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Abstract: Motivated by the negative impact of fossil fuel consumption on the environment, the need
arises to produce materials and energy from renewable sources. Cellulose, the main biopolymer on
Earth, plays a key role in this context, serving as a platform for the development of biofuels, chemicals
and novel materials. Among the latter, micro- and nanocellulose have been receiving increasing
attention in the last few years. Their many attractive properties, i.e., thermal stability, high mechanical
resistance, barrier properties, lightweight, optical transparency and ease of chemical modification,
allow their use in a wide range of applications, such as Paper or polymer reinforcement, Packag-
ing, construction, membranes, bioplastics, bioengineering, optics and electronics. In view of the
increasing demand for traditional wood pulp (e.g., obtained from eucalypt, birch, pine, spruce) for
micro/nanocellulose production, dedicated crops and agricultural residues can be interesting as raw
materials for this purpose. This work aims at achieving microfibrillated cellulose production from
fast-growing poplar and olive tree pruning using physical pretreatment (PFI refining) before the
microfibrillation stage. Both raw materials yielded microfibrillated cellulose with similar properties
to that obtained from a commercial industrial eucalypt pulp, producing films with high mechanical
properties and low wettability. According to these properties, different applications for cellulose
microfibers suspensions and films are discussed.

Keywords: cellulose microfibers; fast-growing poplar; films; mechanical properties; olive tree prun-
ing; optical properties; physical pretreatment; wetting properties

1. Introduction

The social and environmental challenges resulting from the widespread consumption
of fossil fuels are driving research efforts to solve the current societal problems. The
general strategy is to make the bioeconomy concept a reality through the efficient usage of
renewable resources in the sustainable production of chemicals, materials and energy [1].
This scenario has led to a growing interest in the design and development of different
products from cellulose [2].

Cellulose is the most abundant natural polymer on Earth, where it exists as a structural
component in the cell walls of plants and some marine animals, algae and fungi, as well
as biofilms produced by bacteria [3]. It is a very promising polymer due to its specific
properties, i.e., renewably sourced, biodegradable, biocompatible and easily modified or
functionalized, which make cellulose a material with great potential for applications in dif-
ferent technologies and in a wide range of products. Although this biopolymer is currently
used in different industrial sectors such as pulp and Paper, textiles and pharmaceuticals,
among others, its structural and chemical versatility opens the door to applications in
different industrial sectors (packaging, construction, separation membranes, bioplastics,
bioengineering and optoelectronics) [2]. Nevertheless, in order to meet the specific require-
ments for these new applications, it is necessary to use cellulose at the micro/nano-scale [4],
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resulting in unique mechanical, optical, barrier, thermal and rheological properties that far
exceed those of raw cellulose.

Nanocellulose refers to long and entangled cellulose nanofibers (CNFs), as well as
crystalline rod-like cellulose nanocrystals (CNCs). Regarding CNFs, their production
generally encompasses two different steps, using chemical pulp fibers as the raw mate-
rial [2]. Firstly, a pretreatment step is necessary to reduce fiber length, increase external
fibrillation and separate fiber bundles, as well as to introduce highly charged functional
groups to the fibers or to modify their chemical composition and degree of crystallinity [5].
Secondly, a nanofibrillation step using equipment such as high-pressure homogenizers or
microfluidizers is necessary to further reduce the fiber length and longitudinally fibrillate
the fibers to nanometer-sized diameters [4]. Unfortunately, this process consumes a lot of
energy. Therefore, to achieve energy savings, it might be sufficient for some applications
to reach only microscale diameters in the fibers during fibrillation [6]. The pretreatment
step also contributes to avoid not only excessive energy consumption but also process-
ability restrictions [4]. Different pretreatment technologies have been reported [4,5,7,8],
including physical (mechanical refining by PFI mills, disc refiners, Valley beaters), chemical
(2,2,6,6-tetramethylpiperidine 1-oxyl radical (TEMPO)-mediated oxidation, cationization,
carboxymethylation) and biological (enzymatic hydrolysis) pretreatments. Regarding me-
chanical refining, a dilute pulp fiber suspension is forced through a gap between the rotor
and stator discs. These discs have surfaces fitted with bars and grooves against which the
fibers are subjected to repeated cyclic stresses, producing profound changes in morphology
and size of the pulp fibers and, consequently, being more exposed to fibrillation during the
microfluidization step [9].

As commented above, nanocellulose is typically obtained from chemical pulp fibers,
using traditional woody species either from hardwoods (e.g., eucalypt, aspen and birch)
or softwoods (e.g., pine, spruce and fir) [7,10,11]. In addition to these woody species,
dedicated crops and agricultural residues may be interesting and attractive raw materials
for nanocellulose production [4]. Among dedicated woody crops, the Salicaceae family
(poplars and willows) has gained special significance due to their high growth rate, high
biomass accumulation and quality, showing high resistance to pests and diseases, tolerance
to salinity and adaptation to water and fertilizer limitations. The suitability of many of
these species and their hybrids for biomass production is widely supported in different
cultivation areas [12,13] and specifically in the Mediterranean area [14]. On the other hand,
one of the most abundant and cheapest lignocellulosic residues generated in Mediter-
ranean countries is olive tree pruning. This agricultural residue represents an estimated
average production of 3000 kg/ha per year worldwide [15]. Olive tree pruning is usually
eliminated to keep fields clean and to prevent the spread of plant diseases by burning,
grinding or spreading onto fields, causing economic costs and environmental impact. The
cellulosic fraction from both materials, poplar and olive tree pruning, has already been
widely evaluated for producing fermentable sugars, bioethanol and chemical pulps [16-19].
However, only a few works have been published regarding their use as a raw material for
micro/nanocellulose production [20-22], requiring further studies for this purpose.

Taking into account the above, this work shows the use of fast-growing poplar and
olive tree pruning raw materials as a source for microfibrillated cellulose (MFC) production
by mechanical refining (PFI refining) and subsequent defibrillation in a high-pressure
microfluidizer.The resulting MFC samples were characterized in terms of chemical compo-
sition, polymerization degree, nanofibrillation yield and water retention value. Moreover,
techniques such as X-ray diffraction (XRD) and scanning electron microscopy (SEM) were
also used to evaluate crystallinity and fiber morphology, respectively. Finally, MFC films
were produced and their mechanical and optical properties and wettability were analyzed.
All results were compared with a MFC reference material obtained from a commercial
bleached eucalypt kraft pulp following the same MFC production procedure.
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2. Materials and Methods
2.1. Raw Materials and Chemicals

Olive tree (Olea europaea) pruning (OTP) residue was kindly supplied by the Uni-
versidad de Jaén (Spain). An autochthonous clone of poplar (Populus alba L.) from the
Guadalquivir valley, PO-10-10-20, was kindly provided by Silviculture and Forest Man-
agement Department of INIA, CSIC (Madrid, Spain). This poplar clone was grown in
plantations aiming at the production of biomass in the central area of Spain (40°28' N,
3°22' W, and 595 m above sea level). The plantation was cut in the third year (first rotation),
and wood samples were collected, chipped, homogenized, and stored until used. Com-
mercial bleached Eucalyptus globulus kraft pulp from La Montafianesa (Grupo Torraspapel,
Zaragoza, Spain) was used as a source for the production of the reference MFC. All chemi-
cals were reagent-grade and purchased from Panreac (Barcelona, Spain) or Sigma-Aldrich
(Madrid, Spain).

2.2. Pulp Production

Kraft pulping of both materials was carried out in a cylindrical 15 L batch reactor
with a jacket-type electrical heater controlled by a computer. The reactor was fitted with a
rotating axle to ensure proper agitation. OTP was cooked under the following conditions:
175 °C, 90 min, 20% active alkali, 25% sulfidity and 5:1 liquid/solid ratio, according to
Fillat et al. [20]; whereas for poplar: 170 °C, 120 min, 17% active alkali, 20% sulfidity, and
7:1 liquid /solid ratio, according to Kang et al. [23]. The resulting cooked materials were
fiberized in a wet disintegrator at 30,000 rpm for 30 min and Particles were separated by
sieving through a screen of 0.16 mm mesh.

After kraft pulping, OTP pulp was subjected to an oxygen delignification (O) stage
followed by a peroxide bleaching (P) stage [20]. The conditions of the O stage were 100 °C,
50 min, 6 MPa of oxygen pressure, 2.5% NaOH o.d.p. (oven dry pulp), 0.5% MgSO,
o0.d.p., 0.1% diethylenetriaminepentaacetic acid (DTPA) o.d.p. and 10% (w/v) of consistency,
using the same reactor described above for pulping process. After oxygen delignification,
OTP pulp was bleached using a P stage at the following conditions: 90 °C, 90 min, 1.5%
NaOH o.d.p., 0.2% MgSO4 o.d.p., 1% DTPA o.d.p. and 3% HyO, o.d.p. and 6% (w/v)
of consistency in a plastic bag submerged in a thermostatic bath. Three consecutive P
bleaching stages were performed, resulting in the OPPP bleaching sequence (one stage of
oxygen (O) followed by three consecutive stages using hydrogen peroxide (PPP)). Pulp
samples were washed after each stage using deionized water and stored at 4 °C.

On the other hand, a standard industrial TCF (totally chlorine free) bleaching sequence
consisting of OOQPoP was carried out over the unbleached poplar kraft pulp, where O
was a delignification stage of oxygen (held twice), Q a chelating stage and PoP a hydrogen
peroxide bleaching stage with or without oxygen, respectively [24]. The conditions of both
oxygen delignification stages were: 6 MPa of oxygen pressure, 60 min, 98 °C, 0.5% MgSO4
o.d.p. (oven dry pulp), 1.5% NaOH o.d.p., and 20% (w/v) of consistency. The chelating
step was performed using 0.3% DTPA at 85 °C for 60 min (pH 5-6). Finally, the bleaching
conditions in the first step were: 2% NaOH, 0.5% Na;Si;Os3, 0.1% MgSO4 and 3% HyO,
for 140 min at 105 °C pressurized with oxygen at 6 kg cm~2, while the second step was
carried out using the same chemical reagents but for 180 min at 98 °C without pressure.
Pulps samples were washed after each stage using deionized water and stored at 4 °C.

OTP, poplar and commercial eucalypt bleached kraft pulps were characterized accord-
ing to the corresponding standards.

2.3. PFI Refining

Never-dried bleached kraft pulps (45 g 0.d.p.) were first soaked for demineralization
in a dilute HCl solution at pH~2, 10% (w/v) consistency and room temperature for 20 min
with mechanical agitation. After filtration and washing with deionized water, fibers
were changed to their sodium form to enhance the fibrillation efficiency [25,26]. For that,
cellulose fibers were suspended in 5 mM NaHCO3; and NaOH was added to reach pH 8-9;
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the pulp was stirred for 20 min at room temperature and rinsed with deionized water
until the filtrate conductivity was below 20 uS cm~!. After this, 30 g o.d.p. of each
exchanged pulp was disintegrated in 2 L water (30,000 revolutions). Then, the consistency
was adjusted to 10% (w/v) and the pulp was refined in a PFI mill until 90 °SR (Schopper
Riegler degree).

2.4. Microfluidization

Never-dried refined pulps were processed in a high pressure microfluidizer (Microflu-
idizer M-110EH, Microfluidics Corp., Westwood, MA, USA) with 100 and 200 um interaction
chambers. The smaller the chamber size, the higher the degree of defibrillation [27]. The 2%
(w/v) fiber suspensions were Passed six times through the high pressure microfluidizer (1st
to 3rd Pass: chamber of 200 um at 1600 bar; 4th to 6th Pass: sequential chambers of 200 and
100 pm at 1900 bar). Microfibrillated cellulose obtained from eucalypt pulp (referenced as
E-MEC), poplar pulp (P-MFC) and OTP pulp (O-MFC) were stored at 4 °C.

2.5. Pulps and MFCs Characterization
2.5.1. Chemical Composition

The chemical composition of the raw materials and their corresponding bleached
pulps was determined using the Laboratory Analytical Procedures (LAP) for biomass
analysis provided by the National Renewable Energies Laboratory [28]. The solid residue
remaining after acid hydrolysis is referred to as acid insoluble lignin (Klason lignin).
The carbohydrate content was quantified by high-performance liquid chromatography
(HPLC) in an Agilent Technologies 1260 HPLC fitted with a refractive index detector
(Agilent, Waldbronn, Germany), using an Agilent Hi-PlexPb column operated at 70 °C

with ultrapure water as a mobile-phase pumped at a rate of 0.6 mL min~!.

2.5.2. Viscosity

Viscosity was measured following ISO 5351-2 standard using cupriethylenediamine
(CED) solution. The degree of polymerization (DPv) was calculated according to the
Mark-Houwink Equation (1):

uw=Kp-DPv? 1)

where (1 is the intrinsic viscosity and Kp and a are Parameters that depend on the Particular
polymer-solvent system. For CED and cellulose, Kp and a are 1.70 mL g~! and 0.80,
respectively [29].

2.5.3. Fibrillation Yield

MEC samples were diluted to 0.1% (w/v). Then, diluted samples were centrifuged
(4500 rpm, 20 min) in order to separate nanofibrillated material (in supernatant) from
non-fibrillated and Partially fibrillated fibers (in sediment) [30]. The sediment was then
dried (104 °C). Finally, fibrillation yields were calculated as the relation between the mass
of cellulose nanofibers in the supernatant (calculated by subtraction) and the mass of
centrifuged cellulose according to Equation (2).

Fibrillation yield (%) = 100-(WT — WS)/WT, @)

where WT is the dry weight of micro-nanofibers in the CNF suspensions before centrifuga-
tion and WS is the dry sediment after centrifugation.

2.5.4. Water Retention Value

The water retention value (WRV) of the MFC samples was evaluated according
to Chen et al. [31] but with an acetate filter of 0.45 pm pore size. MFC samples were
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centrifuged (3000x g, 20 min, at room temperature). The water retention value was
calculated using Equation (3):

WRYV (%) = 100-(Ww — Wd)/Wd, 3)

where Ww is the weight of the wet sample remaining in the filter after centrifugation (g)
and Wd is the weight of the dry sample remaining in the filter after centrifugation dried in
an oven at 105 °C until constant weight (g o.d.p.).

2.5.5. X-ray Diffraction Analysis (XRD)

The crystallinity of the fibers in pulps and MFC samples was analyzed by powder
X-ray diffraction (XRD) using a Bruker D8 Advance instrument (Bruker, Billerica, MA,
USA) equipped with a Cu anode (CuK« radiation) and a Ni filter. For this analysis, the
samples were pressed as pellets. The crystallinity index (CI) was calculated by the Segal
method as seen in Equation (4)

CI = (Iog0 — Iam)/Ipo2 - 100 4)

where Iy, is the intensity of the (002) reflection and Iy is the intensity attributed to the
amorphous phase at approximately 2@ = 18.5°.
The crystallite size t was calculated according to the Scherrer equation using the
(002) reflection:
t=(k-A)/(B-cos ©) (5)

where k is the correction factor (0.9), A is the radiation wavelength (0.15418 nm), {3 is the
width of the peak at the half of maximum height (in radians), and 0 is the diffraction angle
of the peak.

2.5.6. Scanning Electron Microscopy (SEM)

The morphology of the MFCs was characterized using a field emission scanning
electron microscope (FE-SEM) from FEI (NOVA NanoSEM 230) and Philips (XL30 S-FEG).
For SEM observation, the samples were freeze-dried and transferred onto sticky carbon
conductive tape followed by metallization through Au and Cr sputtering, respectively.

2.6. Film Preparation

MEFC samples (2.4 g 0.d.p) were disintegrated in water (1500 mL) (30,000 revolutions).
The MFC films were obtained using the method of rapid Kothen sheet forming of laboratory
hand sheets with modifications. A polyamide open mesh fabric screen (Sefar Nitex 03-10/2,
mesh opening of 10 um, open area of 2%) was placed above the wire mesh to prevent fiber
loss. The suspensions were drained under vacuum and the obtained films and the fabric
screen were hot-pressed for 10 min at 70 °C.

Mechanical and Optical Properties and Wettability in MFC Films

The thickness and bulk density of the MFC films were determined according to
ISO 534 using the Messmer Biichel-Digital Micrometer (Venco S.A, Madrid, Spain). Tensile
index and elongation at break were evaluated in a dynamometer DY-20 (Adamel Lhomargy,
Roissy-en-Brie, France) according to ISO 5270 (initial grip separation of 100 £ 2 mm and
crosshead speed of 10 & 2.5 mm min ). Brightness and opacity were determined using
a spectrophotometer ELREPHO 070 (Lorentzen and Wettre) according to ISO 2470 and
ISO 2471, respectively.

Wetting properties of the MFC films were assessed by using dynamic water vapor
sorption equipment, Aquadyne DVS (Quantachrome Instruments, Boynton Beach, FL,
USA). For that, MFC samples (10 mg) were purged at 80 °C until the sample weight
remained constant. Mass changes due to water adsorption or desorption were recorded at
25 °C in the relative humidity range of 0 to 95%.
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3. Results and Discussion
3.1. Pulp Production and Characterization

It is well known that the composition of the lignocellulosic biomass plays an important
role in assessing its revalorization, as it has a great influence on the characteristics of the
obtained products [32]. Table 1 shows the composition of the raw materials and their
corresponding bleached pulps used in this work to produce cellulose microfibers by
mechanical means.

Table 1. Chemical composition of raw materials and bleached pulps according to National Renewable Energies Laboratory

(NREL). The results represent the averages of three replicates and its standard deviation.

Extractives Klason Lignin Soluble Lignin Glucan Xylan
(% o.d.p.) (% o.d.p.) (% o.d.p.) (% o.d.p.) (% o.d.p.)
o 71+£04 220+£04 37+£07 36.8 £0.4 219 £0.6
P - 189+ 0.2 39+01 363 £04 20.5+0.1
E 53+03 27.1+05 20+03 451+0.6 174 £05
O-Pulp 0.6 +£0.1 0.7 £0.0 0.9 +£0.0 705 +3.1 23.6 £1.0
P-Pulp - 0.8 £0.6 0.4+03 740 £21 240£1.9
E-Pulp 04+£0.1 05403 0.9+06 76.1+2.7 191 +£0.7

O: olive tree pruning; P: poplar; E: eucalypt; O-Pulp: olive pulp; P-Pulp: poplar pulp; E-Pulp: eucalypt pulp.

The composition of the used materials shows typical hardwood values [16,22,33] and
is more similar between poplar and olive.

Several authors have studied the effect of hemicellulose and lignin content on the
nanofibrillation process to obtain cellulose micro/nanofibers. For instance, Chaker et al. [34]
observed the highest efficiency in the nanofibrillation process when the hemicellulose
content of the starting material was about 25%. The same authors concluded that halving
the hemicellulose content also halved the efficiency of fibrillation. The reason for this
effect is that hemicelluloses (mainly xylans) stabilizes the aqueous suspension of the fibers,
preventing the aggregation of the microfibrils and thus, favoring the fibrillation process [35].

On the other hand, it has been observed by other authors that when the starting
material contains more than approximately 20% of lignin, the efficiency of the fibrillation
process decreases [36]. Nonetheless, excessive delignification has also been shown to
decrease the fibrillation process [37]. Therefore, it seems that a residual amount of lignin
in the starting material could increase the efficiency of the fibrillation process, as the
antioxidant capacity of such residual lignin could prevent the re-bonding of formerly
fractured covalent bonds [38].

In view of the above, a kraft pulping process was applied to reduce the lignin content
and increase the glucan amount without eliminating the hemicellulose content of the
raw materials, thus encouraging the subsequent fibrillation process to obtain cellulose
micro/nanofibers. After applying the kraft pulping process, an almost complete elimination
of extractives, a decrease in lignin content (resulting in a total residual lignin content of
around 1.2-1.7%) and an increase in carbohydrates (more pronounced for glucan (increase
of 68-103%) than for xylan (increase of 7-17%) were observed in all cases. The hemicellulose
contents obtained in the resulting bleached kraft pulps were 23.6% and 24% for O-Pulp
and P-Pulp, respectively. These values are very close to the optimum content to ensure
the efficiency of the nanofibrillation process, as mentioned above. However, the E-pulp
(reference sample) showed a slightly lower value (19.1%). In general, these hemicellulose
content values are similar to or even higher than those observed by other authors for pulps
used to successfully obtain nanofibrillated cellulose from different raw materials [20,22,39].

On the other hand, the cellulose content observed in this work was higher than those
reported by other studies using eucalypt and olive tree pruning for cellulose nanofibers, which
could improve, in our case, the yield of the microfibrillated cellulose production [20,22].



Appl. Sci. 2021, 11, 6445

7 of 16

3.2. MFC Characterization
3.2.1. Scanning Electron Microscopy (SEM)

Figure 1 shows SEM images of MFC obtained from the three different pulps. In
general, a high amount of nanofibrillated fibers between 20 and 150 nm in thickness was
observed in all samples. However, some non-fibrillated fibers of a few hundred nanometers
thickness are also observable, as well as non-fibrillated fibers in Patchworks.

Figure 1. SEM images of O-MFC (A), P-MFC (B) and E-MFC (C), respectively. The scale bars refer to
1 pm.

3.2.2. Degree of Polymerization

Degree of polymerization (DP) is a Parameter associated, to some extent, with the
length of the microfibers. Table 2 shows a decrease in DP for the three MFC samples
(decrease values of 63% for olive tree pruning, 47% for poplar and 39% for eucalypt) after
PFI refining followed by microfluidization. This decay is mainly attributed to the cutting of
cellulose fibrils produced by the high shear forces reached during the refining pretreatment
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and microfluidization. Solala et al. [40] also described a DP decrease when different birch
kraft pulps (unbleached, oxygen delignified and bleached) were refined with a Masuko
equipment, observing different DP decrease values depending on the used pulps (36.5%
for unbleached pulp, 34.4% for oxygen delignified pulp and 19% for bleached pulp). In the
same way, Espinosa et al. [32] observed a similar decrease (55%) when orange tree pruning
unbleached pulp was subjected to PFI milling (until reaching a Schopper—Riegler degree
value of 90) followed by high-pressure homogenization treatment (four times at 300 bar,
three times at 600 bar and three times at 900 bar). In the same study, Espinosa et al. [32] also
described a slightly higher DP decrease (63%) using TEMPO oxidation pretreatment instead
of PFI refining. In this case, in addition to the shortening of cellulose fibrils produced by
the shear forces during microfluidization, the TEMPO reaction produced a slight cellulose
degradation (mainly amorphous cellulose) into gluconic acid and small fragments by
different chemical mechanisms [20].

Table 2. Degree of polymerization of the different pulps and their corresponding MFCs.

Degree of Polymerization

O-Pulp 2742 £+ 52
P-Pulp 2076 + 51
E-Pulp 2129 + 43
O-MFC 1010 + 69
P-MEC 1100 £ 60
E-MFC 1290 £ 26

O-Pulp: olive pulp; P-Pulp: poplar pulp; E-Pulp: eucalypt pulp; O-MEC: olive microfibrillated cellulose; P-MFC:
poplar microfibrillated cellulose; E-MFC: eucalypt microfibrillated cellulose.

3.2.3. Nanofibrillation Yield and Water Retention Value (WRYV)

MEFCs obtained by mechanical treatments consist of a mixture of fibers, fiber fragments,
fines and fibrils [41] that create an inhomogeneous material [42]. The nanofiber content
is assessed by centrifugation of a dilute suspension of cellulose micro/nanofibers, where
nanofibers remain suspended, whereas fibers and microfibrillated material precipitate. The
nanofibrillation yields in this work ranged from 11.3% to 13.3% (Table 3), indicating that
the samples contain a significant amount of fibers and microfibers, in agreement with SEM
observations. These values are lower than those observed by Jiménez-Lopez et al. [43]
and Delgado-Aguilar et al. [44]. However, these authors used different raw materials
(elm) or more intensive mechanical treatment conditions to produce CNFs. Other authors,
such as Espinosa et al. [32], showed similar nanofibrillation yields when employing olive
tree pruning to produce MFC by exclusively mechanical means, although they used more
severe conditions in the fibrillation process than those used in this work (10 Passes vs.
6 Passes through the microfluidizer).

Table 3. Nanofibrillation yield (%) and water retention value (%) of MFCs.

Nanofibrillation Yield Water Retention Value
(%) (%)
O-Pulp - 294 + 11
P-Pulp - 230 +£ 12
E-Pulp - 222+ 8
O-MFC 129+ 0.3 520 4 43
P-MFC 13.3+3.3 499 + 39
E-MFC 113+ 0.6 481 +10

O-Pulp: olive pulp; P-Pulp: poplar pulp; E-Pulp: eucalypt pulp; O-MFC: olive microfibrillated cellulose; P-MFC:
poplar microfibrillated cellulose; E-MFC: eucalypt microfibrillated cellulose.

The carboxylic acid content is known to enhance the nanofibrillation yield [20]. When
cellulose micro/nanofibers are produced using only mechanical processes, as in this case,
the carboxylic content does not increase compared to those observed in the starting pulp
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(lower than 90 umol g~ 1), thus explaining the low nanofibrillation yields. On the other
hand, the lower nanofibrillation yield observed for E-MFC could be attributed, amongst
other factors, to the lower hemicellulose content, since the lignin content was very similar
for all samples. Moreover, the nanofibrillation yield depends not only on the raw material
(composition, crystallinity, carboxylic acid content, etc.) but also on the type of process used
to obtain it. Thus, a more severe nanofibrillation process or other types of pretreatment
such as chemical oxidation mediated by TEMPO could be used to increase nanofibrillation
yields [20,43].

On the other hand, pulp swelling is connected to the water retention value and it
depends on the fibrillation degree and the surface chemistry of fibers [8]. Swelling also
depends on the fiber structure, on the degree of crystallinity and on the presence of amor-
phous and porous regions. The mechanical treatments used during the cellulose microfiber
production resulted in an increase in the WVR value for all samples (77%, 117% and 116%
for O-MFC, P-MFC and E-MFC, respectively). This fact has been attributed mainly to
an increase in the specific surface area in the samples [8]. Higher increases have been
obtained by other authors [20] also using bleached olive pruning pulp as starting material
for cellulose nanofiber production. However, these authors used a chemical pretreatment
(TEMPO-mediated oxidation) that subsequently produced a CNF with a higher specific sur-
face area (nanofibrillation yields around 48%) and with carboxylate groups on the nanofiber
surface, which has higher affinity for water than hydroxyl groups [43,45]. Spence et al. [46]
also found higher increases in WRV values in CNFs produced from different raw materials
including softwood pulp, hardwood pulp, and thermomechanical pulp, among others, but
with a more severe mechanical pre-treatment than that used in this work.

3.2.4. Crystallinity

The powder X-ray diffraction (XRD) Pattern of the three MFCs show the typical
reflections of crystalline cellulose I3 at 20 = 22.6° and 15.8°, which correspond to the
(200), (110) and (110) planes, respectively (Figure 2) [47]. The latter two reflections are
superimposed. The crystallinity indices, CI, calculated from the diffractograms, were 84%
(P-MFC), 79% (E-MFC) and 76% (O-MFC). These values suggest that P-MFC is slightly
more crystalline than the other two MFC samples. Thus, although the process used to
obtain MFC was the same, crystallinity also depends on the initial raw material [43].

On the other hand, it is well known that nanofibrillation processes can reduce the
crystallinity of the resultant cellulose nanofibers [48]. Some authors have explained that this
may be due to the breaking of the highly ordered crystalline structure or due to the cellulose
nanofibers” hornification during the nanofibrillation process [49]. Herein, the chemo-
mechanical process involving TEMPO-mediated oxidation prior to nanofibrillation is
especially prone to Partially damaging the crystalline cellulose structure [20]. For instance,
the CI of TEMPO-CNF from eucalypt was reported as 57% [20], from reed as 65% [50] and
from rice straw as 64% [48]. Hence, it appears that the purely mechanical process employed
in this study, i.e., PFI, renders MFC with higher crystallinity and less structural damage
than the reported TEMPO routes. The same trend was noted by Jiménez-Lopez et al. [43],
who found less reduction in crystallinity for CNFs obtained from elm using only mechanical
processes as compared to the TEMPO oxidation pretreatment prior to microfluidization.
These authors mentioned that this fact may be linked, among other factors, to the oxidation
of the internal cellulose crystallites.
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Figure 2. X-ray diffractograms of O-MFC, P-MFC and E-MFC, respectively.

3.3. Film Properties
3.3.1. Optical and Mechanical Properties

Films were obtained from MFC samples showing a density of 79.0 g m~2 and a
thickness between 65.0 and 68.0 um (Table 4).

Table 4. Brightness, opacity, thickness, tensile index and elongation at break of MFC films.

Brightness Opacity Thickness Tensile Index Elongation at Break
(%ISO) (%) (1m) (kN mKg1) (%)
O-MFC 518 +14 740 £ 0.6 65.0£2.0 150.0 £ 0.01 5.6 +0.3
P-MFC 662 £ 1.5 71.0 £3.1 68.0 £ 6.0 130.0 &+ 0.02 42400
E-MFC 731+1.0 731408 65.0+2.0 150.0 £0.01 55+ 0.6

O-MFC: olive microfibrillated cellulose; P-MFC: poplar microfibrillated cellulose; E-MFC: eucalypt microfibrillated cellulose.

Optical properties (brightness and opacity) were evaluated (Table 4). The highest
brightness value was observed for E-MFC film followed by P-MFC and O-MFC films. Tak-
ing into account the fact that all materials presented similar lignin contents (between 1.2%
and 1.6%), the high brightness of the E-MFC film could be related to its lower xylan content
(19.1%). In addition, xylan-lignin complexes are a source of residual poly-conjugates
chromophores [51].

Compared with the initial raw materials (61.5%, 73.2%, and 78.2% brightness values for
O-Pulp, P-Pulp and E-Pulp, respectively), a brightness decrease was observed for all MFC
films after PFI refining and microfluidization (Table 4). This effect was previously reported
by Spence et al. [46], describing a brightness reduction for hardwood and softwood pulps
during the refining pretreatment with Valley beater followed by microfluidization. It is
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well known that, among other factors, the temperature reached during the refining stage
may contribute to a decrease in the brightness of cellulosic pulps [52].

Regarding opacity, the three MFC films showed similarly high values (71.0-74.0%),
resulting in translucent films. Taking into account the low nanofibrillation yields of the
MEFC samples (11.3-13.3%), a high presence of microscopic fibers, instead of nanofibers,
remained in the suspension after microfluidization. This may produce high light scattering,
which results in the high opacity of the MFC films. In this sense, Jiménez-Lopez et al. [43]
described a correlation between nanofibrilation yield and the transmittance (inversely
related to opacity) observed for the resulting CNF films.

Mechanical properties (tensile index and elongation at break) of the MFC films were
also characterized (Table 4). Tensile index values (130-150 kN m kg ') of the three MFC
films were higher than the typical tensile indices reported for films from commercial Paper
(range of 10-100 kN m kg 1) [53]. It is known that microfluidization leads to nanofibers
with higher specific surface area, which improves structure compaction and hydrogen
bonding with the adjacent fibers, resulting in good mechanical properties. In this work,
although low nanofibrilation yields were observed for the three samples, the micro- and
nanofibrils contained in the three suspensions (as indicated by SEM images) could con-
tribute to improving the tensile index of the resulting MFC films. Moreover, the drying
treatment applied in this study during the preparation of the films (i.e., vacuum draining
followed by hot-pressing) could also enhance the mechanical properties. In this regard,
Osterberg et al. [54] produced CNF films with twice the tensile strength by pressured
filtration followed by an additional pressing step at about 100 °C and 1800 Pa. They
speculated that when the films are dried at high applied load and elevated tempera-
ture, denser films with a higher amount of bonds and fewer voids are produced. Finally,
the high hemicellulose content reported in our samples can facilitate strong fiber-fiber
bonding upon drying, contributing also to improve the mechanical properties. In this
sense, Ferrer et al. [55] reported values of 86 and 95 kN m kg_1 for films with CNF from
bleached (lower hemicellulose content) and unbleached (higher hemicellulose content)
pulps birch, respectively.

The elongation at break of the MFC films ranged from 4.2% for P-MFC to 5.5-5.6% for
O-MFC and E-MFC, which are typical values for micro- and nanofibrillated cellulose films
(1-10%) [36,56]. Similarly to the tensile index, the elongation at break is a property that
is also improved by heat and load applied during film formation [54], as well as the high
hemicellulose content [55].

It is worth mentioning the outstanding mechanical properties observed for these
mechanically pretreated MCF films compared to those of TEMPO-mediated oxidized
nanofibers (tensile index of 55-56 kN m Kg~! and elongation to break of 1.1-1.5%) [43].
Despite the lower size of TEMPO-mediated oxidized nanofibers, the presence of carboxylate
groups on the surface reduce the interfibril bonding since no hydrogen bonds are formed
between hydroxyl groups and carboxylates. Furthermore, a lower degree of polymerization
and crystallinity would contribute to lower mechanical strength.

3.3.2. Wetting Properties

Water vapor sorption isotherms were collected to characterize the wetting behavior of
the three different MFC films (Figure 3). The isotherms are similar for all samples showing a
maximum water sorption of 26-28 wt% at 95% relative humidity. This value is comparable
to other MFC obtained by microfluidification [57]. At the low relative humidity range up to
30%, it appears that P-MFC adsorbs slightly more water than the other two MFC films. This
range is dominated by the formation of an initial water mono- and multilayer on the sorbent
surface and therefore, is typically taken as a measure of a material’s hydrophilicity [58].
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Figure 3. Water sorption isotherms of P-MFC, O-MFC and E-MFC films including the fitting curves
according to Park’s model.

More information on the wetting behavior can be extracted from modeling the water
sorption isotherms. For cellulosic materials, these curves are commonly fitted with Park’s
model that describes the sorption process by an initial Langmuir-type adsorption, an inter-
mediate adsorption following Henry’s law and water clustering at high water activity [59].
This is due to the compositional and microstructural heterogeneity of natural fibers, which
require a multi sorption mode model [60]. Thus, in Park’s model, the quantity of adsorbed
water (Q) is calculated as follows:

1-c
_ AL.bL-aW

Q= +Ky-aw +Kc-apy, 6
| bpeal € H-aw +Kc-ay (6)

where Q is the quantity of adsorbed water, a,,w is the water activity, Ay is the Langmuir
capacity constant, by, is the Langmuir affinity constant, c is a fitting coefficient, Ky is
Henry s solubility coefficient, K¢ is the equilibrium constant for the cluster formation and
n is the mean number of water molecules per cluster.

The fitting Parameters in Table 5 corroborate that P-MFC is slightly more hydrophilic
than the other two MFC films, as suggested by the higher Langmuir capacity constant Ay,
and the mean cluster number n. On the other hand, O-MFC has the highest Henry “s law
constant, Kyj, which is ascribed to the solubility of water within the cellulose fiber matrix
interstices [60]. Hence, it may be speculated that O-MFC has a more open, accessible fiber
matrix structure than the other MFC samples. Furthermore, the lower crystallinity index of
this sample indicates a higher percentage of amorphous domains in which water can be
adsorbed [45].

Table 5. Fitting Parameters of the water isotherms on MFC films according to Park’s model.

O-MFC E-MFC P-MFC
AL 14 15 20
Ky 8.6 0.9 0.2
n 83 9.3 9.6
R2 0.9976 0.9979 0.9981

O-MFC: olive microfibrillated cellulose; P-MFC: poplar microfibrillated cellulose; E-MFC: eucalypt

microfibrillated cellulose.
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3.4. Approaching Several Applications of the MFC Samples

The potential of fast-growing poplar and olive tree pruning as raw materials for the
production of MFC has been demonstrated, obtaining samples with similar properties to
MFC produced from a commercial eucalypt pulp. For that, PFI refining as pretreatment fol-
lowed by microfluidization was employed, resulting in MFC samples with low fibrillation
yields but high mechanical properties and low wettability. In spite of the low nanofibrilla-
tion yields obtained for the three samples, both the micro- and the nanofibrils contained in
the three suspensions could be sufficient to improve the final mechanical properties of Paper
and cardboard products [61,62]. This reinforcement effect is the result of the larger specific
surface area of the micro- and nanofibers, which allow more interactions with the adjacent
fibers in the fiber Paper matrix. In this sense, Salvador-Sanchez et al. [63] concluded that
a high nanofibrillation yield is not necessary to improve mechanical Paper/cardboard
properties. Then, they observed better mechanical properties (SCT index, tensile index,
bursting index, and porosity) using microfibrillated cellulose obtained from softwood pulp
by mechanical treatments (with low nanofibrillation yields between 5-19%) as reinforce-
ment agent compared to nanofibrillated cellulose produced by TEMPO-mediated oxidation
pretreatment and homogenization (with higher nanofibrillation yield of 94%). In the same
way, Espinosa et al. [32] improved the mechanical properties (breaking length, Young ‘s
modulus, tear index, and burst index) of recycled Paperboard when MFC obtained from
orange tree pruning by PFI refining and microfluidization (with nanofibrillation yield
of 21%) was used as a reinforcement additive. In addition, an analysis of the cost of in-
creasing Paper properties such as breaking length reported by Delgado-Aguilar et al. [44]
indicated that TEMPO-oxidized CNFs were more expensive than MFCs from mechanical
pretreatment, the latter offering similar increases at lower prices. On the other hand, a
possible reduction in aspect ratio (which could be related to a reduction in DP) in MFC
samples could also be of special interest for their use as reinforcement agents in polymeric
matrices [64].

In addition, the films produced from the three MFC samples showed interesting
mechanical properties, one of the main requirements for Packaging applications [46]. The
strength values of the resulting films are comparable to previous microfibrillated cellulose
films with suitable mechanical properties (tensile index of 146 Nm g~! and elongation
at break of 8.6%) for Packaging [53]. Together with the mechanical properties, barrier
properties to gases such as oxygen are also important in Packaging applications [54]. The
high crystallinity of the three mechanical MFC samples as well as the low wettability could
also suggest good barrier properties of the resulting films. In this sense, Lagaron et al. [65]
emphasized that high crystallinity of polymers improves barrier properties. Moreover,
when the relative humidity increases, an important reduction in barrier properties was
detected due to the adsorption of water and film swelling [66]. Then, a low wettability of
films would prevent this decrease in barrier properties at high relative humidity. Finally,
the high opacity determined in the three MFC films could lead to an improvement in the
film barrier to UV and visible light, increasing the products shelf-life that can be altered by
these radiations [67,68].

Nevertheless, the hypotheses are only discussed with regard to their possible applica-
tions based on the properties described for the obtained MFC samples, which would have
to be tested in future works.

4. Conclusions

This work has demonstrated the feasibility of obtaining microfibrillated cellulose
(MFC) from fast-growing poplar and olive tree pruning using only mechanical treatments.
All MFCs showed low fibrillation yield and high crystallinity, leading to films with high
mechanical properties and low wettability. Moreover, these properties were very similar to
those obtained with the reference raw material, eucalypt. Therefore, these MFCs and their
respective films could be used as a reinforcing additive (both in Paper and board and in
polymeric matrices due to their high mechanical properties) and in Packaging applications
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due not only to their good mechanical properties, but also to their high crystallinity and
low wettability, which could give them good barrier properties.
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