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The present work aims at assessing the main characteristics of lignocellulosic micro/nanofibers (LCMNF) from
bleached thermomechanical pulp (BTMP) from spruce while glimpsing the suitability of cationic demand (CD)
as effective monitoring parameter of the fibrillation process. For this, BTMP was mechanically refined at different
times in a Valley beater, aiming at determining the required refining time and fiber length to be later fibrillated in
a high-pressure homogenizer. It was found that 150 min treatment is required to avoid clogging in the pressure
chambers of the homogenizer. The mechanically treated BTMP was gradually passed through a high-pressure ho-
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Lignocellulosic micro-nanofibers mogenizer, leading to four LCMNF with different fibrillation degree. The main characteristics of the LCMNF were
Lignin determined, as well as the effect that high-pressure homogenization may generate onto the LCMNF structure. It

was observed that CD is a robust parameter to monitor the fibrillation process, as it is a good indicator of the
LCMNF characteristics. In addition, it was found that WRV may not be a good indicator of the extent of fibrillation
for LCMNF, as the lignin content varies with the homogenization intensity. Finally, the limitations of CD as mon-
itoring parameter and perspectives on this regard are provided to the reader.
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1. Introduction

Over the past few years, cellulose has gained prominence as a nano-
structured material for the development of products with low environ-
mental impact, mainly instigated by the need to reduce the dependence
on fossil resources [1-3]. In addition to its sustainable character, cellu-
lose nanofibers (CNF) present high specific surface area and aspect
ratio (length/diameter), excellent mechanical properties, low toxicity,
low density and good dimensional stability [4,5]. These properties
make CNF a highly attractive material to substitute synthetic materials
and to improve the recyclability and biodegradability of products [6].

However, up to date, the production and commercialization of CNF-
based products has been limited by several factors [7,8]. A major obsta-
cle to be overcome is the elevated processing costs related to expensive
pretreatments involving the use of chemicals and enzymes [9]. For in-
stance, TEMPO catalyst has been reported to be expensive [10] and dif-
ficult to recover [11,12]. Besides, chemical pretreatments are also
associated with human health effects and environmental issues since
they require the employment of toxic reagents [13]. Chemical pretreat-
ments also cause excessive depolymerization of fiber components and
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contribute to the thermal instability of the fibers, finally dealing with
great struggles in both recycling and regeneration processes [14,15]. Be-
sides, the enzymatic pretreatment route is more environmentally
friendly than the chemical one, but facing the difficulty in its application
owing to the high cost of enzymes and long processing time required for
cellulose degradation [16,17].

From a technical viewpoint, the abundance of hydroxyl groups at the
CNF's surface highly increases their water uptake and viscosity in aque-
ous suspensions, which could finally decrease their industrial perfor-
mance in unit operations like dewatering, pumping and dispersion,
among others [18]. Additionally, the development of efficient drying
systems allowing their dispersion back into a new solvent avoiding
the hornification phenomena is still a challenge nowadays [19].

Such concerns can be avoided or at least mitigated using lignin con-
taining pulps as raw material in substitution to those highly delignified
chemical ones [20,21]. So far, the production of lignin containing nano-
fibers has been based on the use of unbleached chemical pulps with re-
sidual lignin content [22-24]. However, high yield pulps with elevated
lignin content offer a sustainable low-cost alternative to unbleached
chemical pulps. The main advantage of high yield pulping is that it pro-
duces much higher yields (>90%) than chemical pulping (<50%) [25].
These high yield pulps can be produced by means of mechanical
defibration methods (mechanical pulp), sometimes combined with
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elevated temperatures (thermomechanical pulp), and the use of low
amounts of chemicals (chemo-thermomechanical pulp) to improve
the efficiency of fibers separation. Within these processes, chemo-
thermomechanical pulps require the use of chemicals and offer lower
yields than mechanical and thermomechanical ones. Besides,
thermomechanical pulp fibers offer improved properties in comparison
to mechanical pulps, and still retain the high yield and cost effective-
ness of mechanical pulps [26]. In this context, spruce wood is widely
known to be an interesting resource for thermomechanical pulp pro-
duction, as they usually present reasonably higher mechanical prop-
erties than other softwood pulps. These superior properties, apart
from the presumably higher intrinsic properties of spruce fibers
compared to the rest of softwood sources, may come from the low
extractives content [27]. The thermomechanical treatment can be
followed by a soft bleaching step to increase pulp brightness and re-
move some surface impurities, leading to a bleached thermomechanical
pulp (BTMP).

As mentioned before, thermomechanical pulping offers high pro-
cessing yields, which means that the chemical composition of the raw
material is not significantly affected. Hence, the content of lignin and
hemicelluloses is expected to be high in these pulps. It has been re-
ported that lignin and hemicellulose could ease the mechanical fibrilla-
tion efficiency of fiber bundles into nanofibers, resulting in a reduction
of the energy consumption and better processability [28]. In fact, most
delignified pulps are pretreated by means of chemical and enzymatic
processes instead of mechanical pretreatment to enable the correct fi-
brillation of the pulp, whereas the presence of lignin in high yield
pulps offer the possibility of replacing those expensive pretreatments
by mechanical ones. Among possible mechanical pretreatments, the
use of the PFI mill and Valley beater has been widely recognized by re-
searchers [29,30]. While PFI mills boost fibers' internal destructuration
by replacing the fiber-to-fiber bonds by fiber-to-water bonds, Valley
beaters produce larger quantities of fines and are more effective on re-
ducing fibers' length through cutting action. Although in the field of
the paper and board such cutting effect has been considered harmful
for the paper strength, in the field of nanofibers reducing fibers' length
is crucial to enable the correct fibrillation in the homogenizer and re-
duce the clogging tendency. This idea was supported by Turbak et al.
(1983) who claimed that precut fibers at the length range of 600 to
700 pum could ease the fibers destructuring [31]. Hence, the Valley beater
route would be a more appropriate choice to pretreat mechanically the
fibers prior to homogenization.

Another factor limiting the industrialization of CNF is the lack of fast
and robust characterization method to perform an efficient quality con-
trol along the production chain. Although progress has been made in
this field, there is an absence of process-adapted characterization tools
that allow a fast and reliable approach of the suspension quality in a
cost-effective way. In addition, the selection of an appropriate process
variable is usually difficult. The use of optical methods has been investi-
gated to determine the quality of nanocellulose; though, the observa-
tion may not be representative of the whole suspension [32]. In
addition, the incorporation of high-resolution microscopy tools in the
production chain of nanocellulose can be difficult. Instead, the determi-
nation of the nanofibers' quality via a multiparameter analysis has been
proposed. Desmaisons et al. [33] proposed a multi-criteria method that
enabled the obtention of a single quantitative grade that allowed the
monitorization of the production of nanocellulose. Though, the analysis
required the production of nanopapers for the determination of the
Young's modulus, generating a critical lag between process and charac-
terization. The WRV has been also proposed to determine the degree of
fibrillation, though, still on the way to confirm its validity with high lig-
nin content pulps. Overall, proposing methods to monitor the fibrilla-
tion of the suspensions is required to ease the scale-up production of
nanofibers. As a result, in this work the cationic demand (CD) parameter
is proposed as a reliable and fast method to monitor the mechanical fi-
brillation of lignocellulosic micro-nanofibers.
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In terms of applicability, nanofibers have been used in sectors such
as paper, automotive, paints and coatings, composites, textiles, cement
and concrete and pharmaceutical [2,11,34-39]. Nonetheless, the pres-
ence of lignin in nanofibers can give rise to the development of novel
nanomaterials with chemical, mechanical and physical properties dif-
fering from the traditional CNF. The partially hydrophobic character of
lignin can give rise to new opportunities in biocomposite materials
[40], acting as compatibilizer with hydrophobic matrixes, oil-water sta-
bilization aerogels [41] and medium density fiberboards (MDF) [42].
Lignin can as well act as natural binder in nanopapers, reducing the po-
rosity and providing improved barrier properties [23]. There are also op-
portunities in the biomedical field as an antioxidant, antidiabetic and
antimicrobial material [43,44]. Among these range of applications, the
use of nanofibers as strengthening additive in the paper and board sec-
tor has been widely recognized. According to a recent report by Future
Markets Inc. [45], the paper and board sector currently represents the
74% of the global demand for cellulose nanofibers with 6998 tons. The
demand of CNF in this sector is far from the second and third most
demanded fields, which are the field of composites (12%) and rheolog-
ical modifiers (11%). Furthermore, the use of nanofibers in the paper
and board field is expected to increase exponentially in upcoming
years, reaching a demand up to 38,643 tons of CNF by the year 2030,
which corresponds to an increase by the 452%. For this reason, along
with an increasing market pressure for quality improvements and
stricter quality standards, there is a need to instigate the production of
nanofibers in this sector making it economically attractive and feasible
to implement at large scale.

Overall, the present work aims to produce high lignin content
micro-nanofibers using a high yield pulp as raw material and to study
the influence of the refining using a Valley beater and homogenization
process on the quality of the final suspensions. In addition, the present
work also reveals the suitability of cationic demand as robust monitor-
ing parameter of the fibrillation process, while detailing the main limi-
tations and few perspectives on this regard.

2. Experimental
2.1. Materials

Bleached spruce thermomechanical pulp (BTMP) was provided by
Norske Skog Saugbrugs (Halden, Norway) and was used for the prepa-
ration of lignocellulosic micro-nanofibers. All chemical reagents used
for the complete characterization of the micro-nanofibers were sup-
plied by Sigma Aldrich and were used as received.

2.2. Methods

2.2.1. Characterization of the BTMP

The chemical composition of the pulp was evaluated according to
TAPPI standard methods. Fibers were dried prior to analysis at 105 °C
for 24 h, as required by TAPPI T264. Then, the extractives content was
measured by means of ethanol-toluene Soxhlet extraction according
to TAPPI T204. Ash and lignin were determined according to TAPPI
T211 and TAPPI T22, respectively. The content of cellulose and hemicel-
lulose was determined by high performance anion exchange chroma-
tography (HPAEC). Further details of this methodology were reported
by [46].

Pulp drainability was measured according to ISO 5267/1 and
expressed as Schopper - Riegler degree (°SR) and as Canadian Standard
Freeness (CSF), which was directly converted from °SR to CSF. The mor-
phological analysis was performed using a MorFi Compact Analyzer
(TechPap, Grenoble, France) equipped with a CCD video camera.
About 30,000 fibers were analyzed by the software MorFi v9.2 and,
among other parameters, the mean fiber length (If,), mean fiber diam-
eter (df) and fines content measured in length (f;) were determined.
Those fibers shorter than 76 um were considered as fines by the
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software. The fines content in weight (f,,) was determined by passing
the pulp suspension several times through a 200-mesh filter and recov-
ering the filtrate, which was then oven-dried at 105 °C until constant
weight and referred to the initial dry weight of pulp. The specific surface
area of the pulp was determined by means of dye Congo Red adsorption
methodology. Such methodology will be later specified during the char-
acterization of the micro-nanofibers.

2.2.2. Production of lignocellulosic micro-nanofibers (LCMNF)

BTMP was previously disintegrated in a 50 L-pulper equipped with a
helicoidal rotor at the bottom at 5 wt% consistency. Then, the pulp was
diluted until reaching a consistency of 2 wt% and mechanically refined
in a Valley beater using the 500 g weight. Residence times for the refin-
ing operations were set at 50, 100 and 150 min. The appropriate refining
time was chosen depending on the aptitude of the suspension to be
properly treated in the high-pressure homogenizer (HPH).

The pretreated suspension was passed through a high-pressure ho-
mogenizer (NS1001L PANDA 2000-GEA, GEA NiroSoavi, Italy) by pro-
gressively increasing the number of passes and pressure. Finally, a mix
of both micro and nano fibers was obtained and referred to as lignocel-
lulosic micro-nanofibers (LCMNF). Samples were separated at different
stages of the fibrillation process, leading to LCMNF 1, LCMNF 2, LCMNF 3
and LCMNF 4, as reflected in Table 1.

The reason behind the suspensions were subjected to progressive fi-
brillation is that a sudden increase of the shearing forces can negatively
affect the properties of the nanofibers due to the degradation of the fi-
brils and, thus, a progressive increase of the pressure would avoid dam-
aging the nanofibers [47].

2.2.3. Characterization of the lignocellulosic micro-nanofibers (LCMNF)

The yield of nanofibrillation was evaluated by centrifuging 0.1 g (dry
weight) of LCMNF from a suspension at 1 wt% consistency. The
nanofibrillated fraction contained in the supernatant was isolated
from the non-nanofibrillated, which was assumed to be retained in
the sediment. The recovered sediment was then oven-dried until con-
stant weight. The yield of nanofibrillation was then calculated according
to Eq. (1).

Yield of nanofibrillation (%) = (1— %) -100 (1)
s

where mys and mg are the mass of dry sediment and initial dry sample,
respectively.

The transmittance of the LCMNF suspensions was measured via a
UV-Vis Shimadzu spectrophotometer UV-160A set in the range be-
tween 400 and 800 nm. Distilled water was used as reference and
background.

The morphology of the obtained LCMNF was assessed by means of
Field Emission Scanning Electron Microscopy (FE-SEM) using a Hitachi
S-3000 microscope (Hitachi Europe S.A., Barcelona, Spain) operating
at 12 kV of accelerating voltage.

The carboxyl content (CC), which may not be significatively affected
by the refining treatment, was determined by conductimetric titration,
as previously reported [48]. Cationic demand (CD) was determined by
back titration in a particle charge detector (Miitek PCD 04, BTG), as it
has been extensively described in other works [10]. According to the

Table 1
Samples and HPH sequence.

Sample Sequence in the HPH no. of passes x pressure (bar)
LCMNF 1 3 x 300

LCMNF 2 3 x 300 + 3 x 600

LCMNF 3 3 x 300 + 3 x 600 + 3 x 900

LCMNF 4 3 x 300 + 3 x 600 + 6 x 900
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supplier, the molecular weight (Mw) of polyDADMAC accounted for
107 kDa.

The water retention value (WRV) was measured by means of
centrifuging the LCMNF suspensions in bottles equipped with a
nitrocellulose membrane (0.22 um of pore size), which can separate
the non-bonded water out of the LCMNF suspension. Suspensions
were centrifuged for 30 min at 2400 rpm (452 G-force). The wet cake
that was formed on the top of the nitrocellulose membrane was then
collected, weighted, and dried at 105 °C until constant weight. The
WRYV was calculated referring the amount of water in the wet cake
per dry gram of sample [49].

The degree of polymerization (DP) was determined by means of in-
trinsic viscosity measurements for dissolved LCMNF in cupri-
ethylenediamine according to UNE-ISO 5351 standard. The correlation
between intrinsic viscosity and DP was given by the Mark-Howink-
Sakurada equation and values for K and a, constants from the equation
that depend on the polymer-solvent system, were set at 2.28 and 0.76,
respectively [29].

Specific surface area (SSA) was determined by means of two differ-
ent methods. On the one hand, it was estimated from the CC and CD,
considering the interactions between CNF and the added cationic poly-
mer (polyDADMAC). Details from this method have been previously
published by the authors and it has been reported to provide reliable
values of, at least, diameters [46,50]. On the other, SSA was calculated
by means of Congo red adsorption isotherms, as described elsewhere
[51].

Changes on the lignin content and crystallinity of the LCMNF were
assessed by means of Klason lignin method and X-ray diffraction
(XRD), respectively. For this, the suspensions were vacuum filtered in
a modified sheet former equipped with a 0.22 pum nitrocellulose mem-
brane and then dried for 20 min to remove water. Klason lignin of the
LCMNF was measured on grinded and dried samples according to
TAPPI T22 om-98. The crystallinity index (C.I.) was calculated from an
XRD profile on the small pieces of the substrates. The C.I. was obtained
from the height ratio between the intensity of the crystalline peak
(Ic — Ism) and total intensity (I;), as reported by Segal et al. [52] (Eq. (2)).

:@.100

CL(%) ==
c

2)

3. Results and discussion
3.1. Characterization of the BTMP

Aiming at glimpsing the effect of the thermomechanical and soft
bleaching process, the chemical composition of the bleached
thermomechanical pulp (BTMP) was determined and compared to an
unbleached [53] and bleached [54] kraft spruce pulp (UKSP and BKSP,
respectively), as reflected in Table 2.

BTMP exhibited a content of acid insoluble lignin, also known as
Klason lignin, a hemicellulose content and a cellulose content of 25.80,
25.40 and 48.35 wt%, respectively. The content of non-structural ele-
ments such as extractives and ashes were relatively low for a
thermomechanical pulp with values of 0.25 and 0.20 wt%, respectively.
Wang et al. [55] reported a chemical composition for spruce wood
(Picea abies) of 42.0 wt% of cellulose, 20.6 wt% of hemicellulose,
28.2 wt% of Klason lignin, 6.5 wt% of acid-soluble lignin, and 1.04 wt%
of extractives. Out of these values, one can see that the pulping and
bleaching process removed the extractives by more than half from
1.04 to 0.25 wt%. Besides, the lignin content experienced a smooth de-
crease from 28.2 to 25.8 wt%, mainly due to the impact of the bleaching
process. As a result, the relative content of cellulose and hemicellulose
increased with respect to the raw wood from 62.6 to 73.75 wt%. Overall,
this indicates that BTMP, although having been submitted to a bleaching
step, still presented a relatively high content of lignin and that the
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Table 2
Chemical composition of the BTMP.
Cellulose Hemicellulose Klason lignin Extractives Ashes Reference
(wt%) (wt%) (wt%) (wt%) (wt%)
BTMP 4835 4 0.53 25.40 £+ 0.31 25.80 £ 0.21 0.25 + 0.03 0.20 £ 0.05 Present work
UKSP 86.20 11.30 2.23 0.07 0.20 Tutus et al. [53]
BKSP 93.2 6.9 <0.1 - - Hult et al. [54]

whole treatment did not significantly affect the major chemical constit-
uents of wood.

Table 2 also shows the chemical composition of UKSP and BKSP for
comparison purposes. It becomes apparent that the kraft process signif-
icantly decreases the lignin content, accounting for 2.23 wt% in the case
of the pulp reported by Tutus et al. [53]. In addition, when such pulp is
submitted to a bleaching stage (BKSP), the resulting pulp exhibited a
lignin content below 0.1 wt%. The degradation of lignin by the kraft
and bleaching processes may inevitably lead to the removal of other
constituents embedded in the amorphous region of the fibers, mainly
hemicellulose and some extractives. The content of hemicellulose in
both UKSP and BKSP decreased by less than half in comparison to the
BTMP. Finally, the cellulose content increased to values around 90 wt%.

As reported by Jonoobi et al. [56] the chemical composition of the
pulp has a major influence during pulp fibrillation. Specifically, other
authors pointed out that lignin has a significant role inhibiting the for-
mation of fibril bundles, which may be beneficial for the fibrillation pro-
cess [51]. Besides, the hemicellulose content has been also reported to
be crucial to avoid the aggregation of the microfibrils and re-
agglomeration of the nanofibrillated parts [20]. Chaker et al. [57] ex-
posed that hemicellulose content around 25 wt% in pulps is optimum
to reach the maximum fibrillation efficiency, whereas in pulps
exhibiting a hemicellulose content close to 12 wt% may decrease such
efficiency by half. Generally, most chemical pulps, either bleached or
unbleached, used to produce cellulose nanofibers exhibit a lower hemi-
cellulose content than the BTMP proposed in the present study [58]. In
addition, as there is still a lack of understanding on the role of extrac-
tives during pulp fibrillation, it is accepted that this fraction should be
reduced to a certain extent to enable its proper fibrillation [59]. Thus,
at least in terms of chemical composition, BTMP may be a suitable raw
material for LCMNF production, as it will presumably be easy to
fibrillate.

Although chemical composition has a key role on the fibrillation pro-
cess, both morphological and physical properties also may be affected
during such process. Thus, the main morphological parameters are sum-
marized in Table 3.

BTMP exhibited a mean fiber length and diameter of 1178 and
29.8 um, respectively. Both length and diameter are significantly higher
than in the case of other pulps used for LCMNF production that may be
found in the literature. Indeed, the selected pulp exhibited a higher
length to other pulps such as chemical pulps from wheat, vine stems
and bleached eucalyptus, but shorter than Pinus radiata [60-62]. The ob-
tained diameter was significantly higher than in the case of hardwoods,

Table 3

Morphology and drainability of BTMP.
1y (pm) 1178 + 42
d" (um) 29.8 + 0.2
fiengen (%) 519 + 3.1
fweight (%) 12.0 + 09
SSA (m*/g) 2.87 + 0.12
°SR/CSF 21.5/578

Abbreviations: mean fiber length weighted in length (I%,),
mean fiber diameter (dF), percentage of fines weighted in
length (fiengen), percentage of fines in weight (fueigne) and
specific surface area (SSA).
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but of the same order of magnitude than softwoods [63]. The
morphological analysis also returned an elevated content of fines,
which partially explains the high SSA (2.87 m?/g). However, such high
surface area may be also explained by the aggressive treatment during
pulping, where lignin and other constituents are not dissolved and,
thus, the mechanical energy randomly breaks the wood structure in-
creasing the surface fibrillation.

3.2. Effect of the refining in a Valley beater on the BTMP characteristics

Aiming to increase fibrillation, BTMP was subjected to mechanical
refining in a Valley beater prior homogenization, as described in the
previous section. The morphology, the DP and the CD of the refined
pulps were determined, as well as their aptitude to high-pressure ho-
mogenization (Table 4).

After 50, 100 and 150 min treatment, fiber length (15,) decreased to
1064, 790 and 682 pm, respectively, representing a reduction of 42% at
150 min. In fact, fiber length decreased linearly with the pretreatment
time with a correlation factor of R? = 0.967. These results are consistent
with those reported by Turbak et al. [31], where the need of reducing
fiber length to a range between 600 and 700 pm can enhance pulp fibril-
lation during high-pressure homogenization. The decrease on the fiber
length was also observed in the DP, which decreased from 3250 to
2540 after 150 min treatment. On the contrary, the diameter of the
BTMP fibers was not significantly affected, indicating that fiber bundles
were not successfully separated, which is something expectable from
such kind of mechanical treatments.

The mechanical refining also increased the fines content, both in
length and in weight. After 150 min treatment, the amount of fines in
length accounted for 79.5%, while the mass fraction of fines was 40.6%.
The morphological analysis, conducted by the MorFi equipment, does
not consider the morphology of fines, thus, the average fiber length
and diameter is not considering fines length and diameter. The presence
of such fines may be beneficial for the fibrillation process during high-
pressure homogenization. Indeed, the 150 min-treated pulp did not ex-
hibit any clogging during fibrillation, contrarily to lower processing
times. The changes on fiber morphology, together with the generation
of fines, also had a significant effect over the SSA and the CD. SSA in-
creased from 2.87 to 16.01 m?/g and CD, from 56.3 to 137.6 peq/g. In
previous works, authors already reported that CD can be a good indica-
tor of the SSA [46,64]. In the case of BTMP, this correlation was con-
firmed, as reflected in Fig. 1.

For all the above, the treatment time in the Valley beater was set at
150 min, considering that no clogging was observed during high-
pressure homogenization and that both SSA and CD, and the morpho-
logical characteristics were, in principle, significantly better for LCMNF
production than the rest of treated pulps at shorter periods.

3.3. Production and characterization of the LCMNF

The selected pulp was passed through the high-pressure homoge-
nizer at different numbers of passes and pressure, according to the con-
ditions specified in the previous section. Table 5 shows the yield of
nanofibrillation, transmittance at 600 nm wavelength (Tsponm), WRY,
CD and SSA of the different LCMNF. SSA was obtained by means of
Congo red (SSAcr) and polyDADMAC adsorption (SSAp+.).
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Table 4
BTMP characteristics as function of refining time.
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Valley beater 15, df flength fweight DP SSA D Aptitude to homogenization
(min) (um) (hm) (%) (%) (m*/g) (1eq/g)

0 1178 + 42 298 + 0.2 519 + 1.1 12.0 £ 0.9 3250 + 93 2.87 + 0.12 563 + 1.6 Clogging

50 1064 + 32 28.8 + 0.1 59.0 £ 0.5 246 + 19 3150 + 51 6.74 4+ 0.09 724 £ 23 Clogging

100 790 + 51 285 4+ 0.2 652 +£ 1.3 31.8 +£ 2.2 2690 + 94 1245 + 0.18 1095 + 24 Clogging

150 682 + 29 28.6 + 0.3 79.5 £ 0.8 406 £ 1.3 2540 £ 71 16.01 £+ 0.10 1376 &+ 3.0 Non-clogging

As expected, yield of nanofibrillation increased with the number of
passes and pressure through the high-pressure homogenizer. LCMNF
1 and LCMNF 2 exhibited a low yield of nanofibrillation, accounting
for 4.6 and 11.9%. These low yields indicate that only a small fraction
of nanosized fibers can be obtained by means of passing the suspension
through the high-pressure homogenizer at low-moderate pressure
(300-600 bar). Once the suspension was passed through the pressure
chambers at 900 bar, the yield of nanofibrillation increased to 24.1%
(LCMNF 3) and, conducting the operation at 900 bar three additional
times, this yield was just increased to 28.6% (LCMNF 4). Indeed, such
low yields compared to other suspensions of nanofibrillated cellulose
are completely understandable, as neither negatively charged groups
are introduced in the cellulose chain (i.e. TEMPO-mediated oxidation)
nor specific mechanisms based on enzyme action are occurring (i.e. en-
zymatic hydrolysis) [65].

Itis clear that the raw material also has a direct influence on the yield
of nanofibrillation. Indeed, in previous works, lignocellulosic micro/
nanofibers obtained from chemical pulps usually lead to higher
nanofibrillation yields, such is the case of wheat or alkali-treated me-
chanical pine pulp, and of the same magnitude than other mechanical
pulps such as banana leaf residue or triticale straw [46,50,66,67].

The differences in the yield of nanofibrillation were also observed in
the transmittance of the suspensions at 600 nm. Transmittance is often
used as an indirect indicator of the nanofibrillation yield, as the higher
presence of nanosized fibers in the suspension minimizes light scatter-
ing [68]. Table 5 reveals that as the intensity in the high-pressure ho-
mogenizer was increased, transmittance also experienced an increase.
However, the obtained values are far from those that may offer purely
nanostructured cellulose, mainly due to a combined phenomenon of
low fibrillation degree and the presence of lignin. Thus, it becomes ap-
parent that the obtained LCMNF suspensions contained both nano-
and microsized fibrils, as it can be observed in Fig. 2.

Fig. 2 evidences the presence of both micro and nano fibers in the
suspensions. Fig. 2A shows a microfiber with an approximate diameter
of 1 mm, whereas nanofibrils at their surface with diameters in the
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Fig. 1. Evolution of SSA and CD at different processing times in the Valley beater.
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range of 56.2 to 78.9 nm can be clearly seen. Fig. 2B exhibits a similar
scenario, though, as the suspensions has been more intensively fibril-
lated, the diameter of the nanofibers decreased to a range of 21 to
40 nm. The mix of micro and nanofibers also support the low yield
and transmittance values.

As expected, the SSA also increased with the successive passes
through the homogenizer. However, the differences between the SSA
obtained by means of Congo Red adsorption and the one obtained
through the polyDADMAC adsorption are worthy to mention. SSAcg ex-
hibited values in the range of 117.8 (LCMNF 1) and 150.3 m?/g (LCMNF
4). On the other hand, the SSA, ;- values were limited from 64.7 (LCMNF
1) to 94.4 m?/g (LCMNF 4). Several methods have been already reported
to determine the SSA of micro and nanostructured cellulose, and all of
them are based in different mechanisms. Nonetheless, all the methodol-
ogies that can be found in the literature are based on indirect methods,
as the estimation of SSA from length and diameter can be misleading
due to the presence of surface fibrillation and irregular morphology
[50,51,69]. Depending on the method, especially in those involving ad-
sorption mechanisms, the order of magnitude of the SSA can signifi-
cantly differ, as it is the case of SSAcg and SSA, .. Congo Red molecule
has a surface area of 1.73 nm?/molecule, while in the case of
polyDADMACG, surface area accounts for 535.87 nm?/molecule. The
lower surface area of Congo Red may propitiate its penetration into
the LCMNEF structure, apart from its diffusion onto fibers surface as di-
mers, providing a higher value during the measurement of SSA
[70,71]. In addition, the molecular weight (Mw) of polyDADMAC may
also have an effect on the determination of SSA, as it has been previously
reported. Briefly, low-Mw polyDADMAC (7.5-15 kDa) may result in
high detected charge due to polymer penetration into the fiber struc-
ture, obtaining the fiber total charge. On the other hand, high-Mw
poly-DADMAC (>100 kDa) leads to lower detected charge, as it is only
adsorbed on fiber surface [72].

As in the case of the mechanically refined pulps, as the SSA of LCMNF
increased, a noticeable enhancement of the CD was also observed. The
CD increased from 179 to 240 peq/g for LCMNF 1 and LCMNF 4, respec-
tively. Indeed, the increase on the CD evolved linearly with the SSA as in
the case of mechanically refined BTMP. This linear evolution can be ob-
served in Fig. 3A.

WRYV also experienced a great enhancement as the mechanically re-
fined BTMP was gradually passed through the high-pressure homoge-
nizer. This increase on the WRV mainly comes from the increase on
the SSA and, thus, the extent of fibrillation. However, other effects
may be occurring during high-pressure homogenization, such as lignin
release from the microfibrils due to the high shear forces [73]. The
WRYV increased from 1.5 to 3.1 g/g, corresponding to the LCMNF 1 and

Table 5

Characterization of the LCMNF.
Sample Yield Teoonm  WRV D SSAcr SSAp+

(%) (%) (g/8) (veq-g/g) (m’/g) (m%/g)

LCMNF 1 46 + 03 3.8 1.5 + 0.1 179 + 6 117.8 64.7
LCMNF 2 119 £ 03 8.1 1.8 + 0.1 205 + 4 1344 77.4
LCMNF3 241 + 0.2 14.5 26 +£02 23342 145.2 91.0
LCMNF4 286 + 04 172 3.1+ 0.1 240 £+ 3 1503 94.4
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Fig. 2. FE-SEM observation of LCMNF 1 (A) and LCMNF 4 (B).

LCMNF 4, respectively. Several authors have reported the excellent ca-
pacity of nanostructured cellulose to bond water, even to form water-
based gels at low solid content. The obtained WRV is lower than values
reported in the literature, mainly due to a combined effect between the
relatively high lignin content and the lower fibrillation degree [49]. The
evolution of the WRV with the CD did not respond to a linear regression,
as reflected in Fig. 3B. In principle, considering that WRV has been

reported to be a reliable measure to characterize the extent of fibrilla-
tion of micro and nanofibrils and, in addition, that SSA evolved linearly
with CD, one may expect a linear tendency between WRV and CD [74].
Nonetheless, the evolution of WRV responded to a second order polyno-
mial equation, indicating that an additional effect to the enhancement
of the fibrillation was occurring. This was corroborated in Fig. 3C,
where the evolution of WRV as SSA increased is reflected. This
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Fig. 3. Evolution of the SSAcr (A) and WRV (B) with the CD, and WRV with the SSAcg of the LCMNF (C).
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Table 6

Characterization of lignocellulosic micro-nano fibers (LCMNF).
Sample DP (—) Klason lignin (wt%) CL (%)
LCMNF 1 755 243 + 03 70.6
LCMNF 2 561 234 £ 0.1 71.9
LCMNF 3 418 221 £ 0.2 75.1
LCMNF 4 367 21.0 + 0.2 75.7

Abbreviations: degree of polymerization (DP) and crystallinity index (C.L).

additional effect may be a slight increase of the hydrophilicity of the
LCMNF as they were passed through the high-pressure homogenizer.
Jonoobi et al. [75] reported that successive passes through the homoge-
nizer could promote the removal of amorphous regions and, thus, in-
crease the crystallinity of the lignocellulosic suspension. In addition, as
mentioned above, Qua et al. [73] already noticed lignin release from the
LCMNF suspension due to the shear forces inside the pressure chambers
of the equipment. Another plausible explanation is the decomposition of
lignin-derived compounds during the high-pressure homogenization
process forming low-Mw and water-soluble compounds [76]. Overall,
the chemical composition of LCMNF may experience some changes dur-
ing the high-pressure homogenization process, either due to the release
of surface lignin, decomposition of lignin-derived compounds or even
the removal of amorphous regions, including hemicellulose.

Aiming at glimpsing the effect of high-pressure homogenization in
the chemical structure of LCMNF, the DP, Klason lignin and the crystal-
linity index was determined for each LCMNF. (Table 6). XRD curves for
the determination of the crystallinity index are shown in Fig. 4.

The determination of Klason lignin revealed that, as previously
discussed, there was some lignin removal during high-pressure homog-
enization. Indeed, a decrease of about 3 wt% in the lignin content of the
LCMNF was observed (comparing LCMNF 1 and LCMNF 4), together
with a great reduction of the DP and a slight increase of the crystallinity
index. The highest reduction in the lignin content was observed the first
time that suspensions were processed at 900 bar, where shearing was
significantly more intensive than at lower processing pressures. This de-
crease on the lignin content was also observed in the increase on the
crystallinity index, where the highest change was also observed when
suspensions were processed at the maximum pressure for the first
time. This higher crystallinity, thus, can be attributed to the loss of lignin
during high-pressure homogenization. The increase on crystallinity may
decrease the hydrophilicity of the LCMNF and one could lower WRV.
However, the obtained results clearly show that the removal of lignin
had a greater effect on WRV than the increase of crystallinity.

As observed before, the CD is highly associated with the
nanofibrillation yield and SSA. In addition, the difference between the
CD and CC can be used to quantify the number of hydroxyls available
at the fiber surface. Such value can be related to the hydrogen bonding

E
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Fig. 4. XRD analysis of the LCMNF.
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ability and thus to the strengthening potential of the nanofibers. The CD
can also be useful to attempt different chemical modifications on the
nanofibers, including esterification, etherification, oxidation, silylation,
polymer grafting, and others, for various end uses [77]. From the ob-
tained results, CD may be used as monitoring parameter for the fibrilla-
tion process of LCMNF; though, it presents some limitations that should
be considered.

3.4. Limitations of cationic demand as monitoring parameter of fibrillation
and perspectives

CD is strongly affected by the surface charge, which may be induced
by the introduction of functional groups into cellulose structure. A clear
example is the TEMPO-mediated oxidation process, where highly nega-
tively charged groups (COO ™) are introduced by means of the oxidation
of the primary alcohol in the C6 of the cellulose chain [11]. Another ex-
ample could be those cellulose nanofibers obtained by means of
cationization processes, which are based on the introduction of quater-
nary ammonium groups [78,79]. In addition to this, the chemical com-
position of the starting material may also affect the CD of the micro
and nanofibers. Thus, the use of CD as monitoring parameter is re-
stricted to processes where the rest of the conditions are controlled,
and the different correlations may apply to such conditions. To the
best of our knowledge, the monitoring of the production processes of
micro and nanofibers must encompass the combination of different pa-
rameters integrated in robust models that allow real-time characteriza-
tion, which is something that still needs further research, to diminish
the uncertainty during production processes. To the authors, such inte-
grative and robust models should integrate variables from the raw ma-
terial, the pretreatment stage and the fibrillation itself, something that is
still missing and that would promote the full deployment of micro and
nanocellulose production at large scale.

4. Conclusions

In this work, LCMNF were prepared by means of mechanical
methods, combining mechanical refining and high-pressure homogeni-
zation. It was found that fiber length plays a critical role on the aptitude
of the fibers to be processed by means of high-pressure homogeniza-
tion, requiring a treatment in the Valley beater of 150 min in order to
shorten the fibers from 1178 to 682 pm, apart from increasing the
fines content. From the study at different homogenization intensities,
it can be concluded that the high shearing inside the pressure chambers
have a positive effect on nanofibrillation, especially at operating pres-
sures above 900 bar, where significant effect can be observed in the dif-
ferent parameters, including nanofibrillation yield, specific surface area,
cationic demand and water retention value, among others. It was found
that the high-pressure homogenization processes affect the lignin con-
tent of the fibers and their crystallinity, as the Klason lignin content de-
creased from 24.3 to 21.0 wt% and the crystallinity increased from 70.6
to 75.7%. This was found to have a significant effect over the water re-
tention value of the LCMNF and limiting the use of this parameter to
monitor the extent of fibrillation of the samples. Contrarily, it was
found that cationic demand is a good indicator of the fibrillation of the
LCMNF, as the rest of the parameters evolved linearly at increasing cat-
ionic demands. Overall, it can be concluded that high yield pulps can be
useful for LCMNF if they are properly treated and, in addition, that cat-
ionic demand is a suitable parameter to monitor the fibrillation process,
especially in nanostructured cellulose which has not been obtained by
means of chemical methods.
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