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Abstract Cellulose nanofibrils (CNFs) are top-down

nanomaterials obtainable from abundant lignocellu-

loses. Despite recent advances in processing tech-

nologies, the effects of variations in the lignocellulose

structure and composition on CNF isolation and

properties are poorly understood. In this study, we

compared the isolation of CNFs from tension wood

(TW) and normal wood (NW) from Populus tremula

(aspen). The TW has a higher cellulose content, native

cellulose fibrils with a larger crystalline diameter, and

less lignin than the NW, making it an interesting

material for CNF isolation. The wood powders were

oxidized directly by 2,2,6,6-tetramethylpiperidin-1-

oxyl, and the morphology and mechanical behaviors

of the nanofibril suspensions and networks were

characterized. The TW was more difficult to fibrillate

by both chemical and mechanical means. Larger

nanofibrils (5–10 nm) composed of 1.2 nm structures

were present in the TW CNFs, whereas the NW

samples contained more of thin (1.6 nm) structures,

which also comprised 77% of the solid yield compared

to the 33% for TW. This difference was reflected in the

TW CNF networks as decreased transmittance (15%

vs. 50%), higher degree of crystallinity (85.9% vs.

78.0%), doubled toughness (11 MJ/m3) and higher

elongation at break (12%) compared to NW. The

difference was ascribed to greater preservation of the

hierarchical, more crystalline microfibril structure,

combined with a more cellulose-rich network (84% vs.

70%). This knowledge of the processing, structure,

and properties of CNFs can facilitate the breeding and

design of wood feedstocks to meet the increasing

demand for nanoscale renewable materials.
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Introduction

Cellulose nanofibrils (CNFs) are high-aspect-ratio

fibers isolated from the native cellulose microfibrils

that comprise the cell walls of all plants. Research and

applications of CNFs have increased rapidly, as

demonstrated by the large increase in CNF-related

publications and patents in the last decade (Charreau

et al. 2013). Wood from managed forests and tree

plantations is the largest source of cellulosic biomass,

and potentially of CNFs, worldwide. Consequently,

the isolation of CNFs from woody feedstock has

attracted increasing attention. Increasingly efficient

chemical pretreatment enables mechanical disintegra-

tion of wood pulps into CNFs. In particular, 2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPO) has proven

effective in loosening the cell walls for enhanced

fibrillation (Saito et al. 2007). Increased efforts have

thus been made to exploit the nanoscale nature of the

fibers for various applications, including high-volume/

low cost components and high-tech applications

(Dufresne 2017). The perceived environmental draw-

backs of established pretreatments (Jiang et al. 2017)

have also driven the development of greener process-

ing methods and materials, for example, deep-eutectic

solvents (Li et al. 2017), ionic liquids (Li et al. 2012),

and electro-mediated (Isogai et al. 2011) or laccase-

mediated TEMPO oxidation (Jiang et al. 2017).

The effects of each pretreatment on the CNF

properties have been intensively studied to identify

less expensive, greener processes or CNFs with

improved performance. It may also be possible to

obtain CNFs with different properties by exploiting

the biological variation in the structure of the wood

cell walls and cellulose microfibrils. For many CNF

applications long crystalline cellulose chains are

desirable. The tension wood (TW) of angiosperms is

a potentially interesting raw material in this context.
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TW forms on the upper side of leaning stems in

response to gravitational and mechanical forces (Fel-

ten and Sundberg 2013). In many species, including

the aspen (Populus tremula), TW fibers develop a

cellulose-rich gelatinous layer (G-layer) (Timell

1969) that contains cellulose microfibrils (CMFs)

with significantly larger crystalline diameters than

those of normal wood (NW) (Muller et al. 2006). The

cellulose degree of polymerization (DP) is also higher

in TW (Foston et al. 2011); this property is desirable

for maximizing the mechanical properties of CNF

networks (Henriksson et al. 2008). Owing to these

attributes, TW is a potentially interesting raw material

for CNF production and illustrates the genetic poten-

tial of breeding trees to obtain woody feedstocks with

desirable CMF properties. Both the ultrastructural

variation (G-layer) and the chemical composition

(increased cellulose content) of TW have unknown

effects on CNF isolation. The mechanical behavior of

manufactured dry CNF networks is also influenced by

many properties of the original CNFs (Meng and

Wang 2019), which can serve as indicators of

suitability for practical applications.

In this study, the extractability and properties of

CNFs fromNW and TWof P. tremulawere compared.

TW and NW were sampled and milled, and the woods

were treated by direct oxidative treatments involving

bleaching (acidified chlorite), mild (pH = 6.8) and

harsh (pH = 10.5) TEMPO-oxidation. The CNFs were

obtained by simple stirring of the harshly TEMPO-

oxidized (chemically isolated) feedstock and by

homogenization of the bleached (mechanically iso-

lated) and mild TEMPO-oxidized (chemical-mechan-

ically isolated) feedstocks. Fibril networks were then

manufactured from each CNF suspension without

further purification. The characteristics of the isolated

CNFs (morphology, viscosity, chemical requirements,

solid yield and nanofibril yield) and the fibril networks

(transmittance, thermal behavior, crystalline proper-

ties, tensile properties and hardness) were investigated

to determine the overall suitability for the woods for

nanofibrillation and network performance. The aim of

this study was to identify and understand how the cell

wall composition and architecture affect CNF isola-

tion process and physical behavior of corresponding

networks. Knowledge of the processing and charac-

terization of CNFs from woods with varying structure

and composition can illuminate the role of biomass

recalcitrance, and in turn what importance should be

put on the resource need for fibrillating a feedstock vs.

the final performance of manufactured materials.

Materials and methods

Chemicals for pulping and pretreatment

For bleaching and pretreatment, high-purity sodium

chlorite (77.5–82.5%), standard hydrochloric acid

solution (0.5 N), standard sodium hydroxide solution

(0.1 N), and sodium hydroxide beads (C 97%, ACS)

were purchased from VWR, Sweden. TEMPO (99%),

glacial acetic acid (100%), sodium hypochlorite

(NaClO, 6–14% active chlorine), and sodium bromide

(C 99%) were purchased from Sigma-Aldrich, Swe-

den AB. All the chemicals were used as received.

Normal and tension wood sampling

TW and NW were manually cut from the sides of

debarked forest-grown (two months’ growth) aspen

(P. tremula) stems and cut into rectangular pieces

(* 1–2 cm3). The sections were frozen in liquid

nitrogen and milled into a wood powder to prevent

heat degradation. Milling was performed using an A11

basic analytical mill (IKA-Werke, Germany)

equipped with a chromium-carbide-coated stainless

steel beater. Grinding was performed until a homoge-

nous wood powder was obtained, which required a

total grinding time of 2 min. The powders were dried

at 95 �C overnight, and their initial mass was deter-

mined before further processing.

Chlorite bleaching of wood

NW or TW (2 g) was submerged in water (200 mL),

stirred for 24 h, and then bleached using acidified

(acetic acid) sodium chlorite (Wise et al. 1947). Three

times, at 1 h intervals, 1 g of NaClO2/gwood ? 0.2 mL

of acetic acid were added. The bleached holocellulose

was filtered and sonicated using an ultrasonic proces-

sor (Hielscher, Germany) at an amplitude of 40% for

15 min to loosen the wood cell aggregates and avoid

excessive clogging during homogenization.
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Direct harsh TEMPO oxidation

The dried wood powder (2 g) was submerged in water

(200 mL) and stirred for 24 h; then TEMPO (35 mg)

and sodium bromide (0.2 g) were dissolved in the

slurry. The reaction was performed according to an

established method at room temperature during con-

tinuous stirring (Saito et al. 2007). The reaction was

initiated through addition of sodium hypochlorite

(20.8 mmol) and hydrochloric acid to reach a pH of

10. Sodium hydroxide was added when the pH

dropped to 9.7 to keep the pH between 9.7 and 10.

The reaction was terminated when the pH remained

relatively constant. The wood powder was filtered, and

two additional identical oxidations were performed for

TW and NW. The final, relatively viscous suspensions

(* 1 wt.%) were diluted to 0.17 wt.% and stirred

before further characterization and production of the

fibril networks. The CNF samples and the nanofibril

networks produced via this direct oxidative method

without mechanical fibrillation are denoted as NW-C

or TW-C (where C indicates chemical treatment).

Direct mild TEMPO oxidation

The dried wood powder (2 g) was submerged in a

phosphate buffer (pH = 6.8) and stirred; then TEMPO

(35 mg) and sodium chlorite (20.6 g) at a temperature

of 60 �C were dissolved in the solution. The reaction

was initiated by adding sodium hypochlorite (2 mL)

and stoppering the flask. The reaction was performed

according to an established method during continuous

stirring (Saito et al. 2009). Oxidation times ranging

from 20 to 168 h were used to gauge the effect of

direct oxidation of the wood powder, which is less

accessible than wood pulp. The final swollen and

delignified wood pulp was filtered and adjusted to a

concentration of approximately 0.17 wt.% before

further processing and characterization. The CNF

samples (and resulting networks) produced by this

method are denoted as NW-CM or TW-CM (where

CM indicates chemical–mechanical treatment) fol-

lowed by the oxidation time (20, 42, 72, 120, or

168 h), e.g., NW-CM42.

Mechanical fibrillation

Nanofibrillation was performed using an APV-2000

high-pressure homogenizer (APV, Denmark) with an

average flow rate of 4 mL/s at a suspension concen-

tration between 0.20 and 0.17 wt.%. The TEMPO/

NaClO/NaClO2-treated wood powder was homoge-

nized at 1000 bar with recirculation at a processing

time corresponding to two passes or 35 kWh/kg, as

measured using a power meter (Carlo Gavazzi EM24

Din, Italy) on the basis of 1 kg of dry pulp. The

holocellulose from the NWwas processed at 100, 600,

and 1000 bar (effective powers of 500, 700, and

850 W) with 30, 60, and 10 passes; the cumulative

energy usage corresponded to 0.8, 2.5, and 3.0 MWh/

kg after each sampling step, respectively. The energy

per mass pulp (kWh/kg) was calculated as the product

of the energy reading (W) and processing time

(h) divided by the solid content of the suspension.

Samples were taken after treatment at 100, 600, and

1000 bar, and are denoted as NW-M1, NW-M2, and

NW-M3 (where M indicates mechanical treatment).

Sampling was performed throughout processing to

ensure that the relatively recalcitrant holocellulose had

undergone sufficient fibrillation, as the holocellulose,

unlike chemically derivatized wood samples, requires

excessive mechanical energy to reach the appropriate

degree of fibrillation.

Solid and nanofibrillation yield

The yield of the pretreated and fibrillated wood

powders was characterized through measurement of

(i) solid yield and (ii) nanofibrillated yield. Solid yield

was calculated as the gravimetric yield after treatment

of the wood which includes both fibrillated and less or

non-fibrillated cellulose. To further characterize the

amount of colloidally stable CNFs (highly nanofibril-

lated) the suspensions were centrifuged at 12,000 9g

(Beckman Coulter J25i) for 20 min at an approximate

consistency of 0.18 wt %. The suspensions were

decanted, and the solids retained in the sediment were

dried for 24 h at 95 �C. The nanofibrillated fraction

was calculated according to the equation below

(Eq. 1) where ms and mt is the dry sediment mass

and total dry mass in the sample, respectively. The

nanofibrillated fraction was reported as wt. % of the

total dry wood mass, in a similar manner as the solid

yield.

Nanofibrillated fraction wt:%ð Þ ¼ 100� 1� ms

mt

� �

ð1Þ
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Nanofibril network preparation

The CNF suspensions obtained by homogenization or

chemical treatment were vacuum-filtered after 30 min

of degassing in a vacuum oven. The degassed and

homogeneous suspensions were filtered on a hardened

filter paper (Whatman, grade 52). The cohesive

networks (around 10–14% solid content) were peeled

from the filter and dried under ambient conditions

while pressed between two blotting papers under a

mass of 2 kN/m2. After 10 h of drying, the relatively

homogeneous networks were dry enough to be hot-

pressed (Fontijne Grotnes LPC-300, Vlaardingen,

Netherlands) between two mylar films without under-

going crushing due to excessive water content. Hot-

pressing was performed at 320 kN/m2 and 120 �C.
After the hot-pressing, the fibril networks were cut into

40 mm 9 5 mm specimens using a mechanical

punch. The specimens were conditioned at 50% RH

for C 48 h before further characterization.

Viscosity

The viscosity of the CNF suspensions was measured at

a concentration of 0.18 wt.% using a Vibro Viscome-

ter (SV-10, A&D Company Limited, Tokyo, Japan)

with a tuning fork vibration method at a vibrational

frequency of 30 Hz. Viscosity was used to character-

ize degree of fibrillation when comparing the CNF

suspension behavior from NW and TW.

Polarized optical microscopy

A Nikon Eclipse LV100 Pol (Kanagawa, Japan)

polarized optical microscope with a 530 nm filter

was used to characterize the nanofibrils and their

networks (supplementary information) in order to

study the morphology and identify larger cell wall

residues. Polarized optical micrographs of the samples

were recorded using a charge-coupled device camera.

Atomic force microscopy

Tapping-mode atomic force microscopy (AFM,

Veeco MultiMode scanning probe, Santa Barbara,

CA, USA) was used to analyze the morphology of the

nanofibrils. Antimony-doped silicon cantilevers

(TESPA-V2, Bruker) with a spring constant of 42 N/

m and a nominal tip radius of 8 nm were used for the

analysis. In the height analysis, the height response

(z axis) was used to determine the height of the

nanofibrils, whereas the x and y axes were used to

determine the length of the nanofibrils, when applica-

ble. All the samples were prepared by depositing a

small droplet (0.001 wt.%) of a CNF suspension on a

freshly cleaved mica plate and letting it air dry for 5 h.

The open-access software Gwyddion (Nečas and

Klapetek 2012) was used for image correction by

mean-plane subtraction and the removal of the poly-

nomial (third-order) background. The nanofibril net-

works were also analyzed in a similar manner. The

surface roughness of the fibril networks was analyzed

using built-in software tools that calculate the root-

mean-square (RMS) roughness of the surface peaks

and valleys.

Hemicellulose monosugar analysis

To quantify the hemicellulose monosugar content, 500

lg of ball-milled wood material was first methano-

lyzed using 2 M acetic acid/methanol, followed by

silylation using a reagent mixture of 1,1,3,3,3-hexam-

ethyldisilazane, trimethylchlorosilane, and pyridine at

a molar ratio of 3:1:9. Derivatization was performed

using the Sylon HTP kit (Supelco 33,038, Sigma-

Aldrich) as previously described (Sweeley et al. 1963).

The monosugar contents were determined using gas

chromatography/mass spectrometry (7890A/5975C;

Agilent Technologies, Santa Clara, CA, USA). The

monosugar composition was analyzed to compare the

hemicellulosic fraction of TW and NW.

UV–vis transparency

The transparency of the dried fibril networks was

measured at a constant wavelength of 550 nm using a

UV–vis spectrophotometer (GENESYS, 10 UV,

Thermo Scientific, Schwerte, Germany). Three mea-

surements were performed for each specimen, and

data was presented in the form of transmittance (%).

Transparency was used as a metric of degree of

fibrillation of the fibrils that comprises the final

networks.
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X-ray diffraction

An x-ray diffractometer (PANalytical, Almelo,

Netherlands) equipped with a PIXcel3d detector was

used to measure the crystalline nature and degree of

crystallinity of the dry CNF networks from NW and

TW. Cu-Ka radiation (k = 0.154 nm) was used during

analysis with operation voltage of 45 kV and a current

of 40 mA. A background (2-point, from 2h = 5 to

2h = 40) was subtracted from the spectrumwhereafter

the crystallinity index (CI) was calculated according to

the peak height method (Segal et al. 1959). This was

done through the equation below (Eq. 2), where I200 is

the intensity of the crystalline (200) peak at 2h = 22.4,

and Iam is the intensity minimum between nearby

crystalline peaks at 2h = 18 where the contribution

from the disordered cellulose fractions is thought to be

the most representative (Park et al. 2010).

CI %ð Þ ¼ I200 � Iam
I200

� 100 ð2Þ

The crystallite size (D) of the samples were

calculated according to the equation (Eq. 3) below

(Scherrer 1918) where B is the full width at half

maximum of the 200 peak in radians, obtained from a

Pseudo-Voigt fit (OriginPro 8), k is the wavelength of

the x-rays (1.54 Å) and h is the Bragg angle

(2h = 22.4).

D ¼ 0:9k
Bcos hð Þ ð3Þ

Tensile testing

The mechanical properties of the CNF networks were

characterized using a Shimadzu AG-X universal

testing machine (Kyoto, Japan) with a 500 N load

cell. The conditioned specimens (50% RH, 40 mm 9

5 mm) were 50–100 lm thick (Table S1). Testing

was performed at a cross-head speed of 10%/min, and

the strain was measured using a video extensometer

(high-speed camera, HPV-X2). The gauge length was

set to 20 mm for each measurement. Six specimens

were analyzed for each network batch. The tensile

strength was reported as the maximum strength at

break, the Young’s modulus [the slope of the linear

(R2 = 0.95–0.99) portion in the elastic region

(& 0.1–0.5% strain)], and the toughness [calculated

area under the stress–strain curve (OriginPro 8

software)].

Nanomechanical properties

The nanomechanical characteristics (hardness and

modulus) of the CNF networks were determined to

analyze the properties perpendicular to the surface, in

contrast to those in the parallel direction, which were

obtained by tensile testing. Nanoindentation thus

provides a different perspective on the mechanical

behavior of the networks. A nanoindentation instru-

ment (NanoTest Vantage, Micro Materials Ltd., UK)

was used for testing. The nanofiber networks were

glued to a mild steel cylinder using a cyanoacrylate-

based super glue to stop the samples from moving

during the indentation tests. The nanoindentation tip

was a three-sided diamond Berkovich tip with a

diameter of 50 nm. The applied load was 20 mN for

each individual indentation, and the indenter contact

velocity was set to 0.5 lm/s. In all the experiments,

the loading and unloading times were 20 and 15 s,

respectively. The dwell at maximum load was 2 s, and

the experiments were performed to obtain the depth

vs. load hysteresis. A 3 9 3 indentation matrix (9

indents per sample) was applied to a flat surface

identified by optical microscopy at a magnification of

209. The hardness and reduced modulus were

obtained following a procedure described in previous

studies (Das et al. 2015, 2019). The elastic modulus

(Es) of the samples was calculated from the reduced

modulus (Er) using the following formula (Eq. 4):

1

Er
¼ 1� v2

Es
þ 1� v2i

Ei
ð4Þ

where v is the Poisson’s ratio of the sample, which

was assumed to be 0.3 (Wu et al. 2010); vi is the

Poisson’s ratio of the indenter tip (0.07), and Ei is the

modulus of the indenter tip (1140 GPa).

FTIR

FTIR analysis of the prepared networks (supplemen-

tary information) was performed using a PerkinElmer

Spectrum 2000 instrument (Waltham, MA, USA)

equipped with an attenuated total reflectance system.

Each network was scanned 128 times at wavenumbers

of 4000–400 cm-1 at a resolution of 4 cm-1.
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Results and discussion

TEMPO oxidation of wood samples

The NaOH consumption versus time during the

oxidation of TW and NW is shown in Fig. 1a; the

rate and amount consumed for both types of wood

were initially similar. This result was attributed to

delignification, which is apparent from increased

whiteness before the second titration (Fig. 1b). The

second step allowed for more oxidation as the wood

cells were separated more and cellulose accessibility

Fig. 1 Kinetics of the TEMPO/NaBr/NaClO system during

oxidation of wood powder from NW (blue) and TW (red). a The

three subsequent oxidation events versus time (a–a’’) and

b visual appearance of each type of wood and titration run.

c Representative optical micrographs of the suspensions after

the third titration, which reveal the retention of cell wall

structures in the TW. d Schematic illustration of fibril isolation

from wood particles in response to TEMPO/NaBr/NaClO

oxidation of wood powder where liberation of wood fibers is

followed by swelling and spontaneous fibrillation
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increased where the NaOH consumption increased

from approximately 28–45 mmol. The largest differ-

ences appeared after the third oxidation, where both

the rate and absolute consumption were higher for TW

(65 mmol NaOH consumed) than for NW (47 mmol).

In addition, the NW suspension showed high viscosity

and transparency (Fig. 1b) after the third oxidation

step (Fig. 1a‘‘), indicating that high-aspect-ratio

nanofibrils were isolated (Iwamoto et al. 2014). TW

suspension showed high colloidal stability, and the

dispersion was maintained over time, as expected for

carboxylated samples, but larger nanofibrils and cell

wall residues were still present (Fig. 1b, c). This

indicates that the cellulose from TW is less accessible

and has higher chemical requirements in order to

facilitate greater carboxylation and subsequent disin-

tegration of the wood cell walls. This finding can be

attributed to the increased crystallinity and higher

relative cellulose content of TW (Al-Haddad et al.

2013; Gorshkova et al. 2015). The structural integrity

of the cell walls is thus likely to be maintained to a

larger extent during a TEMPO-catalyzed oxidation

process. Considering the amount of NaClO that was

used (21 mmol per oxidation), it is also noteworthy

that the NW showed no signs of incomplete fibrillation

during this purely chemical treatment, even though the

NW contained more lignin. This is shown in Fig. 1c

where light micrographs show no residual wood cells

or larger aggregates, like those seen in TW samples.

Lignin is known for being responsible for biomass

recalcitrance in wood, though the results here indicate

that a higher cellulose content and reduced accessi-

bility for TW contributes to a larger extent and slows

down oxidative nanofibrillation. This is in contrast to

biofuel production where TW has been described as

being less recalcitrant due to reduced lignin content

(Foston et al. 2011).

Cellulose and nanofibril properties

The characteristics of the isolated cellulose and

nanofibrils after chemical [as previously shown

(NW-C,TW-C)], mechanical (NW-M), and chemi-

cal–mechanical (NW-CM, TW-CM) processing are

presented in this section, including the solid yield,

nanofibril yield, monosugar composition of the hemi-

cellulose fraction of the initial wood samples, mor-

phology (AFM), and degree of fibrillation (viscosity).

Cellulose and nanofibril yield

The cellulose and CNF yields of each processing route

are shown in Fig. 2. The mechanically treated wood

(NW-M and TW-M) had the highest solid yield, and

the material obtained from each wood sample is

identified as holocellulose, as the only yield-affecting

process was chlorite bleaching. The fraction of finer

CNFs from NW-M and TW-M are negligible,

attributed to the lack of chemical derivatization prior

to fibrillation which leaves larger microfibril aggre-

gates intact. The TW solid yields after oxidation are

significantly higher at 64.9 ± 9 wt.% vs. 50.7 ± 7

wt.% for NW. The yield after purely chemical

treatment (NW-C and TW-C) was lower for NW and

only slightly below the mean for TW. A difference in

the yield of highly fibrillated CNFs was found where a

larger portion of the solids obtained from NW turned

into CNFs after chemical and chemical-mechanical

treatments compared to TW. 72 ± 11 wt. % and

33 ± 10 wt. % of the total process yield turned into

highly nanofibrillated CNFs for NW and TW, respec-

tively. The yield of these CNFs relative total dry wood

was 32 ± 4 wt. % and 21 ± 2 wt. % for NW and TW.

The high solid yields for TW can be attributed to the

fact that TEMPO oxidation tends to retain all the

cellulosic solids (Isogai and Kato 1998), as well as the

Fig. 2 Solid and nanofibril yields from TW and NW in each

processing step. Lines show the overall mean yields for TW

(red) and NW (blue) throughout the study
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overall higher cellulose content and lower hemicellu-

lose and lignin content of aspen TW compared to NW

(Gorshkova et al. 2015). The higher fraction of CNFs

for NW compared to TW is furthermore supported by

the results presented previously in Fig. 1 where an

increased recalcitrance for TW also is indicated in this

CNF yield analysis.

Monosugar analysis

Aspen wood contains 45–52% cellulose, 20–28%

hemicellulose, and 20–24% lignin (Pettersen 1984).

Hemicellulose has been proposed to influence both

yield and nanofibrillation efficiency of wood cellulose

(Iwamoto et al. 2008). This makes it interesting to

analyze in the context of comparison of NW and TW.

The main hemicellulose in aspen is glucuronoxylan

(with a backbone of O-acetyl-4-O-methylglucurono-

ß-D-xylan) and glucomannan [with a backbone of

b(1–4)-linked D-mannopyranose and D-glucopyra-

nose]. The TW of aspen reportedly contains some

galactan, with a backbone of b-(1–4)-linked D-galac-

topyranose units, which are heavily substituted at the

C6 hydroxyl group with galactose units (Linow 1985).

The TW galactan also contains 4-O-methyl-D-glu-

curonic acid, D-glucuronic acid, D-galacturonic acid,

L-rhamnose, and L-arabinofuranosyl residues.

The monosugar composition of the hemicellulosic

fraction of the NW and TW in this study is shown in

Table 1. TW clearly contains significantly less xylose

and more glucose. This finding is likely to be related to

the increased cellulose content of TW owing to the

presence of the cellulose-enriched G-layer (Donaldson

and Singh 2016). Although glucose from cellulose

should be preserved during the analysis, it is likely that

some glucose from the disordered cellulosic portion of

the wood was hydrolyzed during sample processing.

TW also has significantly less mannose and more

galactose. These observations are in agreement with a

previous report on the composition of poplar TW

(Gorshkova et al. 2015).

Nanofibril morphology and fibrillation behavior

Thin CNFs (1–3 nm) resembling elementary fibrils

and lower hierarchies were readily accessible after

chemical–mechanical processing of each type of

wood. Interestingly, the CNFs isolated from TW had

lower (pairwise t-test, p\ 0.05) cross-sectional diam-

eters than those from NW. Figure 3 shows the size

distributions and atomic force micrographs with

heights. The TW and NW were found to have average

heights of 1.2 and 1.6 nm, respectively. Under ambi-

ent conditions, the resolution of AFM is as low as

0.1 nm (Gan 2009), which supports the validity of the

observed statistical difference. CNFs with absolute

sizes in similar ranges have also been reported using

similar methodologies regarding chemical treatments

(Li and Renneckar 2009, 2011; Usov et al. 2015; Geng

et al. 2018; Mendoza et al. 2018). The relatively small

scale of the CNFs were hypothesized to be from

cleavage of the native fibrils into smaller structures

than the 3 nm elementary fibrils. In support of this

interpretation similar fibril dimensions as observed

here were recently reported for in vitro produced

cellulose from a plant cellulose synthase complex

(Purushotham et al. 2020). The difference in height

(Fig. 3) can thus be interpreted as a difference in how

the crystalline cellulosic structures fragment in rela-

tion to chemical-mechanical treatment of the

feedstock.

According to previous studies the diameters of

microfibrils from TW are reportedly four times larger

than those of microfibrils from NW (Müller et al.

2006). This has been attributed to differences in

microfibril aggregation and the mechanisms of cellu-

lose crystallization (Mellerowicz and Gorshkova

2011). TW elementary fibrils were found to aggregate

into larger crystallites compared to NW (Sawada et al.

Table 1 Monosugar composition (wt.%) of the hemicellulose

fraction of the initial wood samples

Monosugar TW NW

Arabinose 0.8 (0.1) 0.5 (0.1)

Rhamnose 1.4 (0.1) 1.4 (0.0)

Fucose 0.1 (0.0) 0.14 (0.0)

Xylose 60.7 (2.2) 72.6 (0.6)

Mannose 0.8 (0.0) 5.7 (0.3)

4-O-meGlcA 2.2 (0.0) 5.1 (0.2)

Galactose 2.4 (0.1) 0.6 (0.1)

Galacturonic acid 3.7 (0.1) 3.3 (0.2)

Glucose 27.7 (2.4) 10.4 (0.3)

Glucuronic acid 0.05 (0.0) 0.05 (0.0)

Standard deviation in brackets (n = 3)
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2018). In this study we also report on similar

structures. Figure 4 shows representative images of

these structures as well as the viscosity of NW and TW

CNF suspensions. Viscosity values range between 10

and 22 mPas for NW-CNFs and 2–7 for TW-CNFs

which implies a greater degree of fibrillation for NW-

CNFs due to the presence of higher aspect ratio

nanofibrils (Iwamoto et al. 2014). This is also

supported by the CNF yield (Fig. 2) where a larger

percentage of the total solids for NW-CNFs is

comprised of thinner nanofibers. Especially in the

case of NW-CM120 where both nanofibril yield and

viscosity goes higher than average.

The presence of 3–10 nm nanofibrils is apparent in

the case of TW-CM. A 10 nm structure that consists of

individual fibrils with distinct sizes of 1.5, 3, and 5 nm

is highlighted below. The 5 nm fibrils could

correspond to fibrils similar to the sizes of the native

crystallite size, which have been identified at 4.4 nm

from WAXD (Sawada et al. 2018). These aggregates

were furthermore not observed in NW samples.

Fragmented aggregates consisting only of two or three

distinct structures, at most, were observed in the NW

(Fig. 4). Aside from the obvious kinking, the variation

between 3 and 1.5 nm within the same structure also

corroborates previously mentioned fragmentation,

where the 3 nm regions corresponds to the native

state of the elementary fibrils.

To further understand the fragmented appearance

of the nanofibrils in Fig. 4, we identified regions of

obvious fibrillation phenomena. Figure 5 shows the

initial state of a nanofibril (3–4 nm) from NW that

consists of three thinner structures (1.7 nm). In two

Fig. 3 Size distribution (top) of the prominent CNFs isolated from NW (blue) and TW (red) with corresponding AFM micrographs

(bottom)
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regions, partial delamination/cleavage (grey arrows)

of a double aggregate (white arrow) comprising of two

smaller structures is apparent. In the other region there

is total delamination (kinking) of the same type of

small structure (black arrow). This observation indi-

cates that the thinnest structures that we observe in this

study are wound around each other in a right-hand

twisting fashion, which is further supported by the

height fluctuation along the nanofibril direction for an

aggregate consisting of two fibrils (Fig. 5a). Indeed,

this fluctuation indicates a periodicity which is related

Fig. 4 Fibrillation behavior of CNFs from NW and TW. TW

(upper images) forms smaller nanofibrils of distinct sizes

emerging from a fragmented larger nanofibril. NW (lower

images) forms a separate nanofibril consisting in part of short

segments of larger aggregates. The graph shows the viscosity of

NW and TW-CNF suspensions (0.18 wt.%)
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to the twisting nature of both smaller and larger

nanofibrils (Usov et al. 2015).

Physical properties of nanofibril networks

The characteristics of the manufactured fibril net-

works, including the morphological, thermal, crys-

talline and mechanical properties, are presented in this

section.

Surface morphology and transparency

Visual appearance, AFM micrographs and SEM

micrographs of representative networks from TW

and NW are presented below together with corre-

sponding transparency (Fig. 6). The surface morphol-

ogy and the transparency of the fibril networks

differed greatly; all the nanofibril networks derived

from TWCNFs showed lower transparency than those

obtained from the corresponding NW CNFs (Fig. 6d).

In addition, the transparency of the TW CNFs

increased slightly with increasing oxidation time,

whereas that of the NW CNFs exhibited the opposite

behavior. From AFM (Fig. 6b) it is furthermore

apparent that networks from TW CNFs have higher

surface roughness; the RMS roughness values of the

TW and NW CNF networks are 7.3 and 2.6 nm,

respectively. However, the micrographs do not show

many large nanofibrils, which would directly explain

both the decreased viscosity (Fig. 5) and the decreased

transparency (Fig. 6). The reason is that the large

nanofibrils appear among a much larger number of

smaller nanofibrils, which explains these characteris-

tics, as well as the increased roughness of the TWCNF

network, where the surface roughness results from the

presence of larger nanofibrils and aggregates beneath

the surface. The more abundant small nanofibrils

(1–3 nm) would also appear as a coating on the larger

([ 10 nm) ones. Furthermore, the mean densities

(Table S1) of the fibril networks are very similar

(1.23 ± 0.02 and 1.21 ± 0.04 g/cm3 for the TW and

NW networks, respectively) with corresponding

appearance (through SEM) that reveal dense network

characteristics (Fig. 6c). This rules out a significant

contribution to the transparency from variations in

porosity. In addition, the average thicknesses

(Table S1) of the networks were quite similar at

71 ± 16 and 76 ± 6 lm for the TW and NW

networks, respectively.

Thermal analysis

The thermogravimetry and differential thermo-

gravimetry (DTG) curves of the samples (Fig. 7)

show three types of thermal stability depending on the

degree of oxidation. In agreement with other studies of

Fig. 5 a Representative height fluctuations of nanofibrils from

NW along nanofibril (0–500 nm) for an individual thin CNF

(lower left) and corresponding double aggregate (lower right).

b AFM micrograph. The arrows indicate nanofibrils showing

kinking (black) and partial delamination (gray arrows) with the

initial double aggregate (white)
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wood-derived cellulose and TEMPO-oxidized CNFs,

the thermal stability decreases with increasing oxida-

tion time (Lichtenstein and Lavoine 2017). The

bleached wood cellulose degrades in a narrow interval,

as indicated by one distinct peak in the DTG graph.

For TW-CM and NW-CM, two degradation events

appear; the first (T & 250 �C) is from decarboxyla-

tion, which occurs because more carboxyl groups are

present on the nanofibril surfaces (Fukuzumi et al.

2010), resulting in the formation of carbonyl com-

pounds and aromatization. Collapse of the glycosidic

structure has been suggested at 250–350 �C (Lichten-

stein and Lavoine 2017). Interestingly, the second

peak (T & 320 �C) for TW-CM and NW-CM disap-

pears upon further oxidation (TW-C and NW-C). At

more extensive oxidation, the samples likely

Fig. 6 Physical properties of dried nanofibril network fromNW

CNFs and TW CNFs: a visual appearance, with variations in

turbidity apparent (top: NW CNFs, bottom: TW CNFs), b AFM

images of network surfaces with variation in roughness, c SEM

images of surfaces and cross sections of the networks, revealing

their characteristic dense appearance d transparency of the

networks (k = 550 nm)
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approached the initial decarboxylation step, which

seems to appear as a shoulder at the end of the main

initial degradation event for TW-C and NW-C

(T & 250 �C,). In addition, TW-M exhibits slightly

greater thermal stability than NW-M, as the temper-

ature of peak degradation of TW-M is 10 �C higher

than that of NW-M. The more oxidized NW and TW

samples do not exhibit these differences. In fact, TW-

CM seems to exhibit lower thermal stability than NW-

CM. Three degradation events appear for TW-C and

NW-C (see grey arrows, Fig. 7) where the shoulder

close to 207 �C is related to early decarboxylation

events (Lichtenstein and Lavoine 2017).

X-ray diffraction

The x-ray diffractograms of networks made from TW-

CNFs and NW-CNFs are presented below (Fig. 8) and

reveal a similar cellulose I crystal structure as native

cellulose that comprise wood (Andersson et al. 2003).

Larger degree of crystallinity for TW-CNFs than NW-

CNFs (85.9% vs. 78.0%) with a corresponding

increase in crystal size diameter can be seen where

the crystallites for TW approaches 4.0 ± 0.1 nm

compared to the 3.5 ± 0.1 nm of NW. These values

agree with observations that TW-fibrils are thicker and

more crystalline than those from NW (Sawada et al.

2018). The XRD data also supports previously shown

presence of fibril aggregates (Fig. 4). Interestingly, the

relation between dimensions of the crystallites from

XRD does not seem to correlate with the dimensions

obtained for the individual fibrils from AFM. This has

been reported previously and was explained in part

due to the preservation of the Ib structure, though with

a reduction in crystallinity due to the fragmentation at

the (200) plane (Li and Renneckar 2011). Some of the

fibrils that were shown in Figs. 3, 4 and 5 would

according to this hypothesis thus be fragments of the

larger crystallites, for both NW and TW.

Fig. 7 Thermal degradation curves showing mass loss (a) and derivative weight (b) with degradation events highlighted (arrows) for

NW/TW-C and NW/TW-CM

Fig. 8 X-ray diffractograms of representative CNF networks

made from NW-CNFs (blue) and TW-CNFs (blue). The degree

of crystallinity as determined using the height method is also

shown
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Tensile properties

Figure 9 shows the mechanical properties of the

nanofibril networks. The most prominent differences

between the TW and NW samples is that the TW CNF

networks show higher toughness and elongation at

break than the NW CNF networks. The elongation at

break and toughness reach 11.6% and approximately

11.4 MJ/m3, respectively, for the fibrils prepared with

a short oxidation time (TW-CM20), whereas those of

the NW CNF network reach maximum values of 5.5%

and 5.3 MJ/m3, respectively, for NW-CM120. The

stiffness and ductility of TW-CM also change with the

oxidation time, where the fibril network is initially

flexible and tough but becomes more brittle and stiff.

This is especially apparent for TW-CM20, which

indicates that there is an optimal oxidation time for a

given wood sample. As a result, the CNFs form

networks that differ greatly in tensile behavior even

after relatively short oxidation times. Similar behavior

with respect to the oxidation time was not found to be

statistically significant for the NW-CM series (see the

supporting information, table S2–S6, for Tukey’s

HSD output).

The chemically treated NW sample exhibited the

most brittle and stiff networks. The brittleness can be

explained by a large reduction in the DP due to

treatment with TEMPO/NaBr/NaClO (Shibata and

Isogai 2003). The more fibrillated samples have higher

moduli, which have been attributed to increased inter-

fiber bonds within the network (Mao et al. 2017) The

fibril networks in TW-C, in contrast to those in NW-C,

have poor mechanical properties overall owing to the

presence of micron-sized residues (fines and wood cell

wall fragments), which act as defects. The mechanical

properties of the nanofibril network from the mechan-

ically treated CNFs (NW-M) are lower than those of

the chemically–mechanically treated (NW-CM) and

chemically treated (NW-C) networks. A similar

phenomenon has been observed previously (Jonasson

et al. 2020) and indicates the importance of pretreat-

ment before homogenization to obtain enhanced

network properties. Enhanced toughness, which was

observed in the TW CNF networks, has also been

observed for nanofibril networks of high-DP CNFs,

both experimentally (Henriksson et al. 2008; Fuku-

zumi et al. 2013) and theoretically (Meng et al. 2017).

The nanofibril length is preserved in these CNFs

(Shinoda et al. 2012) and thus supports network

formation, resulting in a higher elongation before

failure. This phenomenon has been attributed to an

increase in hydrogen bonds between the CNFs (Zhu

et al. 2015).

Other factors that reportedly affect the toughness of

the networks are (1) the smaller diameter of the CNFs

(Zhu et al. 2015), (2) the porosity (Jonoobi et al. 2012),

(3) the moisture content (Benı́tez et al. 2013), (4) the

orientation of the CNFs (Sehaqui et al. 2012), (5) the

hemicellulose/lignin content (Meng and Wang 2019)

and (6) structural differences due to origin of the

feedstock (Stelte and Sanadi 2009). In this study, the

difference in feedstock structure (G-layer) and hemi-

cellulose/lignin content are likely the main reasons for

the differences between the TW and NW networks. It

is important to note the variations in the composition

of the networks, where hemicelluloses often comprise

a significant portion of the CNF suspension. The

increased hemicellulose content reportedly interferes

with CNF network formation, reducing the toughness

and tensile strength (Arola et al. 2013). This effect

could explain the large variation in toughness between

the TW and NW networks. To investigate this effect,

the tested networks were submerged in NaOH to

extract the hemicellulose (Fig. 10); it was found that

the TW CNFs contain B 84 wt.% cellulose, compared

to only B 70 wt.% in the NWCNFs. This difference is

also expected by the difference in the xylose content of

the rawmaterials (Fig. 2). The obtained residues of the

TW were larger and were more hornified than those of

the NW (Fig. 10). This difference is consistent with

the observed nanofibrillation, as hemicellulose pre-

vents hornification (Iwamoto et al. 2008). The differ-

ences in the cellulose content of the nanofibril network

thus affect the mechanical behavior of the materials in

this study.

Nanomechanical properties

Nanoindentation testing was performed to compare

the hardness of the TW and NW networks and

determine whether the variation in the nanofiber

characteristics affects the properties perpendicular to

the network surface. The results are shown in Fig. 11.

The modulus of the NW networks was 8.0 ± 0.8 GPa,

whereas that of the TW networks was 7.2 ± 0.4 GPa.

The hardness of the NW networks was 0.42 ± 0.07
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GPa, whereas that of the TW network was

0.33 ± 0.01 GPa. The NW networks were thus harder

than the TW networks (p\ 0.05), whereas the mod-

ulus difference was not significant (p\ 0.108).

The lower hardness of some celluloses has been

attributed to reduced lateral bonding (Gindl et al.

2006), which could explain the differences between

these two types of networks. The reduced bonding can

thus be attributed to the presence of larger nanofibrils

in the TW networks. Moduli between 12.4 and 15.1

GPa have been reported for other CNF networks from

similar cellulosic materials (Yildirim and Shaler

2017), and values of 4.7–8.8 GPa have been reported

for cellulose nanocrystal films with a hardness of

0.3–0.5 GPa (Wu et al. 2013). These ranges are similar

to those of the networks observed in this study.

Conclusions

TW and NW from P. tremula (aspen) were subjected

to experimental nanofibrillation by mechanical, chem-

ical, and chemical–mechanical processing, which was

mediated by direct TEMPO oxidation of the milled

wood. The effects of different cellulose content and

Fig. 9 Mechanical properties of networks prepared from mechanically treated (NW-M and TW-M), chemically treated (NW-C and

TW-C), and chemically–mechanically treated (NW-CM and TW-CM) wood samples
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cell structure on the obtained nanofibrils and their

dense networks were studied. The initial TW wood

powder was significantly more difficult to fibrillate

despite having lower lignin and hemicellulose con-

tents. The TW resulted in a higher yield of cellulose

(65 wt.% vs. 51 wt.%) and lower yield of fine CNFs

(21 wt.% vs. 32 wt.%). The smallest structures from

TW had a smaller diameter (1.18 ± 0.35 nm, vs.

1.60 ± 0.36 nm for those from the NW; p\ 0.05).

Less fibrillated aggregates (C 10 nm) were more

abundant in the TW CNFs than in the NW CNFs.

This variation in the fibrillation behavior resulted in

decreased transmittance (21.4% for TW vs. 52.7% for

NW) and viscosity (4.2 mPas for TW vs. 14.5 mPas of

NW) of the TW CNF networks and suspensions,

respectively. The TW CNF networks exhibited more

Fig. 10 Optical microscopy images of nanofibril network

residues (top, NW; bottom, TW) after reconstitution in sodium

hydroxide, which show fibrous components consisting of

various fibers, both hornified nanofibril aggregates and native

wood cells/residue. A higher cellulose yield and larger fibers

appear in the fibril network of TW

Fig. 11 Hardness (left) and modulus (right) of representative networks consisting of NW CNFs (blue) and TW CNFs (red). The TW

CNF networks are significantly softer
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pronounced hornification with higher crystallinity

(85.9% vs. 78.0%) and a larger crystallite size

(4.0 nm vs. 3.5 nm). The toughness (11.6 MJ/m3)

and strain at break (11.4%) of the TW CNF networks

were substantially higher than those of the NW CNF

networks (3 MJ/m3 and 3%, respectively). The NW

also yielded networks with a hardness and stiffness of

0.42 ± 0.07 and 8.7 ± 0.90 GPa, respectively, com-

pared to values of 0.33 ± 0.01 and 7.9 ± 0.44 GPa for

the TW networks. The high cellulose content, crys-

tallinity and more recalcitrant microfibril aggregates

of TW balance the enhanced performance of the

networks expected from the higher degree of fibrilla-

tion for the NW cellulose. These results demonstrate

that key characteristics of feedstocks should be

considered when correlating systematic differences

in wood properties with cellulose and nanofibril

behavior using conventional nanocellulose character-

ization techniques and experimental designs.
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