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Abstract: With the aim of identifying new sources to produce cellulose nanofibers, olive tree pruning biomass
(OTPB) was proposed for valorization as a sustainable source of cellulose. OTPB was subjected to a soda
pulping process for cellulose purification and to facilitate the delamination of the fiber in the nanofibrillation
process. Unbleached and bleached pulp were used to study the effect of lignin in the production of cellulose
nanofibers through different pretreatments (mechanical and TEMPO-mediated oxidation). High-pressure
homogenization was used as the nanofibrillation treatment. It was observed that for mechanical
pretreatment, the presence of lignin in the fiber produces a greater fibrillation, resulting in a smaller width
than that achieved with bleached fiber. In the case of TEMPO-mediated oxidation, the cellulose nanofiber
characteristics show that the presence of lignin has an adverse effect on fiber oxidation, resulting in lower
nanofibrillation. It was observed that the crystallinity of the nanofibers is lower than that of the original fiber,
especially for unbleached nanofibers. The residual lignin content resulted in a greater thermal stability of the
cellulose nanofibers, especially for those obtained by TEMPO-mediated oxidation. The characteristics of the
cellulose nanofibers obtained in this work identify a gateway to many possibilities for reinforcement agents
in paper suspension and polymeric matrices.

Keywords: olive tree harvest; lignocellulose nanofibers; circular economy; valorization;
pretreatments; high-pressure homogenization

1. Introduction

The concept of the circular economy—a system where waste generation is minimized by
reintroducing residues and by-products into the production cycle—can be applied, to a large extent,
to production processes that use natural resources. This is one of the bases that support the so-called
bioeconomy, the need for the integral valorization of natural resources. In Europe, agriculture
constitutes approximately 63% of the total biomass supply; forestry, about 36%; and fisheries, less
than 1% [1]. It is therefore essential to focus on the recovery of waste generated by the agricultural
sector in order to guide the economic strategy towards a circular economy and bioeconomy.

Spain is the leading country in olive and olive oil production with an average annual output of
9.8 million tons of olives, more than five times that of the second largest producer, Italy, with 1.8
million tons per year [2]. Spain represents 47% of worldwide olive production and 72% of European
production. As consequence of this production, after harvest, a large number of different types of
lignocellulosic materials are generated (pruning, leaves, stones, pomace, etc.), which generally have
no industrial application and must be discarded. It is estimated that for the production of one kg of
fruit, more than 0.8 kg of waste is generated, meaning more than 7.5 million tons of olive harvest
waste per year, waste that could be valorized in Spain. Olive tree pruning biomass (OTPB), in
common with any lignocellulosic material, mainly consists of cellulose, lignin and hemicellulose; and
other non-structural minority compounds such as pigments, proteins, ashes, etc. This biomass can be
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fractionated into its various components by means of biorefinery processes. This fractionation of the
OTPB into its lignocellulosic components has been widely studied by the scientific community,
testing its application as a source of sugar [3], substrate for ethanol production [4], lignin [5], energy
[6], building materials [7] and cellulose fibers for paper and cardboard production [8].

One of the most interesting avenues for the valorization of the agricultural residues is the
production of nanocellulose as an alternative to wood sources [9]. Nanocellulose presents unique
properties such as a high surface area, unique optical properties, lightweightness, stiffness and a high
strength, in addition to its inherent properties in common with cellulose (renewable, biodegradable
and sustainable) [10]. These properties allow the possibility of using this nanomaterial in many
industrial sectors, expecting to reach a global turnover around 10,000 M€ in 2020 [11]. The wide range
of applications of nanocellulose-based materials include the paper and cardboard industry [12],
electronic devices [13], energy [14], cosmetics [15], composites [16], wastewater treatment [17],
catalysts [18], construction [19], drug carriers [20] and biomedicine [21]. The use of agricultural
residues, such as OTPB, as a source for the local, renewable and sustainable production of
nanocellulose will allow countries with insufficient forest resources to produce these high value-
added products.

Cellulose nanofibers (CNFs), also known as nanofibrillated cellulose, are one of the existing
types of nanocellulose (along with cellulose nanocrystals and bacterial cellulose). CNFs are long
(several microns), flexible (presenting both types of cellulose region, crystalline and amorphous),
nanometric (1-100 nm in width) and are extracted from cellulosic fibers by mechanical methods [22].
The mechanical treatment aims at the isolation of the cellulose nanofibers by the delamination of the
fibers. Several mechanical treatments have been studied, including high pressure homogenization
[23], twin-screw extrusion [24], micro-fluidization [25] and ultrafine-friction grinding [26], the most
commonly used. One of the great disadvantages of these treatments is the large number of passes
that the fibers have to undergo and the long time required to produce delamination. Therefore, to
facilitate and increase the effectiveness of the treatment, fibers are subjected to a previous process,
known as pretreatment. Likewise, there are many pretreatments, but the most widely used and most
effective are mechanical pretreatment [27], enzymatical pretreatment [28], TEMPO-mediated
oxidation [29] and surface functionalization [30]. To study the effectiveness of the different
treatments, it is crucial to determine the chemical composition of the source, to optimize the process
of fiber obtention and to adequately characterize the final product.

In this work, olive tree pruning biomass has been valorized as a lignocellulosic source for the
obtention of cellulose nanofibers as a high value-added product. The suitability of the chemical
composition of the raw material and the fiber in cellulose nanofiber production has been studied. In
order to study the effect of lignin on the effectiveness of nanofibrillation and its properties, the
cellulose fiber was subjected to a bleaching process. Both types of fiber, bleached and unbleached,
were subjected to two independent pretreatments, mechanical pretreatment and TEMPO-mediated
oxidation, followed by high pressure homogenization treatment. The cellulose nanofibers obtained
were widely characterized in terms of their chemical composition, morphology, thermal stability and
crystallinity.

2. Materials and Methods

2.1. Sample Preparation

In this study, the raw material was obtained after the annual pruning of an olive tree plantation
in the province of Cérdoba (Spain), following olive harvest. The olive tree prunings were air-dried at
room temperature until their moisture content was below 8% and stored until use. Before the raw
material was subjected to the pulping process, it was chipped in an automatic grinder to obtain chips
of 4-5 cm length to facilitate the fractioning of the lignocellulosic components.

2.2. Pulping Process
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The olive chips were subjected to a pulping process in a 15 L capacity reactor, heated by an
external heating jacket and rotated by means of a horizontal axis. The process carried out was a soda
pulping process using 16% NaOH (on dry matter) as a reaction agent, at 170 °C for 60 min and a
liquid/solid ratio of 8:1. The conditions were selected according to previous studies and the
experience of the research group for the production of cellulose pulp for paper production [31,32]
After pulping, the treated chips were dispersed in a pulp disintegrator for 30 min at 1200 rpm. Once
the chips were disintegrated, the fiber was passed through a Sprout-Bauer beater and separated by
sieving through a netting of 0.14 mm mesh size. The cellulosic pulp was centrifuged to remove excess
water and left to dry at room temperature until use. Afterwards, the unbleached pulp was subjected
to a bleaching process. For this purpose, 0.3 g of sodium chlorite per gram of pulp was incubated in
a 0.3% pulp suspension in water at 80 °C for 3 h. After cooling, the pulp was filtered and washed
with acetone and several cycles of distilled water (Figure S1). This bleaching process allows the
removal of practically all the lignin present in the fiber, maintaining the entire carbohydrate
composition [33]. This makes it possible to study the effect of lignin on the production of cellulose
nanofibers and their characteristics.

2.3. Raw Material and Cellulosic Pulp Characterization

The olive tree pruning biomass and the cellulosic pulp obtained were characterized in terms of
the chemical composition of the lignocellulose matrix. Both were characterized according to their
content of ethanol extractables, hot water extractables, ashes, lignin, hemicelluloses and a-cellulose
according to the TAPPI standards T-204, T-435, T-211, T-222, T-9m-54 and T-203 cm-09, respectively.
The determination of each component of the chemical characterization was performed in triplicate
and the means and standard deviations were calculated.

2.4. Cellulose Nanofiber Production

To obtain cellulose nanofibers (CNFs), two independent pretreatments were used, mechanical
beating and TEMPO-mediated oxidation, both followed by a high-pressure homogenization
treatment.

The mechanical pretreatment consisted of a mechanical refining (PFI beater) according to the
ISO 5264-2:2002 standard, during 40,000 revolutions, to reach a Schopper-Riegler Degree (°SR) of 90
[26]. This pretreatment allows the fibrillation of the cellulose fibers by shear forces to facilitate
nanofibrillation in the subsequent treatment. The TEMPO-mediated oxidation was carried out
following the methodology described by Saito et al. [29]. The reaction was carried out at pH 10 and
started with the addition of a specific amount of NaClO solution in order to obtain an oxidative power
of 5 mmol per g of fiber. Once the addition of NaClO was complete, the pH was maintained by adding
a 0.5 M NaOH solution. The reaction was finished when the pH remained stable.

A 1% pretreated fiber suspension was subjected to a nanofibrillation process in a high-pressure
homogenizer (PandaPlus 2000, GEA Niro, Diisseldorf, Germany) in order to isolate the nanofibers
that form the cellulose fibers. To avoid the occlusion of the homogenizer, gradual fibrillation was
performed in the following sequence: 4 passes at 300 bars, 3 passes at 600 bars and 3 passes at 900
bars. This treatment has been demonstrated as an effective way of obtaining cellulose nanofibers from
different raw materials and pretreatments [34].

By means of the mechanical and TEMPO-mediated oxidation pretreatments, CNFs were
obtained, although in the case of unbleached pulp, residual lignin content remained in the final
product (lignocellulose nanofibers; LCNF).

2.5. Cellulose Nanofiber Characterization

In order to evaluate the suitability of the different pretreatments and the effect of the residual
lignin in the final products, the CNFs/LCNFs obtained were deeply characterized. The
nanofibrillation yield, which determines the nanometric fraction of the CNF suspension by the
separation of the non-nanometric material by centrifugation, was determined according to the



Agronomy 2020, 10, 696 4 of 15

methodology described by Besbes et al. [35]. For this, a 0.1% cellulose nanofiber suspension was
centrifuged at 11,000 x g for 12 min. The dry weight of the non-nanometric material precipitated
during centrifugation compared to the dry weight of the initial suspension was used to inversely
determine the nanofibrillation yield. The optical transmittance at 800 nm of the 0.1% cellulose
nanofiber suspension was measured using a Lambda 25 UV-Spectrometer. The carboxyl content (CC)
was determined using conductimetric titration as described by Besbes et al. [35]. The cationic demand
(CD) was determined using a particle charge detector Miitek PCD 05 following the protocol described
by Espinosa et al. [23]. The values of cationic demand and carboxyl content are used for the theoretical
calculation of the specific surface area of the cellulose nanofibers assuming a simultaneous interaction
between the hydroxyl and carboxyl groups of the cellulose nanofiber surface and PolyDADMAC in
the monolayer coating [23]. Assuming the cylindrical geometry of the cellulose nanofiber and using
the specific surface, it is possible to determine the width of the nanofibers. This method has been
evaluated in previous publications, and the theoretical values are very good approximations to the
values observed by electron microscopy [23].

2.6. Viscosity, Degree of Polymerization and Length

The intrinsic viscosity (fs) of the cellulose nanofibers was determined according to the ISO
5351:2010 standard. The degree of polymerization is related to the intrinsic viscosity (in mL-g™) using
the empirical relationship suggested by Marx-Figini [36]:

DP (< 950): DP = (ns/0.42) 1)

DP (> 950): DP0.76 = (1s/2.28) @)

The length of the cellulose nanofiber was estimated from the degree of polymerization values
using the equation proposed by Shinoda et al. [37]:

Length (nm) = 4.286 - DP-757 3)

The measurements were made in triplicate, and the mean value and standard deviation were
calculated.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The chemical structure of the cellulose nanofiber was analyzed by FTIR analysis. A FTIR-ATR
Perkin-Elmer Spectrum Two was used to collect 20 infrared spectra in the range of 450-4000 cm™
with a resolution of 4 cm™. The analysis was performed on a CNF film prepared by hot-drying the
cellulose nanofiber suspension.

2.8. X-Ray Diffraction (XRD) Analysis

The X-ray diffraction patterns of the cellulosic pulp and CNFs were obtained using a Bruker D8
Discover with a monochromatic source CuKal with an angular range of 5°-50° at a 1.56°/min scan
speed. The crystallinity index (CI) was calculated following the equation proposed by Segal et al. [38].

2.9. Thermogravimetric Analysis (TGA)

The thermal stability of the cellulosic fiber and cellulose nanofibers were measured using a
Mettler Toledo Thermogravimetric analyzer (TGA/DSC 1). The measurements were performed by
heating the samples (10.0 + 1.0 mg) from room temperature to 600 °C at a heating rate of 10 °C/min
under a nitrogen atmosphere with a nitrogen gas flow of 50 mL-min. The temperature at which the
degradation rate was at its maximum (Tmax) was evaluated analyzing the TGA equivalent derivate
(DTG).

3. Results and Discussion

3.1. Cellulosic Fiber Production and Characterization
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The chemical composition of the OTPB and the cellulosic pulp obtained is shown in Table 1. This
composition is similar to that reported in previous work [39]. OTPB was subjected to a soda pulping
process to facilitate the deconstruction of the cellulose fiber and the purification of the lignocellulosic
components. The soda pulping process showed a yield of 32.0%, similar to other more polluting
processes such as kraft pulping (33%) [40].

Table 1. Chemical composition of olive tree pruning biomass and cellulosic pulp.

Ext. EtOH Ext. AQ Ashes Lignin Hemicellulose a-cellulose
(%) (%) (%) (%) (%) (%)
Olive tree pruning 1011+074  62+046  20F 2180 25.70 + 0.47 4141076
biomass 0.04 1.10
Olive cellulosic pulp 1.18 £ 0.02 0.02 £0.01 2(.)2(()): 1%’65(;t 25.68 + 0.08 59.67 +0.02

As can be observed, the non-structural elements (Ext. EtOH and Ext. AQ) were drastically
reduced after the pulping process. In addition, the lignin content in the fiber was reduced to 14.6%.
On the other hand, the cellulosic fraction was purified and concentrated to almost 60% (similar to the
value achieved by the kraft process) [40]. The hemicellulose content is a key parameter in the
effectiveness of the nanofibrillation process. This component acts as a hydrated steric barrier to
microfibril aggregation, preventing the re-agglomeration of the delaminated fiber. Chacker et al. [41]
analyzed the role of hemicelluloses in the nanofibrillation process, determining that a hemicellulose
content of about 25% in fiber is the ideal value to obtain the maximum efficiency in nanofibrillation.
In pulps with a 12% of hemicellulose content, the fibrillation yield decreases by half in comparison
with higher hemicellulose content pulps. The OTPB pulp obtained in this work retains most of the
hemicelluloses present in the initial raw material, showing a content of 25.68%, higher than that in
the OTBP kraft pulp studied in previous work [37]. Compared to other cellulosic pulps successfully
used in the production of cellulose nanofibers, OTPB showed a higher hemicellulose content than
Eucalyptus kraft pulp (19.40%), kraft pine pulp (14%) and other agricultural residues such as corn
(20%), wheat (23.30%), barley (18.30%), oat (16.40%), banana leaves (20.28%), tomato (11%) and lime
residues (10%), oil palm empty fruit bunches (22%) and Brazilian satintail plants (9%) [40,42-46]. It is
therefore concluded that the pulping process carried out produces cellulose pulp with an optimum
chemical composition for the production of cellulose nanofibers.

The cellulosic pulp obtained was characterized in terms of thermal stability and crystallinity.
Figure la shows the thermal degradation behavior of the OTBP cellulosic pulp. The OTBP pulp
showed a multi-step degradation process by the presence of several components such as lignin,
hemicellulose and cellulose that are degraded at different temperatures in the range studied. The
initial weight loss step in the region of 30-120 °C is associated with the evaporation of the absorbed
and bound water in the fiber. The thermal degradation in the temperature range 120-350 °C is related
to the breaking of glycosidic bonds, the pyrolysis of polysaccharides and the depolymerization of
lignin, hemicellulose and cellulose. In the last region at 350-600 °C, the weight loss is due to the
pyrolysis of cellulose fibers and the remaining carbonaceous residue [47]. The DTG peak shows that
the temperature of the maximum degradation (Tmax) of fiber is observed at 348 °C. Figure 1b shows
the X-ray diffraction patterns of the fiber structure. It is possible to observe that it presents two major
diffractions peaks at 20 = 16.1° and 22.5° corresponding to the 110 and 200 reflection planes of
cellulose I's structure. The crystallinity index of the cellulosic fiber can be calculated by comparing
the reflection intensity of the peak at 22.5° (crystalline region) and the valley region between the two
peaks associated with the amorphous region [38]. The CI observed for the OTPB pup was 60.26%.
Considering that the only lignocellulosic element that can present crystallinity is a-cellulose, it is
deduced that all of the cellulose present in the fiber (59.67 + 0.02) shows a crystalline disposition,
compared to the amorphous elements, hemicellulose and lignin, which do not provide crystallinity
to the sample.
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Figure 1. (a) Thermogravimetric analysis (TGA) and TGA equivalent derivate (DTG) curves and (b)
the XRD pattern of OTBP pulp.

3.2. Cellulose Nanofiber Isolation and Characterization

The OTPB pulp was bleached to eliminate the lignin content while maintaining the
carbohydrates in the fiber (hemicellulose and cellulose) and thus study the effect of lignin on the
production of cellulose nanofibers through different pretreatments. Unbleached and bleached pulp
were used for the production of lignocellulose nanofibers (LCNF) and cellulose nanofibers (CNEF),
respectively, through two different pretreatments, mechanical (Mec) and TEMPO-mediated
oxidation (TO). The characterization of the different cellulose nanofibers in terms of nanofibrillation
yield, transmittance, cationic demand, carboxyl content and morphology is shown in Table 2.

The nanofibrillation yield (n) for the LCNF and CNF ranges from 13.34% to 26.44%. These low
yields in comparison with those for cellulose nanofibers obtained by enzymatic hydrolysis or the
TEMPO-mediated oxidation of CNF from fully bleached wood pulp show that the obtained
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suspension is composed of cellulose nanofibers with large widths and cellulose microfibers [48,49].
The optical transmittance (T800) of the cellulose nanofiber suspension is an indirect indicator of the
nanofibrillation yield. The cellulose microfibers contained in the suspension produce a higher light
scattering compared to the nanofibers, so this parameter is highly related to yield and nanometric
width. As with nanofibrillation yield, only slight differences in T800 are observed between the
various nanofibers, except for CNF-TO. Since the chemical compositions of LCNF and CNF are
different, the transmittance of the suspensions should not be considered as a key parameter in the
characterization of the suspensions since lignin affects the refractive index. It is observed that CNF-
TO presents a higher transmittance due to the fact that it presents a significantly higher
nanofibrillation yield than the rest of nanofibers, and in addition, it does not contain lignin in its
composition.

Table 2. Lignocellulose nanofiber and cellulose nanofiber characterization.

Sample n (%) Ts00 (%) CD (peq/g) CC (umols/g) o(m?g)  Width (nm)  Length (nm)
LCNF-Mec 15.33 +0.47 9.12 253.33 £ 18.64 150.72 +15.17 49.97 50 4671
LCNE-TO 17.98 +0.89 13.74 223.85 +18.62 152.43 +6.63 34.78 71 1478
CNF-Mec 13.34 +0.02 18.27 240.06 + 18.86 147.83 +3.63 4478 55 3331

CNE-TO 26.44 +4.15 50.59 521.27 £9.33 311.95 £+ 19.02 101.93 24 705

n: nanofibrillation yield; Tsoo: optical transmittance; CD: cationic demand; CC: carboxyl content; o:
specific surface area.

Cationic demand (CD) refers to the ability of the anionic surface of nanofibers to capture and
interact with cationic substances. This value is highly related to the specific surface of the nanofiber;
the larger the surface, the greater the capacity for interaction and the carboxyl content on that surface.
The values of both parameters for LCNF-Mec, LCNF-TO and CNF-Mec are similar or even higher
than what has been reported in the literature for CNF obtained by mechanical pretreatment or
TEMPO-mediated oxidation from fibers with high lignin content [34,50-53]. It is observed again that
there are not great differences in the cationic demand and carboxyl content, except for CNF-TO. In
CNF-TO, TEMPO-mediated oxidation is much more effective that when it is performed on LCNF, as
revealed by the increase in carboxyl content. It is observed that CNF-TO increases the carboxyl
content by more than double compared to CNF-Mec. This increase is produced by the conversion of
hydroxyl groups at the C6 positions on the surface of the cellulose fibers into carboxyl groups,
enabling the delamination of the fiber by the electrostatic repulsion of the charged fiber surface [54].
On the other hand, in the case of LCNF, differences between both pretreatments are negligible. The
presence of lignin in the fiber can affect the effectiveness of the oxidation reaction because the reaction
activator, NaClQ, is also consumed as the bleaching agent, producing the oxidation and dissolution
of the lignin, thus preventing the selective activation of the catalyst. In fibers previously reported in
literature with a lignin content lower than 10%, a partial oxidation of the -OH groups of the cellulose
is produced, reaching maximum values of 300 umol/g, higher than those reached for LCNF-TO
described in this work (152.34 umols/g), but not as high as those obtained for bleached wood pulps
that can reach 1000 umol/g [34,49,52].

The specific surface values, again, show differences in CNF-TO, which shows a considerably
higher result than the other cellulose nanofibers. This is a very important parameter when using
cellulose nanofibers as a reinforcing agent in materials produced from lignocellulosic materials such
as paper, cardboard or fiberboards [12,55]. A larger specific surface area allows for a higher bonding
capacity with adjacent fibers, thus improving the mechanical properties of the final product.
Cellulose nanofibers with similar specific surface areas produce an increase about 100% in the
mechanical properties of paper and carboard with low amounts of LCNF addition (3%) [53].

Nanofiber width, despite being within the nanometric range (24-71 nm), presents some
differences that are discussed. For mechanical pretreatment, the presence of lignin in the fiber (LCNF-
Mec) produces greater fibrillation in the fiber, producing a smaller width than CNF-Mec. This could
be due to the lignin antioxidant action that prevents the re-bonding of the covalent bonds broken
during the mechanical treatments [56]. Regarding TEMPO-mediated oxidation, differences are
shown with the presence of lignin, being adverse because of the effect explained above. The length
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of nanofibers is an important parameter when analyzing the suitability of the application of cellulose
nanofibers. The lignin content can affect the effectiveness of the method used for length
determination through intrinsic viscosity. However, this method allows an estimation of the effect of
the different pretreatments on the length parameter. In a generalized way, decreases in the lengths
were observed when the fiber was subjected to TEMPO-mediated oxidation of 68.4% and 78.8% for
LCNE-TO and CNF-TO, respectively, with respect to those following mechanical pretreatment. It is
caused by the degradation of the cellulose amorphous regions into gluconic acid or cellulose-derived
small fragments by depolymerization and B-elimination [57]. The length of the nanofibers is strongly
related to the mechanical properties of the final composites made of cellulose nanofibers. It is
therefore necessary to achieve a balance between the nanometric size reached during the
nanofibrillation process and the shortening of the fiber due to its degradation. The aspect ratio (L/D)
is a parameter that shows the relationship between length and width. It is observed that the different
cellulose nanofibers showed aspect ratios of 93.44, 20.82, 60.56 and 29.38 for LCNF-Mec, LCNEF-TO,
CNF-Mec and CNEF-TO, respectively. It is shown that although the mechanically pretreated
nanofibers present a higher width than CNF-TO, they had a higher aspect ratio due to the low
degradation that they underwent in the production process. Therefore, even though CNF-TO has a
larger specific surface area and is thus more suitable for application in products made from
lignocellulosic material (paper, cardboard, etc.), LCNF-Mec and CNF-Mec would show better
behavior when added as a reinforcing agent on polymeric matrices [58].

LCNF-Mec £ &

,,,,,,,,,,,,,,,,,,,,,,,,

LCNF-TO

% Transmittance (a.u.)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. FTIR spectra of the different cellulose nanofibers.

The chemical composition of the different cellulose nanofibers was analyzed by a FTIR technique
(Figure 2). All analyzed samples, as expected, show a spectrum typical of lignocellulosic materials.
The peaks at 3300 and 2900 cm™ are associated with the stretching vibration of the OH and CH groups
present in the cellulose chains. The peaks in the range of 1350-1250 cm™ are attributed to the presence
of chemical groups of the hemicelluloses. The peaks at 1190, 1070 and 890 cm™ are associated with
the stretching and rocking vibrations of the C-O, C-H and CH: groups of cellulose [52]. However,
there are some differences between the various cellulose nanofibers. It is observed that cellulose
nanofibers obtained from OTPB bleached pulp (CNF-Mec and CNF-TO) do not show the peak at 1510
cm™ that is observed in lignocellulose nanofibers (LCNF). This peak is related to the C=C symmetrical
stretching of the aromatic rings, characteristic of the lignin. As expected, due to the nearly total
elimination of lignin content in the bleached pulp, this peak is not observed in CNF. Another
difference is observed in the peak at 1610 cm™, corresponding to the C = O stretching vibration in
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carboxyl groups. An important increase in the intensity of the peak is observed in the CNF-TO due
to the regioselective conversion of C6 primary hydroxyl groups to carboxyl groups by the TEMPO-
mediated oxidation.

(110) (200)

LCNF-Mec CI =24.69 +3.20

LCNF-TO Cl=39.13+242

Intensity (a.u.)

CNF-Mec Cl=34.45+1.57

CNF-TO Cl =48.99 + 0.65

5 10 15 20 25 30 35 40 45 50
260 degree

Figure 3. XRD diffraction patterns and crystallinity indices of the cellulose nanofibers.

The effects of the different pretreatments on the crystallinity of the cellulose nanofibers are
shown in Figure 3. It is observed that the same peaks related to the 110 and 200 reflection planes of
cellulose I are observed again, implying that the crystalline structure of the original fiber is
maintained. The crystallinity index (CI) was calculated in the same way as for OTPB pulp. It shows
that cellulose nanofibers present a lower CI (24%—49%) than the original fiber (60.26%). With regards
to nanofibers obtained by mechanical pretreatment, they are produced by the disordering of the
crystalline regions of the cellulose chain by the shear forces produced in the high-pressure
homogenization process and during mechanical pretreatment. For TEMPO-mediated oxidized
nanofibers, they are produced by the conversion of ordered cellulose structures into disordered
structures by the sodium glucuronosyl units during the oxidation reaction [59]. CNF is observed to
have a greater crystallinity than LCNF. This is due to the lignin elimination during the bleaching
process and the consequent elimination of the amorphous component of the lignocellulose matrix,
increasing the total crystallinity of the fiber. In addition, it is observed that mechanical pretreatment
produced a greater disordering in the cellulose chain than the TEMPO-mediated oxidation.
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Figure 4. TGA and DTG curves for the different cellulose nanofibers: (a) lignocellulose nanofibers
(LCNF) and (b) cellulose nanofibers (CNF). Black curves for those obtained by TEMPO-mediated
oxidation and grey from mechanical pretreatment.

The thermal stability of the different cellulose nanofibers was studied through the analysis of
the TGA and DTG curves (Figure 4). The thermal degradation behavior shows three degradation
stages observed in the initial fiber: (i) moisture loss, (ii) glycosidic bond degradation and (iii) cellulose
pyrolysis. It is observed that LCNF (Figure 4a) and CNF (Figure 4b) present lower values for
maximum thermal degradation, i.e., a lower Tmax, than that obtained for OTPB pulp (348 °C). This is
due to the larger specific surface of the nanometric-size fibers, which means that they are more
exposed to heat, and degradation occurs more quickly than in the original fiber. It can be seen that
for cellulose nanofibers obtained by mechanical pretreatment, there are no differences according to
the presence or absence of lignin, both showing a Tmax = 343 °C. However, analyzing the total mass
loss, it is observed that a residual mass at 600 °C of 15.14% remains for LCNF-Mec compared to 8.95%
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for the CNF-Mec. This fact is not indicative of a higher thermal stability, but it indicates that a greater
carbonaceous residue is produced after the pyrolysis of the lignocellulosic components due to the
aromatic structure of lignin. Regarding the cellulose nanofibers obtained by TEMPO-mediated
oxidation, noticeable differences are observed, showing maximum degradations at 325 °C and 298 °C
for LCNF-TO and CNEF-TO, respectively. CNF-TO presents worse thermal stability than LCNE-TO
and the products obtained by mechanical pretreatment, since in addition to the nanometric size, it
has a greater number of free ends (higher cationic demand and carboxyl content), which favors
thermal degradation [60]. In addition, contrarily to what has been observed in the nanofibers
obtained by mechanical pretreatment, a large increase in the residual mass was produced in CNEF-TO
(29.76%) in comparison with the values obtained for LCNF-TO (16.54%). This fact is produced by the
introduction of carboxyl groups on the surface of the fiber during TEMPO-mediated oxidation,
increasing the carboxyl content, especially for CNF-TO (311.95 pmol/g) as observed through its
characterization. It is therefore concluded that CNF-Mec and LCNF-Meg, in addition to presenting
higher aspect ratios that can result in greater reinforcement effects in polymeric matrices, can be used
in polymers with higher transition temperatures compared to CNF-TO and LCNF-TO due to their
greater thermal stability.

4. Conclusions

Olive tree pruning biomass (OTPB) was identified as a lignocellulosic source for the production
of cellulose nanofibers from cellulosic pulps obtained by a sustainable pulping process. The cellulose
nanofibers were produced by two different pretreatments, mechanical and TEMPO-mediated
oxidation, followed by high-pressure homogenization. The influence of the residual lignin content
on the effectiveness of the different pretreatments was analyzed by the thorough characterization of
the cellulose nanofibers produced. All the cellulose nanofibers produced in this work were in the
nanometric range; however, important differences were observed. TEMPO-mediated oxidation is
more effective with bleached pulp; however, mechanical pretreatment was favored by the presence
of lignin. The presence of lignin results in cellulose nanofibers with low crystallinity indices following
mechanical pretreatment and TEMPO-mediated oxidation (24.69% and 39.13%) in comparison with
those produced from bleached nanofibers (39.13% and 48.99%). The thermal stability of the cellulose
nanofibers produced by mechanical treatment shows similar values regardless of the presence of
lignin (343 °C); however, in the TEMPO-mediated oxidation, the lignin content produces a greater
thermal stability (325 °C) in comparison with that obtained with bleached nanofibers (298 °C). The
characteristics of the cellulose nanofibers obtained are of great interest for their application in
different sectors.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4395/10/5/696/s1, Figure
S1: Cellulose pulp images.
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