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Abstract Conventional cellulosic packaging mate-
rials lack the ability to resist the penetration of water, 
mineral oil, and harmful chemicals. These poor bar-
rier properties of the conventional cardboard pack-
aging materials make them ineffectual in various 
industrial applications. Hence, the present work 
focuses on the development of hydrophobic poly-
benzoxazine coated cellulose paper with improved 
tensile strength for the replacement of existing card-
board packaging materials. The trifunctional poly-
benzoxazines have been synthesized and coated on 
cellulose paper for the hydrophobic packaging mate-
rial application. A new type of series of tri-functional 
polybenzoxazines were synthesized using leucoaurin 

with paraformaldehyde and separately with five dif-
ferent aliphatic amines of varying chain length (i.e.) 
butylamine (ba), hexylamine (ha), ethylhexylamine 
(eha), dodecylamine (dda) and octadecylamine (oda) 
through Mannich condensation. In the present work, 
the influencing effect of aliphatic chain length present 
in the skeleton of polybenzoxazines has been stud-
ied and the hydrophobic behavior was exploited for 
water-proof packaging application by coating poly-
benzoxazines on normal cellulosic printable paper-75 
GSM (CP) and Wattman paper (WP) through spray 
coatings. The hydrophobic behavior of leucoaurin 
based benzoxazines coated cellulose paper was tested 
using goniometer and the coated cellulosic paper 
possesses good hydrophobic behavior with value of 
water contact angle above 125º. Among the poly-
benzoxazines synthesized, the leucoaurin with octa-
decylamine benzoxazine coated on cellulosic WP 
paper shows better water repellent property (water 
contact angle 136 ± 2º) than that of others. In addi-
tion to that, the value of tensile strength of leucoau-
rin based polybenzoxazines coated papers was tested 
using UTM and the results obtained were compared 
with that of non-coated papers. The tensile strength 
of the coated papers was found to be 2 to 3 times 
higher than that of non-coated paper with the value of 
21 MPa and 18 MPa for LA-PBZ coated copier paper 
and Wattman paper respectively. The obtained results 
suggest that the leucoaurin based polybenzoxazines 
coated papers can be considered for effective utiliza-
tion for water-proof packaging applications.
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Introduction

Cellulose is a bio-based organic polymer, which 
is obtained from stem walls. Cotton and wood pulp 
cellulose are extensively used in various industrial 
applications. The commercial/consumer products 
manufacturing industries are showing extra interest 
on bio-products developed from cellulosic materi-
als, due to the environmentally friendly, reusable, 
recyclable, renewable and bio-degradable. The cel-
lulosic paper and paperboards are the major products 
predominantly used for the packaging application. 
Advancements in research for modifying cellulose-
based packaging is increasing as they are bio-degra-
dable in nature and they can be used in many indus-
tries instead of traditional fossil based polymeric 
materials.  Primarily, cellulose-based materials are 
largely used as packaging materials for pharmaceuti-
cals, electronic devices, and beverages, etc. (Tajeddin 
2014; Sharma et al. 2019; Yaradoddi et al. 2020; Liu 
et al. 2021).

Ever since the discovery of card-board boxes in 
the early 1800s, the major drawback while using cel-
lulose materials is their restricted resistivity towards 
water and chemicals. The moisture absorption is one 
of the shortcomings of paper-board materials, which 
leads to limit their usage, longevity and the growth of 
micro-organisms. This disadvantage of cellulose as 
poor repellant to water, has made the cellulose based 
materials to become unfavorable in many industrial 
applications.  For advanced packaging applications, 
bio-degradable cellulose material having excellent 
barrier properties are needed. Conventional cellulosic 
packaging material possesses water penetration, per-
meability of oils and lubricants, and grease affinity. 
To improve the surface properties, the cellulose mate-
rials are often coated with various polymeric mate-
rials to prevent the permeation of water and other 
mineral substances. Hence, the researchers and start-
up companies are focusing to address this problem 
through the various polymeric coatings on cellulose 
materials (Zhang et al. 2019; Wei et al. 2020). Many 
reports have been reported to enhance the surface/

barrier properties of the cellulosic packaging material 
by coating it with a suitable polymer (Hamdani et al. 
2020). Sundar et al. studied the barrier properties of 
the kraft paper material by coating it with biodegrad-
able polylactic acid. They achieved the value of water 
contact angle of 79° for the PLA coated kraft paper 
material (Sundar et  al. 2020b). Another interest-
ing work was reported by coating the polylactic acid 
combined with polycaprolactone on the kraft material 
and they achieved the water contact angle value of 
69° for the coated paper (Sundar et al. 2020a). Dan-
iela Sánchez Aldana et al. used montmorillonite as a 
coating along with PLA for cellulose based packaging 
material and obtained the water contact angle value 
of  73o (Aldana et al. 2014). However, for a packaging 
material to exhibit enhanced water resistance prop-
erty, the coated packaging material should possesses 
the value of water contact angle minimum of above 
100°. Hence, the present work focuses on develop-
ment of a hydrophobic coating for the cellulose paper 
with value of water contact angle greater than 110° 
and having high value of tensile strength for utilizing 
the coated paper as a better packaging material.

The polybenzoxazines occupy a predominant role 
due to their remarkable properties. They are consid-
ered as a foremost class of modified thermosetting 
phenolic resins, which eliminates many of the limi-
tations experienced with conventional phenolics. No 
hardener or curing agent is required for benzoxazine 
polymerization, which is self-curing in nature. There 
are no by-products generated during polymeriza-
tion, and form a three-dimensional cross-linked net-
work polybenzoxazine matrix (Kim and Ishida 2001; 
Ishida 2011; Manuspiya and Ishida 2011). They are 
low out-gassing materials with very high thermal 
and mechanical properties. The polybenzoxazines 
were considered as anti-corrosive materials, weather 
resistance coatings, UV shielding materials, oil–water 
separating materials, composite materials for con-
structions, sound absorption panels, anti-microbial 
coatings, electrical insulators and energy storage 
devices (Zhou and Xin 2017; Gnanapragasam et  al. 
2018; Hariharan et al. 2020; Kumar et al. 2022; Ran-
ganathan et  al. 2022; Lawan et  al. 2023). The rea-
son for polybenzoxazines being a vital-materials for 
these applications is the excellent thermal stability 
and the hydrophobic nature. Some of the research-
ers focused on utilizing benzoxazines as electronic 
packaging materials. However, the idea of using 



7715Cellulose (2024) 31:7713–7725 

1 3
Vol.: (0123456789)

polybenzoxazine as a replacement of traditional cel-
lulosic packaging material is need to be studied in 
detail. Polybenzoxazines possess several advantages 
by using it as efficient coating material for anti-cor-
rosion, anti-microbial, UV resistant and hydropho-
bic coatings (Aly et al. 2020; Mohamed et al. 2021; 
Dardeer et  al. 2023; Soliman et  al. 2023). However, 
till date, the polybenzoxazine coatings for cellulosic 
paper and cardboard packaging applications was used 
to the limited extent. The concept of using polybenzo-
xazine as such without any modification for packag-
ing material would not be reliable because of its high 
brittle nature. Even though, long chain containing 
polybenzoxazines can cause flexibility and the brittle-
ness can be decreased (Chozhan et al. 2013; Selvaraj 
and Raghavarshini 2019).

The present work aims to synthesize a new type 
of trifunctional polybenzoxazine using leucoaurin as 
raw material. The amines with varied length of alkyl 
chains have been chosen for the synthesis of benzo-
xazine monomers using leucoaurin and paraformal-
dehyde. The prepared leucoaurin benzoxazines were 
coated on the surface of two types of cellulose paper 
(i.e.) normal copier paper and Whatman filter paper. 
The hydrophobic behavior of the polybenzoxazines 
and the coated cellulose papers was assessed. The 
values of tensile strength and young’s modulus of the 
coated cellulose papers were determined and com-
pared with those of non-coated papers. The results 
obtained indicated that the leucoaurin based polyben-
zoxazine coated cellulose papers can be effectively 
used as a water-proof packaging material for different 
purposes.

Experimental

Raw materials

The details of the raw materials that are required for 
the synthesis of leucoaurin and its benzoxazines men-
tioned in the supporting information.

Synthesis of leucoaurin (LA)

About 0.2  mol (18.82  g) of phenol was mixed with 
the acid mixture (2.46  ml of  H2SO4 and 4.93  ml of 
HCl) by slow addition. To this 0.1  mol (12.2  g) of 
4-hydroxybenzaldehyde was added and heated at 

80˚C. The reaction was monitored for every hour by 
TLC and the reaction was completed after 5 h. After 
the completion of reaction, 1 N NaOH solution was 
used to neutralize the acid mixture. The light red 
color precipitate obtained was filtered, washed with 
chloroform and dried. The obtained product was 
named as leucoaurin (Scheme  1) and its molecular 
structure was analysed by spectral analysis. FTIR 
 (cm−1): 3228   cm−1 (Ar-OH) 3011   cm−1 (= C-H) 
and 1596  cm-1 (aromatic C = C) (Fig.  1). 1H NMR 
(D6-DMSO, ppm): 5.35 (s, 1H), 6.65–6.70 (d, 6H) 
6.85–6.90 (d, 6H) and 9.32 (s, 3H). HRMS (m/z): 
292.11. The prepared leucoaurin (LA) was used for 
benzoxazine synthesis (Gnanapragasam et  al. 2018)
(Srinivasan and Krishnan 2023).

Synthesis of leucoaurin based benzoxazines (LA-BZ)

To synthesize LA-BZ monomer, 0.03  mol (2.19  g) 
of n-butylamine (ba) and 0.06  mol (1.80  g) of 

Scheme 1  Synthesis of leucoaurin (LA)

Fig. 1  FTIR spectra of Leucoaurin  and 4-hydroxybenzalde-
hyde
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p-formaldehyde were mixed and stirred at room 
temperature for 30  min. To this mixture, 0.01  mol 
(2.92 g) of leucoaurin was added slowly in the pres-
ence of dioxane solvent and heated at 110  °C. The 
reaction mixture was allowed to condense at this 
temperature for another 4  h. The complete forma-
tion of benzoxazine monomer was tracked by TLC. 
The product obtained was washed with 2  M NaOH 
for two times for the removal of excess phenol and 
the ethylacetate solvent was removed using vac-
cum. The obtained product was dark brown coloured 
thick resin (Scheme  2). Using the same procedure 
the other four LA-Bz were synthesized separately 
with n-hexylamine (ha), 2-ethylhexylamine (eha), 
n-dodecylamine amine (dda) and n-octadecylamine 
(oda) (Nalakathu Kolanadiyil et  al. 2016). The 
detailed preparation of polybenzoxazines was given 
in the supplemenatry information (Scheme S1).

Preparation of LA-PBz coated cellulose paper

For the preparation of leucoaurin benzoxazines 
coated hydrophobic paper, a standard copier paper 
(CP), (i.e.) 75 GSM cellulose paper and Whatman 

filter paper (WP) have been taken. The 75 GSM 
cellulose paper chosen for coating is having thick-
ness of 300 µm. The grade 1 Whatman filter paper 
having thickness of 180 µm has been used for coat-
ing. The leucoaurin based benzoxazine resins were 
separately dissolved in THF solvent and taken in a 
spray bottle. The LA-BZ monomer solutions were 
sprayed over the surface of 75 GSM paper and 
Whatman filter paper to obtain uniform coating 
on both the sides. The coated papers were dried at 
60 °C for 30 min for the removal of solvent. After 
drying, the LA-BZ coated papers were cured at 
230  °C for 2  min. Light brown colored LA-PBz 
coated cellulose papers were obtained after curing 
of LA-Bz monomer coatings (Scheme 3). The LA-
PBz coated cured 75 GSM cellulose papers were 
labeled as poly (LA-ba)-CP, poly (LA-ha)-CP, poly 
(LA-eha)-CP, poly (LA-dda)-CP and poly (LA-
oda)-CP, where CP stands for copier paper. Simi-
larly, the coated Whatman filter papers were named 
as poly(LA-ba)-WP, poly(LA-ha)-WP, poly(LA-
eha)-WP, poly(LA-dda)-WP and poly(LA-oda)-
WP, where WP stands for Whatman filter paper 
(Mohamed Mydeen et al. 2023a).

Scheme 2  Synthesis route 
of LA-Bz

Scheme 3  Preparation of 
LA-PBz coated cellulose 
paper
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Measurements

The methods and instruments used to study the struc-
ture and properties of the synthesized leucoaurin and 
its polybenzoxazines were mentioned in the supple-
mentary information.

Results and discussion

Structural characterization of leucoaurin (LA)

The leucoaurin’s structure was analysed using FTIR 
spectroscopic technique (Fig.  1). The presence of 
trifunctional phenolic group was ascertained by the 
–OH stretching peak appeared at 3228   cm−1. The 
aldehyde group present in the hydroxybenzaldehyde 
shows a stretching frequency of 1670   cm−1, which 
is not present in leucoaurin. The absence of -CHO 
stretching peak in leucoaurin indicates that the alde-
hyde group was completely involved in the formation 
of tris-phenol. Further, it was confirmed from the 
1H-NMR spectroscopy that the leucoaurin prepared 
contains no impurities and unreacted components 
(Fig.  2). A single resonance signal was observed at 
5.4 ppm, which corresponds to the proton present in 
the bridging –CH group. Two doublet signals identi-
fied between 6 and 7 ppm were appeared due to the 
Ar–H present in the leucoaurin. In addition to that, 
the molecular mass of the synthesized leucoaurin 

was predicted by HRMS analysis and compared with 
that of the theoretical value of molecular mass. The 
mass spectrum of the leucoaurin shows that there 
were no unreacted substances present and the cal-
culated value of mass agreed well with that of the 
experimental value (Fig. 3).

Structural characterization of the leucoaurin 
benzoxazines

The presence of functional groups in the LA-Bz mon-
omers were determined using FTIR spectroscopy 
(Fig.  4a). From the FTIR spectra of LA-Bz mono-
mers, the characteristic stretching band of oxazine ring 
has been noted at 932   cm−1 which is responsible for 
the out of plane bending vibration of –CH2 in oxazine 
ring. The alkyl aryl ether formed in benzoxazine ring 
has been indicated by the sharp peaks appeared at 1081 
and 1244   cm−1 which are symmetric and asymmetric 
stretching frequencies of C–O–C respectively. A sharp 
peak has been noticed at 1132   cm−1 which is respon-
sible for the C-N–C stretching vibration. The bands 
from 2850 to 2950  cm−1 are responsible for the methyl 
groups present in the aliphatic amines. The breakage 
of oxazine ring in the LA-Bz was ascertained from the 
FTIR spectra of LA-PBz (Fig. 4b). The typical oxazine 
stretching peak noted at 932  cm−1 was occurred to have 
disappeared in the FTIR spectra of LA-PBz. Further, 
the intensities of  CH2-O-Ar and  CH2-N-CH2 stretching 
peaks appeared at 1081, 1244 and1132  cm−1 have been 

Fig. 2  1H-NMR spectrum of Leucoaurin

Fig. 3  High resolution mass spectrum of Leucoaurin
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Fig. 4  a FTIR spectra of 
LA-Bz b FTIR spectra of 
LA-PBz

Fig. 5  DSC curves of LA-Bz monomers

Table 1  Curing behavior of LA-Bz monomers

LA-Bz Ti (˚C) Tp (˚C) Tf (˚C)

LA-ba 197 233 257
LA-ha 185 229 261
LA-eha 181 227 259
LA-dda 180 224 265
LA-oda 177 217 241

reduced indicating that the oxazine ring has cleaved 
during the occurrence of polymerization process of 
LA-Bz monomers (Shah et al. 2023).

The cyclization of benzoxazine ring has been ascer-
tained from the 1H-NMR analysis of the LA-Bz mono-
mers (Fig. S1-S5). The 1H-NMR shows two typical reso-
nances at around 4 ppm and 5 ppm which are responsible 
for the presence of Ar-CH2-N and O-CH2-N methyl pro-
tons respectively. The aliphatic methyl protons present 
in the amines give rise to multiple peaks around 1 ppm 
to 3.5 ppm. A peak appeared at 7.2 ppm in all the five 
LA-Bz monomers have been noticed, which is the  CDCl3 
solvent peak. The aromatic protons present in the LA-Bz 
have been identified by the multiplets appeared around 
6.5 ppm to 7.5 ppm (Mohamed Mydeen et al. 2023b).

Curing behavior of the LA-Bz monomers

The curing pattern of the LA-Bz monomers was stud-
ied using the DSC traces (Mohamed et  al. 2020) 
obtained from single heating cycle (Fig. 5). All the five 
LA-Bz monomers showed similar curing pattern of 
having a single exothermic peak. The exothermic cur-
ing peak appeared infer that the thermal ring opening 
polymerization process of LA-Bz accompanies with 
the release of heat. There is no endothermic melting 
peak was noticed, which shows the resinous nature of 
all the five LA-Bz monomers. This is because of the 
long alkyl chain present in the amine moieties. All the 
LA-Bz clearly shows an exothermic peak starting from 
190  °C to 250  °C. This broad peak indicates that the 
slow and prolonged process of curing takes place in the 
LA-Bz monomers. The onset and offset temperatures 
of the LA-Bz monomers obtained from DSC analysis 
are presented in Table  1. The curing temperature of 
LA-Bz monomers was identified using the exother-
mic peak maxima (curing), which ranges from 217 °C 
to 233 °C. The LA-Bz monomers show comparatively 
lower curing temperatures than that of the conventional 
benzoxazines such as bisphenol-A and bisphenol-F 
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benzoxazines (Liu and Ishida 2014; Ručigaj et  al. 
2015). A similar curing trend was also observed in the 
case of LA-Bz, ie., the longer the aliphatic chain in 
amine moiety, which the lowers the curing tempera-
ture. From the DSC traces of LA-Bz monomers, it 
is distinct that the curing pattern of all the five mono-
mers varies according to their molecular structures. The 
LA-ba and LA-ha show narrow peaks with curing tem-
peratures of 233 °C and 224 °C respectively, whereas 
that of LA-eha, LA-dda and LA-oda show quite broad 
peaks with curing temperature of 227 °C, 224 °C and 
217 °C respectively. This variation in the curing peaks 
arises due to the presence of length of aliphatic chain 
present in the amine moiety. In the case butylamine and 
hexylamine, the alkyl chain length is very short leading 
to tight packing of benzoxazines, while curing, which 
needs more energy due to higher rigidity of the molecu-
lar system. Hence, a higher temperature is required for 
the polymerization of LA-ba and LA-ha. On the other 
hand, as the alkyl chain length increases, the molecu-
lar flexibility of the benzoxazines also increases, which 
eases the breakage of oxazine ring relatively at lower 
temperatures (Han et al. 2019). After the ring opening 
of benzoxazine, the methyl group present in the Man-
nich bridge gets crosslinked into the ortho position of 
the neighboring benzoxazine moiety (Patil et al. 2022). 
This leads to the three-dimensional crosslinked network 
structure (Scheme 4). According to this, among the five 
LA-Bz, the LA-oda shows the lowest curing tempera-
ture of 217 °C. Another reason behind this might be the 
influence of aliphatic chain on the basic nature of the 

amine. The higher the number of alkyl groups, higher 
is the basic nature of the amine. Because methyl groups 
can donate electrons, which is a positive inductive (+ I) 
effect, and in turn increases the basicity of the amines. 
The higher basic amine will initiate the cleavage of oxa-
zine ring more effectively at relatively a lower tempera-
ture. Hence, octadecylamine having C18 alkyl chain 
length will have the higher basic nature and thus the 
LA-oda have the lowest curing temperature.

Thermal stability of the LA-PBz

The thermal behavior of the LA-PBz have been stud-
ied to ascertain their thermal stability and maximum 
degradation temperature (Devaraju et  al. 2021). The 
maximum degradation temperature of all the five 
LA-Bz was noticed above 400 °C, which infers their 
thermal resistant behavior. From the TGA curves, 
the 5% and 10% weight loss temperatures observed 
are given in Table 2. The values of char yield of the 
LA-PBz are in the range of 20 to 40%. Among the 
LA-PBz, the poly(LA-ba) possess reasonably higher 
thermal stability with  Tmax value of 476 °C and char 
yield of 40%. The poly(LA-oda) possesses the lowest 
value of char yield of 20% with  Tmax value of 415 °C. 
The reason for higher thermal stability of poly(LA-
ba) is due to the tight packing of LA-ba monomers, 
because of the small length of aliphatic chain in butyl 
amine. It takes more energy to undergo degradation 
of the polymer core of poly(LA-ba) when compared 
to that of other LA-PBz. The trifunctionality leads 

Scheme 4  Crosslinking of LA-PBz
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Fig. 6  TGA thermograms of LA-PBz

to the dimensional solidity across three directions by 
forming a cross-linked network structure, which con-
tributes to an added stability towards degradation. 
Thus, the thermal stability decreases with an increase 
in the length of aliphatic chain in the amines (Fig. 6).

Surface morphology

The surface morphology of the leucoaurin based poly-
benzoxazines was analysed using FESEM images 
(Fig. 7). The SEM images of LA-PBz shows uniform 
and smooth surfaces without any voids. The LA-PBz 
possess homogenous morphology with no voids and 
cracks present in throughout the surface. In addi-
tion to that, the surface morphology of the LA-PBz 
coated copier (CP) and Wattman papers (WP) were 

Fig. 7  FESEM images of (a) Poly(LA-ba) (b) Poly(LA-ha) (c) Poly(LA-eha) (d) Poly(LA-dda) and (e) Poly(LA-oda)

Table 2  Thermal 
behavior and water contact 
angle of LA-PBz

LA-PBz 5% wt. loss 
(°C)

10% wt. loss 
(°C)

Tmax (°C) Char yield % at 
850 °C

Water 
contact angle 
(± 2°)

Poly(LA-ba) 321 347 476 40 138
Poly(LA-ha) 317 345 448 33 139
Poly(LA-eha) 312 340 444 34 141
Poly(LA-dda) 303 325 429 25 142
Poly(LA-oda) 305 327 415 20 144
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also studied (Fig. 8). The LA-PBz coated papers con-
sidered as a representative sample for SEM analysis 
with respect to the higher water contact angle. The 
presence of LA-PBz coating on the surface of the cel-
lulose paper was clearly seen in the SEM images of 
the coated papers when compared to the SEM images 
of the uncoated cellulose papers. The SEM images of 
the LA-PBz coated CP and WP shows evenly distrib-
uted coating on the surface of the cellulose paper. The 
surface roughness of the cellulose paper increases cer-
tainly after the coating of LA-PBz, which is evidently 
seen in the SEM images of the coated cellulose papers.

Hydrophobic behavior

The hydrophobic behavior was studied for the leuco-
aurin based polybenzoxazines and leucoaurin based 

polybenzoxazines coated CP and WP. The values of 
water contact angle (WCA) observed for LA-PBz are 
presented in Table 2. All the LA-PBz possess an excel-
lent hydrophobic property with WCA values above 
138° (Fig.  9). The highest WCA value of 144° was 
obtained for poly (LA-oda). This water repelling nature 
has been observed due the presence of long aliphatic 
side chain present in the leucoaurin polybenzoxazines. 
As the alkyl chain length increases, the hydropho-
bicity increases. The C18 alkyl chain present in poly 
(LA-oda) is one of the major reasons for obtaining the 
highest value of water contact angle. As polybenzo-
xazines are generally non-ionic molecules, the methyl 
groups present in the amines tends to increase their 
covalency and contribute to enhanced hydrophobic 
nature. The LA-PBz coated CP and WP cured cellu-
lose papers also possess better hydrophobic nature than 

Fig. 8  FESEM images of (a) uncoated CP, (b) poly(LA-oda) coated CP, (c) uncoated WP and (d) poly(LA-oda) coated WP
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that of non-coated papers (Figs. 10 and 11). The values 
of WCA and the images of the LA-PBz coated CP and 
WP cured cellulose papers are presented in Table 3.

Tensile strength of LA-PBz coated papers

The values of tensile strength and tensile modulus 
of the LA-PBz coated CP and WP cellulose papers 
obtained from UTM were compared with those 
of non-coated CP and WP. The values show quite 
reasonable variation between the non-coated and 
coated cellulose papers. The leucoaurin based poly-
benzoxazine coatings shows a noteworthy effect on 
the tensile strength of the cellulose papers (Fig. 12). 
The LA-PBz coated CP cellulose paper shows an 
astounding increase in the value of tensile strength, 
which is twice than that of the value of non-coated 
CP cellulose paper. The non-coated CP has a tensile 
strength value of 10 ± 0.5  MPa, while that of poly 
(LA-BZ) coated CP has the value of 21 ± 0.5 MPa 

as highest value of tensile strength. Similarly, the 
non-coated WP shows the tensile strength value 
of 6 ± 0.5  MPa and that of poly (LA-BZ) coated 
WP possesses the value of 18 ± 0.5  MPa, which is 
nearly three times higher (Table 3). These observa-
tions ascertain that after coating of leucoaurin ben-
zoxazines on the surface of cellulose papers, their 
value of tensile strength has been increased to an 
appreciable extent. The elastic nature of the mate-
rial can be evaluated in terms of the young’s modu-
lus value. Higher the tensile modulus value, lower 
is the elasticity. Here, the tensile modulus value of 
the cellulose paper increases after coating with LA-
PBz, which indicates the enhanced impact nature of 
the coated samples. Hence, after coating with LA-
PBz, both the values of tensile strength and young’s 
modulus of the cellulose paper are increased, 
which infer that benzoxazine coating contributes to 
improved strength and more stiffness behaviour of 
the coated paper samples.

Fig. 10  Water contact 
angle images of leucoaurin 
based polybenzoxazines 
coated CP cellulose papers

Fig. 9  Water contact angle 
images of (a) Poly(LA-
ba), (b) Poly(LA-ha), (c) 
Poly(LA-eha), (d) Poly(LA-
dda) and (e) Poly(LA-oda)

Fig. 11  Water contact angle images of leucoaurin based polybenzoxazines coated WP cellulose papers
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Conclusion

Five leucoaurin based benzoxazines were synthe-
sized using aliphatic amines with varying chain 
length such as butylamine, hexylamine, ethylhexy-
lamine, dodecylamine and octadecylamine with 
paraformaldehyde through Mannich condensation. 
All the LA-BZ monomers showed curing tempera-
ture lower than 235  °C and among them LA-oda 
shows the lowest curing temperature of 217 °C. All 

the benzoxazine samples (LA-PBz) exhibit good 
thermal stability with maximum degradation tem-
perature above 400 °C. Among them (LA-PBz), the 
poly(LA-ba shows the highest  Tmax of 476  °C and 
char yield of 34%. The LA-PBz also possess the bet-
ter hydrophobic behavior with water contact angle 
values above 138°. The two different kind of normal 
copier paper and Whatman filter paper were coated 
with benzoxazines and their hydrophobic behavior 
and strength properties were determined. Among 
the coated samples, the poly (LA-ha) coated copier 
paper sample possesses good tensile behavior with 
a value of 21 MPa. Similarly, the value of young’s 
modulus of the coated samples was also increased 
which indicates the increased impact property of the 
coated cellulose material. Data obtained from differ-
ent studies, suggest that the leucoaurin based poly-
benzoxazine coated hydrophobic cellulose papers 
can be used as water proof packaging materials with 
improved performance and enhanced longevity. 
Further, the biodegradability of the polybenzoxa-
zine coated cellulose paper will be taken up in near 
future to fully utilize the coated cellulose paper as 
a replacement of conventional cardboard packaging 
materials. The antimicrobial activity and the cyto-
toxicity assay can also be studied with a perspective 
to use the polybenzoxazine coated cellulose paper 
as an eco-friendly food packaging material with 
improved barrier properties. It is already known 
that the polybenzoxazines are inert and possess 

Fig. 12  Tensile strength of LA-PBz coated (a) CP and (b) WP cellulose papers

Table 3  Tensile strength and water contact angle of uncoated 
and LA-PBz coated cellulose papers

LA-PBz coated cellulose 
papers

Tensile strength 
(± 0.5 MPa)

Water 
contact angle 
(± 2°)

Neat-CP 10 -
Poly(LA-ba)-CP 21 126
Poly(LA-ha)-CP 21 127
Poly(LA-eha)-CP 21 129
Poly(LA-dda)-CP 21 131
Poly(LA-oda)-CP 21 132
Neat-WP 6 -
Poly(LA-ba)-WP 18 129
Poly(LA-ha)-WP 18 131
Poly(LA-eha)-WP 18 133
Poly(LA-dda)-WP 18 134
Poly(LA-oda)-WP 18 136
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good antimicrobial behavior, however, the benzoxa-
zine coated cellulose paper needs thorough analysis 
towards their bio-degradability along with antimi-
crobial character with respect to accepted standard 
specimens for comparison. The present work is 
considered as cutting-edge concept in the field of 
surface chemistry of benzoxazines to exploit their 
potential towards protection of packaging cellulose 
paper surfaces from moisture to improve their value 
addition and longevity.
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