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Abstract 
 
One of the biggest challenges in theoretical physics has been the unification 
of the theory of General Relativity, which deals with macroscopic scales, and 
quantum mechanics, which deals with very small (typically atomic) scales. A 
reinterpretation of the underlying assumptions around General Relativity and 
Quantum Mechanics by Laurent Nottale has over an extended period led to 
the development of a common set of underlying principles between the two 
approaches and an integrated theory known as “Scale relativity” (Nottale, 
2011). 

The paper aims to inform a multidisciplinary audience of the new conceptual 
approach.  It starts with two basic principles: 

• The structure of space is not differentiable but fractal (at all scales), the 
fractal dimension of space being related to the scale at which at which 
it is viewed (e.g. The Plank scale (10-23cm through to cosmological 
scales (1023cm).  

• The smaller the scale the greater the subsequent “chaotic” state of 
space and any matter that interacts with it.  When one considers a 
fractal line, the smaller the scale at which you look at it, the longer the 
line gets.  At an infinitely small scale you get an infinitely long curve.  

In simple terms the fractal structure (or scaffold) of space has an impact on 
the trajectory of a particle traveling through space, with different scales (size 
of particle) having different outcomes. 

Examples of different outcomes:   

A particle at the large scale such as an asteroid travelling through space will 
follow an apparently smooth, continuous trajectory through the geodesics of 
space-time as predicted by General Relativity. Although space is fractal at all 
scales the classical differential component is dominant at large scales. I.e. the 
fractal component still exists within the classical differentiable domain, without 
any limit, but is masked by the classical contribution, which equates to a 
fractal dimension of 1 (DF=1).   

At small scales the reverse situation is true with small particles such as 
electrons following quantum like trajectories described by the Schrodinger 
wave equation, which are in fact fractal trajectories.  It has been shown by 



Feynman and confirmed by a number of authors (Nottale 2011), that typical 
quantum mechanical paths that contribute to the path integral are of fractal 
dimension 2 (DF=2).  In other words, at small scales the fractal component is 
dominant.   

The fractal dimension 2 is typical of uncorrelated motion (e.g. Brownian 
motion).  A fractal dimension of less than 2 (DF <2) corresponds to correlated 
motion, whilst a fractal dimension of more than 2 corresponds to anti-
correlated motion. 

The fractal to non-fractal transition normally occurs at the “de Broglie” scale of 
classical to quantum transition.  The hypothesis being that as particles reduce 
to below a certain threshold their trajectories become increasingly influenced 
by the fractal geometry (quantum fuzziness) of space.   

The hypothesis explains why matter at the molecular scale, typically self 
assembles into fractal structures that we see in both biological and inorganic 
systems which are driven by the underlying dynamics of space-time.    This 
principle is demonstrated through the modeling of these self-assembly 
processes using a “macroscopic Schrodinger process”. A complex wave 
function is constructed and then the Schrodinger equation is derived as the 
integral of the geodesic equation of a fractal space.  The geodesic equation of 
motion one obtains when the fractal dimension is not equal to 2 is a scale 
dependent form of the Schrodinger equation.  However, when DF=2 the 
explicit scale dependence disappears and one gets the standard form of the 
Schrodinger equation.  

The paper gives examples of some of L Nottale’s earlier work using the 
Schrodinger process to model the structure of flowers with sepals, petals and 
stamen.  Figure 1a shows an example of a basic flower structure along with a 
picture (figure 1b) of Platycodon (campanulacea) with which it has some 
similarities ! 

Figure 1a          Figure 1b 

Schrödinger flower.                         Platycodon (campanulacea) 

 



Work at a number of levels demonstrates quite clearly that what we have 
traditionally seen as biological structures are in fact driven by underlying 
physical processes.   

Recent electron microscopy studies (Turner et al 2011) have shown that the 
nanoscale structure of the wood cell wall is incredibly complex with different 
fractal (and sometimes linear) structures being formed.  The level of 
complexity within a single cell appears to be as great as that in the whole tree, 
often with repeated structures at different scales.  The final section of the 
paper outlines ideas for the next stage of work using the macroscopic 
Schrodinger process.  The aim is to model, from first principles, the different 
complex biopolymer structures found within the cell wall.  The modeling 
process will then be extended to whole cells and larger scale structures.  In 
parallel with this work it is anticipated that the modeling work will be extended 
to explore the simulation of new structures from different biopolymers as a 
precursor to synthesis of some of these structures within the laboratory.  It is 
hoped that this knowledge will eventually lead to the development of a new 
platform for the development of materials from biopolymers. 
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Plant cell wall polysaccharides, constituting 
up to two thirds of wood mass, determine 
many of the properties of timber, paper and 
pulp. Sugars from plant cell wall 
polysaccharides could provide large 
resources for biorefining of renewable 
products. There are many issues with the 
use of biomass from different plants, 
including the difficulty in extracting and 
separating the lignin from the 
polysaccharides, separating the 
polysaccharides, and converting 
polysaccharides to monosaccharides.  
 
From a biological perspective, we do not 
sufficiently understand the role of the 
different plant cell wall components and 
therefore is unclear what potential exists to 
select plants with desired polymer 
composition. Moreover, we do not 
understand sufficiently the nanoscale 
architecture or arrangement of the polymers 
in the cell wall, or the molecular linkages 
between the different components. 
 
To address these questions, molecular 
genetics can be used to manipulate cell wall 
composition. The properties of the resulting 
materials can be studied, illuminating the 
biological importance of the components, 
and their influence on cell wall properties. 
 

This research area is in its infancy because 
of the difficulty in discovering the genetic 
control of cell wall synthesis. In recent 
years, we have used the model plant 
Arabidopsis, which has secondary cell walls 
with many of the properties of hardwood 
cell walls. We are discovering the processes 
of cell wall synthesis, manipulating them, 
and studying the consequences for plant 
growth and for processing.  
 
Most plant cell wall polysaccharides are 
synthesized in the Golgi apparatus by a 
largely unknown set of enzymes. We make 
mutant plants lacking individual enzymes. 
We are studying the corresponding mutant 
plants using our enzymatic polysaccharide 
profiling technique PACE, which reveals 
structure and quantity of oligosaccharides 
released by cell wall polysaccharide 
digestion. Polysaccharide fine structure can 
also be studied by mass spectrometry and 
NMR. We have been able to make plants 
with reduced content of xylans or 
glucomannan. We have also made plants 
with altered sugar decorations of the xylan.  
 
It is proposed that studies of cell wall 
nanoarchitecture and processing using these 
plants will reveal important clues to aid 
improvement of processing of wood. 
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Abstract 
A new, robust method for measuring the average pore size of water-swollen, cellulose I rich 
fibres has been developed. This method is based on the results of solid state NMR, which 
measures the specific surface area [m2/g] of water-swollen samples, and on the fibre 
saturation point (FSP) method, which measures the pore volume [water mass/solid mass] of 
water-swollen samples. These results can be combined since they are both recorded for water-
swollen fibres in the presence of an excess of water, and allows for the calculation of an 
average pore size that is not dependent on any assumption of pore geometry. The new method 
was applied to three model samples and reasonable average pore sizes were obtained 
compared to earlier published values for similar fibers. 
 
Background 
Different processes are today used to isolate cellulose I rich plant fibers. During these 
processes, for example the Kraft and dissolving pulp processes, the non-cellulose components 
are removed to varying degrees leaving the cellulose I rich fiber wall as an open porous 
structure with a specific surface area of approximately 100 m2/g. The open porous structure of 
the fiber wall is maintained as long as the delignified fibers are kept in water but the open 
structure collapses during drying and the specific surface area decreases to about 1 m2/g for 
air dried fibers (Stone et al 1967). The specific surface area and fiber wall porosity are two 
important features of cellulose I rich fibers in water swollen state and they affect the 
suitability of fibers in different end products. Further, the chemical reactivity of the fiber wall 
components is affected by both the local structure and the chemistry of the fibril surface and 
by the accessibility towards reagents. The characterization of the supramolecular structure is 
thus important in order to fully explore the possible uses for the fibers.  
 
In order to get a full description of the supramolecular structure, it is desirable to determine 
both the specific surface area and the size of the pores in the fiber wall. Solid state NMR has 
been used earlier to determine the lateral fibril dimension (LFD) and lateral fibril aggregate 
dimension (LFAD) of cellulose I rich compounds (Larsson et al. 1997, Wickholm et al 1998). 
The LFAD determined by NMR can be used to calculate the specific surface area of the 
samples in the water swollen state (Chunilall et al. 2010). One advantage of the LFD and 
LFAD measures obtained from solid state carbon-13 NMR measurements are their statistical 
robustness. The LFD and LFAD measures are the result of a significant averaging process, 
yielding stable average values. Typically, the average fiber wall pore size is difficult to 
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determine with good statistical accuracy, partly due to the small dimensions of the pores (in 
the order of one to of tenths of nanometers), and the relative mechanical weakness or softness 
of the water swollen fiber wall. However, one method is available that can give stable 
estimates of the total fiber wall pore volume. This is the method for Fiber Saturation Point 
(FSP) measurements developed by Stone and Scallan (Stone et al 1967). Furthermore, 
specific surface areas computed form NMR results and FSP measurements can be combined 
for the purpose of calculating an average fiber wall pore size since both the specific surface 
area and the average pore size can be measured on the same system while in identical states, 
i.e. water swollen and in the presence of an excess of water.  
 
In this paper, a new method to determine the pore size of water swollen delignified wood 
fibers in an excess of water is presented. The developed method is a combination of solid state 
NMR, measuring the specific surface area [m2/g], and the fiber saturation point method, 
measuring the pore volume in the fiber wall [water mass/ solid mass] of water swollen 
samples. By combining the methods the average pore size can be determined without the need 
for any assumptions regarding pore geometry. 
The pore size has been measured for three different samples, all plant fibers with high 
cellulose content, including never-dried and dried and re-swollen fibers. The method displays 
average pore size values in agreement with the range expected for typical fiber wall pore sizes 
(Duchesne et al. 1999).   
 
Results and discussion 
This estimation of specific surface area is based on the same underlying assumptions used for 
estimating the LFAD of cellulose I, and hence also benefits from the stability and 
reproducibility of the NMR measurements. The specific surface area is computed by the 
following expression:  
 

  𝜎!"# =
!
!!!

     [1] 

 
Where σsat is the specific surface area in the water-swollen state (m2/kg), a is the lateral 
dimension of the cellulose I fibril aggregate (assumed to have a square cross-section, and 
measured in meters), and ρS is the density of cellulose I (1500 kg m–3). FSP determination is a 
technique for measuring the total mass of water present in the fiber wall pores in the presence 
of excess water. FSP measurement can be made reasonably stable by establishing a suitable 
experimental protocol, by using optical rotation for concentration determinations, optimizing 
the liquid-to-solid ratios and sample amounts, and measuring a series of replicates.  

 
Figure 1 Simplified image of a water-filled fibre wall pore 

Fig. 1 (and Eqn. 2 below) illustrates how the NMR and FSP methods can be combined to 
calculate the average pore size. The water filling the fiber wall pores (measured using FSP 
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[water mass/solid mass]) will form a layer of thickness t if spread over all available surface 
area in the fiber wall (measured using NMR [m2/g]). The average pore size can be estimated 
as two times the thickness of the water layer covering the fiber wall surfaces.  
Fig. 1 shows a simplified image of a fiber wall pore. From this simple image it is obvious that 
when the pore system is completely water filled, the water–solid phase boundary equals the 
specific surface area as determined using NMR from spectra recorded on water-saturated 
cellulose-rich fibers. Hence, by measuring the FSP and the specific surface (using NMR) of 
the same sample material, stable estimates of the fiber wall average pore size can be obtained. 
Mathematically, this can be expressed by the following, simple derivation:   
  
𝐹𝑆𝑃 = 𝑡𝜎!"#𝜌!      [2] 
 
where FSP is the fiber saturation point value (water mass/solid mass) as determined using the 
method of Stone and Scallan (Stone et al 1967), σsat the specific surface area in the water-
swollen state (m2/kg), obtained from NMR measurements according to Eqn. 1, ρL the density 
of the liquid filling the pores (1000 kg/m3 in the case of water), and t the thickness (meters) of 
the water layer assumed to cover the surface area in a homogeneous fashion.  
A convention introduced here is to report average pore size as 2t, relatable to average pore 
diameters as measured by other methods. Once the FSP value and the specific surface area are 
experimentally determined, the average pore size (2 t) can be computed by: 
    
2𝑡 = !(!"#)

!!"#!!
      [3] 

 
The concept of average pore size is essentially defined by Equation 3, and it can be noted that 
the introduced measure of average pore size is defined without the need to introduce any 
assumptions about pore shape geometry.  
 
Table 1 Measured and calculated properties of the sample materials. LFAD stands for lateral fibril aggregate 
dimension, SSA stands for specific surface area as determined with NMR. Values in parentheses are one 
standard error. Samples marked with an asterisk (*) are never-dried samples.  The pulps used are D* - a never-
dried softwood dissolving pulp, S* - a never-dried hardwood dissolving pulp, and L – dried and rewetted cotton 
linters. All fibres materials are high purity cellulose fibres with glucose content above 96 % according to sugar 
analysis.  

  Water-swollen state 

Sample  FSP 
NMR 
SSA 

NMR 
LFAD 

Average 
pore size 

2t 

  (g/g) (m2/g) (nm) (nm) 
D* 0.94 (0.06) 158 (4) 16.9 (0.4) 11.9 (0.8) 

S* 1.05 (0.03) 152 (3) 17.5 (0.4) 13.7 (0.5) 

L 0.21 (0.08) 83 (3) 32.2 (1.3) 5.0 (2.0) 
 
Table 1 shows the results obtained when calculating average pore sizes according to Equation 
3. The average pore sizes obtained by combining NMR and FSP results are in the range 
typically expected for cellulosic fiber wall pores (Duchesne et al. 1999).  
 
   
Conclusions 
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A new, robust method for measuring the average pore size of water-swollen, cellulose I rich 
fibres has been developed. This method is based on the results of solid state NMR, which 
measures the specific surface area [m2/g] of water-swollen samples, and on the fibre 
saturation point (FSP) method, which measures the pore volume [water mass/solid mass] of 
water-swollen samples. These results can be combined since they are both recorded on water-
swollen fibres in the presence of an excess of water, and allows for the calculation of an 
average pore size that is not dependent on any assumption of pore geometry. The new method 
was used for three model samples and reasonable average pore size measures were obtained 
for all of them as compared with earlier published pore sizes for similar fibres (Duchesne et 
al. 1999).  
 
Literature 
Duchesne, I. and Daniel, G., The ultrastructure of wood fiber surfaces as shown by a variety 
of microscopical methods, Nordic Pulp Paper Res. J. 14,129-139 (1999) 
 
Stone, J. E.; Scallan, A. M., The effect of component removal upon the porous structure of the 
cell wall of wood. II. Swelling in water and the fiber saturation point. Tappi 50(10), 496-501 
(1967) 
 
Larsson, P. T., Wickholm, K. and Iversen, T., A CP/MAS 13C-NMR investigation of 
molecular ordering in celluloses. Carbohydrate Research 302, 19-25 (1997) 
 
Wickholm, K., Larsson, P. T., and Iversen, T., Assignment of non-crystalline forms in 
cellulose I by CP/MAS 13C-NMR spectroscopy. Carbohydrate Research 312, 123-129 (1998) 
 
Chunilall, V., Bush, T., Larsson, P. T., Iversen, T. and Kindness, A., Controlling cellulose 
fibril aggregation of Eucalyptus dissolving pulp samples. Holzforschung. 64(6) 693–698 
(2010) 
 
Appendix: some experimental details 
The CP/MAS 13C-NMR spectra were recorded in a Bruker Avance III AQS 400 SB 
instrument operating at 9.4 T. All measurements were made at 295 (±1) K with a MAS rate of 
10 kHz. A 4-mm double air-bearing probe was used. Acquisition was performed using a CP 
pulse sequence, i.e., a 2.95 microseconds proton 90o pulse and an 800 microseconds ramped 
(100–50%) falling contact pulse, with a 2.5 seconds delay between repetitions. A SPINAL64 
pulse sequence was used for 1H decoupling. All computations are based on integrated signal 
intensities as obtained from the spectral fitting (Larsson et al. 1997). Cellulose I-specific 
surface area was calculated from the lateral fibril aggregate dimensions by assigning a density 
of 1500 kg/m3 to cellulose I. FSP measurements were made according to Stone and Scallan 
(Stone et al 1967) Water-swollen sample material of known solids content was mixed with a 
dextran solution of known concentration. The mixture was left for 3 days to equilibrate, 
subsequently a liquid sample was taken and the dextran concentration of the sample was 
determined using the optical rotation of polarized light measured by a Polartronic NH8 
polarimeter (Schmidt+Haensch, Berlin, Germany) operating at 589 nm with a resolution of 
0.005 degrees. Dynamic light scattering was used to determine the hydrodynamic diameter of 
the dextran molecule at high dilution in deionized water. The hydrodynamic diameter was 
found to be 101±2 nm with a polydispersity index of 0.2. Based on the determined size of the 
dextran used, the FSP results obtained were interpreted as representing liquid contained in 
pores under approximately 100 nm in diameter. The FSP value was expressed as the 
dimensionless ratio of the mass of pore water divided by the dry solids mass (g/g). 



Analytical	  tools	  in	  lignin	  characterization:	  advances	  and	  challenges	  
Claudia	  Crestini	  
Dipartimento	   di	   Scienze	   e	   Tecnologie	   Chimiche,	   Tor	   Vergata	   University,	   Via	   della	   Ricerca	  
Scientifica,	  00133,	  Rome,	  Italy	  
	  
Lignin	  shows	  an	  heterogeneous	  composition	  and	  to	  the	  best	  of	  the	  current	  knowledge	  lacks	  of	  
a	   defined	   primary	   structure.	   Lignin	   is	   a	   random	   three-‐dimensional	   phenyl-‐propanoid	   (C9)	  
polyphenol	  mainly	   linked	   by	   arylglycerol	   ether	   bonds	   between	   the	  monomeric	   phenolic	   p-‐
coumaryl	   (H)	   coniferyl	   (G)	   and	  sinapyl	   alcohol	   (S)	   units.	   Gymnosperms	  have	   a	   lignin	   that	  
consists	  almost	  entirely	  of	  G	   (G-‐lignin),	  dicotyledonous	  angiosperms	  lignin	   is	   a	  mixture	  of	  G	  
and	  S	  (GS-‐lignin)	  and	  monocotyledonous	  lignin	  is	  a	  mixture	  of	  all	  three	  units	  (GSH-‐lignin).	  All	  
lignins	  contain	  small	  amounts	  of	  incomplete	  or	  modified	  monolignols.	  Lignin	  structure	  is	  the	  
result	   of	   a	   biosynthetic	   pathway	   which	   occurs	   via	   oxidative	   radicalization	   of	   monolignols	  
followed	  by	  radical	  coupling	  of	  two	  monomer	  radicals	  that	  form	  a	  dehydrodimer	  (Figure	  1).	  
Coupling	  is	  favoured	  at	  monolignol	  b	  positions	  resulting	  in	  arylglycerol-‐b-‐aryl	  ether	  (b-‐O-‐4’),	  
pinoresinol	   (b-‐b’),	   phenylcoumaran	  (b-‐5’),	   spirodienone	   (SD)	   and	   diphenylethane	   (b-‐1’)	  
dimers	  formation.	  In	  principle	  dilignol	  coupling	  at	  the	  positions	  4	  and	  5	  could	  occur	  yielding	  
diaryl	   ether	   (4-‐O-‐5’)	   and	   diphenyl	   (5-‐5’)	   dimers	   formation,	   as	   shown	   in	   figure	   1.	   In	   a	  
subsequent	  step	  the	  dimer	  is	  newly	  dehydrogenated	  to	  phenoxy	  radical	  and	  then	  can	  couple	  
with	   another	   monomer	   radical	   in	   an	   end	   wise	   coupling	   mode.	   Coupling	   of	   two	   lignin	  
oligomers	  yield	  4-‐O-‐5’	  and	  5-‐5’	  coupling.	  In	  turn	  5-‐5’	  subunits	  undergo	  a-‐b-‐O-‐4-‐4’	  coupling	  to	  
dibenzodioxocine	   units	   (5-‐5’-‐O-‐4).	   Both	   dibenzodioxocine	   and	   4-‐O-‐5’	   coupling	   modes	  
constitute	  branching	  points	  in	  lignins.	  The	  phenylpropane	  (C9)	  units	  are	  thus	  attached	  to	  one	  
another	  by	  a	  series	  of	  characteristic	  linkages	  (β–O–4’,	  β–5’,	  β–β’,	  β–1’,	  SD,	  5-‐5’,	  5-‐5’-‐O-‐4	  and	  4-‐
O-‐5’).	  Figure	  1	  shows	  a	  general	  picture	  of	  lignin	  structure	  and	  main	  interunit	  lignin	  bonding	  
patterns.	  	  
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Since	   lignin	   is	   a	   polydisperse	   polymer	   with	   no	   extended	   sequences	   of	   regularly	   repeating	  
units,	  its	  composition	  is	  generally	  characterized	  by	  the	  relative	  abundance	  of	  H/G/S	  units	  and	  
by	  the	  distribution	  of	   interunit	   linkages	   in	   the	  polymer.	  Various	  methods	  exist	   to	  reveal	   the	  
molecular	   details	   of	   lignin	  structure.	   As	   lignin	   is	   a	   complex	   and	   heterogeneous	   mixture	  of	  
polymers,	   the	  methods	   generally	   aim	  at	   estimating	   the	   average	  frequency	  of	   the	  main	  units	  
and	   the	  main	   bond	   types	   in	   the	   polymer.	   Permanganate	   oxidation,	   nitrobenzene	   oxidation,	  
GC-‐MS	  pyrolysis,	  thioacidolysis	  	  and	  derivatization	  followed	  by	  reductive	  cleavage	  (DFRC)	  are	  
degradative	  	  methods	  that	  reveal	  the	  H/G/S	  composition	  of	  the	  lignin	  polymer.	  	  	  
All	  these	  methods	  liberate	  only	  a	  fraction	  of	  the	  polymer	  for	  analysis.	  They	  are	  based	  on	  the	  
cleavage	  of	  lignin	  backbone	  and	  analysis	  of	  the	  fragments	  obtained,	  and	  provide	  partial	  data	  
due	   to	   the	  specificity	  of	   the	   treatments.	  Thus	   to	  date	   there	   is	  not	  available	  a	  wet	   chemistry	  
method	   that	   allows	   the	   contemporary	   identification	   and	   quantification	   of	   all	   the	   interunit	  
bondings	   in	   lignin.	   To	   date	   each	   lignin	   quantitative	   analytical	   approach	   present	   reliability	  
mainly	   in	   relative	   comparison	   in	   an	   array	   of	   samples	   rather	   than	   providing	   absolute	  
quantitative	   values.	   This	   problem,	   coupled	   with	   the	   extreme	   heterogeneity	   of	   lignin	  
preparations	  and	  lignin	  chemical	  structure	  among	  wood	  species,	  morphology	  and	  maturation	  
degree	  makes	   to	   date	   the	   quantitative	   structural	   characterization	   of	   lignin	   is	   still	   an	   open	  
debate.	  
NMR	   as	   a	   powerful	   structural	   elucidation	   technique	   has	   been	   employed	   in	   lignin	  
characterization	   both	   in	   solution	   and	   in	   solid	   state.	   (2D)	  13C-‐1H-‐correlated	   (HSQC,	  HMQC)	  
spectroscopy,	   which	   combines	   the	   sensitivity	   of	  1H	   NMR	   with	   the	   higher	   resolution	   of	  13C	  
NMR,	   continues	   to	   be	   the	   best	  method	   to	   reveal	   the	   frequencies	   of	   the	   different	   lignin	  
units	  and	   the	   interunit	   bonding	   patterns	   and	   has	   allowed	   their	   use	   as	   a	   valid	   analytical	  
technique	  in	  the	  analysis	  of	  complex	  samples.	  
Advances	  and	  challenges	  in	  lignin	  analytical	  techniques	  will	  be	  presented.	  
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Abstract	  
In the last decades research changed from a function and technology-oriented focus towards a more holistic 
understanding of matter. Cellulosic materials are no exception. (Ultra-)Structural investigations as well as 
investigations of inter-material as well as extra-material interactions are providing new knowledge and, more 
importantly, understanding – independently of the scientific field. 

Investigations to determine the mechanical properties of (cellulosic) materials are part of this process. Following 
the idea of a holistic approach, mechanical testing and measurements are required to access all scales from meso 
via micro to nanoscale, from wood via fibres to fibrils. Simple downscaling of known standard measurements is 
the first step and expected because in that case standard modelling and analysis techniques can be maintained. 
From static to dynamic behaviour, from plastic via viscoelastic to pure elastic behaviour, all aspects are 
interesting. Various testing facilities for all sorts of investigations on wood, paper or processed fibres are 
available in the macro world. It is a question of operator preference, machine availability, or modelling pre-
requisites that decides on the measurements made. Therefore, it is just fair to request the same measurements on 
the multiple scales. However, downscaling typically comes to an end when entering the nanoscale. In the 
“smaller regimes” the measurement is dictated by the available testing facility. Typical functions of standard 
systems, such as gripping or fixation, are not yet implemented on the nanoscale due to handling or sample 
preparation difficulties. Alternatively, instead of measuring single objects, composites are produced with a 
characterized and the unknown material in an attempt to use the superposition principle. Now the challenge is 
how the obtained data can be transferred to the existing models or how the result can be interpreted as an 
indicator of the desired property. However, progress in the micro to nano testing is significant. Current 
advancements on measuring mechanical properties on the micro to nanoscale are briefly reviewed (e.g. [1], [2], 
and [3]) to proceed to an essential subsequent step: formation of understanding. 

The gathered data or information is just useful as long as its meaning can be clearly extracted. And this 
formation has to cover not only the mechanical testing but all other aspects, such as chemical or biological 
aspects. Interactions between these fields need to be taken into account as well: How do the mechanical 
properties change with respect to changes on e.g. the chemical composition, growing process, or gene 
modifications? A future challenge will be to facilitate this multi-disciplinary thinking by providing measurement 
systems for these multi-scale problems. However, the subsequent and even bigger challenge is to organise the 
knowledge in an easy to access manner. 
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Biomass	  processing	  steps	  such	  as	  pretreatment,	   fractionation,	   functionalization	  
and	   shaping	   into	   materials	   involves	   a	   multitude	   of	   interfacial	   interactions	  
between	  fibres,	  polymers,	  molecules	  and	  inorganic	  components.	   Intermolecular	  
bonds	  mostly	   drive	   the	   interfacial	   interactions.	   Consequently,	   different	   natural	  
supramolecular	  assemblies	  are	  disrupted	  in	  fibre	  separation	  while	  new	  ones	  are	  
created	  in	  fibre	  functionalization	  and	  shaping	  into	  products.	  The	  knowledge	  and	  
control	  of	  the	  chemistry	  and	  character	  of	  the	  supramolecular	  assemblies	  allows	  
development	  of	  strategies	  to	  prepare	  new	  functional	  biomaterials	  under	  current	  
process	  technology.	   	  This	  strategy	  has	  a	  great	  potential	   to	  be	  exploited	  by	  both	  
academic	   research	   and	   industrial	   innovation.	   In	   this	   work,	   we	   present	   the	  
concept	  of	  supramolecular	  assemblies	  in	  fibre	  processing	  using	  three	  platforms:	  
1)	   Biopolymer	   assemblies	   2)	   Biomolecule	   assemblies	   and	   3)	   Nanohybrid	  
assemblies.	   Biopolymer	   assemblies	   involve	   the	   formation	   of	   cellulose-‐cellulose	  
assemblies	   during	   pulping,	   controlled	   sorption	   of	   hemicelluloses	   during	  
bleaching	   and	   charge	  driven	   assembly	   of	   functional	   biopolymers	   as	   fibre	  post-‐
treatment.	  Biomolecules	  assembly	  exploits	  the	  role	  of	  wood	  extractives	  on	  fibre	  
surfaces	   and	   their	   behavior	   during	   low-‐consistency	   refining.	   Nanohybrid	  
assemblies	   are	   presented	   based	   on	   functionalization	   of	   fibres	   using	   layered	  
double	   hydroxides	   (LDH).	   	   The	   characterization	   of	   supramolecular	   assemblies	  
were	   performed	   by	   a	   combination	   of	   different	   spectrometric	   and	   imaging	  
techniques	   such	   as	   X-‐ray	   Diffraction	   (XRD),	   Cross	   Polarization	   Magic	   Angle	  
Carbon-‐13	   Nuclear	   Magnetic	   Resonance	   (CP/MAS	   13CNMR),	   Near	   Infrared	  
Spectrometry	  (NIR)	  combined	  with	  Principal	  Component	  Analysis	  (PCA),	  X-‐Ray	  
Photoelectron	   Spectroscopy,	   Time-‐of-‐flight	   Secondary	   Ion	   Mass	   Spectrometry,	  
Field-‐Emission	   Scanning	   Electron	   Microscopy	   (FE-‐SEM)	   and	   Atomic	   Force	  
Microscopy	   (AFM).	   The	   potential	   of	   several	   strategies	   for	   the	   design	   of	  
supramolecular	   assemblies	   in	   conventional	   fibre	   lines	   and	   the	   creation	   of	   new	  
biomaterials	  are	  also	  suggested	  and	  discussed.	  
	  

	  
	  
Fig.	  1	  Functionalisation	  of	  mechanical	  pulp	  fibres	  using	  nanohybrids.	  
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The	   separation	   and	   purification	   applications	   in	   biorefinery	   applications	   have	   recently	   mainly	  
focused	   on	   isolations	   of	   new	   products	   from	   multi-‐component	   solutions	   and,	   for	   instance,	   to	  
recover	   side	   products.	   The	   multi-‐component	   compound	   systems	   make	   usually	   the	   separations	  
demanding.	  At	  the	  Department	  of	  Chemical	  Technology	  of	  LUT,	  the	  research	  topics	  on	  biorefinery	  
applications	  have	  covered	  various	  fractionation	  and	  separation	  investigations	  based	  on	  separation	  
sciences	   and	  hybrid	   separation	  prosesses.	   The	   studied	   separation	  methods	   and	  applications	   are	  
introduced	  and	  discussed.	  

Adsorption,	   chromatographic	   separation	   and	   ion	   exchange:	   	   The	   research	   has	   formed	   to	   investigate	   the	  
possibility	  to	  render	  second	  generation	  bioethanol	  manufacture	  more	  economical	  and	  sustainable	  through	  
the	  recycling	  of	  chemicals	  and	  removal	  of	  harmful	  compounds	  by	  chromatographic	  separation.	  The	  focus	  in	  
chromatographic	  separation	  studies	  at	  LUT	  has	  been	  on	  the	  interplay	  of	  the	  mechanisms	  that	  contribute	  to	  
the	   retention	   of	   the	   components.	   Rigorous	   models	   were	   derived	   for	   each	   physical	   phenomenon	   and	  
combined	   to	   simulate	   and	   optimise	   the	   separation	   process.	   The	   aim	   was	   to	   study	   the	   production	   of	  
fermentable	  monosaccharides	  from	  hemicelluloses.	  The	  raw	  material	  was	  extracted	  from	  wood	  chips	  with	  
pressurised	   hot	   water,	   and	   lignin	   was	   removed	   by	   membrane	   filtration.	   In	   particular,	   the	   influence	   of	  
hydrolysis	   acid	   concentration	   on	   the	   kinetics	   of	   hemicellulose	   hydrolysis	   and	   the	   performance	   of	  
downstream	  processing	   (chromatographic	   recovery	   of	  monosaccharides	   and	   other	   products,	   recycling	   of	  
hydrolysis	  acid)	  was	  of	   interest.	  Moreover,	  the	  selective	  separation	  of	  organic	  acids	  from	  black	   liquor	  has	  
been	  investigated.	  

Crystallization:	   The	   crystallisation	   investigation	   has	   focused	   on	   the	   concentration,	   fractionation	   and	  
separation	   of	   various	   organic	   and	   inorganic	   compounds	   from	  black	   liquor.	   The	   studied	   compounds	   have	  
been	   lignin,	   inorganic	   salts	   and	   hydroxyl	   and	   carboxylic	   acids.	   The	   separations	   are	   based	   on	   the	  
combination	   of	   membrane	   separation	   (UF)	   and	   crystallisation	   methods	   (precipitation,	   cooling	  
crystallisation,	  and	  eutectic	  freeze	  crystallisation).	  	  

Extraction:	   In	  extraction	   research	  work,	   an	  aim	  has	  been	   to	   isolate	  biocompounds	   in	  wood	  material	   that	  
have	   antimicrobial	   characteristics,	   and	   to	   produce	   new	  material	   technology	   processed	  materials	   and	   to	  
generate	  new	  business	  modules	  for	  utilising	  unused	  fractions	  of	  biorefinery	  processes.	  The	  project	  focused	  
on	  chemical	  characterisation,	  material	  fractionation,	  and	  the	  separation	  of	  water	  soluble	  sample	  fractions.	  
The	   raw	  materials	  were	   treated	  with	   several	   chemicals	   and	   enzymatic	  methods.	   The	   final	   samples	  were	  
analysed	   with	   capillary	   electrophoretic	   (CE)	   and	   liquid	   chromatography−mass	   spectrometric	   (LC-‐MS)	  
methods.	  Moreover,	  the	  conducted	  research	  has	  related	  to	  the	  extraction	  of	  hemicelluloses	  from	  fibers	  and	  
to	   the	   investigation	  of	   the	  use	  of	   hemipoor	   fibres.	   The	   research	  has	   focused	  on	   impact	  of	   hemicellulose	  
removal	   on	   fiber	   properties,	   and	   energy	   efficient	   fiber	   engineering.	   The	   feasibility	   of	   the	   technology	  has	  
been	  shown	  by	  implementing	  it	  in	  different	  pilot	  environments.	  	  



Membrane	  separation:	  Membranes	  were	   studied	   to	   recover,	  purify	  and	  concentrate	  hemicelluloses	   from	  
pressurised	  hot	  water	  extraction	   liquors	  and	  to	   fractionate	  black	   liquor	  compounds.	  The	  aim	  has	  been	  to	  
develop	   fractionation	   and	   purification	   processes	   for	   hemicelluloses,	   oligomeric	   and	   monomeric	  
carbohydrates,	  lignin,	  hydroxyl	  acids	  and	  phenols.	  The	  fouling,	  cleaning,	  post-‐treatment	  to	  improve	  product	  
purity	  and	  optimisation	  of	  separation	  have	  been	  also	  studied.	  Concerning	  pre-‐treatment	  methods,	  electric	  
discharge	   based	   oxidation	   has	   been	   studied	   to	   reduce	   fouling.	  Moreover,	  membrane	   resistance	   in	   ionic	  
liquids	  and	  the	  recirculation	  of	  novel	  ionic	  liquids	  are	  studied.	  	  

Solid-‐liquid	  separation:	  The	  research	   focus	  has	  been	  the	   filtration	  of	  biomasses.	  Filtration	  experiments	  of	  
non-‐hydrolyzed	  solids	  with	  Nutsche	  pressure	  filter	  and	  Büchner	  vacuum	  filter	  resistances	  of	  the	  filter	  cakes,	  
filtration	   capacities,	   cake	   moistures,	   and	   cake	   compressibilities	   have	   been	   determined.	   The	   determined	  
filtration	  parameter	  data	  are	  useful	  data	  for	  the	  design	  of	  filtration	  equipment.	  	  

Summary:	  Separation	  technology	  has	  been	  several	  years	  one	  of	  the	  main	  research	  topics	  at	  the	  Department	  
of	   Chemical	   Technology	   in	   LUT.	   In	   future,	   it	   seems	   to	   be	   a	   great	   need	   to	   develop	   energy-‐efficient	   and	  
sustainable	  hybrid	  separation	  processes	  for	  new	  biochemical	  applications.	  	  	  	  	  
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The wood cell wall consists of semicrystalline cellulose fibrils 

embedded in amorphous matrix polymers such as hemicelluloses 

and lignin. The orientation of these microfibrils along the fiber 

axis plays beside the cell wall composition and cell geometry an 

important role for cell wall performance [1-2]. For understanding 

cell wall properties the chemical composition together with the 

arrangement (orientation) of the polymers has to be estimated on the micro- and nano-level. 

During the last years Confocal Raman microscopy evolved as a powerful method to get non-

destructively insights into these parameters [3-5]. Two-dimensional spectral maps can be 

acquired of selected areas (and/or in depth) and chemical images calculated by integrating the 

intensity of characteristic spectral bands or using multivariate data analysis methods [6]. This 

enables direct visualization of the spatial variation of different plant cell wall polymers. Based 

on spectral characteristics additionally the alignment of the cellulose fibrils can be calculated 

from selected regions [4]. Spatial resolution in Raman microscopy is limited to ~ 0.3µm by 

the diffraction of light. Combining with Scanning Near Field Optical Microscopy (SNOM) 

and Atomic force microscopy (AFM) further insights into plant cell wall assembly can be 

revealed with nano-resolution [see Poster Keplinger et al.]. Besides investigating the “static” 

design the performance and behaviour under various conditions (under load [7] or different 

humidity or during chemical and enzymatic treatment or biosynthesis) will contribute to a 

better understanding of cell wall polymer assemblies.  
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Abstract  
The objective of this presentation will be to present evidence that offers support 
to this Cost action’s strategic approach i.e.  “Building knowledge & understanding of 
fundamental physical (self-assembly) processes that drive natural structures & 
biopolymer composition within the plant/wood cell wall, may offer new avenues to 
support the development of new biopolymer based materials”. To do this, evidence 
of self-assembly in lignin will be discussed and the utilization of such effects 
within cellulose nano-crystals will be described. In the realm of lignin the 
literature is abundant with accounts of lignin associative interactions. While 
various speculations have been proposed as to the origin of such interactions, their 
magnitude, and origin has never been systematically examined. In an effort to 
further comprehend this significant effect we have carried out a series of 
detailed measurements using size exclusion chromatography and light scattering 
photometry. The plots of weight average molecular weight as a function of 
incubation time revealed associative behaviors for lignins of different botanical 
origin. This data was then contrasted to a series of size exclusion chromatographic 
investigations in an effort to further confirm and reveal additional salient 
features of the propensity of lignin to aggregate.  It is such effects that need be 
understood if the basic premises of the action are to be actualized.  
Over a number of years work in our laboratory has been exploring the use of 
cellulose nanocrystals (CNC) as scaffolds for the creation of novel nanomaterials 
with unique and stimuli responsive characteristics. The forces responsible for the 
spatial organization within cellulose, coupled with traditional chemistry are aimed 
at creating structures via molecular self-assembly; these concepts have been the 
inspiration for our supramolecular research. During this presentation we will also 
report on our systematic efforts aimed at functionalizing CNCs aimed at the 
creation of Strong Materials, Stimuli Responsive Assemblies, Bioactive Materials & 
Delivery Vehicles & MRI Contrast Agents.  
Overall, we aim to demonstrate that it is possible to bring together the cellulosic 
nano-crystalline materials in a unique regularly packed arrangement demonstrating 
a degree of molecular control for creating these structures at the nano-level.  
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