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ABSTRACT

Cellulose nanofibers (CNF) could be obtained from diverse lignocellulosic sources, among them wood.
Regarding this, it is important to clarify if the shaft section of the tree could influence the CNF characteristics.
This study evaluated cellulose nanofibers from Guazuma crinita (bolaina blanca) obtained at different heights
of the longitudinal axis of the shaft of trees from a three-and-a-half-year-old plantation.

The wood was subjected to pulping, bleaching and subsequent mechanical milling using a Changsha Samy
XYQM-2L planetary ball mill to obtain cellulose nanofibers. The product was characterised using analytical
techniques: scanning electron microscopy, X-ray diffraction, thermogravimetric analysis, Fourier transform
infrared spectroscopy, ultraviolet—visible spectroscopy. Additionally, the degree of polymerisation was deter-
mined. The effect of longitudinal position on cellulose nanofibers characteristics was evaluated by comparing
means using ANOVA and Kruskal-Wallis statistical tests. The yield of cellulose nanofibers production from
the high, middle and basal sections was 32,1 %, 33,6 % and 31 %, respectively. The obtained cellulose nanofi-
bers exhibited a significantly larger diameter for the high zone (84 nm) compared with the middle (75 nm) and
basal (69 nm) zones; the length remained above the micrometre range. With respect to degree of polymerisa-
tion, a decrease was evidenced with respect to the increase in shaft height; the basal zone exhibited a degree of
polymerisation of 300, a significantly higher value than the middle and high zones, which exhibited degree of
polymerisation of 249 and 211, respectively. The product showed typical cellulose type I polymorphism and
crystallinity indexes of 76 %, 93 % and 96 % for the high, middle and basal sections, respectively. Regarding
the thermostability of cellulose nanofibers, the maximum degradation rate of cellulose nanofibers occurred
between 335 °C and 341 °C, with cellulose nanofibers from the basal area being the most stable. The adsorp-
tion of the methylene blue dye on cellulose nanofibers was evaluated; an efficiency > 60 % was found.
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INTRODUCTION

Cellulose is the most abundant renewable polymer on the planet, with an annual biosynthesisation
estimated at > 1011 tonnes (Habibi 2014). Owing to its natural origin and widespread availability, cellulose is
used in fibre form or derived form for creating a wide range of materials and products, such as paper, composite
boards, cosmetics, and food additives.

Cellulose fibre is represented at different levels. From a biological viewpoint, cellulose chains are
formed by B-D-glucose units. The second level or macromolecular level comprises the union of these linear
cellulose chains with each other forming the elementary fibrils or microfibrils, also known, from a technical-
technological point of view, as nanocellulose. The extraction of these nanoconstituents is possible using
mechanical and chemical methods or using a combination of these methods (Borjesson and Westman 2015,
Kargarzadeh et al. 2017, Siddiqui ef al. 2011, Yildirim and Shaler 2017).

Nanocellulose (NC) has become extremely popular in different industries not only for being a
biodegradable material with high availability but also for possessing interesting properties, such as high me-
chanical strength and low density, dielectric properties, possibility of chemical modification, dimensional sta-
bility and thermal stability (Herrera 2018, Ozen et al. 2021, Tarres 2017). Due to these benefits, nanocellulose
is a basic material used in different industries such as: Construction/polymers, Paper industry, Cosmetics,
Biomedicine and Food industry (Herrera 2018, Lee ef al. 2012, Tarres 2017).

However, there is still insufficient knowledge concerning the potential influence of raw material sources on
the final characteristics of NC. Wood is one of the main sources currently used for NC production owing to its
lignocellulose composition and high availability. The most commonly used forest species are Eucalyptus and
Pine, but there are also other alternatives such as tropical species that have adapted to a fast-growing plantation
system, which is ideal for the continuous production of NC.

In this context, assessing other non-conventional potential forest sources for the creation of NC is an in-
teresting research topic, while also posing the question of how the different heights of the longitudinal axis of
the shaft influence the characteristics of NC.

Among the species used for plantation purposes, bolaina blanca (Guazuma crinita Lam.) stands out
(Miguel et al. 2019, Rodriguez et al. 2015). This forest species is widely cultivated in the country owing to its
advantage of being a fast-growing species harvestable at an early age as well as the large demand for its wood
for construction, furniture and mouldings (Revilla 2015).

Considering the production potential of bolaina blanca wood as a premise, promoting its use for the
creation of products other than timber is necessary. All this to create products with added value in a world
market that indicates a trend in biodegradable products to reduce global pollution, besides reusing or disposing
waste in other ways owing to its organic origin (Trache et al. 2020).

MATERIALS AND METHODS
Collection and preparation of raw material

The material was extracted from three randomly selected trees with no signs of disease from a three-and-a-
half-year-old plantation located in the province of Padre Abad, Department of Ucayali, Peru. A total of 58 kg of
debarked bolaina blanca (Guazuma crinita Lam.) corresponding to logs from the basal, middle and high zones
was collected. Heights were assigned based on the division of the commercial length of the shaft of the tree.

Wood samples were subjected to natural drying up to a humidity of 20 %. The material was chipped to
obtain chips with 15 mm length and 5 mm width. A total of 7 kg of wood extracted from the most central part
of each of the basal, middle and high sections was used.

Chemical characterisation of Guazuma crinita wood
The wood was sawed according to the origin of the longitudinal section to obtain sawdust, which was

sieved and prepared for chemical characterisation tests. The content of the extractives was determined
according to the TAPPI T 204 cm-97 standard (2007), using 96 % ethyl alcohol for extraction. The holocellu-



lose and cellulose contents were obtained using the Jayme-Wise and Kurnchner-and-Hoffer methods, respec-
tively. Hemicellulose content was found by subtracting holocellulose and cellulose contents.
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Lignin content was determined using the Klason method according to the TAPPI T 222 om-98 standard
(1998). Moreover, the TAPPI T 211 om-93 standard (1993) was used for ash.

Obtaining and bleaching cellulosic pulp

The cellulosic pulp was obtained via alkaline digestion. This process was performed in triplicate for each
section of interest, using a total of 5,4 kg of dry wood mass.

A total of 600 g of dry mass of wood chips for each section of study were moistened via immersion for 24
hours at room temperature, prior to the cooking process. Cooking was conducted using 18 % NaOH and 0,1
% anthraquinone (percentages corresponding to the dry mass of wood), a liquor/wood weight ratio of 4:1 and
an H-factor of 1200. The pulping was conducted in a 15 L rotary digester at a defined pressure from 6 kg/cm?
to 10 kg/cm? and a maximum temperature of 180 °C for 3 hours. The chemical pulping yield was determined
after washing the pulp.

The bleaching process was conducted on approximately 2,4 kg total dry mass of cellulosic pulp obtained
previously.

The pulps were bleached in polyethylene bags placed in a water bath and underwent a sequence of four
bleaching stages. Table 1 shows the parameters used during the bleaching stages.

Table 1: Bleaching sequence.

SEQUENCE / REAGENT D (ClO2) E (NaOH) H (NaClO) P (H202)
No. of repetitions 2 1 1 1
Bleach distribution (%) 6 5 20 2
Temperature (°C) 70 70 45 70
Time (minutes) 60 120 150 90
Consistency (C%) 8 8 8 10
pH <4 >11 9-11 10-11

Bleach distribution corresponds to percentage of the dry mass of the pulp. At the end of each sequence,
the pulp was washed with deionised water to neutralise the reagents used. Approximately 32 L of deionised
water was used.

The amount of residual lignin in the pulps obtained before and after bleaching was evaluated using the
micro-Kappa index according to the TAPPI T 236 cm-85 standard (1993b).

Measurement of anatomical elements of interest in fibres of Guazuma crinita

The anatomical characterisation of bolaina blanca fibres was performed from the cellulosic pulp. The
length, width and wall thickness of 30 fibrous bundles were evaluated. This evaluation was performed
according to the standard procedures for wood anatomy studies (IBAMA 1991) using a LEICA DMS500
microscope at 4X, 10X and 40X magnifications.

Obtaining and lyophilising cellulose nanofibers (CNF)

CNF was obtained from the bleached pulp exposed to a 1 % consistency in water, via mechanical
defibrillation using a Changsha Samy planetary ball mill model XYQM-2L, grinding speed of 300 revolutions
per minute (rpm), total time of 3 hours and centripetal force of approximately 360 N.

After grinding, the obtained CNF was subjected to freeze-drying for yield calculation and characterisation.
It started with the conditioning of the material using a freezing bath at — 40 °C (230-V FRYKA cooling bath
model KB 18-40). Freeze-drying was conducted at a reduced absolute pressure (3 Pa) for 20 hours in a Christ
Alpha 1-2 LDplus 230-V freeze-dryer.
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Characterisation of CNF
Determination of degree of polymerisation (DP) of CNF

DP was determined using a capillary viscometer (Ubbelhode) to calculate the intrinsic viscosity (1)
according to TAPPI T 230 om-08 (2008).

Scanning electron microscopy

The morphological analysis of CNF was performed via scanning electron microscopy (SEM) using ZEISS
EVO MA10 equipment. The samples were dried at 50 °C for 24 hours to determine the diameter of the fibres
through the obtained images.

Fourier transform infrared spectroscopy

A Bruker Alpha II Fourier transform infrared spectrometer (FTIR) was used to analyse the molecular vi-
brations of the freeze-dried CNF samples for each longitudinal section of the tree.

The attenuated total reflection method was conducted with successive scans at a resolution of 4 cm™ and
wavelengths in the 400 cm™ - 4000 cm™ range. Data were processed using FTIR software.

X-ray diffraction
A Bruker D8 ADVANCE X-ray diffractometer was used. X-rays with a wavelength of 1,5406 A were in-
cident on the freeze-dried CNF, for each longitudinal section of the tree. In the analysis parameters, the Bragg

angle was swept in the range 6° <26 < 90° with an interval of 0,01°.

The percentage crystallinity was calculated using Equation 1 according to Segal’s method (Segal et al. 1959).

c=[1-28 1y 100 0
122,6

b

Where /C is the crystallinity index, /18 and /22,6 are intensities corresponding to the diffraction angles 260
= 18° and 20 = 22,6°, which in turn correspond to the reflection planes (110) and (200), respectively.

Moreover, the average size of the cellulose crystals was determined using the Scherrer Equation 2, calcu-
lated for the intensity corresponding to the crystallographic plane (200) (2 6 = 22,6°).

D= 0,941
bcosb’

2)

Where 0,94 is the value of Scherrer’s constant corresponding to the symmetry and shape of cellulose
crystals, is the wavelength of the X-rays with a value of 1,5406 A and b is the half-peak width (in radians).

Thermogravimetric analysis

Thermogravimetric analysis was performed individually for CNF from high and basal section using the
TGA 70-LECO equipment according to ASTM D7582 (2015). Freeze-dried CNF samples weighing 1 g were
placed in aluminium crucibles and subjected to analysis in the 25 °C - 900 °C range at a heating rate of 10
°C-min’".

Ultraviolet—visible (UV-Vis) spectroscopy

Measurements were performed using a Perkin Elmer Lambda 21 UV—Vis spectrophotometer to determine
the adsorption capacity of lyophilised CNF for methylene blue dye. CNF was analysed at two concentrations
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of methylene blue, 10 ppm and 20 ppm. Methylene blue was used as a control dye because it is water soluble
and easy to detect in spectrophotometric equipment (Lermen ef al. 2021).

In each case, a 15-mL sample of the solution was collected and placed in a tube of the same volume in
duplicate. The sample was then centrifuged for 30 min at 5000 revolutions per minute (rpm) to sediment CNF
particles. The liquid fraction, without the sediment, was read using the spectrophotometer; moreover, blank
readings were recorded.

Experimental design

The data analysis was conducted using the longitudinal height of the trunk as the only variable, exposed at
three levels: basal, middle and high sections. Eventually, the mean values were compared.

The results were evaluated using analysis of variance and the Kruskal-Wallis test and, in case of signifi-
cance, the Tukey and Mann—Whitney tests were performed at a confidence level of 95 %.

RESULTS AND DISCUSSION

Chemical characterisation of Guazuma crinita wood

The results obtained showed no significance for macromolecular components such as cellulose,
hemicellulose and lignin as well as for low molecular weight components such as extractives, ash and sili-
ca, along the longitudinal axis of the trunk for three-and-a-half-year-old bolaina blanca trees (Table 2). This
indicates that the zone of the tree did not influence the contents of the chemical components of the extracted
samples. The reported values agree with those reported by Coérdova et al. (2020) for similar species and age,
and Cipra Rodriguez et al. (2022) for same wood from 5 to 8 years.

Table 2: Chemical composition (%) of sections of Guazuma crinita wood.

Component (%) High Middle Basal Statistical test
Cellulose 53,30 (0,72) 52,67 (0,92) | 52,54 (0,72) ANOVA (n.s.)
Hemicellulose 24,18 (3,87) | 23,76 (3,92) | 24,64 (4,05) ANOVA (n.s.)
Lignin 23,11 (1,59) 2293 (2,23) | 22,95 (1,92) ANOVA (n.s.)
Extractives 1,71 (16,18) | 1,90 (16,82) | 1,75 (12,38) ANOVA (n.s.)
Ash 0,77 (4,76) 0,8 (0,36) 0,76 (2,05) Kruskal- Wallis (n.s.)
Silica 026 (17.39) | 0,20(3,66) | 0.25(20,75) ANOVA (n.s.)

Data are expressed in percentage. Coefficient of variation (). n.s. denotes not significant.

Although no significance was found among the obtained values, the high zone exhibited slightly higher
values for cellulose and lignin content. The high zone of the trunk contains a higher proportion of juvenile
wood, which is characterised by the presence of more cellulose and, also, a greater chemical accessibility to
extract a larger amount of lignin. The opposite occurs in the lower zone of the trunk, where the wood has a
higher degree of lignification and is more reticulated (Malpartida 2010). The growth site of the species should
also be considered, as it will influence the lignin constituents through its structure and chemistry (Césare ef al.
2019, Katahira et al. 2018).

The results show a low lignin concentration, which is related to the early age of the tree because, according
to Zaki et al. (2012), this concentration increases as the tree ages owing to its need to harden and become more
resistant.

A low level of extractives, < 2 %, is ideal for the pulping process. Honorato et al. (2015) mention that
a high percentage of extractives in wood makes it an undesirable material for pulping because it negatively
influences delignification during digestion and also forms coloured complexes that affect the whiteness of the

pulp.
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Obtaining and bleaching cellulosic pulp

The cellulosic pulp yields for the different shaft sections were in the 45 % - 47 % range, which correspond
to the yield (40 % - 55 %) reported by Bajpai (2018) for soda digestion (Table 3).

Table 3: Results of the digestion and bleaching process of Guazuma crinita cellulosic pulp.

Shaft section Pulping yield (%) | Bleaching yield (%)

Basal section | 45,54 (n.s.) (15,45) | 83,79(n.s.) (10,33)
Middle section | 47,01(n.s.) (6,61) 87,53(n.s.) (6,91)

High section | 45,95 (n.s.) (11,35)| 85,63 (n.s.) (8,29)

Coefficient of variation (). n.s.: Not significant.

No significant differences were observed between pulping and bleaching yield averages among shaft sec-
tions.

The yield of the digestion process indicates nearly complete solubilisation of the non-cellulosic elements.
According to the results listed in Table 2, bolaina blanca wood at different sections contained approximately
52 % cellulose. The low yield obtained from the pulping process in general results from the partial degrada-
tion of amorphous/soluble cellulose (beta and gamma cellulose) due to the parameters used, yielding a pulp
with a high percentage of alpha-type cellulose, which is characterised by its insolubility in sodium hydroxide,
stability and high crystallinity (Manzano 2021, Singh ef al. 2021).

Bleaching yields vary between 90 % and 97 % (Bajpai 2018). The yield obtained in this study was between
82,3 % and 87,9 %. This low yield was caused by the loss of white pulp due to the intensity of bleaching with
consequent removal of pulp mass, mainly residual lignin and low molecular weight carbohydrates such as
hemicelluloses.

The Kappa index test indicates the delignification caused by the bleaching process. The unbleached pulp
had a residual lignin content of 4,28 %, which decreased to < 1 % after bleaching. The delignification of the
white pulp reached a value of 98,22 %, demonstrating the efficiency of the stepwise process.

Measurement of anatomical elements of interest Guazuma crinita fibres

Fibre length showed significant differences in the basal section with a value of 1322 pm with respect to
the middle and high sections (Table 4). The length reached an average value of 1156 pm with respect to the
three sections, which can be catalogued as medium length fibres according to the International Association
of Wood Anatomy (IAWA 1989). However, the fibre diameter exhibited significant differences in the upper
section, with a value of 28,77 um, compared with the middle and basal sections; classified in the category of
medium diameter fibres according to IBAMA (1991). Similar values for the species studied were reported by
Cérdova et al. (2020). Cell wall thickness averaged 3,91 um, showing no significant differences among the
three sections. Beeckman (2016) mentions that the environment influences both the growth and quality of the
anatomical elements of wood, whereas Rodriguez ef al. (2015) point out that the treatment conducted to sepa-
rate the anatomical elements will have an influence on fibre measurement results.
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Table 4: Measurements of bleached chemical pulp fibres.

Measurement of the fibres anatomical elements
High S. Middle S. Basal S. | Average Test
Length (pm) 1087(b) 1059(b) 1322(a)

(12,56) (15,87) (13,99) AL Tukey
Overall diameter (um) 30,10(a) 29,77(a) 26,44(b) 28.77 Kruskal-

(16.86) (20,51) (22.33) ; Wallis

Wall thickness (um) 3,61(ns.) 4.39(n.s.) 3.72(n:s.)

(25,62) (30,30) (36,25) i A
Lumen diameter (um) 17,22(b) 16,59(c) 18,17(a) 1733 Kruskal-

(10.,43) (20,80) (35,95) ’ Wallis

Means that do not share a letter are significantly different. n.s.: Not significant. Coefficient of variation ().

Obtaining and lyophilising CNF

CNF was obtained in a solution at a consistency of 1,5 % (w/w). The yield was calculated for freeze-
drying the solution to obtain dry NCF. The yield was approximately 96 % from the milling of the cellulosic
pulp. These results are consistent with the proper proportion of cellulose in the pulp.

The high, middle and basal sections achieved average cumulative yields (of the entire transformation from
log to CNF) of 32,1 %, 33,6 % and 31 %, respectively. See Figure 1.
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Figure 1: Cumulative performance in obtaining CNF from Guazuma crinita logs.
CNF characterisation
Determination of polymerisation degree (DP) of CNF

The DP of CNF presented significant differences in all the sections of origin. The values were 300, 249
and 211 for the basal, middle and high sections, respectively. A decrease in the DP of CNF was evidenced as
the height of the section of origin increased.

This coincides with the discussion by Carballo et al. (2004), which mentions that, at greater stem height,
fibres are less cross-linked with each other owing to a lower lignin content and less fibre development, thereby
suggesting a lower DP of their composing monomeric units.

7
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Tarres (2017) obtained DP values in the range between 300 and 450 for CNF from Eucalyptus via enzy-
matic hydrolysation (Endo-f-1,4-glucanase); Megashah et al. (2020) obtained DP values of 500 for oil palm
CNF obtained using mechanical treatments such as disc milling, and Hu ef al. (2015) obtained a DP of 660
for CNF from Eucalyptus. These results show that DP varies according to the material from which CNF is
obtained and the treatment used for CNF production. In this context, the large-scale decrease in the obtained
DP (between 210 and 300) was mainly due to the treatments to which the wood was subjected until obtaining
CNF, with large influence mainly of the digestion, bleaching and final mechanical milling processes.

Scanning electron microscopy

The Figure 2a denotes the nanofibrils (indicated by red arrows) with a morphology very similar to the
original fibres, but at a nanometer size in diameter, which may be due to the delignification level higher than
98 %, reason for which the nanofibrils had greater feasibility to be released by the shear forces produced by the
impact of the moving balls on the paste.

Figure 2b depicts the nanofibrils released from the original fibres, which formed a network-like structure.
Moreover, Figure 2¢ depicts rough surfaces (enclosed in red circles) that were present on the nanofibrils. Ra-
mesh and Radhakrishnan (2019) have reported that surface roughness is due to the dissolution of lignin and
hemicellulose compounds, removed during the alkaline hydrolysis and bleaching process. The appearance of
roughness resulting from the loss of non-cellulosic components is due to sedimentation of the fibres in the plant
cell wall by these components; consequently, when these components are removed, they leave the fibrils worn.

Figure 2: SEM micrographs of CNF of Guazuma crinita wood from different sections.
(a) Cellulosic microfibril, (b) Macrofibril defibrillation and (c¢) Microfibril roughness.

Table 5 lists the average diameter values of the nanofibrils that were measured with origin in the different
sections of interest.

Table 5: CNF diameter.

Section N Average diameter Mann — Whitney (nm)
High section 62 84 (a) (64,99)
Medium section 44 75 (b) (54,92)
Basal section 48 69 (b) (51,5)

N is the number of nanofibril bundles measured per section. ( ) Coefficient of variation. Means that do not share a letter are significantly
different.
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Generally, nanofibrils with average diameters < 100 nm was obtained. Importantly, the diameter of the
nanofibrils originating in the high section was larger than that of the nanofibrils originating in the middle and
basal sections.

The results contrasted with those reported by Ponce et al. (2020), who obtained NCF from Tara with
diameters of 300 nm using the same equipment for mechanical treatment, presenting higher values than those
obtained in this study. This may be because they did not perform pulp bleaching; therefore, fibres were com-
pacted even by the remaining lignin during defibrillation. Conversely, Siré and Plackett (2010) obtained NC
from bleached pine pulp with diameters between 10 nm and 100 nm using a high-pressure homogeniser.

The difference in results with respect to those obtained by other authors is due to the different conditions
during the mechanical disintegration of the cellulosic pulp, validating the study conducted by Fukuzumi et al.
(2013), who assessed the dimensional change of the nanofibrils before evaluating different milling parameters.

Fourier transform infrared (FTIR) spectroscopy
Infrared (IR) spectra corresponding to each section were analysed using the averages of the absorbance

obtained in the spectral range of 400 cm™ - 4000 cm™'. Figure 3 depicts the FTIR spectra of the CNF obtained
from the high, middle and basal sections.
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Figure 3: Infrared (IR) spectra of high, medium and basal section of CNF of Guazuma crinita.

The C-H bonds (770 cm™ to 880 cm™) directly related to the vibrations of glycosidic bonds of glucose
monomers were evidenced, which were also possible indicators of the remaining amorphous zone of cellulose
(Hospodarova et al. 2018).

In this study, we were able to verify the presence of C—O—C bonds (1045 cm™ — 1049

cm) corresponding to the pyranose rings constituting cellulose, C=C bonds (1475 cm™ — 1600 cm™)
originating from the aromatic rings of lignin and CO, (weak absorptions very close to 2346 cm™), as CO, can
be easily added on the surface of the study material through the adsorption phenomenon.

Furthermore, O—H bonds peaks (3000 cm™ to 4000 cm™) originated from the hydroxyls present in the

cellulose molecules in addition to the O—-H bonds (1631 ¢cm™ — 1665 cm™ and 3311 em™ — 3329 cm™) typi-
cal of the hydrogen bridge characteristic of intermolecular bonds between cellulose chains. For these bonds,
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the absorptions were weak because the water in the CNF was removed via freeze-drying (Larkin 2018,
Mandal and Chakrabarty 2011, Oancea et al. 2012, Rigg 2018). Additionally, the vibrational peak at 1049 cm'!
denotes a large stretch related to cellulose crystallinity (Elanthikkal ez al. 2010, Hospodarova et al. 2018).
Moreover, nearby peaks are present between 1630 cm™ and 1730 cm™', which are representations of vibrations
corresponding to acetyl and uronic ester bonds of hemicellulose and ester bonds present in carboxylic groups
of lignin (Johar et al. 2012, Kumar et al. 2014).

As evidenced, the NaOH treatments during digestion and the NaClO and H,O, used in bleaching had con-
siderable effect on the oxidation and partial removal of non-cellulosic elements.

The IR spectra patterns showed no differences among the three zones, coinciding with the chemical
characterisation (Table 1).

X-ray diffraction

From the obtained diffractograms (Figure 4), it was observed that the most distinct peaks were those
present at 26 = 15,7°; 22,5° and 34,7°, which correspond to (110), (200) and (004) crystalline planes respec-
tively, typical of type IP cellulose. Moreover, this trend of peaks was much more evident for the basal and
middle zones. For the high zone, no intensity peaks were found for 26 = 15,7° but for 20 = 12,7° and 14,4°,
which were associated with the (110) plane of a crystalline region characteristic of type II cellulose. Based on
the aforementioned X-ray diffraction observations, we inferred that the chemical treatment performed for the
release of cellulose from other compounds exerted a more substantial effect on the high zone by disordering
and/or somehow affecting the crystallinity of its structure.

225

_ — High Section
—— Medium Section
] Basal Section

Intensity (A.U.)

20(°)

Figure 4: CNF diffractograms of Guazuma crinita obtained from three different sections of the longitudinal
axis of the shaft.

The highest degree of crystallinity (IC) was obtained from the basal section with a value of 96 % (crystal
diameter = 3,4 nm), followed by the middle zone with a value of 93 % (crystal diameter = 3,6 nm) and the
high zone with a value of 76 % (crystal diameter = 3,4 nm). No correlation was found between the IC and the
average crystal size of each CNF sample from each longitudinal section of the tree. Crystallinity values were
high owing to the successive chemical treatments conducted to obtain CNF, which caused a decrease in the
amorphous zones.

Overall, the obtained crystallinity index was above the crystallinity index range reported by Campano
et al. (2016), who mention that for a fibrillar nanocellulosic material to have good mechanical and physical
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properties, the crystallinity index must be between 84 % and 89 %. The decrease in CNF crystallinity with
respect to the increase in shaft height exhibited the same trend with respect to DP. Hence, the number of mono-
mers composing the cellulosic chain had a direct influence on the IC.

Thermogravimetric analysis

The decomposition of the NCF started from 250 °C and culminated at approximately 360 °C. In this range,
the highest amount of mass (volatile material) was released with 82,1 % and 82,3 % for the CNF from the high
and basal sections, respectively, for which these results did not show significant differences (Figure 5).
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Figure 5: CNF thermograms obtained from the high and basal sections.

The temperature corresponding to the maximum decomposition rate for the CNF from the basal zone
(341 °C) was higher with respect to that for the CNF from the high zone (335 °C), with a difference of 6 °C,
where the sample from the apex lost a slightly higher mass percentage (approximately 3 %) than the sample
from the base. This is due higher crystallinity values are related with lowest thermal degradation stability in
CNF and CNC (Yildirim and Shaler 2017). This trend was related to the nanofibrils of the basal zone being
more developed than those of the apex, which was corroborated by the polymerisation and crystallinity degree
results because the sample of this zone was more rigid and therefore might have needed more energy for its
decomposition compared with the high CNF.

Ultraviolet-visible spectroscopy

The results of methylene blue adsorption by CNF from different sections validate an efficiency > 60 % for
the removal of methylene blue at different concentrations (10 ppm and 20 ppm) using CNF at two different
weights of 50 mg and 100 mg (Table 6).
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Table 6: Methylene blue removal values at different concentrations using CNF.

fmeigione bhue. | mss | Section | Ce(mgl) | ge(mgg)

High 9,51 10,34

50 mg Medium 10,06 9,97

Basal 9,89 9,98

20 mg/L High 6,74 6,51
100 mg Medium 7,07 6,47

Basal 7,56 6,17

High 3,84 6,83

50 mg Medium 4,14 6,52

Basal 4,34 6,21

10 mg/L High 2,96 3.85
100 mg Medium 3,04 3,78

Basal 3:55 3,51

Ce: Equilibrium concentration and qge: Specific adsorption.

The adsorption capacity was considerably higher in the high zone with a value of 65 %, followed by
the middle and basal zones, with values of 62 % and 61 %, respectively. This was due to the CNF from the
high zone containing a higher proportion of amorphous zone in its structure, indicated by its much lower
crystallinity index than the middle and basal zones; therefore, it has more availability to generate bonds with
the molecules that compose the methylene blue reagent. Moreover, Keplinger et al. (2019) have reported that
the adsorption capacity is influenced by the type of drying performed on NC, according to which supercritical
drying as the lyophilisation used in this study yields better results by retaining the porous structure of NC
without the use of any solvent.

By increasing the initial concentration of adsorbate (methylene blue) from 10 pm to 20 ppm, the removal
percentage decreased from 61,6 % to 50,8 % and from 70,2 % to 64,3 % for the adsorbent masses of 50 mg
and 100 mg CNF, respectively. Because at a higher availability of available adsorption sites at low concentra-
tions of the adsorbate, much of methylene blue molecules can be removed more effectively. However, when
the initial concentration of the adsorbate is increased, the competition to attach to the available sites among
the methylene blue molecules increases, and even after reaching equilibrium, these molecules remain in the
solution, which reduces the removal percentage (Ahmad and Alrozi 2010, Rangabhashiyam et al. 2014).

CONCLUSIONS

CNF was obtained from bleached cellulosic pulp of bolaina blanca (Guazuma crinita Lam.) from different
shaft sections. The wood to CNF yields were higher than 32 % for the different sections of the longitudinal axis
of the shaft from which it was obtained.

CNF obtained from the different sections generally had a diameter < 90 nm. CNF from the high section
had a considerably larger diameter than CNF from the middle and basal sections.

CNF from the basal section exhibited a considerably higher degree of polymerisation, more crystallinity
and better thermostability. Moreover, CNF from the high section exhibited considerably better methylene blue
dye adsorption condition.
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