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Micro/nanofibrillated celluloses (M/NFCs) have attracted considerable research interest over the past few de-
cades, with various pretreatments being used to reduce energy consumption and/or increase fibrillation. To date,
few studies have considered cationization as a pretreatment for their preparation. In this work, quaternary
ammonium groups were attached to cellulose fibers by a direct reaction with 2,3-epoxypropyltrimethylammo-
nium chloride or by a two-step method (periodate oxidation + Girard's reagent T). The cationic fibers with
degrees of substitution (DS) between 0.02 and 0.36, were subjected to homogenization treatment.

The morphological properties, chemical composition, and rheological behavior were evaluated to assess the
effect of DS and the effect of the cationization method (for samples with similar DS). The two-step cationization
resulted in significant degradation of the cellulose structure, leading to the formation of short fibrils and solu-
bilization of the material, ranging from 6% to almost complete solubilization at a DS of 0.36. Direct cationization
resulted in longer fibrils with an average diameter of 1 pm, and no significant cellulose degradation was
observed, leading to a more cohesive gel-like material (at 1 wt%). These observations clearly show the strong

influence of the cationization method on the final properties of the cationic cellulosic materials.

1. Introduction

The petroleum-based economy that has driven the development of
modern society over the last century is showing signs of decline. The
depletion of natural resources requires humanity to be more alert about
the sustainability of our planet, forcing a shift in mentality towards
alternative renewable sources.

Cellulose, primarily derived from lignocellulosic sources in the form
of fibers, is considered the most abundant renewable biopolymer in the
world, with an estimated annual biosynthesis of about 10'! tons [1], it
appears as a logical alternative raw material for the development of new
biobased products.

Cellulose is recalcitrant to dissolution in most common solvents [2].
For this reason, the deconstruction of cellulose fibers into their hierar-
chical substructures has attracted much attention in recent decades.

Micro/nanofibrillated celluloses (M/NFCs) are usually prepared by
intensive mechanical treatment, such as high-pressure homogenization
(HPH), cryocrushing, grinding, and ultrasonication, which may or may
not be preceded by enzymatic or chemical pretreatment. One of the
major drawbacks of the intensive mechanical treatments required to
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achieve fibrillation of the cellulose walls is the high energy demand of
the process. Various enzymatic and chemical pretreatments have been
applied over the years to effectively reduce energy consumption and/or
increase the degree of fibrillation [3].

One of the most popular chemical pretreatments, due to its proven
effectiveness, is the oxidation of cellulose fibers by TEMPO-mediated
oxidation. Electrostatic repulsion induced by the introduced nega-
tively charged groups loosens the structure, causing the formation of
individualized fibrils after a mild mechanical disintegration [4].

Depending on the combination of processes, different varieties of
materials are obtained with very distinct morphological properties,
surface chemistry, degree of polymerization, and degree of crystallinity.
The final properties will dictate the different possible applications.

Among the different types of M/NFCs produced, unmodified or
anionically modified materials are far more common than cationic cel-
lulose products. Heinze et al. [5] reported the same tendency for the
specific case of cellulose ethers. However, they also found that other
cationic polysaccharide derivatives, such as cationic starch ethers, play a
much greater role in commercial applications and are widely used in
paper production (dry strength additive), textile and cosmetics
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industries.

The introduction of cationically charged groups, such as quaternary
ammonium groups, into the cellulose structure can also be used as a
pretreatment to improve fibrillation [6] and, at the same time, to expand
the number of applications of M/NFCs. It is known that cationic mate-
rials have intrinsic antibacterial properties due to their affinity for
negatively charged particles, such as the bacterial cell walls [7].

Because of these properties, cationic cellulose products have found
their way into a variety of applications, being used as flocculants [8-10],
adsorbents [11,12], stabilizers [13], and biocides [14,15], among
others.

Although the cationization of cellulosic materials is not new
[16-18], its use as a pretreatment for the preparation of M/NFC mate-
rials has only recently been published. To our knowledge, Aulin et al.
[19] was the first author referencing it, using 2,3-epoxypropyltrimethy-
lammonium chloride (EPTAC) as the cationizing agent followed by
treatment in a high-pressure fluidizer. Since then, other cationic re-
agents have been tested for the preparation of cationic M/NFCs, such as
chlorocholine chloride [6], Girard's reagent T (GT) [8,15,20], amino-
guanidine hydrochloride [21,22] or betaine hydrochloride [23].

A proper evaluation of the chemical and physical properties of
fibrillated celluloses is of extreme importance in order to help tune their
properties to the desired application. Since no single method was found
to fully describe the properties and behavior of these materials, multiple
methods must be combined for complete characterization [27]. Despite
the recent growing interest in cationic M/NFCs, most of the published
characterization results are generally limited to just a few techniques/
parameters.

In this context, our work focuses on a more systematic character-
ization of cationic M/NFCs through the use of distinct complementary
techniques. Special emphasis will be placed on the deconstruction effect
suffered by cellulosic fibers. We also suggest for the first time the
application of vacuum filtration to differentiate between yield of
fibrillation due to dissolved material or stabilized fibrils. An alternative
acid-base titration is also proposed for determining the degree of cat-
ionization. Laser diffraction, typically non applied for materials of high
aspect ratio, is presented as a more expedite alternative to optical mi-
croscopy for the determination of the diameter distribution of cellulose
fibers and fibrils.

A total of five cationic celluloses (one with CHPTAC and four with
GT) with different degrees of cationicity were mechanically treated in a
HPH to produce cationic M/NFCs. The morphological properties,
chemical composition, and rheological behavior were evaluated to
determine the effects of the degree of substitution (with GT) and the
cationization method (for samples with a similar degree of substitution).

2. Materials and methods
2.1. Materials

Industrial unrefined and never dried bleached Eucalyptus kraft pulp
(BEKP), composed of 80-85 wt% cellulose, 14-19 wt% xylan, 0.3 wt%
lignin and 0.4 wt% extractives [28], was used as the starting cellulose
material.

The chemicals used in the cationization reactions were: sodium hy-
droxide pellets, acetic acid glacial (CoH402, AA, from VWR), iso-
propanol (C3HgO, IPA, from Labsolve), (3-chloro-2-hydroxypropyl)
trimethylammonium chloride (C¢H;5CloNO, CHPTAC) 60 wt% aqueous
solution, sodium periodate (NalO4, SP), and (carboxymethyl)trimethy-
lammonium chloride hydrazide (CsH14CIN3O, Girard's reagent T — GT,
from Sigma-Aldrich). Hydroxylamine hydrochloride (H,NOH.HCI), so-
dium hydroxide and hydrochloric acid 1 M aqueous solutions (all from
Sigma-Aldrich) were used in the titrations for the determination of
aldehyde groups and cationic charge. All chemicals were used as
received without further purification. Distilled water was used
throughout the work.
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2.2. Preparation of cationic M/NFC

A direct and indirect method were used to covalently bond quater-
nary ammonium groups to BEKP. For direct cationization, the most
commonly used cationizing agent is EPTAC [24] or its precursor
CHPTAC [25]. In this work, the reactive epoxide reagent was prepared
in situ by reacting CHPTAC with alkali (Fig. 1 A). The epoxide was then
reacted with the available hydroxyl groups of cellulose under alkaline
conditions to form an ether linkage and produce the cationic cellulose.

In contrast, the indirect cationization was carried out by a two-step
reaction in which the cellulose was first converted into the more reac-
tive form, dialdehyde cellulose (DAC), by oxidation with sodium met-
aperiodate (NalO4). During oxidation, the two vicinal hydroxyl groups
at the C2 and C3 positions of the anhydroglucose unit (AGU) are con-
verted to aldehyde groups, with consequent cleavage of the C2-C3 bond
[26]. The cationization was followed up by reacting the DAC with GT to
form a stable imine structure possessing quaternary ammonium groups
[8,9] (Fig. 1 B).

For the cationization with CHPTAC, BEKP was dispersed in alkaline
water at a consistency (C) of 3 wt% and a NaOH/AGU molar ratio of 9.
The fiber suspension was left for 20 min at 20 °C, after which CHPTAC
was added using a CHPTAC/AGU molar ratio of 6 [29,30]. The catio-
nization was carried out at 65 °C for 8 h (Table 1). Subsequently, the
cationized fibers were vacuum filtered through a filter paper with a pore
size of 11 pm and washed several times with distilled water until the
conductivity was constant.

Cationization with GT began with the preparation of DAC. For this,
BEKP was dispersed in a water/IPA mixture (10%v/v IPA to act as a free
radical scavenger and reduce the extent of depolymerization [31]), at
2.5 wt% and heated to 70 °C. To obtain different degrees of oxidation, a
specific molar ratio of SP to AGU was added and the oxidation reaction
was carried out for 4 h in the absence of light (to reduce photo-
degradation of SP). The parameters used for the oxidation reaction were
adapted from the work of Sirvio et al. [32]. After oxidation, the obtained
DACs were washed with water and the degree of substitution of the
aldehyde groups (DSa) was determined by titration with sodium hy-
droxide according to the method described by Wei et al. [33], which is
based on the oxime reaction between the aldehyde groups and hy-
droxylamine hydrochloride (Fig. S1) [32].

The undried DACs were dispersed in water acidified with 10%v/v of
AA [34] at a consistency of 5 wt% and a specific molar ratio of GT to
aldehyde groups was added. The cationization was performed at 70 °C
for 1.5 h (Table 1). The cationic samples were vacuum filtered through a
filter paper with a pore size of 11 pm and washed with a mixture of
isopropanol/water (9:1 v/v) (to reduce the loss of solubilized cellulose)
until the conductivity was constant.

The final micro/nanofibrillated cationic cellulose samples were
produced by subjecting the cationized fibers to mechanical treatment in
an HPH (GEA Niro Soavi, model Panther 115 NS3006L), with the first
pass at 500 bar and a second pass at 700 bar. Homogenization was
performed at room temperature with a pulp consistency of 1 wt%. The
obtained cationic celluloses were labelled with the acronym CH or GT +
(degree of substitution determined by elemental analysis). The resulting
fibrillated samples were characterized as follows.

2.3. Characterization of cationic M/NFC

The nitrogen content (Nea, wt%) of the cationic celluloses was
determined by elemental analysis (EA 1108 CHNS-O analyzer from
Fisons) and used to determine the degree of cationic substitution (DSea,
mol/mol), admitting all nitrogen detected comes from the grafted qua-
ternary ammonium cations and the BEKP is composed exclusively by
cellulose [30].

The charge density (CDt, mmol/g) was estimated using a potentio-
metric titration method [35]. In a typical titration, a given mass of
cationic M/NFCs suspensions (corresponding to 200 mg dry) was
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Fig. 1. Schematic representation of the cationic functionalization of cellulose with (A) CHPTAC and (B) Girard's reagent T.
Table 1
Reaction conditions used for the cationization of BEKP with CHPTAC and GT.
CHPTAC method
Sample Cellulose activation Cellulose cationization
P C (wt%) NaOH/AGU (mol/mol) T (O t (h) CHPTAC/AGU (mol/mol) T (°C) t (h)
CHO.13 3 9 20 0.3 6 65 8
GT method
Sample Cellulose oxidation Cellulose cationization
C IPA T t C AA T t
(Wt%) v /v) c0) ) SP/AGU (mol/mol) DSa (Wt%) ©bv/v) GT/aldehyde (mol/mol) o) M)
GT0.02 0.10 0.11 1
GT0.04 0.20 0.19 1
GT0.16 2.5 10 70 4 055 0.48 5 10 0.7 70 1.5
GT0.36 0.65 0.85 0.6
dispersed in 150 mL of distilled water and the pH was adjusted to 11
CI = ((Tooz — Tam) /Tooz ) x 100 (€]

with a 0.1 M aqueous NaOH solution, to convert the cationic quaternary
ammonium groups to their OH form. The suspension was then titrated
at 35 °C with 0.01 M HCI until the inflection point of the pH versus HCI
volume curve was reached. The CDt value obtained was converted to the
degree of substitution (DSt) and compared with the values obtained by
elemental analysis. Further details on the calculations underlying the
determinations of DS and CD can be found in the supplementary data
(Section S2).

FTIR-ATR spectra were recorded on a Bruker Tensor 27 spectrometer
with a MKII Golden Gate accessory, with 128 scans and a resolution of 4
cm ™Y, in the range 650-4000 cm™!. The spectra were treated for noise
reduction, baseline slope and normalized.

X-ray diffraction (XRD) patterns of the samples were recorded with a
Philips X'Pert diffractometer, operating in Bragg-Brentano geometry
(60-20), using CoKa radiation (A = 1.78897 A) and an applied voltage and
current of 40 kV and 35 mA, respectively. Scans were performed at room
temperature and collected over a range of 10°-40°, with a step of 0.025°
and an acquisition time of 1 s per step. The crystallinity index (CI) was
calculated from the peak intensity of the main crystalline plane (Ipg2)
and from the minimum intensity between peaks 002 and 110 associated
with the amorphous fraction of cellulose (Ion), according to the Segal
formula (Eq. (1), Fig. 6) [36].
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The yield of fibrillation was determined in duplicate after centrifu-
gation of 40 mL of cationic cellulose aqueous suspension (0.2 wt%) at
9000 rpm for 30 min [37,38]. The weight percentage of the remaining
material in the supernatant after centrifugation, determined by the
difference between the original and centrifuged amounts, was consid-
ered as the ‘yield of fibrillation’ (YF).

To determine the soluble fraction, a volume of 3 mL of the original
cationic cellulose suspension was vacuum filtered through a cellulose
acetate membrane filter (0.2 pm pore size). The filter was then dried
(50 °C for 24 h) to quantify the mass retained and determine the per-
centage (wt%) of material on the filtrate. The material that was able to
pass through the membrane was defined as ‘soluble fraction 0.2’ (SF 2).
The results were obtained in duplicate.

Transmittance spectra of 0.1 wt% suspensions were recorded using a
UV-Visible UVWin5 Software V5.0.5 spectrophotometer T60, at 600 nm
and a medium speed scan of 2 nm-s~!. The transmittance was measured
immediately after stirring the suspensions (0 h) and after 24 h without
further stirring [38]. The spectrum of a cuvette filled with distilled water
was used as a blank.

The average hydrodynamic diameter (Z-average) and the respective
polydispersity index (PDI) of the soluble fraction of samples GT0.16 and
GTO0.36 (samples with the highest soluble fraction) were determined by
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dynamic light scattering (DLS) [38]. Measurements were performed in a
Zetasizer NanoZS equipment (Malvern Instruments), with a 532 nm
laser, using a backscatter angle detection of 173°. The samples were
diluted to 0.1 wt%, carefully transferred to a glass cuvette and checked
for the presence of bubbles.

To estimate the surface charge, zeta potential (ZP) was determined
by electrophoretic light scattering (ELS) using the same equipment [38].
Measurements were performed on a diluted suspension (0.1 wt%) of the
original BEKP and cationic cellulose samples.

All the results represent the average of three measurements per-
formed under the following conditions: water as the dispersant, cellulose
refractive index 1.47, dispersant refractive index 1.33, viscosity 0.8872
cP, temperature 25 °C. The data was analyzed according to the general
calculation model for irregular particles.

The size of the original BEKP fibers and the cationic cellulose samples
was also assessed by laser diffraction spectrometry (LDS) in a Master-
sizer 2000 device (Malvern Instruments), equipped with a Hydro
2000MU module [38].

Prior to the measurements, a 0.2 wt% aqueous suspension of each
sample was prepared and left under magnetic stirring (700 rpm) for 30
min. A certain volume of the prepared suspensions was added to 800 mL
of water in the equipment vessel until an obscuration level of about 5%
was reached, and the measurements were performed at a pump speed of
2000 rpm. The test was continued until the size stabilized. The final size
distribution was set as the average of six consecutive measurements after
size stabilization.

The scattering patterns were processed using the Mie theory model,
assuming a refractive index and absorption of cellulose of 1.47 and 0.1,
respectively.

By default, laser diffraction measurements produce volume-based
particle size distributions. For comparison with the size measurements
from microscopy analysis, the distributions were converted from
volume-weighted to number-weighted distributions.

Polarized light optical microscopy (OM) images were acquired using
an Olympus BH-2 KPA microscope (Olympus Optical Co., Ltd) equipped
with a high-resolution CCD color camera (Olympus ColorView III).

A few drops of the cellulose suspensions were placed on a glass slide
and allowed to dry at room temperature before analysis. Images were
acquired at various magnifications using the analySIS software (Soft
Imaging System GmbH).

The diameter of the observed fibers and fibrillar particles (measured
at the center of the object) was determined using the ImageJ 1.53 g
software [39]. Between 200 and 400 measurements were made for each
sample. A distribution with the same mean and three standard de-
viations was fitted to the collected data. The obtained distributions were
normalized and plotted on a logarithmic scale for comparison with the
number distributions obtained by LDS.

The glass slide used for optical microscopy analysis was sputter
coated with gold and field emission scanning electron microscopy (FE-
SEM) images were acquired in a Carl Zeiss Merlin microscope with a
Gemini II column, in secondary electron mode. The acceleration voltage
used was 1 kV and the working distance was 3.4 mm.

The intrinsic viscosity ([n]) of all samples was measured using a
standard capillary viscometer in 0.5 M cupriethylenediamine at 25 +
0.1 °C. The obtained intrinsic viscosities were converted to the average
degree of polymerization (avgDP;,) by applying the Mark-Houwink
equation (Eq. (2)) with the parameters defined by Henriksson et al.
[40], specifically K = 0.42 and a = 1 (for a DP < 950) or K = 2.28 and a
= 0.76 (for a DP > 950).

[n] = k.DP* ©)

Considering the samples as 100% cellulose, the average molecular
weight (avgMw;,) was determined by multiplying the avgDP;, by the
molecular weight of AGU (162 g/mol).

Size exclusion chromatography (SEC) combined with a refractive
index detector was used to determine the weight average molecular
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weight (avgMw) of the soluble fraction of samples GT0.16 and GT0.36
(Table 2). The SEC measurements were performed at 40 °C in an Agilent
1260 Infinity II High-Temperature GPC System equipped with two PL
aquagel-OH Mixed-H 8 pm (300 x 7.5 mm) columns and a PL aquagel-
OH 8 pm (50 x 7.5 mm) guard column. Samples were prepared in 0.1 M
NaNOj3 aqueous solution at an approximate concentration of 1 mg/mL
and made optically clean by filtration through 0.22 pm Millipore filters.
The eluent was a 0.1 M NaNO3 aqueous solution with a flow rate of 0.8
mL/min. Pullulan standards were used for calibration.

Rheological tests were performed at 20 °C in a Haake model RS1
controlled stress rheometer, using a cylindrical bob and cup sensor (Z34
DIN Ti) with a gap of 7.2 mm, connected to a temperature control
recirculation bath (Haake Phoenix II). Flow curves were obtained in
controlled stress mode applying shear stresses ranging between 0.2 and
50.0 Pa.

A systematization of the work presented in this paper, including the
properties evaluated and the techniques used, is shown in Fig. 2.

3. Results and discussion
3.1. Chemical composition

During the cationization reaction, quaternary ammonium groups can
be incorporated into the cellulose fiber structure (Fig. 1 A and B). The
cationization of the fibers was confirmed by FTIR (Fig. 3) and ZP
(Table 2).

In short, ZP can be seen as a measure of the effective electric charge
of a particle surface in a liquid medium. Comparing the ZP of the pre-
pared cationic M/NFC with the original BEKP, it can be observed that for
all the samples, the ZP shifted from negative (—23 mV) to positive (from
+24 to +30 mV), indicating the effective incorporation of positive
charges into the surface of the cellulose fibers.

The chemical structure of the five cationic M/NFC samples and the
original BEKP was inspected by FTIR analysis. The spectra obtained are
presented in Fig. 3. For sample CHO.13, the successful cationization was
evidenced by the appearance of a new peak at 1638 cm ™! (peak b) and a
shoulder at 1473 cm™! (peak d), which are related to the adsorption of
water due to increased hydrophilicity [41] and to the stretching

Table 2
Characterization of the cationic M/NFC samples.
Sample
BEKP CHO.13 GT0.02 GT0.04 GTO0.16 GT0.36
Nea (wt%) - 1.02 + 0.60 £ 0.99 + 3.61 £ 7.03 £
0.04 0.06 0.02 0.12 0.02
DSea (mol/ - 0.13 £ 0.02 + 0.04 + 0.16 + 0.36 +
mol) 0.01 0.01 0.01 0.01 0.01
CDt (mmol/ - 0.78 + 0.23 + 0.32 + 0.90 + 1.68 +
g) 0.01 0.04 0.03 0.02 0.04
DSt (mol/ - 0.14 + 0.04 + 0.05 + 0.17 + 0.35 +
mol) 0.01 0.01 0.01 0.01 0.01
CI (%) 80 70 69 73 76 57
[n] (mL/g) 999 965 183 102 20 11
avgDP;, 2991 2859 437 244 47 26
avgMw;, X 485 464 71 40 8 4
1073 (Da)
ZP (mV) -23 +26+3 +24+2 +29+5 +27+2 +30+3
+5
Z-Average - - - - 147.1 106.4 +
(d.nm)” + 3.6 15.1
PDI" - - - - 0.37 £ 0.29 +
0.04 0.04
avgMw x - - - - 1.081 1.025 +
1072 +35 43
(Da)* ° 0.526 0.543 +
+ 0.5 4.5

@ Measured for the soluble fraction of the sample.
b Bimodal distribution (available as supplementary data — Fig. S11 and $12).
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Fig. 3. FTIR-ATR spectra of the original BEKP and cationic M/NFC samples with different degrees of substitution.

vibration of the methyl groups of the quaternary ammonium groups
[42], respectively.

In the samples subjected to periodate oxidation and cationization
with GT, a very clear peak appeared at 1683 cm™! (peak a), which
corresponds to the stretching of the carbonyl group on the hydrazide
structure of GT [43]. The formation of an imine bond between the
aldehyde groups of DAC and GT was confirmed by the peak at 1558
cm ! (peak c) [43]. The bands at 1473 em ! and 1414 cm™! (peaks
d and e) were assigned to the asymmetric and symmetric bending of the
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methyl groups of GT, respectively [9]. The peak at 923 cm ™! (peak h)
can be attributed to the asymmetric stretching of the C—N bond of
quaternary ammonium [9], the N—N bond of GT [15,43] or even the
stretching vibration of the C-C = bond of GT [44]. The decrease in in-
tensity of the bands at 1158 cm ! and 1052 cm ™! (peaks f and g) can be
attributed to the weakened -OH absorbance resulting from the glucose
ring-opening and oxidation of the OH groups at positions C2 and C3 to
aldehyde groups [9,45]. The small peak at 868 cm™! (peak i) can be
attributed to the formation of hemiacetal bonds between residual
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aldehyde groups and adjacent hydroxyl groups [46].

The content of quaternary ammonium groups attached to the cellu-
lose fibers was measured by elemental analysis and potentiometric
titration (Table 2). Based on the amount of nitrogen quantified by
elemental analysis, the obtained DSe, were in the range of 0.02-0.36.
The CDt of cationic groups on the cellulose surface was estimated by
potentiometric titration and was in the range of 0.23-1.68 mmol/g.
Conversion of the CDt results to DSt (0.04-0.35) gave similar results to
those obtained by elemental analysis, suggesting that the titration
method can be used as a rapid and cost-effective alternative to elemental
analysis.

3.2. Morphological analysis

OM and FESEM analyses allow visualization of the structural changes
undergone by the cellulose fibers when subjected to the different process
steps (cationization and HPH treatment) (Fig. 4 and Figs. S6 to S10).
Based on the OM images before HPH treatment and compared to the
original BEKP, no evident changes were observed in samples CHO.13,
GT0.02 and GT0.04. However, swelling of the fibers was observed in
samples GT0.16 and GT0.36 as DS increased, with sample GT0.36 losing
its fiber shape completely.

From a preliminary study of the impact of the degree of cationization
on the depolymerization/solubilization of cationic celluloses obtained
by the two-step method (data available as Supplementary data, Section
S4), it was verified that under the conditions presented in this work
(raw-material and reaction parameters), with a DS of 0.36, partially
soluble cationic cellulose can be obtained. It was observed that for a DS
in the range of 0.3-0.5, the fibers start to suffer morphological changes
(swelling) (Fig. S11), presenting also between 20% and 40% of soluble

oM
original fibres
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material (Fig. S12). This range also coincides with the beginning of the
level-off of the intrinsic viscosity curve, with values close to 30 mL/g
(Fig. S13). At a DS ca.1, near 80% of the sample became soluble.

For example, Grenda et al. [47] obtained fully soluble cationic cel-
luloses with a DS of 0.92~1.36 using also BEKP and performing the two-
step cationization under similar experimental conditions.

After subjecting the cationized celluloses to HPH treatment, samples
CHO.13 and GTO0.16 became a transparent gel, with CHO0.13 being
thicker than GT0.16. The samples with lower DS (GT0.02 and GT0.04)
remained a white fiber suspension, with a slight increase in viscosity.
Finally, sample GT0.36 (highest DS) became a transparent and fluid
suspension (slightly thicker than water).

Regarding the morphological changes of the fibers observed by OM,
in sample CHO.13 some fibers remained intact, with long fibrils pro-
truding from the main fiber body. In samples GT0.02 and GT0.04, most
of the cellulose fibers broke into fragments of random sizes, with sample
GTO0.04 presenting smaller fragments. Some micro/nanofibrils are also
seen, but these are shorter than those found in sample CHO0.13. In
samples GT0.16 and GT0.36, only residual small cellulose fiber frag-
ments are found (the residual fragments found in sample GT0.16 were
larger than in sample GT0.36), suggesting the solubilization of part of
the material or a high degree of fibrillation (Table 2). The FESEM images
of sample GT0.36 are consistent with those of OM, revealing several
fragments of cellulose fibers and the absence of long fibrils, as observed
in the other samples.

The level of deconstruction (fibrillation, dissolution, degradation) of
the final materials was evaluated in terms of YF, SF 5, transmittance at
600 nm and [n] (Fig. 5).

As for the YF, the samples can be divided into two distinct groups.
The first, with samples CHO0.13, GT0.02 and GT0.04, and YF of 29%, 6%

1 Cellulose cationization

GT0.02

oM
before HPH

GT0.04

oM
after HPH

100 ym B

FESEM
after HPH

1Fm

* Images of residual cellulose fibre fragments remained after HPH treatment.

Fig. 4. Optical microscopy and FESEM images of the original BEKP and cationic cellulose samples before and after the mechanical treatment in the HPH.
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Fig. 5. A) Light transmittance at 600 nm of 0.1 wt% suspensions of the cationic M/NFC samples, measured at 0 and 24 h; B) Comparison between yield of fibrillation,

soluble fraction, light transmittance at 0 h and intrinsic viscosity.

and 12%, respectively. The second, with GT0.16 and GT0.36 and a much
higher YF (98% and 100%, respectively).

The method used to determine YF quantifies the amount of non-
sedimentable material after centrifugation and does not distinguish
between the fibrillated material that remains in suspension due to
charge and steric stabilization (most important for materials with long
fibrils, such as sample CHO0.13) and/or the solubilized material. To
differentiate between fibrils and soluble material, the samples were
subjected to vacuum filtration through a membrane with a pore size of
0.2 pm. The material that was able to pass through the membrane was
referred to as the soluble fraction.

For sample CHO.13, the SFy 2 was zero, indicating that the YF ob-
tained resulted exclusively from the stabilized fibrillated material. For
all other samples, some soluble material was obtained. For samples
GT0.02 and GTO0.04, SFy, was found to be 6% and 7%, respectively.
These results are very similar to the YF obtained, suggesting that the
soluble material present is responsible for the YF obtained.

Sample GT0.16 consists of 40% soluble material, which means that
the YF of 98% results from a mixture of fibrillated and soluble material.
Finally, for sample GT0.36, a YF and SF0.2 of 100% were obtained,
indicating that the fibers were completely dissolved (except for the very
small number of residual fiber fragments seen during microscopy
analysis).

Samples CHO.13 and GTO0.16, although having a similar DS, present
very distinct YF (29% and 98%). Such results can be explained by the
different amount of solubilized cellulose in each sample (0% and 40%,
respectively).

The light transmittance of a material suspension (in this case cellu-
lose fibers) can be used as an indication of the relative size of the sus-
pended particles and extent of fibrillation [48]. The transmittance
values of the sample suspensions measured at 0 h (Fig. 5) highly
correlate with the obtained YF results, making it a good alternative
method (faster and using less sample) for comparing the level of
deconstruction of different samples. The transmittance values after 24 h
were also recorded to determine the overall stability of the suspensions.
Transmittance values increased for all samples, indicating the presence
of sedimentable particles. A drastic increase was observed in samples
CHO0.13, GT0.02 and GT0.04 which increased from 40%, 17% and 17%,
to 93%, 100% and 95%, respectively. The transmittance values of
samples GT0.16 and GT0.36 increased to 100% due to sedimentation of
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the remaining fiber fragments. Sample CHO0.13 had the lowest trans-
mittance after 24 h (93%), which is due to the long fibrils (observed by
microscopy) that can remain in suspension. The greatest change in
transmittance was registered for sample GT0.02 (from 17% to 100%),
due to the large fiber fragments with low DS that tend to sediment.

The intrinsic viscosity of a cellulose solution can be correlated with
the degree of polymerization through the Mark-Houwink equation (Eq.
(2)) and its values can give a clear indication of the level of degradation
(DP reduction) of the polymeric cellulose chains. From the obtained
viscosities (Table 2 and Fig. 5), a clear difference can be seen between
the two cationization methods, with the two-step method leading to a
lower intrinsic viscosity (higher degradation of the cellulose chains),
that decreases with increasing DS. Negligible degradation was observed
in sample CHO.13, with its intrinsic viscosity (965 mL/g) being only
slightly lower than that of the original BEKP (999 mL/g). Such results
were expected since periodate oxidation of cellulose leads to opening of
the AGU ring with subsequent incorporation of aldehyde groups. It has
been described that these electron-acceptor groups in the vicinity of the
glycosidic oxygen can promote hydrolysis [49]. The acidic conditions
during the cationization of DAC and the cavitation effect to which the
weakened cellulose chains are subjected during the homogenization
treatment may also be responsible for some of the demonstrated depo-
lymerization. Solubilization of DAC in hot water, especially after func-
tionalization, has also been reported in the literature [50,51] and
justifies the increase of the soluble fraction of GT samples with
increasing DS.

The crystalline structure of the cationic M/NFCs and the original
BEKP was investigated by X-ray diffraction. Table 2 presents the CI
calculated from the diffraction patterns presented in Fig. 6. All samples
presented similar XRD patterns, with typical peaks of cellulose I, cor-
responding to the crystalline planes 1-10, 110 and 002 [29]. The lack of
other peaks in the diffractograms of the cationic M/NFCs, suggests that
no rearrangement of the cellulose I crystalline structure into other cel-
lulose polymorphs occurred. The crystallinity of the original BEKP was
ca. 80%, decreasing to 70, 69, 73, 76 and 57% for CH0.13, GT0.02,
GT0.04, GT0.16 and GTO.36, respectively. The reduction in crystallinity
indicates that the effects of the cationization and homogenization
treatments were not limited to the surface of the fibers but also impacted
the crystalline ordering of the cellulose.

Alkaline treatment of cellulose fibers, under certain conditions, is
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known to promote amorphization of the crystalline structure and con-
version to cellulose II [30]. The alkaline conditions used during the
cationization of the CHO0.13 sample, although not strong enough to
convert the crystalline structure from cellulose I to cellulose II, can
justify the observed decrease in crystallinity. The reduction in crystal-
linity of the samples cationized by the two-step method can be attributed
to the disruption of the structure due to the opening of the AGU rings,
being the effect more evident for sample GT0.36, which suffered the
most intense treatment.

Image-based techniques are very useful for evaluating the morpho-
logical changes that occur during the production of M/NFCs. However,
this type of analysis is time consuming, operator dependent and limited
to a very small fraction of the sample. For these reasons, LDS analysis
was tested as a simple, faster and more representative alternative
method for evaluating the size of fibrillar materials.

The number distributions of the diameters measured by OM for the
original BEKP and cationic M/NFC samples were plotted using mea-
surements from images at different magnifications (Fig. 7 A).

Samples CHO0.13, GT0.02 and GT0.04 had the smallest sizes, with
most fibrils having an average diameter of 1 pm. GT0.16 and GTO.36,
although they were the most intensively treated, the average diameters
(20 and 13 pm, respectively) were significantly higher than the other
samples and similar to the original BEKP. These results can be explained
by the high percentage of dissolved material found in samples GT0.16
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and GTO.36, with only residual fragments (with diameters similar to the
original BEKP) of the original fibers remaining in suspension.

The number-based particle size distributions obtained by LDS (con-
verted from the volume-based distribution) for the original BEKP and
cationic M/NFC samples are shown in Fig. 7 B. A quick comparison with
the distributions obtained by microscopy analysis allows us to verify
that both sets of distributions agree with each other, including the
relative positions of the peaks of the various samples. These results
suggest that LDS can be a useful technique for comparing the diameters
of microfibrillar materials.

LDS provides an equivalent size-based distribution assuming that the
light scattering pattern of the material is identical to that of spherical
particles. For nonspherical particles, multimodal distributions can be
obtained and the respective sizes can be attributed to the particle length
and diameter [52]. For rod-shaped particles (such as cellulose fibrils),
especially with high aspect ratio, the particles can align in the flow di-
rection [53] and the peak associated with the fiber diameter becomes
the most prevalent in the particle size distribution [52].

DLS and SEC analyses were used to determine the Z-average and
avgMw of the soluble fraction of samples GT0.16 and GT0.36 (samples
with the highest soluble fraction) (Table 2). For both samples, a Z-
average of 147 and 106 nm was determined with a corresponding PDI of
the particle size distribution of 0.37 and 0.29, respectively. In terms of
molecular weight, despite the difference in DS between samples GT0.16
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Fig. 9. Critical overlap concentration of the obtained cationic M/NFC.

and GTO0.36, almost identical bimodal distributions were obtained
(Figs. S14 and S15), with peaks around 1000 and 500 Da.

3.3. Rheology

The flow curves obtained for suspensions of cationic M/NFCs are
shown in Fig. 8. As expected, the viscosity of the suspensions increased
with increasing concentration (Fig. 8 A). Lower dilution suspensions
presented a viscosity closer to water viscosity, and the suspensions with
concentrations below 0.1 wt% behaved like Newtonian fluids. For the
suspensions with intermediate concentrations, 0.15 and 0.20 wt%, it
was observed a shear thinning behavior, as expected for polymeric so-
lutions, due to the contact between the fibrils in suspension. At con-
centrations above 0.40%, a typical pseudoplastic curve was observed,
with the appearance of a yield stress point, that was shifted at higher
stresses with increasing M/NFC concentration. A similar behavior was
observed for TEMPO oxidized cellulose nanofibers obtained from BEKP
[54].

In addition to the M/NFC concentration, the cationization pretreat-
ment also showed a great influence on the rheology of the suspensions.
The fibers treated with CHPTAC resulted in suspensions with higher
viscosity compared to those obtained from fibers treated with GT. This
high viscosity is the result of a strong 3D fibril network, which is related
to a good fibrillation of the material and also to the long and thin fibrils
that can overlap, as inferred from the microscopy and LDS results.
However, the suspensions prepared from the pretreatment with GT
showed a distinct behavior. At lower DS, the suspension exhibited very
low viscosity, which is probably related to the low yield of fibrillation.
The viscosity increased with increasing DS (up to sample GTO.16),
indicating better fibrillation and thus the formation of an entangled
network. However, at a higher DS the viscosity of the suspension de-
creases, which is a consequence of the extensive degradation of the
cellulose fibers and consequently the absence or reduction of
entanglements.

The volume occupied by a polymeric particle in a solution or sus-
pension and the formation of the entangled network are closely related
[55]. Longer fibrils have a higher equivalent volume and therefore
above a specific concentration (overlap concentration - c¢*), they can
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more easily touch the neighboring fibrils and form a network. Polymers
with high Mw can be expected to have lower c*. Similarly, longer fibrils
(higher DP) also present lower c¢* compared to short fibrils (lower DP).
As can be seen in Fig. 9, sample CHO0.13 (with an estimated DP of 2859)
had the lowest overlap concentration, ca. 0.13 wt%. Samples GT0.02,
GTO0.04 and GTO.16 presented c* values in the range of ca. 0.3-0.4 wt%,
in agreement with the DP estimated by intrinsic viscosity (DP of 437,
244 and 47, respectively).

A lower c* value was observed for sample GT0.16 compared to
GTO0.02 and GTO0.04, despite the lower DP, being probably related with
the higher yield of fibrillation, which means more fibrils in suspension
for the same concentration. Sample GT0.36 presented the higher overlap
concentration value, ca. 0.6 wt% due to the very low DP and almost
complete solubilization of the cellulose fibers, which resulted in a low
equivalent volume and made the interaction between the fibrils difficult.

4. Conclusions

A direct and a two-step cationization methods were evaluated as
pretreatments for the preparation of cationic M/NFCs by high-pressure
homogenization. The direct reaction of cellulose with EPTAC resulted
in the formation of a transparent gel (at 1 wt%). This sample (CH0.13)
had the lowest critical overlap concentration as a consequence of the
long fibrils still attached to the main fiber body and diameters averaging
1 pm or less. No considerable degradation of the polymeric cellulose
chains was observed.

On the other hand, the two-step method involving sodium periodate
oxidation followed by reaction with Girard's reagent T caused significant
degradation of the cellulose structure, with none of the samples
becoming a firm gel, like sample CHO0.13 (even with a similar DS, like
sample GT0.16). Low DS (0.02 and 0.04) led to the formation of short
fibrils and a small fraction of solubilized material (6 to 7%). The increase
in DS promoted further solubilization of the cellulose fibers, resulting in
40% solubilized material for a DS of 0.16 and almost complete solubi-
lization for a DS of 0.36.
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