigTZSCH STA 449F3 taking 5 mg of
sample under Nflow (260 mL mir') and controlling the heating rate at 20 °C TifThe
dielectric constant was determined with help ofimpedance analyzer (Solartron impedance
analyzer 1260, UK) at room temperature using platirelectrode from 1 Hz to 1MHz. The
surface overview of the composite films was idéadiffrom an FEI QUANTA 200F high-

resolution scanning electron microscope (HRSEMnt&ct angle measurements were obtained
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using a Kwoya goniometer withubof water as probe liquid. HR-TEM images were capd
using a TECNAI G2 S-Twin high resolution transmissielectron microscope, with an
acceleration voltage of 150 kV. TEM samples wereppred by dispersing the composites in
ethanol, mounting them on carbon-coated Cu TEMsggiad dried at 30 °C for 24 h to obtain a
film of 200 nm in size.The benzoxazines coated mild steel plates weredést their corrosion
protection behavior on mild steel in 3.5% sodiuntodde solution. The corrosion resistant
behavior of mild steel specimens were carried osingl open-circuit potential (OCP),
electrochemical impedance spectroscopy (EIS) aridngodynamic polarisation. Analysis of
sound absorption (acoustic behavior) was carriedusing the impedance tube method. The
sound absorption coefficient (SAC) of fibre reirded composites was measured through a
transfer function technique with the impedance tidm#lities [manufactured by Bruel & Kjaer
3160-A-042, Denmark]. The SAC is defined as theraf the absorbed sound energy and the
incident sound energy. The measurements were ctedlaccording to 1SO10534-2 standard at
lower to higher frequencies from 4 to 6400 Hz abemt temperature and at least two specimens
were tested for each type of samples. Two typeSW#22 and SW477 impedance tubes with
diameters of 100 mm and 30 mm for measuring fregj@snfrom 0-1600 Hz and 4-6300 Hz,
respectively were used. Samples were backed uprigydavall which reflected all the incoming
sound energy. Two microphones were mounted at #e off the tube to measure the sound
pressure. Hence, if the incident sound energy @svknand the transmission sound energy can be
measured with the aid of the transfer function Hrelsound energy absorbed by the materials
will be calculated. The tensile properties of thbrics were measured using a universal testing
machine (Tensile Tester Z10 of Zwick/Roell, Germjanyith a constant rate of extension. The
test was done according to ASTM standard D5035Ridapproved 2015 he porosity of the
fabrics were measured using capillary flow analyistsn Porous Materials, Inc. Analytical
Services, USA.

Results and discussion

The cardanol and eugenol based benzoxazines (@-fEaf) were prepared through
Mannich condensation reaction of cardanol and melgeeparately mixed with stoichiometric
quantities of furfuryl amine and paraformaldehydeajppropriate conditions in the absence of

any solvents as shown in Schemes 1 and 2 resplgctiMee benzoxazine monomers obtained
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were characterized by different analytical techemjihe molecular structures of cardanol-
furfuryl amine (C-f) and eugenol-furfuryl amine {E-based benzoxazine monomers were
confirmed by FT-IR andH NMR spectral analysis. The thermal behaviourhef $ynthesized

benzoxazines has been studied by TGA and DSC anallse data obtained from different

analysis are discussed.

The bands appeared in FT-IR spectrum (Fig. S1)2421cm' and 1090 cm were
attributed to the asymmetric and symmetric streighvibrations of C-O-C bond in the
benzoxazine respectively. The peak appeared at dtB2epresents the asymmetric stretching
of C-N-C. Similarly, the appearance of bands atiado940 crit and 1492 cifl correspond to a
tri-substituted benzene ring which confirms thexfation of benzoxazine ring. Further, the band
appeared at around 3009 ‘Croorresponds to C-H stretching vibrations of benzeing.
Characteristic bands appeared at 2925 and 2853acencorresponds to the asymmetric and
symmetric stretching vibrations of GHf oxazine ring as well as alkyl side chain ofdzarol
moiety. The'H NMR spectrum was also found to be consistent withproposed benzoxazine
structure (Fig. S2a-b); The linear aliphatic chaml methyl (CH) and methylene(-CH) group
signals are appeared at 0.9-3.8ppm. it confirmsrieta substituted aliphatic chain of cardanol
moiety. Further, shows two typical singlets cerderespectively at S5ppm (O-GHN) for
hydrogen atoms of the nitrogen and oxygen bondetthyteme groups, and around 4ppm (Ar-
CH>-N) for hydrogen atoms of the nitrogen and aryl dexh methylene groups respectively. The
multiplet signals were appear at 6.5-7.5.0ppm, tvlwonfirms the aryl protons. In Fig. S2a-b
6ppm and 7.8ppm are confirm the presence of fuirag substitution. Specifically in Fig.2b,
multiplet signals at 5ppm and 5.9ppm are repretitallyl substitution and a singlet signal

absorbed at 3.8ppm which confirms trého substituted methoxy group protons.

The polymerization process involved to obtain pelyboxazines is based on the ring
opening of benzoxazine monomer. Benzoxazine monavasrpolymerized with rice-husk ash
silica in order to utilize for low k application drcorrosion resistance application. Further, the
bio-benzoxazine composites have been fabricated different bio-reinforcements (jute felt,
kapok nonwoven fabric, rice husk) for sound absomptin addition to the benzoxazine coated

cotton fabrics for oil-water separation application
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Thermal behavior

DSC analyses infer that the polymerization temjpeea(Tp) of benzoxazine monomers
(Fig. S3). The Tp of C-f benzoxazine monomer isepbsd at 25%C with single exothermic
peak, whereas that of E-f benzoxazine monomer dstdibial exothermic peaks at 241 and 287
°C. The polymerizations of benzoxazines proceed thighcleavage of oxazine rings, which were
ascertained from the disappearance of bands at @ (Fig. S9a-b). Among the
polybenzoxazine (poly(C-f) and poly(E-f)) compositstudied in the present work, cardanol
based bio-silica reinforced composites possesseserbestability to towards thermal
decomposition than that of eugenol based bio-sileiaforced composites.[26] This may be
explained due to the complexity and entanglementonfy chain associated with cardanol
moiety. Thermal stability behavior of benzoxazimenposites obtained from thermogravimetric
analysis are presented in Fig. S10a-b and Tabliewlas observed from TGA data that thermal
stability of functionalized bio-silica reinforcedmposites has been enhanced according to the
weight percentage concentration. The maximum dedgiad (Ty) temperature obtained for neat
matrix, 1wt%, 3wt%, 5wt% and 7wt% bio-silica reinded poly(C-f) composites are 463, 467,
470, 474 and 478C respectively. The char yield of poly(C-f) and 4sitica 1wt%, 3 wt%, 5
wt% and 7 wt% reinforced poly(C-f) composites aO8D was observed to be 4, 6, 10, 11 and
12% respectively. Similarly, poly(E-f) and bio-s&i 1wt%, 3 wt%, 5 wt% and 7 wt% reinforced
poly(E-f) composites trend of char yield was obsdrabout 42, 45, 46, 51 and 53%.

Generally, it is known that benzoxazine catiofg ropening polymerization will occur
at ortho and para position.[27] Cardanol based benzoxazine matrixehdetter thermal
degradation maxima than that of eugenol based Bemzwe matrix due to the availability of
more favored ortho and para position for crossagekof polymer matrix (Fig. S11), In case of
eugenolortho andpara postions are occupied by methoxy and allyl grogspectively. Hence,
only the less favored meta-position is available golymerization. As a result eugenol based
benzoxazine degradation maxima occurred at lowenpéeature than that of cardanol
benzoxazine. Even though, tipara substituted allylic group of eugenol may expected t
undergo Diels-Alder reaction with furfuryl groupgRit helps only to improve the char yield.
From our previous reports, it was observed that thealine, stearyl amine and

dimethylaminopropyl amine (DMAPA) based eugenol zmxazine polymer matrices possess
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lower char residue than that of furfuryl amine anjenol based benzoxazine matrix.[23,29]

This may be due to the extension of Diels-Alderypwrization (Scheme 4).
Morphological behavior

The XRD diffractogram of bio-silica reinforced carbl and eugenol based
polybenzoxazine composites are presented in Fifp. 2Zapeak appeared ab 2 20°, infers the
that the composites and matrices are in amorphatusen Also confirms the distribution of silica
in homogeneous manner. In addition microscopic esagbserved from SEM analysis also
confirms the uniform and homogeneous distributiérbio-silica throughout the benzoxazine
matrices of both poly(C-f) and poly(E-f). The mogbbgy of neat matrices are observed to be
smooth, whereas that of the bio-silica reinforcemmposites (Fig. 3 and 4), show crack
propagated and rough surfaces. The formation ajiraurface is highly desirable for coating

application, which desirably provides superhydrdpbdehavior with low surface free energy.

Furthermore, in order to ascertain the distributarbio-silica in the bio benzoxazine
(Poly(C-f), Poly(E-f)) matrix, the HR-TEM analysigas carried out and the images obtained are
presented in Fig. 5 and 6, respectively. 3 wt %wt3% and 7wt % of bio-silica reinforced
benzoxazine (POLY(C-F), Poly(E-f)) were taken agresentative samples for TEM analysis.
The TEM images of 3 wt % (Fig. 5a and 6a), 5 wtPig(5b and 6b) and 7 wt % (Fig. 5¢ and
6¢) bio-silica reinforced nanocomposites show unifalispersion of silica in the Poly(C-f),
Poly(E-f) matrices. The distributions of bio-sili(g-SiG,) are observed to be homogenous even
at higher weight percentages. This phenomenondnfles and contributes to the lower value of
dielectric constant in addition to an enhancemérttigh thermal stability and enhanced water
contact angle properties achieved with homogeredityio-silica. Among the hybrid composites
studied, the 7 wt % F-SigPoly(C-f) and poly(E-f) nanocomposites can be aered as better

material for high performance microelectronics latian applications.

Bio-silica reinforcement in benzoxazine matriceslyFC-f) and Poly(E-f) ) influences
the enhancement of thermal behavior and the foamaif covalent bonding network structure.
Further, the bio-silica reinforcement also contr@suto the development of smooth surface,
which in turn makes the composites surface becoydeophobic nature according to the nature

of benzoxazine matrix and weight percentage ofddioa reinforcement.
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Dielectric behavior

The value of dielectric constant (k) of neat berazixe matrix of poly(C-f) is 3.6 (Fig.
S12 and Table 1). The values of dielectric constahtbio-silica reinforced poly(C-f)
benzoxazine composites are decreased accordihg tedight percent of bio-silica (1, 3, 5 and 7
wt%). Among the bio-silica composites studied, eam based bio-composites possesses the
lower values of dielectric constant (k=2.0) thaattbf poly(E-f) based composites (k = 2.1(Fig
S12 and Table 2)) due to the long alkyl chain nyoietcombination with the presence of bio-
silica network. The presence of long alkyl chaimbeétween the matrices pave the formation of
free space with air voids (k=1), which in turn iréhces in reducing the value of dielectric

constant of the matrix.
Surface behavior

The value of water contact angle of poly(C-f) araly(E-f) polybenzoxazines are 98
and 92 respectively, whereas the values of 1wt%, 3 wt%wt% and 7 wt% of bio-silica
reinforced with poly(C-f) composites are 21324, 131 and 147 respectively (Fig. 7).
Similarly, the contact angle values of 1 wt%, w86, 5 wt% and 7 wt% of bio-silica
reinforced Poly(E-f) composites are °960%, 118 and 128 respectively (Fig. 8). Among the
benzoxazine composites studied in the present wmoky(C-f)/bio-silica composites possess
higher values of contact angle than that of polfj(Eo-silica composites. The enhanced
hydrophobic behavior exhibited by poly(C-f)/biois#l composites may be explained due to the
presence of long aliphatic chain of cardanol mouwityr low polar siloxane moiety contributed
by bio-silica network, in addition to the inheramira-molecular hydrogen bonding present in the

benzoxazine system.

Corrosion studies using EIS measurements

The EIS was carried out to assess the corrosiastaas behavior of the poly(C-f) and
poly(E-f) matrices and bio-silica reinforced compes coated on the mild steel with surface area
of specimen having 2¢mThe coated specimens were immersed in 3.5% NalOtien for
different period of time intervals and tested. TOEP values obtained were plotted against

period of immersion. The change in the values oPQ@s monitored over a period of 200 min
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for bare mild steel specimen, specimen coated Wtt?o bio-silica reinforced Poly(C-f) and
Poly(E-f) composites are presented in Fig. 9. Fitbm Figure, it was noticed that the OCP
values of the coated specimens were shifted sggmifily to the anodic direction when compared
with that of the bare mild steel specimen. It clo &e seen that OCP values of the benzoxazine
coated specimens are much lower when comparéohtoof bare mild steel specimen. The
OCP shift toward positive values infer high therosion resistance offered by the benzoxazine
coatings.[30,31] This effect is more pronounced nvhmo-silica were reinforced into the
coatings. Among the two different benzoxazine cositpe coated specimens, bio-silica
reinforced poly(E-f) composites coated specimemsvsimore anodic shift of OCP values due to
the formation of firm adherent film, which in tucontributes to lower permeability of the

corrosion medium into the film.[32]

The EIS was used to evaluate the barrier propedfethe poly(C-f) and Poly(E-f)
coatings and the effect of incorporation of bilezaion the corrosion resistance of MS. Nyquist
plots from EIS measurements for neat benzoxazirtedaea and bio-silica reinforced composites
coated and uncoated mild steel specimens in 3.5 Balution are presented in Fig. 10a-b.
Nyquist plots have only one capacitive semicirdedll the specimens represent the presence of
only one time constant.[33] Hence, fitting of allSEdata was done using simple equivalent
circuit model (Fig. 11). The equivalent circuit wased to evaluate the corrosion resistance data,
where Rs is the solution resistance, Rct is thegeh&ransfer resistance and Qc is the double

layer capacitance.

Superimposition of the experimental data has bese dising this equivalent circuit and
corrosion parameters were calculated. Rs is thetaese of the solution between the working
electrode and the counter electrode. Rs valuesarenly depending on the ionic conductivity
of the solution but also depending on the geonadtacea of the electrode. Rs values are not an
important data while studying the corrosion propet the film because it does not yield any
information about the coating. Hence, Rct values ased to measure the resistance of the
electron transfer across the metal-solution intexfawhich is inversely proportional to the
corrosion rate of the metal. The calculated valoésthe corrosion parameters from EIS
measurements are presented in Table 3. Rct vafysdy¢C-f) and poly(E-f) coated specimens

are higher than that of bare mild steel (MS). ldesrto improve the corrosion resistance

10
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behavior of poly(C-f) and poly(E-f) coatings, theio-silica was reinforced in to the
benzoxazine matrix. When the content of bio-siieae increased from 1wt% to 7wt%, into the
matrix, the increase in Rct and decrease in dolaiyler capacitance values were observed. It
ascertains the improved corrosion resistance afings ,which may explained due to the
reduction of pores/cavities present in the coatungch could be occupied by the bio-silica.[34—
37] It was well known that, all the organic coasnare not completely impenetrable for long
time, their barrier properties could decrease whemersion time increases because of the
water/corrosion medium penetrates into the coatiRgs bare MS, the corrosion medium had a
direct contact with the metal surface which infloerto the formation of many electro active
sites and in turn led to corrosion in the presesfcmoisture and oxygen. Bio-silica containing
polymer coatings prevent the diffusion of oxygerd aggressive medium into the polymer
matrix due to the formation of highly cross- linke8i-O-Si- network. Further, the values of
contact angle of coatings used in the present wairker that all the bio-silica reinforced
coatings are hydrobhobic nature, which in turreaffely prevents the wetting of the surface
of coated specimens.[31] Among the varying weigpercentage of bio-silica reinforced
benzoxazine composites 7 wt% bio-silica benzoxazomposites offer a better corrosion
resistance due to the presence of aliphatic sidencand nitrogen atoms. Among the two
different bio-composites (poly(C-f)/bio-silica apadly(E-f) /bio-silica) used in the present work,
The bio-silica reinforced poly(E-f) composites exts better correction resistance than that of

poly(C-f) bio-silica reinforced composites.

Fig. 12 show the Tafel plots of uncoated and codt8dspecimens. The corrosion rate

(CR) was calculated using Icorr values using theaégn (1)
CR =Ml /pnF..coiiiii . @)

Where M is the molecular mass of copper(58.69 djndcorr is the corrosion current
density(Acn?), F is the Faradays constant (96500 A sa is the density of the mild steel
specimen (7.85 g cf), and the number of electrons transferred duringosion reaction is
assumed to be 2.[34]

The Eor values of bio-silica reinforced polybenzoxazinenposites coated specimens
increased anodically ando} values of the coated specimens decreased withntireasing

weight percentage of bio-silica indicating that thgroved corrosion resistance of the coated

11
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specimens. The improved corrosion resistance magiugeto the reinforcement of bio-silica
nano-particles suppressed the anodic corrosiotioeaq Table 3).[38] The Poly(E-f) with 7wt%
bio-silica coating shows better positive shift @mms of Eqr value and lower corrosion current.

The results obtained from the Tafel method supgbesesults from EIS and OCP studies.
Oil-water separation studies of benzoxazine coatddbrics.

The preparation method of poly(C-f) and poly(C-dated cotton fabrics were given in
the supporting information. The thermally cured Sdimmeter sized cotton fabrics coated with
benzoxazines possess an excellent hydrophobic lmehdhe polybenzoxazines coated cotton
fabric was used for further studies and comparet meat fabric. It was observed that the water
contact angle values (Fig. 13) obtained for thdymzured cotton fabric coated with 5 wt%
benzoxazines (Poly(C-f) and Poly(E-f)) are 1&7d 159, respectively, which is higher than that
of cotton fabric coated with benzoxazine obtainednf bisphenol-A and aniline (1339]. The
higher values of contact angle obtained for cartland eugenol based benzoxazines coated
fabrics may be explained due to the presence @ &kyl chain in cardanol and alkoxy and
allyl moiety present in eugenol which contributesan enhanced hydrophobic behaviour.
Further the cotton fabrics coated with benzoxaz{Resy(C-f) and Poly(E-f)) has been tested for
their oil-water separation behavior by utilizingeth as filtration substrate. The higher water
contact angle observed for benzoxazine coated rcddbrics have been utilized for further
studies. The porous size of cotton fabric was fotmde 28.9 microns before coating. The
average porosity of poly(C-f) and poly(E-f) coatsmtton fabric were checked and found to be
25.8 and 26.1 microns respectively. The tensilengfth of (warp and weft) non coated fabric, 5
wt% poly(C-f) and poly(E-f) coated fabrics weredid. The tensile strength of 5 wt% poly(C-
f) and poly(E-f) coated fabrics have been obsehigter than that of non-coated cotton fabrics
(Table 5).

The oil-water mixture was prepared by mixing thgiea oil (20W40, density 0.88 g.Cm
% and distilled water in 1:2 volumes. The densityhe oil is lesser than water. So oil phase will
be in the top of the aqueous phase. In order thhe oil phase down, a high density non-polar
solvent dichloromethane (density 1.325 g3rhas been added to oil-water mixture. Then the
separation of oil was carried out using benzoxazweted fabrics at room temperature without

applying any external force as presented in Fig.. Etom the oil-water separation the separation
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efficiency was calculated using equation 2 and ¢otm be 96% and 95% respectively for
Poly(C-f) and Poly(E-f) coated cotton fabrics. Sarly the flux values were calculated using
equation 3 for both Poly(C-f) and Poly(E-f) coataxdton fabrics. The calculated flux values are
573 and 553 L/fih, respectively for Poly(C-f) and Poly(E-f) coateatton fabrics.

Separation Efficiency % Volume of the oil after separation

Volume of the oil before separation

Volum,e of the permeated oil
Flux = —— — e 3
Area of the fabric X time for separation

Further, in order to ascertain the performance Wiehaf oil-water separation efficiency
of cotton fabrics coated separately with benzoxezifiPoly(C-f) and Poly(E-f)), the experiment
was repeated 10 times after washing and dryindatiiécs at end of the each experiment. From
the oil separation experiments carried out aftecylddes using the fabrics, it was found to be the
separation efficiency of fabrics are found to bewt®2 % and 91 % respectively (Fig. 14a and
15a). Similarly, the flux values obtained after dyrles are found to be 506 and 501 ftim
respectively (Fig. 14b and 15b).

In addition, the super-hydrophobic benzoxazine esbabtton fabric was tested to absorb
the engine oil (20W40) and it was noted that orargof the benzoxazine coated cotton was able
to absorb the engine oil weight of around 50 tirttest of its own weight. The details of oil

absorption experiment carried out are given in Bitph.
Sound absorption performance of bio-composites.

The standing wave is generated in the impedarize (ftig. S16) and used to analyse the
sound absorption behavior of composites (Fig. SiE¥eloped. The absorption of sound energy
by the different fiber reinforced cardanol basedZmxazine composites are presented in Fig. 16.
Data obtained from sound absorption studies cdeduat 1600 Hz, it was observed that the
sound absorption of efficiency of neat cardanolzZogazine matrix, jute felt, coir felt, kapok
fabric and rice-husk reinforced Poly(C-f) compesitare 0.03, 0.032, 0.05, 0.05 and 0.07
respectively. Similarly , the sound absorption @fincy conducted at 6300 Hz for neat
benzoxazine matrix, jute felt, coir felt, kapo&bfic and rice-husk reinforced cardanol
benzoxazine composites are 0.46, 0.79, 0.70.0.d90 &8 respectively.
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Data obtained from the sound absorption studiesechout over the frequency range of
1000Hz to 6300 Hz for different natural fiber r@rded cardanol based benzoxazine composites
are presented in Table S1. From the Table S1pibeaseen that the sound absorption coefficient
increases with increasing frequency from 1000 H&300 Hz irrespective of reinforcement. The
fiber reinforced bio-composites possess higher d@bsorption coefficient (SAC)[40] than that
of neat benzoxazine matrix. However, among thefesitements used in the present study, jute
felt reinforced cardanol benzoxazine composites@ss the better sound absorption efficiency
than that of other fiber reinforced composites. Twmnd absorption coefficient of fiber

reinforced benzoxazine composites follow the order,
Neat benzoxazine matrix < rice husk< coir felt<dapabric < jute felt
Conclusion

The bio-mass composites based on benzoxazineard&rml, eugenol, furfuryl amine,
bio-silica and natural fibrous materials (rice hus&ir felt, kapok fabric, jute felt, and cotton
fabric) were prepared and characterized by diffeasalytical techniques. Among the bio-silica
reinforced benzoxazine composites studied, 7wt%shica reinforced cardanol benzoxazine
composites possesses the higher value of wateactoargle (14% and lower value of dielectric
constant (2.0) than those of eugenol benzoxazingosites. Both cardanol and eugenol based
benzoxazine coated cotton fabrics exhibit an egoelbil-water separation behavior. Similarly,
cardanol based benzoxazine reinforced with nafibmadus materials namely rice husk, jute felt,
coir felt and kapok fabric possess good sound ahisorbehavior. Data resulted from corrosion
studies, it was noticed that the mild steel spenic@ated with bio-based benzoxazine matrices
and bio-silica reinforced benzoxazine compositeatam specimens exhibit higher resistance
towards corrosion. Results obtained from differstudies, it is suggested that the bio-based
composites developed in the present study can ée ies some of the industrial applications
viz., microelectronics insulation, oil-water segam, sound absorption and corrosion resistance
uses. The present work is aimed to utilize renesvéib-source matrices and sustainable bio-
based reinforcements to replace fossil fuel feemtkst to the extent possible to minimize

environmental pollution.
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4  Table 1.Thermal stability, dielectric constant and contaagle, of Poly(C-f)/bio-silica

5 composites.

Thermal Stability Dielectric
Water Dielectric l0ss (an o)
Sample 50 weight Tq Charyield contact —constant
o angle f) (K)
loss fC) (°C) % at 800C
Neat poly(C-f) 362 463 4 98 3.61 0.0047

1 wt% bio-silica/ poly(C-f) 375 467 6 113 3.23 0.0045
3 wit% bio-silica/ poly(C-fy ~ 379 470 10 124 573 0.0029
5 wt% bio-silica/ poly(C-fy ~ 381 474 11 131 219 0.0029
7 wt% bio-silica/ poly(C-f) 387 478 12 147 2.00 0.0016

9 Table 2. Thermal stability, contact angle and dielectriostant of poly(E-f) and composites.

Thermal stability Dielectric
Water  Dielectric 0SS (@ane)
Sample 5% weight T Char yield % contagt  constant
loss (’C?) (°Cc‘j) at 8)(/)(5?C Lol angle § ()
Neat poly(E-f) 378 413 42 34.3 92 3.9 0.0055
1 wt% bio-silica/ poly(E-f) 382 417 45 355 96 3.2 0.0043
3 wi% bio-silica/ poly(E-f) 389 419 46 359 105 2.6 0.0037
5 wt% bio-silica/ poly(E-f) 395 426 51 37.9 118 2.3 0.0032
7 wt% bio-silica/ poly(E-f) 404 429 53 387 128 2.1 0.0021

10
11
12

20



N oo WON

Table 3 Corrosion parameters of the polybenzoxazinesedoand bare mild steel specimens in
3.5 % NaCl solution from potentiodynamic polarieatstudies.

Bio-silica weight Corrosion parameters

10

11

12

13

14

15

16

17

(Wt%) Rs (ohmcnf)  CPE(F.§7) N Re / kQ ecm?

poly(C-f)/ bio-silica coated specimen

Bare MS 0.2021 0.1123%e 0.877 150

0 0.2108 0.354x2 0.742 151

1 1.332 7.11x8 0.736 250

3 2.020 1.787x@ 0.807 270

5 2.891 5.941x2 0.736 368

7 3.946 4.593x2 0.564 403
Poly(E-f)/ bio-silica coated specimen

0 0.254 25.49%8 0.52 120

1 0.421 1.925x2 0.774 171

3 0.589 1.145%e 0.798 191

5 3.963 0.104 x& 0.775 300

7 4.066 3.897xé 0.780 590
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Table 4. Corrosion parameters of the polybenzoxazines coated uncoated mild steel

specimens in 3.5 % NacCl solution from Tafel studies

Bio-silica o
_ _ , Efficiency
reinforcement in Ecor(MV) | corr (LA) CR mm year
n (%)
wt %
CF PBz/ bio-silica coated specimen
Bare MS -780 115 0.004455 0
0 -670 110 0.004261 4.32
1 -642 46 0.001782 60.00
3 -606 45 0.001588 60.86
5 -579 41 0.001743 64.34
7 -563 34 0.001317 75.00
Poly(E-f)/ bio-silica coated specimen
0 -662 113 0.009026 1.73
1 -626 104 0.004029 9.52
3 -603 67 0.002595 41.73
5 -600 61 0.002363 46.95
7 -526 15 0.000891 87.00
Table 5. Mechanical behavior of poly(C-f) and poly(E-f) ¢ed cotton fabrics.
Tensile Strength Elongation
Porosity
Sample name (N) (%)
(Hm)
warp weft warp weft
Non-coated cotton fabric 28.9 147.6 78.5 19.6 10.6

Poly (E-f) coated cotton fabric 26.1 169.9 86.2 920. 114
Poly (C-f) coated cotton fabric 25.8 278.1 128.4 822 12.2

22
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Scheme 4. Synthesis of eugenol- furfuryl amine based polybenzoxazine (poly(E-f)).
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Figure. 1. Bio-mass composites for dielectric, corrosion resistance, sound absorption and oil

water separation.
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Figure. 2. XRD pattern of functionalized bio-silica reinforced (a) Poly(C-f) and (b) Poly(E-f)

composites.



Figure. 3. SEM images of (a) 0 wt%, (b) 1 wt%, (c) 5 wt% and (d) 7wt% functionalized bio-

silicareinforced Poly(C-f) composites.

Figure. 4. SEM images of (a) 0 wt%, (b) 1 wt%, (c) 5 wt% and (d) 7wt% functionalized bio-

silicareinforced Poly(E-f) composites.

Figure. 5. TEM micrograph of (a) 3 wt%, (b) 5 wt%, (c) 7 wt% bio-silica reinforced Poly(C-
f) nanocomposites.



Figure. 6. TEM micrograph of (a) 3 wt%, (b) 5 wt%, (c) 7 wt% bio-silica reinforced Poly(E-

f) nanocomposites.

Figure. 7. Contact angle images of functionalized bio-silica neat, 1, 3, 5 and 7 wt%

reinforced Poly(C-f) polybenzoxazine.

Figure. 8. Contact angle images of functionalized bio-silica 0, 1, 3, 5 and 7 wt% reinforced

Poly(E-f) polybenzoxazine.
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Figure. 9. Plot of Eqp Vsimmersion timein 3.5 % NaCl solution for bare MS and 7 wt% bio-

silicareinforced Poly(C-f) and Poly(E-f) composites.
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Figure. 10. EIS response of bare MS and bio-silica reinforced benzoxazine composite (@)

Poly(C-f) composites (b) Poly(E-f)composites coated specimensin 3.5% NaCl solution.

Figure. 11. The equivalent circuit used for impedance analysis.
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Figure. 12. Tafel plots of bare MS and bio-silica reinforced benzoxazine composites (a)
Poly(C-f) / bio-silica composites (b) Poly(E-f)/ bio-silica composites coated specimens in
3.5% NaCl solution.
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Figure. 13. The water contact angle of benzoxazines coated cotton fabrics (a) 15 wt% CF-
bz, (b) 10 wt% (c) 5 wt% loaded Poly(C-f) on cotton fabrics, (d) 15 wt% Poly(E-f), (e) 10
wit% (f) 5 wt% loaded Poly(E-f) on cotton fabrics.
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Figure. 14. Oil-water (a) separation efficiency and (b) flux of Poly(C-f) coated cotton fabrics.
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Figure. 15. Oil-water (a) separation efficiency and (b) flux of Poly(E-f) coated cotton fabrics.
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Figure. 16. Sound absorption coefficient of Poly(C-f) composites with natural fibers.
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