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Abstract

POMA/Cellulose and POEA/Cellulose nanocomposites were successfully synthesized based on interfacial polymerization
over cellulose fibers extracted from the Amazon P. pellucida. The triclinic structure of poly(o-methoxyaniline) (POMA) and
poly(o-ethoxyaniline) (POEA) was maintained after polymerization over cellulose fibers. However, possible chemical inter-
actions between polymers and cellulose chains resulted in the increase of the average crystallite size, suggesting an oriented
polymerization as well as the cellulose surface modification. The average crystallite size of POMA changed from (32 +2) A
(for pure POMA) to (41 +2) A (for POMA in the nanocomposite form). The average crystallite size of POEA changed from
(32+2) A (for pure POEA) to (44 +2) A (for POEA in the nanocomposite form). Initially, the extracted cellulose presented
average crystallite size of (29+2) A, while the cellulose crystallites in the nanocomposites were found around (59 +2) A
(POMA/Cellulose) and (92 +2) A (POEA/Cellulose). The morphology of POMA/Cellulose was significantly different
from that observed in the pure as-synthesized POMA: globular vesicular shape was formed during the polymerization over
the cellulose surface. In the POEA/Cellulose nanocomposite, the cellulose nanofibrils were also completely recovered by
POEA consisting of well-defined nanometric spheres. These results were correlated with the thermal stability of the devel-
oped nanocomposites by Thermogravimetric Analysis (TG/dTG). Thus, the interfacial synthesis of POMA and POEA over
a cellulose matrix was reported here, contributing to a better understanding of the thermal, structural and morphological
properties of these resulting nanocomposites.
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Introduction

The search for friendly materials has made cellulose one of
the most studied natural polymers because it can be obtained
from a variety of sources and crystal structures (Jonoobi
et al. 2015; Manzato et al. 2017). Peperomia pellucida
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(Linn.) Humb. Bonpl. & Kunth (Piperaceae) is known as
“erva-de-jabuti” in the Amazon State, Brazil. The local
folk medicine describes this species as emollient, diuretic
and useful against cough and throat inflammation (Da Silva
et al. 1999). P. pellucida is rich in cellulose, representing a
potential source to obtain this natural polymer, as well as to
prepare nanocomposites, increasing its commercial value
besides proposing a technological application for this Ama-
Zon species.

Cellulose has been used in the preparation of nanocom-
posite materials together with conjugated polymers, aiming
at improvement of their physicochemical properties (Zheng
et al. 2017). There are numerous composites based on cel-
lulose and bio/synthetic polymers that have been frequently
used for different purposes. The hydroxyl groups cover-
ing the cellulose fibers (Jie et al. 2019; Svenningsson et al.
2019), as well as the regular arrangement of their molecules
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allow the interaction with a variety of conjugated polymers
(Sharifi et al. 2018; Fei et al. 2019). Polyaniline derivatives
such as POMA and POEA have received considerable atten-
tion due to their controllable chemical and electrical proper-
ties, easy methods of preparation, low cost of monomers and
good environmental stability. Cellulose/conjugated polymer
nanocomposites have attracted considerable attention due to
their application in antimicrobial surface (Hanif et al. 2019),
targeted drug delivery (Dai and Si 2018) and heavy metal
absorption (Jahan et al. 2018). Nanosized polymer particles
can form a fine and homogenous distributed network along
the cellulose matrix. The nanosized reinforcement particles
can occupy substantially greater number of sites of the cel-
lulose’s molecular structure. For this reason, POMA and
POEA were synthesized by in situ interfacial polymerization
in the presence of the extracted cellulose.

A novel methodology for in situ interfacial polymeriza-
tion of POMA and POEA over cellulose fibers was described
here. A systematic structural, morphological, and ther-
mal investigation was proposed: X-ray Diffraction tech-
nique (XRD) was applied to evaluate the long-range order
achieved as a consequence of very short-range interactions.
The Le Bail method (Le Bail 2005) was performed using
the previous XRD patterns to refine cell parameters and
estimate crystallite size. Peak broadening based on linear
combinations of spherical harmonics was useful to evaluate
the anisotropic crystallite shape. Scanning Electron Micros-
copy (SEM) was useful to assess the material morphology,
as well as to verify the recovering of the cellulose fibers.
Then, these results were correlated with the thermal stability
of the developed nanocomposites using Thermogravimetric
Analysis (TG/dTG).

Experimental
Materials
Chemicals

Acetone (CH;(CO)CH;) and ethyl alcohol (C,H,O) were
purchased from Biotec®; sodium hydroxide (NaOH) was
purchased from Dinamica®; hydrochloric acid (HCI) and
glacial acetic acid (CH;COOH) were purchased from
Labsynth® and sodium chlorite (NaClO,), chloroform
(CHCl;), ammonium persulfate (APS, (NH,),S,05), 0-ani-
sidine (C;HyNO) and o-phenetidine (CgH;NO) were pur-
chased from Sigma Aldrich®.

Plant material

Peperomia pellucida (Linn.) Humb. Bonpl. & Kunth (Sis-
Gen n° A26CDSE) was collected at Federal University of
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Amazonas (UFAM), Manaus/AM—Brazil (3° 521" S;
59° 57'51" W) and dried under controlled humidity (50%
R.H.) at 27 °C. Botanical identification (voucher specimen
HUAM-10759) was carried out at UFAM following the
established protocol.

Methods
Cellulose extraction

The stems from P. pellucida were separated from leaves,
cut into pieces (about 3 cm) and washed with distilled water
under constant stirring at (70 £2) °C for 60 min. Then, the
stems were dried in oven for 24 h at (60+2) °C.

The specific chemical treatments employed for extrac-
tion of cellulose was performed in the following order:
extractives, alkalinization and bleaching. For removing the
extractives (waxes and oils), the stems were subjected to a
solvent mixture of ethanol/acetone (95:5, v/v) for 20 min at
(70 +2) °C. After reach the room temperature, the system
was filtered, and the stems were washed using distilled water
and dried in oven for 4 h at (60 +2) °C.

Alkalization treatment was applied to swell raw fibers.
Then, fibers were treated with 5 wt% NaOH solution for 1 h
at (60+2) °C to reduce hemicellulose and lignin contents.
The resulting lignocellulosic fibers were washed using dis-
tilled water until reach pH 6.

Bleaching treatment was performed to extract cellu-
lose fibers. A solution was prepared using distilled water
(120 mL), glacial acetic acid (1 mL) and sodium chlorite
(2.5 g). Then, lignocellulosic fibers (3 g) were added to this
solution under constant stirring for 1 h at (70 +2) °C. An
additional portion of glacial acetic acid (1 mL) and sodium
chlorite (2.5 g) were added to the system under constant
stirring for 2 h. This procedure was repeated, and the system
was maintained at constant stirring for 1 h. After reaching
room temperature, the system was filtered and washed using
distilled water until reach pH 6 for the obtainment of the
bleached fibers.

Interfacial polymerization and nanocomposite preparation

Interfacial polymerization of o-anisidine and o-phenetidine
(heterogeneous biphasic system) was performed at 27 °C and
based on previous report (Ferreira and Sanches 2017) with
marginal modifications.

An amount of 2.16 g of o-anisidine was added to 100 mL
of chloroform to form the organic phase. On the other hand,
3.42 g of APS was dissolved in HC1 (100 mL, 1 M) to form
the aqueous phase. Then, the aqueous phase was added drop
by drop to the organic phase. The system remained without
any stirring for 24 h (interfacial polymerization). The dark
precipitate (POMA) was filtered, washed with acetone, and



Chemical Papers (2021) 75:1809-1821

1811

dried in a desiccator until achieve constant weight. The same
methodology was performed using o-phenetidine to prepare
POEA.

For the preparation of nanocomposites, the cellulose
extracted previously from the P. pellucida stems was added
to the organic phase described above at ratio of (1:0.25,
w/w) monomer/cellulose allowing the in situ interfacial
polymerization. Thus, the nanocomposites POMA/Cellulose
and POEA/Cellulose were obtained.

XRD analysis

XRD data were obtained at the Laboratério de Materiais
(LabMat—UFAM) in a Panalytical diffractometer, Empy-
rean model, operating with CuK,, 40 kV and 40 mA. XRD
patterns were collected in the range 20 =5-70°, step of
0.013° and 5 s/step.

Le Bail method

The software package Fullprof (Rodriguez-Carvajal 2002)
was used to perform the Le Bail method (Le Bail 2005). The
least squares method (Pawley 1981) was applied to refine
cell parameters. Peak profile was adjusted according to the
pseudo-Voigt function modified by Thompson—Cox—Hast-
ings (Thompson et al. 1987). A LaB, crystal standard was
employed to obtain the Instrumental Resolution Function
(IRF) parameters. Crystal data from the end-capped tetram-
eter of aniline (Evain et al. 2002) were considered as initial
parameters for POMA and POEA refinement (triclinic, P1;
a=5.7328 A; b=8.8866 A; c=22.6889 A; a=82.7481°;
p=284.5281° and y=288.4739°). Crystal data of cellu-
lose polymorphs I, (triclinic; a=6.717 A; b=5.962 A;
¢=10.400 A; a=118.080°; $=114.800° and y=280.370°)
and I[j (monoclinic; a="7.784 A; b=28.201 10\; c=10.380 z&;
a=90°; f#=90° and y=96.550°) were considered as initial
parameters for the extracted cellulose refinement (French
2014). Crystallite anisotropy was evaluated using linear
combination of spherical harmonics (SHP) (Popa 1998).

Thermal analysis

TG/dTG analyses were carried out on a TA Instruments
model STD Q600 at the Laboratério de Materiais da
Amazdnia e Compositos (LaMAC-FT/UFAM). Measure-
ments were carried out using 10-12 mg of samples in alu-
mina crucibles, N, atmosphere (flow of 10 mL/min) at heat-
ing rate of 10 °C/min, from 25 to 700 °C.

SEM analysis

SEM experiments were performed on a Carl Zeiss equip-
ment model Supra 35, using 1.0 kV at 25 °C. Powder

samples were placed on a carbon tape and recovered with a
thin gold layer.

Results and discussion
XRD analysis

The semi-crystalline XRD pattern of the extracted cellulose
is shown in Fig. 1. Table 1 shows the angular peak positions
(20) of the obtained XRD patterns. Well-defined diffraction
peaks were observed at 20=16.0°, 20=22.4° and 26=35.0°
as a result of some regular alignment of the cellulose chains.
This parallel, regular alignment allowed the formation of the
so-called crystallites, which are embedded in the regions
where the polymer chains are randomly oriented. The
observed broad peaks are due to the nanosized crystallites.

Intensity (a.u.)

POMA

MM

Extracted Cellulose

T T T T T T !I T T
5 10 15 20 25 30 35 40 45 50
2 Theta (degrees)

—
55 60

T
i
i

\\’_ | POEA/Cellulose
e gt

E

—

-
=

N M’m—-—.—
o

>

-

.-

2]

=

GJ

L

s POEA
p— M

xtracted Cellulose
———— ]|

\.._/"‘

T T T T T 1 — T T 1
5 10 15 20 25 30 35 40 45 50 55 60
2 Theta (degrees)

Fig.1 Semi-crystalline XRD patterns of the a extracted cellulose,
POMA and POMA/Cellulose nanocomposite, and b extracted cellu-
lose, POEA and POEA/Cellulose nanocomposite

@ Springer



1812

Chemical Papers (2021) 75:1809-1821

Table 1 Angular peak positions (20) of the obtained XRD patterns

POMA POMA/Cel- Cellulose POEA POEA/Cellulose
lulose

8.2 8.4 - 7.8 7.9

12.8 12.6 - 11.8 12.1

- 15.8 16.0 - 15.9

16.9 17.3 - 159 -

- 22.0 224 - 223

24.6 24.6 - 24.2 -

26.1 26.2 - 26.0 -

- 344 35.0 - 34.8

37.2 - - 37.1 -

44.7 - - 43.2 -

Cellulose polymorphism has been associated with the
source and extraction methodology (Abdul Khalil et al.
2012; French 2014). According to the obtained XRD pat-
tern, the extracted cellulose could be described as type I,
(triclinic) or /; (monoclinic) (French 2014) since these both
polymorphs presented diffraction peaks at similar angular
positions. For this reason, the Le Bail refinement (Le Bail
2005) was performed to determine the extracted cellulose
polymorph.

The semi-crystalline XRD patterns of the as-synthesized
POMA and POEA are shown in Fig. 1a, b, respectively. To
the best of our knowledge, no reports on structural char-
acterization of POMA or POEA prepared by interfacial
polymerization have been found in the scientific literature.
Previous work reported the conventional chemical polym-
erization of POMA at different time of synthesis. Diffraction
peaks were found at 26=7.9°, 12.5°, 17.5°, 24.8° and 26.8°
(Sanches et al. 2013). Similarly, the angular peak positions
of the chemically synthesized POEA were found at 260 =4°,
8°,12°,16°,24°,26°, 38°, 44° and 52° (Leite et al. 2008).

Although the polymerization methodology reported in
the present work is different from the above-mentioned
reports, the angular peak positions were almost similar.
However, peak displacements to smaller angular positions
were observed in the XRD pattern of POEA when compared
to that of POMA. These angular displacements are related
to different unit cell parameters and, consequently, to the
different size of the side group located in the aromatic rings
at the ortho position: POMA and POEA present 0-OCHj;4
and 0-OCH,CHj side groups, respectively. For this reason,
larger lattice parameters are required to accommodate the
POEA molecules in its unit cell (Sanches et al. 2013; Silva
et al. 2014).

The nanocomposite POMA/Cellulose (Fig. 1a) presented
diffraction peaks at similar angular positions from those
found in the as-synthesized POMA. This fact indicates that
the interfacial polymerization in the presence of cellulose

@ Springer

Table2 Le Bail method performed for the extracted cellulose using
the program Fullprof: lattice parameters, unit cell volume, crystallite
average size and agreement factors (R, R, and Vo)

Refined parameters Polymorph I, '8 Cellulose 1,

ad) 6.717 6.4789 (2)

b (A) 5.962 5.7441 (2)

¢ (A) 10.4000 9.5780 (2)
a(®) 118.08 115.9201 (2)
B () 114.80 111.2939 (2)
7 () 80.37 82.4459 (2)
Crystallite average size (A) - 29
Crystallite size [100] (A) - 32
Crystallite size [010] (A) - 35
Crystallite size [001] (,&) - 21

Unit cell volume (A?) 333.3 298

R,, - 3.20

R, - 2.55

Ve - 1.58

was successfully performed. Peak displacements to larger
angular positions were observed when compared to the XRD
pattern of the pure POMA. On the other hand, peak displace-
ment to lower angular positions was verified when compared
to the XRD pattern of the extracted cellulose. These results
are significantly related to decrease and increase of the lat-
tice parameters of POMA and cellulose, respectively, in the
nanocomposite form. Chemical interaction between the con-
jugated polymer and cellulose during the in situ interfacial
polymerization was suggested.

The nanocomposite POEA/Cellulose (Fig. 1b) presented
smaller number of diffraction peaks when compared to the
as-synthesized POEA. Particularly between 20 =20°-30°,
the most intense diffraction contribution was related to cel-
lulose due to the more intense diffraction peak at 26 =22.3°.
This result may be related to the less effective polymeriza-
tion of POEA in the presence of cellulose when compared
to in situ interfacial polymerization of POMA due to the
different molecular structure of both monomers.

Le Bail method

The extracted cellulose presented diffraction pattern possibly
described as type /,, or I (French 2014). For this reason, the
Le Bail method was performed to confirm the extracted cel-
lulose polymorph. This tool has been useful to propose unit
cell parameters for semi-crystalline materials, as well as to
assess crystallite size and shape. Table 2 shows the refined
parameters.

The structural refinement of the extracted cellulose con-
sidering the polymorphs /, and I; were consistent with the
triclinic and monoclinic crystal structures, respectively.
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However, the refined crystallite size values along the [100]
and [001] directions were found, respectively, around 5 A
and 7 A (considering the monoclinic structure, Iﬁ), which
are physically inconsistent with the refined cell parameters
a and b, respectively. For this reason, the crystal structure of
the extracted cellulose is described only as the polymorph /.

According to Table 2, the largest crystallite size was
found along the [010] direction. In contrast, the small-
est size was expected to be found along the larger lattice
parameter, [001]. The crystallite average size was found
around 29 A. The reflection planes (hkl) of major contribu-
tion in the diffraction peaks of the extracted cellulose were
(= 101), (0-11) and (010) for the peak located at 20=16°;
(002), (1-10) and (110) for the peak located at 20 =22.3°;
and (020) and (201) for the peak at 20 =35°. Crystallite size
and shape projections of the extracted cellulose along [100],
[010] and [001] directions are shown in Fig. 2. A crystallite

prolate-like shape was found in the extracted I, cellulose, as
clearly observed along [001] x [010] directions (Fig. 2a).
The crystal structure of the as-synthesized POMA and
POEA was consistent with the triclinic system. The c refined
parameters were found around 18.76-18.86 A, suggesting
that POMA and POEA presented four repetitive units per
unit cell (tetrameric molecules) arranged along the [001]
direction. An increase of the refined unit cell parameter b
was observed in POEA when compared to that of POMA
(Table 3), which is related to the larger 0-CH,CH; side
group of POEA. For this reason, the chain alignment along
the [010] direction was considerably affected (Silva et al.
2014). As a result, the unit cell volume of POEA (1752 A%)
was higher than that of POMA (1434 A%). These results
agreed with the XRD data highlighting the displacements
of the angular peak positions. According to Table 3, the larg-
est crystallite size was found along the [100] direction. In

(a) (b)

Fig.2 Crystallite size and shape projections of the extracted la cellulose along [100], [010] and [001] directions

Table 3 Le Bail method performed for the pure POMA, POEA and extracted cellulose, as well as for the nanocomposites POMA/Cellulose and
POEA/Cellulose using the program Fullprof: lattice parameters, unit cell volume, crystallite average size, and agreement factors (R,,,, R, and Vo)

Pure phases POMA/Cellulose POEA/Cellulose

Refined parameters POMA POEA Cellulose I, POMA Cellulose I, POEA Cellulose 1,
aA) 7.0180 (2) 7.6352 (2) 6.4789 (2) 7.0493 (2) 6.6810 (2) 7.5836 (2) 6.6972 (2)
b(A) 10.9665 (2) 12.4220 (2)  5.7441 (2) 10.8043 (2)  5.9794 (2) 12.1708 (2)  5.9337 (2)
c(A) 18.8626 (2) 18.7624 (2)  9.5780 (2) 18.7205 (2) 10.2308 (2) 18.8025 (2) 10.4775 (2)
a(®) 82.9112 (2) 81.0362 (2) 1159201 (2)  83.8178(2) 118.3545 (2) 82.8171 (2) 118.3358 (2)
@) 84.6906 (2) 85.5331 (2) 1112939 (2)  84.8136(2) 114.5965 (2) 85.8568 (2) 115.0184 (2)
7 (®) 88.1920 (2) 88.3814 (2) 82.4459 (2) 87.9501 (2) 80.2921 (2) 89.0365 (2) 80.1758 (2)
Crystallite average size (A) 32 32 29 41 59 44 92
Crystallite size [100] (A) 39 52 32 46 59 51 92
Crystallite size [010] (A) 24 25 35 22 56 34 116
Crystallite size [001] (A) 35 29 21 60 25 49 58

Unit cell volume (A% 1434 1752 298 1411 327 1715 332

Ryp 3.34 3.17 3.20 4.5 45 4.25 4.25

R, 2.63 2.15 2.55 3.52 3.52 3.28 3.28

7 1.28 1.14 1.58 1.10 1.10 1.09 1.09
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contrast, the smallest size was found along the [010] direc-
tion probably due to the side group presented in the aromatic
rings of the polymers, which impairs the regular alignment
of polymer chains along this direction. Although both poly-
mers presented similar average crystallite size (~32 A),
POEA presented higher crystallite growth along the [100]
direction (~52 A). This fact can be explained due to the
larger lateral group, increasing the difficulty of alignment.

The triclinic crystal system of POMA and POEA was
maintained after the in situ interfacial polymerization over
cellulose surface to form, respectively, the nanocomposites
POMA/Cellulose and POEA/Cellulose. A decrease of the
unit cell volume from 1434 A3 (pure POMA) to 1411 A?
(POMA in the nanocomposite form) was observed. These
results were expected since slight displacements of the angu-
lar peak positions to larger Bragg angles were observed. On
the other hand, an increase of the unit cell volume from
298 A3 (pure extracted cellulose) to 327 A3 (cellulose in the
nanocomposite form) was also observed. This result was
also expected since slight displacements of the angular peak
positions to larger Bragg angles were observed.

The structural parameters of the nanocomposite POEA/
Cellulose were similar to those of POMA/Cellulose. The
triclinic crystal system was also maintained after the in situ
interfacial polymerization of POEA over the cellulose sur-
face. A decrease of the unit cell volume was observed from
1752 A3 (for pure POEA) to 1715 A3 (for POEA in the nano-
composite form). On the other hand, an increase of the unit
cell volume of cellulose was also increased from 298 A>
(for pure extracted cellulose) to 332 A3 (for the cellulose in
the nanocomposite form), corroborating with the observed
angular displacements of the peak positions of both POEA
and cellulose phases.

These results suggested a structural modification of the
cellulose fibers by the in situ polymerization of POMA or
POEA. The cellulose chains have three hydroxyl groups that
form the intermolecular and intramolecular hydrogen bonds
(Moon et al. 2011; Jonoobi et al. 2015). Possible chemical
interactions between the 0-OCH; or 0-OCH,CH; groups
(from POMA and POEA, respectively) and the cellulose
chains resulted in the increase of the unit cell volume of the
nanocomposites. This interaction may also be the reason for
the increase of the average crystallite size of both conjugated
polymers and cellulose in the nanocomposite form, indicat-
ing that the in situ polymerization over the cellulose surface
may result in an oriented polymerization in nanocomposites
when compared to the pure polymers.

Crystallite size and shape projections of the as-synthe-
sized POMA and POEA along [100], [010] and [001] direc-
tions are shown in Fig. 3a—f. Due to the different anisotropic
growths of crystallites, their shapes were slightly different,
but in general tending to prolate-like shape.
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Figure 4 shows the crystallite shape projections along
[100], [010] and [001] directions of the nanocomposites.
Despite observing structural changes in the nanocompos-
ite’s refinement when compared to the pure polymers, no
significant changes in the crystallite shape were observed.

The polymerization of POMA and POEA over cellulose
surface considerably influenced the crystallite size. The
in situ polymerization clearly favored the crystallite growth.
The average crystallite size of POMA changed from 32 A
(for pure POMA) to 41 A (for POMA in the nanocomposite
form). The average crystallite size of POEA changed from
32 A (for pure POEA) to 44 A (for POEA in the nanocom-
posite form). The cellulose crystallites were also found
larger: initially the extracted cellulose presented average
crystallite size of 29 /DX, while the cellulose crystallites in the
nanocomposites were found around 59 A (POMA/Cellulose)
and 92 A (POEA/Cellulose). The structural refinement sug-
gests interactions between reinforcement and matrix, result-
ing in ordered polymer chains and larger average crystallite
sizes.

Thermal analysis

Figure 5 shows the TG/dTG curves of the in natura stems of
P. pellucida, POMA, POEA and nanocomposites (POMA/
Cellulose and POEA/Cellulose).

The first thermal event identified in the in natura stems
(Fig. 5a) was observed from 25 to 150 °C, which was
assigned to the moisture release, resulting in 11.8% of mass
loss. The second event was observed from 210 to 360 °C,
resulting in 38.9% of mass loss. This wide range of tem-
perature was related to the degradation of hemicellulose,
lignin and cellulose (Chen et al. 2011; Abdul Khalil et al.
2012; Zhao et al. 2017; Yu et al. 2017). The first possibly
degraded compound was hemicellulose, since its thermal
degradation has been reported from 200 °C and depend on
the lignocellulosic source; cellulose presents degradation
temperature from 280 to 350 °C; lignin presents the highest
degradation temperature, ranging from 200 to approximately
600 °C. However, the thermal degradation of lignin may be
extended up to 900 °C (Peng and Wu 2010; Werner et al.
2014; Zhao et al. 2017; Yu et al. 2017). The third thermal
event represents a set of decomposition reactions occurring
simultaneously from 400 to 700 °C. These reactions may
be related to the remaining lignin from the second thermal
event, as well as to the gradual decomposition process of
lignin intermediates (Brebu and Vasile 2010; Stefanidis et al.
2014; Zhao et al. 2017; Yu et al. 2017). The in natura stems
of P. pellucida presented residual mass about 20.9% cor-
responding to the ashes resulting from the thermal degrada-
tion process, which also may be constituted of inorganic
compounds (Llorente et al. 2006).
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POMA

POEA

Fig.3 Crystallite size and shape projections of the as-synthesized POMA and POEA along [100], [010] and [001] directions

The first thermal event of the extracted cellulose (Fig. 5a)
was observed from 25 to 100 °C and was assigned to the
moisture release. The second event was observed from 270
to 350 °C and was assigned to the break of the main chain
bonds (Jonoobi et al. 2015). The extracted cellulose pre-
sented higher thermal stability than the in natura stems due
to the removal of components contributing to the degrada-
tion process, such as oils, greases and hemicellulose (C.S.
et al. 2016). The third thermal event was observed from
380 to 530 °C and was related to the lignin decomposition,
which probably was not totally removed previously (Chen
etal. 2011; Abdul Khalil et al. 2014). The extracted cellulose
presented 3.2% of residual mass, suggesting that the com-
ponents from the in natura stems were efficiently removed
(Spinacé et al. 2009; Manzato et al. 2017).

Figure 5b shows the TG/dTG curves of the as-synthe-
sized POMA and POMA/Cellulose nanocomposite. The first
thermal event observed for POMA was verified from 25 to
132 °C and assigned to the moisture release (Sreedhar et al.
2006; Alves et al. 2010). Two competing reactions were
observed from 132 to 270 °C: the first reaction presented
maximum dTG at 166 °C and was assigned to the release of
hydrated water, while the second reaction presented maxi-
mum dTG at 199 °C (starting before the previous reaction

was completed) and was assigned to the release of counte-
rions (Alves et al. 2010; Ferreira and Sanches 2017). The
fourth and fifth thermal events presented maximum tempera-
tures of 367 °C and 535 °C, respectively, and were associ-
ated to the chemical reactions resulted from the polymer
degradation (Kulkarni et al. 1989; Sreedhar et al. 2006).
The TG/dTG curves of the POMA/Cellulose presented
the first thermal event from 25 to 141 °C assigned to the
moisture release (Kulkarni et al. 1989; Raghunathan et al.
2017). Three competing reactions were observed from 141 to
300 °C: the first one was represented by a shoulder observed
from 141 to 202 °C and was attributed to the release of
hydration water; the second one was observed from 202 to
231 °C (starting before the previous reaction was completed)
and was assigned to the release of counterions (Lee et al.
2012; He et al. 2016; Raghunathan et al. 2017); the third
one was observed from 231 to 300 °C and was assigned to
the cellulose degradation. This peak was observed in lower
temperatures when compared to the extracted cellulose
(Fig. 5a) and can be explained by the influence of the coun-
terions on the degradation process. The fourth event was
observed from 300 to 400 °C and may be related to polymer
degradation (Lee et al. 2012; He et al. 2016). This event
was also observed in lower temperatures when compared
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Nanocomposite POMA/Cellulose

POMA Cellulose 1a

Nanocomposite POEA/Cellulose

POEA Cellulose 1a

Fig.4 Crystallite shape projections along [100], [010] and [001] directions for the phases of the nanocomposites

to the as-synthesized POMA and can be explained by the
interactions between matrix and reinforcement, which can
influence on the degradation process. The fifth thermal event
was observed from 400 °C, and was related to the prolonga-
tion of the polymer chains degradation.

The first thermal event of POEA (from 25 to 150 °C,
Fig. 5c) was associated to the moisture release. Two com-
peting reactions were observed from 150 to 300 °C: the first
one presented maximum dTG at 193 °C and was assigned
to the release of hydration water; the second one (a shoul-
der presenting maximum dTG at approximately 216 °C)
started before the previous reaction was completed, and
was assigned to the release of counterions (Kulkarni et al.
1989; Sreedhar et al. 2006). The fourth event (from 300 to
480 °C) resulted from the breakdown of the POEA chains
(Sreedhar et al. 2006; Alves et al. 2010), which was extended
over 700 °C.

The TG/dTG curves of the POEA/Cellulose nanocom-
posite are similar to previous reports on cellulose matrix
composites (Yan and Xu 2015; He et al. 2016). Five main
thermal events were observed: the first one (from 25 to
150 °C) was assigned to the moisture related. The second

@ Springer

event was observed from 150 to 230 °C and was assigned to
the release of hydration water. For this event, the maximum
peak observed on the dTG curve was found at 192 °C. Two
competing reactions were observed from 230 to 300 °C: the
first one presented maximum dTG temperature of 275 °C
and was related to the release of counterions; the second
one was represented by a shoulder starting at 300 °C and
assigned to the cellulose degradation (starting before the
previous reaction was completed). The release of counteri-
ons was observed at higher temperatures when compared to
the as-synthesized POEA probably due to the interactions
between matrix and reinforcement. Some reports attribute
this stage to the start of the polymer degradation in asso-
ciation to the cellulose chain degradation. Then, the fifth
thermal event started from 440 °C and was assigned to the
polymer chain degradation.

Some reports have shown an improvement of the thermal
stability of cellulose in the nanocomposite form, attributing
to the conducting polymer a retarding action of mass loss
(Lee et al. 2012; He et al. 2016; Raghunathan et al. 2017).
However, these results were not observed here, since the
thermal stability of the samples was evaluated as a function
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Fig.5 TG/dTG curves of the a in natura stems of P. pellucida, b
POMA and POMA/Cellulose nanocomposite and ¢ POEA and
POEA/Cellulose nanocomposite

of the temperature at which the degradation of the polymer
chains was started. For this reason, we suggest the lower
stability of the nanocomposites due to the presence of coun-
terions in the polymer chains: these counterions may have
contributed to accelerate the degradation process with the
increase of temperature.

Morphological analysis

Figure 6a shows the SEM image of the in natura stems of
P. pellucida, highlighting its rough surface composed of
several filaments. Roughness was reduced—Fig. 6b—after
chemical treatment, revealing a crumpled paper-like mor-
phology. Figure 6¢, d reveals several nanofibrils, which may
be a result of the dissolution of the plant components during
the alkaline treatment and bleaching processes, resulting in
the separation of the cellulose filaments presented in the
cell wall layers.

The morphology of the as-synthesized conjugated poly-
mers is shown in Fig. 7. Randomly dispersed microplates
and granules were verified in POMA morphology (Fig. 7a,
b), indicating a competitive growth between these morpholo-
gies (multimorphology) during the polymerization process.
This result may be related to the synthesis methodology.
Sanches et al. (2013) reported the conventional chemical
synthesis of POMA and verified vesicle globular morphol-
ogy. Siva and Sathiyanarayanan (2016) obtained chemically
synthesized POMA nanospheres in the presence of cationic
surfactant in aqueous medium. Zhang et al. (2009) verified
the influence of temperature and reaction time on the for-
mation of POMA microspheres, revealing that the kinet-
ics polymerization plays an important role on the amount
of fully formed microspheres. The POEA morphology
was more uniform than that observed on POMA images,
presenting micrometric granules constituted of nanosized
structures similar to nanofibers (Fig. 7b, ¢). Unlike POMA,
POEA did not present multimorphology. This fact was prob-
ably due to the larger size of the side group (O—CH,CHj;) of
POEA (which may have influenced the fashion at which the
polymer chains were arranged), as well as to the interfacial
polymerization methodology.

Figure 8 shows the morphology of POMA/Cellulose
and POEA/Cellulose nanocomposites. The morphology
of the nanocomposites presented different characteristics
when compared to those observed in the pure polymers.
In addition, the conjugated polymers presented a tendency
of polymerization on the surface of the fibers, acting as a
polymeric reinforcement phase in the nanocomposites. Fur-
thermore, this characteristic may be related to a chemical
interaction between matrix (cellulose) and reinforcement
(POMA or POEA).

The SEM images of the POMA/Cellulose (Fig. 8a, b)
showed more uniform morphology than that observed in
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Fig.6 a SEM image of the in natura stems of P. pellucida; b crumpled paper-like morphology of the extracted cellulose; ¢, d nanofibrils of the
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Fig.7 SEM images of the as-synthesized (a, b) POMA and (c, d) POEA
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Fig.8 SEM images of the as-synthesized a, b POMA/Cellulose and ¢, d POEA/Cellulose nanocomposites

pure POMA (Fig. 7a, b). This fact was also probably due
to a possible chemical interaction between cellulose fib-
ers and POMA: the cellulose fiber may have acted as a
pathway for polymerization, probably orienting the poly-
mer growth on its surface due to the interaction between
both phases. Furthermore, the polymer morphology on the
nanocomposite form was significantly different from that
observed in the pure POMA: globular vesicular morphol-
ogy was formed during the polymerization over the cel-
lulose fibers. A total recovery of an individual cellulose
fiber, as well as the formation of polymer vesicles is shown
in Fig. 8b.

Regarding the POEA/Cellulose nanocomposite (Fig. 8c,
d), the cellulose fibers were also completely recovered
by POEA in the form of granule-like nanostructures. The
morphology of POEA in the nanocomposite form was also
different from that observed in the pure POEA. The in situ
interfacial polymerization promoted the interaction between
both phases, modifying the surface of the cellulose fibers.
The complete recovery of the cellulose fibers also suggested
a chemical interaction between matrix and reinforcement.
Cellulose fibers acted as a pathway for polymerization,
probably orienting the polymer growth on its surface. This
fact significantly influenced the polymer morphology: in
the nanocomposite form, POEA consisted of well-defined
nanometric spheres. In conventional polymerization, similar

results were obtained by Stejskal et al. (2008) using polyani-
line as reinforcement.

Conclusions

POMA/Cellulose and POEA/Cellulose were successfully
synthesized based on the in situ polymerization over cel-
lulose fibers extracted from the Amazon P. pellucida. The
methodology applied to obtain cellulose promoted the
removal of a significant content of their constituents, such
as lignin and hemicellulose, promoting a better thermal sta-
bility of the extracted cellulose when compared to the in
natura stems. The Le Bail method represents an important
tool to characterize semi-crystalline materials and allowed
the identification of the extracted cellulose as type I,. In
addition, this tool was also useful to determine the cell
parameters of extracted cellulose, polymers, as well as the
individual phases of nanocomposites. The crystalline struc-
ture of POMA and POEA were significantly influenced by
the presence of their respective side groups, directly influ-
encing on lattice parameters of the unit cells, as well as on
the crystallite size. However, the crystallites (both polymeric
and cellulose) of the nanocomposites were larger when com-
pared to the crystallites of the individual phases. This fact
occurred probably because cellulose acted as a pathway for
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polymerization, orienting the growth of the polymers on its
surface through a possible chemical interaction that favored
the alignment of the chains. The possible chemical interac-
tion between matrix and reinforcement also influenced the
polymer morphology. Finally, we suggest the lower stability
of the nanocomposites due to the presence of counterions in
the polymer chains.
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