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Abstract

Cellulose is a renewable, sustainable, and high available biopolymer; their common form is the type-I polymorph. However,
polymorphic changes are associated with different properties and a wide range of applications. In this study, we proposed a
new method to prepare polymorphic cellulose nanostructures (CNSs): first, the CNS were isolated, and then the polymorphs
were converted. CNS-I (type-I), CNS-II (type-II), and CNS-III (type-III) were successfully obtained, and the structure, crys-
tallinity, superficial characteristic, morphology, and thermal stability were evaluated. The results showed that CNS-II and
CNS-II are more amorphous than CNS-I due to the strong reagents used for the polymorphic conversion, which results in a
swelling, increased chain spacing, and structural disorganization. This effectively changed the morphology of the CNS, from
cellulose nanocrystals from irregular quasi-spherical nanoparticles. The proposed method allows a wide range of applications,
from package and nanocomposites with CNS-I due to its high crystallinity and crystal morphology, to drug carrier, food
thickener and biomedical products for CNS-II and CNS-III due to its quasi-spherical shape and more amorphous structure.
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Introduction

Cellulose is a biodegradable, sustainable, renewable, and
abundant biopolymer. Agricultural, forest, and industrial
wastes may be used to prepare cellulose and isolating their
nanostructures (CNSs) due to its availability and low cost.
Eucalyptus waste is an attractive raw material due to its high
content of cellulose (~35 wt%) and good mechanical and
thermal properties [1-3]. The revalorization of these forest
byproducts is a way to make the production of sustainable
and renewable materials more commercially attractive.
The eucalyptus sawdust has in its composition native
cellulose, mainly cellulose Iﬁ (monoclinic two-chain unit
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cell—parallel chains) [4]. However, cellulose has more than
one polymorphic structure, that is, different dimensions can
be found for the unit cell (identified as type I, II, IIT and IV);
and the cellulose-I is the basic crystalline structure that is
found in a wide variety of cellulosic fibers.

The properties and physicochemical characteristics of
each polymorph are different (i.e., hydrophobicity, oil/
water interface, mechanical properties, the morphology of
the particle, and others), which allows different applications.
Cellulose type I can be used for the synthesis of hydrogels
and as reinforcement to improve mechanical properties; the
type Il is a bioethanol feedstock and can be used to prepare
pharmaceutical tablets; and type III, due to its amorphous
nature, can be used as emulsion stabilizer (for example, in
Pickering emulsions) [5].

Cellulose type II is an amorphous structure with a bigger
space between the chains and more hydrogen bonds than
the native form; it is obtained from an irreversible trans-
formation of cellulose I by mercerization or regeneration
[4]. Cellulose type III is obtained from treating one of the
previous polymorphs (I or II) with liquid ammonia in low
temperatures or organic amines, such as ethylenediamine
(EDA), and the transformation is reversible; the result is the
decrystallization and fragmentation of the crystals [4]. The
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last polymorph is cellulose IV, obtained by high-temperature
treatment of cellulose III [4]. However, its existence is ques-
tioned by some researchers since it has characteristics very
similar to cellulose I [4, 6].

Considering the importance of the development of sus-
tainable materials for reducing environmental impacts as the
inadequate disposal of eucalyptus, the preparation of cellu-
lose nanostructures is an excellent alternative. The advan-
tages of the CNS are the possibility of being isolated from a
wide range of sources, the different routes of production and
the less environmental harming manufacturing when com-
pared to other carbon sourced products [7, 8]. Currently, the
researches of this material are focused on the development of
nanocomposites, membranes for water filtration, drug deliv-
ery capsules, and packaging application [9].

Typical isolation processes can be employed to prepare
CNS, and the acid hydrolysis is the most common. How-
ever, due to the increasing concerns related to production
and excessive consumption of disposable plastic products
and the consequents environmental impacts of plastic pol-
lution, is there an increasing search for sustainable alterna-
tives. The ball mill is considered an environmentally friendly
route, with no chemical byproducts, that is a potential sub-
stitute for the chemical routes [10]. Concerning the obten-
tion of different CNS polymorphs, the literature has a few
works that involve two steps: the first one is the obtention of
the cellulosic polymorphs; the second is the conversion of
micro into nanocellulose, as presented by Gong et al. (2018)
and Mahmud et al. (2019) [5, 11]. To obtain the different
polymorphs in the form of nanoparticles, the literature has
a well-established sequence: first, the conversion of type I
cellulose into its polymorphs; later, the polymorph is trans-
formed into nanocellulose. However, the preparation of the
polymorphs before isolation is a challenge that has a strong
influence on several parameters, such as shapes, sizes, ther-
mal stability, and others. These nanoparticles can be applied
in biodegradable polymers to improve the mechanical and
thermal properties, aiming a revolution of the packaging
industry due to its versatility, lightness, easy processing,
and durability.

The literature presents some works that perform the
transformation of cellulose into its polymorphs and
subsequent transformation into nanocellulose [11-14].
In the present work, it was investigated the conversion
of eucalyptus biomass into nanocellulose, and later the
polymorphic transformation, evaluating its impacts on
the physicochemical properties of the nanostructure. Our
proposal was present a conversion approach not presented
in the literature yet, first converting the eucalyptus into
nanocellulose by ball mill, and after preparing the cel-
lulose polymorphs. Also, we investigated the relationship
between the CNS morphology and the chemical structure
arrangement. This work aims to obtain nanoparticles with

different properties, which allow the valorization of this
forest byproduct and increase the applicability of the pre-
pared CNS.

Experimental Section
Materials

The raw material was Eucalyptus residues (Eucalyptus
citriodora) (ER) obtained after harvesting and cutting in
Mato Grosso (Brazil). This raw material had a composition
of ~33% of cellulose, ~27% of hemicellulose and ~33% of
lignin. All the reagents were obtained from Labsynth (SP,
Brazil).

Production of Cellulose Nanostructures (CNSs)

Two chemical treatments were performed for removing non-
cellulosic components (lignin and hemicellulose). In the first
treatment (7'1), the ER was treated with sodium chlorite
solution—NaClO, (3.9 wt%) for 2 h at 70 °C under mechani-
cal stirring; then the samples were washed until neutral pH
and dried at 50 °C for 12 h, obtaining a yield of 60% and a
material with 61% of cellulose, 20% of hemicellulose and
14% of lignin.

The T1 sample was submitted to the second treatment
(T2) with potassium hydroxide—KOH (10 wt%) and sodium
hydroxide—NaOH (10 wt%) for 2 h at room temperature
under mechanical stirring; then, the was washed until neu-
tralization and dried at 50 °C for 12 h. At the end of the
second treatment, the yield was ~40 wt% (compared with
the initial mass of dried samples), and the final material
presented ~93% of cellulose, ~2% of hemicellulose and ~5%
of lignin.

To isolate the cellulose nanostructures (CNSs), the T2
sample was mixed to ethanol (80 wt%) (proportion 1:1), and
submitted to grinding in ball milling (Marconi, MA500) for
12 h, with alumina balls in the weight ratio 1:80 (sample/
balls). The result of the grinding is native CNS (named
CNS-I).

To obtain the polymorphs, the following treatments were
used to promote structural changes starting from CNS-I.
Cellulose type II the CNS-I was mixed with NaOH solution
(18.5 wt%) for 24 h at room temperature under mechanical
stirring. The solution was dialyzed in membrane until neu-
tralization (CNS-II). Cellulose type 11 the CNS-I was treated
with ethylenediamine (EDA) for 24 h at room temperature,
using the ratio 1 g of CNS to 25 mL of solution. Then the
sample was washed with ethanol. The sample was dialyzed
in membrane until neutralization (CNS-III).
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Characterization

FTIR spectra of the samples were recorded on a Fron-
tier 94942 (PerkinElmer, USA) in the range of 400-4000
cm™!, resolution 2 cm™! and 64 scans. The energy of the
hydrogen bonds was calculated according to the Eq. 1,
where v is the standard frequency of —OH groups (cm™ b,
v is the frequency of —OH groups (cm™'), K=1.6x 1072
keal™! [15].

ey

The X-ray diffraction patterns were obtained on a
STADI-P (Stoe), operating in transmission mode, with Cu
Ko radiation (A =1.54056 10\), selected by a curve mono-
chromator of Ge (111), using a range from 0° to 60°, with
a pace of 0.06°. The crystallinity index (CI) was calculated
using Eqgs. 2 and 3 [16, 17]:

Loy — Ligse
CICel]uloseI = I ’ (2)
200
Lo — Lise
Cleitose 1 = 1 3
110

where I, is the intensity of the crystalline 200 peak (at
about 20=26°), 1, is the peak at 20=18°. The 1,3 5 and I, 5
correspond to the amorphous part.

The X-ray photoelectron spectroscopy (XPS) analysis
was carried out using a ThermoFisher Scientific, model
K-alpha', equipped with monochromatic radiation Al Ka
at room temperature operated at 10 or 20 eV for high-res-
olution scans. Data were treated with CASAXPS software.

The DLS analysis was used to evaluate the statistical
size distribution of the CNS and was carried out using
dynamic light scattering system (ALV-CGS3), with scat-
tering light at 90°. The hydrodynamic radius was obtained
through an approximation of the crystal size of a spheri-
cal particle, with CNS dispersion in water (concentration
equalized to 0.01 wt%).

Zeta potential of the nanoparticles was determined by
measuring electrophoretic mobility and conversing the val-
ues through the Helmholtz—Smoluchowski equation. The
equipment used to characterize the surface charge prop-
erty of nanoparticles was a Zetasizer Nano-ZS (Malvern
Instruments).

The surface morphology of all the samples was inves-
tigated by transmission electron microscopy (TEM-Jeol
2010). A drop of the colloidal solution at 2 wt% was
deposited on a copper grid for analysis.

The thermal behavior of the samples was verified on
a Q500 instrument (TA Instruments), by progressive
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heating of 20-600 °C, a heating rate of 20 °C/min and N,
atmosphere.

Results and Discussion
Fourier Transform Infrared Spectroscopy

The characterization of the samples after the chemical treat-
ments (T1 and T2) is presented in the Supplementary Mate-
rial of the present work. In the Supplementary Material,
Table 1S is also presented, in which all characteristic peaks
are assigned in detail.

FTIR spectroscopy was used to elucidate the chemical
structure of the cellulose nanostructures (CNSs) and its
polymorphs. The spectra of CNS-I, CNS-II, and CNS-III is
presented in Fig. 1. The transformation of the polymorphs
results in the different crystalline organization of the cellu-
losic chains, which reflect in small shifts and new shoulders
[18]. However, as the chemical structure is similar, there
are only slight changes in the spectra [19]. According to
Kim et al. (2013), the differences between cellulose spectra
of type I, II, and III are found at wavelengths less than 800
and greater than 3000 cm™! [20]. The band between 3500
and 3200 cm™! slightly change intensity in the spectra of
the polymorphs, which represents variation in the amount of
hydroxyl groups in cellulose due to the scission of hydrogen
bonds.

Considering the band 3500—3200, which is relative to the
hydrogen bonds, the energy Ey; was calculated, and the val-
ues are presented in Fig. 1. The hydrogen bonds are stronger
in the CNS-III than the CNS-II. As these bonds are associ-
ated with the cellulose crystalline domains, it is expected
that the CNS-II is more amorphous than the others. Moreo-
ver, as the CNS-III presents higher amounts of hydrogen
bonds between the chains, the cellulose structure becomes

3

<

Q

o

=4

g

z | E,, (k)

g ——CNs| 434

= ——CNSI 430
——CNsIl_ 435

Wavenumber (cm’)

Fig. 1 Full FTIR spectra of CNS and their polymorphs, with a zoom
of the region 1600—750 cm™!
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more packed, which should result in higher crystallinity and
thermal stability [21].

Evaluating the three spectra in detail, the peaks that need
to be highlighted were: 1163, 1154, 1118, 2892 cm~! and
the band 3400—3200 cm™!; these peaks showed a slight shift
in the spectrum of CNS-II and/or CNS-III, which suggests
the transformation between polymorphs (Fig. 2); the peak
at 895 is also indicative of cellulose type II [5, 22]. The
peak 897 cm™ I for CNS-I, was a broader band; for CNS-I1,
a sharp peak translated to smaller wavelength (895 cm™');
for CNS-III, this peak was less intense and again at high
wavenumber [23].

Regarding the cellulose polymorphs, Fig. 3 shows the
zoom of the band 3400—3200 cm™! and the peaks 1163,
1110 and 897 cm™! to demonstrate the shifts and/or changes
in their intensities. The shifts and intensities’ changes are
related to the disruption of the regularity of the crystal lat-
tice, forming new less-organized hydrogen bonds, reflecting
in the FTIR spectra. The main difference of cellulose type-I
and their polymorphs involves the rotation about the gluco-
sidic linkage caused by a disturb in the intramolecular sys-
tem of the cellulose type-I [23], reflecting in small changes
in the spectra of CNS-II and CNS-III.

For the CNS-II, the peaks 1163 and 1110 cm™' were
shifted to 1154 and 1118 cm™!, respectively, which is char-
acteristic of amorphous cellulose [23]; the peak 897 cm™ s
sharper for the CNS-II than for CNS-I. In the CNS-III spec-
tra, a new band at ~870 cm™! and a should at ~3280 were
observed, which is indicative of a change in the crystalline
structure of cellulose. CNS-III was expected to exhibit more
significant variations in the spectrum. As the changes were

Band at 3400-3200 cm”

Transmitance (a.u.)

subtle or imperceptible, there is evidence that the conversion
has been partial, as discussed in the other analyzes.

This evidence confirms that the proposed method of this
article is efficient in the polymorphic transformation con-
ducted after the nanocellulose preparation.

X-Ray Diffraction

Crystallinity is an important property of nanocellulose that
determines its mechanical and physical properties, and these
factors have a strong influence in the final application of
the nanoparticles. High crystallinity probably will be good
reinforcement in nanocomposites, while low crystallinity is
indicated to apply as a food thickener or Pickering emul-
sion, for example. The XRD patterns of CNS-I, CNS-II,
and CNS-III are presented in Fig. 3a. The cellulose type-I
characteristic peaks are found in 20=15°, 16.5° and 22.5°,
corresponding respectively to the planes of the crystalline
lattice with Miller (1 1 0), (110) and (200); type-II peaks
are found in 20=12°, 20° and 22°, corresponding to (1 1 0),
(110) and (020); type-III peaks are observed in 20 =12° and
17° assigned to the planes (010) and (002), and 21° that
comprises the planes (100), (012) and (1 1 0) [11]. The cel-
lulose-II peaks can be easily identified, confirming the con-
version of the type-I polymorph to type-II. Considering that
the diffraction patterns of type I and type II pulp are very
similar, it is believed, based on the other techniques associ-
ated with XRD, that type I pulp was converted to cellulose
II. This is because, unlike what was observed for cellulose
III, where the CNS-I peaks are clearly identifiable, this does
not happen for the CNS-II diffractogram.

T T T T T T
3600 3400 3200

Peak at ~1163 cm” Peak at ~1110 cm™ Peak at ~897 cm’”
—— CNS-I
—— CNS-II
—— CNS-III

'11|60 l 11I50 I 11I40 11|90 ' 11I20 ' 1OI50 I 950 ' 9(|)0 ' 8;30 I

Wavenumber (cm™)

Fig.2 Zoom of FTIR spectra: main peaks evaluated for the cellulosic polymorphs: band 3400—3200 cm™! and peaks at: 1163, 1110 and 897

cm™!
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Fig.3 a XRD patterns of CNS-I, CNS-II and CNS-III and the indicative of the main peaks of each polymorph and b deconvolution of XRD pat-

tern of CNS-III

In the XRD pattern of CNS-III and its deconvolution,
peaks associated with polymorphs I and III of cellulose can
be observed in Fig. 3b. This fact, associated with the FTIR
spectra, allow the conclusion that the conversion of cellulose
I'in cellulose III was partial. It is important to mention that
the literature reports difficulties in obtaining a high conver-
sion rate for cellulose 111, even in extreme conditions, such
as the use of negative temperatures [24, 25].

Regarding the crystallinity, the polymorphs II and III
showed lower CI values than CNS-I. According the litera-
ture, the cellulose type-III is amorphous; as we obtained a
mix of cellulose polymorphs, as identified on the XRD pat-
tern deconvolution, the CI was calculated using the cellulose
I peaks and applying the Eq. 2. The reduction in CI was 16%
in the transformation to CNS-II and 13% to CNS-III, and
can be associated with the use of strong reagents (EDA and
concentrated NaOH); the reaction results in a greater spacing
between cellulose chains, which tend to disorganize, when
compared with CNS-I [13, 24].

X-Ray Photoelectron Spectroscopy (XPS)

The XPS technique is used to analyze the concentration
of elements present on the surface of a sample (to the
depth of 10 nm); the analysis was performed to compare
oxygen:carbon ratio of the polymorphs. The full XPS spectra
of CNS and its polymorphs are presented in Fig. 4a. The
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CNS-I presented only C and O in its composition, which is
expected.

Figure 5a shows a schematic of the interaction of X-rays
with the sample structure. Given the depth that the radia-
tion can reach (10 nm), the test detects only the carbonic
structure and surface hydroxyl on CNS-I, which presented
an O:C ratio of ~65%.

On the surface of the sample CNS-II, the elements C, O,
and Na were observed (Fig. 4b). This third element is justi-
fied by the treatment used to convert cellulose-I in cellulose-
II (NaOH solution). In this process, the Na* ion extends the
accessible regions between the crystallographic planes of the
cellulosic structure to allow the Na* ions to diffuse between
these planes. Intermediate structures were then formed,
called alkaline cellulose-I and alkaline cellulose-II. The first
intermediate structure is formed in the amorphous region
and maintains a relatively large distance between the cel-
lulose chains, since the —OH groups are replaced by O—Na
groups [13]. If the NaOH concentration is high enough, the
crystalline areas of cellulose-I begin to transform into alka-
line cellulose II. After dialysis, the Na™ ions were partially
removed, and the type II cellulose structure was obtained.
The expected structure is presented in Fig. 5b. For this sam-
ple, O:C ratio was ~54%.

The CNS-III presented C, O, and N in its surface
(Fig. 4d). The nitrogen atoms are remnants of the reaction
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Fig.4 a Full XPS spectra of CNS and their polymorphs; and C 1s XPS spectra of b CNS-I, ¢ CNS-II and d CNS-III

with EDA. It was observed that the reduction in the con-
centration of O atoms corresponds to a similar amount that
increases the nitrogen content, which can be justified by
the replace of free oxygen (hydroxyls) to nitrogen. Even
after sample neutralization and dialysis, nitrogen remained
on the surface of the material, which is indicative of a
structural change caused by EDA (Fig. 5c).

Dimensional, Stability, and Morphological Analysis

Evaluating the DLS results, it was observed that the average
size of CNS-I was around 90 nm (Fig. 5d). CNS-II presents
bimodal distribution, with peaks at 350 and 450 nm. The
increase of the average size from CNS-I to CNS-II may be
justified by the effect of swelling of the fibers during mer-
cerization [13]. Broader size distribution was observed in
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Fig.5 Schematic representation of the surface and the atoms observed by XPS analysis of a CNS-I, b CNS-II and ¢ CNS-III and d DLS-curves

of all the polymorphs

CNS-III, which has a material part in the nanoscale (from
30 nm) and a peak of higher intensity at around 900 nm
(micrometric scale). It is expected that the polymorphs tend
to aggregate and differences in the morphology and sizes
since there is a structural change in these samples.
Regarding stability, according to the zeta potential (&)
theory, for a suspension to be considered stable, the zeta
potential absolute values must be higher than 30 mV [12].
CNS-I e II are more stable in suspension, with & values of
(—27.4 +8.8) and (— 27.4 + 7.0), respectively. The CNS-IIT
has & values of (— 25.5 +5.9). Considering the deviation of
values, all polymorphs presented similar stability. This is an
important parameter because the performance of the CNS
as reinforcement in polymeric matrixes may be associated
to the superficial charges since high & values indicate less
agglomeration and greater dispersion of the material [12].
TEM images of CNS-I, CNS-II, and CNS-III are shown
in Fig. 6. It is possible to see that the CNS-I showed typi-
cal morphology of cellulose nanocrystals. However, after
the conversion of CNS-II and CNS-III, the morphology
changed, and irregular rounded-like shapes could be
observed. The CNS-II particles tend to agglomerate dur-
ing the drying step, and no individual particles could be
observed [26]; the significant change in the shape of the
CNS is a strong indication that the polymorphs’ prepara-
tion causes partial disruption of the crystalline structure,
as described before. This result was described by Gong
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et al. (2018), that prepared the polymorphs before the
CNS isolation; the NaOH treatment probably changed the
degree of polymerization of the cellulose structure [26].
Another important factor that can be associated is the
changes in the crystalline structure, i.e., the rearrangement
of the cellulose chains in an anti-parallel conformation,
and the process of swelling and regeneration (Fig. 6); this
swelling process results in a gay by neighboring swollen
nanoparticles (Fig. 5b).

For CNS-III the changes in the morphology are attrib-
uted to the change in the crystal structure since this con-
version involves decrystallization and fragmentation of the
crystals; the recrystallization results in the distortion of
the cellulose crystals, and the fragmentation is the main
responsible for the morphological changes. During the
swelling process, the crystalline part of the cellulose is
broken. According to O’Sullivan (1997), after the reac-
tion, the cellulose—EDA complex resulted in non-uniform
crystallinity [27].

The quasi-spherical nanoparticles probably were
formed by the irregularity in the structures caused by the
chemical conversions into cellulose II and III (as described
before) and due to the self-assembled short nanoparticles
via interfacial hydrogen bonds [5]. The prepared morphol-
ogy could be potential candidates for biomedical applica-
tions and drug delivery or even a receptor for cells and
drugs.
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Fig.6 Schematic representa-
tion of the CNS-I, CNS-II, and
CNS-III solution, with their
respective TEM images and
chemical structure

Parallel crystals

Thermogravimetric Analysis (TGA)

Figure 3S represents the TGA thermograms and their deriva-
tive curves of the ER, T1, and T2 samples (Supplementary
Material). Figure 7a represents the thermograms of CNS-I,
CNS-II, and CNS-IIT and Fig. 7b their DTG curves. The
CNS presents less thermal stability than the raw material;
besides not having the non-cellulosic components that act as

Parallel crystals
Nitrogen atoms-

Thermodinamically stable Ccellulose I complex

Antiparallel crystals
Swelling by Na* ions

Irreversible Reversible

a barrier to the degradation, it can be justified by the increase
of superficial area [10]. This property is important because
the use of fibers and cellulose structures as polymer matrix
reinforcement requires a temperature resistance since the
processing occurs around 200 °C for most of thermoplastics.
If the fibers degrade with the temperature, the composite
may present a reduction on the mechanical properties, smell,
and darkening [21].
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Fig.7 a TGA and b DTG curves of CNS and their polymorphs

All the thermograms exhibit two main events of weight
loss. The first one is related to the evaporation of bonded-
water and occurs at 80-120 °C; the second is attributed to
the cellulose thermal degradation [5]. All the CNS poly-
morphs have T temperature of ~200 °C, which indicates
good thermal properties for reinforcement, and T, of ~295
°C. The CNS-III showed the high ashes content (~20%),
which is probably due to the nitrogen atoms and their com-
pounds that remained after the dialysis (as presented before).
This thermal behavior allows different applications and guar-
antees that the CNS and their polymorphs can be applied in
nanocomposites prepared by melt processing without ther-
mal degradation.

Conclusions

In the present work, a new method was proposed to prepare
cellulose polymorphs: the CNS firstly isolated by mechani-
cal method (i.e., ball mill), and then were converted. The
eucalyptus residue was used as raw material, providing for
this underused waste a new destination with high techno-
logical value. The polymorphs were successfully prepared.

The FTIR evidenced changes in the characteristic spec-
trum of the different polymorphs. The diffraction patterns
confirmed the conversion to types II and III cellulose, with
both polymorphs showing lower crystallinity than type I cel-
lulose; this may be related to the strong reagents used for
the change in the crystalline structure of the samples, which
results in a swelling, increased chain spacing, and structural
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disorganization. These changes could be confirmed by the
XPS and the change in the morphology of the samples: while
the cellulose I is crystalline, CNS-II and CNS-III presented
irregular and quasi-spherical shapes; besides, a relation with
the polymorphic transformation process was presented. All
polymorphs presented good thermal stability, with potential
for applications involving high temperatures.

The structural, morphological, and physicochemical vari-
ations observed among the polymorphs increase their appli-
cability. While CNS-I is more crystalline and organized,
which is desirable for the preparation of nanocomposites
with high mechanical properties, the morphology and more
amorphous character of CNS-II and CNS-III makes them
applicable in biomedical applications, drug delivery or food.
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