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Abstract

The pineapple fruit when harvested generates a large amount of residual biomass; this biomass can be used to generate
value-added products such as cellulose nanofibers. This study was focused on the isolation of CNF from pineapple leaves
after oxidation pretreatment with 2,2,6,6-tetramethylpireridine-1-oxyl, followed by mechanical deconstruction of the fibers
via combination of grinding and microfluidization process. One and two microfluidization passes were applied to bleached
and unbleached fibers, respectively. The implications of these findings are that during the production process it is possible to
reduce the amount of chemicals needed for bleaching and the energy involved in the mechanical microfluidization process.
Such process yielded corresponding fibril lengths and widths in the range of 481-746 nm and 16-48 nm. The respective
electrostatic charges, as measured by zeta potentials, were —41 mV and —31 mV. As expected, the CNF crystallinity was
higher than that of the starting material, especially for the cellulose. However, the thermal stability was reduced, showing
two degradative processes due to the chemical modification of the fibers. The CNF produced from pineapple leaves has a
potential to be used like biomaterial in diverse applications while representing a viable alternative to producers, which face
serious environmental and health challenges given the large volume of biomass that is otherwise left in the fields as waste.
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Statement of Novelty

The novelty of this investigation was to produce bleached and
unbleached cellulose nanofibers from pineapple leaves using
an oxidative pretreatment with 2,2,6,6-tetramethylpiperidine-
1-oxy (TEMPO) followed by mechanical combination of
grinding and microfluidization process. Moreover, the novelty
was to take advantage of pineapple stubble waste and give
it a beneficial use for the elaboration of advanced materials.
Through this process, it was found that the PALF is a suitable
source for the extraction of nanofibers and the TEMPO pre-
treatment reduced the number of steps in the microfluidization
process. On the other hands, the characteristics of nanofib-
ers was similar independent of the cellulose (bleached and
unbleached). The implications of these findings are that during
the production process it is possible to reduce the amount of
chemicals needed for bleaching and reduce the energy involved
in the mechanical microfluidization process. This will reduce
the environmental impact and the cost of production of the
CNF.
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Introduction

Costa Rica is a world leader in fresh pineapple exports. In
2020, for example, over 2 million tons of pineapples were
exported, primarily to the United States and the European
Union, equivalent to 943 million US dollars [1, 2]. Upon
harvesting the pineapple fruit, all the residual biomass is left
in the field, generating a large quantity of stover. Stover is
mainly composed of the leaves and stalk of the plants. This
lignocellulosic material is difficult to degrade and possesses
a large quantity of water, which attracts plagues such as sta-
ble flies. It is estimated that for every acre of cultivated pine-
apple, 200 tons of residue is generated. The yearly average of
pineapple stover represents approximately 3 million tons [3,
4]. Given that this biomass is difficult to degrade in the field,
the method most used for disposal is to cut the stover and
then apply herbicides and other agents until dried, followed
by an eventual incineration. The use of agrochemicals gener-
ates an adverse impact on the environment and contaminates
aquifers, soil and air. Therefore, it is important to find a way
to use this material for a secondary use [5].

The main components in the biomass from pineapple
crops include cellulose, hemicelluloses, lignin as well as
pectins, waxes, and water-soluble substances [6-9]. They are
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present in pineapple leaves fibers (PALF), which are char-
acterized by elongated structures consisting of a system of
vascular bundles that are present in the form of fibrous cells.
These fibers can be obtained by mechanical elimination of
the epidermal tissue and, in spite of their abundance, are typ-
ically very hygroscopic and inexpensive but exhibit superior
mechanical properties [10]. PALF are associated with high
cellulose content (70% to 80%) and a relatively low micro-
fibrillar angle 14 [11]. It has been reported in other investi-
gations that cellulose can be transformed on a nanometric
scale to obtain nanocellulose, as cellulose nanofibers (CNF)
or cellulose nanocrystals (CNC) [12]. The sources that have
been reported for obtaining nanocellulose are very varied;
they can be hardwoods [13, 14], softwoods [15], non-timber
plants [16], agro-industrial waste [17, 18], among others.
The methods for obtaining nanocellulose are also varied, the
most common to obtain CNC are the chemical processes of
acid hydrolysis, and to obtain CNF is the mechanical pro-
cess of microfluidization [12]. The most important aspect is
to determine the extraction method, according to the initial
raw material, to have the best performance and best charac-
teristics of the nanocellulose obtained. The nanocellulose
can be used to improve the properties of diverse materials
and modify the rheology of cement slurries, gels, paints,
and cosmetics, as well as food additives and pharmaceutical
excipients [18-21].

The biomass generated in pineapple production has been
used mainly to extract cellulose nanocrystals. The CNC
obtained are by acid hydrolysis and it has been reported
that they are extracted from different parts of the pineapple
plant such as the crown [22, 23], the stem [3], the peel [24]
and the leaves [25, 26]. Due to the cellulosic availability in
pineapple plant, it is important to explore the possibility of
producing CNF from this raw material. The main difference
between CNC previously reported by other authors and CNF
is the morphology. Nanofibers have diameters in the order
of nanometers and lengths in the order of micrometer. This
difference will influence the final application given the new
material. For example, CNC are shorter and smaller and have
better resistance properties and greater crystallinity than cel-
lulose nanofibers and can be used as reinforcement materi-
als [24]. Cellulose nanofibers can crosslink and form high
strength nanostructures for other applications [27]. Accord-
ingly, the novelty of this research is producing CNF from
pineapple leaves white cellulose bleached and unbleached
using an oxidative pretreatment with TEMPO followed by
mechanical combination of grinding and microfluidization
process. The pretreatment of the fibers by TEMPO oxidation
enhances the dispersibility in water, given the electrostatic
repulsion generated by the formation of anionic carboxylate
groups [28]. This will help to reduce the steps through the
microfluidizer and, therefore, the energy consumption of the
mechanical processes will be reduced. The high electrical

energy consumption typical of mechanical nanocellulose
production is a significant drawback, from the point of view
of both environmental impact and production cost [15].

Materials and Methods
Obtainment of the Material and Chemical Reagents

The pineapple residues, namely, pineapple leaves (PALF),
were collected from a pineapple estate from the company
Pifiales de Santa Clara, located in Sarapiqui, Heredia,
Costa Rica. The chemical reagents used included sodium
hydroxide (NaOH), sodium hypochlorite (NaCIlO) for the
bleaching process, and sodium bromide (NaBr), hydrochlo-
ric acid (HCI) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO) for oxidation. All the reagents were acquired from
Sigma-Aldrich.

Chemical Composition of the Pineapple Leaves

The chemical composition of the pineapple leaves were
determined following the ASTM methods. The cellulose
content was determined using the ASTM D1721 [29], acid-
soluble lignin content was determined using ASTM D1106-
21 [30]. The extractable compounds in acetone were deter-
mined according to ASTM D1104-78 [31] while the ash
content with ASTM D3174-12 [32].

Cellulose Extraction from Pineapple Leaves

The pineapple leaves were mechanically disintegrated in a
debarker to separate the fibers, then they were cut into 0.5-
cm pieces and stored at 4 °C until use; the material was
never dried. The debarked material underwent an alkaline
treatment with a dissolution of NaOH at 4% m/m at 80 °C for
2 h (unbleached sample). An alternative bleaching treatment
was applied to the previously prepared samples using NaClO
at 3% m/m at room temperature for 4 h.

TEMPO Treatment of Pineapple Cellulose

The cellulose, with and without bleaching, were processed
with a Masuko grinder (KM, FRYMA-Maschinenbau,
Finland) for 10 passes. Then, 15 g of each bleached and
unbleached samples were used for TEMPO oxidation at
1% solids content, using 0.1 mmol TEMPO per g of cellu-
lose and 1 mmol of NaBr per g of cellulose. The oxidation
through TEMPO began when sodium hypochlorite at 10%
m/v was added, corresponding to 1.2 mmol for each g of cel-
lulose, under constant stirring and adjusting the pH between
10 and 11. After 3 h of the reaction, the TEMPO-oxidized
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fibers were washed three times with distilled water before
filtration.

Extraction of Cellulose Nanofibers

The CNF were extracted by mechanical treatment with a
microfluidizer (Microfluidics, Model M-110P) using the
400 pm and 200 pum chambers arranged in series. Subse-
quently, the material was passed once in the case of bleached
cellulose and twice for unbleached fibers. In both cases the
200-um and 100-um chambers were used, yielding the CNF.
The equipment used an intensifying pump that increased
the pressure in the chamber, which favored the interac-
tion between the fibers and the shearing forces and impact
against the fibrillation currents. The samples obtained from
the microfluidizer included bleached CNF (CNF-B) and
unbleached CNF (CNF-UB).

Cellulose Nanofibers Characterization

The degree of oxidation was determined on the bleached
and unbleached pineapple cellulose samples that were pre-
treated with TEMPO samples. The samples were placed in
water with 0.001 M NaCl with constant stirring, then 0.5 M
HCL was added until a pH between 2.5 and 3.0 was reached.
0.05 M NaOH was added until the constant part of the curve
was reached and a pH of 11 was reached. The carboxylate
content of the sample was determined from the conductivity
curve using a conductimeter (Thermo Scientific Orion 3 star,
USA). Electrical conductivity titration was used to deter-
mine the aldehyde content of the bleached and unbleached
samples by oxidization with an aqueous solution of NaClO2
at pH 4 and 5 for the selective conversion from aldehyde to
carboxylate groups [28]. The degree of oxidation was deter-
mined according to Eq. 1:

162C(V, — V)
m—36C(V, — V,)

DO = 100 (1)

where C is the NaOH concentration, V| and V, are the
volumes of NaOH, and m is the weight of the oven-dried
sample. The degree of oxidation refers to the quantity, in
percentage, of hydroxymethyl groups that are present in
the cellulose that are oxidized into carboxyl groups during
TEMPO oxidation.

Atomic force microscopy (AFM) was performed using a
MultiModeTM Scanning Probe Microscope (Digital Instru-
ments, Inc., USA). The bleached and unbleached CNF sam-
ples were prepared by spin coating using only the superna-
tant of 0.01% w/w nanofibers on a mica substrate and dried
at room temperature. The images were acquired in tapping
mode and analyzed using Image J 1.45 software. FTIR-ATR
spectroscopy was used to detect any chemical changes in the
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nanofibers that may have occurred during treatment. Attenu-
ated total reflectance (ATR) was used to obtain a spectrum
of each sample in the range of 4000 cm™~! to 400 cm™. The
spectral output was registered in transmittance mode as
a function of the wavelength in an FTIR (Thermo Scien-
tific, IS50 equipment, USA). Thermogravimetric analysis
(TGA) was performed to compare the thermal stability of
the TEMPO-oxidized bleached and unbleached CNF using
a TA Instruments Q500, USA TGA equipment,, under an
inert atmosphere and in the temperature range between
50 °C and 600 °C. The zeta potential of the nanofibers was
determined using a Zetasizer Nano-ZS90, UK, which used
1 mL of the cellulose nanofiber suspension at 0.35% sol-
ids. X-ray diffraction analysis was carried out with CuKa
radiation (wavelength 1.5405 A) and in exploration mode
by steps (20 range: 5° to 50°) in a XRD, Empyrean, Siemens
equipment, USA. The diffractograms were deconvolution
using Origin Pro 2018 software by adjusting crystalline and
amorphous peak sum into each original curve via lorentzian
deconvolution. The crystallinity index (I.%) of the nanofib-
ers and PALF was determined by the acquired spectrum
using Eq. 2 [10, 33].

g%=(1_%§)*um )

where: Aa is the area under the curve corresponding
to the amorphous portion and At is the total area of the
diffractograms.

Results and Discussion
Chemical Composition of the Pineapple Leaves

During the isolation of cellulose nanofibers, the starting
PALF must be exposed to different reactions that generate
chemical composition changes. The initial stage uses an
alkaline treatment to remove lignin, hemicellulose and ash
[34]. Afterward, sodium hypochlorite is used to bleach the
sample and remove the remaining lignin, depending on the
reaction time, noting that after 5 h the fibers start to degrade
[35]. The chemical composition of the PALF is summarized
in Table 1, which indicates that cellulose is the most impor-
tant component (45%), followed by lignin (26%) and hemi-
celluloses (17%). The latter component must be eliminated

Table 1 Chemical composition of the pineapple leaf fiber (PALF)

Cellulose  Lignin Hemicel- Ash (%) Acetone Water

(%) (%) luloses extracta-  extracta-
(%) bles (%)  bles (%)

453+25 25.6+13 174+34 46+02 39+02 3.1+0.2
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during the alkaline treatment and bleaching. The results are
comparable to data from dos Santos et al. 2013, who found
36%, 23% and 28% of the respective components in Brazil-
ian PALF. However, the biggest difference is regarding the
percentage of cellulose and can be attributed to differences
in sample preparation, method of extraction, geographical
and climatic conditions where the pineapple grows [36]. A
remarkable aspect is the presence of the three components
and high cellulose content, which makes this material inter-
esting for the production of CNF.

TEMPO Treatment of Pineapple Cellulose

The cellulose from the bleached and unbleached pineap-
ple leaves was modified through TEMPO oxidation before
microfluidization. In general, the difference between the
bleached and unbleached CNF was the presence of lignin
and hemicelluloses. These compounds can later inter-
act with TEMPO. Indeed, the degree of oxidation for the
bleached cellulose samples was higher (8.8%) than that of
the unbleached sample (6.6%). This can be attributed to
reagent consumption by lignin and possibly a barrier effect
generated by the oxidizable groups and the lower cellulose
content, which is the substrate for the reaction. An interme-
diate species formed during oxidation is the aldehyde group,
which can reach a concentration of 0.2—0.3 mol/g. This value
corresponds approximately to one aldehyde per 20—30 mon-
omeric repeating units, depending on the concentration and
volume of NaClO added, reaction time and the nature of the
sample that is being oxidized [37, 38] (see Table 2).

Also the lower carboxylate contents in the CNF-UB after
the oxidation is due to NaClO reacting with the lignin during
the bleaching process rather than forming carboxylates on
the surface, which generates a change of color of the sample
from dark green to lighter green shade [39].

Cellulose Nanofibers Characterization

FTIR spectra of pineapple fibers, pineapple cellulose and
CNF-B and CNF-UB after oxidation are shown in Fig. 1.
In general, all the spectra show the characteristic signals
of cellulosic material (OH: 3335 cm™"), (CH: 2895 cm™)),
(C=0, CC and CO: 1140 cm™" and 1030 cm™") and (COC:
894 cm™"). In Fig. 1, a new band appears at 1730 cm™',

1753
3335 2850 1732 1030
=S e e
\ ~~" CNF-UB N A
400 | Sl 1 e, e

\“\ !/ \

\ <
5 300{ TS~ CNFB
S
(]
o
8 ]
[u]
£
£ 7 [0 I e e L 2
@ PALF cellulose "/ ™
©
g

T I U D
PAF T N

L T X T ¥ T L T ¥ T T ¥ 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber cm™

Fig.1 FTIR of the cellulosic materials: PALF, PALF cellulose,
CNF-B and CNF-UB

which corresponds to the C=O stretching vibration of
carboxyl groups in their acidic form. This suggests that
the hydroxymethyl groups of the D-glucose unit were suc-
cessfully converted into carboxyl groups, even though the
signal at 1732 cm™! was less intense [40]. The percentage
of carboxylate groups was demonstrated to increase upon
changing the reaction conditions, as reported by Okita,
et al. 2010 [41], who used a concentration of 10 mmol/g
of NaClO and pH 10 during the entire reaction and
determined that more than 90% of the oxidized groups
were turned to carboxylates. Taking this into account,
1.2 mmol/g of NaClO was added, which is a lower concen-
tration. Therefore, a low aldehyde content was expected.
The pH of the reaction was not kept at 10 during the 3 h;
meanwhile, the speed of the reaction diminished as NaOH
was consumed; thus, the content of carboxylates on the
cellulose was not optimum and the signal at 1732 cm™!
was not as intense in the spectra of CNF-B and CNF-UB.

The TEMPO reaction tends to occur in the less ordered
regions of the system, which are more accessible to the
chemical reagents. The degree of dispersion increases,
which helps to have a more orderly rearrangement of
the cellulose chains, causing a higher percentage of

Tablg 2 Conductimetric Sample COONa content CHO content (mmol/g) Total DO? (%) Efficiency®
titrations of the TEMPO
L (mmol/g)
oxidized samples
NFC-B 0.320+0.002 0.214+0.002 8.75+0.04 70.8+0.2
NFC-UB 0.213+0.002 0.193+0.002 6.63+0.03 51.1+£0.2

3Degree of oxidation per unit of anhydroglucose cellulose, as percentage. “Efficiency defined by
(Ccro +2Ccoon)/Cracio Where Ceyg y Ceoop are the quantity of aldehyde and carboxylate groups gener-
ated and Cy, g is the quantity of NaClO added
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crystallinity in the CNFs than the original PALF sample
(without TEMPO oxidation), as observed in Table 3 [38].

The CNF-B and CNF-UB have a higher degree of crys-
tallinity than the original PALF. Despite the higher crystal-
linity of the TEMPO-modified samples, it is important to
note that the crystallinity values are low (64%) when com-
pared to other cellulose nanofibers from sources such as soy
hulls [42], agave bagasse, 68% [43] and banana peel, 66%
[44]. The crystallinity index was calculated using the Segal
empirical formula from the X ray deconvolution curve of

Table 3 Crystallinity index

the diffraction spectra (Fig. 2)[10]. From the XRD spec-
tra, two characteristics peaks of type III cellulose can be
observed that correspond with the peaks at 15.1° and 22.5°
on the planes (100) and (110), respectively [45]. No signifi-
cant changes in the peak positions were observed, only the
increase in the intensity of the peaks was observed in the
samples CNF-B and CNF-UB after TEMPO oxidation. This
is due to the introduction of aldehyde groups on the surface,
that allow better separation and re-accommodation of the
fibers. Moreover, a more intense peak can be observed in
the CNF-B sample, which also presents a higher degree of
oxidation.

The morphology of the fibers obtained after the TEMPO

Sample Crystallinity
of cellulose before and after index (Ic%) oxidation is confirmed from the AFM images (Fig. 3). These
oxidation . . .
images suggested that the chemical and mechanical treat-
PALF 55.0 . .
CNE-B 610 ments removed the cementing materials around the fiber-
) bundles (hemicellulose and lignin) and this resulted in indi-
CNF-UB 63.5 . R .
vidual fibrils in a well dispersed network.
a -
8000 (110 .
(100 i PALF 12000 - b aom 117 CNF-B
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Fig.2 XRD of the cellulosic materials: a PALF, b CNF-B and ¢ CNF-UB
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Fig.3 AFM image of bleached and unbleached cellulose nanofibers: a CNF-B and b CNF-UB

The CNF had diameters between 16 nm and 48 nm, show-
ing that the treatments were effective in producing nanoscale
materials from PALF fibers (Table 4). The CNF-B was thin-
ner, with average diameters of 15.5+6.14 nm compared
to CNF-UB, 47.9+10.4 nm. The diameters for CNF-B
were similar to the nanofibers isolated from banana peels
(12-22 nm) and lower than those of other nanosized struc-
tures derived from other sources such as nanofibers from rice
straw (12-35 nm), wheat straw (15-35 nm) and sugarcane
bagasse (30 nm) [46].

The z-potential differences between CNF-B and CNF-UB
see Table 4, indicate that the former has more electrostatic
repulsion between adjacent and similarly charged particles
in a dispersion than the latter. This is related to the highest
degree of oxidation of the CNF-B since it has a greater num-
ber of carboxylate groups and therefore the biggest repulsion
betwixt nanofibers [47]. The negative values of z-potential
in the samples indicate that almost all free carboxyl groups
were dissociated to provide anionic surface charges in water
[48]. Table 4 shows that all the nanofiber suspensions exhib-
ited a negative zeta potential. The zeta potential indicates
the stability of colloidal suspensions, due to the electrostatic
repulsion. The zeta potential of CNF-B was higher than that
of CNF-UB.

Figure 4 shows the thermogravimetric curves of the
PALF, PALF cellulose, CNF-B and CNF-UB samples. A

small mass loss occurred in all the cases in the T range
between 50 °C and 150 °C due to water evaporation and
loses of low molecular weight compounds trapped in the
material (approximately 7%) [49]. The maximum thermal
decomposition point is observed in the DTG curve at 293 °C
for PALF; this value is lower for PALF cellulose (322 °C),
due to the hemicellulose, lignin and pectins extraction which
are degraded at a lower temperature [50].

In the DTG curves, two signals can be observed at 261 °C
and 321 °C for the CNF-B sample and at 273 °C and 317 °C
for the CNF-UB sample (Table 5). These signals are mainly
attributed to the initial degradation of the sodium anhydro-
glucuronate units that are formed during TEMPO oxidation,
followed by the decomposition of the rest of the cellulose.
The last DTG signal on both spectrums is similar to the
thermograph of the cellulose. This is due to the fact that the
anhydroglucuronate is more thermally unstable which gener-
ates a chain effect causing the cellobiose units to degrade at
a lower temperature [28].

Conclusions

CNF was obtained from pineapple residues using TEMPO
oxidation of bleached and unbleached cellulose followed by
microfluidization. The results indicated PALF as a suitable

Table 4 Z potential and fiber

: Sample Zeta potential (mV) Fiber size Aspect ratio L/D
size of the bleached and
unbleached cellulose nanofibers Length, L (nm) Diameter, D (nm)
CNF-B —41+5 482+128 16+6 31+2
CNF-UB -31+8 747 £246 4810 161
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Fig.4 TGA analysis: a TGA thermograms of PALF, PALF cellulose, bleached and unbleached cellulose nanofibers and b DTGA curves of

PALF, PALF cellulose, bleached and unbleached cellulose nanofibers

Table 5 TGA results for PALF,

Sample Onset initial degrada-  Onset final degrada- % Residual DTGT1 DTG
cellulose PALF, bleached and tion temperature (°C)  tion temperature (°C) mass at 600 max (°C) T2 max
unbleached cellulose nanofibers o o

°C) °C)

PALF 272 330 17.88 - 293

PALF Cellulose 259 333 20.07 - 322

CNF-B 244 333 26.05 261 321

CNF-UB 260 330 24.53 273 317

source for CNF under a reduced number of steps. The iso-
lated nanofibers presented lengths of 482 nm and 747 nm,
with an aspect ratio of 16 and 31, zeta potentials of —41 mV
for CNF-B and —31 mV for CNF-UB. They also showed
higher crystallinity compared to the fibrous starting material.
There is evidence that the thermal stability of the material
is affected by the chemical treatment, since the degradation
temperature was reduced. A key finding is that the char-
acteristics found in pineapple cellulose nanofibers show
that this nanomaterial can have diverse applications, such
as composites or thin layers coated in laminated films for
generic and cutting-edge products and wet- end additive or
coating to improve the properties of cardboard in the paper
and packaging industry.

The bleached and unbleached CNFs presented similar
characteristics, which implies that in the production process it
is possible to reduce the amount of bleaching chemicals and
only use TEMPO oxidation process, since only 0.1 mmol of
TEMPO will be used per g. of cellulose. Chemical modifi-
cation with TEMPO makes cellulose fibers easier for micro-
fibrillating, reducing the steps carried out by the equip-
ment and reducing the energy consumed by the mechanical

@ Springer

microfluidization process. These changes in operation could
reduce expenses and make the process more cost-effective.
The two main benefits found in this research are the production
of a biomaterial with potential applications and a solution to
the serious environmental damage caused by agro-industrial
waste.
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