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Abstract Cellulose from vegetable sources is the
most abundant biopolymer on earth. In plants, cel-
lulose is a reinforcement element that conforms to a
hierarchical structure. Cellulose micro-/nanofibers
can be isolated from the cell wall by top-down strat-
egies involving mechanical processes to be used in
applications as a reinforcing material. Nonetheless,
its use has been limited as its extraction in an aque-
ous medium is unfavorable when employed in low-
hydrophilic matrices. Therefore, this work proposes
a novel homogenization route in which cellulose
micro-/nanofibers are directly obtained and dispersed
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in propylene glycol (PG), which generates more pos-
sibilities for these (nano) structures in applications
that require water-free environments. Moreover, the
influence on the cycle numbers in the morphologi-
cal, chemical, thermal, and rheological properties
was researched. Thus, the obtained micro-/nanofib-
ers presented TEM diameters even below 20 nm.
XRD analysis evidenced crystalline planes located
at 110, 110, and 200, and crystallinity degree values
up to 80%. Also, FTIR spectra bands in 3340 cm™!,
2890 cm™!, 1314 cm™!, and in the fingerprint region
corresponded to native cellulose Ip. FTIR and TGA
confirmed no influence of mechanical cycles on cel-
lulose fibers’ chemical and thermal properties. Fur-
thermore, the increase in the cycle number evidenced
a shear-thinning rheological behavior of the suspen-
sions. Considering the above results, it was concluded
that the proposed high-pressure homogenization
within PG is an approach for vegetable nanocellulose
homogenization while maintaining high crystallinity,
thermal, and chemical features with huge importance
for subsequent processes in the development of nano-
composites with hydrophilic matrices for industrial
applications.
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Introduction

Cellulose is the major biopolymer on Earth (Li et al.
2021). It is biosynthesized by plants, animals, and
microorganisms (Moon et al. 2011) with an esti-
mated annual synthesis by nature of ca. 10''-10'?
tons (Klemm et al. 1998). Due to their origin, plants
are the most available source (Prakash Menon et al.
2017), building the cell walls with hemicellulose and
lignin (Carpita and Gibeaut 1993). The hemicellulose
has a structural role acting as reinforcement, while
lignin acts as a matrix to aggregate the cellulose fib-
ers (Ansell 2015). Thus, these cellulose fibrils are
conformed by a hierarchical structure ranging from
the nanoscale to macroscopic dimensions (Moon
et al. 2011). They have a molecular structure com-
posed of D-glucopyranosyl units linked by p-1,4 gly-
cosidic bonds forming a linear chain (French 2017).
The adjacent chains interact through hydrogen bonds,
creating protofibrils, which aggregate in nanofibers
(Moon et al. 2011). These nanofibers are assembled
with hemicellulose and lignin, forming the natural
structure of plant fibers (Ansell 2015).

The above-mentioned structural hierarchy can be
disrupted with the implementation of top-down strat-
egies involving mechanical and chemical processes
to obtain cellulose microfibers (CMFs) and cellulose
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nanofibers (CNFs) (Dufresne 2019). The CNFs
exhibit properties such as high specific surface area,
low density, low cost, high specific strength, biodeg-
radability, non-toxicity, and organic nature (Dufresne
2008; Oksman et al. 2016), optical performance,
and barrier properties that give them many indus-
trial applications in the paper industry (Matachowska
et al. 2020), biomedical field (Seddiqi et al. 2021),
engineered materials (Guan et al. 2021), among oth-
ers (Barhoum et al. 2019; Trache et al. 2020; Mateo
et al. 2021). Nevertheless, the use of polymeric nano-
composites is the major application of CNFs (Mondal
2018; Sharma et al. 2019; Omran et al. 2021; Bangar
and Whiteside 2021; Amara et al. 2021).

The CNFs have been used in composites-type
materials as a reinforcement biopolymer. For
instance, cellulose has been used to reinforce poly-
meric material due to its advantageous physicochemi-
cal features, versatility, and renewability (Shaghaleh
et al. 2018). However, its use is limited due to its
hydrophilic functional groups (hydroxyl groups) and
the hydrophobic characteristics of most of the poly-
mers (Medronho et al. 2012), which cause difficul-
ties in achieving acceptable dispersion levels and
generation of agglomerates during processing, thus
leading to ineffective composites (Chanda and Bajwa
2021). Moreover, the CNF extraction is usually
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accomplished in an aqueous medium which is also
unfavorable for organic and highly hydrophobic poly-
meric synthetic matrices (Builes et al. 2013).

To improve its dispersion in a composite perfor-
mance, authors including Ferreira et al. (2018) have
suggested some methods, such as the chemical sur-
face modification based on the substitution of hydro-
philic OH groups on cellulose surface by more hydro-
phobic groups compatible with hydrophobic matrices
(Ferreira et al. 2018). Nevertheless, functionalization
processes may involve time-consuming synthesis,
toxic reagents, and critical control of the reactions
(Chanda and Bajwa 2021).

Another alternative is the employment of coupling
or dispersing agents (Poletto and Zattera 2017) and
the use of solvent exchange methods (Andrade et al.
2021). Several studies reported the use of solvent
exchange to improve the dispersibility of nanocellu-
lose in a polymer matrix. CNFs have been success-
fully dispersed in organic solvents, such as ethanol
(Kaldéus et al. 2018), dimethylsulfoxide (DMSO)
(Jiang et al. 2019), N,N-dimethylformamide (DMF)
(Phadagi et al. 2021), ethylene glycol (EG) and pro-
pylene glycol (PG) (Wang et al. 2019). Wang et al.
(2019) developed a methodology in which CNFs
were obtained by a top-down process from a water
suspension of cellulose pulp using mechanical stress.
However, the authors employed a solvent-exchange
method where CNFs were passed through different
incremental water:water-free solvent mixing with gly-
cols until reaching the pure solvent suspension (Wang
et al. 2019). Nonetheless, the above strategies are
time-consuming, energetically demanding, and chem-
ically expensive (Wang et al. 2021).

Therefore, this study proposes a new methodology
to incorporate and homogenize CNFs directly into an
organic solvent, such as propylene glycol (PG), avoid-
ing the high time consumption of solvent exchange
methods and the solvent amount, and probably
decreasing the cost of the process. The cellulose pulp
was dispersed using a high-pressure homogenizer,
including PG as the dispersion medium. The PG
has a lower dielectric point compared to water and
formed a dispersion containing the cellulose fibers,
which was subjected to seven different cycles (from 1
to 21 cycles). The PG-Cellulose dispersion led to the
obtention of micro-/nanofibrils with potential appli-
cations as reinforced materials in a low hydrophilic
polymer matrix.

Experimental section
Materials

The raw materials corresponded to commercial
bleached Kraft pulp sheets from E. Globulus (100%
E. Globulus), provided by the company CMPC pulp
S.A. in its Santa Fe Mill and Pacifico Mill, Chile.
The chemical composition of the fiber corresponded
to cellulose (78.0+0.8%), hemicellulose xylanases
(20.6 £0.3), and lignin (< 1.0%).

Propylene glycol (PG, Mw 76.09 g/mol) was pur-
chased from Sigma Aldrich.

Development of CMF and CNF dispersion in PG

In this study, bleached Kraft vegetal cellulose pulp
was obtained from compact paper rolls, ripped into 1
cm? square. These paper portions were subjected to
grinding in an IKA A11 mill for 1 min. Later, 10 wt%
PG suspension was prepared and mixed for 4 h with
a mechanical stirrer to reach the moistening. After
this period, the suspension was passed through a PFI
refiner until reaching 50,000 cycles. The suspension
was diluted to 1 wt%, adding more PG, and homog-
enized for a few minutes with a mechanical stirrer.
Finally, the mixture was subjected to 1, 3, 6, 12, 15,
18, and 21 cycles in a high-pressure homogenizer
GEA with 800 bars of pressure.

Characterization techniques
Atomic force microscopy (AFM)

AFM was used to analyze micrometer-scale fibers or
cellulose microfibers (CMFs). 100 pl of each sample
was placed on a clean glass sample holder, dried at
60 °C overnight, and put in a desiccator to maintain
low moisture. Then, the morphology of microfib-
ers was analyzed using AFM with a scanning probe
microscopy (Flex-Bio-Nano Surf), employing an
ACL-A cantilever on the non-contact mode, PID: P:
1000, I: 3200, D: 0 with a free frequency of 50% and
vibrational amplitude of 3 V.

The Gwyddion software was employed for the
visualization, color, and contrast adjustment of AFM
micrographs. For this, a mean plane subtraction was
performed, followed by a making facet point upward.
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Then, rows were aligned using various methods, the
polynomial background was removed, and a shift to
zero of the minimum data value was applied, fol-
lowed by the local contrast adjustment. Finally, fiber
length was measured by ImageJ, and the data were
processed with R Studio software.

Transmission electron microscopy (TEM)

TEM was used to analyze nanometer-scale fibers or
cellulose nanofibers (CNFs), providing real-space
images of the system in the dried state, where local
aggregates and fiber dimensions could be identified
(Ogawa and Putaux 2019). 8 pL of the sample were
deposited on a carbon gold mesh, dried at 60 °C, and
stained with uranyl acetate (2 wt%) as a negative con-
trast agent. The samples were observed under a FEI
Tecnai G2 F20 microscope at 80 kV. The fiber diam-
eter was measured using ImageJ. The measurements
were statically analyzed, as explained below for the
AFM analysis.

X-ray diffraction (XRD)

X-ray crystallography was used to evaluate the crys-
tallinity of the samples during mechanical fibrillation
in PG. Dried films of cellulose fibers for the different
cycles mentioned above were X-rayed using an Xpert
PANalytical Empyrean II-Alphal diffractometer
operating at a Ka;/Ka, ratio of 0.5 with a radiation
wavelength of 1.542 A. Data were collected in reflec-
tion mode in the 5°-60° range with a step of 0.026°.
The scans proceeded at 51.765 s per step. The diffrac-
tion peaks were fitted using Gaussian functions.

The d-spacings between the crystal planes were
determined using Bragg’s law.

D = 4/2sind (1)

where 0 is the angle between the plane and the dif-
fracted or incident beam and A is the wavelength of
the X-rays. The apparent crystal size (ACS) was cal-
culated using Scherrer’s formula (Scherrer 1912).

ACS = 0.944/FWHM cosé )

where FWHM is the width of the peak at half the
maximum height. 6 is Bragg’s angle, and A is the
wavelength of the X-rays.
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The crystalline index (Crl) percentage was cal-
culated according to Segal et al. (1959), including
the intensity of the amorphous zone and crystalline
peaks.

Crl (%) = (Lo — Lam/lag0) X 100 3)

In this expression, the Crl expresses the degree of
crystallinity, where I, is the maximum intensity of
the 200-lattice diffraction and I,y is Segal’s indica-
tor for the amorphous contribution, taken as the mini-
mum intensity between the (110) and (200) peaks at
about 18.6° (Segal et al. 1959; French and Santiago
Cintrén 2013; French 2020).

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy experiments were performed
using an FTIR spectrometer (Nicolet 6700 Series)
equipped with a single-reflection ATR and a type ITA
diamond crystal mounted in tungsten carbide. Sam-
ples were dried at 60-70 °C for 7 days to reach the
constant weight. The diamond ATR had a sampling
area of approximately 0.5 mm? where a consistent
reproducible pressure was applied to every sample.
The infrared spectra were collected at 4 cm™! resolu-
tions over 128 scans in the 4000-400 cm™' range.

Thermogravimetric analysis (TGA)

Samples were dried at 60-70 °C for 7 days to reach
the constant weight followed by 1 h at 120 °C prior
TGA measurements. Then, 12 mg were weighed and
placed under a nitrogen atmosphere of 30 mL min~'
in a thermogravimetric analyzer (Mettler Toledo
TGA/SDTA 851E) from 30 to 800 °C employing a

heating rate of 10 °C min~"'.

Rheological analysis

Shear sweeps were carried out from 1 to 1000 s~ in a
hybrid rheometer Discovery HR-1 of TA Instruments,
equipped with temperature control by a Peltier system
under the lower plate. Samples dispersion (2.5 wt%
of cellulose content) was measured at 25 °C, with
a 40 mm diameter parallel plate and sample gap of
500 ym.
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Statistical analysis

The statistical analysis was performed using the
Kruskal-Wallis test as a non-parametric test, which
makes it suitable for the fiber size distributions in this
study (Ang et al. 2020). The statistical analysis and
graphical processing were executed through R Studio
software and Origin software. P-values<0.05 were
considered statistically significant.

For AFM analysis, 400 fiber diameters from every
cycle (1 to 21) were measured across the image.
Then, a mean diameter between every two measures
was obtained, and the histogram distribution by size
ranges was generated. The boxplots presented were
built with the 400 measurements for each cycle but
eliminating the outliers with R Studio software.

The diameter or width determination for TEM
analysis was carried out through 60 measurements
of the fibers in the TEM micrographs, which were
subsequently processed. The outliers were also elimi-
nated with R Studio software.

Results and discussion
Morphological analysis
The physical defibrillation processes of cellu-
lose structures isolate micro-/nanofibers (Qasim

et al. 2021). These processes lead to the formation
of different fiber sizes, including micrometer and

nanometer scale fibers. In Fig. 1, AFM micrographs
show the fiber morphology after different homogeni-
zation cycles using PG during cellulose defibrillation.
All samples showed top-down fiber morphology per-
forming a random distribution of CMFs, which could
be visualized either by individual fibers or packed
bundles of CNFs. The bundles are kept together by
hydrogen bonds (Osong et al. 2016).

The control sample presented a width or diam-
eter c.a. 18.3+0.4 um (Andrade 2022). The homog-
enized mean fiber diameter of CMFs by AFM tech-
nique ranged from 146 to 364 nm. Thicker fibers were
measured in all numbers of fibrillation cycles, prob-
ably because some fibers were not sufficiently fibril-
lated and kept their size through the high density of
hydrogen bonds (Lee et al. 2009; Souza et al. 2019).
The heterogeneity of the sizes is an expected phe-
nomenon during vegetal cellulose physical fibrillation
(Desmaisons et al. 2017).

Figures 2A, B evidence the heterogeneous size
distribution of CMFs and CNFs, which correspond
to the AFM images shown in Fig. 1. The histogram
shows the percentual distribution of the fiber’s diam-
eter. From the 7 treatments, the measures correspond-
ing to 12 cycles presented a higher broad distribu-
tion in histogram and boxplot compared to the other
cycles. In Fig. 2A, all samples showed a positively
skewed data distribution that does not follow a nor-
mal behavior (non-parametric Kruskal-Wallis test,
P-value <2.2e—16).

Fig.1 AFM topographic images (90 umx 90 um) of A Control, B 1 cycle, C 3 cycles, D 6 cycles, E 12 cycles, F 15 cycles, G 18
cycles, and H 21 cycles. The insets in the lower right side of the images correspond to 20 um x 20 um AFM micrographs

@ Springer
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Fig. 2 Size distribution of CMFs in AFM A Histogram for fibers size diameter distribution and B Boxplot for mean diameter and
standard deviation visualization (atypical points in the boxplot were excluded)

No size changes were observed for CMFs (see
Fig. 2B). However, the studies of Larsson et al.
(2019) have reported that the cellulose thicker fibers
are composed of thinner fibers (Larsson et al. 2019).
Further, the authors also confirmed the presence of
a highly heterogeneous particle size distribution.
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Accordingly, vegetal cellulose can be described
as a complex multiscale-constitute material where
smaller fractions of fibers shape the thicker ones,
which are observed in AFM micrographs (Chinga-
Carrasco 2011). Hence, the generation of heterogene-
ous micro-/nanofibrils suspensions, from micrometer
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Fig. 3 TEM images of CMF and CNF morphology and size of
A 1 cycle, B 3 cycles, C 6 cycles, D 12 cycles, E 15 cycles, F
18 cycles, and G 21 cycles at 4000X; the scale bar represents

to nanometer fiber diameters with some residual of
non-delaminated fiber fragments (millimetric fibers),
are generally present in physical treatments involving
cellulose (Lehmonen et al. 2017; Berto and Arantes
2019).

Hence, the size variability in AFM analysis is
related to the effect of mechanical fibrillation on the
progressive breaking down of the hydrogen bonds
and the cell wall structure, resulting in a mixture of
fibrillated cellulose but also aggregates and entangled
networks (Yuan et al. 2021). Herein, it is essential to
consider that during the obtention of CNFs, a com-
plex mix containing fibers, poorly fibrillated, and
nanofibers in the millimeter, micrometer, and nanom-
eter scale, respectively, or even oligomers in suspen-
sion, is produced. Thus, defining a “degree of fibrilla-
tion” is challenging, and multi-criteria methods with
different resolutions are needed to analyze more than
only a small fraction of a sample (Chinga-Carrasco
2013).

Therefore, a deeper analysis of CNFs was accom-
plished using TEM. The control sample was not char-
acterized by TEM due to the large fiber size. The
TEM images (see Fig. 3) confirmed the presence
of CNFs during the homogenization process. The

2 um. The insets in the upper right side of the images corre-
spond to 9.900X; the scale bar represents 500 pm

micrographs in Fig. 3 were representative images of
the morphology and distribution of the defibrillated
cellulose.

As the cycles increased, it was possible to visual-
ize a decrease in the size diameter of the fibers from
Fig. 3B (3 cycles) to Fig. 3G (21 cycles). These TEM
micrographs allowed better visualization of CNFs
compared to AFM micrographs and their dispersion
in the dried state. Besides, thinner fibers and a high
density of bent structures were also evidenced.

Moreover, once the diameters were plotted in
Fig. 4A, the distribution also showed positively
skewed data with the majority of the fiber popu-
lation below 100 nm. In Fig. 4B, the boxplot evi-
denced a decrease in the mean diameter as the cycles
increased. From a high number of cycles, the diam-
eter of the corresponding fiber size was 17.18, 12.60,
and 18.00 nm for 15, 18, and 21 cycles, respectively.
Moreover, the non-parametric Kruskal-Wallis test
showed a P-value <2.2e—16, leading to the conclu-
sion that not all group medians are equal (Ang et al.
2020).

It is important to highlight the novelty of the
present approach, as the homogenizing and disper-
sant media is PG, contrary to other studies where

@ Springer
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Fig. 4 Size distribution of CMFs and CNFs in TEM. A Histogram for fibers size diameter distribution and B Boxplot for mean
diameter and standard deviation (typical points in the boxplot were excluded)

the slurry in the process is generally a diluted aque-
ous cellulose fiber suspension (0.5-1% p/p) (Djafari
Petroudy et al. 2021). Accordingly, PG is an appro-
priate solvent for mechanical homogenization of
vegetable cellulose.

@ Springer

Hence, the progressive presence of fibers in the
nanoscale confirms that the CMFs were composed
of smaller CNFs in a hierarchical and multiscale
system, as has been widely reported in the literature
(Chinga-Carrasco 2011).
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Table 1 Behavior of CNF
diameter evaluated with
TEM. Control fibers were
not included in the TEM
analysis due to the large
size of the fibers

Cycle CNF mean Standard d< 15 nm (%) d<30 nm (%) d <60 nm (%)
diameter (nm)  deviation (nm)
1 38.57 21.17 5.00 40.00 83.33
3 36.36 15.74 333 41.67 91.67
6 22.55 9.68 26.67 78.33 100.00
12 20.06 12.53 46.67 85.00 98.33
15 17.18 9.44 50.00 93.33 100.00
18 12.60 5.70 75.00 100.00 100.00
21 18.00 9.28 51.67 86.67 100.00

Moreover, in the present study, the size diameter
and standard deviation decrease with the number of
cycles (see Table 1). And the percentage of fibers
under 15 nm, 30 nm, and 60 nm rose as the number
of cycles increased, leading to a smaller fiber popu-
lation, as shown in Table 1. This indicates a trend
for CNF homogenization with increasing cycles of
mechanical treatment (Andrade et al. 2021).

Similarly, Table 1 also showed that the percent-
ages of fiber <60 nm result from more severe treat-
ments. This cycle number-dependent behavior was
explicit from 3 to 15 cycles, where most of the fib-
ers reached nanometer dimensions. Contrary to sub-
sequent cycles, which seemed not to affect the size
of the homogenized vegetal cellulose.

This aligns with the studies of Andrade et al.
(2021), who in a study employing high-pressure
homogenization in Eucalyptus and Pinus to decon-
struct cellulose nanofibers, reported a decrease in

fiber diameter as the mechanical cycles increased.
In that study, after 15 passes or cycles, the width of
Eucalyptus fibers reached 16 nm on the nanometer
scale, whereas Pinus radiata showed larger diam-
eters (approximately 30 nm).

Likewise, one of the first works on the produc-
tion of CNFs under 100 nm was carried out using
high-pressure homogenization in a Manton—Gaulin
Homogenizer with a wood pulp suspension (2 wt%)
(Turbak et al. 1983). Thus, through the same
mechanical process but using PG as defibrillation
media instead of water, the presence of fibers below
100 nm was confirmed in this study. Other studies for
homogenizing Pinus Radiata through aqueous media
reported nanofibers diameters of around 3-50 nm
(Iwamoto et al. 2007; Zimmermann et al. 2010; Tar-
rés et al. 2020; Andrade et al. 2021; Djafari Petroudy
et al. 2021).
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Fig. 5 XRD spectra of A control sample, B 1 cycle, C 3 cycles, D 6 cycles, E 12 cycles, F 15 cycles, G 18 cycles, and (H) 21 cycles
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Hence, the presence of PG in the process enabled
defibrillation, which behaves similarly to aqueous
systems while contributing as a glycol-based-disper-
sant agent (Liang et al. 2008). Likewise, PG could act
as a stabilizing agent avoiding the hornification pro-
cess of CMFs and CNFs into bigger bundles, which
is the irreversible collapse of cellulose fibers from
the swollen to the dehydrated state (Ding et al. 2019).
Therefore, stabilization can be related to the hydro-
philic nature of PG acting as a media and participat-
ing in the defibrillation, considering that the agglom-
eration of chains would be difficult to destroy during
the mix with a highly hydrophobic matrix (Canché-
Escamilla et al. 2002; Pandey et al. 2015).

Complementary morphological analysis was per-
formed using X-ray crystallography. Thus, Fig. 5
shows the diffractograms of fibrillation samples dur-
ing the different cycles. All samples exhibit specific
peaks and intensities related to cellulose type I from
10° to 35° using X-ray diffraction. It also shows three
common peaks of crystallographic planes defined at
(110), (110), and (200) (Poletto et al. 2014; French
2014). And the amorphous region was defined at
20 between 18 and 22° (Zuluaga et al. 2009; Poletto
et al. 2014; Ahvenainen et al. 2016). Furthermore, the
overlapping between 110 and 110 indicates that the
structure corresponds to cellulose I, which is a mix-
ture of celluloses Ia (triclinic) and If (monoclinic)
(Shankaran 2018). The crystallinity degree ranged
from 68 to 75%. These results are consistent with
reported values.

On the other hand, Sanchez-Salvador et al. (2021)
evaluated different nanofibrillation yields with five
pressure sequences (PS). After two wood-based pulps
(Eucalyptus and Pine) were pretreated, this mechani-
cal treatment was achieved using five PS in an aque-
ous solution. It started from less intensive to more

intensive high-pressure homogenization, with dif-
ferent quantities of passes or cycles. As a result, the
Eucalyptus and Pine fibers presented crystallinity
indexes of 72.7% and 78.3%, respectively (Sanchez-
Salvador et al. 2021), as obtained herein.

Nevertheless, some reports state that the number
of cycles causes decreases in the crystallinity index
due to the constant shear rate during the fibrilla-
tion process in water media (Sharma et al. 2015; He
et al. 2018). Hence, a slight depletion of the crystal-
linity index was observed as homogenization cycles
increased up to 21, in which crystallinity was 68%.
Still, according to Table 2, when vegetable cellu-
lose is homogenized in PG, no remarkable reduc-
tion of crystallinity with the number of cycles takes
place; this is an advantage for further applications of
nanocellulose.

Mechanical treatment, compared to water, did
not alter the crystal organizations notably due to the
lower polarity of PG (Wang et al. 2019), which could
prevent the hydrogen bonding from breaking and
which is linked to the amorphization of cellulose fib-
ers during homogenization processes. Furthermore,
the control sample presented an initial crystallinity
of 76.46%. Thus, PG provides OH groups that could
participate in hydrogen bonding interactions with
reactive OH groups, abundant on the CNF surfaces.

Moreover, PG is a bigger molecule compared to
water, with higher viscosity and lower dielectric con-
stant (Wang et al. 2019). These last characteristics
may influence the dispersion quality, which could
lead to preserving crystalline regions that act as lubri-
cants through OH interactions during the mechanical
process (Ozdemir and Nofar 2021).

Consequently, hydrogen bonds might be responsi-
ble for keeping the linear cellulose chains arranged in
sheets. At the same time, stacking the sheets into the

Table 2 Average

. Cycle Number % C 110 110 200
crystallinity percentages (%
C), interplanar distances d(nm) ACS(@mm) d(mm) ACS((mm) d(m) ACS (nm)
(d), and apparent crystal
size (ACS) were identified 1 7477 0.58 4.64 0.53 4.97 0.39 451
for i“o_rphdogé?a‘ . 3 7322 058  3.83 053  5.10 039 475
ana’ysis according to the 6 7272 058 479 053 488 039 450
homogenization cycle
12 71.81  0.58 4.96 0.53 5.27 0.39 436
15 71.67  0.58 5.55 0.53 427 0.39 4.26
18 72.65 0.58 445 0.53 479 0.39 4.41
21 68.45 0.58 5.04 0.53 4.44 0.39 4.29
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three-dimensional crystal structures of the cellulose
material involves hydrophobic interactions. There-
fore, it has been suggested that hydrophobic interac-
tions contribute favorably to stabilizing a crystal-like
stacked structure (Bergenstrahle et al. 2010; Olsson
and Westman 2013).

It is evidenced in Table 2 that the interplanar dis-
tances and apparent crystal size belonging to the three
reflections do not present significant changes. These
results also support the idea related to no substantial
changes in crystallite size occurring during the cycles
of mechanical treatment. Also, it has been previously
reported that the size of cellulose crystal is approxi-
mately 5 nm in width (Park et al. 2010), coherent with
the findings of Table 2 about the results of such value.

Further, the interplanar spacing (d-spacing) has
been attributed to crystallite size variations of CNFs.
Therefore, the d-spacing values found in this study for
the three crystallographic planes (110, 110, and 200)
are 0.58, 0.53, and 0.39 nm, which are close to the
reported values (Wada et al. 2001; Toelovich 2017).

Reported studies (Rambabu et al. 2016) that
applied a mechanical process indicate no significant
reduction in crystal size (around 4 nm), even after
increasing grinding passes from 0 to 12, as was also

evidenced in this study. Based on this, PG is a suit-
able, practical, and non-destructive route when the
original characteristics of the cellulose crystallinity
are required. It preserves the crystal size, interplanar
distances, and the mechanical cycles with an in situ
organic media fibrillation and dispersion process.

Moreover, the results of Table 2 show no impact of
the mechanical cycles in CMF and CNF ACS in the
presence of PG, likewise crystallinity and interplanar
distances did not evidence changes between cycles.
This performance is relevant given that the fibers’
intrinsic properties were not lost while the morpho-
logical dimensions decreased, thus contributing to
potentially better properties related to the nanoscale.
Hence, adding PG to the defibrillation process is a
suitable pathway for the non-water homogenization
process.

Chemical analysis

FTIR spectroscopy was also used to establish vari-
ations in the chemical structure of the cellulose fib-
ers resulting from the number of cycles. Results are
shown in Fig. 6.

Fig. 6 FTIR spectra for T
different cellulose cycles in :
PG of the control sample. :
1,3,6,12, 15, 18, and 21
cycles with their character-
istic vibrations

Transmittance

1C-0-C
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Moisture
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Native cellulose (control) had a broadened band
of the OH-stretching around 3650-3000 cm™! (cen-
tered in 3340 cm™!). This is evidenced in all spectra
of Fig. 6, given the OH group contribution in the cel-
lulose and the PG. The OH groups in both molecules
enabled the inter- and intramolecular hydrogen bond
formation. The vibration at 2890 cm_ly resulting
from the C—H stretching vibration, corresponds to the
hybridization of C,; in the methyl group of PG. And
the band with weak intensity centered at 1641 cm™!
is potentially related to the OH vibration of the
absorbed water.

Further, in all seven treatments, the band near
1050 cm™! corresponds to C—O-C at the pyra-
nose ring of cellulose (Cichosz and Masek 2020).
The bands at 1429, 1314, 1203, and 1162 cm_', as
reported by similar values, are characteristic of C-H,
C-O deformation, bending, or stretching vibrations of
many groups in carbohydrates (Poletto et al. 2014).

The 896 cm™! band in the spectra corresponds
to P-glycosidic links between the glucose units
of cellulose, as has been reported (Benini et al.
2018). Whereas the band centered between 667 and
558 cm~! corresponds to CH deformation and OH
out-of-plane bending (Li and Renneckar 2011).

The seven spectra did not show appreciable
changes in FTIR spectra throughout the progres-
sive cycles (Velasquez-Cock et al. 2016). Accord-
ingly, the mechanical stress does not affect the cel-
lulose’s chemical conformation, which is probably
only disaggregated through intermolecular bonding
ruptures.

Moreover, the intensity of the OH characteris-
tic band located at 3340 cm™!, useful for identifying
changes in the intermolecular interactions, did not
show substantial changes (Persson et al. 1991). This
behavior could also be due to the presence of native
OH groups of the cellulose.

The band located at 1030 cm™' has been related
to hemicellulose, ligneous structures, and cellulose
I (Zuluaga et al. 2009; Velasquez-Cock et al. 2016).
Hence, the presence of this band (centered at 1050
cm') confirms the presence of cellulose type I.

Furthermore, in the fingerprint region, the bands
between 900 and 800 cm™! help to identify the o and
configuration of anomeric carbon. Hence, it has been
reported that cellulose with 1,4-f-D-glucopyranose,
as a building block with a B anomeric carbon

@ Springer

configuration, shows a band of around 890 cm™! con-
firming the existence of f configuration (Hong et al.
2021).

It has also been reported that the ratio between the
710/3240 and 750/3270 cm™' bands are typical of
cellulose crystalline allomorphs: I, and I, (Sturcova
et al. 2004; Horikawa and Sugiyama 2009; Osorio
et al. 2019) The ratio of the two phases critically
depends on the cellulose origin (Heiner et al. 1995).
Hence, the absorbance’s integral area related to the
bands at 710 and 750 cm™! was calculated. The mean
area of 710 cm~! bands for 1 to 21 cycles concern-
ing the predominant I allomorph was 0.9718 with a
standard deviation of 0.0721. This result supports the
XRD findings, where no changes in the nanocellu-
lose’s crystallinity or its crystal type were evidenced
along with the fibrillation cycles.

To summarize, the fibrillation in the presence of
PG and its effect, once it has been evaporated, does
not impact the p anomeric carbon configuration of
cellulose, even if the number of cycles increases.
Further, it can be stated that, in a fresh sample, the
abundant OH groups in the hydrophilic PG will form
hydrogen bonds through inter- and intra-molecular
interactions across the fibers interface, as proposed in
Fig. 7. However, once removed, the chemical confor-
mation of cellulose is kept.

Thermal analysis

The thermal degradation of the control sample and
the homogenized nanocellulose in PG as solid films is
illustrated in Fig. 8.

Figure 8A shows that all samples had a similar
behavior characterized by two thermal events based
on the non-processed sample (control). The PG ther-
mogram is shown in Figure S2. The first weight-loss
event is below 100 °C and relates to moisture release.
And the main thermal event presented at 225 °C
relates to hemicelluloses depolymerization over-
lapped with cellulose decomposition at 350 °C in the
maximum rate of decomposition (Poletto et al. 2012;
Velasquez-Cock et al. 2016; Nurazzi et al. 2021).
Therefore, the results suggest that the number of
mechanical cycles does not affect the thermal prop-
erties of materials in the dried state, confirming the
stabilizing effect of PG.
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Shear flow properties

Figure 9A shows a shear-thinning behavior of CNF
suspensions. Interestingly, as the homogenization
cycles increased, the initial viscosity was higher, fol-
lowed by a decreasing behavior in all cycles, which
has a similar viscosity profile as reported in the lit-
erature (Nechyporchuk et al. 2016). The shear-thin-
ning behavior was also verified through the Power
Law Equation, confirming an n<1 (pseudoplastic)
(Sheng 2011) for all the cycles (See supplementary
information, Table S1). This is related to the surface

area growth followed by increased interactions among
hydrogen bonds. Subsequently, the viscosity in every
cycle decreased as the shear rate increased due to the
microscale structural rearrangements within the sus-
pension with glycol (Wang et al. 2019).

Furthermore, the shear flow performance can
be useful for studying the degree of fibrillation. For
example, Herrick et al. (1983) and Griineberger et al.
(2014) analyzed the viscosity of CNFs obtained
through mechanical fibrillation, finding an increase
in viscosity as the number of passes or cycles in the
homogenizer and grinder rose, respectively.

Fig. 10 The visual appearance of fibrillated cellulose in PG. A 1 cycle, B 3 cycles, C 6 cycles, D 12 cycles, E 15 cycles, F 18

cycles, and G 21 cycles
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As detected in the morphology characterization,
there was a decrease in the fiber’s diameter, especially
from 3 to 12 cycles (from 15 to 21 cycles, the diam-
eter was not significantly reduced), which may affect
the viscosity. For all the cycle samples, the decreasing
viscosity phenomenon with the shear rate relates to
the growing disentanglement of fibers in the suspen-
sion during the mechanical process and the humec-
tation with PG, causing a shear-induced structure
(Wang et al. 2019). Herein, in Fig. 7A the flow behav-
ior in the lower shear region (below 10 s~!) is remark-
ably different. In contrast, in the shear region upper
100 s, the viscosity’s trend for the seven treatments
(cycles) starts to come close to each other.

As indicated by TEM and AFM measurements, the
CMF and CNF diameter were significantly reduced
as the number of mechanical cycles increased. This
behavior also affected the rheological performance.
Thus, with the progressive homogenization of veg-
etable cellulose, the surface charge of the fibrils was
improved. This increased fiber area, and contact
points were available to entrap the PG surrounding
media. The combination of immobilized PG on the
cellulose surface and PG in the interfibrillar spac-
ing produces fibrillar matrices with a gel-like behav-
ior (Ang et al. 2019), whose apparent thickening
increases as the number of cycles rises. Hence, the
information found through the rheological analysis
was visually confirmed (Fig. 10), where phase separa-
tion is evidenced in the first cycles due to the major
presence of CMFs and the lack of homogenized fib-
ers (Nechyporchuk et al. 2016). At upper cycles, there
is an apparent increase in the initial viscosity and no
evidence of phase separation. The above is congruent
with what was found in the viscosity performance.

Conclusions

In this study, the high-pressure homogenization with
PG treatment influenced the diameter of vegetal cel-
lulose fibers. However, it has been widely reported
that mechanically derived nanocellulose is still chal-
lenging to process and characterize. The mechanical
processes did not significantly change the crystallinity
of the samples, and it preserved features such as the
apparent crystal size and the interplanar spacing due
to the PG-cellulose hydrogen bonding interactions.

Furthermore, the chemical composition of the
CMFs and CNFs, according to the spectroscopy
analysis, exposed to different grinding cycles, did not
present changes. Moreover, the effect of the mechani-
cal homogenization in the fibers’ diameters was evi-
denced by the subsequent study of rheological behav-
ior, showing a shear-thinning behavior with PG as a
non-toxic water-free media, as previously reported in
aqueous media. Therefore, mechanical methods for
cellulose fibrillation, compared to functionalization
or solvent exchange, present interesting advantages
as they do not require complex conditions and do
not cause pollution problems, making them easier to
industrialize. Further, high-pressure homogenization
is also environmentally friendly, compared to chemi-
cal treatment techniques, while preserving the most
important properties of cellulose micro-/nanofibers
and avoiding implementing toxic solvents. Then, this
study proposes a route for the processing and sustain-
able obtention of CMFs and CNFs simultaneously
dispersed in a water-free media as potential reinforc-
ing materials, which may even be compatible with the
widely employed less-hydrophilic matrices.
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