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Cellulosic nanomaterials are in the focus of academia and industry to realize light-weight biobased materials
with remarkable strength. While the effect is well known, the distribution of these nanomaterials are less
explored, particularly for paper sheets. Here, we explore the 3D distribution of micro and nanosized cellulosic
particles in paper sheets and correlate their extent of fibrillation to the distribution inside the sheets and sub-
sequently to paper properties. To overcome challenges with contrast between the particles and the matrix, we
attached probes on the cellulose nano/microparticles, either by covalent attachment of fluorescent dyes or by
physical deposition of cobalt ferrite nanoparticles. The increased contrast enabled visualization of the micro and
nanosized particles inside the paper matrix using multiphoton microscopy, X-ray microtomography and SEM-
EDX. The results indicate that fibrillary fines enrich at pores and fiber-fiber junctions, thereby increasing the
relative bonded area between fibers to enhance paper strength while CNF seems to additionally form an inner 3D
network.

Hypotheses

The spatial distribution of micro and nanosized cellulosic particles in

paper is challenged by several methods.

1. Introduction

difference between these materials is their degree of fibrillation result-
ing in different diameters and shapes. CNF for instance is a highly
fibrillated material with diameters of a few nanometers while in CMF the
elementary fibrils are not fully separated yielding diameters in the
microscale (Nechyporchuk, Belgacem, & Bras, 2016; Yousefi, Azad,
Mashkour, & Khazaeian, 2018). Cellulosic fines, already present in the
pulp, in turn contain also larger fragments and their definition is rather

The market for paper has been steadily growing over the past de-
cades but traditional products such as newsprint showed a tremendous
decline which is expected to continue. To compensate for this gap, new
products in the field of packaging are currently developed to improve
paper properties with a focus on mechanical properties. In the devel-
opment pipelines of pulp and paper companies, different forms of
fibrillar cellulosic particles are currently explored for such purposes.
Particularly cellulose microfibrils and cellulose nanofibrils (CMF/CNF)
are considered as strength additives in paper manufacturing. The main

arbitrary. TAPPI defines cellulosic fines as small enough to pass a 200
mesh screen (TAPPI, 1994), which is equivalent to 76 pm whole diam-
eter and with a microscopic length of maximum 200 pm (Hyll, Farahani,
& Mattsson, 2016). In literature, fines are further segmented in primary
and secondary fines. Primary fines can be isolated after chemical pulp-
ing and tend to have a flake like structure, whereas secondary fines
predominate after the refining process increasing the degree of fibril-
lation (Krogerus, Fagerholm, & Tiikkaja, 2002).

The addition of highly fibrillar particles during paper manufacturing
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impacts furnish and paper technological properties in several ways.
Important properties of the furnish are typically water retention value,
and of the paper sheet density, air permeability and the tensile index,
which all are strongly affected by the presence of fibrillated celluloses
(Odabas, Henniges, Potthast, & Rosenau, 2016). Fine cellulosic mate-
rials feature a higher water binding capacity causing problems in dew-
atering and sheet forming, since both parameters are strongly affected
by the degree of fibrillation of the added particles (Afra, Yousefi,
Hadilam, & Nishino, 2013; Kang & Paulapuro, 2006). Sirvio and Nur-
minen for instance investigated the influence of fines content on
porosity/density, tensile index and light scattering behavior of paper
sheets (Sirvio & Nurminen, 2004). They observed an increase in density
of the paper sheets concomitant with an increase in tensile index, pro-
portional to the amount of fibrillar fines in the sheets. The addition of
fibrillar fines to the sheets did not alter the light scattering properties of
the sheets (in contrast to flake like particles, which influenced light
scattering). These results pointed at an enrichment of fine fibrillar ma-
terial in the pores as well as in fiber-fiber bonds. However, they did not
support their hypothesis by localization of the fines inside the sheets. In
dry state, the presence of CNF leads to higher densities of paper sheets,
resulting in lower air permeability and higher mechanical strength.
Although there is a correlation with the degree of fibrillation, effects are
not linear. It has been suggested that the formation of an inner 3D
network of highly fibrillated particles within the paper sheet stabilizes
the fiber network, thereby improving strength and increasing density
(Bossu et al., 2019; Nanko & Ohsawa, 1989). Most publications so far
investigate the interactions between fibers and CNF, CMF or pulp fines,
without considering morphological differences of the additives and their
3-dimensional distribution inside the fibrous network. One of the very
few studies focusing on the localization (though not in a 3D approach) of
fine materials inside paper sheets was reported by Nanko and Ohsawa
who studied the role of fines in sheet forming using transmission elec-
tron microscopy, SEM and confocal laser microscopy (Nanko & Ohsawa,
1989). They showed that upon fibrillation during pulp refining, the
resulting fines — external fibrils and secondary fines - aggregate in
fiber-fiber bonds, as well as in pore walls upon sheet forming. For im-
aging of the fines, they used labelling techniques incorporating gold and
palladium nanoparticles to achieve contrast in transmission electron
microscopy. In addition, there are several accounts on CNF labelling
using different approaches to study CNF migration or leaching from
paper-based products (Ding et al., 2018; Huang et al., 2020; Purington,
Bousfield, & Gramlich, 2019; Reid, Karlsson, & Abitbol, 2020; Salari
et al., 2019).

In the past years, we have been building on this seminal work of
Nanko and Ohsawa and developed different strategies to visualize
cellulosic fines in paper sheets using two independent labeling tech-
niques based on fluorescence and chemical contrast (Hobisch, Muller
etal., 2019; Hobisch, Bossu et al., 2019). Detection was accomplished by
fluorescence microscopy, multiphoton imaging, X-ray microtomography
and scanning electron microscopy with energy dispersive X-ray spec-
troscopy. The combination of these methods allowed for a localization of
the fines in paper sheets and resulted that the fines accumulate in pore
walls as well as on fiber-fiber bonds.

In this paper, we apply the previously developed methods to other
small-scale cellulosic particles. The hypothesis of this study is whether
and to which extent their fibrillation impacts paper properties and how
this correlates to their distribution inside paper sheets. We visualize the
interactions within the sheet with X-ray and light microscopic based
imaging techniques. The labeling methods are not limited to applica-
tions with paper and board, revealing opportunities to provide further
insights into the interactions between micro- and nanofibrillar ligno-
celluloses in various polymeric composites. The design of the study in-
volves the production/separation of micro- and nanostructured particles
with a specific morphology (i), labeling them with two different ap-
proaches (ii), preparation of handsheets with labeled and non-labeled
particles (iii) determination of mechanical and physical parameter of
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pulps and handsheets (iv) and imaging analysis of the handsheets (v).
We aim to provide data by combination of the methods and the com-
parison of different fibrillation degrees in a single study. Further, we use
whitewater circulation which yields a nearly quantitative retention of
the cellulosic particles in the handsheets regardless of the size, which is
hardly provided in other studies.

2. Experimental part
2.1. Materials

CoCly * 6 Hy0 (98.0 %) and FeSO4 * 7 H20 (99.0 %) were supplied by
Fluka (Buchs, Switzerland), KNO3 (99.6 %) and NaOH (99 %) were
obtained from VWR chemicals (Radnor, USA). Epichlorohydrin (>99 %)
and ammonium chloride/ammonium hydroxide buffer solutions
(NH4Cl, 1 wt.%; NH4OH, 4 wt.% (pH 10-11) were purchased from
Sigma-Aldrich (Vienna, Austria). Rhodamine B isothiocyanate (mixed
isomers) was supplied by Cayman Chemical (Ann Arbor, USA). All
chemicals were used without further purification.

An industrially refined bleached, sulfite pulp (mixture of spruce and
beech; 18 °SR, according to ISO 5267-1, lignin content below 1 wt.%)
was the source of fines and further used for the paper sheet preparation.
The CNF was obtained from University of Maine, USA (produced via
mechanical refining). According to the manufacturer, bleached soft-
wood kraft pulp was mechanically treated in order to produce cellulose
nanofibrils (average width 50 nm, length several microns). Fiber frag-
ments (AF) were supplied from ARBOCEL® (BE 600/30 PU) with
average geometry of 40 pm x 20 pm, showing hardly any fibrillation.
Pulp fines (SF) were separated from industrially refined sulfite pulp
using a pressure screen, following a published routine (Fischer et al.,
2017). The pulp was diluted with water to a consistency to 1 wt.%, and
allowed to stir for about 10 min. Afterwards, the suspension was pum-
ped through the pressure screen, whose main element is a perforated
screen with a hole diameter of 100 pm. Large particles incapable of
passing the pressure screen were transferred back to the feed chest,
while the fines fraction was collected in a separate chest. The procedure
was repeated until the fines content of the pulp was lower than 1 wt.%
according to SCAN-CM 66:05 (Dynamic Drainage Jar). The resulting
fines suspension was pumped to a dissolved air flotation cell, to increase
fines’ consistency from 0.02 to 0.5 wt.%. Details on the design of the
flotation cell can be found elsewhere (Fischer et al., 2017). All con-
centrations were determined in triplicate by a gravimetric approach.
The resulting fines features a CED? value of 34.1 pm determined by the
L&W fiber tester. Carbohydrate composition (Table 1a) was analyzed
via sulfuric acid hydrolysis according to (Theander & Westerlund, 1986)
using high performance anion exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) and Dionex ICS 3000 ion chro-
matography system equipped with a CarboPacPA1 analytical column.
Fucose was used as internal standard. The acid soluble lignin was
determined measuring absorbance at 205 nm using the same dilute
hydrolysate as used for the carbohydrate composition determination.
The concentration of the acid soluble lignin was calculated using the
Lambert-Beer law and was 1.0 (AF), 1.1 (SF) and 0.9 wt.% (CNF).

Table 1a
Carbohydrate composition of the different cellulose materials. All values are
given in wt.%.

AF SF CNF
Ara 0.0 0.0 0.9
Rha 0.0 0.0 0.0
Gal 0.0 0.0 0.0
Glu 81.4 90.2 83.0
Xyl 17.1 5.6 8.9
Man 1.5 4.2 7.2
Total 100.0 100.0 100.0
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2.2. Nanoparticle labeling

A specific amount (10 % of the whole sheet) of cellulosic substituents
was weighed and suspended in water (1 wt.%). The suspension was
ultrasonicated and exhaustively stirred to disperse cellulosic particles.
Afterwards, salts were added (3.3 g, 0.033 mol CoCly * 6 Hy0; 7.7 g,
0.066 mol FeSO4 * 7 H20) and the suspension was stirred for a period of
3 h at 90 °C. The impregnated celluloses were separated from the so-
lution by centrifugation. The impregnated celluloses were added to a
solution containing 1.27 g KNO3 (12 mmol) and 5.5 g NaOH (139 mmol)
in 420 mL distilled water at 90 °C. The color of the suspension changed
immediately from white to brownish, indicating growth of NPs. After 1
h, the colored particles were extensively washed until a pH value of 7
was reached and then again centrifuged. NP content on the cellulosic
particles was determined by thermogravimetric analysis. For this pur-
pose, a labeled and an unlabeled sample was measured for each type of
NP. The ash content of the unlabeled sample was subtracted from the
labeled ones to determine the inorganic content. NP content of 30 (CNF),
24 (secondary fines), and 4 wt.% (ARBOCEL® fibers) have been
determined.

2.3. Fluorescence labeling

Cellulosic substituents were dyed following the routine of Hobisch
et al. (Hobisch, Bossu et al., 2019). First, celluloses (3.6 g) were diluted
to a 1 wt.% suspension, exhibiting a dried mass equal to 10 % of the
dried mass of the pulp. Second, 5 mL- epichlorohydrin (64 mmol) per
gram cellulose was added to the suspension, changing the pH to 12. The
suspension was stirred over 2 h at 60 °C, followed by an extensive
washing step with distilled water until neutral. Third, the suspension
was redispersed to an 1 wt.% suspension, adding 5 mL ammonium
chloride ammonium hydroxide buffer (3.4 mmol NH4Cl; 21 mmol
NH4OH) per gram of cellulose. The alkaline solution (pH 10-11) was
steadily stirred for 2 h at 60 °C, introducing the amino group. Again,
excessive reagent was removed by extensive washing with distilled
water. Fourth, 0.01 g RBITC (Rhodamine B isothiocyanate, 19 pmol) was
added for each gram of cellulose, and the solution was stirred for a
period of 24 h at room temperature under exclusion of light. Afterwards,
the suspension was extensively washed to remove excess of non-reacted
dye.

2.4. Handsheet preparation and analysis

The sulfite pulp after the separation of fines (residual fines content
1%) was used for handsheet forming. After disintegration (ISO 5263-1)
of the cellulose blends, handsheets were formed on a Rapid-Kothen sheet
former (FRANK-PTI) with a grammage of 60 g m™2, applying white
water recirculation (Giner Tovar, Fischer, Eckhart, & Bauer, 2015). Ten
different sheet types were prepared: a blank,- and in each case three
types of sheets containing 10 % untreated, nanoparticle labeled and
stained cellulosic particles (CNF, secondary fines and ARBOCEL® fiber
fragments respectively, see Table 1b). After discarding the first five
handsheets, eight handsheets were formed and dried (ISO 5269-2:2004)
per blend to later determine apparent density (ISO 534:2011), tensile
index (ISO 1924-2:2008, FRANK-PTI tensile tester) and air permeability
according to Bendtsen (ISO 5636-3:2013). The water retention value of
the furnishes was evaluated according to the ISO 23714:2014,
comparing the impact of the cellulosic substituents and the labeling
process on the swelling behavior of the pulp.

2.5. Low voltage — scanning electron microscopy (SEM)

The surface of the labeled particles was visualized by Low Voltage —
Scanning Electron Microscopy (LV-SEM) on the C-band using the
Everhart-Thornley type of detector of the high-resolution scanning
electron microscope Zeiss Sigma VP 300 (Zeiss, Oberkochen, Germany).

Carbohydrate Polymers 254 (2021) 117406

Table 1b

Overview and composition of the paper sheets for this study. NP labeled refers to
Fe,Co0y4 labeling, stained refers to fluorescent labeling. The blank (ECO) is not
shown and consists of 100 % pulp.

Cellulose nanofibrils

Particles [%] 10 10 10
Pulp [%] 90 90 90
Treatment Untreated NP labeled Stained
Abbreviation CNF nCNF fCNF
Secondary fines
Particles [%] 10 10 10
Pulp [%] 90 90 90
Treatment Untreated NP labeled Stained
Abbreviation SF nSF fSF
ARBOCEL® fiber fragment
Particles [%] 10 10 10
Pulp [%] 90 90 90
Treatment Untreated NP labeled Stained
Abbreviation AF nAF fAF

In LV-SEM typically electron beam energies between 0.5 and 5.0 keV are
used which allows the investigation of specimens without coating.
However, for imaging cellulose specimens a beam energy of 0.65 keV
has been verified to deliver most promising results (Fischer et al., 2014).

2.6. Cross section analysis via SEM

Paper sheets containing 10 % CNF, secondary fines and ARBOCEL®
fibers and the blank, labeled as ECO were embedded in the resin “Epo-
fix” (Struers GmbH, Willich, Germany) at room temperature. After
hardening, the specimens were cut with an ultramicrotome (Leica EM
UC6, Leica Microsystems Vienna, Austria) using a histo- diamond-knife
(Diatome Ltd., Biel, Switzerland). A 10 nm thick layer of carbon was
coated onto the freshly produced cross sections. For the microanalytic
investigations the electron microscope ZEISS Sigma VP 300 (Oberko-
chen, Germany), equipped with a Schottky field emitter, was used for
imaging the cross sections in the high vacuum mode (acceleration
voltage of the primary electrons 3 kV). Secondary electrons (SE) were
used for delivering a good topographic contrast showing the
morphology of the different samples. Additionally, elemental analysis
was performed using an SDD-detector (OXFORD, England) for energy
dispersive X-ray spectroscopy (EDX). To obtain the distribution of
different chemical elements, EDX mapping was performed at an accel-
eration voltage of 3 kV.

2.7. X-ray microtomography

Similar to our previous study we employ phase contrast sub-
micrometer X-ray computed tomography (subp CT) for recording
three-dimensional volume images of different sheets of paper (loaded
and unloaded, marked and unmarked). The Fraunhofer tabletop scanner
“Click-CT” is designed for imaging organic and inorganic materials at
the highest resolution. We employ 0.62 um voxel ! object sampling for
the images shown here, covering a field of view of 1.25 mm in diameter.
Since the typical thickness of one sheet of paper is <0.2 mm we could
record all papers stacked in one scan (total scan time 6.7 h). Volume
image reconstruction, Paganin-type phase retrieval and Wiener decon-
volution were routinely applied with the software PyXIT (Zabler et al.,
2019). Maximum intensity projections along the longitudinal direction
of the paper as well as histograms of the latter were computed with the
software ImageJ2 (Hobisch, Muller et al., 2019).

Note that subp-CT features material contrast which is dominated by
electron density, hence atomic number and mass density (similar to
backscatter electron images). Even features which are not spatially
resolved by the scanner (typical resolution limit 0.9 pm) can be detected
due to a shift of the average gray value, if a certain concentration of
high-Z material is present in a pixel (e.g. in the form of ferritic NPs).
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2.8. Confocal laser scanning microscopy

The cross sections of the sheets embedded in the resin “Epofix” were
also analyzed by confocal laser scanning microscopy (FISH/CLSM) using
a Leica TCS SPE confocal laser scanning microscope (Leica Micro-
systems, Mannheim, Germany) with oil immersion objective lenses Leica
ACS APO 10.0 x CS, exciting cellulose at 405 nm and RBITC at 532 nm.
The emission spectra between 420 and 500 nm visualizes the auto-
fluorescence of lignin superimposed by the emission spectra of the
fluorescence labeled samples which was determined between 550-600
nm.

2.9. Multiphoton microscopy

Two-photon excitation microscopy has also been used for the anal-
ysis of the fluorescence labeled particles. Paper sheets were positioned
on a stage of a customized Olympus multiphoton microscope BX61WI/
FV1200MPE with a 25X immersion objective (1.05NA, 2.0 mm working
distance) coupled with a tunable femtosecond Ti:Sapphire pulsed laser
(Chameleon Ultra II, Coherent) for the excitation (Bardet et al., 2016).
Image stacks were acquired under 810 nm excitation for second har-
monic generation (cellulose) and fluorescence (RBITC for smaller cel-
luloses, autofluorescence for lignin) wavelength with FluoView FV1200
software (v4.1.1.5, Olympus). Each acquisition in photon-counting
mode produces a 3D stack of 640 x 640 x 53 pi, with a sampling step
of 2 pm and a dwell time of 20 ps-pi~! (input laser 20 mW). The different
components of the emitted light from the sample were separated using a
dichroic mirror (450 nm) and detected by a pair of photomultiplier tubes
preceded by fluorophore specific emission filters (607/36 for fluores-
cence in red, 405/10 for second harmonic generation in green). The
obtained images were analyzed with Imaris software (Bitplane AG) or
Fiji/ImageJ (NIH).

25 Jm
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3. Results and discussion
3.1. Labeling approaches

Nanoparticles were attached to the cellulosic particles using an in-
situ method (Olsson et al., 2010). The method employs cobalt and iron
salts under alkaline conditions and generates Fe;CoO4 NPs (FCONPs) on
the surface (Fig. 1a—c). The FCONPs were irreversible attached to the
fibril surfaces as any leaching from the fibers in aqueous media was not
observed. The amount of FCONPs on the surface of the cellulosic par-
ticles varies between the samples since their mophology is rather
different. While CNF and secondary fines have rather high NP contents
(30 and 24 w.t%, respectively), we were not able to produce ARBOCEL®
fibers with NP contents higher than 4 wt.% as proven by thermogravi-
metric analyses.

Rhodamin B isothiocyanate was used for labeling resulting in a co-
valent attachment of the fluorophore on the cellulosic particles. Fig. 1d-f
shows the fluorescence images (excitation: 532 nm, emission: 595 nm)
of the different labeled cellulosic samples obtained on a confocal laser
scanning microscope. A homogeneous distribution of the fluorophore
was observed for all samples. The individual nanofibrils could not be
visualized by CLSM due to limited resolution, but aggregates formed by
storage in a fridge at 6 °C over a period of one month clearly showed
fluorescence.

3.2. Sheet forming using non-labeled and labeled samples and effect on
water retention, air permeability and tensile index

The next step in the visualization process was to produce sheets with
labeled and unlabeled compounds and to evaluate the relevant paper
technological parameters compared to the blank. As expected, the na-
ture of additive (CNF, SF, AF, all added at 10 % w/w) alters the sheet
properties even without labeling (Figs. S1 and S2a). For instance, the
addition of CNF drastically increased water retention value (from 1.10 +
0.01 for ECO to 1.32 4+ 0.01 for CNF) and tensile index of the sheets

(f)

25 Jm

25 Jm

Fig. 1. Visualisation of labeled cellulose nanofibrils (a,d), secondary fines (b, €) and ARBOCEL® fibers (c, f) via scanning electron microscopy (nanoparticle labeling;

a-c) and confocal laser scanning microscopy (fluorescence staining; o-f).
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compared to the blank (36.2 + 1.7 Nm g~ for ECO vs 56.4 + 3.8 Nm g !
for nCNF). This increase is not as pronounced for secondary fines (46.7 +
1.8 Nm g~ !) and absent for ARBOCEL® (32.7 + 1.5 Nm g~ 1) fibers
(Figs. 2d-f and S3d-f). Air permeability (Fig. 2g-i) in turn was very low
for the samples containing the CNF (165 + 9 mL min_l), while the SF are
slightly higher (899 + 72 mL min~'). The sheets containing the AF in
turn exhibited the same air permeability as the blank sample reaching
the maxima of 5000 mL min 2.

Differences between sheets containing labelled materials and non-
labelled materials are minor and indicate that the sheet structure
including porosity and density is only affected to a low degree by the
labelling procedure. For example, the WRYV, air permeability, density
and tensile indexes of the sheets are in a similar range. However, as
hydrogen bonding is slightly affected by the labeled materials, there are
small effects on the individual parameters which are summarized in box
plots depicted in the Supporting Information (Fig. S3). The only note-
worthy deviation was observed in tensile index (56.4 + 3.8 vs 50.5 + 2.5
Nm g~ ! for CNF and nCNF; 46.7 & 1.8 vs 42.4 & 1.8 Nm g ! for SF and
nSF; 32.7 + 1.5 vs 31.3 + 1.3 Nm g~ ! for AF and nAF). When looking at
the box plots of the tensile indexes (Fig. S3d-f), the values, however, are
in a similar range considering the standard deviations.

These data suggest that the degree of fibrillation of the fine fibrous
particles governs the sheet properties, which must relate to the locali-
zation inside the paper sheets and their interaction with macroscopic
pulp fibers. Therefore, the sheets were subjected to different visualiza-
tion techniques. Fluorescence stained particles (fCNF, fSF, fAF) can be
excited enabling the application of multiphoton microscopy and
confocal laser scanning microscopy. In parallel, the increased contrast of
NP labeled particles (nCNF, nSF, nAF) allows for examination by
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imaging techniques based on X-ray radiation, such as SEM-EDX and
p-CT.

3.3. Multiphoton microscopy (MPM)

Multiphoton microscopy is a highly sensitive imaging technique,
increasing the contrast by reducing the blurring of light. The local res-
olution is high, since exciting the fluorophores with two photons at the
same time suppressed out-of-focus light. While the paper matrix was
visualized by the second harmonic generation (grey), the signal of flu-
orophores (red) superimposed the paper matrix. All three stained types
revealed significant differences in their morphology within the paper
matrix (Fig. 3). The size of individual fibrils impeded their direct visu-
alization but it can be seen that the fCNF aggregated and uniformly
covered the macroscopic fibers (Bharimalla, Deshmukh, Patil, & Nada-
nathangam, 2017). The fSF tended to agglomerate on specific fiber-fiber
junctions but a part also covered entire macroscopic fibers (Hobisch,
Bossu et al., 2019; Mayr, Eckhart, & Bauer, 2017). fAF however showed
an even distribution within the sheet.

Although MPM provided detailed insight on the distribution of
cellulosic particles within a confined matrix, fluorescence microscopy is
limited in resolution and measurements in z-direction. Therefore, the
cross section of the paper sheets was investigated applying confocal laser
scanning microscopy.

3.4. Confocal laser scanning microscopy

After embedding the paper sheets in resin and subsequent slicing, the
materials were excitated at 405 and 532 nm, respectively. By recording
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Fig. 3. Multiphoton microscopy images highlighting (a) f{CNF (b) fSF and (c) fAF added to the sheet at 10 wt.%. Pulp fibers are depicted in grey while the fluorescent

labeled samples are red.

the resulting emission, stained particles were visible (highlighted in red)
within the fibrous network (Fig. 4). The fCNF gave a strong, homoge-
neous signal all over the cross section, indicating an even distribution in
z-direction of the sheets. In contrast, the fSF and AF exhibited inho-
mogeneous intensity distributions, indicating a less homogeneous dis-
tribution inside the sheets along the z-direction. However, the resolution
is not of sufficient quality for all the samples to obtain detailed infor-
mation on spatial distribution of the materials, requiring further analysis
using complementary techniques such as SEM and pCT.

3.5. Scanning electron microscopy with energy dispersive X-rays

SEM cross sectional analysis of the handsheets containing 10 %
labeled particles, did not reveal any differences in morphology. Fig. S4
highlights the similarities in more detail. The same cross sections visu-
alized by an EDX detector, however, yielded a distinct elemental dis-
tribution (Fig. 4). In some areas, we detected higher concentrations of
Fe, Co, and O, which are the major components of the NPs used for the
in-situ labeling process. The elemental distribution in those areas
revealed a fibrous morphology, corresponding to the labeled fibrils in-
side the sheets. As sheets containing nCNF and nSF have a higher NP
content (30 and 24 wt.%, respectively), the contrast was higher than for
nAF, having a rather low NP content, impeding clear statements on their

CNF

CLSM

EDX

Secondary fines

distribution inside the sheets. The nCNF seemed to be evenly distributed
within the sheet, whereas nSF showed some tendency to agglomerate on
the wire side (left).

3.6. X-ray microtomography

To visualize the labeled samples in a 3D manner in a large area, X-ray
microtomography was employed. The results confirmed the results ob-
tained by MPM and SEM-EDX but add a 3D component and allowed for
slicing the paper sheet and to look inside the layers. However, data
treatment is required prior to that and the use of a bandwidth color look
up was required to reveal the details of the distribution of the nCNF, nSF
and nAF inside the paper sheets. This procedure is widely accepted in
analyzing such data and is based on reducing the thresholds for contrast
resulting in different colors. Fig. S5 shows such a variation in threshold
for the example of sheets with nSF. For all the samples the same
threshold values as for Fig. S5a were chosen for the sake of compara-
bility. In Fig. 5, slices are represented (Fig. 5a) and compared to the
distribution of the labeled particles using the aforementioned data
treatment, while retaining the sub-cellulose layer as base for a better
understanding. Fig. S6 provides additional information for the hand-
sheets containing nSF.

When looking at the different samples, the nCNF sample clearly

ARBOCEL® fibers

Fig. 4. Cross sections of paper sheets visualized by confocal laser scanning microscopy (top) and energy-dispersive X-ray of iron (bottom) showing huge differences
between the different cellulosic particles, cellulose nanofibrils, secondary fines and ARBOCEL® fiber fragments (from left to right). The wire side in sheet formation

correspond to left side in the SEM-EDX images.
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Fig. 5. X-ray microtomography data showing (a) the cross section of the paper stack (nCNF, nSF, nAF and CNF, from left to right) and the distribution of (b) cellulose
nanofibrils, (c) secondary fines and (d) ARBOCEL® fiber fragments compared to a (e) blank containing 10 % untreated CNF.

shows that the CNF homogeneously covered the pulp fibers (Fig. 5b).
Further, it seems that a 3D network is formed supporting a recently
suggested idea that such a network is created when highly fibrillar
material is present during paper making (Bossu et al., 2019; Boufi et al.,
20165 Sehaqui, Allais, Zhou, & Berglund, 2011). Particularly, Berglund
and coworkers connected the increase in tensile strength in paper sheets
containing more than 10 % CNF to the coexistence of fiber networks at
different length scales (micro, nano) (Sehaqui et al., 2011).

In contrast, nSF accumulate in the pores of the paper and seem to
have higher concentrations in fiber-fiber junctions than nCNF (Fig. 5c).
nAF labeled sheets exhibited a lack of contrast based on the low NP
content (Fig. 5d) and hardly any differences to the blank were observed
(Fig. 5e).

Furthermore, there are very intense spots which we originally
deemed as artifacts (red colored small spheres). However, after thor-
ough analysis, we identified these particles as CaCO3 (see SEM-EDX in
Fig. S7) which obviously stem from the process water of the pulp fibers
and which could not be removed by the sheet forming process. Taking all
data points from the pCT over the whole z-direction into account, nCNF
and nSF slightly showed an uneven distribution in the thickness direc-
tion (Fig. 6). In contrast, for nAF such an orientation was not detected.

Nanko et al. (Nanko & Ohsawa, 1989) described the accumulation of
fibrillar particles onto the fiber surface in the bonding region as the
formation of a bonding layer, appearing with the presence of fines in the
pulp. The interaction of external fibrils and secondary fines — both
generated during pulp refining — enhanced the bonding properties and
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Counts [a.u.]

nSF nAF

0 100

200 300 400
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Fig. 6. Cross section in z-direction from the p-CT data analysis from sheets containing nanoparticle labeled particles taking the entire signal of an area of 500 pm x
500 pm in width into account. The wire side is left for nCNF, and right for nSF and AF.
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strengthened fiber-fiber joints in paper sheets. This in in agreement with
our observation that the coarser SF are limited to the formation of new
bridges, strengthening mainly already existing fiber-fiber bonds. CNF in
turn also covers the pulp fibers, enabling the formation of new bonds
between individual fibers. Thus, at higher addition levels CNF forms a
secondary 3D network within the fiber network, thereby contributing to
a densification of the paper sheet during sheet forming as predicted by
Nanko et al. (Nanko & Ohsawa, 1989) and further explored by Favier
et al. (Favier, Dendievel, Canova, Cavaille, & Gilormini, 1997). Water
retention capacity is also much higher for CNF compared to SF and AF,
leading to restricted mobility of the CNF during further dewatering and
drying. Therefore, the formed 3D network of the CNF in the initial state
of the sheet forming process was maintained. As a consequence, the
distribution of the CNF inside the sheets is homogenous and any favored
aggregation inside pores and fiber-fiber junctions, as observed for the
SF, was not seen in any of our results. These results are again supported
by the hypotheses of Nanko et al. who studied the influence of water
contents of paper sheets as a function of drying time and fibrillation
degree (Nanko & Ohsawa, 1989). Larger fragments such as AF are
incapable of increasing fiber-fiber bonding, therefore the main param-
eters of the sheets did not change. This has also been reported by Sirvio
et al. who studied the performance of paper sheets containing different
types of fine materials (Sirvio & Nurminen, 2004). They reported that
highly fibrillated fines had a positive impact on the tensile index (1), and
density (1) while more flake like particles did not improve tensile index.

4. Conclusion

In summary, the distribution of nano- and micro-sized cellulosic
particles in paper sheets was investigated by applying two independent
labeling techniques and correlated to key properties of the sheets. As
expected, the incorporation of particles with different degree of fibril-
lation impacted the paper sheet properties to different extents. We
demonstrated that these properties were not altered significantly by the
different labeling procedures. The major result was that CNF completely
covers the macroscopic pulp fibers, while forming a dense 3D network
inside the paper sheets. This network is probably the cause for the su-
perior properties of sheets containing CNF (i.e. higher tensile index,
higher density, lower air permeability). The SF in turn showed
agglomeration in pores and fiber-fiber junctions, potentially revealing
different reinforcement mechanisms (i.e. those reported by Nanko and
Sirvio) compared to the CNF sheets. The AF samples were homoge-
neously distributed inside the paper sheets but they did not alter any of
the sheet properties compared to the blank sample. This behavior can be
explained by the lack of interactions with the pulp fibers and their
inability to form a network due to their size. The combination of both
methods revealed an unprecedented view on interactions between fibers
and nano and micron sized cellulosic particles inside the sheets.

These results enable further investigations of the role of these smaller
cellulosic particles in paper and board-based products and may be
beneficial for the design of polymeric nanocomposites in the future. We
are aware that additional features and complications may appear in
scale-up experiments (e.g. alignment by shear/extrusion). These may
impact the distribution of the nano/micron sized particles inside the
matrix as well but these experiments were beyond the scope of this study
as they require extensive equipment in semi-pilot scale.

A limitation of the current work is that is was not possible to deter-
mine the distribution of the different particles at very high resolution
(low nm, as with SEM-EDX) throughout a whole sheet (as with p-CT).
Here, a further research direction could be to use an SEM which is
equipped with a microtome to cut slices of the cross-section, to deter-
mine its elemental composition and to perform an image reconstruction
afterwards. However, multiple challenges are to be addresses, ranging
from choosing the right knife to cut the slices to problems in image
reconstruction.
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