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Low-surface-energy materials based on polybenzoxazines for surface modification of textiles

Naminita Gogoia, Deepali Rastogib, Manjeet Jassala* and Ashwini K. Agrawala*
aSmart and Innovative Textile Materials (SMITA) Research Labs, Department of Textile Technology, Indian Institute of Technology,

New Delhi, India; bDepartment of Fabric and Apparel Science, Lady Irwin College, New Delhi, India

(Received 6 August 2013; accepted 7 January 2014)

The benzoxazine monomers, 3-tert-butyl-3,4-dihydro-8-allyl-2H-1,3-benzoxazine (Benz-m) and 2,2-bis(3-methyl-3,
4-dihydro-2H-1,3-benzoxazinyl) propane (Benz-b) were synthesized successfully using Mannich reaction. The formation
of the monomer was confirmed by 1H NMR and FTIR spectroscopy. Both the monomers were coated onto cotton fabric
and the fabric samples were then dried at 60°C and cured at 120°C for varying time period. During the curing process,
monomer was converted to polybenzoxazine by ring-opening polymerization of oxazine ring. In the Raman spectra,
presence of the characteristic absorption bands due to benzoxazine structure at 952, at 1037 and at 1348 cm−1 even after
curing at 120°C for 2 h, suggested incomplete ring opening of benzoxazine to form polybenzoxazine. Also, the lack of
durability of the finish to washing appears be due to the mild conditions of curing. Therefore, the application of Benz-b
monomer was investigated on polyester (PET) fabric, which could be subjected to higher temperature however for
shorter duration. The water and oil (ethylene glycol) repellency was measured to determine the hydrophobicity and
oleophobicity of the finish on PET fabric. It was found that there was a marked improvement in the durability to
laundry when compared with the treated cotton samples. This study provides a unique and easy method to prepare a
low-surface-energy material through a simple thermal treatment procedure without using fluoro polymers or silicones.

Keywords: low-surface-energy material; benzoxazine; Mannich reaction; contact angle; durability; water and oil
repellency

Introduction

Wettability is one of the most important properties of
textile materials and, to a large extent, defines their
chemical processing and performance properties, which
are of significance to the manufacturers as well as the
end users. At the same time, it is equally important to
produce water- and oil-repellent textile surfaces because
of their anti-contamination and self-cleaning properties
that have potential applications in apparels, home
furnishings as well as in industrial textiles.

Wettability of a solid surface depends on both, its
chemical composition and its geometrical structure. The
basic effect of topography on the water repellence has
been well understood. Many techniques to roughen
surfaces have been reported in literature, including
plasma treatment (Zhang et al., 2003), chemical vapour
deposition (Tsoi, Fok, Sit, & Veinot, 2004), colloidal
sediment (Leng, Shao, de With, & Ming, 2009),
polyelectrolyte multilayers (Zhai, Cebeci, Cohen, &
Rubner, 2004), silica nanoparticles (Bae et al., 2009;
Hsieh, Wu, & Chen, 2009; Xue, Jia, Zhang, & Tian,
2009; Yu, Gu, Meng, & Qing, 2007), nanofilaments
(Zimmermann, Reifler, Fortunato, Gerhardt, & Seeger,
2008) and so on. The other requirement to improve oil
and water repellency of a textile material is to modify
the surface with chemical groups that exhibit low surface

free energy. Most of the low–surface-energy coatings are
based on fluorocarbons, silicones and long chain alkyl
compounds. Silicone-based coatings have been widely
used to provide good water repellency. Similarly, long-
chain hydrocarbons are being explored for water
repellency (Gogoi, Jassal, & Agrawal, 2013). These
compounds are non-toxic and do not accumulate in the
environment, however, they are not capable of imparting
oil repellency due to their higher surface free energy.
Presently, oil repellency can only be achieved using
fluorine-based compounds as these compounds exhibit
very low surface free energy. Fluorine-based compounds
have, however, attracted much concern due to their
proliferation through the environment. Therefore, it is
necessary to investigate novel low-surface-free-energy
materials for such applications.

Poly(benzoxazine) is a recently discovered class of
low–surface-free-energy materials that possesses neither
fluorine nor silicone. The surface free energy of poly
(benzoxazine) (16.4 mJ/m2) is even lower than that of
pure poly(tetrafluoroethylene) (21 mJ/m2). The required
raw material is inexpensive and does not release
by-products during polymerization, thereby making poly
(benzoxazine) highly useful for various composite
applications. Some recent studies have reported its
extremely low surface energy when it is spun coated on
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glass slide and cured at high temperatures (> 200°C) for
long duration (Liao, Wu, Wang, & Chang, 2008; Wang
et al., 2006, 2007). No attempt has been made so far to
apply these compounds on organic materials such as a
textile substrate and to study their effect on surface free
energy and wetting properties of textile materials.
Polymerization of benzoxazines on textile substrates,
which are heat-sensitive materials, and their interaction
with each other is likely to play a crucial role in
determining suitability of this class of material for such
application.

In the present study, an attempt has been made to
apply this novel non-fluoro material on cotton and
polyester (PET) fabric and to study hydrophobic and
oleophobic properties of the finished fabric. Both
monofunctional and bifunctional benzoxazine monomers
viz., 3-tert-butyl-3,4-dihydro-8-allyl-2H-1,3-benzoxazine
(Benz-m) and 2,2-bis(3-methyl-3,4-dihydro-2H-1,3-benzo
xazinyl) propane (Benz-b) were synthesized and used in
this study.

Experimental

Materials

Bisphenol A and 2-allylphenol were supplied by
Sigma–Aldrich, India. Paraformaldehyde and methyl
amine were procured from Merck India and tert-butyl
amine and 1,4-dioxane were obtained from Qualigens.
n-Hexane was purchased from Spectrochem. Deionized
water, ethylene glycol (EG) (from Merck India) and
diiodomethane (DIM) (from Sigma–Aldrich, India) were
used as standard liquids to measure water and oil
repellency. All chemicals were used without further
purification. Cotton and PET fabrics were used after
scouring for the study.

Synthesis of monofunctional benzoxazine monomer,
Benz-m

Benz-m monomer was synthesized using the method
detailed in the literature (Ishida & Low, 1998). In this
method, 3 g (0.1 mol) of paraformaldehyde was mixed in
4 ml of n-hexane and heated to 80°C. Then, 3.657 g
(0.05 mol) of tert-butyl amine mixed in 2 ml of n-hexane
was added dropwise with continuous stirring. Finally,
6.709 g (0.05 mol) of 2-allylphenol mixed in 4 ml of
n-hexane was added to the reaction mixture and the
resulting mixture was stirred for 4 h at 80°C at 500 rpm.
The solvent was removed by vacuum distillation and the
product was washed in diethyl ether with 3 N NaOH
followed by distilled water. Finally, the solvent was
removed using rotary evaporator. Figure 1 summarizes
the reactions involved in this synthesis.

Synthesis of bifunctional benzoxazine monomer, Benz-b

Monomer Benz-b was synthesized using a modified
method than the one reported in the literature (Ninc &
Ishida, 1994). In this method, 12 g (0.4 mol) of
paraformaldehyde was dissolved in 80 ml of 1,4-dioxane
in a 250-ml beaker. This mixture was fed into a 500-ml
three-necked flask equipped with thermometer, condenser
and dropping funnel and cooled to 8–9°C in ice bath while
stirring. Then 6.2 g of methyl amine (0.2 mol) in 20 ml
1,4-dioxane was added dropwise using the dropping
funnel, while maintaining the temperature constant. The
mixture was stirred for 10 min. Then a solution of 22.829-
g BPA (0.1 mol) in 100-mL dioxane was added and the
temperature was raised to 85°C. The reaction was allowed
to run for 6 h at 350 rpm. After completion of the reaction,
the mixture was cooled to room temperature and purified
as mentioned above. Figure 2 summarizes the reactions
involved in this synthesis.

Characterization of the monomers

The FTIR spectra of the liquid monomers were recorded
using Perkin–Elmer FTIR spectrometer (Model Spectrum
BX, Perkin–Elmer, Waltham, MA, USA).

1H NMR spectra of the monomers were recorded on
Bruker DPX-300-MHz spectrophotometer (Bruker UK
Ltd., Coventry, UK) at 25°C in CDCl3 using TMS as
standard.

Treatment of cotton and PET fabrics with Benz-m and
Benz-b

The cotton and PET fabrics (15 cm × 5 cm) were treated
with benzoxazine monomers as per the methods detailed
below:

1.156 g of Benz-m and 0.164 g of
2,2′-azobisisobutyronitrile (AIBN) (5:1 mol ratio) were
dissolved in 23 ml of THF at room temperature.
Similarly, 1.692 g of Benz-b with 0.164 g of AIBN (5:1
mol ratio) was dissolved in 34 ml of THF. Monomer
solutions were also made without AIBN. The fabric
samples were padded separately with all the four
solutions on a laboratory padder with wet pickup of
85 ± 5%. The padded cotton samples were dried at 60°C
for 1 h in a vacuum oven and cured at a temperature of
120°C for 30, 60, 90 and 120 min in a laboratory stenter.

The PET fabric samples were dried at 100°C for 5
min and cured at 180°C for 10 min.

Characterization of treated samples

Evaluation of water- and oil-repellent properties.
Drop-absorption times for water, EG and DIM were
determined on all the treated samples. Thirty microlitre
of liquid was dropped from a height of 2 cm onto the
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fabric and the time taken by the drop to spread on the
sample was noted. An average of five readings was
taken for each test sample.

The contact angles for various liquids were measured
by placing a 3.7 μL drop of the test liquid on the fabric.
The image of the droplet was recorded after 30 s using a
backlight source and a digital camera. The average
contact angle was obtained by measuring the angles on
the left- and right-hand sides of the image. Each contact
angle reported is the average of five readings at different
locations on the sample.

The surface free energy was evaluated using van Oss
and Good’s three-liquid acid–base method (Wang et al.,
2007). According to this approach, the surface free
energy of a solid, γs can be calculated from a
combination of three factors as follows:

cS ¼ cLWS þ cABS ¼ cLWS þ
ffiffiffiffiffiffiffiffiffiffi
cþS c

�
S

q
; (1)

where γLW is the Liftshitz/van der Waals component, γAB

is the acid–base component, γ+ is the Lewis acid
component and γ− is the Lewis base component. Values
of cLWS , cþS and c�S can be calculated from Equation (2)
after measuring the liquid–solid contact angles (θ) of
these three characterizing liquids.

cL1ð1þ cos h1Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWS cLWL1

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
cþS c

�
L1

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
c�S c

þ
L1

q� �
;

cL2ð1þ cos h2Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWS cLWL2

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
cþS c

�
L2

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
c�S c

þ
L2

q� �
;

(2)

cL3ð1þ cos h1Þ ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cLWS cLWL3

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
cþS c

�
L3

q
þ

ffiffiffiffiffiffiffiffiffiffiffi
c�S c

þ
L3

q� �
:

In Equation (2), γL is the surface tension of the liquid, and
subscripts S and L refer to solid and liquid, respectively.
DIM was selected as the apolar liquid, whereas water and
EG were selected as the polar liquid pair.

Durability to washing. Durability of the finishes on the
cotton textile was evaluated by subjecting the samples to
washing using AATCC Test Method 61-1A-1996 which
is equivalent to five hand washings.

Raman analysis. A confocal laser dispersion Raman
Microscope from Renishaw, UK was used to study the
ring-opening polymerization of benzoxazine monomer
on the treated samples.

Surface morphology

Surface morphology of the treated samples was
evaluated using a field emission scanning electron
microscope (FE-SEM) Quanta 200 from FEI, the
Netherlands.

Results and discussion

Synthesis and characterization of Benz-m and Benz-b

The structure of Benz-m and Benz-b was confirmed by
FTIR and 1H NMR. The FTIR spectrum showed the
characteristic absorptions of benzoxazine structure at
1230–1240 cm−1 (asymmetric stretching of C–O–C), at
1026–1036 cm−1 (symmetric stretching of C–O–C) and

Figure 1. Chemical reaction scheme for synthesis of Benz-m.

Figure 2. Chemical reaction scheme for synthesis of Benz-b.
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at 1327–1345 cm−1 (CH2 wagging). Additionally,
bending vibrations of olefinic C–H were observed at
860–864 and 991–997 cm−1, indicating the allyl group.

The 1H NMR spectrum confirmed the structure of
Benz-m. The two multiplets at δ 5.06–5.26 and
6.04–6.06 ppm are typical for the protons of =CH2 and
CH– in allyl group, respectively. The protons of –CH2–
of allyl group showed a doublet at δ 3.40 ppm. The
characteristic protons of oxazine ring appeared at δ 4.17
and 4.92 ppm assigned to –Ar–CH2–N– and –OCH2–N–,
respectively. The aromatic protons appeared as multiplet
at δ 6.86–7.02 ppm. The peaks at δ 1.27–1.37 ppm are
assignable to the C(CH3)3 protons.

The 1H NMR spectrum also confirmed the structure of
Benz-b. The peak at δ 1.59 ppm is assignable to the C(CH3)2
protons. One singlet at δ 2.58 ppm can be assigned to
N–CH3 group. The singlet at δ 4.76 ppm is typical for the
protons of CH2 adjacent to N–CH3 group (–Ar–CH2–N–).
The protons of –CH2– of oxazine ring (–OCH2–N–) showed
a singlet at δ 3.87 ppm. The aromatic protons appeared as
multiplet at δ 6.67–6.81 ppm.

Finishing of cotton fabric using benzoxazine

In the present study, monofunctional and bifunctional
benzoxazine monomers (Benz-m and Benz-b) were
synthesized and applied on cotton fabric to study their
effect on the surface properties of finished cotton fabric.
Since cotton substrate is prone to degradation on
exposure to high temperature, the curing of coated fabrics
was carried out at lower temperature of 120°C in the
presence of AIBN. It has been reported that benzoxazine
system in the presence of AIBN has a high extent of
ring-opening of oxazine because phenol-containing
oligomers are formed at an early stage of the curing
process. As a result, the system possesses a relatively
stronger intramolecular hydrogen bonding, and thus,
shows lower surface energy than the pure benzoxazine
system even at lower temperature of curing (Liao et al.,
2008). Therefore, in the present study, benzoxazine-based
monomers were applied with and without AIBN and
cured at 120°C for different time periods from 0.5 to 2 h.
Effect of curing time on hydrophobicity and
oleophobicity of finished samples is shown in Table 1.

As can be seen from Table 1, the water-absorption
time increases with the increase in curing time for all the
treated samples. After curing at 120°C for 2 h, the
water- and EG-absorption time and contact angles for
Benz-m-AIBN-treated sample was only slightly better
than that of Benz-m-treated sample without AIBN
(Figure 3(a) and (b)). This shows that the presence of
AIBN did not significantly help in higher extent of ring
opening of Benz-m to support higher extent of
intramolecular hydrogen bonding as reported in the
literature (Liao et al., 2008).

One of the important factors defining the surface
properties of benzoxazine-based polymer system is the
inter- vs. intramolecular hydrogen interactions (Figure 4).
In the previous studies, it has been established that
intramolecular hydrogen bonding leads to a decrease in
the surface free energy and an increase in the water
contact angle, whereas increase in the fraction of
intermolecular hydrogen bonding has the opposite effect
(Liao et al., 2008). Wang et al. (2006) have studied the
effect of temperature and time of curing on the nature of
hydrogen bonding in these systems. It has been reported
that when the polymer coatings on glass slides were cured
at temperatures above 200°C, the extent of intermolecular
hydrogen bonding gets reduced and intramolecular
hydrogen bonding becomes predominant (Figure 4).
During this process, the surface free energy reduces
drastically to as low as 16–19 mJ/m2, which is even lower
than that of PTFE. It has also been reported that other
bifunctional benzoxazine monomer can be cured at lower
temperature of 120°C in the presence of AIBN, however,
it requires a long curing time of upto 8 h (Liao et al.,
2008).

Hence, we investigated the feasibility of using
bifunctional benzoxazine (Benz-b) with and without
AIBN on cotton fabric to impart hydro and
oleophobicity. As can be seen from Table 1, Benz-b has
shown very good repellency against water and EG. The
results were found to be comparable for both the
treatments. The water-drop-absorbency time was above
1 h with curing time of 30 min at 120°C and increased
to ~1.5 h for curing time of 2 h. EG drop also took more
than an hour to get absorbed for these samples. The
water contact angles were found to be ~140°
(Figure 5(a)), EG contact angles were slightly above 90°
for the samples cured for 2 h.

Though, both Benz-m as well as Benz-b systems have
shown repellency properties, Benz-b has given better
results than Benz-m monomer. In Benz-b monomer, the
polymerization is likely to take place only at the allyl end
to form a linear polymer with benzoxazine moieties as a
pendant group. Benzoxazines moieties in Benz-m are
unlikely to open due to the unavailability of active
position ortho to hydroxyl group. On the other hand, in
Benz-b, there is a good possibility of ring-opening
polymerization to form a network structure.

The treated cotton fabrics were evaluated for their
durability to washing. After washing, the water- and
oil-absorption times reduced significantly to <60 s for all
the samples. The lack of durability of Benz-m and
Benz-b finishes to washing could be due to the nature of
the monomer which could not polymerize completely at
lower temperature, and consequently, got easily removed
during washing. The Raman analysis (Figures 6 and 7)
of the cured samples showed prominent peaks
characteristic of benzoxazine structure at 940 cm−1
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(vibrational mode of cyclic C–O–C), at 1017–1022 cm−1

(symmetric stretching of C–O–C), at 1261–1267 cm−1

(asymmetric stretching of C–O–C) and at 1357 cm−1

(CH2 wagging) suggesting incomplete polymerization of

Benz-b or Benz-b-AIBN systems. The incomplete
polymerization was also evident from the SEM analyses
(Figure 8(a)–(c)) of the finished fabrics, wherein the
washing could remove the finish to a considerable

Table 1. Effect of curing conditions on water- and oil-repellency properties of Benz-m- and Benz-b-treated cotton fabrics.

Samples
Time of
curing (h)

Water absorption
time

Contact angle
(water)

CV% of
WCA

Oil (EG)
absorption time

Contact angle
(EG)

CV% of
EGCA

Control
cotton

NA <2 s NA NA <2 s NA NA

Benz-m 0.5 2 min 06 s 117° 1.6 1 min 01 s 84° 1.9
1.0 21 min 52 s 122° 1.5 2 min 47 s 104° 3.5
1.5 24 min 40 s 127° 1.7 2 min 38 s 113° 2.8
2.0 1 h 10 min 127° 2.0 20 min 116° 2.2

Benz-m-
AIBN

0.5 3 min 03 s 113° 2.5 54 s 86° 3.9
1.0 24 min 52 s 124° 2.1 1 min 11 s 85° 1.4
1.5 29 min 31 s 128° 1.2 1 min 56 s 94° 4.1
2.0 1 h 15 min 131° 1.9 32 min 50 s 119° 2.4

Benz-b 0.5 1 h 1 min 115° 2.6 1 h 04 min 81° 5.0
1.0 1 h 13 min 122° 2.1 1 h 09 min 83° 3.5
1.5 1 h 19 min 136° 2.2 1 h 27 min 94° 3.4
2.0 1 h 26 min 140° 1.3 1 h 22 min 102° 3.0

Benz-b-
AIBN

0.5 1 h 05 min 122° 1.5 45 min 85° 4.3
1.0 1 h 14 min 125° 2.3 1 h 14 min 93° 2.7
1.5 1 h 22 min 130° 2.9 1 h 25 min 97° 2.8
2.0 1 h 39 min 141° 1.2 1 h 27 min 104° 2.9

Figure 3. Water contact angle on cotton fabric treated with (a) Benz-m and (b) Benz-m-AIBN.

Figure 4. Schematic representation of inter- and intra-molecular H-bonding.
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extent. From the results, it appears that under the mild
conditions of curing, i.e. low temperature of 120°C and
short curing time of up to 2 h, even Benz-b system with
AIBN is unable to form long-chain polymer structures.
Cotton being heat sensitive could not be subjected to

temperature or time of curing higher that those used
in this study. Therefore, the application of Benz-b
monomer was investigated on PET fabric, which
can be subjected to higher temperatures but for shorter
times.

Figure 5. Water contact angle on cotton fabric treated with (a) Benz-b and (b) Benz-b-AIBN.

Figure 6. Raman analysis of Benz-b treated cotton fabric for different curing times.

Figure 7. Raman analysis of Benz-b-AIBN-treated cotton fabric for different curing time.
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Finishing of PET fabric using benzoxazines

PET fabrics were padded with Benz-b solutions with
AIBN and could be cured at 180°C for 10 min without
damaging the fabric. The hydrophobicity of the treated
PET fabric is reported in Table 2. Times for absorption
of water and EG droplets on the treated sample were
observed to be 2 h 45 min and 1 h 11 min, respectively.
The water as well as EG droplet could stay on the

treated fabric surface for a long period. In contrast,
the control untreated fabric sample readily absorbed the
droplets. Water and EG contact angles obtained on the
treated PET fabric were nearly 150° and 118°,
respectively (Figure 9(a)). These contact angles did not
change for at least 60 s and can be considered as
equilibrium contact angles.

There was a marked improvement in the durability to
laundry when compared with the treated cotton samples.
After undergoing one standard wash cycle, which is
equivalent to five hand washes, the sample did not show
any change in water or EG contact angles (Figure 9(b)).

Figure 10 shows Raman spectra of control PET, Benz-
b padded, Benz-b-treated (padded and cured) and treated
and washed PET fabrics. In the treated fabric, the
characteristic absorption bands due to benzoxazine
structure at 943 cm−1 (vibrational mode of cyclic C–O–C),
at 1029 cm−1 (symmetric stretching of C–O–C) and at
1373 cm−1 (CH2 wagging) were found to decrease
substantially, suggesting that Benz-b could undergo the
ring-opening reaction to form poly(benzoxazine) at 180°C
within 10min of the treatment. Upon washing, the
unreacted Benz-b, which remained in a small quantity, was
found to wash away leaving only the cured structure. The
characteristic absorption band due to benzoxazine structure
at 1373 cm−1 (CH2 wagging) was found to disappear
suggesting that the unreacted Benz-b was washed away
during laundering. Also the fabric sample add-on (wt%),
which was 1.22 wt% for the unwashed treated sample, was
found to decrease to 1.03 wt% after washing.

SEM analysis given in Figure 11(a)–(c) of
Benz--finished PET fabrics shows the surface

Figure 8. SEM micrographs of cotton samples (a) control
cotton, (b) Benz-m coated and (c) Benz-m-AIBN coated.

Table 2. Effect of finish on water- and oil-repellency properties of Benz-b-treated PET fabrics.

Samples Water absorption time
Contact angle

(water)
CV% of
WCA Oil (EG) absorption time

Contact
angle (EG)

CV% of
EGCA

Control PET Within few seconds NA NA Within few seconds NA NA
Benz-b treated PET 2 h 45 min 150° 2.7 1 h 11 min 118° 1.9
Benz-b treated and

washed PET
2 h 41 min 154° 1.5 43 min 116° 2.0

Figure 9. Water contact angle on PET fabric with Benz-b-AIBN (a) treated and (b) treated and washed.
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morphology of the control, as-treated, and treated and
washed samples. It can be seen from the figure that the
surface of the PET fibers is uniformly covered by the
applied finish. Upon washing, the coating remained
uniform and only some particles or small aggregates,
which were adhering on the treated fabric, were
removed. These findings are in agreement with
water- and oil (EG)-repellency properties of the fabric.
The high durability could be due to the formation of the
poly(benzoxazine) network on the treated PET fabric.
Also, poly(benzoxazine), which contains aromatic

structures, may have better affinity with the PET surface
than cotton.

Evaluation of surface free energy of benzoxazines-treated
cotton and PET fabric

The surface free energy of a solid can be used to
evaluate the adhesive properties of the surface.
Experimentally, surface free energy can be evaluated by
measuring the contact angles for different test liquids.
Table 3 lists the advancing contact angles of the three
test liquids and the respective surface free energies (γs)
of Benz-m, Benz-m-AIBN, Benz-b and Benz-b-AIBN-
treated cotton fabric samples with 2 h of curing time.
The calculated surface free energies of benzoxazine-
treated cotton fabric follow similar trends to those
observed for the advancing contact angles. Even after 2 h
of curing time at 120°C, the surface energy of the
treated surface could not be lowered significantly and
was observed to be in the range of 33–43 mJ/m2. As
discussed before, the treatment temperature was
inadequate to initiate ring-opening reaction, which is
essential to the formation of polymer network with
intra-molecular hydrogen bonding.

Treatment of PET with Benz-b-AIBN was able to
produce higher contact angle with water, which is almost
near to that of Lotus effect. However, the contact angles
for DIM were found to be < 90°. The results of free
energy show that though Benz-b could be polymerized
through ring-opening reaction, the temperature and time
of curing was insufficient to induce intra-molecular
hydrogen bonding necessary to obtain high degree of oil
repellency (i.e. oleophobicity).

Figure 10. Raman analysis of Benz-b-AIBN-treated PET fabric.

Figure 11. SEM micrographs of PET sample (a) control PET,
(b) Benz-b/AIBN treated and (c) Benz-m-AIBN treated and
washed.
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The phenomenal improvement in the hydrophobicity
of PET and its durability with the treatment of
Benz-b-AIBN finish can be attributed to the better
adhesion and attainment of lower surface energy of poly
(benzoxazine) network on PET surface.

Conclusions

Both monofunctional and bifunctional benzoxazine
monomers were synthesized and applied on textile
substrates. The water and oil repellency of the finished
fabric were determined to evaluate the repellency
properties as well as surface free energies of the treated
fabrics. The water-drop-absorption time of more than 1 h
was obtained for both Benz-m- and Benz-b-treated cotton
fabrics. Also the drop-absorption time of EG with
Benz-b-treated cotton fabric was found to be more than 1
h. The contact angle with water was found to be more
than 120° for both Benz-m- and Benz-b-treated cotton
fabrics. However, the benzoxazine finishes on cotton
textile were not durable to washing. This could probably
be due to insufficient temperature for the polymerization
of the benzoxazine monomers. Later, bifunctional
benzoxazine monomer was applied on PET fabric and
cured at a high temperature of about 180°C. It was found
to show a good repellency with water contact angle of
~150°. Also the finish was durable to washing. Therefore,
it has a potential for use as a non-fluoro finish for
achieving durable hydrophobicity on PET fabric.
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