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Influence of Nanocellulose Structure on Paper Reinforcement
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Abstract: This article describes how crystalline or fibrous nanocellulose influences the mechanical
properties of paper substrate. In this context, we used commercially available cellulose nanocrystals,
mechanically prepared cellulose nanofibers dispersed in water or ethanol, and carboxy cellulose
nanofibers. Selective reinforcement of the paper treated with the nanocellulose samples mentioned
above was observed. The change in the fibre structure was assessed using scanning electron micros-
copy, roentgenography, and spectroscopy techniques. In addition, the effect of nanocellulose coat-
ing on physical properties was evaluated, specifically tensile index, elongation coefficient, Elmen-
dorf tear resistance, Bendtsen surface roughness, Bendtsen air permeability, and bending strength.
It can be concluded that the observed decrease in the strength properties of the paper after applying
some NC compositions is due to the loss of potential disturbances in hydrogen bonds between the
nanocellulose dispersed in ethanol and the paper substrate. On the other hand, significantly in-
creased strength was observed in the case of paper reinforced with nanocellulose functionalized
with carboxyl groups.

Keywords: nanocellulose; paper conservation; tissue reinforcement; nanocellulose modification

1. Introduction

Paper products are used in many different areas of human activity (e.g., packaging,
hygiene purposes, documents, books, drawings, maps). Transferring and archiving infor-
mation has always been one of the most important tasks of paper materials. Paper docu-
ments, manuscripts, and books can be kept for hundreds of years without special conser-
vation efforts, while the life of most electronic media is only from several to several dozen
years [1,2]. However, paper items are adversely affected by negligence, wilful damage, or
the inevitable decay caused by the effects of past production methods (e.g., the use of
aluminium salts), storage in poor conditions, and daily human use [3-5]. The growing
awareness of the need to preserve cultural artifacts means that more and more attention
is paid to extending the life-span of paper products that are intended for carrying infor-
mation. This applies to both new ones and those created some time ago.

The past 50 years in particular have seen more attention paid to paper conservation.
For example, cultural heritage objects made of paper are hardened and stabilized during
conservation works to stop biological degradation and limit the damage caused by varia-
ble chemical or physical factors. Activities for paper conservation can be categorized into
intervention, disinfestation/disinfection, cleaning, stabilization (deacidification), repairs,
and consolidation [6]. The intervention involves the characterization of appropriate ma-
terial and its condition, treatment planning and documentation, isolation of the artefact,
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and separation from other materials. For paper repairs, replacing mechanically damaged
paper with Japanese paper is a typical procedure. Japanese paper is thin and strong, de-
rived from several shrub species, and has long been a superior material for repairing pa-
per [6,7]. Many natural and synthetic polymers can be used for paper consolidation and
strengthening through lamination, impregnation, sizing, etc. Zervos and Alexopoulou [6]
reported on several important synthetic polymers used in paper conservation, either as
adhesives or consolidants, including polyvinyl acetate, acrylic, polyvinyl alcohol, pa-
raloid, polyethylene, regnal, parylene, and soluble nylon. Some natural polymers have
been used for paper consolidation, e.g., starch [8-11], gelatine [12-14], and chitosan [15-
18], to improve their mechanical and barrier properties, aging resistance, bacterial re-
sistance, colour stability, etc.

In recent years, application of nanocellulose (NC) has become one of the most prom-
ising and widely studied solutions for paper consolidation, strengthening, and improve-
ment of barrier properties [19-25]. As the main constituent of plant fibres, cellulose is re-
newable and the most abundant organic compound on earth. Its abundance in plants var-
ies from 30-50% in woods to 90% in cotton [26]. The emergence of nanocellulose has given
birth to a new generation of materials that have the potential to meet the demands of
modern society for high-performance materials from renewable resources. NC is usually
characterized by nanoscale lateral dimension (5-50 nm) made from cellulose isolated or
produced from plants, tunicates, algae, bacteria, recycled paper products, and other bio-
mass residual streams. There are two main processes used for production of NC: the bio-
formation of cellulose by bacteria (bottom-up) and the disintegration of cellulosic fibres
by mechanical or chemical means (top-down) [20,27-32]. NC is generally classified into
three major groups: cellulose nanocrystal (CNC), cellulose nanofibril (CNF), and bacterial
nanocellulose (BC) [33]. The outstanding strength of NC has caused great interest in its
use as a polymer reinforcement [34-37]. Indeed, one of the most important and unique
aspects of NC is its mechanical properties. For example, the tensile strength of this mate-
rial can reach values in the range of 7.5-7.7 GPa, which is much higher than steel wire (4.1
GPa) and Kevlar (3.5 GPa). NC has a high aspect ratio (L/d, where L is the length and d
diameter) of up to 100, with low density (1.6 g cm™) and potentially high chemical activity.
Even though some inorganic nanoparticles (e.g., graphite) are characterized by the similar
properties, NC has other attractive features that inorganic nanoparticles do not (e.g., bet-
ter reversibility, biodegradability, no toxicity) [26,27]. BC has been recommended for hu-
man medical applications. In general, it has excellent potential as a biomedical engineer-
ing material [38,39]. NC barriers’ highly controllable rheological properties open numer-
ous possibilities for applications such as food packaging, paint additives, and stabilizing
cosmetics [40-43].

Considerable interest in NC has also been drawn in paper conservation. In a study
by Santos et al. [44], the mechanical properties of paper in a book treated with BC were as
good as those obtained with Japanese paper. Such treatment, however, resulted in marked
improvement of optical properties compared to those restored with Japanese paper. As a
result, letters on pages treated with BC were more legible than those with Japanese paper.
In addition, paper restored with BC had decreased porosity. A similar study by Dreyfuss-
Deseigne [45] compared NC film to different types of Japanese paper. NC film provided
excellent stability to light, temperature, and aging. The unique transparency properties of
NC film do not change with aging. NC film is skinny but, at the same time, stronger than
Japanese paper. Thanks to previous research, NC combined with starch and chitosan has
recently been employed to consolidate paper [46—48].

Moreover, CNC and CNF were compared by evaluating tensile strength properties,
the most common properties measured in paper conservation studies, even though not
related to paper usability. As a result, tensile strength is not typically used as a criterion
for evaluating the suitability of paper conservation methods. In addition, NC has pro-
vided better consolidation for canvas [49,50]. The performance of pure CNC and CNF
dispersions used as paper coatings has been evaluated using mechanical and barrier
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properties. Mechanical properties evaluated in past studies include tensile strength and
folding endurance; the latter is a better expression of the usability of paper than other
mechanical properties [7]. The use of nanocellulose as a strengthening agent in paper is
due to the fact that it is the same chemical compound that is responsible for the formation
of bonds in the paper structure.

The mechanical properties of paper depend on the degree of mutual bonding of fibres
in the material structure. The strength of mutual bonding depends on the size of the
bonded area and the strength of individual bonds. The main forces determining the
strength of interactions between the fibres in the paper structure are hydrogen bonds, van
der Waals bonds, and frictional forces [51-54].

Hydrogen bonds are often suggested as playing the most significant role in creating
a solid paper structure. This bonding occurs primarily between hydroxyl groups of cellu-
lose fibres. One cellulose molecule’s positively charged -OH particle is attracted by polar-
ization to another molecule’s negatively charged oxygen atom. These relatively strong in-
termolecular interactions arise when the distance between two hydroxyl groups is about
0.26 nm. Therefore, introducing cellulose particles with nanometric size should contribute
to filling the voids in the fibre—fibre contact area, which will increase the total number of
hydrogen bonds formed. Consequently, an increase in paper strength should be obtained.

The aim of this work was to investigate the influence of microcrystalline cellulose
and nanocellulose on the strength properties of the treated paper substrate (i.e., Whatman
blotting paper). The scope of the work, unlike many previous ones, included two types of
media (i.e., water and ethanol) in which microcrystalline cellulose was dispersed. It was
assumed that this would have a significant impact on the tested properties. Additionally,
the fibrous nanocellulose was functionalized with carboxyl groups in order to be able to
assess the degree of penetration of the nanocellulose preparation into the structure of the
paper substrate. In this way, it was intended to assess the ability of the substrate to adsorb
nanocellulose.

2. Results and Discussion
2.1. Nanocellulose Structure

Four types of cellulose nanostructures were evaluated for their influence as paper
reinforcement additives: cellulose nanocrystals (CNC), cellulose nanofibers prepared in
water (CNF(W)), or ethanol (CNF(Et)), and cellulose nanofibers functionalized with car-
boxyl groups (CNF-COOH). The structural properties of each nanocellulose additive were
examined using SEM micrographs (Figures 1-4).

The structure of CNC, shown in Figure 1, did not exhibit the expected presence of
nanocrystals. Instead, the sample was fibrous rather than possessing rod-like or whisker
shapes, with a broad range of fibre diameters. CNC consisted of a multi-layered fibre net-
work instead of primarily individual nanocellulose fibres. The smallest fibres were from
30 to 120 nm in diameter (Figure 1b). As CNCs are obtained through chemical treatment,
their amorphous regions have been lost, and as a result, their structure is composed of
crystalline fibre regions only [47].
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(b)

Figure 1. SEM images of CNC: (a) nanocellulose structure; (b) diameters of cellulose fibres.

Figure 2 shows CNF(W) obtained via ultrasonic treatment. Ultrasonic treatment di-
rectly disrupts hydrogen bonds of cellulose fibres by mechanical means, allowing the
preparation of smaller particles. Moreover, fibres of mechanical origin are composed of
both amorphous and crystalline cellulose regions, contrasting with chemical treatment, in
which amorphous regions are lost [55]. In the CNF(W) case, it was possible to obtain fibres
more homogenous in size and shape, with diameters from 25 to 65 nm, as shown in Figure
2b. Importantly, CNF(W) nanocellulose forms single fibres, which was not the case for
commercially purchased CNC.
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e
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100nm CNBM

(a) (b)

Figure 2. SEM image of CNF(W): (a) nanocellulose structure; (b) diameters of cellulose fibres.

CNEF(Et) samples were prepared similarly to CNF(W) samples however, due to dif-
ferent dispersion environments, they differed in properties. In this case, CNF(Et) fibres
were more uniform (Figure 3). However, the sample drying process resulted in a more
agglomerated final product, which may be caused by faster solvent removal, allowing
submolecular interactions between cellulose hydroxyl groups to occur, yielding a fibrous
film. In this case, the self-assembly of the CNF(Et) structures may be promoted by ethanol,
as this solvent is used as a coagulator of nanocellulose material [56]. The diameters of the
visible fibrils ranged from 30 to 100 nm.
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As shown in Figure 4, CNF-COOH also exhibited a fibrous structure, with minimal
diameters, reaching from 12 to 28 nm, and was thinner, with long rod-like shaped struc-
tures. Importantly, obtaining this material through acid hydrolysis allows, as previously
mentioned, the removal of amorphous regions.

4. 20|

(a) (b)

Figure 3. SEM images of CNF(Et): (a) nanocellulose structure; (b) diameters of cellulose fibres.

Figure 4. SEM image of the CNF-COOH.

CNF(W) and CNF-COOH(W) are presented in Figure 5, and both exhibit the main
characteristic bands in cellulose units. The absorption band at around 3300 cm™ comes
from —~OH stretching vibrations. 2900 cm™ and 1370 cm™ bands can be assigned to stretch-
ing and deformation vibrations of C-H groups in glucose units. C-O-C and C-O stretch-
ing vibrations are visible in the region of 1000-1200 cm™. The region of 1200-1500 cm™ is
where the structural transformation of cellulose chains might be revealed. Moreover, the
small absorption band at ca. 900 cm™ is characteristic of glucose unit 3-glycosidic linkages.
Notably, one can see that the CNF-COOH spectra revealed a peak at 1726 cm™, confirming
cellulose fibre oxidation and the presence of carboxyl groups [57,56].
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Figure 5. FT-IR spectra of nanocellulose fibres (CNF(W))—blue line; and nanocellulose fibres func-
tionalized with carboxyl groups (CNF-COOH) - red line.

The X-ray diffraction patterns of microcrystalline cellulose, nanocellulose fibre
(CNF(W)) and nanocellulose functionalized with carboxyl groups are presented in Figure
6. A very well-defined main peak around 20-25° (2Theta) in all patterns is visible, which
means that the main form of cellulose is cellulose type I [58]. In each case, the peaks are
sharp and narrow, which proves the high crystallinity of all samples.

T T T T T T T T T
] Microcrystalline cellulose (Crl = 88.8%)
—— CNF(W) (Crl = 83.8%)
—— CNF-COOH (Crl =94.1%)
w 2x10% 4 .
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Figure 6. XRD of nanocellulose fibres (CNF(W)) -red line; and nanocellulose fibres functionalized
with carboxyl groups (CNF-COOH) - blue line and microcrystalline cellulose - black line, with the
corresponding crystallinity indices (CrI).
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The XRD data were used to establish the crystallinity indices (CtI) of the prepared
nanocellulose materials together with the microcrystalline cellulose, using the deconvolu-
tion method. The crystalline peaks located around 16° and 22° were separated from the
amorphous region around 18.5° and the crystallinity percentage was calculated from the
ratio of the integrated area of crystalline peaks to the total integrated area under the XRD
signals. In this way, the crystallinity indices for the microcrystalline cellulose, nanocellu-
lose fibres (CNF(W)) and nanocellulose fibres functionalized with carboxyl groups (CNF-
COQOH) were calculated to be equal to 88.8%, 83.8% and 94.1%, respectively. Slightly lower
crystallinity for the CNF(W) sample was related to mechanical treatment breaking the
crystallinity; on the other hand, the higher crystallinity of the CNF-COOH confirmed the
breaking of the remaining amorphous region with the acid treatment. Such behaviour is
consistent with the literature data [59].

2.2. Structural Properties of Treated Paper

Figure 7 shows the apparent density of WBP, from which it is possible to deduce an
increasing tendency after nanocellulose treatment. The apparent density of most samples
was similar, but the values for CNC- and CNF-coated papers were higher than the other
variants by about 0.015 g/cm®. Among papers treated with a nanocellulose coating, the
lowest apparent density was obtained for paper coated with CNF(Et) (Figure 7), which is
attributed to the low polarity of the ethanol solvent. Ethanol’s dipole moment is lower
than that of water, reducing the energy of hydrogen bonds and lowering the adhesion of
CNF to paper. This follows the theory that more polar solvents create stronger hydrogen
bonds. The highest NC retention, expressed by the highest observed apparent density,
was found in CNC(W), i.e., fibrous cellulose with the greatest variation in nanoparticle
size, as visualized by SEM. Strong adhesion of nanocellulose to paper occurred most likely
thanks to particle sizes being better matched to the surface and structure of the base ma-
terial (WBP).

0.495

0.485 I T | T
0.475 |

0.465

0.455

0.445

0.435

Untreated ~ CNC(W) CNF(Et) CNF(W)  CNF-COOH

Apparent density, g/cm?

Figure 7. The apparent density of coated WBP.

The CNC(W)-coated paper had a higher roughness than the CNF-coated papers and
uncoated paper (Figure 8a). In addition, the high retention of CNC on the paper surface
may have influenced the increase in roughness. This phenomenon most likely resulted
from the CNC spatial structure and non-uniform particle size (Figure 8a). Nanocellulose
suspended in ethanol had slightly less air permeating the paper structure. Despite the low
retention of CNF(Et), paper coated with this NC was characterized by high roughness,
which could be due to weaker hydrogen interactions compared to water-containing sys-
tems. The surface roughness of untreated paper differed between side A and side B due
to the production process of WBP sheets (under-screen and over-screen sides). Side A and
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side B maintained the same trend for CNC(W) and CNF(Et), with side A smoother than
side B, but the surface roughness of CNF(W) and CNF-COOH was similar for both sides
of the paper.

The greatest decrease in air permeability was observed for CNC-treated paper (W).
This sample showed about 90% lower permeability compared to the non-treated paper.
This phenomenon can be explained by the effect of filling the porous structure of the paper
with a large amount of CNC (W) particles. The low permeability of CNC-modified paper
(W) is also attributed to the much more considerable amount of NC on the paper’s surface
(Figure 7). According to Zimmermann et al. [57], hydroxyl groups exposed to the nano-
cellulose surface favour the formation of nanofiber networks, thanks to the formed hydro-
gen bonds. The number of hydrogen bonds increases due to the larger contact surface
between the nanoparticles and the fibres. The new bonds increase the apparent density of
the material, making it more resistant to air and gaining mechanical properties. This the-
ory confirms the relationships observed in our study and the differences between the CNC
and other variants [55,56,58]. Substitution of the COOH group in CNF does not change
the strength properties of the treated paper. According to the above theory, CNF-COOH
contains a similar number of exposed active groups as the paper treated with CNF (W).

o 2500 r 3500
§ 2000 mSideB mSide A é 3000
£ £ 2500
@ 1500 T 2 2000
£ =
£ 1000 3 1500
8 2 1000
-
g 500 g 500
& 0 ]
50 5
@ > N N 3 & D »
N 2 S
(@) (b)
Figure 8. Surface roughness (a) and air permeability (b) of WBP treated with different preparations
of CN.
2.3. Mechanical Properties of Paper
Figure 9a,b present a comparison of the paper tear resistance index as a function of
the tensile index.
140
150 CNF (Et
, CNF(EY ¢ enew) (Et) ® cNe (W)
g 100 B % ® OnF (W) 'Untreated
N Untreate » 100
& 80 CNF(W)% 3 ¢ CNF-COOH
S 60 CNF-COOH £
]
§ 40 g 0
&= [
20
0 0
15 20 25 30 35 40 150 155 160 165 170 175 18.0
Tensile index, mxN/g Tensile index, mxN/g

(a) (b)
Figure 9. Tear and tensile indices for WBP reinforced with NC: (a) MD; (b) CD
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Tensile strength and tear resistance were tested as paper materials’ most important
mechanical parameters. The most common improvement in raw materials for papermak-
ing used in the industry —based on the refining operation—results in an increase in the
tensile strength and a simultaneous decrease in the tear resistance. For this reason, both
of these parameters are often presented together. Measurements were performed for MD
(machine direction) and CD (cross-machine direction). Except for WBP coated with CNF-
(Et), the tensile index in MD was about twice that of CD (Figure 9a,b). Application of
CNE(Et) to the paper surface significantly reduced the tensile index and, at the same time,
increased tear resistance (from about 87 mN to about 113 mN for MD and from about 101
mN to 120 mN for CD). The lower dipole moment of ethanol relative to water was the
likely cause of reduced paper breaking strength, which was ca. 40% lower for CNF(Et)
with a tensile index of 17.68 mxN/g compared to 29.54 mxN/g in the untreated paper.
According to the literature [39], the reduction in dipole moment is attributable to weaker
hydrogen bonds. The magnitude of this energy depends on the solvation conditions and
the geometric requirements for the formation of hydrogen bonds. In this theory, higher
polarity solvents, such as water compared to ethanol, form stronger hydrogen bonds [40-
42]. The greatest mechanical strength in both directions (MD and CD) was a characteristic
of paper treated with CNC(W). In that case, the tensile index increased to ca. 36 mxN/g
for MD and almost 18 mxN/g for CD. At the same time, the tear resistance for MD in-
creased to 102.4 mN and for CD to 136 mN. Presented results show that not every com-
position containing nanocellulose will increase the strength properties of the paper. Sim-
ilar conclusions can be drawn from the results presented in Figures 10 and 11.

The elongation of the CNC(W)-coated paper was increased by 25% in MD, as shown
by the tensile index (Figure 10). This can be attributed to the structure of the nanocellulose
introduced, i.e., CNC(W) has a much broader spectrum of nanocellulose particle sizes (30—
120 nm), as shown by SEM analysis, which resulted in higher retention on the base paper.

Although no significant change in tensile strength was observed after protecting
WBP with CNF(W), the MD and CD elongation of papers with CNF(W) and CNF-COOH
coatings was higher compared to the reference sample (WBP). In the case of CNF-COOH,
this can be explained by additional carboxyl groups, which positively affected this aspect
of paper strength.

Nevertheless, it is noted that the highest efficiency in improving paper strength prop-
erties was demonstrated by paper treated with CNC(W). This is shown by tensile index
and tear resistance in Figures 9a,b. The highest average breaking force was needed to
damage samples with the CD’s highest tensile index. The force required to tear the
CNC(W)-coated paper was about 25% higher than that required to tear the non-coated
paper.

Interestingly, paper samples coated with CNF(W) and CNF-COOH(W) showed
lower tensile and tear resistance index values despite their high elongation.
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Figure 10. Elongation of treated WBP.

Tear resistance index depends mainly on the length and strength of the cellulosic
fibres and, to some extent, the strength of bonds between the fibres. It was observed that
the treatment with CNC(W) and CNF(Et) increased paper tear resistance index in both
MD and CD directions compared to non-coated paper.

There was no significant difference between untreated paper and CNF (W) or CNF-
COCQCH treated paper. However, it is puzzling why these differences are blurred even in
the case of CDs. Presumably, CNF, as an additional layer of non-oriented fibres, in this
case, acted as an additional reinforcement that covered the weak side of the CD direction
(Figure 9a,b).

Figure 11 shows the averaged stress-strain curves for all tested samples. Figure 11a
contains the results of measurements performed in the MD direction, and Figure 11b in
the CD direction. The analysis of these curves allows one to confirm that the application
of the CNC(W) composition resulted in the greatest increase in both the elongation and
tensile strength of the paper. Increasing these parameters increases the ability of the ma-
terial to absorb energy during its stretching. The improvement in elongation, but without
a significant increase in tensile strength, was also visible for the CNF(W) and CNF-COOH
compositions and in both material directions (MD and CD). The effect of the CNF(Et) ap-
plication was minor.
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Figure 11. Stress-strain curves of all tested samples: (a) MD, (b) CD.

None of the treated paper was resistant to bending forces. Regardless of the nanocel-
lulose used and the web direction, the double-fold number varied from 4 to 8 fold (Figure

12).
12.00

Tl

)

2 1000 =MD §CD

Z  8.00

12}

S 600

£

2 400

e

g 200

A
0.00

Untreated CNC(W) CNF(Et) CNFW) CNF-COOH
Figure 12. The strength properties of treated WBP are shown by double fold numbers.

Table 1 presents the coefficients of variation for all measurements conducted in the
presented research.

Table 1. The coefficients of variation for all the measurements conducted in the presented re-

search.
Parameter Apparent  Surface Air ]I-;I:lil:e Elongation,  Tear Resistance, D(;:Il:rlrellfezlds
Tested/Sample Name Density Roughness Permeability MD/CD MD/CD MD/CD MD/CD
Untreated 2.3% 2.1% 11.2% 9.4%/7.5% 9.6%/7.4% 6.7%]/7.2% 15.6%/17.2%
CNC(W) 1.9% 7.3% 10.6% 6.8%/4.9% 5.4%/9.6% 7.7%/5.9% 18.4%/22.7%
CNEF(Et) 2.6% 10.5% 6.6% 5.2%/9.3%  9.4%/12.1% 9.9%/10.4% 19.6%/23.9%
CNF(W) 1.9% 10.6% 9.8% 5.9%/9.6%  10.4%/11.6% 13.7%/10.2% 18.5%/25.9%

CNF-COOH 2.1% 11.3% 10.7% 6.7%/8.9%  10.4%/12.3% 11.8%/9.9% 12.6%/19.7%
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3. Materials and Methods
3.1. Materials

Microcrystalline cellulose (MilliporeSigma, Burlington, MA, United States, Cat. No.
435236), nitric acid (Avantor, Gliwice, Poland, 65%), and sodium nitrite (MilliporeSigma,
Burlington, MA, United States, Cat. No. 237213) were used without further purification.
Milli-Q® (MilliporeSigma, Burlington, MA, United States) deionized water with the resis-
tivity of 18 MQ cm was used for each synthetic and purification step. Whatman® quan-
titative blotting papers (WBP), grade 40, with a density of 0.468 + 0.01 g/cm?, were used as
a base cellulose material. An aqueous suspension of cellulose nanocrystals CNC(W) (7.4
wt%) was purchased from BGB in Canada. Ethanol-based cellulose nanofibers CNF(Et)
(3%), water-based cellulose nanofibers CNF(W) (3%), and water-based fibrous nanocellu-
lose, functionalized with carboxyl groups CNF-COOH (2%) were prepared according to
the following protocols:

3.1.1. CNF(W) and CNF(Et) Preparation

Ultrasonic treatment was performed using an ultrasonic generator (BRANSON 550
MilliporeSigma, Burlington, MA, United States). Water (CNF(W)) and ethanol (CNF(Et))
dispersion of microcrystalline cellulose (3 wt. %) without any chemical additions were
prepared with the use of high-intensity ultrasonication at 550 W for 5 h in an ice-water
bath with a distance from the tip of the ultrasonic generator probe to beaker bottom of
about 20 mm.

3.1.2. CNF-COOH(W) Preparation

Fibrous nanocellulose, functionalized with carboxyl groups, was obtained according
to the previously described protocol [57], with slight modifications. In this procedure, 56
cm? of nitric acid (65%) and 10 g of microcrystalline cellulose were placed in a round bot-
tom flask, after which 0.96 g of sodium nitrite was added. The reaction mixture was then
thoroughly mixed for 12 h at 50 °C. Subsequently, 250 cm? of deionized water was added
to the reaction mixture to quench the product reaction. The first portion of supernatant
liquid was removed. The product was further washed with the ethanol-water mixture
(ratio 1:2) and separated from the solid product until the supernatant pH was approxi-
mately 5. The fibres obtained were sonicated in water (CNF-COOH concentration of 2%)
for 2.5 h to obtain a good dispersion of nanofibers.

3.2. Nanofiber Structure and Morphology

Scanning electron microscope (SEM) images were collected using a Jeol 7001TTLS
scanning electron microscope (Jeol Ltd., Tokio, Japan). Attenuated total reflectance Fou-
rier transform infrared spectroscopy (ATR-FT-IR) spectra were collected from 4000 to 400
cm™ at a resolution of 1 cm™ using a Jasco FT/IR-4700 spectrometer (Jasco Corporation,
Tokio, Japan). FTIR spectra were collected for bulk cellulose material. Powder X-ray dif-
fraction (XRD) studies of the cellulose material was carried out on an Empyrean (PANa-
lytical, Malvern, UK) diffractometer, The XRD diffractometer uses Cu Ka radiation (A =
1.54 A), a reflection-transmission spinner (sample stage), and a PIXcel 3D detector, oper-
ating in the Bragg—Brentano geometry. Scans were recorded in angles ranging from 20 to
90° (2Theta) with a step size of 0.006 and continuous scan mode, at room temperature.

3.3. Sample Treatment

Dispersions of CNC, CNF(W), and CNF-COOH(W) were diluted with water to a final
concentration of nanocellulose equal to 0.15%. Similarly, CNF(Et) was diluted with etha-
nol to reach the same concentration. Dispersed NC was homogenized using a Unidrive X
1000 (CAT Scientific, Tiibingen, Germany) equipped with a T6 shaft at around 15,000 rpm.
Samples of WBP were treated with the abovementioned dispersions using the soaking
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method (5s). Samples were dried in constant conditions (25 °C, RH 50%) for 14 days. Sam-
ple dimensions measured depended on the type of test.

3.4. Paper Testing

All paper samples were conditioned according to ISO 187:1999. Properties were de-
termined in accordance with relevant ISO standards:
Tensile index and elongation (ISO 1924-2:2008),
Elmendorf tear resistance (ISO 1974:2012),
Bendtsen surface roughness (ISO 8791-2:2013),
Bendtsen air permeance (ISO 5636-3:2013),
Folding endurance (Schopper device—ISO 5626:1993), and
Apparent density (ISO 534:2005).

Tensile index and elongation tests were carried out using an INSTRON tensile testing
machine, model 5564 (High Wycombe, UK). Tear resistance was determined with the
Elmendorf tester (Testing Machines Inc., New Castle, DE, US). All strength properties
were performed in both paper directions (Machine Direction (MD) and Cross Direction
(CD)). Surface roughness and air permeance of the samples were measured using a
Bendtsen tester made by TMI Group (Buchel B.V., New Castle, DE, US). Folding endur-
ance (Double Folds Number) tests were performed using a Schopper type folding tester
made by Labor-Meks, £.6dz, Poland. Apparent density was determined using a Lorentzen
& Wettre, type 222 digital micrometre, with 10 samples of each paper treatment cut into
10 x 10 cm pieces and weighed. Sample thickness was measured with an accuracy of 1 pm
at 10 random locations on each paper sample.

The method and materials used in the paper methodology are graphically presented
in Scheme 1.

Cellulose nanocrystals
CNC

Mechanical properties:

Cellulose nanofibres tensile index

water solution .
paper reinforcement

CNE(W) l
Cellulose nanofibres

ethanol solution

elongation coefficient

Elmendorf tear
resistance

Bendtsen surface
roughness

CNF(Et)

Bendtsen air
permeability

Carboxy-functionalized
4 cellulose nanofibres

bending strength

CNE-COOH

Scheme 1. Graphical picture of the methodology used in work.

4. Conclusions

It was found that the structure of nanocellulose preparations affected paper strength.
The apparent density of paper treated with nanocellulose proved to be the most reliable
indicator of how well a nanocellulose formulation penetrated the paper structure. The
amount of nanocellulose introduced into the paper was determined by the presence or
absence of different functional groups and by different sizes of nanoparticles. This
strongly affected tensile index, tear resistance, and elongation properties. The medium
(water or ethanol) in which cellulose nanoparticles were suspended was equally im-
portant. Probably the use of a solvent with lower polarity (e.g., ethanol) caused a
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reduction in the strength of hydrogen bonds, thus reducing all strength parameters of the
modified material.

Based on the results shown in Figures 9 and 10, it cannot be concluded that CNF-
COQOH gave better elongation and higher tensile index results than the other variants and
the control. Due to insufficient retention of the NC samples, no significant increase in
strength parameters resulting from the modification of cellulose nanoparticles by imple-
menting additional carboxyl groups was shown. The obtained results showed that the
presence of nanocellulose improved the strength properties of the paper but not in all
cases.

Author Contributions: Conceptualization, W.P. and B.M.; methodology, W.P., Z.C., P.F,, RM., K.O.
and B.M,; validation, W.P,, P.F.,, RM., K.O. and B.M.; formal analysis, W.P.; investigation, W.P.,
Z.C.,PE., RM., M], K.O. and B.M,; resources, W.P., Z.C., P.F., RM., K.O. and B.M.; data curation,
W.P,ZC,PF,RM,KO.and B.M.; writing —original draft preparation, W.P., Z.C., P.F., RM., K.O.
and B.M,; visualization, W.P., P.F., RM. and K.O.; supervision, B.M.; project administration, W.P.
and B.M.; funding acquisition, W.P. and B.M. All authors have read and agreed to the published
version of the manuscript.

Funding: Higher Education as part of the “Cultural heritage—research into innovative solutions
and methods for historic wood conservation” project within the National Programme for the Devel-
opment of Humanities in 20152018 (project no. 2bH 15 0037 83). The article was co-financed within
the Ministry of Science and Higher Education Programme —Regional Initiative Excellence 2019-
2022, project no. 005/RID/2018/19. The study also served as the background for the project no.
NOR/POLNOR/CellMat4ever/0063/2019-00, supported by the National Centre for Research and De-
velopment.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1.

10.

11.

IFLA —Storing Digital Information for a Long Time. Available online: https://www.ifla.org/node/93091 (accessed on 17 March
2021).

Lunt, BM. How Long Is Long-Term Data Storage? In Proceedings of the Final Program and Proceedings of the Archiving Conference;
Society for Imaging Science and Technology; Society for Imaging Science and Technology: Springfield, VA, USA, 2011; pp. 29-33.
Liu, J.; Xing, H.; Wang, J.; Cao, J.; Chao, X.; Jia, Z.; Li, Y. A New Reinforcement Method for the Conservation of Fragile, Double-
Sided, Printed Paper Cultural Relics. Herit. Sci. 2021, 9, 123. https://doi.org/10.1186/540494-021-00597-Y/FIGURES/11.

Area, M.C,; Ceradame, H. Paper Aging and Degradation: Recent Findings and Research Methods. BioResources 2011, 6, 5307—
5337.

Zou, X.; Gurnagul, N.; Uesaka, T.; Bouchard, J. Accelerated Aging of Papers of Pure Cellulose: Mechanism of Cellulose Degra-
dation and Paper Embrittlement. Polym. Degrad. Stab. 1994, 43, 393—402.

Alexopoulou, I.; Zervos, S. Paper Conservation Methods: An International Survey. ]. Cult. Herit. 2016, 21, 922-930.
https://doi.org/10.1016/]. CULHER.2016.04.001.

Zervos, S.; Moropoulou, A. Methodology and Criteria for the Evaluation of Paper Conservation Interventions: A Literature
Review. Restaurator 2006, 27, 219-274. https://doi.org/10.1515/REST.2006.219/MACHINEREADABLECITATION/RIS.

Jung, J.; Raghavendra, G.M.; Kim, D.; Seo, J. One-Step Synthesis of Starch-Silver Nanoparticle Solution and Its Application to
Antibacterial Paper Coating. Int. ]. Biol. Macromol. 2018, 107, 2285-2290. https://doi.org/10.1016/] IJBIOMAC.2017.10.108.

Du, Y.; Liu, J.; Wang, B.; Li, H.; Su, Y. The Influence of Starch-Based Bio-Latex on Microstructure and Surface Properties of Paper
Coating. Undefined 2018, 116, 51-56. https://doi.org/10.1016/]. PORGCOAT.2017.12.009.

Lin, D.; Kuang, Y.; Chen, G.; Kuang, Q.; Wang, C.; Zhu, P.; Peng, C.; Fang, Z. Enhancing Moisture Resistance of Starch-Coated
Paper by Improving the Film Forming Capability of Starch Film. Ind. Crops Prod. 2017, 100, 12-18.
https://doi.org/10.1016/]. INDCROP.2017.02.013.

Chen, G.; Zhu, P.; Kuang, Y.; Liu, Y.; Lin, D.; Peng, C.; Wen, Z.; Fang, Z. Durable Superhydrophobic Paper Enabled by Surface
Sizing of Starch-Based Composite Films. Appl. Surf. Sci. 2017, 409, 45-51. https://doi.org/10.1016/]. APSUSC.2017.02.201.



Molecules 2022, 27, 4696 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chang, Y.C.; Lee, CJ.; Wang, L.W.; Wang, Y.H. Air-Stable Gelatin Composite Memory Devices on a Paper Substrate. Org. Elec-
tron. 2019, 65, 77-81. https://doi.org/10.1016/J.ORGEL.2018.11.012.

Battisti, R.; Fronza, N.; Vargas Junior, A.; da Silveira, S.M; Damas, M.S.P.; Quadri, M.G.N. Gelatin-Coated Paper with Antimi-
crobial and Antioxidant Effect for Beef Packaging. Food Packag.  Shelf Life 2017, 11, 115-124.
https://doi.org/10.1016/]. FPSL.2017.01.009.

Khakalo, A.; Filpponen, I.; Johansson, L.S.; Vishtal, A.; Lokanathan, A.R.; Rojas, O.].; Laine, J. Using Gelatin Protein to Facilitate
Paper Thermoformability. React. Funct. Polym. 2014, 85, 175-184. https://doi.org/10.1016/] REACTFUNCTPOLYM.2014.09.024.
Ariafar, A.A.; Afsharpour, M.; Samanian, K. Use of TiO2/Chitosan Nanoparticles for Enhancing the Preservative Effects of Car-
boxymethyl Cellulose in Paper-Art-Works against Biodeterioration. Int. Biodeterior. Biodegrad. 2018, 131, 67-77.
https://doi.org/10.1016/].IBIOD.2017.04.025.

Rahmaninia, M.; Rohi, M.; Hubbe, M.A.; Zabihzadeh, S.M.; Ramezani, O. The Performance of Chitosan with Bentonite Micro-
particles as Wet-End Additive System for Paper Reinforcement. Carbohydr. Polym. 2018, 179, 328-332.
https://doi.org/10.1016/]. CARBPOL.2017.09.036.

Brodnjak, U.V. Experimental Investigation of Novel Curdlan/Chitosan Coatings on Packaging Paper. Prog. Org. Coat. 2017, 112,
86-92. https://doi.org/10.1016/].PORGCOAT.2017.06.030.

Raghavendra, G.M.; Jung, J.; Kim, D.; Seo, J. Effect of Chitosan Silver Nanoparticle Coating on Functional Properties of Korean
Traditional Paper. Prog. Org. Coat. 2017, 110, 16-23. https://doi.org/10.1016/].PORGCOAT.2017.04.040.

Campano, C.; Merayo, N.; Balea, A.; Tarrés, Q.; Delgado-Aguilar, M.; Mutjé, P.; Negro, C.; Blanco, A. Mechanical and Chemical
Dispersion of Nanocelluloses to Improve Their Reinforcing Effect on Recycled Paper. Cellulose 2018, 25, 269-280.
https://doi.org/10.1007/S10570-017-1552-Y/FIGURES/6.

Dufresne, A. Nanocellulose: A New Ageless Bionanomaterial. Mater. Today 2013, 16, 220-227. https://doi.org/10.1016/].MAT-
TOD.2013.06.004.

Salas, C.; Nypeld, T.; Rodriguez-Abreu, C.; Carrillo, C.; Rojas, O.]. Nanocellulose Properties and Applications in Colloids and
Interfaces. Curr. Opin. Colloid Interface Sci. 2014, 19, 383-396. https://doi.org/10.1016/j.cocis.2014.10.003.

Ferrer, A.; Pal, L.; Hubbe, M. Nanocellulose in Packaging: Advances in Barrier Layer Technologies. Ind. Crops Prod. 2017, 95,
574-582. https://doi.org/10.1016/]. INDCROP.2016.11.012.

Chauhan, V.; Chakrabarti, S.K. Use of Nanotechnology for High Performance Cellulosic and Papermaking Products. Cellul.
Chem. Technol. 2012, 46, 389—400.

Mondal, S. Preparation, Properties and Applications of Nanocellulosic Materials. Carbohydr. Polym. 2017, 163, 301-316.
https://doi.org/10.1016/]. CARBPOL.2016.12.050.

Wang, Q.; Yao, Q.; Liu, J.; Sun, J.; Zhu, Q.; Chen, H. Processing Nanocellulose to Bulk Materials: A Review. Cellulose 2019, 26,
7585-7617. https://doi.org/10.1007/510570-019-02642-3.

Borjesson, M.; Westman, G. Crystalline Nanocellulose —Preparation, Modification, and Properties. In Cellulose— Fundamental
Aspects and Current Trends; IntechOpen: London, UK, 2015; pp. 159-191. ISBN 978-953-51-2229-6.

Moon, R.J.; Martini, A.; Nairn, J.; Simonsen, J.; Youngblood, J. Cellulose Nanomaterials Review: Structure, Properties and Nano-
composites. Chem. Soc. Rev. 2011, 40, 3941-3994. https://doi.org/10.1039/c0cs00108b.

Ioelovich, M. Cellulose Nanostructured Natural Polymer; LAP LAMBERT Academic Publishing: 2014. ISBN 3659174378.
Kargarzadeh, H.; Ioelovich, M.; Ahmad, I.; Thomas, S.; Dufresne, A. Methods for Extraction of Nanocellulose from Various
Sources. Handb. Nanocellulose Cellul. Nanocomposites 2017, 1, 1-51. https://doi.org/10.1002/9783527689972.CH1.

Klemm, D.; Kramer, F.; Moritz, S.; Lindstrom, T.; Ankerfors, M.; Gray, D.; Dorris, A. Nanocelluloses: A New Family of Nature-
Based Materials. Angew. Chem. Int. Ed. 2011, 50, 5438-5466. https://doi.org/10.1002/ANIE.201001273.

Jiang, F.; Hsieh, Y. Lo Chemically and Mechanically Isolated Nanocellulose and Their Self-Assembled Structures. Carbohydr.
Polym. 2013, 95, 32—-40. https://doi.org/10.1016/]. CARBPOL.2013.02.022.

Jonoobi, M.; Oladi, R.; Davoudpour, Y.; Oksman, K.; Dufresne, A.; Hamzeh, Y.; Davoodi, R. Different Preparation Methods and
Properties of Nanostructured Cellulose from Various Natural Resources and Residues: A Review. Cellulose 2015, 22, 935-969.
https://doi.org/10.1007/S10570-015-0551-0/TABLES/10.

Klemm, D.; Cranston, E.D.; Fischer, D.; Gama, M.; Kedzior, S.A.; Kralisch, D.; Kramer, F.; Kondo, T.; Lindstrom, T.; Nietzsche,
S.; et al. Nanocellulose as a Natural Source for Groundbreaking Applications in Materials Science: Today’s State. Mater. Today
2018, 21, 720-748. https://doi.org/10.1016/].MATTOD.2018.02.001.

Robles, E.; Labidji, J.; Halasz, K.; Csoka, L. Key Issues in Reinforcement Involving Nanocellulose. Cellul. -Reinf. Nanofibre Compos.
Prod. Prop. Appl. 2017, 401-425. https://doi.org/10.1016/B978-0-08-100957-4.00018-8.

Rusmirovi¢, J.D.; Ivanovi¢, J.Z.; Pavlovi¢, V.B.; Raki¢, V.M.; Ranci¢, M.P.; Djoki¢, V.; Marinkovi¢, A.D. Novel Modified Nano-
cellulose Applicable as Reinforcement in High-Performance Nanocomposites. Carbohydr. Polym. 2017, 164, 64-74.
https://doi.org/10.1016/]. CARBPOL.2017.01.086.

Lee, KY.; Aitomaéki, Y.; Berglund, L.A.; Oksman, K.; Bismarck, A. On the Use of Nanocellulose as Reinforcement in Polymer
Matrix Composites. Compos. Sci. Technol. 2014, 105, 15-27. https://doi.org/10.1016/].COMPSCITECH.2014.08.032.

Fall, A.B,; Burman, A.; Wagberg, L. Cellulosic Nanofibrils from Eucalyptus, Acacia and Pine Fibers. Nord. Pulp Pap. Res. ]. 2014,
29,176-184.

Gumrah Dumanli, A. Nanocellulose and Its Composites for Biomedical Applications. Curr. Med. Chem. 2017, 24, 512-528.
https://doi.org/10.2174/0929867323666161014124008.



Molecules 2022, 27, 4696 16 of 16

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Lin, N.; Dufresne, A. Nanocellulose in Biomedicine: Current Status and Future Prospect. Eur. Polym. ]. 2014, 59, 302-325.
https://doi.org/10.1016/]. EURPOLYM]J.2014.07.025.

Fneich, F.; Ville, J.; Seantier, B.; Aubry, T. Structure and Rheology of Aqueous Suspensions and Hydrogels of Cellulose Nano-
fibrils: Effect of Volume Fraction and Ionic Strength. Carbohydr. Polym. 2019, 211, 315-321. https://doi.org/10.1016/].CAR-
BPOL.2019.01.099.

Lindstrom, T. Aspects on Nanofibrillated Cellulose (NFC) Processing, Rheology and NFC-Film Properties. Curr. Opin. Colloid
Interface Sci. 2017, 29, 68-75. https://doi.org/10.1016/].COCIS.2017.02.005.

Azeredo, HM.C.; Rosa, M.F.; Mattoso, L.H.C. Nanocellulose in Bio-Based Food Packaging Applications. Ind. Crops Prod. 2017,
97, 664—671. https://doi.org/10.1016/].INDCROP.2016.03.013.

Bharimalla, A.K.; Deshmukh, S.P.; Vigneshwaran, N.; Patil, P.G.; Prasad, V. Nanocellulose-Polymer Composites for Applica-
tions in Food Packaging: Current Status, Future Prospects and Challenges. Polym. Plast. Technol. Eng. 2017, 56, 805-823.
https://doi.org/10.1080/03602559.2016.1233281.

Santos, S.M.; Carbajo, ] M.; Gémez, N.; Quintana, E.; Ladero, M.; Sanchez, A.; Chinga-Carrasco, G.; Villar, J.C. Use of Bacterial
Cellulose in Degraded Paper Restoration. Part II: Application on Real Samples. ]. Mater. Sci. 2016, 51, 1553-1561.
https://doi.org/10.1007/S10853-015-9477-Z/FIGURES/6.

Dreyfuss-Deseigne, R. Nanocellulose Films in Art Conservation: A New and Promising Mending Material for Translucent Paper
Objects. J. Pap. Conserv. 2017, 18, 18-29. https://doi.org/10.1080/18680860.2017.1334422.

Tajik, M.; Torshizi, H.].; Resalati, H.; Hamzeh, Y. Effects of Cationic Starch in the Presence of Cellulose Nanofibrils on Structural,
Optical and Strength Properties of Paper from Soda Bagasse Pulp. Carbohydr. Polym. 2018, 194, 1-8.
https://doi.org/10.1016/]. CARBPOL.2018.04.026.

Hassan, E.A.; Hassan, M.L.; Abou-zeid, R.E.; EI-Wakil, N.A. Novel Nanofibrillated Cellulose/Chitosan Nanoparticles Nano-
composites  Films and Their Use for Paper Coating. Ind. Crops Prod. 2016, 93, 219-226.
https://doi.org/10.1016/] INDCROP.2015.12.006.

Beaumont, M.; Nypeld, T.; Konig, J.; Zirbs, R.; Opietnik, M.; Potthast, A.; Rosenau, T. Synthesis of Redispersible Spherical Cel-
lulose II  Nanoparticles Decorated with  Carboxylate  Groups. Green  Chem. 2016, 18, 1465-1468.
https://doi.org/10.1039/C5GC03031E.

Nechyporchuk, O.; Kolman, K.; Bridarolli, A.; Odlyha, M.; Bozec, L.; Oriola, M.; Campo-Francés, G.; Persson, M.; Holmberg, K ;
Bordes, R. On the Potential of Using Nanocellulose for Consolidation of Painting Canvases. Carbohydr. Polym. 2018, 194, 161—
169. https://doi.org/10.1016/J.CARBPOL.2018.04.020.

Bridarolli, A.; Nechyporchuk, O.; Odlyha, M.; Oriola, M.; Bordes, R.; Holmberg, K.; Anders, M.; Chevalier, A.; Bozec, L. Nano-
cellulose-Based Materials for the Reinforcement of Modern Canvas-Supported Paintings. Stud. Conserv. 2018, 63, 332-334.
https://doi.org/10.1080/00393630.2018.1475884.

Przybysz, P.; Dubowik, M.; Kucner, M.A,; Przybysz, K.; Buzata, K.P. Contribution of Hydrogen Bonds to Paper Strength Prop-
erties. PLoS ONE 2016, 11, €0155809. https://doi.org/10.1371/JOURNAL.PONE.0155809.

Aquino, A.J.A.; Tunega, D.; Haberhauer, G.; Gerzabek, M.H.; Lischka, H. Solvent Effects on Hydrogen BondsA Theoretical
Study. J. Phys. Chem. A 2002, 106, 1862-1871. https://doi.org/10.1021/JP013677X.

Urstoger, G.; Simoes, M.G.; Steinegger, A.; Schennach, R.; Hirn, U. Evaluating the Degree of Molecular Contact between Cellu-
lose Fiber Surfaces Using FRET Microscopy. Cellulose 2019, 26, 7037-7050. https://doi.org/10.1007/S10570-019-02575-X.

Hirn, U.; Schennach, R. Comprehensive Analysis of Individual Pulp Fiber Bonds Quantifies the Mechanisms of Fiber Bonding
in Paper. Sci. Rep. 2015 5:1 2015, 5, 10503. https://doi.org/10.1038/srep10503.

Zimmermann, M.V.G.; Borsoi, C.; Lavoratti, A.; Zanini, M.; Zattera, A.].; Santana, R.M.C. Drying Techniques Applied to Cellu-
lose Nanofibers. |. Reinf. Plast. Compos. 2016, 35, 682-697. https://doi.org/10.1177/0731684415626286.

Wang, L.; Lundahl, M.].; Greca, L.G.; Papageorgiou, A.C.; Borghei, M.; Rojas, O.]. Effects of Non-Solvents and Electrolytes on
the Formation and Properties of Cellulose I Filaments. Sci. Rep. 2019, 9, 16691. https://doi.org/10.1038/541598-019-53215-0.
Sharma, P.R.; Zheng, B.; Sharma, S.K;; Zhan, C.; Wang, R.; Bhatia, S.R.; Hsiao, B.S. High Aspect Ratio Carboxycellulose Nano-
fibers Prepared by Nitro-Oxidation Method and Their Nanopaper Properties. ACS Appl. Nano Mater. 2018, 1, 3969-3980.
https://doi.org/10.1021/ACSANM.8B00744/SUPPL_FILE/AN8B00744_SI_001.PDF.

Gong, J.; Li, J.; Xu, J.; Xiang, Z.; Mo, L. Research on Cellulose Nanocrystals Produced from Cellulose Sources with Various
Polymorphs. RSC Adv. 2017, 7, 33486-33493.

Ji, H.; Xiang, Z.; Qi, H.; Han, T.; Pranovich, A.; Song, T. Strategy towards One-Step Preparation of Carboxylic Cellulose Nano-
crystals and Nanofibrils with High Yield, Carboxylation and Highly Stable Dispersibility Using Innocuous Citric Acid. Green
Chem. 2019, 21, 1956-1964.



