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ABSTRACT: Cellulose nanocrystals (CNCs) and nanofibrils (CNFs) are
sustainable candidates for designing nanocomposites and all-nanocellulose systems
for a myriad of advanced applications, such as protective coatings, packaging
materials, and hydrogels. The role of nanocellulose in such different applications is
mainly determined by its morphological and physicochemical properties. Although ~or Zeta  (Rasiqual lonizable
these properties have been studied at length by a consistent and growing number </ potential “ignin groups
of publications, there is still a lack of a comprehensive study of the relationships g > 25 Yields /Color Morphology
between structure, properties, and functions of different nanocelluloses. Here, we 4 or W%"
thoroughly investigated the combined effect of distinct production methods and H,S0,  TEMPO property relationships
anatomical origins of non-wood cellulose on the structure—property relationships

of CNCs and CNFs. These nanoparticles were obtained by the most established production approaches, that is, sulfuric acid
hydrolysis or TEMPO-mediated oxidation/fibrillation of elephant grass leaves or stems, that is, two different parts of a unique
biosource. We were able to prepare CNCs and CNFs with modulated morphological features and degrees of polymerization, which
implied major effects on the mechanical and rheological behaviors of nanocellulose films and dispersions, respectively. Additionally,
tailoring lignin and ionizable group contents as well as the color, transparency, and stability of nanocellulose dispersions could
provide important implications for the shelf life of nanocellulose formulations, as well as for their application as nanocomposite
additives with UV-protection and antioxidant abilities. Therefore, the assembly of results presented here can work as a tool to guide
decision-making for both (1) the selection of methods and/or plant anatomical parts to produce nanocelluloses with tailored
properties and (2) the prospects of combining different cellulose nanostructures to design advanced materials.
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B INTRODUCTION

Cellulose nanocrystals (CNCs) and nanofibrils (CNFs) the_ preferential cleavase asnd degradati-on of the amorph01_1s
extracted from lignocellulosic biomasses gather industrial and regions of ceuulc’)se chains.” The canonical process by sulfuric
scientific relevance due to their high amenability for surface- acid hydrolysts introduces sulfate half-ester gr<7)ups onto the
functionalization, flexibility, durability, uniformity, and great CNC surface.” Alternatively, hydrochloric acid,” hydrobromic
mechanical strength performance.’ These enhanced properties acid,® formic acid,” phosphoric acid,'’ and mixtures of citric/

the most conventional method to produce CNCs,” comprises

are intrinsically related to cell wall and cellulose biosyntheses.
The multistep biosynthetic process dictates the crystallinity,
aspect ratio, and morphology of cellulose microfibrils, which
are then expected to alter the characteristics of the produced
nanocelluloses and their role in different applications.”’

‘While both CNCs and CNFs have diameters in the range of
3—20 nm, CNCs have an average length of 50—500 nm,
presenting needle-shaped morphology, with an aspect ratio
usually between ~S and 50, high crystallinity, and rigid
structure. CNFs, on the other hand, are elongated fibrils with
an average length between 500 nm and 2 pm. Therefore, they
usually have an aspect ratio higher than 100 and are flexible
nanostructures, containing both amorphous and crystalline
domains.”*

Nanocrystals and nanofibrils can be prepared by chemical,
mechanical, or chemomechanical processes. Acid hydrolysis,

© 2021 American Chemical Society
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hydrochloric acids'' yield CNCs with different function-
alities—from minimal surface charge with HCl, HBr, and
CH,0,, to phosphate and carboxylate-rich surfaces using
H,;PO, or C4HgO,/HC], respectively.

In contrast, TEMPO-mediated oxidation, followed by
mechanical fibrillation has been introduced as an acid-free
methodology to prepare CNCs'*>"? and is, in fact, the current
trend to produce CNFs. By oxidation, C6-primary hydroxyls
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are regioselectively converted into carboxylate groups,
increasing electrostatic repulsion and favoring the fibrillation
of cellulose during the subsequent mechanical step.”*
Alternatively, CNFs can also be obtained by successive
cellulose refining, followed by enzymatic hydrolysis and
mechanical fibrillation or homogenization,'* by cellulose
carboxymethylation'® or quaternization,'® followed by homog-
enization/microfluidization, and even by unusual methods,
such as fibrillation induced by the crystallization of salts
(sodium and magnesium sulfates) inside the cellulose fiber
matrix."”

Regarding the two most commonly used methods to prepare
CNCs and CNFs, namely, sulfuric acid hydrolysis and
TEMPO-mediated oxidation, different properties of sulfated
and carboxylated nanocelluloses have been previously
compared. For instance, the presence of chirality as well as
variation in particle surface chemistry, dimensions, and
morphology were reported for wood versus bacterial
CNCs."® Similar morphology was identified for sulfated and
carboxylated CNCs extracted by acid hydrolysis from Juncus
plant stems,'" while CNCs and CNFs obtained, respectively,
by sulfuric acid hydrolysis of microcrystalline cellulose and
mechanical shearing of softwood pulp presented different
particle lengths and rheological properties.'” However, no
comprehensive study has so far encompassed the simultaneous
production and characterization of CNFs and CNCs using
both the most established production methods on a single
biomass resource.

Different production approaches result in different proper-
ties of paramount importance for the application of nano-
celluloses, establishing a consistent structure—property-func-
tion relationship. For instance, characteristics such as length,
aspect ratio, crystallinity, and degree of polymerization
influence the optical transmittance, tensile strength, and
oxygen-barrier properties of CNF films and coatings.”’ In
turn, the CNC surface charge and zeta potential, as well as the
presence of residual lignin in CNFs, affect the cagacity of these
nanostructures to stabilize Pickering emulsions.”"** Addition-
ally, lignin-containing CNFs are outstandin% nanocomposite
nanofillers with UV—shielding,23 antioxidant,”* and viscosity-
modulating properties.”**°

The present work reports the concomitant production of
CNFs and CNCs from elephant grass (Pennisetum purpureum)
using two pathways: sulfuric acid hydrolysis and TEMPO-
oxidation, followed by sonication. This perennial forage crop,
found as agricultural surplus or waste, contains a high
concentration of cellulose (more than 30 wt %) in both leaves
and stems,”” which were separately converted into cellulose
nanostructures. Thus, in addition to addressing the effect of
production methods, this study also provided innovative
insights into the role of plant anatomical origins in CNC
and CNF features. Here, different nanoparticle characteristics
were assessed via chemical and morphological analysis, as well
as colloidal stability assays, rheological measurements, and
mechanical tensile testing of nanocellulose films. Concurrently,
the anatomical origins of cellulose and the different production
methods influenced nanoparticle yields, lengths, degree of
polymerization, and rheological behavior. In turn, the
preparation method alone had a major contribution in
determining the lignin and ionizable group contents, as well
as the color and stability of nanocellulose dispersions. This
systematic assembly of results sheds light on the contribution
of the most established production methods and other

ancillary factors, such as anatomical origin, in tailoring crucial
properties of nanocelluloses. Combining leaf and stem CNFs
to produce thin films was proven to increase tensile strength
and stiffness as compared to single-component films. There-
fore, controlling nanocellulose structural features by imple-
menting different production methods on different parts of
lignocellulosic precursors could be a handy strategy for
designing sustainable building blocks for a wvariety of
applications, including nanocomposites,”*® all-nanocellulose
thin films,”’ coatings,30 lightweight 3D networks,”’ and other
advanced materials.

B EXPERIMENTAL SECTION

Biomass Pretreatments and Chemical Composition. Ele-
phant grass, also known as Napier or Uganda grass, was kindly
supplied by the Institute of Animal Science (Instituto de Zootecnia-
SP, Nova Odessa, Brazil). Plants were harvested after one year of
planting, separated into leaves and stems, oven dried at 60 °C for 24
h, and knife milled through a 10 mesh sieve. Then, the biomass
underwent a sequential two-step acid—alkaline pretreatment with
diluted H,SO, and NaOH by following previous reports®>** with
minor modifications. This process was conducted to isolate a
cellulose-enriched substrate prone to be converted into nano-
celluloses. Extractives, ash, structural carbohydrates, soluble and
insoluble lignin in untreated (in natura) and pretreated biomass were
quantified according to standard protocols.”* Refer to Supporting
Information (SI) for the complete list of reactants and detailed
pretreatment procedures and characterization of in natura and
pretreated biomass (Table S1, Figures S1 and S2).

Acid Hydrolysis. The milled cellulose-enriched substrate from
leaves or stems was hydrolyzed with 60 wt % H,SO, at 45 = S °C
under constant mechanical stirring for 40 min, accordin§ to a
methodology previously described for elephant grass leaves®” with
modifications. Acid-hydrolyzed CNCs (AH-CNCs) and nanofibrils
(AH-CNFs) were recovered in different fractions of a single
production process consisting of multiple steps (hydrolysis,
quenching with iced water, and successive centrifugation). Water-
dispersed AH-CNCs were obtained from the hydrolysis of the
supernatant after washing steps by centrifugation, while AH-CNFs
were recovered as a slurry from the pellet remaining after
centrifugation. The experimental details are provided in Supporting
Information.

TEMPO-Mediated Oxidation, Followed by Sonication.
TEMPO-mediated oxidation of the milled cellulose-enriched
substrate from leaves or stems was performed with adjustments to
previous methodologies.lz'ls’35 In brief, each gram of the substrate
was oxidized in water with 60 mmol of NaClO, 0.1 mmol of TEMPO,
and 1 mmol of NaBr. After homogenization, the conversion of
oxidized cellulose into TEMPO-oxidized CNFs (TO-CNFs) was
conducted via probe-sonication for 30 min. Dilution and further
sonication for another 30 min yielded TEMPO-oxidized CNCs (TO-
CNCs). The experimental details are provided in Supporting
Information.

Nanocellulose Characterization: Morphology, Crystallinity,
Degree of Polymerization, Lignin Content, Surface Chemistry,
Colloidal Stability, and Rheological Properties. The average
diameter and length of CNCs and CNFs, as well as their particle
morphology, were assessed by transmission electron (TEM) and
atomic force (AFM) microscopies. The cellulose crystallinity index
(Crl) was estimated using X-ray diffractometry (XRD) analysis.>® The
average degree of polymerization (DP,) was estimated by a
viscosimetric method using bis(ethylenediamine)copper(Il) hydrox-
ide (CED) as solvent.’”*® The content of residual lignin in
nanocelluloses was determined using the acetyl bromide soluble
lignin (ABSL) method.>® Light transmittance spectra of nanocellulose
aqueous dispersions were assessed by ultraviolet—visible (UV—Vis)
spectroscopy. Ionizable groups on the CNC and CNF surfaces were
determined by conductometric titration assays adapted from
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published methods.**~*' Zeta potentials were measured in a broad
range of pH values (1—13). Dispersion flow curves (shear viscosity)
and dynamic shear properties (storage modulus G’ and loss modulus
G”) were measured by using a modular advanced rheometer system.
The detailed procedures are presented in Supporting Information.

Tensile Properties of Self-Standing TO-CNF Films. Films
containing TO-CNFs from leaves (L), stems (S), or combinations of
both (LS) were prepared via solvent casting according to the
formulations listed in Table 1.

Table 1. TO-CNF Film Composition on a Dry Basis

TO-CNFs from TO-CNFs from
film leaves/wt % stems/wt %
L-TO-CNF 100 0
S-TO-CNF 0 100
LS-TO-CNF 1:1 NV 50
LS-TO-CNF 2:1 67 33
LS-TO-CNF 3:1 75 25

The tensile properties of self-standing films were tested as
described in Supporting Information.

B RESULTS AND DISCUSSION

Influence of Cellulose Anatomical Origin and
Production Methods on the Lignin Content, Crystal-
linity, and Conversion Yields of Nanocelluloses. The
main treatments performed in this study are schematically
summarized and shown in Figure 1. The leaves and stems of
elephant grass were equally pretreated via a sequential acid—
alkaline process (Figure 1B). This procedure increased the
cellulose content in the substrates from 32 and 36% to up to 80
wt % (Table S1). The chemical composition of the pretreated
leaves and stems was, respectively, cellulose (81 + 2 and 76.6
+ 0.2 wt %), hemicellulose (4.0 + 0.3 and 3.1 + 0.1 wt %),
lignin (7.7 + 0.4 and 12 + 1 wt %), ash (0.8 + 0.3 and 0.5 +
0.1 wt %), and extractives (8.2 + 0.1 and 6.3 + 0.3 wt %).
Hemicellulose and lignin removal imparted a lighter color to
the lignocellulosic biomass and a morphology formed by

thinner particles (Figures 1 and S1). The extraction of these
components contributes to overcome biomass recalcitrance,
favoring the deconstruction and defibrillation of the plant cell
wall.’** As shown in Figure S2, the pretreatments enhanced
the fiber fragmentation and surface micrometric texture, which
can promote the accessibility toward cellulose microfibrils and
likely improve nanocellulose production from cellulose-
enriched substrates."**

The cellulose-enriched substrates were converted into
nanocelluloses through two different routes: (1) acid
hydrolysis and (2) TEMPO-oxidation, followed by sonication.
In addition to AH-CNCs, AH-CNFs were recovered as
precipitated, partially hydrolyzed coproducts of the sulfuric
acid hydrolysis (Figure 1C) with yields up to 37% (Table 2).
Because this method is the most conventional and scalable
approach to obtain CNCs," valorizing process residues such as
precipitated nanofibrils would be strongly beneficial to
promote the integral use of lignocellulosic resources.”> On
the other hand, TEMPO-oxidation/sonication (Figure 1D)
yielded both TO-CNFs and TO-CNCs by simply changing the
sonication time. This method has been explored as an acid-free
alternative to produce both nanofibrils and nanocrystals by
varying oxidation severity'> and/or sonication times."> Zhou et
al.”” showed that cavitation for 30 min resulted in long
nanoelements with or without kinks, while 60 and 120 min
sonication yielded needle-like nanocrystals with equally high
carboxylate contents. Therefore, while fibrillating microfibril
bundles, this time-dependent procedure probably promotes
the perpendicular cleavage of individualized oxidized micro-
fibrils first into flexible nanofibrils and then into rigid rodlike
nanocrystals.'> One of its main advantages is the absence of
energy-consuming mechanical steps after oxidation (e.g.,
microfluidic homogenization, grinding, or refining) once
fibrillation is achieved by simple and cost-effective probe-
sonication. Both acid hydrolysis and TEMPO-oxidation are
particularly suitable for the conversion of grass biomasses, such
as elephant grass32 or sugarcane bagasse,12 into nanostructures.
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Figure 1. Depiction of the processing methods used to obtain CNCs and CNFs. (A) Elephant grass leaves and stems are composed mainly of
cellulose, hemicellulose, and lignin. (B) After an acid pretreatment with diluted H,SO,, followed by an alkaline step with diluted NaOH, most of
hemicellulose and lignin were removed, resulting in cellulose-enriched substrates. (C) Pretreated substrates from leaves or stems underwent
hydrolysis with concentrated H,SO, so that AH-CNCs could be obtained as a turbid supernatant after centrifugation/rinsing cycles with water, and
AH-CNFs were recovered as the precipitate remaining after centrifugation. (D) Alternatively, cellulose-enriched substrates underwent TEMPO-
mediated oxidation, followed by centrifugation/rinsing steps (omitted) and sonication for 30 min, yielding TO-CNFs, or 60 min, yielding TO-

CNCs dispersed in water.
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Table 2. Conversion Yields of CNCs and CNFs Produced Using Different Methods and Plant Anatomical Parts®

nanocellulose method source plant part yield/% refs
CNCs acid hydrolysis elephant grass leaves 70 £2 b
TEMPO/sonication elephant grass leaves 65 £2 b
acid hydrolysis elephant grass stems 28 +2 b
TEMPO/sonication elephant grass stems 72+ 3 b

acid hydrolysis elephant grass leaves S3+£2 32

acid hydrolysis eucalyptus pulp trunks (stems) 75.6 56

TEMPO/sonication microcrystalline cellulose - 70.0 13

acid hydrolysis African grass (Diss) stems 8-9 54

TEMPO/sonication softwood kraft pulp trunks (stems) 94 13

acid hydrolysis cotton pulp flower 64 + 1 33

TEMPO/sonication sugarcane bagasse 59 12

TEMPO/sonication oil palm biomass fruit bunch 93.0 57
CNFs acid hydrolysis elephant grass leaves 22 +4 b
TEMPO/sonication elephant grass leaves 65 +£2 b
acid hydrolysis elephant grass stems 37 +£2 b
TEMPO/sonication elephant grass stems 72 £3 b

acid hydrolysis elephant grass leaves 26 +£9 32

TEMPQO/sonication sugarcane bagasse 94 12

TEMPO/sonication sugarcane bagasse 57 12

TEMPQO/sonication oil palm biomass fruit bunch 99 57

“Yields are relative to pre-hydrolysis or pre-oxidation substrate weight. “Yields obtained in the present work.

AH-CNCs  TO-CNCs

Residual lignin/%
o

0-
Substrate

~ [Leaves
] stems

AH-CNCs TO-CNCs

Samples

AH-CNFs  TO-CNFs

801J
754
704

AH-CNCs

TO-CNCs 65

60

Crystallinity index/%

55+

50+
. Substrate
AH-CNFs  TO-CNFs

[ Leaves
] stems

AH-CNCs TO-CNCs

Samples

AH-CNFs  TO-CNFs

Figure 2. Photographs under visible light of aqueous dispersions of nanocelluloses obtained from (A—D) leaves and (E—H) stems of elephant
grass. (I) Residual lignin content and (J) crystallinity index of cellulose-enriched substrates, CNCs, and CNFs.

As shown in Figure 2A—H, aqueous dispersions of AH-
CNCs, as well as TO-CNCs and TO-CNFs, presented similar
transparency/translucency and light coloration. Light trans-
mittance in the visible range (at 600 nm) varied from ca. 90%
in TO-CNCs to 69—76% in AH-CNCs and 65—68% in TO-
CNFs (Figure S3 and Table S2). Fukuzumi et al.”’ reported
light transmittances >80% at 600 nm for more diluted TO-
CNF/water dispersions [0.15% (w/v) there vs 0.5% (w/v)
here]. The decreased transmittance of AH-CNCs can be
attributed to the presence of large aggregates, including
entangled cellulosic structures and perhaps precipitated
fragments of lignin. Likewise, the semitransparent aspect of

10508

the TO-CNF dispersion can be associated with the presence of
long fibrils and entangled networks larger than 400 nm. In
contrast, systems containing leaf and stem AH-CNFs were
opaque with low-light transmittance (<10%) and had a light
brown and dark brown color, respectively. The difference in
the visual aspects could be associated with the presence of
different contents of residual lignin and should be considered
in the final applications of these nanostructures, for example, in
nanocomposite coatings or electronic devices, when color and
transparency matter.

AH-CNFs were purified only to eliminate excess acid
species, oligomers, glucose, and soluble degradation products.

https://doi.org/10.1021/acsanm.1c02008
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Figure 3. AFM topography micrographs of (A,B) AH-CNCs and (C,D) TO-CNCs produced from elephant grass leaves and stems. The white
arrows in (A,B) indicate defects in AH-CNCs. The blue arrows in (D) indicate kinks in TO-CNCs. Size distribution histograms of the diameter
and length calculated from AFM height images of (E—H) AH-CNCs and (I—L) TO-CNCs. At least 150 nanoparticles were measured in 4 different

images per sample.
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Therefore, they contained 14 + 1 and 26 + 4 wt % of residual
lignin, respectively, in leaf and stem AH-CNFs (Figure 2I).
Lignin percentages increased in these samples compared to
their precursor substrates, though the absolute content of
lignin decreased. Considering the nanocellulose production
yields reported in Table 2, the lignin content decreased from 8
to 12 g in 100 g of starting cellulose-enriched substrates to 3—
10 g in the prepared AH-CNFs. Such remaining aromatic
macromolecules are likely condensed structures with high
molecular weight, thus constituting recalcitrant lignin—
carbohydrate complexes.”® Negligible residual lignin contents
could be achieved by performing more severe purification
procedures prior to nanocellulose production, including harsh
delignification (higher concentration, temperature, and time)*’
and/or multiple bleaching steps.'” However, the preparation of
lignin-containing CNFs is an advantageous rising trend
because the presence of residual lignin can enhance CNF
thermal and interfacial behavior,* also providing additional
properties, such as UV-absorption,” antioxidant, and anti-
microbial abilities*® to nanocomposites and other advanced
materials.

The amorphous nature of lignin likely contributed to the
lower Crl of lignin-containing AH-CNFs when compared to
the substrates and other nanocellulose samples (Figure 2J).
While the sequential acid—alkaline pretreatment increased the
crystallinity of leaves and stems from 53 and 63 to 71 and 72%,
respectively (Figure S4), AH-CNFs presented a Crl as small as
56%. In turn, AH-CNCs presented the highest crystallinity of
up to 76% and less than 5% of residual lignin. An equivalent
Crl (76%) was previously reported for AH-CNCs extracted
from the same biomass.”” This result is also in accordance with
the acid hydrolysis process used to prepare these samples,
which separated the most crystalline fractions (AH-CNCs)
from the less crystalline fractions (AH-CNFs). Furthermore,
regardless of the production method or the plant anatomical
origin, CNCs showed greater crystallinity than CNFs.

TO-CNFs presented a CrI of 64—67%, which was also lower
than the crystallinity of the original cellulose-enriched
substrates. Daicho et al.*® reported a reduction in the Crl of
TEMPO-oxidized softwood dissolving pulp from 48 to 22%
after wet disintegration into TO-CNFs. This phenomenon was
attributed to the increase in the specific surface area and the
conformational changes of partly crystalline surfaces to
noncrystalline surfaces when fibrils are cleaved longitudinally,
detached, and then dispersed as TO-CNFs.* Differently, for
TO-CNCs, the Crl increased to ca. 70%, as previously
observed for wheat straw cellulose, whose crystallinity
increased from 66 to 79% with sonication.’® In this case,
further cavitation, with increasing local system temperature
and pressure, probably promoted the preferential cleavage and
degradation of amorphous cellulose regions while causing only
little damage to the crystalline regions.”’ Therefore, the
contribution of lignin to the decrease in crystallinity was
negligible for these samples.

TO-CNFs and TO-CNCs presented ca. 3.5% of residual
lignin on a dry weight basis, while TEMPO-oxidized wood
pulps usually contain very low amounts of residual lignin (less
than 1%).>” The relatively high lignin concentration in the
nanocelluloses produced from elephant grass can be attributed
to the effects of the mild pretreatments performed, as well as to
the types and contents of lignin that remained in the cellulose-
enriched substrates after such pretreatments.

Table 2 shows the conversion yields on a dry weight basis
for all the samples studied here and the comparison of these
yields with those of different studies in which cellulose-
enriched substrates were converted into cellulose nanostruc-
tures. The hydrolysis of pretreated leaves yielded 70 + 2% of
AH-CNCs and 22 + 4% of coproduced AH-CNFs. These
yields were comparable to values reported for the same
biomass under similar pretreatment and hydrolysis condi-
tions>> as well as for processed pulps under optimized
conditions of concentration and reaction time during sulfuric
acid hydrolysis.>®> For stems, the hydrolysis efficiency of the
conversion into AH-CNCs and AH-CNFs was lower (28 + 2
and 37 + 2%, respectively), indicating the occurrence of
incomplete hydrolysis. Luzi et al.”* also reported low reaction
efficiency (8.7%) for the sulfuric acid hydrolysis of Diss
(Amplodesmos mauritanicus) stems into CNCs. These results
suggest that stems are more recalcitrant than leaves and
indicate that increasing the severity of stem hydrolysis
conditions (temperature, time, or acid concentration) could
improve the yields.

Additionally, 65 + 2% of the cellulose-enriched substrate
from leaves and 72 + 3% from stems were recovered as TO-
CNFs after 30 min of sonication and then as TO-CNCs after
60 min of sonication. These weight recovery ratios were
comparable to values reported for nanocelluloses produced
from microcrystalline cellulose'® and sugarcane bagasse
oxidized with high concentrations of the oxidizing agent.'”
Nevertheless, the results obtained here were lower than values
reported for various biomasses under milder oxidation,">"?
whose recovery yields exceeded 90%.

Weight losses during TO-CNC and TO-CNF production
can be attributed to the removal of lignin, hemicellulose, and
amorphous cellulose as water-soluble fractions.”>** In fact,
Pinto et al.'* and Okita et al.”> showed that increasing the
severity of TEMPO-mediated oxidation reduced the recovery
ratios. Herein, the concentration of the oxidizing agent, 60
mmol g, was higher than the condition usually reported in
the literature, S mmol g~'.* The experimental trials indicated
that low NaClO concentration was not suflicient to promote
efficient fibrillation of elephant grass by sonication after just a
mild dilute acid—alkaline pretreatment. Relatively high residual
lignin content prompted the demand for a harsh oxidation
procedure. This grass is not particularly recalcitrant compared
to wood biomasses but has greater recalcitrance than processed
biomasses such as sugarcane bagasse, which could be
effectively fibrillated by sonication after oxidation with S50
mmol g~' sodium hypochlorite.'”

Influence of the Cellulose Anatomical Origin and
Production Methods on Nanocellulose Morphology.
AH-CNCs and TO-CNCs presented typical nanocrystal
morphology, with a rodlike shape, as shown by AFM and
TEM micrographs (Figures 3A—D and S5). In needle-shaped
AH-CNCs, there were sharp, narrower extremities, as well as
apparent defects along the longitudinal direction. These
irregularities could be attributed to the former amorphous
zones transversely degraded and cleaved during acid
hydrolysis.” TO-CNCs, on the other hand, presented smoother
laterals, despite the presence of some defects and small kinks.
These twists and kinks were remaining amorphous zones,*
whose presence likely contributed to the lower Crl of TO-
CNCs (69—71%) when compared to AH-CNCs (75-76%,
Figure 2J).
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images per sample.

All CNCs presented skewed size distributions in the
nanoscale (Figure 3E—L). The average diameters of AH-
CNCs, 3 + 1 nm, and TO-CNCs, 4 + 1 nm, were virtually
equivalent and correspond to the crystallite diameter of the
cellulose elementary fibril in vascular plants, such as grasses.
The cross-sectional width of the fibril is estimated as 2—3 nm
or less than 36 cellulose chains.”®

Average lengths, contrariwise, depended on the plant
anatomical part from which cellulose was extracted. Independ-
ent of the production method, CNCs from stems were
significantly longer than CNCs from leaves. The size
distribution of the latter was skewed for lengths shorter than
200 nm (Figures 3F,] and SS), while the opposite was verified
for CNCs from stems (Figure 3H,L). The dimensions of leaf
CNCs were comparable to the lengths of AH-CNCs extracted
from elephant grass leaves, 167 + 45 nm,>* and TO-CNCs
produced from sugarcane bagasse, 159 + 71 nm."” Sulfated
and carboxylated CNCs extracted from Juncus plant stems also
presented large average lengths of 431 + 94 and 352 + 79 nm,
respectively.'’

Accordingly, the aspect ratio (L/D, length-to-diameter ratio)
of stem CNCs was significantly greater than that of leaf CNCs.
For AH-CNCs, the aspect ratio depends on the cellulose
source and, mainly, on the conditions and severity of the
hydrolysis performed.® Considering the single hydrolysis
condition used here, the results presented so far evidenced
that the cellulose anatomical origin played an important role in
determining the morphological features of both AH-CNCs and
TO-CNCs.

Concerning the production of nanofibrils, the anatomical
origin of cellulose proved to be more important when
TEMPO-mediated oxidation/sonication was used than when
CNFs were obtained by acid hydrolysis. AH-CNFs obtained
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from leaves or stems showed elongated morphology, forming
nanofibrillated networks, as shown in Figure 4AB. Their
average diameter was estimated as ca. 8 nm, with a diffuse
skewed distribution (Figure 4C,E). There was a tendency of
predominant lengths greater than 1.2 ym for stem AH-CNFs
and the opposite for leaf AH-CNFs (Figure 4D,F), but the
averages were virtually equivalent. In addition, the difference in
the aspect ratio of these two samples was not statistically
significant.

Differently, the average length of stem TO-CNFs (Figure
SH) was significantly larger than that of leaf TO-CNFs (Figure
SF). Cellulose biosynthesis in leaves, which are largely
occupied by mesophyll cells, that is, thin-walled parenchymatic
tissues,” contributed to the production of shorter, straighter,
and randomly entangled TO-CNFs (Figure SA,C). Stems, on
the other hand, grow from the elongation of individual cells,®°
generating more elongated and curled morphology in TO-
CNFs (Figure SB,D), with common lengths greater than 1 ym
(Figures SH and S6). The hierarchical biosynthetic pathway
during elongation does not influence the fibril diameter, which
remains constant, ranging from 2 to 20 nm depending on the
cellulose source.”® Accordingly, the diameters of TO-CNFs
from leaves and stems were virtually equivalent (Figure SE,G),
and the aspect ratios of TO-CNFs from stems were greater
than those from leaves, as previously observed for CNCs.

Influence of the Anatomical Origin and Production
Methods on Chemical Properties, Colloidal Stability,
and Rheology of Nanocelluloses. The anatomical origin
also had a remarkable effect on the degree of polymerization of
the produced nanocelluloses. The initial DP, values of
cellulose-enriched substrates from leaves and stems were 920
+ 10 and 1020 =+ 6, respectively. As shown in Figure 6A, leaf

https://doi.org/10.1021/acsanm.1c02008
ACS Appl. Nano Mater. 2021, 4, 10505—10518


https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02008/suppl_file/an1c02008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02008/suppl_file/an1c02008_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Leaves Leaves
o0 E 60

@ 4+1nm @ 40 0.6+0.3um
540 *g

o

PN S 20 L/D

140 £ 60
0

Q
0 2 4 6 8 10 0.0 0.8 1.6 24
Diameter/nm Length/um

0.8 1.6

Diameter/nm Length/um

Figure 5. (A,B) TEM and (C,D) AFM micrographs of TO-CNFs from leaves and stems. Size distribution histograms of the diameter and length
calculated from AFM height images of TO-CNFs from (E,F) leaves and (G,H) stems. At least 150 nanoparticles were measured in 4 different

images per sample.

CNCs presented a DP, of about 100, and stem CNCs showed
a DP, of up to 200, independent of the preparation method.

In general, cleavages induced by acid hydrolysis cause a
rapid reduction of cellulose DP, to its levelling-off degree of
polymerization (LODP).> The LODP is usually correlated to
the longitudinal dimension of native cellulose crystals and
depends on the plant source. For example, Battista et al.’'
reported LODP values of 200—250 for cotton fibers and 80—
280 for treated wood pulps. Hence, the DP, measured here for
CNCs from leaves and stems is likely the LODP of cellulose in
these two parts of the grass.

Also, DP, of CNFs was higher than that of CNCs (Figure
6A), especially in samples prepared via acid hydrolysis.
Shinoda and co-workers®” reported a linear relationship
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between DP, and the length-weighted average length of TO-
CNFs. Accordingly, CNFs from stems were longer and
presented significantly greater DP, than CNFs produced
from leaves. The influence of the production method was
noticeable in DP, of CNFs mainly. Leaf and stem AH-CNFs,
which were slightly longer and thicker than the corresponding
TO-CNFs, had higher DP, values. The lower DP, values
measured for TEMPO-oxidized nanocelluloses can also be
influenced by the depolymerization of cellulose during
dissolution in CED at high pH (~14) due to the presence
of unconverted C6-aldehyde intermediates.”” Nevertheless,
Fukuzumi et al.”’ reported comparable DP, values of 350 and
400 for TO-CNFs with length-weighted average lengths of 680
and 1100 nm, respectively.
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The preparation approach was also of paramount relevance
for the surface chemistry of CNCs and CNFs. In fact, sulfuric
acid hydrolysis and TEMPO-mediated oxidation imparted
different amounts of ionizable groups and surface charge
densities to the nanocelluloses. As shown in Figure 6B, the
conductometric titration of weak acids indicated the presence
of high concentrations of carboxylic acid/carboxylate groups in
TEMPO-oxidized nanocelluloses (up to 1.9 mmol g~ of TO-
CNCs and 1.6 mmol g~! of TO-CNFs). The conductometric
titration of strong acids, in turn, indicated the presence of
sulfate half-ester groups on the surface of AH-CNCs in
concentrations of up to 0.6 mmol g~'. In AH-CNFs, the
content was about 0.1 mmol g~'. The common ranges of
surface charge densities are 0.08—0.35 mmol g_1 of AH- CNCs,
0.1-3.5 mmol g~ of TO-CNCs, and 0.2—1.8 mmol g™* of
TO-CNFs.”

All aqueous dispersions were stabilized by electrostatic
repulsion between nanoparticles over wide pH ranges, as
indicated by zeta potential measurements (Figure 6C—F).
Because TEMPO-mediated oxidation imparted higher
amounts of anionic groups onto the surface, TO-CNCs and
TO-CNFs presented greater surface charge densities and zeta
potentials well below —30 mV, from pH 2—3 to 13. Even AH-
CNFs, with the lowest content of ionizable groups among the
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samples, presented negative zeta potentials, albeit close to —30
mV, ranging from pH 2 to 11. This feature is highly important
in determining the shelf life and pH-controlling stability
parameters of water-based formulations containing nano-
celluloses.

The pK, values of C6 carboxyl and sulfate groups are,
respectively, ca. 3.6 and 1.9.°*%* Therefore, the magnitude of
zeta potentials decreased at very acidic pH values, as
protonation occurs due to the addition of excess H'. The
surface charge becomes insufficient to ensure the colloidal
stability, that is, the electrostatic repulsion can no longer
overcome attractive forces between nanoparticles, such as
hydrogen bonding and van der Waals interactions. On the
other hand, at pH 12—13, nanoparticles also lacked colloidal
stability due to the screening or electrostatic shielding effect of
the added counterions.”

As shown by the flow curves (shear viscosity as a function of
the shear rate) in Figure 7A,B, all CNC and CNF dispersions
at a concentration of 2% (w/v) (equivalent to 1.3% v/v)
exhibited typical non-Newtonian shear-thinning behavior. o6
Rodlike particles or fibrils in aqueous dispersions tend to be
aligned and partly disentangled by the flow, becoming less
viscous as the shear rate increases.'” The percolation threshold
of the nanoparticles in deionized water was determined
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considering their aspect ratio and varied from 1.4% (v/v) in
CNCs from leaves to less than 0.8% (v/v) in all the other
samples (Table S3). Therefore, except for leaf AH-CNCs and
TO-CNCs, the nanocelluloses likely formed percolated
networks in dispersions.

At low shear rates, TO-CNCs presented the smallest
viscosities (107'—10° Pa s), while TO-CNFs presented the
highest viscosities (10*°—10® Pa s). The measured viscosities
were comparable to the values reported by Liao et al.®” for
dialyzed CNCs (ca. 107! Pa s) and TO-CNFs (10'—10* Pa s)
at equivalent concentrations. Analogously, the particle length/
aspect ratio also played an important role in determining the
viscosity of the dispersions,'” as a clear tendency of increased
shear viscosity for nanostructures extracted from stems was
observed for AH-CNCs, AH-CNFs, and TO-CNFs. For TO-
CNCs (Figure 7D), this tendency was not verified, probably
due to the concurrent effect of the very high surface charge.
For comparison, while both AH-CNCs and TO-CNCs showed
similar steady viscosity behavior, with a shear-thinning region,
then plateaus followed by another shear-thinning region,®” the
slope of the shear-thinning region of TO-CNCs was much
smaller.

However, for the acid hydrolyzed nanocelluloses, the
presence of a significant amount of residual lignin also may
be considered. Though they were longer, stem AH-CNFs
presented slightly lower viscosity than stem AH-CNCs. Studies
by Yuan et al.”> showed that at the same concentration level
and shear rate, CNFs containing a lower amount of residual
lignin (ca. 6%) presented the highest viscosity, while CNFs

containing a higher amount of residual lignin (ca. 24%)
presented the lowest viscosity. These contents of residual
lignin and viscous behavior agree with the characteristics
presented by stem AH-CNCs (270 nm, ca. 5% residual lignin,
and high viscosity) and stem AH-CNFs (1300 nm, ca. 26%
residual lignin, and almost equivalent viscosity). At inter-
mediate lignin contents (10%), on the other hand, Iglesias et
al.”® reported similar flow curves to that presented by leaf AH-
CNFs (14% residual lignin), with a transitional behavior near
10 s' in which a remarkable change in viscosity was observed.
For these samples, the fibril length and adequate lignin content
acted concurrently in improving the dispersion viscosity in
comparison to leaf AH-CNCs.

Conversely, TO-CNF dispersions formed invertible gels at
2% concentration (Figure 7E,F). When the dispersions
underwent oscillatory shear strain (Figure 7C), G’ and G”
values taken from the amplitude strain sweep confirmed that,
as verified in the flow curves, stem TO-CNFs, which presented
higher shear viscosity, also showed higher storage and loss
moduli. While both leaf and stem nanoparticles have the same
surface functionalities and content of ionizable groups, the
differences observed are likely due to the distinct specific
surface area and degree of entanglement,s6 revealing the
relevance of the particle length and aspect ratio to the
rheological properties of CNF dispersions. Therefore, consid-
ering cellulose biosynthesis could be useful while tailoring the
viscoelastic behavior of CNFs in coating formulations or
biomedical hydrogels, for instance. As previously reported for
TEMPO-oxidized CNFs in comparison to long CNCs,"” in the
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linear viscoelastic region, that is, the region in which the
moduli are independent of the applied shear strain, G’ is
greater than G”, indicating a gel-like behavior. At strain
amplitudes higher than 100%, a critical state was reached, and
both the moduli started to decrease nonlinearly until the
magnitude of both was inverted (G” > G’), phenomenological
evidence of the breakdown or disruption of the elastic network
formed by TO-CNFs.'?%

Finally, Table S4 summarizes the key characteristics and
physicochemical, morphological, and rheological differences
between CNCs and CNFs from plant leaves or stems produced
by acid hydrolysis or TEMPO-mediated oxidation, followed by
sonication.

Improved Tensile Mechanical Properties of Self-
Standing Films Containing TO-CNFs from Leaves and
Stems. As previously discussed, the morphology and size of
TO-CNFs from leaves and stems diverged greatly, also
implying differences in the dynamic moduli of CNF aqueous
dispersions. The effect of this difference on the tensile
mechanical properties of self-standing TO-CNF thin films
was evaluated. Leaf and stem TO-CNFs were tested separately
or in combined systems, which were transparent and
homogeneous (Figure S7) and presented an average thickness
of 27 + 5 ym. When combined in a 2:1 leaf-to-stem ratio, the
films were visually regular and flat.

Furthermore, the brittle LS-TO-CNF 2:1 film showed
significantly higher ultimate tensile strength (about 45 MPa)
and stiffness (Young’s modulus of more than 2.2 GPa) than
the single L- or S-TO-CNF films, as well as LS-TO-CNF 1:1 or
3:1 films (Figure 8A). Films prepared with partially
disintegrated TEMPO-oxidized wood presented a comparable
tensile strength of 43 MPa and Young’s modulus of 1.9 GPa.*®
The improved behavior of the combined system could be
attributed to the favorable interpenetration and entanglement

as well as the existence of more contact points for the
interaction between interconnected, shorter (600 nm) leaf
TO-CNFs and neatly defined, longer (1000 nm) stem TO-
CNFs (Figure 8B). Likewise, as shown in Table SS, although
all the films presented similar water content (ca. 8—9%), the
LS-TO-CNF 2:1 film exhibited slightly higher film density
(1.06 + 0.01 g cm™) than the other self-standing films (ca.
0.91 to 1.02 g cm™). The higher density likely contributed to
the higher elastic modulus of this composite sample, as
previously described.”’

When comparing self-standing films based on TO-CNFs of
different lengths but extracted from a single biosource
(respectively, softwood and hardwood bleached kraft pulp),
Fukuzumi et al.”’ and Saito et al.°” concluded that longer CNF
(1100—2000 nm) films presented higher densities (1.43—1.47
g cm™?), tensile strength (up to 266—312 MPa), and elastic
modulus (up to 9.8—6.5 GPa) than shorter CNF (680—500
nm) films. Such films presented slightly lower densities (1.42—
1.45 g cm™), tensile strength (222—257 MPa), and Young’s
modulus (9.4—6.2 GPa). However, to the best of our
knowledge, the promising combination of CNFs with different
lengths in all-nanocellulose films, as introduced here, has not
been reported before. This simple strategy, encompassing the
use of a single production process on a single biomass resource
(but different cellulose anatomical origins), potentially allows
for tailoring the tensile mechanical properties of self-standing
and nanocomposite TO-CNF films.

B CONCLUSIONS

The systematic study of various morphological, physicochem-
ical, colloidal, and rheological properties of CNCs and CNFs
allowed us to determine which of them were mostly influenced
by the preparation method or by the anatomical origin of
cellulose. The production method (sulfuric acid hydrolysis or

https://doi.org/10.1021/acsanm.1c02008
ACS Appl. Nano Mater. 2021, 4, 10505—10518


https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02008/suppl_file/an1c02008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02008/suppl_file/an1c02008_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02008/suppl_file/an1c02008_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02008?fig=fig8&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

TEMPO-mediated oxidation, followed by sonication) affected
all the properties to some extent, especially the crystallinity,
zeta potential, and the content and type of ionizable groups
onto the nanocellulose surface, implying an important
contribution to the shelf life of water-based nanocellulose
formulations. The crystallinity indices of acid-hydrolyzed
CNCs (up to 76%) were higher than those of TEMPO-
oxidized ones (up to 71%). In contrast, oxidized nanostruc-
tures from either leaves or stems showed higher content of
ionizable groups (up to 1.95 mmol g') and colloidal stability
(zeta potentials as negative as —76 mV).

Production yields, morphology, degree of polymerization,
and rheological properties of nanocelluloses were influenced by
both the production method and the anatomical origin. Due to
cellulose biosynthesis, CNCs and CNFs from stems were
longer and presented greater DP, than those from leaves.
Additionally, the average length, diameter, and DP, of acid-
hydrolyzed CNFs were greater than those of TEMPO-oxidized
CNFs. The viscosity of these samples was highly influenced by
both nanoparticle sizes and residual lignin content. Therefore,
TEMPO-oxidized CNFs extracted from stems presented the
highest steady shear viscosity and a pronounced gel-like
behavior. Inherent differences between leaf and stem CNF
morphology, length, and entanglement were explored by
combining them in all-nanocellulose thin films, resulting in
higher tensile strength and stiffness.

The structure—property relationships thoroughly discussed
here can serve as a guideline during decision-making for both
(1) the choice of methods and/or plant anatomical parts to
produce nanocelluloses with tailored properties from several
lignocellulosic biomasses and (2) the potential of combining
different cellulose nanostructures to design advanced materials.
Combinations of cellulose nanostructures obtained by different
approaches or from different anatomical parts of a single
biomass resource can potentially allow for the modulation of
morphology-dependent behaviors, such as rheological and
mechanical properties of nanocomposites or all-nanocellulose
systems, such as thin films, coatings, lightweight materials, and
hydrogels.
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