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ABSTRACT

Today's materials research aims at superior mechanical performance in combination with
advanced functionality. In this regard great progress has been made in tailoring materials by
assembly processes in bottom-up approaches. In the field of wood-derived materials, nanocellulose
research has gained increasing attention and materials with advanced properties were developed.
However, there are still unresolved issues concerning upscaling for large scale applications.
Alternatively, the sophisticated hierarchical scaffold of wood can be utilized in a top-down
approach to upscale functionalization and one can profit at the same time from its renewable

nature, CO: storing capacity, light weight and good mechanical performance. Nevertheless, for



bulk wood materials a wider multi-purpose industrial use is so far impeded by concerns regarding
durability, natural heterogeneity as well as limitations in terms of functionalization, processing
and shaping. Here we present a novel cellulose material concept, based on delignification and
densification of wood resulting in a high performance material. A delignification process using
hydrogen peroxide and acetic acid was optimized to delignify entire wooden blocks and to retain
the highly beneficial structural directionality of wood. In a subsequent step, these cellulosic blocks
were densified in a process combining compression and lateral shear in order to gain a very
compact cellulosic material with entangled fibres while retaining unidirectional fibre orientation.
The cellulose materials obtained by different densification protocols were structurally, chemically
and mechanically characterized revealing superior mechanical performance compared to native
wood. Furthermore, after delignification the cellulose material can be easily formed into different

shapes and the delignification facilitates functionalization of the bio-scaffold.

INTRODUCTION

In producing wood, trees provide an excellent renewable biomaterial comprising high specific
strength and stiffness.® The hierarchical structure and fibrous architecture with aligned fibers,
which are composed of rigid cell walls that consist of high-strength cellulose fibrils embedded in
a pliant matrix of hemicelluloses and lignin, has been a great source of inspiration for the design
of engineered composites.? In recent years, there has been an increasing number of publications
that report on the functionalization of the sophisticated wood structure to develop materials with
novel properties,® including transparency,* magnetism® electrical properties,® stimuli-
responsiveness’ as well as for filtration and oil-water separation purposes.® These are so far mainly

fundamental works that show the principle approach and the application potential, but for a broader



utilization and implementation of such wood materials in high-end applications certain limitations
need to be overcome. These mainly arise from the heterogeneity of the wood substrate, causing a
low reliability in terms of material properties and little control of the efficacy of the

functionalization.

Since wood is the product of a natural growth process influenced by environmental factors, its
tissue structure, and hence density can vary substantially within a species and even within a trunk
of an individual tree. Furthermore, mechanical adaptations during the life of the tree at the tissue
and fiber level or the presence of natural features such as knots result in additional variability,
which leads to concerns regarding the reliability of wood, respectively predictability in high-
performance applications. A prominent process to achieve a higher homogeneity of wood and to
preserve the structural directionality is densification, since the density is one of the dominating
factors dictating mechanical properties.® Wood samples can be compressed to reach high and
homogenous density levels accompanied by significant mechanical property improvements.
Partial delignification of wood facilitates densification processes and infiltration with resins can

result in strong natural fibre-reinforced composites.!*

Moreover, it is difficult to functionalize the compact wood cell wall. Thus only a very limited
number of bulk wood modifications have been successfully commercialized,*? while with many
other approaches, property improvements could only be achieved by rather complex chemistries.*?
Hence, in the last two decades a strong focus has been laid on the decomposition of wood down to
the nanoscale, enabling the use of delignified cellulosic material including nanofibrillated cellulose
and cellulose nanocrystals. The utilization of this type of cellulose materials further allows for the
application of simple and versatile functionalization approaches.* ¢ 15 However, so far it is a

great challenge to transfer the mechanical performance of the individual units to the bulk



composite material as fibre re-orientation and assembly are difficult to achieve. Although great
- - - - - - - 16 -

progress was made towards nanocellulose re-orientation in micro-fluidic devices™ and in 3D- or

even 4D-printing processes,’ it remains a challenge to achieve nanocellulose-based materials with

excellent mechanical performance at the macroscale.

Here we present a novel cellulose material, which was obtained by a subsequent combination of
delignification and densification while retaining the beneficial hierarchical structure and fiber
directionality of wood.’® The obtained cellulose material was structurally, chemically and
mechanically characterized at different length scales as illustrated in Figure 1. For mechanical
analysis at the macroscopic level tensile tests were conducted and the influence of densification
on the folding behavior of earlywood cells was examined by light microscopy and SEM at the
tissue level. Structural changes at the cell wall level due to delignification and densification were

studied on latewood cells by AFM measurements.



Macroscopic

Tissue

celliwall

Cell wall

cell corner

Figure 1. Delignification of native wood (a, d, g) results in a white cellulose scaffold (b, e). The
matrix lignin is removed between the cells (e) and in the cell wall, which results in a flexible cell
wall (h). Densification of the delignified cellulose scaffold (c) results in a homogenous folding of

the earlywood cells (f) and in wrinkling of latewood cells (i).

EXPERIMENTAL SECTION
Delignification procedure. Norway spruce samples were cut to the dimensions 100 x 10 x 20 mm?®

(longitudinal x radial x tangential). Eight samples per variant were cut from the same height in the



trunk from matched positions in order to obtain similar growth ring patterns. The pieces were
stored at 20 °C/65 % rel. humidity before treatment. Afterwards, the wood samples were placed
into a beaker on top of a metal-grid sample holder. An equal-volume mixture of hydrogen peroxide
solution (35 wt-%, Acros Organics) and glacial acetic acid (Fisher Chemicals) was prepared. The
wood pieces were infiltrated over night at room temperature under stirring. The solution was then
heated and the pieces were delignified for 6 h at 80 °C. Infiltration (overnight) and delignification
(6 h, 80 °C) processes were repeated once with a fresh HO2-HAC solution.® After delignification,
the samples were washed in water with an exchange of the water for five times daily until the pH
value of the water was above 4.5. To retain the structural integrity of the samples, they were
confined in a metal-grid clamp during the washing step. After washing, samples were conditioned

until a constant mass was obtained.

Weight loss, volume loss, density. Mass and volume of the samples were measured before and after
the delignification step and after densification. Measurements were conducted after conditioning
the samples at 65% relative humidity. Comparing mass and volume of native wood to the values
obtained for the delignified cellulose scaffolds allowed for calculating the weight and volume loss

and the change in density caused by the delignification.

Fourier transform infrared (FTIR) spectroscopy. Thin slices of delignified wood pieces were
analyzed with a FT-IR spectrometer (Bruker Tensor 27). Spectra were baseline corrected (concave

rubberband) and normalized (min/max) in the OPUS software and plotted in Origin 2016.

Densification procedure. Delignified wood pieces were densified in radial direction using a
universal testing machine (Zwick Roell, 100 kN load cell) in compression mode.'® A punch was

pressed stepwise (1 mm compression, 15 s waiting time) into the mold containing the specimen



(100 x 20 mm?). Prior to densification the delignified wood pieces were either conditioned at 20°C
and 65% relative humidity or at 20°C and 95% relative humidity. During the densification process
the specimens were compressed from an initial thickness of 10 mm to a final thickness of 3.5 mm
for low force (LF) densification and of 2.5 mm for high force (HF) densification (see Figure S1
for the force and displacement regime of the latter). For both moisture contents and force
conditions an additional lateral movement of the punch was applied during compression. This
lateral movement was induced by an air compressor gun (2 bar) connected to the punch. After
densification, the densified pieces were conditioned at 20 °C/65 % relative humidity. For each
variant, seven samples were used for tensile testing and the remaining sample was used for
characterization by light microscopy and SEM. As an additional reference, native wood was

densified resulting in a thickness of the specimens of approximately 5.5 mm.

Tensile testing. The outer parts of the edges were cut and the specimens were grinded (sandpaper
grit size 200 & 600) to achieve regular cross-sections prior to testing of the tensile properties of
the specimens in a Zwick Roell (100 kN load cell). The distance between the clamps was
determined with 36 mm and the displacement was measured with a video extensometer, detecting
two indicator strips placed on the specimen surface with an initial distance of 25 mm. The tests
were conducted at 20°C and 65% relative humidity at a speed of 5 mm/min until a 30 % force drop
after the maximal force (Fmax) had been reached. The tensile strength and the tensile modulus
were calculated based on Fmax and on the slope between 10 % - 30 % of Fmax, respectively. The
work until fracture was calculated as the integral of the force-distance curve until failure of the

sample.

Microtome & Ultramicrotome Cutting. The samples surfaces characterized by light microscopy

(Olympus BX51) and AFM (JPK Instruments AG) were prepared using a rotary microtome (Leica



Ultracut, Germany). Samples for AFM measurements were additionally cut using an

ultramicrotome (Reichert Jung-Ultracut) with a diamond knife (Diatome).

Atomic force microscopy (AFM). AFM imaging was performed using a NanoWizard 4 (JPK
Instruments AG) in the Quantitative Imaging mode (QI) at 20 °C and 65% relative humidity.?° The
resolution was set to 256 x 256 pixels and the scan size was 20 x 20 um. A non-contact cantilever
(NCHR, NanoWorld, resonance frequency 320 kHz) with a silicon probe was used. The setpoint
was set to 60 nN, the z-length to 100 nm and the pixel time was set to 12 ms. Calibration of the
cantilever was done with the thermal noise method. The generated images were processed with the

JPK image processing software (JPK Instruments AG).

Scanning electron microscopy (SEM). Delignified and densified wood pieces were coated with a
sputter coater (CCU-010, Safematic, Switzerland). A Pt-Pd (80/20) coating of ~6 nm thickness

was applied. For the measurements a Hitachi SU5000 was used.

RESULTS AND DISCUSSION

In a first step, spruce wood was delignified with an equal-volume mixture of hydrogen peroxide
and acetic acid,'® removing all lignin and parts of the hemicelluloses as can be seen in terms of

changes of respective peaks in the IR spectra (Figure 2).
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Figure 2. FTIR spectra of native and delignified spruce wood samples in the spectral range from
1800 to 900 cm!. The absence of characteristic lignin peaks at 1593 cm™!, 1460 cm™, 1509 cm’!
(aromatic skeletal vibration) and 1264 cm™ (guaiacyl ring breathing with CO stretching)! confirm
a complete removal of lignin. Changes in the area from 1200 to 1000 cm™!' mainly arise from the

reduction of hemicelluloses.

The complete lignin removal can be directly concluded from the entire absence of the lignin
specific IR bands, whereas changes in hemicelluloses are obvious in the spectral range from
1000 1/cm — 1200 1/cm, but a detailed quantification of the content is limited because of the
partial overlap with cellulose bands. However, the loss of hemicelluloses can be estimated by
taking the total mass loss of 40% during delignification into account (Fig S2). According to
literature values, spruce wood consists of ~31% hemicelluloses and ~28% lignin,?* which results
in a reduction of hemicellulose content of around one-third. Moreover, the densification process
does not only result in a mass reduction but also in a volume loss of more than 20% (Figure 3b,

and S2). It can be assumed that this leads in total to a higher porosity of the specimens, as the



entire density is reduced from 440 kg/ms3 in the native state to 330 kg/m? in the delignified state,

respectively.

In a subsequent step, the cellulose material was densified to a defined thickness, while
simultaneously applying lateral shear.’® Two different densification levels termed low force
densification and high force densification were applied and distinguished on the basis of the
targeted and achieved sample height after the densification. Furthermore, the densification was
conducted at two different equilibrium moisture contents adjusted at 65% relative humidity and
95 % relative humidity, respectively. Figure 3 shows the forces that were applied to achieve the

targeted specimen heights and the resulting densities in all tested sample categories.
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The delignification process facilitates cell collapse during densification,*'® most probably due to a
reduction of the transverse rigidity of the cell walls. Delignified cells were smoothly compressed
and almost no cracks could be observed in the cell walls, whereas densified native (lignified) wood
showed extensive cell wall cracking, in particular in the latewood region (Fig. S3). After
delignification and low force densification a cell folding of the thin-walled earlywood cells could
be observed (Fig. 4). Highly compressed latewood regions were only found after high force

densification.

Figure 4. SEM images of earlywood (a,b,c¢) and latewood (d,e,f) cell walls before densification
(a,d) and after low force densification (b,e) and high force densification (¢,f) with applying lateral

shear.

The combination of compressive and lateral shear forces affected the structural organization of

the cellulose material at two hierarchical levels. Light microscopy images showing the cell and

11



tissue level, reveal in agreement with the SEM investigations, that a densification at low-force
after equilibration at 65 % relative humidity, resulted in a collapse of the earlywood cells, but
that the more compact latewood cells were not fully compressed. A zoom in the earlywood zone
reveals a very regular transverse folding of cells at the tissue level (Figure 5b), whereas for
specimens that were densified without applying lateral shear, a more irregular and uneven cell
collapse was found (Figure 5e). Additionally, the shear affected the mode of cell wall
deformation during the process. AFM studies showed that the thick cell walls of samples that
were densified without lateral shear were more wrinkled and distorted while the samples that

were densified with lateral shear possessed more smoothly compressed cell walls (Figure 5c,f).
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Figure 5. Delignified specimen densified at low-force after equilibration at 65 % relative humidity.

A zoom into earlywood region by light microscopy (b,e) shows that folding of earlywood cells is

more homogenous, when lateral shear is applied during densification. AFM images of densified
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latewood cells with shear (¢) and without shear (f) during densification reveal the smoothening

effect of shearing on the cell wall level.

Tensile tests of the cellulose specimens show that remarkable material properties can be achieved.
It is important to emphasize that the tested samples were totally resin-free and therefore only the
bond forces between the aligned cells and cellulose fibrils were decisive. The different levels of

densification and relative humidity affected the obtained mechanical properties (Figure 6).
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Figure 6. Mechanical characterisation of the reference samples (native, native densified) and of
shear assisted densified cellulose scaffolds conditioned at 20°C and 65% relative humidity by

longitudinal tensile tests. a, Representative stress-strain curves for each treatment. b, Work until
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fracture (b: n=8 for native; n=5 for native densified, LF/65%, LF/95%; n=7 for HF/65%, n=6 for
HF/95%). ¢, Elastic modulus. d, Strength. e, Specific elastic modulus. f, Specific strength (c-f:

n=8 for native; n=6 for native densified; n=5 for LF/65%; n=7 for LF/95%, HF/65%, HF/95%).

The stress-strain curves of representative tests show the severe impact of the densification
treatment on the mechanical behavior (Fig. 6a). A comparison of the elastic moduli of the samples
indicated that compression with higher forces results in higher values and that higher humidity
levels are favorable and hence superior properties are achieved by a strong densification of samples
conditioned at high relative humidity (95% RH) (Figure 6c¢). A very similar trend was obtained for
the tensile strength, again showing that strong densification is superior to light densification and
that a compression at high humidity levels outperforms compression at low humidity levels (Figure
6d). Remarkably, in comparison to native spruce (Young's modulus ~13 GPa, tensile strength ~80
MPa) an up to three times higher stiffness could be achieved and also the tensile strength was
succeeded by a factor of three for the highly densified samples. Contrary the application of the
same densification protocol to native spruce resulted in a loss in elastic modulus and a moderate
increase in strength, underlining the crucial relevance of the delignification for the loss of
transverse cell wall rigidity in this particular process. Eliminating the influence of density
differences by calculating the specific elastic moduli and the specific tensile strengths (Fig 6e,f)
shows that material improvements can particularly be achieved for specimens densified at high

humidity and high compression forces.

Furthermore, the work until fracture of the cellulose materials was calculated on the basis of the
tensile tests (Fig 6b). These calculations could only consider the mechanical response until a strain
at which the two indicator strips on the specimen surface for displacement detection were

misaligned due to fracture events. However, the obtained results indicate that the cellulose
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materials compressed with high force reach higher values compared to the specimens compressed
with low force. The densified native wood specimens reached work until fracture values similar to
the delignified specimens compressed at high force, but their elastic modulus was much lower.
This interrelation can be illustrated by comparing the sample categories on the basis of elastic

moduli and work until fracture (Fig. 7)
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Figure 7. Comparison of elastic modulus and work until fracture of the different categories of
cellulose material. All error bars represent the standard deviation (n=8 for native; n=5 for native

densified, LF/65%, LF/95%; n=7 for HF/65%, n=6 for HF/95%).

The comparison in Figure 7 shows that the applied delignification and densification protocols
allow for producing cellulose materials with a highly desired material property combination of
improved stiffness and toughness. In particular the specimens that were densified with high force
at high moisture content show superior properties for both mechanical parameters. This
combination can be found in several biological systems (e.g. bone),? but a transfer to engineering

materials is challenging.
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Besides the improved mechanical performance, the material concept has the major advantage that
the delignified samples can be easily deformed and elements with different shapes and complex

geometries can be produced by non-cutting processes (Figure 8).

Figure 8. Elements of different shapes and geometries with perfectly aligned fibers. a,e, curved.
b, twisted. ¢, graded. d,f, branched. The structures can be manufactured by simply forming the

cellulose scaffold in wet state.

Remarkably, even for high curvatures the fibers are kept perfectly oriented related to the
distribution of forces and no fibers need to be cut as known to be common in current wood
processing techniques. This makes curved or twisted structures (Figure 8) more mechanically
robust and vast applicable as load-bearing elements. Further, the material’s flexibility also allows
for easily designing connections that fully respect fiber alignment, as it is known for many

biological role models, for instance in tree or cacti branching.?® Connecting fibrous elements has

17



ever been a challenge in fiber composite design, as an interweaving of fibers is needed to
sufficiently transfer forces between two connected elements. Moreover, the level of densification
can be easily varied within individual elements, for the design of composites with gradual
alterations in height, density and stiffness.

The here presented cellulose materials have been fabricated without the addition of an adhesive
system. However, considering the effect of delignification, an eased insertion of thermoplastics or
thermosets into the cellulose scaffolds can be expected. Such an insertion would most likely
provide higher strength and toughness. Although the individual crystalline cellulose unit possesses
a very high stiffness and strength?* and also single plant fibers from hemp, flax or bamboo are
known for exceptional tensile properties,?® it remains a challenge to transfer these performances
to the macroscopic composites. There are only a few examples, like bamboo-epoxy composites or
wood polymer composites that have reached superior mechanical properties.*™ 26 Natural fibre
composites that are based on embedding single fibres in a matrix have by far lower stiffnesses and
strengths,?” which clearly shows the advantage in retaining the natural fibre assembly for the
production of bio-based engineering composites. Hence, the presented novel cellulose composites
represent an important step forward towards high performance load bearing applications based on

renewable lignocellulosic materials.

CONCLUSION.

A novel cellulose material was developed in a stepwise process of delignification and subsequent
shear assisted densification, which resulted in a fibre folding and improved mechanical
performance. Even without adding a matrix system the obtained mechanical properties were

superior to wood and many other natural fibre-reinforced composites. For the strongly densified
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95% RH samples an average elastic modulus of ~40 GPa and a tensile strength of ~300 MPa were
reached. This is accompanied by a high work until fracture, which in combination with the high
stiffness is highly desired. Furthermore, the composites can be easily pre-formed to different
shapes and the delignification facilitates functionalization treatments. Based on the mechanical
performances obtained and in view of their origin from a highly abundant and renewable resource,

these sustainable cellulose materials are predestined for novel fibre-reinforced biocomposites.
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