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Abstract In the present work, the surface behavior of
cotton fabrics coated with a series of bio-based
polybenzoxazines is explored. Herein, we report the
design and synthesis of bio-based benzoxazine mono-
mers (C-x) using cardanol (C) and seven different
amines (x = ba, ha, dda, oda, ddm, jef, and fa). The
molecular structures of the benzoxazine monomers
have been confirmed using FTIR and NMR analyses.
The microstructure of the polybenzoxazine-coated
cotton fabrics observed from FE-SEM reveals that
formation of rough nanostructure is influenced by
molecular structure of monomers. Further, surface
analysis shows that poly(C-dda)-coated cotton fabric
offers superior water contact angle (WCA = 155� ± 3)
with low sliding angle (6�). Also, poly(C-dda)-coated
cotton fabric delivers the lowest surface energy
(14.1 mN/m) and high resistance against acidic and
alkaline media. Subsequently, oil–water separation

investigation shows that the poly(C-dda)-coated cotton
fabric yields 99% of separation efficiency with flux
value of 7200 L/m2h. Thus, the cardanol-based poly-
benzoxazine-coated cotton fabrics prepared in the
present work can find application in the field of oil–
water separation due to their superior water-repellent
nature.

Keywords Cardanol, Polybenzoxazines, Water
contact angle, Roughness, Oil–water separation

Introduction

Cotton is a natural, biodegradable, soft, and low-cost
cellulose fiber.1 The porous structure and water
absorption nature of cotton make it an absorbent
material for various medical and healthcare applica-
tions.2 Recently, cotton fabric was employed in immis-
cible oil–water separation after suitable surface
modification.3–6 Superhydrophobic surfaces are devel-
oped through introducing nanostructure roughness and
coating with low-surface-energy material.7,8 Polyben-
zoxazine (PBz), an advanced thermoset material,
possesses low surface energy and offers superhy-
drophobicity over a wide pH range.9,10 Also, a low
water sliding angle of 1� led to the self-cleaning
property of PBz.11 Compared to fluoropolymers, PBz
possesses several advantages in terms of easy synthesis,
being versatile in monomer design, and low-cost.12,13

These admirable properties made PBz as a platform
coating material for various textile fabrics.14,15

In 2015, Xin et al. demonstrated the oleophilicity of
TiO2/PBz-coated cotton fabric and reported its effi-
ciency of oil–water separation for the first time.16

Subsequently, in 2017, Advincula et al. studied and
reported the anti-icing, anticorrosive, and super-
oleophilic behaviors of rubber-modified PBz/SiO2

nanocomposites.17 In 2018, Tan et al. reported the
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PBz/SiO2 nanocomposite-coated cotton fabric with a
contact angle value of 156� and studied oil–water
separation.18 Most of the reports describe only the
superhydrophobic nature of PBz prepared from
bisphenol-A (BPA) precursor. About 4.5 million tons
of BPA is consumed every year for the preparation of
conventional resins, namely epoxy, benzoxazine, poly-
carbonates, and polyacrylates. However, the genotox-
icity and endocrine-disrupting activity of BPA cause
serious health issues and consequently, BPA-based
plastics are under scrutiny.19,20 Owing to this fact, BPA
is increasingly replaced by similar non-toxic chemical
precursors.21 In this regard, bio-based precursors
receive great attention as a feedstock chemical to
prepare industrially important polymers for various
engineering applications.22,23

Cardanol-based benzoxazines have been studied
significantly in recent years to replace traditional
bisphenol-based benzoxazines.22–24 PBz derived from
cardanol possessing long aliphatic chains has been
proven already for its superior superhydrophobicity
and lower surface energy.11,25 Very recently, cardanol–
aniline-based PBz/SiO2-modified fabric with superhy-
drophobicity and superoleophilicity for oil/water sep-
aration was reported by Yao et al. in 2019.26 Though
the coatings of nanoparticles like SiO2, TiO2, and ZnO
along with PBz could impart microroughness on the
surfaces in addition to lowering surface energy, their
inclusion is still a tedious and a costly approach from
the industrial perspective. The development of hierar-
chy rough nanostructure surfaces with low surface
energy through coating skeletally modified benzox-
azine has not yet been studied. Building molecular
coating without any additional additives could result in
the formation of nanostructures on the surfaces. Thus,
to develop benzoxazine monomers from non-haz-
ardous precursors and to distribute hierarchal rough
nanostructure, cardanol-based benzoxazines are de-
signed and prepared using different types of amines. In
the present work, the benzoxazines prepared using
cardanol and different amines (amine-containing fluo-
rine atom, long aliphatic chains, aryl rings, polyethers)
are coated over the cotton fabric and studied exten-
sively for their surface property and oil–water separa-
tion behavior. The data resulted from various studies
are discussed in detail and reported.

Experimental section

Materials

Cardanol was obtained from Satya cashew products,
Nanganallur, Chennai, India. Butylamine (ba), hepty-
lamine (ha), dodecylamine (dda), octadecylamine
(oda), 4-fluoroaniline (fa), jeffamine (jef), and diamin-
odiphenylmethane (ddm) were obtained from Sigma-
Aldrich, India. Paraformaldehyde, dioxane, ethyl ac-
etate, tetrahydrofuran, and sodium hydroxide were

obtained from Qualigens, India. Cotton fabric was
procured from the textile industry in Erode, Tamil-
nadu, India.

Synthesis of cardanol-based benzoxazine
monomers (C-x)

The benzoxazine monomers (C-x) from cardanol and
different types of amines are prepared as per
Scheme 1. For the preparation of monofunctional
monomers, the long-chain aliphatic monoamines and
fluorine-substituted aromatic monoamines are used
along with cardanol. Similarly, cardanol-based bifunc-
tional monomers are also obtained condensing with
aliphatic long-chain diamine and aromatic diamine. In
detail, to a solution of cardanol (5 g, 16.7 mmol) in 1,4-
dioxane (8 mL), respective amines, namely butylamine
[(ba) 1.2 g, 16.7 mmol] or heptylamine [(ha) 1.9 g,
16.7 mmol] or dodecylamine [(dda) 3.09 g, 16.7 m
mol] or octadecylamine [(oda) 4.5 g, 16.7 mmol] or
jeffamine [(jef) 1.9 g, 8.35 mmol] or diaminodiphenyl-
methane [(ddm) 1.66 g, 8.35 mmol] or fluoroaniline
[(fa) 1.8 g, 16.7 mmol], were added along with the
addition of an appropriate equivalent of paraformalde-
hyde (66.8 mmol) separately and allowed to warm at
60�C. Then, the temperature of the reaction was slowly
raised to 110�C and stirred for 12 h. Meanwhile, the
progress of the reaction was monitored by TLC. After
the formation of the products, the reaction mixtures
were cooled, quenched in water, and extracted using
ethyl acetate. The presence of unreacted cardanol was
removed by adding 1 M NaOH to the organic layer.
Subsequently, the organic layer was dried over anhy-
drous sodium sulfate and evaporated under vacuum.
The resultant monomers (C-ba, C-ha, C-dda, C-oda, C-
jef, C-ddm, and C-fa) were named as per IUPAC
nomenclature of benzoxazine chemistry. After ascer-
taining their structures through FTIR and NMR
spectra, the prepared monomers were coated over
cotton as described subsequently.

Preparation of benzoxazine-coated cotton fabrics

Initially, waxy material over the cotton fabric surface
was removed through soaking in 2 M NaOH solution
for 3 h. Later, the fabrics were washed with distilled
water and dried at 60�C for 10 h. After drying, the
cotton fabrics were subjected to surface modification
through coating the prepared benzoxazine monomers.
Exactly 1 g of each benzoxazine monomer was dis-
solved separately in 10 mL of THF. Two sets of cotton
fabrics were immersed in the solution for 20 min and
subsequently cured at two different temperatures (180
and 250�C) separately for 5 min. The pristine cotton
without polybenzoxazine coating was also studied and
compared.
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Characterization

FTIR spectra measurements were taken in Agilent
Cary 630 FTIR Spectrometer. NMR spectra were
recorded in Bruker (400 MHz) using deuterated chlo-
roform (CDCl3) solvent and tetramethylsilane (TMS)
as an internal standard. The curing profiles of the C-x
benzoxazine monomers were determined using
NETZSCH STA 449F3 Jupiter-German from room
temperature to 300�C. The morphology of the poly-
benzoxazine-coated fabrics was identified from a
ZEISS Sigma Field Emission scanning electron micro-
scope (FE-SEM). The water contact angle measure-
ments of the coated fabric were taken on a DataPhysics
instrument (OCA 15, Germany) using a water drop
(V = 10 lL) gently placed on the surface of the sample.
The XPS was measured using an Omicron nanotech-
nology instrument at a pressure below 10�10 Torr. The
tensile properties of the fabrics were measured using a
universal testing machine (Tensile Tester Z10 of
Zwick/Roell, Germany), with a constant rate of
extension as per ASTM standard D5035-11 (Reap-
proved 2015). In accordance with the standard BS
3424-16:1995, the air permeability of the pristine cotton
and the treated fabrics was tested using air permeabil-
ity tester of P.S.I Sales Pvt Ltd, New Delhi, India.

Oil–water separation test

The oil–water separation experiment was performed
without the aid of pressure using cotton fabrics
(diameter = 0.04 m, area = 0.00125 m2) and 50% v/v
of the oil–water mixture. Different oil–water mixtures
such as petrol/water, diesel/water, and engine oil/water
were used. The oil–water separation time was recorded
in the hour after fixing the poly(C-x)-coated fabrics at
the interface between the separation and filtration
flask. The separation efficiency (%) was calculated
using equation (1). The cyclic test was conducted for 10
cycles using petrol/water mixture. After each cycle, the
membrane was washed with ethanol and dried at 30�
for 2 h and subjected to oil–water flux experiments.
Equation (2) is adopted to calculate the flux value in
(liter/area in m2 x time in h).

Separation efficiency %ð Þ

¼ Volume of the oil after separation

Volume of the oil before separation
� 100

ð1Þ

Flux ¼ Volume of the permeated oil Lð Þ
Area of the fabric m2ð Þ � Time for separation hð Þ

ð2Þ
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Results and discussion

Spectral analysis

The prepared cardanol benzoxazines (C-ba, C-ha, C-
dda, C-oda, C-jef, C-ddm, and C-fa) were analyzed
initially using FTIR to validate the functional groups.
Figure 1 shows the FTIR spectra of the observed
benzoxazine monomers. Typically, bands appearing at
2923 cm�1 and 2848 cm�1 correspond to the asymmet-
ric and symmetric stretching vibrations of methylene
group (–CH2–), which in turn confirms the presence of
alkyl chains present in cardanol and amine (ba, ha,
dda, and oda) precursors27,28 The bands appearing at
1242 and 1105 cm�1 were attributed to the respective
asymmetric and symmetric stretching vibrations of C–
O–C bond present in the monomer benzoxazines.29

Further, the appearance of a peak at 1507 cm�1

corresponds to tri-substituted benzene rings. Also,
the appearance of a peak at 960 cm�1, confirms the
formation of benzoxazine monomers.30

Further 1H- and 13C-NMR analyses were performed
in order to confirm the chemical structures of benzox-
azine monomers. Figures 2a–2g show the respective
1H-NMR spectra of C-ba, C-ha, C-dda, C-oda, C-jef,
C-ddm, and C-fa benzoxazine monomers. The forma-
tion of oxazine rings was confirmed by the presence of
two singlets of methylene protons corresponding to
(–O–CH2–N–) and (–N–CH2–Ar). Concerning the
nature of precursors, the positions of the peak show
minor shifts.31–33 The arylamine-condensed oxazine
ring gives signals in the upfield region, whereas that of
an aliphatic amine-based oxazine ring gives signals in
the downfield region.

In the case of cardanol- and aliphatic monoamine-
based benzoxazines [C-ba, C-ha, C-dda, and C-oda],
the two singlets from the methylene protons of oxazine
rings show signals at d 3.9 and d 4.9 ppm (Figs. 2a–2d)

in 1H-NMR spectra. The terminal methyl protons of
cardanol, ba, ha, dda, and oda moieties appear at d
0.9 ppm.30 The major signal that appeared between d
1.0 and 2.0 ppm corresponds to aliphatic chain protons
of cardanol, ba, ha, dda, and oda moieties. The multiplet
appearing at d 2.7 ppm corresponds to –N–CH2–
protons of ba, ha, oda, and dda.34 The 13C-NMR spectra
of C-ba, C-ha, C-dda, and C-oda showed two signals at d
52 (–N–CH2–Ar) and d 82 ppm (–N–CH2–O–) (Figs. 3
a–3d), which correspond to the methylene carbons of
benzoxazine rings. The quaternary carbon of the ben-
zoxazine ring adjacent to oxygen atom appeared in the
deshielding region at d 152 ppm.

In the case of C-jef, the two singlets from the
methylene protons of oxazine rings show signal at d 3.5
and d 4.0 ppm (Fig. 2e) in 1H-NMR spectrum. The
terminal methyl protons of cardanol appeared at d
0.9 ppm, whereas those of the methyl group of
jeffamine appeared at d 1.2 ppm. The major signals
that appeared between d 1.0 and 2.0 ppm correspond
to aliphatic chain protons of both cardanols. The
–N–CH2– protons showed a multiplet at d 2.7 ppm.
The 13C-NMR spectrum (Fig. 3e) of C-jef showed two
signals at d 52 (–N–CH2–Ar) and d 82 ppm
(–N–CH2–O–) corresponding to the methylene car-
bons of oxazine ring. The signal at d 82 ppm (CH3–
CH–N–) corresponds to the methyl-substituted sec-
ondary carbon. The quaternary carbon of the benzox-
azine ring adjacent to oxygen atom appeared in the
deshielding region at d 152 ppm.

In the case of C-ddm and C-fa, the two singlets from
the methylene protons of oxazine rings show signals at
d 4.5 and d 5.5 ppm (Figs. 2f–3g) in 1H-NMR spectra.
The terminal methyl protons of cardanol moiety
appeared at d 0.9 ppm. The signal at d 3.9 ppm
(Fig. 2f) corresponds to the signal of methylene pro-
tons of ddm (Ar–CH2–Ar). The major signals that
appeared between d 1.0 and 2.0 ppm correspond to
aliphatic chain protons of cardanol moiety. The mul-
tiplet signals around d 6.5–7.2 correspond to the aryl
rings. The 13C-NMR spectra of C-dda and C-oda
showed two signals at d 50 (–N–CH2–Ar) and d 80 ppm
(–N–CH2–O–) (Figs. 3f–3g) corresponding to the
methylene group of benzoxazine rings. The quaternary
carbon of the benzoxazine ring adjacent to oxygen
atom appeared in the deshielding region at d 158 ppm.
The methylene carbon bridging two aryl rings of ddm
shows the signal at d 40 ppm (Fig. 3f). The fluorine-
substituted quaternary carbon of the aryl ring shows
the signal in a high deshielding region at d 162 ppm
(Fig. 3g).

Curing behavior of benzoxazine monomers

The curing behaviors of the C-x benzoxazines were
studied using DSC and observed thermograms are pre-
sented in Fig. 4a. The curing onset of the cardanol
monomers prepared using aliphatic monoamines (ba,
ha, dda, and oda) begins at 175�C and ends at 265�C.
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Fig. 1: FTIR spectra of cardanol benzoxazine monomers
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Among the aliphatic amines, C-ba benzoxazine pre-
pared using butyl amine shows the lowest Tp at 228�C,
whereas other benzoxazines, namely C-ha, C-dda, and
C-oda, show Tp value at 237�C. On the other hand, the
curing onset of the cardanol monomer C-fa prepared
using aromatic monoamines starts at 195�C and ends at
270�C with Tp at 245�C. This increase in the value of Tp

by about 15�C for C-fa when compared to those of
aliphatic monoamines might be due to the electronic
effect of aromatic rings.35 In addition, the curing
behavior of diamine-based monomers, namely C-jef
and C-ddm, was also studied. The C-jef monomer with
long-chain aliphatic chain shows curing onset at 175�C
and ends at 260�C with Tp at 230�C. On the other hand,
the curing of C-ddm possessing aromatic diamines

starts at 235�C and ends at 293�C with Tp at 272�C.
Similar to cardanol monomers prepared using
monoamines, the C-ddm monomers also show an
increased Tp value of about 42�C when compared to
that Tp value of C-jef. This might be due to the steric
effect experienced by the C-ddm monomers similar to
the case of linear aliphatic diamine-based benzoxazi-
nes36,37 in addition to the electronic effect of aromatic
rings. Moreover, the aliphatic amines benzoxazine
monomer liberates comparatively lower enthalpy than
those of aromatic-based monomers.

Though the benzoxazine monomers show different
curing temperatures with respect to their structure
starting from 228 to 272�C, it is anticipated that after
coating over the cotton fabric, the curing of benzox-
azines could occur at relatively lower temperatures.
Since cotton fabric surfaces are rich with polar func-
tional groups, namely hydroxyl, carboxylic, etc., to
further ascertain the assumption, the C-ddm monomer
(Tp = 272�C) was coated over the cotton fabric and
subjected to DSC analysis. The obtained DSC ther-
mogram of C-ddm/cotton is presented in Fig. 4b in
comparison with C-ddm. It is interesting to observe
that the curing of C-ddm over the cotton fabric surface
tends to occur at a lower temperature (Tp = 239�C).
This shows that the curing temperature can be lowered
in the presence of cotton surfaces. Thus, the benzox-
azine-coated cotton fabrics were subjected to two
different temperatures, namely 180�C and 250�C, and
studied further.

Spectral analysis of the coated fabrics

Figures 5a and 5b represent the FTIR spectra of the
cardanol-based polybenzoxazines coated on the cotton
fabrics subjected at two different temperatures in
comparison with pristine fabric. In the FTIR spectra,
the peaks at 1712 and 1246 cm�1 of pristine fabric
correspond to the carboxylic acid functional group and
C–O–C linkage, respectively. Since the fabric was
treated with sodium hydroxide, the primary hydroxyl
groups might have been oxidized to the carboxylic
group.38 After coating with benzoxazines, the fabrics
were subjected at different temperatures, namely
180�C (Fig. 5a) and 250�C (Fig. 5b). In Figs. 5a and
5b, the benzoxazine-coated cotton fabrics show no
distinct peaks for benzoxazines, which suggest the ring-
opening reactions of oxazine groups.38 The peaks
observed at 2917 cm�1 and 2844 cm�1 correspond to
the asymmetric and symmetric stretching vibrations of
a methylene group (–CH2–), respectively, of long alkyl
side chains and oxazine rings.38 Thus, the FTIR spectra
cured at 180�C (Fig. 5a) and 250�C (Fig. 5b) show
similar vibration bands, which confirm the curing of
benzoxazines. This result infers that subjecting car-
danol benzoxazine monomer-coated cotton fabric at
180�C is sufficient to form polybenzoxazine coating
over cotton surfaces.
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Surface properties

The values of water contact angle (WCA) of the
cardanol polybenzoxazine-coated cotton fabrics are
presented in Fig. 6. The WCA of poly(C-ba)-, poly(C-
ha)-, poly(C-dda)-, poly(C-oda)-, poly(C-jef)-, poly(C-
ddm)-, and poly(C-fa)-coated cotton fabrics subjected
at 180�C is 140�, 145�, 155�, 153�, 151�, 132�, and 153�,
respectively. On the other hand, the poly(C-ba)-,
poly(C-ha)-, poly(C-dda)-, poly(C-oda)-, poly(C-jef)-,
poly(C-ddm)-, and poly(C-fa)-coated cotton fabrics
subjected at 250�C show WCAs as 129�, 140�, 149�,
144�, 132�, 138�, and 149�, respectively. The polyben-
zoxazine-coated fabrics subjected at 250�C show lower
contact angle values and higher standard deviation
than those of fabrics cured at 180�C. This result infers
that the fabrics cured at low temperatures have a
uniform layer of polybenzoxazines that delivers
hydrophobicity. The lower and inconsistent contact

angle values for fabrics subjected at 250�C are due to
the formation of polar functional groups (–OH,
–COOH, etc.) on the cotton fabric surfaces when
subjected to high temperature.39 These results suggest
that cotton fabrics coated with cardanol-based ben-
zoxazines cured at low temperature (180�C) itself are
sufficient to achieve better hydrophobic surfaces.
Hence, the fabrics subjected at 180�C are subsequently
used for further studies. Moreover, the poly(C-dda)-
coated cotton fabric exhibits similar superhydropho-
bicity as equivalent to that of cotton fabrics coated with
PDMS.3

It is well known that the aliphatic chain could favor
superhydrophobic behavior due to the nonpolar
nature.38 Hence, cardanol possessing long aliphatic
chain in meta position and aliphatic long chain
monoamines having different carbon chain lengths (4,
7, 12, and 18) are chosen to prepare benzoxazine.
Generally, cardanol is a mixture with a saturated long
chain and single unsaturated long chain at C8, two
unsaturated carbons at C8 and C11, and three unsat-
urated carbons at C8, C11, and C14.40,41 However, in
the present case, we deliberately considered that the
cardanol has a complete saturated carbon chain.
Among the polybenzoxazine (C-ba, C-ha, C-dda, C-
oda)-coated fabrics, the WCA value of the fabric
coated with poly(C-dda) was observed to be higher
(155�C) (Fig. 6). This phenomenon shows that the
presence of cardanol (15 carbons)- and dodecylamine
(12 carbons)-based benzoxazines with (15Cs-12Cs)
carbon chain length provides higher values of contact
angle than those of other aliphatic amine derived
polybenzoxazines. Replacing dda with oda possessing
a comparatively long carbon chain with 18Cs results in
lower contact angle value (Fig. 7). This might be due to
the formation of steric hindrance, which could alter the
molecular orientation and thereby reduce the WCA. It
is important to notice that the aliphatic amines and
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cardanol-derived monofunctional benzoxazines are
found to be unsymmetric with respect to their long
carbon chains.

Further, to study the WCA behavior of polyben-
zoxazines with symmetric carbon chain, two bifunc-
tional benzoxazines (C-jef and C-ddm) were prepared
using jeffamine (jef) and diaminodiphenylmethane
(ddm) along with cardanol. Interestingly, the WCA
value of poly(C-jef) is observed to be higher (153� @
180�C) than poly(C-ddm) (132� @ 180�C)-coated
cotton fabrics (Fig. 6). In the case of C-jef-based
benzoxazine, the presence of polyether linkage with
more methylene carbons between the two amine
terminals is strong enough to prevent the steric effect
rendered by the long aliphatic chain (C15) of cardanol
(Fig. 7). However, the poly(C-ddm) with two phenyl
rings connected to a methylene carbon could experi-
ence more steric effect and thereby the aliphatic chains
of cardanol tend to orient away from one another and
lead to reduction in the WCA (Fig. 7). Finally, the
WCA value of fluorine atom-containing cardanol-
based polybenzoxazine-coated cotton fabric was ob-
served to be 153�. These results suggest that the value
of contact angle of poly(C-dda) is greater than those of
unsymmetric long-chain monoamine-cardanol-based
benzoxazines, symmetric difunctional cardanol-based
benzoxazines, and fluorine-containing cardanol-based
benzoxazines.

The WCA values confirm that the alkyl chains of the
benzoxazines play a significant role in increasing the
superhydrophobicity of the coated cotton fabric. In
general, the low-surface-free-energy materials like
Teflon usually offer higher hydrophobicity. Hence, it
is highly desirable to evaluate the surface free energy
(SFE) of the cardanol-based polybenzoxazine-coated
cotton fabrics. The surface free energy of the fabrics is
calculated using the equation of state and presented in
Fig. 8. The surface free energies observed using water

for the fabrics coated with poly(C-ba), poly(C-ha),
poly(C-dda), poly(C-oda), poly(C-jef), poly(C-ddm),
and poly(C-fa) are 12.7, 17.0, 14.1, 15.3, 17.0, 17.8, and
17.7 mN/m, respectively. However, the surface free
energy of pristine fabric measured is 26.2 mN/m using
water. The observed results are in accordance with the
WCA results. Thus, the poly(C-dda)-coated fabric
offers higher WCA and lower SFE, which is desirable
for coating materials.

In order to validate the suitability of the developed
fabric toward oil–water separation application, the
SFE behavior was measured using diesel. The values of
SFE measured using diesel for the fabrics coated with
poly(C-ba), poly(C-ha), poly(C-dda), poly(C-oda),
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poly(C-jef), poly(C-ddm), and poly(C-fa) are 24.1,
25.3, 27.7, 27.7, 26.9, 27.5, and 27.7 mN/m, respectively.
Besides, the surface free energy of pristine fabric with
diesel was found to be 10.7 mN/m. These results
suggest that the SFE of poly(C-dda)-coated fabric was
significantly higher with diesel than those of other
coated fabrics. Generally, oils have small surface free
tension ranging from 20 to 30 mN/m2. In particular, the
surface tension of diesel oil is 24.14 mN/m2, which is
almost equivalent to that of cotton fabric surfaces free
energy coated with cardanol-based polybenzoxazines
prepared in the present work. Hence, it is suggested
that the polybenzoxazine-coated fabrics developed in
the present work can be used as a cost-competitive
sustainable filtration material for oil–water separation
application similar to that of material reported ear-
lier.42

Morphology of the polybenzoxazine-coated cotton
fabrics

The morphology of pristine cotton and cardanol-based
benzoxazine-coated cotton fabrics was investigated
using field emission scanning electron microscope
(FE-SEM) and is presented in Fig. 9. The pristine
cotton fabric shows a relatively smooth and grooved
surface along with the fiber. However, after coating
with cardanol-based polybenzoxazines, the surfaces
become rough and have asperity textured morphology.
The unevenness in the surface was closely observed in
the case of fabric coated with poly(C-dda) when
compared to that of other aliphatic amine cardanol
benzoxazines. Interestingly, the cotton fabric coated
with bifunctional polybenzoxazines with symmetric
structure shows nanopillared rough surface morphol-
ogy more randomly in the case of poly(C-jef). On the
other hand, the poly(C-ddm)-coated fabrics deliver
epicuticular morphology. Based on the experimental
results and theories, it is strongly believed that the
formation hierarchically rough structured surface plays
an important role in enhancing the water-repelling
behavior.43

Inspired from the lotus leaf effect, superhydropho-
bic cotton surface has been developed using cardanol-
based benzoxazines as biomimetic materials. The
contact angle values observed in the present work are
promising because of the formation of rough surfaced
fabrics, besides lowering of SFE. The long aliphatic
chain moieties of benzoxazines led to the protuber-
ances and air beneath textured surfaces, which in turn
stack the water droplet to be sited on the top without
contacting fabric surface.43 Thus, the reduced interfa-
cial interaction creates the Cassie–Baxter state of
interaction between the fabric and water, which con-
tributes to enhanced water contact angles. Finally, the
strong adhesive forces of polybenzoxazine with cotton
and subsequent non-adhesiveness in the presence of
water rendered by the long alkyl chains delivered
superhydrophobic surfaces similar to those modified by

silanes with different alkyl (methyl, propyl, octyl,
dodecyl, octadecyl) chains.44 The cardanol-based
long-chain polybenzoxazines coating developed in the
present work is cost-effective when compared with
those of long-chain silane derivatives.44

XPS analysis

The cotton surface coated with poly(C-dda) con-
tributes to an enhanced superhydrophobicity and lower
surface free energy. Hence, in order to study the
interaction of poly(C-dda) with cotton fabric, XPS
analysis has been carried out. The resulted XPS spectra
for pristine cotton and poly(C-dda)-coated cotton are
presented in Fig. 10a.

During the general scan, the appearance of peaks at
283 and 531 eV for pristine fabric shows the existence
of carbon and oxygen, respectively.34 However, in
the case of poly(C-dda)-coated cotton, the appearance
of an extra signal at 399 eV corresponding to the
nitrogen supports the presence of polybenzoxazine
coating.34 Accordingly, the elemental profiles are
found to be varied significantly. The pristine cotton
possesses 26.9% of oxygen and 73.1% of carbon,
whereas poly(C-dda)-coated cotton exhibits 17.6% of
oxygen, 80.7% of carbon, and 1.63% of nitrogen.
Besides, the deconvoluted XPS curves presented in
Fig. 10b represent the change in the binding energy of
carbon atom of pristine fabric after being coated with
poly(C-dda). The pristine atom delivers peaks at 286.0,
284.1, and 282.4 eV, which are all attributed to the
presence of carbon at three different bonding environ-
ments, namely C=O, C–O, and C–C. However, on the
other hand, the poly(C-dda)-coated fabric shows a
major peak at 282.3 eV and a minor peak at 283.3 eV,
which correspond to the binding energy curves of sp3

and sp2 carbons, respectively. Further, the absence of
binding energy signals of polar functional groups such
as C=O and C–O infers that the polar groups present in
the fabric might be crosslinking with the coated
polybenzoxazine during the thermal treatment. Also,
the O1s peak binding energy signals presented in
Fig. 10c show the significant difference between pris-
tine fabric and poly(C-dda)-coated fabrics. In addition,
the appearance of N1s binding energy signal presented
in Fig. 10d indicates that the polybenzoxazine has been
coated on the cotton fabric. Thus, the coating of
poly(C-dda) on cotton fabric favors more hydrophobic
and low surface free energy nature.

Oil–water separation

Further, the oil–water separation efficiency was ana-
lyzed for all the cardanol-based polybenzoxazine-
coated cotton fabrics (Fig. 11a). Initially, the oil–water
in equal volume was prepared using commercially
available engine oil (20W40 grade with a density of
0.85 kg/L,). Due to the high density, water existed as a
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bottom layer (Fig. S1a). To bring up the water layer
above, high-density dichloromethane (d = 1.33 g/cm3;
50 mL) was added, which subsequently moved down as
a lower layer along with oil. Also, an equal volume of
water was once again added to maintain the volume
ratio (Fig. S1b). Once the oil present in DCM layer
met the cotton fabrics coated with cardanol-based
polybenzoxazines, the penetration of oil was observed
quickly and it was collected in the filtration flask under
gravity (Fig. S1c). Even after the complete removal of
the oil layer, the water layer stayed over the fabrics,
which indicated the low surface free energy and
superhydrophobic nature of coated cotton fabric
(Fig. S1d). Among the cardanol-based polybenzox-
azine-coated cotton fabric, the poly(C-dda) was found
to be the most effective (98%) in separating oil–water

mixture (Fig. 11a). This may be explained due to its
superior WCA (155�) and the lower SFE (14.1 mN/m)
against water. As discussed earlier, the SFE became
27.7 mN/m after coating with poly(C-dda) (Fig. 8).
However, before coating, the SFE was observed to be
10.7 mN/m. These significant changes in SFE suggest
that the surface becomes superhydrophobic and there-
by retards water penetration. Further, the oil–water
separation was carried out using two different mix-
tures, namely water/petrol (density = 0.77 kg/L) and
water/diesel (density = 0.85 kg/L). Comparatively, pet-
rol–water mixture separation was found to be more
efficient than those of diesel–water and oil–water
separations. Once again, the poly(C-dda)/cotton fabric
showed higher separation efficiency (99%) from both
types of the mixture (Fig. 11a, Video. S1) than other

Fig. 9: FE-SEM images of cardanol-based polybenzoxazine-coated cotton fabrics
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polybenzoxazine-coated fabrics. This infers that the
poly(C-dda)/cotton could suit a wide range of indus-
trial oils. Further, the flux behavior was tested for the
poly(C-dda)-coated cotton fabric to ascertain the
commercial viability of benzoxazine-coated cotton
fabrics. Hence, the oil–water experiment was repeated
for 10 cycles using a petrol–water mixture to ascertain
the cycling performance. After each cycle, the fabric
was washed with ethanol and dried for subsequent
usage.

Figure 11b illustrates the flux values of poly(C-dda)-
coated cotton using a petrol–water mixture for differ-
ent cycles. The flux value of the poly(C-dda) observed
for the first cycle is 7200 L/m2h, whereas after 10 cycles
the flux becomes 6300 L/m2h showing about 98%
effectiveness. However, the flux value for poly(C-dda)-
coated cotton fabric placed on the sintered disk shows
only 430 L/m2h and 95% efficiency (Fig. S2). Thus, it is
observed that the highly desired separation was

performed in absence of sintered disk (Fig. S3). As
stated earlier, the superhydrophobic and super-
oleophilic properties of poly(C-dda)/cotton fabric
enabled petrol to permeate quickly and collect into
filtration flask while keeping water on the coated
fabric. The observed results are consistent with that of
superhydrophobic membrane prepared using poly-
caprolactone and beeswax, which delivers 98% sepa-
ration.45 Beeswax contains long-chain methylene
[–(CH2)–] carbons, which is responsible for the super-
hydrophobic nature. Similarly, in the present work,
long chain associated with both alkyl amine and
cardanol renders superior superhydrophobic behavior
with low surface energy, which forms hierarchal
morphology on the outer surfaces of the fabric. In
addition, the durability of poly(C-dda)-coated fabric
was analyzed in a wide pH range. Since the real-time
application of oil/water separation includes either
acidic or alkaline water, it is desirable to test the
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contact angle behavior in a wide pH range from 2 to 12
(Fig. 12). From Fig. 12, the poly(C-dda)-coated cotton
fabric retains stable superhydrophobicity from pH 2 to
12. Even at extreme acidic and alkali conditions such as
pH = 2 and 12, the observed WCAs are 149 ± 2� and
148 ± 2�, respectively. Further, the water sliding angle
(WSA) of poly(C-dda) was also observed to be 6�,
which was less than bisphenol-A-based polybenzox-
azine-coated cotton fabric (9�) reported earlier.34 Inset
of Fig. 12 shows superior hydrophobic behavior against
a wide variety of liquids including saltwater, acid, base,
milk, tea, coffee, and natural extracts.

The self-cleaning performance of pristine cotton and
poly(C-dda)/cotton fabrics was studied using natural
turmeric powder. The pristine fabric is quickly con-
taminated while drizzling water drops over the fabric
surface containing turmeric powder (Fig. 13). In con-
trast, the poly(C-dda)-coated fabric surfaces sprinkled

with turmeric powder, allow the powder to roll down
while drizzling the water drops and left a clean surface
(Fig. 13, Video S2). Thus, the coating of poly(C-dda)-
coated fabric shows the self-cleaning surface in addi-
tion to the durable superhydrophobic nature. Further,
the intrinsic properties of the cotton fabric such as
tensile strength and air permeability were analyzed.
The tensile strength of pristine cotton is 13.3 MPa,
whereas the poly(C-dda)/cotton shows 24.5 MPa. The
enhancement in the tensile strength after coating with
poly(C-dda) is due to improvement in the stiffness.
Further, the air permeability of the pristine fabric was
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96 mm/s, whereas that of the poly(C-dda)-coated
fabric was 64 mm/s which in turn confirms the coating.
On the whole, poly(C-dda)-coated cotton fabric retains
strong resistance against a wide range of pH and WSA,
which endows the utility for oil/water separation.

Conclusion

The fabrication of superhydrophobic/superoleophilic
cotton fabric was achieved using cardanol-based ben-
zoxazine monomers. To develop nanostructure rough-
ness over the cotton surface, the cardanol-based
benzoxazines were prepared along with different types
of amines (aliphatic monoamines, diamine, aromatic
monoamine, and diamine). The prepared cardanol-
based benzoxazines displayed a variety of morpholo-
gies when coated over cotton fabrics. Among those
coated on cotton fabrics, the cardanol-dodecylamine
(C-dda)-based benzoxazines possess the highest value
of water contact angle (155�) followed by cardanol-
jeffamine and cardanol-4-fluoroaniline moieties deliv-
ering contact angle values as 153�. The morphology
observed in the SEM images also indicates that the
closely distributed roughness was achieved with
poly(C-dda)-coated cotton fabrics compared to those
of other benzoxazine-coated fabrics. Finally, among
the benzoxazine-coated cotton fabrics, the poly(C-dda)
delivers better oil–water separation efficiency (99%)
with greater cyclic repeatability. Thus, the bio-based
cardanol-derived polybenzoxazine prepared in the
present study can be used as an effective hydropho-
bic/oleophilic material for oil–water separation appli-
cations.

Supporting information

Experiment setup describing oil–water separation is
provided in Supporting Information.
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