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ABSTRACT

Non-traditional lignocellulosic materials are a significant resource for producing high-value products, including
nanocellulose. This work studied the nanocellulose obtention from chemical pulps of the two fast-growing bam-
boo species, Guadua trinii, and Guadua angustifolia. Chemical pulps were produced by soda-anthraquinone (S)
pulping from both autohydrolysis-pretreated (H) and unpretreated bamboo chips. Autohydrolysis-pretreated
(SHP) and unpretreated soda-anthraquinone (AQ) (SP) pulps were characterized by yield, Kappa number, alpha,
beta, and gamma cellulose, degree of polymerization, water retention value, and crystallinity. The nanocellulose
was produced by a sequential chemical oxidation treatment (2,2,6,6-tetramethylpiperidine-1-oxyl, TEMPO
reagent) and mechanical nanofibrillation. Nanocellulose was characterized by carboxylic group content and visc-
osity. The results revealed that autohydrolysis pretreatment resulted in a higher hemicelluloses extraction in G.
angustifolia. In contrast, the pulping yield of unpretreated samples was higher for G. trinii, and the soda-AQ pulps
from this species exhibited better delignification than the autohydrolysis-pretreated pulps. The crystallinity index
values of the obtained pulps were high (>80%), and the alpha-cellulose contents were similar. The viscosities of
the aqueous nanocellulose suspensions were higher for the nanocellulose solutions obtained from the unpre-
treated soda-AQ pulps. Besides, nanocellulose from G. trinii unpretreated soda-AQ pulps had a higher rate of
carboxylic groups. The results of this work are significant in assessing the potential of both bamboo species as
a source of high-value products within the biorefinery framework because the viscosities of the aqueous nanocel-
lulose suspensions depend on the size and shape of nanofibrils. It has significant importance for industrial unit
operations and potential applications.
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1 Introduction

Inexpensive and widely available nonwood biomass includes agricultural and forest byproducts, native
fibrous plants, and annual plants, which grow and can be harvested quickly. The cellulosic fibers from these
sources are excellent substitutes for raw materials, especially given the global decline in wood resources. As
a result, research into alternative renewable raw materials for the energy, chemical, pharmaceutical, and
biomaterials industries has increased significantly [1,2]. Lignocellulosic material has become the most
relevant future biomass source due to its moderate costs and minimal competition with food production
[3,4]. Due to recent advancements, cellulose, and paper producers in tropical and subtropical regions can
now use technologies that have increased their production capacities while reducing raw material and
labor costs. These improvements have helped these producers remain competitive in a constantly
changing market. Additionally, these regions boast a variety of annual crops (such as sisal and bamboo)
and agroforestry residues (including sugar cane bagasse, wood sawdust, and cereal straw) with significant
potential as fibrous resources because of their rapid growth, low cost, and renewability [5,6].

Projections indicate that the prices of forest products may keep falling due to global market competition.
So, forest producers have implemented innovative strategies to boost their income by producing bioenergy
and biomaterials alongside wood, pulp, and paper to counter this. One such strategy is adopting the
biorefinery concept, which leverages the high concentration of raw materials in the forestry industry [2].

A biorefinery is a facility that produces fuel, energy, and chemical products from biomass. It emerged
from the need to protect the environment using closed-cycle, eco-friendly processes. Initially, biorefineries
aimed to produce ethanol from lignocellulosic residues due to oil shortages. Recently, however, it has been
discovered that biorefineries can generate various chemical products from biomass besides biofuels [1]. The
lignocellulosic feedstock biorefinery encompasses the refining of lignocellulosic biomass (wood, straw,
others) into intermediate outputs (cellulose, hemicellulose, lignin) for producing a spectrum of products
and bioenergy. The products from the biorefinery serve to incorporate biomass in the development and
formulation of energy strategies in the short, medium, and long term; the analysis of technical, economic,
ecological, environmental, and social impacts; and contribute to the sustainable management of natural
resources for the production of raw materials for the production of bioenergy [4]. The biorefinery concept
presents a significant opportunity for this industry, as it can enhance companies’ profitability. This
potential has led to increased research into lignocellulosic materials as alternative renewable raw materials
for the energy sector, chemical production, pharmaceuticals, and biomaterials manufacturing [2].

The bamboo market is still emerging and complex. Due to its rapid growth, high strength, surface
hardness, and ease of machining, its traditional use is in construction and handicrafts. Its production is
scattered, and its market is highly interconnected, involving merchants, producers, transporters, and
regulatory authorities. Guadua angustifolia, a high-strength fibrous material, has a basic density of
700 kg/m3. In 2016, a Bamboo Research Circle (CIB) of Perú was established at the La Molina Agrarian
University (UNALM) with some institutional partners. UNALM promotes research on bamboo in three
fields: taxonomy and ethnobotany, technology for its transformation, and value chain and markets [7]. In
Paraguay and NE of Argentina, a similar species called Guadua chacoensis (tacuara cane) grows wild.
Guadua trinii can be found in southern Brazil, Uruguay, and Argentina. In Argentina, this species lives in
Buenos Aires, Corrientes, Entre Ríos, and Misiones. This species grows in the Misiones Jungle, forming
dense, impenetrable thickets [8]. It is used to construct ranch walls, with the mud adhering well to its
thorns and rough edges [9,10]. Additionally, it has been tested for use in paper manufacturing [11].

Guadua is harvested after four years and has a woody structure that is simpler than wood. Its diameter
can reach 17 cm, with a hollow interior and a stem thickness of 15–18 mm. The stem can grow up to 25 m
tall, depending on the region [7]. Recent research has focused on its use in structural and semi-structural
applications, such as reinforcing fiber in composite materials or polymer matrix composites [12]. These
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studies have demonstrated that bamboo fiber can reinforce composite materials due to its excellent
mechanical properties. Some research indicates that the tensile strength and modulus of elasticity of
bamboo fibers are nearly twice those of pine fibers and significantly higher than other softwood fibers,
attributed to the unique structure of their cellular walls [13]. However, the differences among bamboo
species and the limited research available to clarify their structural, morphological, chemical, and physical
distinctions, just as the size distribution of their fibers, have restricted their use as a fibrous resource with
industrial significance.

Alkaline pulping (kraft, soda, sulfite, and organosolv) is the most widely used delignification technology
for nonwood raw materials such as bamboo. Soda and soda-anthraquinone (AQ) pulping are the standard
methods for processing nonwood raw materials. The required NaOH load, typically between 15% and
20%, depends on the species’ chemical composition, while the pulping process operates at temperatures
ranging from 140°C–170°C. Adding Anthraquinone (1% to 5%) improves pulping efficiency by speeding
up the delignification process and protecting the carbohydrates [14,15].

Cellulose, composed of β-D-glucose units linked in a linear polymer chain, with cellobiose as the
repeating unit, is the main polysaccharide in the cell walls of lignocellulosic biomass. These cellulose
chains form elementary fibrils through hydrogen bonding, which aggregate into microfibrils [16]. These
microfibrils provide strength and rigidity to plant cell walls, contributing to the structural integrity of
materials like wood. The organized structure of cellulose within microfibrils, along with additional
components like lignin and hemicellulose, adds to the complexity and diversity of the chemical
composition of lignocellulosic biomass [17]. When isolated from the cell wall, these nanofiber structures,
due to their unique supramolecular structure and nanoscale properties, can be used as reinforcing
elements to create advanced composite materials with exceptional performance [18,19].

Cellulose nanofibrils (CNF) generally range from 10 to 50 nm in diameter and extend several micrometers
in length [20,21]. These composite materials show significant potential in diverse fields, including
optoelectronic devices, packaging, and pharmaceuticals [22,23]. Various lignocellulosic resources are
sources of CNF [24]; while wood was initially used, other fibrous materials are now being explored [25–28].

Cellulosic nanoparticles or nanocelluloses have a distinctive structure suitable for reinforcing materials,
offering enhanced performance and novel functionalities. Their properties depend on the extraction method
from trees, plants, or other cellulose-containing sources [29]. CNFs can be produced through mechanical,
chemical, or a combination of these methods. Mechanical treatments applied to pretreated material are
homogenization, microfluidization, cryocrushing, and microgrinding, yielding nano-and microfibrillated
cellulose. Chemical or enzymatic pretreatments, such as 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
oxidation and carboxymethylation, are often used to enhance the degree of nanofibrillation and reduce the
energy required for the mechanical processing [30].

Research has combined various pretreatment methods with mechanical fibrillation techniques [26,31–
34]. Chemical modifications (such as adding negatively charged groups to the microfibril surface) have
garnered significant interest, including carboxymethylation [35] and TEMPO-mediated oxidation [36,37].
These approaches are expected to produce nanocellulose fibril (NFC) systems with smaller particle size
distributions due to their high loadings compared to other pretreatment processes [38,39]. Recently,
ultrasonic techniques have also been employed to extract cellulose nanofibers, focusing on their effects on
breaking polysaccharide bonds [40,41]. Nanocellulose fibers (NCFs) are long bundles of cellulose chains
held together laterally by hydrogen bonds between adjacent polymers. Their production and use have
attracted growing industrial interest due to their high specific strength and stiffness, biodegradability,
reproducibility, and biocompatibility [42,43].

The objective of this study was the preparation and characterization of pulp from “tacuara” (G. trinii)
and bamboo (G. angustifolia) and the manufacture and characterization of a high-value product in the
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framework of the biorefinery, such as nanocellulose. The findings of this study are crucial for evaluating the
potential of both bamboo species as sources of high-value products within a biorefinery framework. The
viscosity of nanocellulose aqueous suspensions partially depends on nanofibrils’ size and shape, which
affects their preparation, processing, and blending with other materials, having substantial implications
for industrial operations and potential applications.

2 Materials and Methods

2.1 Raw Materials
Two different four-year-old Guadua species were used as raw material in this study: G. trinii and G.

angustifolia. G. trinii was locally collected and provided by IMAM-FCF (Eldorado, Argentina), whereas
G. angustifolia was supplied by the Círculo del Bambú (UNALM, Perú). Both bamboo species were
chipped and screened by size.

2.2 Hydrothermal Treatment and Soda-AQ Pulping
Previous work [44,45] details the chemical characterization of Guadua species. Fig. 1 shows the

schematic process for obtaining autohydrolysis-pretreated (SHP) pulp, unpretreated soda-AQ (SP) pulp,
and nanocellulose from both species.

Guadua soda-AQ pulps were obtained by (i) a conventional soda-AQ pulping (SP) and (ii) a sequential
fractionation based on the biorefinery concept by hydrothermal pretreatment, to extract the hemicelluloses,
followed by soda-AQ pulping (HSP). A discontinuous digester of 7 liters of capacity (MK type) with
automatic programmable time, temperature controller, and indirect heating was used to perform both
treatments. The solid-liquid ratios for the pretreated and unpretreated chips were 1:4 and 1:3, respectively.
The SP y HSP yields (%, g dry pulp/g dry Guadua) were obtained considering the involved treatments

Figure 1: The schematic process for nanocelluose production. SP: pulps obtained by conventional soda-AQ
pulping; HSP: pulps obtained by hydrothermal pretreatment followed by soda-AQ pulping (ods: on oven-dry
Guadua sample, odp: on oven-dry pulp). T: temperature, t: time, C: consistency, L/S ratio: liquid/solid ratio
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and reject (shives and large particles from the screening of pulp suspensions, Somerville screen, slots:
0.15 mm).

2.3 Nanocellullose Production
The production of nanocellulose was carried out with a chemical pretreatment (oxidation by TEMPO

reagent). TEMPO oxidation pretreatment was performed with 10 grams of dry pulp, 5 moles of NaClO
(167 mL, NaClO ≈ 33.4 g L−1), 10% NaBr, and 1.6% TEMPO. This treatment was carried out at 1%
consistency in an agitated medium at 25°C with the previous dispersing of the NaBr and TEMPO
reagents in distilled water, then pulp was added. NaOH was used as a medium for the reaction to be
maintained at a pH between 10 and 10.5. The TEMPO-oxidized pulp was washed three times with two
liters of water. Each pulp sample was passed 10 times through the colloid mill (CMX-65 Model,
CRYMA-Metalúrgica Pardo, Buenos Aires, Argentina) of 25 L maximum capacity with a recirculation
system, at 3.000 rpm (50 Hz), which is shown in Fig. 2.

2.4 Characterization of Pulp and Nanocellulose
WRV test was carried out according to SCAN-C 62:00, with a centrifugation at 4000 rpm, at room

temperature for 15 min. The average fiber length was determined using the Bauer McNett fiber classifier
with sieves of 30, 50, 100, and 200 mesh (TAPPI T233 cm-15). The chemical characterization of the
pulps involved the following analytical techniques: α, β, and γ cellulose content (TAPPI T203 cm-99).
The kappa number was used to measure the residual lignin content (TAPPI T236). HPLC liquid
chromatography was used to determine structural carbohydrates, using an AMINEX-HPX87H (BIO-
RAD) column with refractive index detectors and diode array based on “Determination of Structural
Carbohydrates and Lignin in Biomass” NREL/TP-510-42618. Intrinsic viscosity and viscosimetric
average degree of polymerization (DPV) in cupriethylenediamine were determined according to ISO
5351/1–1981 “Cellulose in dilute solutions–Determination of limiting viscosity number–Part 1: Methods
in cupri-ethylene-diamine (CED) solution”. The dynamic viscosity was obtained using the TAPPI
T230 om-94, and the intrinsic viscosity following the ISO 5351/1-1981. The crystallinity of pulps was
examined by X-ray diffraction (DRX) in a PANalytical Empyrean X-ray diffractometer at 40 kV, 45 mA
(range 2θ = 0–100°). The crystallinity index (IC) was calculated using the Segal method [44].

Carboxyl group content in nanocellulose samples was determined using the conductometric titration
method with 0.01 N NaOH (Carboxyl content of pulp, TAPPI-T237 cm-22). The viscosity was measured

Figure 2: Colloid mill (CMX-65 model, CRYMA) used for nanofibrillation treatment
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with a digital vane viscometer with a temperature sensor at 25°C. 100 mL of suspension at 0.3% consistency
was prepared for each species with and without hydrothermal treatment. Each sample was shaken for 60 min
at 500 revolutions to homogenize. Each measurement was performed in duplicate [45].

3 Results and Discussions

3.1 Pulp Characterization
The chemical composition of Guadua species was determined in previous work [46,47]. The chemical

composition ofG. triniiwas 65.6% of carbohydrate (40.9% of glucans, 21.1% of xylans, 0.63% of arabinans,
3.03% of acetyl groups), 23.9% of lignin, 8.67% of extractives, and 4.58% of ashes. G. angustifolia
contained 63.8% of carbohydrates (41.3% of glucans, 19.6% of xylans, 0.74% of arabinans, 2.14% of
acetyl groups), 25.2% of lignin, 8.55% of extractives, and 4.05% of ashes. These percentages are based
on oven-dry materials.

The chemical composition of G. trinii was 65.6% of carbohydrate (40.9% of glucans, 21.1% of xylans,
0.63% of arabinans, 3.03% of acetyl groups), 23.9% of lignin, 8.67% of extractives, and 4.58% of ashes. G.
angustifolia contained 63.8% of carbohydrates (41.3% of glucans, 19.6% of xylans, 0.74% of arabinans,
2.14% of acetyl groups), 25.2% of lignin, 8.55% of extractives, and 4.05% of ashes. These percentages
are based on oven-dry materials.

The yield and Kappa number of SP and HSP are presented in Table 1. Under the same pulping
conditions, G. trinii reached a higher degree of delignification. These differences could be attributed to its
slightly lower lignin content, although other factors should also be considered, such as the difference
between species, age, and growth factors, among others. The screened yields of the hydrothermal-soda-
AQ pulping were similar for both species.

Pulps fiber length distribution (% by weight) was carried out using Bauer McNett equipment and is
presented in Table 2. In all cases, the highest percentage of fiber retention occurred in 30 mesh and the
lowest in 200 mesh. SP pulp of G. trinii shows the highest percentage of fines (percentage by weight that
passed through the 200 mesh), whereas HSP pulp of G. angustifolia presents the lower one. For

Table 1: Kappa number and yield hydrothermal hydrolysis and Soda-AQ pulping

Pulps G. angustifolia G. trinii

Soda-AQ pulping (SP)

Kappa number (residual lignin, %) 29.3 (4.76) 21.8 (3.18)

Soda-AQ pulping total yield (%) 44.8 47.3

Soda-AQ pulping screened yield (%) 43.3 47.0

Reject (%) 1.49 0.30

Hydrothermal-soda-AQ pulping (HSP)

Kappa number (residual lignin, %) 37.2 (6.28) 19.8 (3.47)

Global yield (%)* 37.3 36.5

Hydrothermal yield (%) 78.2 79.3

Soda-AQ pulping total yield (%) 47.7 45.9

Soda-AQ pulping screened yield (%) 46.3 46.1

Reject (%) 1.32 0.18
Note: *Global yield was calculated from hydrothermal yield and soda-AQ pulping total yield.
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G. angustifolia, the increase in the fraction retained in the 30 mesh of the SP pulps can be attributed to its
higher reject content and Kappa number.

The water retention value (WRV) of the pulps is presented in Table 3. The differences in theWRV values
of the pulps with and without pretreatment of both species were not significant.

The contents of α, β, and γ cellulose for both species are also presented in Table 3. The α-cellulose
content of the pulp is the undegraded fraction, which is associated with the highest molecular weight. The
SP and HSP pulps of both species presented similar α-cellulose contents. However, α-cellulose contents
were slightly higher in HSP pulps.

The degraded fraction, β-cellulose, was also similar between pulps, although this content was relatively
high in pulps without pretreatment. The γ-cellulose content, a fraction composed mainly of hemicelluloses,
was low and similar for all the pulps, varying between 1.12% and 1.66%.

The alpha, beta, and gamma cellulose content of the soda-AQ pulps without pretreatment of both species
was similar to that of commercial Eucalyptus ECF kraft pulps. The pretreated soda-AQ pulps presented
higher proportions of alpha and beta cellulose, complying with the requirements for dissolving pulps

Table 2: Bauer-McNett fiber classification of Guadua pulps

Pulp SP HSP

Specie G. angustifolia G. trinii G. angustifolia G. trinii

R30 (%) 36.5 48.6 50.6 51.5

R50 (%) 30.5 19.1 19.8 16.3

R100 (%) 8.75 5.19 8.24 5.05

R200 (%) 2.76 2.26 3.22 2.41

P200 (% fines) 21.5 24.9 18.1 24.8

Table 3: Properties of unbleached soda-AQ pulps

Pulp SP HSP

Properties G. angustifolia G. trinii G. angustifolia G. trinii

WRV (g/g) 1.895 (0.031) 1.863 (0.108) 1.855(0.093) 1.852 (0.025)

α-cellulose (%) 91.6 91.9 96.8 97.7

β-cellulose (%) 6.72 6.68 1.64 1.16

γ-cellulose (%) 1.66 1.44 1.61 1.12

Dynamic viscosity (cp) 39.8 31.1 61.1 41.6

Intrinsic viscosity (mL/g) 1085 1006 1260 1116

Hemicelluloses (%)* 18.7 20.8 4.38 3.58

DP 3334 3019 4059 3460

Crystallinity index (%) 80.8 81.4 82.7 84.1
Note: *Hemicelluloses (xylans + arabinans) were determined by HPLC liquid chromatography. The standard deviation is in parentheses.
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[48]. However, the lignin contents were high, so a purification treatment is needed to remove the residual
lignin to achieve the quality specifications for these pulps.

The polymerization degree presented in Table 3 is determined through the intrinsic viscosities of the
pulps [49]. The higher DP values for pretreated pulps can be attributed to the low hemicelluloses content
because of their relatively short polymer chains. These results indicate that G. trinii pulps, without or
with pretreatment, contain longer cellulosic chains than G. angustifolia, which sometimes represents
a benefit.

The crystallinity index values of all pulps (shown in Table 3) are high in all samples (>80%). The higher
crystallinity index of the pretreated pulps is attributed to the pulps’ low amorphous hemicelluloses content.
Therefore, the contribution of cellulose to the crystallinity index is more significant.

Fig. 3 shows the characteristic diffractograms for the pulps of both species with and without
pretreatment, representing a typical semi-crystalline material. The peaks were almost identical in all the
analyzed samples (22.65°–23.15°).

There is an indirect proportional relationship between pulp yield and cellulose crystallinity [50,51],
which is only fulfilled by G. angustifolia. For example, water/ethanol bamboo pulps produced have
crystallinity indexes of 52.7% for one hour, 79.4% for two hours, and 80.5% for three hours cooking
[49]. The high crystallinity and α-cellulose content of these pulps (with and without pretreatment)
demonstrate their potential as raw material for the production of nanocellulose.

3.2 Nanocelulose Characterization
The conditions adopted for nanocellulose production were those already used in the PROCyP to obtain

nanofibers from other raw materials (bagasse, eucalyptus, moringa, pine) [45]. All samples were pretreated
by TEMPO-mediated oxidation [52], and subsequently, they were nanofibrillated by mechanical treatment in
a colloid mill. The obtained nanocelluloses were characterized by the carboxylic group content and the
rheology of nanocelluloses aqueous suspensions. In this study, the determination of acid-insoluble lignin
or Klason lignin method by TAPPI T222 om-83 of TEMPO-oxidized pulps was not carried out because it
is a standardized procedure only applicable to wood and all grades of unbleached pulps (lignin content
>1%). Two fundamental considerations restrict the range of applicability of this method in TEMPO-
oxidized chemical pulps. (i) Residual lignin has been significantly modified (severe TEMPO-oxidation

Figure 3: X-ray diffraction of SP and HSP pulps from (a) G. angustifolia and (b) G. trinii
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followed by strongly acidic hydrolysis) to such a degree that its characteristic properties totally or
partially disappear. However, it is still capable of yielding a residue after being treated with 72% H2SO4

according to the standardized procedure; this material could have the structural features and
reactivity generally recognized as unique to lignin [53]. (ii) “Pseudo-lignin” could be formed from
polysaccharides degradation (furfural and 5-hydroxymethylfurfural), which increases with treatment
severity. Different studies revealed this new lignin-like structure [54] is detected as lignin in the Klason
lignin determination.

The carboxylic group rate of the cellulose nanofiber per gram of dry pulp was obtained by
conductometric titration and indicates the TEMPO treatment degree of oxidation [45]. G. angustifolia
and G. trinii without hydrothermal treatment have an average carboxylic group rate of 1162.7 and
1293.6 μEq/g, respectively. The same species but without treatment have 895.7 and 978.7 μEq/g,
respectively, showing that G. trinii has a higher rate of carboxylic groups than G. angustifolia in both
cases. Similarly, in both species, a higher rate of carboxylic groups is obtained in the samples without
pretreatment, which shows its negative influence on the carboxylic group rate.

The rheological properties of aqueous suspensions obtained with the TEMPO pretreatment usually
depend on the nanofibers interactions and degree of interlacing, which are determined by structural
properties such as diameter, length, and aspect ratio (length/width). Shear rate measurements of dilute
nanocellulose suspensions are a method to assess aspect ratio. The changes in the specific viscosity as a
function of its concentration show two regions: one linear in the diluted regime and the other described
by the power law used to explain the non-Newtonian behavior of some fluids (viscosity~concentration)
above the critical concentration [55]. The intrinsic viscosity of diluted nanocellulose suspensions can be
expressed only as a function of the aspect ratio of the nanofibrils. As the aspect ratio of a nanocellulose
increases, it becomes more flexible, and the dispersion has a higher viscosity. In this work, the type of
species and the pulping process effect on the “aspect ratio” of the cellulose nanofibers were analyzed by
the viscosity of aqueous solutions of soda-AQ pulp TEMPO nanocellulose with and without pretreatment
of both Guadua species diluted to 0.3% consistency, in function of the rotation speed (rpm), as shown in
Table 4.

Table 4: Nanocellulose viscosity for both species with and without pretreatment

Rotation speed (rpm) G. angustifolia G. trinii

0.3% consistency 0.3% consistency

HSP SP HSP SP
(Pa.s) (Pa.s) (Pa.s) (Pa.s)

0.3 58.58 118.6 75.33 160.2

0.6 20.79 56.51 29.98 73.21

1.5 7.959 24.95 12.89 30.99

3 4.309 13.71 7.398 15.99

6 2.560 7.491 4.235 7.999

12 1.567 3.976 2.478 4.000

30 0.816 1.597 1.174 1.597

60 0.457 0.799 0.647 0.799
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Fig. 4 shows that the viscosities were higher for the TEMPO nanocellulose solutions obtained from the
soda-AQ pulps without pretreatment for both species, which could indicate that the aspect ratio of the
nanofibrils obtained from pretreated pulps, with low hemicelluloses content, was lower. Similar results were
observed by other authors [56], who pointed out that the pulps with higher hemicelluloses content showed
higher nanofibrillation yields and better aptitude for microfibrils individualization. Although the fibers of G.
angustifolia have thinner wall thicknesses than G. trinii [47], which would favor nanofibrillation [56], the
viscosity values were lower, possibly due to the higher residual lignin content in pulps.

Fig. 5 shows the trend line of the correlation between the carboxylic group content generated in the
TEMPO oxidation and the nanocellulose suspension viscosity. This correlation is significant and positive
(R2 = 97%), which indicates that both samples without pretreatment have better nanofibrillation behavior.

Figure 4: Viscosity of nanocellulose suspension as a function of the cutting speed for G. angustifolia and G.
trinii pulps with and without hydrothermal treatment

Figure 5: Correlation between carboxylic group rate (µEq/g) and viscosity of nanocellulose suspension in
water (mPa.s). The standard deviation is in parentheses
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Recent studies showed that the rheological behavior of nanocellulose aqueous suspension depends on
the aspect ratio, surface area, and surface hydroxyl and carboxyl group contents. It is reported that high
carboxyl group contents significantly affect the suspension properties in terms of viscosity. The fibers-
nanofibrils interaction leads to entanglement and adhesive interactions, increasing the viscosity of the
suspension [39]. The gel structure of nanocellulose is related to the level of carboxylation. The gel and
viscosity behaviors depended on the interaction of nanocellulose due to the entanglement and aggregation
greater than electrostatic repulsion. The gel structure and rheological behaviors could be tunable by
adjusting the level of carboxylation [57]. The optical aspect of nanocellulose gels and films regarding
transparency are shown in Fig. 6.

In nanocellulose suspensions, the nanofibrils form networks at specific concentrations, increasing the
viscosity. The carboxyl groups on the TEMPO-oxidized nanocellulose surface facilitate stable colloidal
suspensions and gel formation, leading to unique rheological properties. These properties could be
suitable for food applications such as thickening, stabilizing, and gelling agents [39]. Its rheological
properties are being studied extensively; however, the comparison of viscosity with other studies is
complex due to the differences in the surface properties of the nanofibers, and the lack of a complete
understanding of the relationship between rheological properties and nanostructure for nanocellulose
suspensions [57].

4 Conclusions

Based on the Kappa number, G. trinii showed better soda-AQ pulping delignification and was less
affected by pretreatment. The soda-AQ pulps without pretreatment of both species presented similar
α-cellulose contents, higher in pretreated pulps. The crystallinity index of all pulps was high (>80%). In
pretreated pulps, it is attributed to their low hemicelluloses content. It is possible to obtain nanocellulose
(TEMPO) with all obtained pulps; the effect of the species type and pretreatment on the nanofiber’s

Figure 6: Optical aspect of nanocellulose gels: HSP (a) and SP (c) pulps from G. angustifolia, and HSP (b)
and SP (d) pulps from G. trinii. Optical aspect of films in terms of transparency: HSP (e) and SP (f) pulps
from G. angustifolia, and HSP (g) and SP (h) pulps from G. trinii
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thickness distribution is to be analyzed. G. trinii without pretreatment has the highest carboxylic group rate
per gram of dry sample. The soda-AQ pulps without pretreatment generated TEMPO nanocellulose
suspensions with higher viscosities, indicating a lower aspect ratio of the nanofibrils obtained from low
hemicelluloses pulps.
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