
 

UPTEC X08 016

Examensarbete 20 p
April 2008

Novel regenerated cellulose-based 
composites 

Martin Sterner



 
 

 

Molecular Biotechnology Programme 
Uppsala University School of Engineering 

 

UPTEC X 08 016  Date of issue  2008-04 
Author 

Martin Sterner 
 
Title (English) 

Novel regenerated cellulose-based composites 
 

Title (Swedish)    
 

 
Abstract 
 
A study in the art of creating composites composed of the two polysaccharides cellulose and 
xyloglucan. The technique used is regeneration with NMMO (N-methylmorpholine N-oxide) 
as polysaccharide solvent. Water and water/ethanol-solution is used as precipitation media. It 
comprises methods to create the two shapes films and rods, on which mechanical tests are 
performed on both shapes followed by SEM studies on the rods. 
 
 

Keywords 
 
Cellulose, Xyloglucan, NMMO, NMO, N-Methylmorpholine N-oxide, Composite, 
Regeneration, Environmental. 
 
 

Supervisors 
Harry Brumer 

KTH 
 

Scientific reviewer 
Gunnar Johanson 
Uppsala universitet  

 

Project name 
 

Sponsors 
 

Language 
English 

 

Security 
Secret until 2012-08-30 

 

ISSN 1401-2138 
 

Classification 
 
 

Supplementary bibliographical information   Pages 
13 

 

Biology Education Centre      Biomedical Center       Husargatan 3 Uppsala 
Box 592 S-75124 Uppsala                 Tel +46 (0)18 4710000      Fax +46 (0)18 555217 



 



Novel regenerated cellulose-based composites 
 

Martin Sterner 
 

Sammanfattning 
Av alla organiska molekyler är cellulosa den som upptar mest biomassa på jorden. 
Polysackariden cellulosa är mycket stark men ett material som är gjort av bara cellulosa 
blir också väldigt sprött och ömtåligt. Därför agerar cellulosa endast förstärkning 
tillsammans med andra molekyler ute i naturen och bildar ett kompositmaterial. En 
polysackarid som har ett speciellt förhållande till cellulosa är xyloglucan. Xyloglucan 
sitter i cellväggen hos unga växtceller där den täcker cellulosafibrerna så att de inte kan 
fästa till varandra men xyloglucan själv håller tag i flera cellulosafibrer så att de inte 
heller kan glida isär. När cellen växer finns ett enzym (XET) som klipper och sätter ihop 
xyloglucanmolekylerna slumpmässigt så att cellulosa/xyloglucan-nätverket hela tiden 
omorganiseras och blir flexibelt. För den här processen är det väldigt viktigt att 
xyloglucan binder hårt till cellulosa och därför har evolutionen gjort xyloglucan väldigt 
anpassad just till den uppgiften. 

En metod för att göra material av ren cellulosa kallas för regenerering då cellulosa 
löses upp i ett lösningsmedel som kan lösa cellulosa helt. Sedan förs den viskösa 
lösningen med cellulosa ner i vatten så att lösningsmedlet kan diffundera iväg. När 
lösningsmedlet ersatts med vatten kan cellulosan inte vara löst längre utan precipiteras 
vilket innebär att fäller ut till fast form. Den fasta massan kan sedan torkas så att även 
vattnet försvinner och kvar blir ett material av bara cellulosa. Metoden lämpar sig bra för 
att göra cellulosatrådar då man sprutar lösning ner i ett vattenbad och sedan torkar tråden. 
Den senast utvecklade metoden använder det organiska lösningsmedlet N-
methylmorfolin N-oxid (NMMO) som cellulsalösare och tråden kallas då lyocell tråd. Ett 
problem med trådarna är att de lätt fibrillerar dvs. delar upp sig så att små fibrer sticker ut 
från kanterna av tråden. Det här kan hända då tråden tvättats många gånger och ett plagg 
gjort av materialet ser då slitet ut. En metod för att få materialet att inte fibrillera är att 
tillsätta en tvärbindare som håller ihop cellulosamolekylern, men de ser ofta samtidigt till 
att tråden blir svagare. 

Detta arbete handlar om att tillsätta xyloglucan till regenereringsprocessen och 
undersöka hur det påverkar det regenererade materialet. Xyloglucan som via sin speciella 
bindningsförmåga till cellulosa är en potentiell tvärbindare är värt att undersöka därför. 
NMMO används som cellulosalösare och de två formerna strån och tunna filmer görs 
med regenereringstekniken. Material med olika koncentration xyloglucan samt olika 
koncentrationer etanol i vattenbadet tillverkas och utvärderas. Utvärderingen görs med en 
dragprovare som mäter stråna och filmernas styrka och töjbarhet men också med 
elektronmikroskopering, för att se materialstrukturen. 
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Novel regenerated cellulose-based composites 
 

 
Martin Sterner 

 
 
Abstract  
 
This degree project is a study in the art of creating composites composed of the two polysaccharides cellulose 
and xyloglucan. The technique used is regeneration with NMMO (N-methylmorpholine N-oxide) as 
polysaccharide solvent. Water and water/ethanol-solution is used as precipitation media. It comprises methods 
to create the two shapes films and rods, on which mechanical tests are performed on both shapes followed by 
SEM studies on the rods.    
 
Introduction and Background 
 
Cellulose is by far the most abundant and used 
polysaccharide in the world. The paper and textile 
industry has with great creativity shown that this 
natural material can be refined into anything 
imaginable. Now by observing how the plant bio-
molecules are used in nature the hope is to take the 
material even further. By learning from nature how 
cellulose interacts with other polymers we can 
combine human and evolutionary brilliance and even 
do the unimaginable. 

In young plant cells the interaction between 
cellulose and xyloglucan is important during growth 
and evolution has shaped xyloglucan to bind strongly 
to cellulose. Recent studies have also shown that 
mixing xyloglucan into pulp has a strengthening 
effect of the paper [1]. Knowledge of the cooperation 
in nature and the observed property change in paper, 
fueled the idea of a synergetic interaction between 
the two polymers, which could be used in a 
composite material.  

In the primary cell wall of plants xyloglucan coats 
cellulose micro fibrils and crosslinks them [2]. 
Xyloglucan adheres to the surface of cellulose 
microfibrils being dependent on the topology of the 
surface. Simulations are revealing that xyloglucan 
has different ways to bind into a large number of 
these topological configurations [3]. The primary cell 
wall is made flexible by enzymatic means during 
growth. An enzyme named XET (Xyloglucan 
Endotransglycosylase) works multifunctional by 
booth cutting and mending the xyloglucan 
polysaccharides giving room for the cell to grow 
during the constant reorganization [1]. 

 Differing from cellulose, xyloglucan is a branched 
polysaccharide and it contains other sugars than 

glucose. The xyloglucan referred to in this text is 
extracted from Indian tamarind seeds and contains 
the initial two sugars xylose and galactose. The 
backbone of both polysaccharides is built up by 
β(1  4) linked glucose sugar, the xylose bound with 
an α(1 6) bond to glucose and galactose bond with 
an β(1  2) bond to xylose. The structure and 
subgrouping of Indian tamarind seed xylgolucan is 
shown in Figure 1. 

Figure 1. Cellulose and xyloglucan from Indian tamarind seed 
with the subgroups and their distribution. 
Xyloglucan is commonly harvested from the 
tamarind tree seeds and is extracted by crushing and 
boiling them. The extracted solution has found its 
most common use as gelating agent in Asian food but 
has also since long been used to strengthen yarn and 
cloth by sizing them. Recent studies have as well 
shown that sizing with xyloglucan can increase the 
strength of paper [1]. In the cases of yarn and paper 
strengthening the xyloglucan is added to an existing 
cellulose fiber network, enabling it to coat the fibers. 
A question is though what the effect would be if the 
polysaccharides were enabled to be homogenously 
mixed in a composite material. 
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Figure 2.  NMMO 
N-Methlymorpholine N-oxide

A method to make a composite in which the 
polysaccharides are really mixed is regeneration. The 
idea of regeneration is from the late 19th century 
when inventors began experimenting with ways to 
replace silk with cellulose. The principle is to fully 
dissolve cellulose in a chemical solvent and later on 
precipitate it in water or another liquid in which they 
can no longer be in solution. Threads made by 
dissolved cellulose got the material name rayon and a 
number of toxic cellulose solvents replaced each 
other. After some less or more successful precursors 
the most commonly used protocol called the viscose 
process was developed 1895, in which cellulose was 
treated with sodium hydroxide and carbon disulfide 
to be further dissolved in more sodium hydroxide. 
The popularity of viscose has slowly dropped 
because of the environmental unfriendliness 
springing from the use of large amounts of sodium 
hydroxide [4], but in 1988 the research field of rayon 
was suddenly resurrected. A new process called 
Lyocell was developed with environmentally safer 
and milder treatment of the cellulose. Cellulose is 
dissolved in the organic solvent N-Methylmorpholine 
N-Oxide (NMMO) mixed with a little water (Figure 
2.).  This method was chosen to dissolve cellulose in 
this work because it is the most industrially used one 
and it is a rather mild treatment of cellulose, which 
brings hope that it will not chemically destroy 
xyloglucan either. NMMO can not work as a 
cellulose solvent if the water content in it is above 
around 20 wt% and it 
crystallizes if the water 
content or the temperature is 
too low. Cellulose breaks 
down at high temperatures 
in NMMO due to radical 

reactions [12]. This gives a 
narrow space of water 
content and temperature to dissolve cellulose in. 

 Cellulose can be in four known crystal structures 
of which the natural occurring is named Cellulose I. 
When cellulose is regenerated from NMMO it gets 
the structure Cellulose II which has a by enthalpy 
lower energy state [6]. An important property of 
regenerated cellulose is the degree of crystallinity. 
The crystallinity is in high grade decided by the 
machine procedure when the solution is shaped and 
precipitated. Factors such as at what speed the 
solution is extruded through a needle, how far it 
travels through air before it hits the solution and how 
much dragging force that is applied to it is affecting 
the crystallinity [8]. Two methods to decrease the 
crystallinity are to add alcohol to the precipitation 
solution [8], or to mix in a crosslinking substance 
with the cellulose [7]. Both these methods are also 

known to decrease the fibrillation, but since lower 
crystallinity makes the fibers weaker, they also 
decrease the strength of the material. An increased 
fibrillation is known to give rise to pilling of the 
textile [9]. 

The lyocell method experienced some drawback in 
the beginning mostly due to breakdown of NMMO 
prohibiting it from being reused, but the material is 
now functional and produced commercially under the 
name Tencel [4]. Tencel is produced in large amounts 
1.3*105 tons yearly [17], compared to the world 
cotton production 2.6*107 tons yearly [18]. Tencel is 
often referred to as an environmental alternative to 
cotton since forest production uses far less toxic 
pesticides than cotton production, needs no artificial 
irrigation and gives bigger yield per area than cotton 
[5]. Tencel is though still waiting for its real 
breakthrough and some drawbacks with the material 
are still evident. One of these is that Tencel-cloth can 
be hard to color and sometimes show signs of pilling 
after several washes due to the earlier mentioned 
fibrillation. 

A known solution to the problem of fibrillation is 
to add a compound crosslinking the cellulose [7]. If 
xyloglucan has the ability to co-crystallize with 
cellulose and still act as a crosslinker the heightened 
strength of crystallinity might be kept meanwhile the 
fibrillation is decreased. Another aspect of 
xyloglucan addition to cellulose is that it can be used 
as a binding agent. When binding chemical groups to 
cellulose the binding spots are limited to the same 
hydroxide groups that give cellulose its integrity, 
making it hard to bind groups to it without altering 
the properties [16]. By letting chemical groups attach 
to xyloglucan they can attach to cellulose together 
[1]. In this work a method to make homogeneous 
composites of cellulose and xyloglucan with the 
NMMO-regeneration technique was developed. The 
composites, which are made in thin film and rod 
shapes, were observed by mechanical testing methods 
and by electron microscopy. The goal was to 
investigate if the material’s properties changes when 
xyloglucan is added by regeneration similarly to 
changes observed when xyloglucan is involved in 
sizing. The hope was to get a material modified by 
xyloglucan, which is stronger and show less tendency 
to fibrillate.   
 
Experimental 
 

Materials 
Cellulose from a sheet of Domsjö dissolving pulp 
having cellulose content of 93% with a DP around 
1280 was used. Prior to use the sheet was dry-
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blended in a coffee been blender to form a cotton-like 
cellulose wool. The xyloglucan acquired was from 
Indian tamarind seed and had a molecular weight of 
4.5·105 Da (Mw/Mn = 1.5). Prior to use the xyloglucan 
was dissolved in water at the concentration 5 g / liter. 
The solution was centrifuged at 11,000g for 10 
minutes. After centrifugation the supernatant was 
vacuum-filtrated through glass fiber filter paper and 
the filtrated solution dried by first evaporating water 
using a Rotavap-machine followed by freeze-drying. 
N-metylmorpholine N-oxide (NMMO) was bought 
from Sigma-Aldrich as a solution with 50 wt% H2O. 
The Dimethyl sulfoxide (DMSO) used was from 
LAB SCAN and contained less than 0.1 wt% H2O. 
Dry propylgalate was bought from Sigma Aldrich as 
powder. The ethanol used was 98% and all used 
water was deionized. The filter-papers used for 
filmdrying was from Munktel (grade 1). Glass fiber 
filter papers were from Whatman and grade GF/A. 
The fine metal wire was provided by Forsbergs 
Metallduk and had mesh 150. 
 
Methods 
SEM imaging 
Rods were broken in two and the fracture was 
photographed with a Zeiss Ultra 55 SEM. The rods 
were observed directly without gold coating.  
 

Mechanical test 
The length and width of the composite strips were 
measured with a ruler and the thickness measured 
with a point thickness meter. The lengths of the rods 
were measured with a ruler and their diameters were 
measured with a micrometer screw. 
Strips of composite were clamped in an Instron 5578 
extension test machine inbetween sandpaper. They 
were clamped with a gap of 3 cm between the 
clamps. When clamping rods of composite, two flat 
pieces of rubber were placed in-under the sandpaper 
before clamping. The extension speed of testing was 
3 mm per minute giving 10% extension of the length 
per minute. The camera in the Instron 5578-machine 
was pointed at each sample. Two white dots with 1 
cm in between were made on each strip. On each rod 
two balls of sticky tack were attached with 1 cm in 
between, and the white dots made on them.  The 
machine was registering the strain visually by 
looking at the movement of the dots.  

The Instron machine gave the two parameters 
stress and strain as a function of time. The test data 
was aligned by asserting the strain at 4 MPa stress 
and 10 MPa stress as zero strain, for strips and rods. 
Young’s modulus during primary creep was 

calculated as the slope between strain 0.07 % - 0.48 
% for rods and 0.07% - 0.056 % for films. The 
modulus of plastic deformation during secondary 
creep was calculated between 2 % to 6% strain for 
the rods. Stress at break and strain at break was taken 
as the stress and strain at the point of the largest 
stress. The criterion for accepted test of a strip was 
that it should not break at the clamp in the test 
machine and only the accepted test data were used for 
the results. The tested rods were from the part of the 
extruded thread when the machine had extruded 
enough to reach the bottom of the beaker and come to 
a steady state. 
 

Composite material preparation procedure 
 

Dissolving 
The dry-weight of cellulose and xyloglucan was 
measured by weighting them before and after drying 
a day in a vacuum oven at 40ºC and 20 mBar. When 
nothing else is stated the weight of added 
polysaccharides is always referring to the dry-weight. 
The weights at start of dissolution were 60.0 g 
NMMO, 1.20 g polysaccharide and 0.020 g propyl 
gallate. The cellulose was weighed in a two necked 
500 ml round-bottomed flask in which NMMO was 
poured afterwards followed by the addition of propyl 
gallate. A magnetic stirring bar was added and the 
suspension was put in a 110ºC oil bath with magnetic 
stirring. Nitrogen gas was connected to one neck of 
the flask and allowed to flow out through the other, 
giving a nitrogen atmosphere also dragging 
evaporated water with it. The setup is shown in 
Figure 3. The time for the dissolution was around 2.5 
hours, much dependent on the nitrogen flow, giving a 
final water content of 12 wt%. When the water 
content was less 
than 12%, more 
water was added 
in at a later time 
along with the 
DMSO. To know 
the water 
content, the flask 
and its content 
was weighed 
before and after 
heating.     

Xyloglucan was dissolved with strong stirring in 
DMSO heated to 60 ºC and was added a little at a 
time not to form clots in the solution. Xyloglucan 
was added to DMSO at the weight proportion 1:35. 
DMSO was then added to the dissolved cellulose 
solution so that the weight of the solution became 60 
g and the water content 12%. If the water content 
differed then some extra water was added. The 

Figure 3. Dissolution setup. 
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temperature of the oil bath was lowered to 80 ºC and 
DMSO was allowed to stir for 15 minutes to allow 
good mixing. After mixing the flask with solution it 
was put to be degassed in a vacuum desiccator for 2 x 
30 minutes heating up to 80 ºC in between and after. 

Films 
The experimental procedure to make films out of the 
solution began with casting it in a petridish. Two sets 
of films were cast, the first films in 11 cm diameter 
glass petridishes and the second films in 9 cm 
diameter alumina dishes placed inside the glass 
dishes. The petridishes were heated to 100 ºC on a 
heating plate and 80ºC-solution was poured into the 
dish which was moved to a scale. The weight of the 
poured solution was 25 g for the first films and 17 g 
for the second films, enough to fill two glass dishes 
or three alumina dishes. After pouring, the dishes 
were put on the 100 ºC heating plate again for two 
minutes to get rid of the final bubbles. The dishes 
were put to cool down slowly for 40 minutes to attain 
room temperature.  

To precipitate the gels they were placed in their 
dishes in a closed tank with filter papers on the walls 
giving a saturated atmosphere. Some dishes were 
precipitated in only water atmosphere and some in 
ethanolic atmosphere. The estimated ethanol content 
at precipitation was based on the assumption that 
liquid content has to rise from 12 wt% to 20 wt% 
until precipitation occurred. To get the right gas 
content vapor pressures from [13] were used. 
Example: 12 wt% H2O + 8·(67 wt% etOH + 33 wt% 
H2O) gives 27 wt% ethanol. Precipitation data for the 
first and second set of films are listed in Table 1. 
Table 1. Precipitation procedures for the different films. 

Film Precipi-
tation  

etOH 
(aq) 

Days 
precipi-
tated 

Precipi-  

tation 

etOH  

(g) 

Estimated 
etOH content 
when preci-
pitation occur 

EtOH in 
washing 
solution 

1:st 0 wt% 2 days 0 wt% 0 wt% 0 % 

1:st 20 wt% 2 days 67 wt% 27 wt% 40 wt% 

2:nd 0 wt% 1 day 0 wt% 0 wt% 0 % 

2:nd 7 wt% 1 day 42 wt% 17 wt% 20 wt% 

 
The first films were washed lying in a beaker with 
daily change of washing solution for 3 days. The 
second films with ethanol in the washing solution 
were washed in the same way, but the others were 
washed in a bath with slow constant water flow. 
When washed, the gels where shaken out of their 
containers.  

Once the films were washed the gels were placed 
between fine metal wire with three filter papers 

above and below. The sandwich of gel, metal wire 
and filter papers was pressed between two plates with 
a weight on top. The weights used to press the films 
flat were 16 kg. The time for drying was 3 days at 
65ºC. When the second films were dried multiple 
plates were stacked in under the weight, drying many 
films in between.  

Rods 
The experimental procedure to make rods began with 
the preparation of one solution with only cellulose 
dissolved and one with 50 wt% cellulose and 50 wt% 
xyloglucan dissolved. These solutions were mixed 
into 11 bottles each containing 9 g, making all the 
concentrations in the interval 0-50 % xyloglucan with 
5% interval. The mixing was made in room 
temperature with a syringe by sucking up and down 
half the solution at least 20 times while also stirring. 
After that the solutions were mixed they  were 
degassed for 1.5 hours and a 10 ml plastic syringe 
was filled with at least 6 ml solution from each of the 
11 bottles. Extra care was taken not to introduce air 
into the syringe while filling up. 

The syringe was put into a syringe pump with its 
nozzle down into a water bottle, perpendicular to the 
water surface. The extrusion-speed was 1.2 ml/min 
and the nozzle diameter was 0.16 cm. The volume of 
the water bottle was 2.5 liters and it was 28 cm high. 
After creation the threads were washed for 3 days in 
the same bottle as they were made in with daily water 
change. 

The threads were dried by hanging them with 30 g 
load attached to the lower end of the thread. The 
upper end is anchored by putting a heavy plate on it 
and letting it hang out from the edge of a shelf. The 
weight was fastened to the lower end with tape on 
both sides of the thread and a clip to seal it. The 
materials with the two highest concentrations of 
xyloglucan (45% and 50%) were hung with only 10 g 
load. The time for drying was 3 days.  

Preparation for mechanical test 
Before mechanical testing the dried films and rods 
were placed in a room with 50%-air-humidity for 2 
days. Strips of 0.5 x 5.0 cm were cut from the 
midsections of the films with scissors to be used for 
mechanical testing. The rods were cut as well but in 
4.5 cm long pieces. 
 
Results 

 
Material development 
Initial experiments were performed to develop a 
method to create testable material. The results from 
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those are listed in the order of the method 
development. 
Some major decisions had to be made about the 
cellulose dissolution. How to eliminate water from 
the solution, at what temperature the solution should 
be made, how much cellulose it should contain and 
how to stop the side-reactions in the system. Tests to 
eliminate water in Rotavap machine showed that 
NMMO was evaporated to some extent when 
pressure was lowered. This in mind, the method of 
choice was to boil cellulose in NMMO in normal 
pressure, suggested by [10]. Initial tests showed that 
elevating the temperature lowered the time for 
evaporation but the discoloration at the high 
temperature 120ºC and 130ºC was much greater. The 
temperature 110˚C was chosen giving a good 
combination of fast dissolution and little 
discoloration. Solutions with different concentrations 
of cellulose were prepared and it was seen that 
viscosity as well as time to evaporate water increased 
with higher concentrations. Viscosity sat the limit 
and 3-4 wt% cellulose was found the highest possible 
concentration to stir with the magnetic stirrer. Even 
though the material was viscously fluid at hot 
temperatures, the NMMO/cellulose-solution with low 
water content did crystallize and solidifiy when 
cooled. To prevent this, DMSO was added to the 
fully dissolved solution. This made the solution stay 
fluid even at room temperature. DMSO is known to 
prevent precipitation of cellulose in NMMO [11]. 
Two methods to decrease the discoloration, which 
formed due to radical reactions, were evaluated:  
1. To perform the heating under nitrogen 

atmosphere. 
2. To mix in propyl gallate from start as an 

antioxidant.  
Doing the heating under nitrogen atmosphere gave 
visually lower discoloration, which could not be said 
about adding propyl gallate. Propyl gallate was 
anyway added since it might have a minor positive 
effect. Even after these measures a prominent 
discoloration of the solution was seen. Some tests 
when only xyloglucan was dissolved in NMMO 
showed great discoloration during the heating. This 
implied that xyloglucan was more easily affected by 
NMMO than cellulose. To avoid long contact 
between the components, an experiment was 
performed to see how xyloglucan did dissolve in 
DMSO, enabling them to be added together into the 
solution. Xyloglucan was found to be soluble in 
DMSO giving a manageable viscosity up to 
concentrations of 5 wt%. More DMSO made the 
solution less viscous which was required to degas it 
later on. DMSO was added to get the solution to 

contain 2 wt% cellulose. This concentration was 
found sufficiently low to enable good degassing. 
Bubbles turned out to be a big problem when later the 
solution was solidified. Degassing was a successful 
way to eliminate this problem. The process of 
degassing was found to be very slow in viscous 
solution though, why the solution was tried to be kept 
hot in the vacuum desiccator by putting it in hot and 
reheating it after 30 minutes. 

Viscosity caused trouble in more steps in the 
experimental procedure and already during the first 
experiments it was visually seen that the viscosity 
together with the surface tension gave the solution a 
bent surface when it was poured in a dish. Having a 
bigger dish diminished the problems of inconstant 
thickness, which was spreading from the sides of the 
dish. The diameters 11 cm and 9 cm were found 
sufficient to result in relatively flat materials in the 
middle. Gels were created both in glass dishes and 
alumina dishes. The alumina dish was preferred since 
it was easier to loosen the material from the dish. 
When casting the solution into the dishes some 
bubble formation was always seen. Experiments with 
heating the dish to 100ºC before pouring diminished 
the bubbling. Continued heating of the dish on 100ºC 
up to 2 minutes after pouring was found to eliminate 
all bubbles, but heating a long time discolored it 
gravely making it no alternative for degassing.   

Initial tests were performed when gels were 
precipitated directly in different media. Precipitating 
in water gave a strong gel but with much swelling. 
Precipitating in ethanol or propanol gave a weak gel 
but with less swelling. The addition of xyloglucan 
also gave a weaker gel precipitated in water. A test 
was performed when gels were slowly precipitated by 
placing their dish in a tank with 100% air humidity. 
Slow precipitation made smooth gels that were 
weaker than gels made by direct precipitation, but 
strong enough to be moved and dried. A sufficient 
time for the slow precipitation to continue was 1-2 
days. Slow precipitation experiments with pure 
ethanol atmosphere made very vulnerable gels except 
for those with xyloglucan content as high as 50%. 
Atmospheres with lower ethanol content made the 
gels possible to handle /with attractive features, 
though. The gels were moved from their petridishes 
into big beakers with water or ethanolic solution to be 
washed. It was visibly seen that the color of the gel 
changed from slightly yellow to clouded white after 
some hours. After 1 day no trace of yellow color 
could be seen in the gel but the washing was 
performed for 3 days to really get rid of the organic 
solvents. Just small traces of NMMO or DMSO 
would be disastrous because they have high boiling 
point and would not evaporate during drying.    
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The drying needed a long time to give a fully dried 
film and tests with different gels and drying times 
showed what factors decreased the drying time. 
Listed in order of importance they are: Greater 
thickness of gel, lower number of filter papers 
stacked over and under the gel, greater diameter of 
gel and finally higher pressure on gel. Drying with 
low weight on the gel did not press it down enough, 
which resulted in a dented surface. 16 kg was found 
functional for an 8 cm diameter gel and with this 
weight and a 3 mm thick gel having 3 filter papers 
above and below, the time for drying was 3 days. 
When the gel was not completely straightened out on 
the drying plate it cracked during drying. This effect 
was more commonly seen for the weaker gels.  

When cutting the films into strips they were easily 
cracked as if there was lots of unreleased tension 
from the drying left in them. Some micro cracks were 
visually seen on the edges of almost all the strips. 
The first xyloglucan containing films precipitated in 
ethanolic media were an exception and showed an 
increased flexibility enabling them to be cut and even 
folded without cracking. This property was not seen 
for the second films with less ethanol in the 
precipitation though.    

The shape of rods showed to be an easier choice 
when handling a material with great inner forces, 
maybe because the radial symmetry made every 
contracting force have a counterforce. Some initial 
experiments were required before making the rods. 
Different extrusion speeds were tested giving the 
result that a higher extrusion speed gave a thicker 
thread. A low extrusion speed made the thread 
solidify in strange ways forming a clump instead of a 
thread. It was found that when using a 0.16 cm 
nozzle hole the extrusion speed 1.2 ml/min gave a 
fine thread with around 0.25 cm diameter. When 
washing the threads it was seen that the color of the 
thread quickly changed from slightly yellow to 
clouded white, just as with the films and as with the 
films the washing was performed for three days. 
Tests of drying thin cellulose threads had shown that 
some weight in the threads lower end was needed to 
get them dried straight and therefore 30 g was hung 
in every thread. Drying threads containing 0-50% 
xyloglucan showed that the tendency to break from 
the load was dramatically increased with higher 
xyloglucan content. At the highest concentrations, 
45% and 50%, they were so weak in undried state 
that they could not stand the load, and were hung 
with 10 g.  
 
 
 

Samples 
Data of the number of films, strips, rods and rod-
pieces that were made for each tested property and 
how many of these that were accepted are shown in 
Table 2, Table 3 and Table 4. The first and second 
set of films had a mean thickness of 67.8 µm and 
64.7 µm with an average deviation of 4.9 µm and 5.2 
µm. The diameter of the rods is shown in Table 4. 
 
Table 2. Samples from the first set of films 

Xyloglucan Precipitation 
media 

Films 
made 

Strips 
made 

Accepted 
tests 

0 % H2O 2 10 10 

5 % H2O 2 11 9 

10 % H2O 2 13 10 

15 % H2O 2 11 9 

20 % H2O 1 10 7 

25 % H2O 1 5 2 

0 % etOH 1* 4 3** 

25 % etOH 1* 2 2 

50 % etOH 1 5 5 

* The strips broke in undried gelated state but the large intact 
pieces were dried. 

** The strips broke almost at the clamp, and are a bit 
untrustworthy.  
 

Table 3. Samples from the second set of films 

Xylglucan  Precipitation 
media 

Films 
made 

Strips 
made 

Accepted 
tests 

15 % H2O 6 36 16 

0 % H2O 6 32 18 

15 % etOH 6 34 24 

0 % etOH 6 30 15 

 
Table 4. Rods  

Xylglu-
can  (%) 

Preci-
Pitation
media 

Rods 
made 

Pieces 
made 

Accepted
Tests 

Diame-
ter (µ) 

0 H2O 1 4 3 340 

5 H2O 1 3 3 335 

10 H2O 1 4 3 330 

15 H2O 1 3 3 330 

20 H2O 1 3 3 325 

25 H2O 1 4 3 315 

30 H2O 1 3 3 315 

35 H2O 1 3 3 315 

40 H2O 1 3 3 305 

45 H2O 1* 0 0 315 

50 H2O 1* 0 0 315 

* Was hung with only 10 g 
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Mechanical testing 
The spiked pattern of the clamp induced cracking and 
made the strip break at the clamp when the strip was 
extended. To diminish this effect but still not allow 
the strips to slide they were clamped in the Instron-
machine in-between sandpaper. When the rods were 
clamped directly in the clamp or in-between 
sandpaper the hydraulically pressed clamp cracked 
them. Placing two flat pieces of rubber under the 
sandpaper before clamping eliminated this problem. 
The camera for strain measurement did not have 
resolution to see the rods, why balls of sticky tack 
were attached to the rods and the white dots made on 
them. 

When the first mechanical tests on films showed a 
trend of giving unpredictable data 15 % and 0 % 
xyloglucan were chosen as the only concentrations to 
focus on. These two concentrations should be a 
balance between impact on properties and between 
unchanged material creation-procedure. Adding 
ethanol or not into the precipitation solution was 
chosen as another factor to test. An Ethanol 
concentration of 15 % was chosen because higher 
concentrations dramatically lowered the film’s 
strength in undried gelated state. Making the films 
with and without ethanol was chosen as a second test 
property because the initial tests showed a tendency 
of making the xyloglucan containing films less brittle 
with ethanol. The ethanol concentration was though 
lowered due to its negative effect on film strength.     

Mechanical test data showed that for the first set of 
films the most visible trend was that precipitation in 
ethanolic atmosphere seemed to have a softening 
effect lowering the Youngs modulus for the films 
(Figure 4.). It should be noted, though that only a 
low number of strips were able to be tested from 
these films. The mechanical test of the second films 
shows no difference in Youngs modulus neither with 
xyloglucan content or ethanol addition (Figure 5.). It 
should be noted that the ethanol addition during 
precipitation was smaller than in the first films. The 
data from both mechanical film tests show a great 
spread and are quite unreliable.  

The mechanical test with rods showed a difference 
between samples with different xyloglucan content, 
which is made very visible by the stress vs strain plot 
(Figure 6.). Youngs modulus shows a slight trend to 
increase with elevated xyloglucan content (Figure 
7.). The most visible trend is that the rods with more 
xyloglucan seemed to be less extendable which is 
visualized clearly by the increased modulus of plastic 
deformation (Figure 8.) and the lowered strain at 
break (Figure 9). It is hard to tell from data how 
increasing xyloglucan concentration affects the 

maximum stress tolerance but at least it is not falling 
as judged by the stress at break (Figure 10.). 
 
SEM imaging 
The surface of the rods with 0% and 40% xyloglucan 
showed a grooved but otherwise smooth surface, 
shown in Figure 11 and Figure 12. The surface of 
the rod with xyloglucan look smother but it is hard to 
tell since the camera is not configured in the same 
way due to lack of time for camera focusing. The 
images of the fractures showed a more dense 
structure with more xyloglucan content (Figure 
13.a). Drawing conclusions from the images should 
be done with a little care, since they are not taken 
with the same angle versus the fracture surface and 
they are taken at unknown depths from the center of 
the rod core. The crack-pattern of the fractures also 
looked a bit different (Figure 13.b) but the zoomed 
in pictures are taken on areas where the fracture has a 
flat surface.  

 
Figure 4. Youngs modulus for the first set of films 

 
Figure 5. Youngs modulus for the first set of films
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  Figure 6.  Stress vs Strain curves for the rods. 
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Figure 7. Youngs modulus for the rods. 
 

 
Figure 8. The modulus of plastic deformation for the rods. 
 

 
Figure 9. Strain at break for the rods. 
 

 
Figure 10.  Stress at break for the rods. 

 

 

 

 

 
Figure 11. SEM images of a 0% xyloglucan rod surface, all three 
images were taken in the red mark. 
 

 

 

 
Figure 12. SEM images of 40% xyloglucan rod surface, both 
images were taken in the red mark.
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                          100 000 x magnification                              50 000 x magnification

Figure 13.a SEM images of fractures from three rods with 0%, 15% and 40% xyloglucan content, all images are from the red marks in 13.b
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                            10 000 x magnification                               400 x magnification

Figure 13.b SEM images of fractures from three rods with 0%, 15% and 40% xyloglucan content, all images are taken in the red marks. 
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Discussion 
 
This work comprises the creation of rods and films 
made by cellulose and xyloglucan. The method to 
make these was regeneration which involved 
dissolution of the polysaccharides in N-
Methylmorpholine N-oxide and precipitation in water 
or alcoholic media and drying. The analysis of the 
material was made with stress vs strain measurement 
performed by an extension machine, and by viewing 
with SEM. A clear connection between higher 
xyloglucan content and less extendable material with 
kept maximum strength is seen. SEM also indicates 
that increased xyloglucan content seem to make the 
material denser. 
The one week long experimental procedure has been 
giving a slow feedback on what is working or not. 
Many unexpected problems have also been necessary 
to overcome due to the heavy forces that long 
polymers do put up when the properties around them 
change. As an example the heavy weight of 16 kg 
showed capable of bending both thin glass plates and 
the bottom of the oven.  

This work has mainly focused on creating testable 
cellulose films. The work with rods has occupied a 
lot less time but has in its simplicity given much 
more results. Since all the rod experiments arise from 
just two different doses of dissolved polysaccharides 
which are mixed together this is a factor of 
unreliability. More trials with rods are needed to 
confirm the results and to see if the tensile strength 
peaks at one xyloglucan concentration. 

The effect of precipitation in ethanol was 
interesting even though it was not seen on the second 
films. This might be due to that the ethanol or 
xyloglucan content in the second films were too low. 
It might also be due to problems in the washing 
leaving traces of NMMO and DMSO in the first 
films. A syringe-extrusion of thread into ethanolic 
media would be an interesting experiment. Three 
other valuable tests that could be done on the material 
would be to test:  
1.  The crystallinity to see if the addition of 

xyloglucan decreases it like other cross-binders.  
2. The fibrillation properties to see if xyloglucans 

cross-binding is keeping the fibers from 
fibrillating.  

3. The xyloglucan content to see if all xyloglucan 
stays in the composites or if some is flushed out 
during washing. 

The procedure to make regenerated films might be 
used for other purposes than mechanical testing such 
as drop angle measurements and permeability tests. 

To make films that function for mechanical studies I 
think it would be better to make them continuously. 
A device to extrude flat films directly into the 
precipitation solution would ease up the procedure a 
lot. The films could be dried rolled up on rolls letting 
their own contracting force press them hard to the roll 
keeping them flat. Having a defined width would also 
eliminate the problematic cutting of the films to get 
them into the right shape for testing.   

The addition of xyloglucan into the material seems 
to make it stronger, especially when plastically 
deformed. The stress at break is though occurring at 
around the same stresses because of a lower strain at 
break. It might be an effect of xyloglucan 
crosslinking cellulose, keeping them locked tight 
together, therefore requiring a stronger force to drag 
them apart. The SEM-images also showed a decrease 
in the materials porosity with increasing xyloglucan 
content, which can be seen for other crosslinkers 
[14]. The images are taken at unknown distance from 
the rod core which can affect porosity [8], and with 
different camera angles making the SEM results a bit 
uncertain.  

The physical properties of the composite could be 
used for various applications when high strength and 
little extension are preferred, sail cloth, tennis strings, 
fishing lines etc. An immense space of possibilities is 
opening once xyloglucan is chemically doped with 
other abilities before merged into the material. The 
enzyme XET has already been used to make 
modified xyloglucan by joining chemically modified 
xyloglucan subgroups into a polysaccharide [15], 
[16]. Pigments could be attached giving clothes that 
never loose their color. Hydrophobic groups could be 
attached giving rainproof but still breathing clothes. 
The fact that both the materials are natural and 
degradable makes them excellent for medical uses 
such as chirurgical thread or nets. Adding biological 
groups that the body recognizes as a tissue could 
even stimulate the natural growth back and healing 
process. The future is bright for cellulose composites. 
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