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Abstract 

Sporopollenin is considered a resistant material and might be applicable in flame retardant material. 

The use of renewable material in fields mainly dominated by toxic materials, such as bromides in 

flame retardant materials, could greatly improve the sustainability in those fields. A renewable 

porous film could be of interest in applications were cellophane is used today. The aim of this 

report is to investigate some basic properties of films made from nanofibrillated cellulose (NFC) 

and Lycopodium spores with a specific focus on flame retardant and mechanical properties. These 

properties were investigated using machines such as SEM, a universal electromechanical tester, 

TGA and vertical flame testing. During the production of the films an ultra turrax, rotavapor and 

rapid köthen was used. The films containing spores did not improved properties such as flame 

retardancy and mechanical properties when compared to the original NFC film. Density was 

lowered by almost half in some cases compared to the original NFC-film. Mechanical properties of 

the alkali-treated spores showed a significant increase compared to the untreated spores. An 

increased spore-ratio shows a decreased Young’s modulus. Further research on flame retardancy 

could be done using xyloglucan or another more flame retardant organic compound as a matrix. A 

foaming agent inside the sporopollenin could also contribute to flame retardancy. The mechanical 

properties could be compared to cellophane in order to see any future possibility of application. If 

possible pure sporopollenin should be used instead of whole spores. 

Keywords: Lycopodium, Nanofibrillated cellulose, Mechanical properties, Flame retardancy, Film 

production 
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1 INTRODUCTION 

Sporopollenin is the material left after spores and pollen have been exposed to deteriorating 

treatments such as alkali and organic solvents [1] [2]. By that definition sporopollenin is not a 

specific biological compound rather a group of materials showing the same tendencies of 

resistance. Spores and pollen have different layers in the cell wall and the group sporopollenin is 

part of the outer cell wall which in turn have different sub-layers depending on the plant species. 

[3] 

 Previous research shows that spores from Lycopodium clavatum washed and refluxed with 

acetone lose 40% mass in a thermo gravimetric analysis (TGA) at 600 degrees Celsius for an inert 

atmosphere [2]. Which indicates it could be used as a fire retardant. This further leads to the 

interest of using the sporopollenin in materials to enhance their properties. To understand were this 

material could be applicable mechanical properties were studied. 

 Sporopollenin could be a good substitute of flame retardant materials made of bromides. If an 

organic compound made of renewable resources could be used instead it would lower the risk of 

exposure to these sometimes toxic flame retardant materials. It would also reduce the carbon 

footprint since the material isn’t made of crude oil. 

 However this report will focus on entire spores and spores treated to lose the genetic material. 

This was done to get as close to sporopollenin as possible. The major focus will be some derived 

results from mechanical testing and densities. 

1.1 Background 

The difference between spores and pollen is that pollen are the reproduction unit of seed plants 

while spores are the reproduction unit of fungi, algae and ferns etc. Spores uses asexual 

reproduction while pollen is the male part of seed plants sexual reproduction. In this report 

spores from a clubmoss in the family named Lycopodium has been used. The wolf’s-foot 

clubmoss is a common species of clubmoss and its spores are therefore easy to come by.  

 The spore’s wall, portrayed in Fig. 1, protect the cytoplasm and DNA and it can be 

separated in different categories and subcategories. The innermost part of the wall is called 

intine and consists mostly of cellulose and polysaccharides. [3] 

 The sub categories for the outermost layer, exine, are endexine and ectexine. The ectexine 

part of the wall can be called sporopollenin, which is as stated in the introduction, a group of 

materials showing similar properties. This is the outermost layer of the exine. This material is 

resistance to acids and bases which gives the spore a high survivability rate. The endexine is 

the layer between intine and ectexine. [3] 
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Fig. 1: Spore wall, only left side will be referred to in this report [3]. 

 As this is an organic material the source of spores is renewable. This may lead to interest of 

the material as renewable materials are in demand because oil reserves are running low. 

1.2 Aim 

This report contains basic research on how to make nanofibrillated cellulose films containing 

Lycopodium spores and its properties. Nanofibrillated cellulose will be referred to as NFC. 

Properties investigated were flame retardancy, density and mechanical properties. This was tested 

through thermo gravimetric analysis, vertical flame testing, density measurements and tensile 

strength testing.  

 Films with different compositions were sought since it would better show the spores effect on 

the pure NFC-film and the change in mechanical properties. 

2 METHODS 

For materials used during these methods see Appendix D.  

2.1 NFC Films 

The NFC used was made using the method described in [4]. Calculations were made to dilute the 

NFC suspension down to 0.5wt% properly. The calculations were as followed: 

𝑷𝒖𝒓𝒆 𝑵𝑭𝑪 𝒎𝒂𝒔𝒔 +  𝑺𝒑𝒐𝒓𝒆 𝒎𝒂𝒔𝒔 =  𝟎.𝟓𝐠  (1) 

For 1 film Eq. (1) was used [5] which gave rise to Eq. (2): 

𝑷𝒖𝒓𝒆 𝑵𝑭𝑪 𝒎𝒂𝒔𝒔 +  𝑺𝒑𝒐𝒓𝒆 𝒎𝒂𝒔𝒔 =  𝟏.𝟓𝐠  (2) 

for 3 films. 

 These films didn’t contain any spores which means that Spores mass=0g and Pure NFC 

mass=1.5g. In order to make the final solution end weight and mass of 1.7wt% NFC suspension 

were also needed. These could be obtained through the following equations: 

𝑷𝒖𝒓𝒆 𝑵𝑭𝑪 𝒎𝒂𝒔𝒔/𝟎.𝟎𝟎𝟓 =  𝐞𝐧𝐝 𝐰𝐞𝐢𝐠𝐡𝐭  (3) 

𝑷𝒖𝒓𝒆 𝑵𝑭𝑪 𝒎𝒂𝒔𝒔/𝟎.𝟎𝟏𝟕 =  𝟏.𝟕% 𝐍𝐅𝐂 𝐦𝐚𝐬𝐬 𝐧𝐞𝐞𝐝𝐞𝐝  (4) 
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Which means 88.24g of 1.7% NFC suspension were diluted with water till an end weight of 300g. 

 A beaker was placed on a scale and the NFC suspension was inserted into the cup with a spoon 

until the right amount of NFC was weighed. Later distilled water was poured into the beaker until 

the correct weight was reached. The beaker was then shaken and moved to the ultra turrax. The 

ultra turrax was set to a speed of ~12500 RPM for 15 minutes. Once this was done the sheared 

mixture was moved to a flask. 20 gram of distilled water was poured into the beaker to get NFC off 

the walls and poured into the flask. 

 The flask was moved to the rotavapor. The rotavapor was turned on with vacuum at 16 mbar 

and a moderate rotation, four out of ten. No heat was applied. This process lasted for about 15 

minutes. The content of the flask was now divided and poured into three beakers as three films 

were going to be made. Once 102g of the suspension was poured into the beakers they were moved 

to the vacuum filtration stations. Here the membranes were inserted on the filtration stations and 

the suspension was slowly poured into the station. Aluminium foil was then put on top and a small 

hole was made. A spirit level was applied on top to make sure it was straight and then the vacuum 

was turned on. 

 Once the filtration process was completed, after one and a half hour, the vacuum was turned off. 

NFC was removed with the membrane and put into a petri dish where another membrane was put 

on top of the NFC. This process was repeated till all three films were inside the petri dish and each 

film had two separate membranes around them. They were later moved to a rapid köthen. 

Protective paper was placed above and below the samples and the filter membranes and then the lid 

was closed and the machine was turned on for 20 minutes.  

2.2 NFC-Spores Films 

The antistatic gun was used on the arms of the user and the jar of spores whenever spores were 

handled. 

 These films were made in the same way as the pure NFC films except that different amount of 

distilled water and NFC was put into the beaker. As these films contained spores they were inserted 

into the solution when the right amount of NFC and distilled water was measured. The rotavapor 

was set on a higher rotation, 250rpm. The rest of the steps can be followed as in the pure NFC 

method. 

 For the NFC-Spore films the composition were done in weight percent. For the 10%-film 0.15g 

of spores were used which were derived from Eq. (2) and this gave rise to 79.41g of 1.7% NFC 

suspension being diluted with the spores to 270g. The 30%-film needed 0.45g of spores and 61.76g 

of NFC which ended on a weight of 210g. And the 50%-film needed 0.75g of spores and 44.12g of 

NFC with an end weight of 150g. 
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2.3 Preparations for SEM with untreated spores and treated spores 

A pin stub was taken and inserted into the hood with the spores. In order to minimize spore 

contamination the spores were stored in a pipette until put onto the carbon tape.  Tweezers were 

then used to peel of the carbon tape which was applied to the stub. The pipette was now carefully 

tilted above the carbon tape to make sure not to much spores would be applied. No certain amount 

of spores was applied, but enough to be seen in the SEM. The stub was put into a petri dish to 

ensure no other particles stuck to it. This was later moved to the SEM and inserted according to the 

machines instructions. 

The treated spores were handled the same way. 

2.4 Preparations of films for SEM 

Small pieces were cut out of the film. Before cutting one side was marked with a pencil to separate 

the sides from each other. The pieces were put on a pin stub with carbon tape. This was repeated 

for each composition until all 6 stubs had two samples on them except one that had 4 samples on it. 

2.5 Alkali treatment to remove proteins 

Sodium hydroxide with spores were heated for 6 hours under reflux, then washed. The same 

process was repeated one more time. During the treatment the viscosity of the mixture increased 

and therefore the temperature was increased to ease stirring. The entire set-up was covered in 

aluminium foil to give a homogenous temperature. 

2.6 Spores mixing behaviour in water 

A non-specified amount of spores was poured into a beaker of water. Afterwards ultra turrax was 

used to try to mix the spores into the bulk of the water. The beaker was stored in a hood to check 

on after a longer period of time. 

2.7 Mechanical testing 

Six pieces by the length of 1x5cm were cut out from films of each composition. The pieces were 

then moved to a room with 50% air humidity and 22 degrees Celsius overnight. The next day the 

thickness of each piece was measured in three places to get a mean value. Later the films were 

inserted into the tensile-strength machine. The machine had 30mm between the two grips and was 

reset between each test. This was repeated till all pieces had been tested. The regions assumed to be 

linear to calculate the Young’s modulus can be observed in Appendix B. 

2.8 Density of films 

Square pieces, conditioned at room temperature and normal humidity, with the dimension 2x2 cm 

were cut out from films of each composition and then weighed. After weighing the pieces height 

was measured in 3 spots with the help of micrometer also called a digimatic indicator. Later the 
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density was calculated with the data received. For the treated films measurements were 1x2cm, 

1x2cm and 1x1.5cm for 10%-30%-50% respectively. 

2.9 Methods to determine density of the spores: 

2.9.1 Tablet 

One method to determine the density was to make a tablet of the spore powder. A preparatory 

machine for IR-measurements from Perkin-Elmer was used. Pressures between five and seven bar 

was applied. Afterwards the tablets were dried and weight was measured. The height was measured 

using a digimatic indicator. 

2.9.2 Filled vials 

Three vials of 2 ml were filled with spores. To remove voids a spoon was used to knock on the 

glass till no difference in height was noticed. The scale was reset with the help of a reference vial. 

The vials were then weighed with the lid on. The lid was taken off and paper was put on top of the 

vials and rubber bands to keep tight and then inserted into an vacuum oven. The oven was set to 80 

degrees Celsius and vacuum was turned on. The samples were in the oven overnight and afterwards 

the samples were inserted into a degasser. Later the vials were measured with the same way as 

earlier. 

 The treated spores were measured using the same method except that the scale was also reset 

with the actual vial used before pouring the spores in. So the weight of the treated spores was 

calculated by resetting the scale with the help of reference vial and the actual vial used. 

2.10 Methods to determine Flame Retardancy: 

2.10.1 Vertical Flame Test 

Specimens out of all the films were cut out with the dimensions 5x1.5cm. For each composition 

two specimens were made. Each specimen was weighed. One of the short sides was inserted into 

aluminium foil like a T in a utility clamp. The specimens lower part was hanging 30cm above the 

surface. The flame was set to a 2cm high flame. The flame was then moved to the specimen till the 

flame touched it and stayed there for five seconds. When the flame had settled and afterglow had 

stopped the rest of the specimen could be weighed again. 

This process was repeated for each specimen. 

2.10.2 Thermo gravimetric Analysis (TGA) 

The ceramic cups were cleaned with a flamer to burn any leftover materials in the cups. The cups 

were later inserted into the TGA. The TGA was then set to tare each cup. Later the cups were 

moved out of the TGA and 10 mg of each sample was measured and inserted into the ceramic cups. 
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Then the cups were once again moved to the TGA on and the test was started. Lids were used for 

the spores. The test was done using O2-gas. 

3 RESULTS 

3.1 NFC Films 

88.26g of 1.7% NFC suspension was used and the end weight of 300g was reached. Three films 

were made and except for one film from each composition, which was smaller, the films had the 

same size. 

3.2 NFC-Spores Films 

Three films were made and obtained the same size as the pure NFC-films. 

 The measurements used for the 10%-untreated film was 0.161g of spores, 79.41g of 1.7% NFC 

susp. and an end weight of 290g. For the 30%-film the numbers were 0.463g of spores, 61.76g of 

1.7% NFC susp. in a final solution weighing 210g. The last untreated film were supposed to have 

50wt% of spores but had instead 0.770g of spores, 44.4g of 1.7% NFC susp. and ended on a weight 

of 149g. 

 The measurements used for the 10%-treated film was 0.178g of spores, 79.4g of 1.7% NFC 

susp. and an end weight of 275g. For the 30%-film the numbers were 0.451g of spores, 61.76g of 

1.7% NFC susp. in a final solution weighing 210g. The last treated film with 50wt% of spores had 

0.783g of spores, 44.12g of 1.7% NFC susp. and ended on a weight of 150g. 
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3.3 SEM with untreated spores and treated spores 

 

Fig. 2: Untreated spores on carbon tape, working depth 2.0mm. 

 

Fig. 3: Treated spores on carbon tape, working depth 1.9mm. 
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Fig. 4: Single untreated spore, working depth 2.0mm. 

 

Fig. 5: Single treated spore, working depth 1.9mm. 
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3.4 SEM with film 

 

Fig. 6: Film with 10wt% untreated spores, working depth 1.9mm. 

 

Fig. 7: Film with 10wt% treated spores, working depth 1.9mm. 
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Fig. 8: Film with 50wt% untreated spores, working depth 1.9mm. 

 

Fig. 9: Film with 50wt% treated spores, working depth 2.0mm. 
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Fig. 10: Cross section of untreated film 50 wt%, notice the big spores [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: Cross section of treated film 50 wt%, notice the collapsed spores [6]. 
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3.5 Alkali treatment to remove proteins 

A third party did the treatment of the spores into the final product which was used for this report 

[7]. A change into a darker colour could be observed during treatment and the in final product. 

3.6 Spores mixing behaviour in water 

After mixing the spores appeared dispersed into the water. After roughly 5 hours the spores had 

separated to the bottom of the beaker and the surface of the water.  

3.7 Mechanical testing 

Linear E-modulus for films of different composition [GPa] 

 NFC UT 10% UT 30% UT 50% T 10% T 30% T 50% 

E 7.8 5.7 3.5 1.7 6.8 4.8 3.3 

 

 

Fig. 12: Stress-strain comparison of the films. 
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Fig. 13: Observe the increased E-module after treatment.  

 

Fig. 14: Observe the increased tensile strength after treatment. 
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3.8 Density of films 

Density of films 

Sample Type Weight [g] Height 

1[mm] 

Height 2 

[mm] 

Height 3 

[mm] 

Density 

[g/cm3] 

NFC 0.0484 0.102 0.077 0.076 1.424 

UTreat. 10% 0.0445 0.089 0.094 0.085 1.246 

UTreat. 30% 0.0452 0.121 0.122 0.128 0.910 

UTreat. 50% 0.0468 0.154 0.155 0.154 0.758 

Treated 10% 0.0251 0.093 0.094 0.095 1.335 

Treated 30% 0.0238 0.095 0.094 0.094 1.260 

Treated 50% 0.0186 0.106 0.106 0.111 1.152 

Table 1: Data used to obtain the density of each film. 

 

Fig. 15: Observe the increased density after treatment. 
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3.9 Methods to determine density of the spores: 

3.9.1 Tablet 

No data acquired. 

3.9.2 Filled Vials 

Untreated spores before vacuum oven 

Weight 

specimen 1 [g] 

Weight 

specimen 2 [g] 

Weight 

specimen 3 [g] 

Mean [g] Density [g/cm3] 

0.7626 0.7589 0.7673 0.7629 0.3815 

Untreated spores after vacuum oven 

0.7411 0.7366 0.7443 0.7407 0.3703 

Table 2: Data used to obtain the density of untreated spores. 

 

Treated spores before vacuum oven 

 Weight 

specimen 1 

[g] 

Weight 

specimen 2 

[g] 

Weight 

specimen 3 

[g] 

Mean [g] Density 

[g/cm3] 

Original vial 0.3408 0.3423 0.3227 0.3353 0.1676 

Reference 

vial 

0.3794 0.3587 0.3143 0.3508 0.1754 

Treated spores after vacuum oven 

Original vial 0.3314 0.3385 0.3222 0.3307 0.1654 

Reference 

vial 

0.3699 0.3550 0.3139 0.3463 0.1731 

Table 3: Data used to obtain the density of treated spores. 
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3.10 Methods to determine Flame Retardancy: 

3.10.1 Vertical Flame Test 

Table 4: Weight of samples used in the vertical flame test. 

3.10.2 Thermo gravimetric Analysis (TGA) 

Here follows two representative curves for spores, were the Y-axis is the relative mass of the 
sample and the X-axis is the temperature: 

 
Fig. 16: Untreated spores in TGA. 

 Vertical flame test specimens  

Sample Type Weight specimen 1 [g] Weight specimen 2 [g] 

NFC 0.09 0.10 

Untreated 10% 0.11 0.09 

Untreated 30% 0.09 0.10 

Untreated 50% 0.10 0.10 

Treated 10% 0.099 0.104 

Treated 30% 0.10 0.10 

Treated 50% 0.10 0.10 
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Fig. 17: Treated spores in TGA. 

These curves are for the films, were the Y-axis is the relative mass of the sample and the X-axis is 
the temperature: 

 

Fig. 18: NFC-film in TGA. 
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Fig. 19: 10% untreated spore-film in TGA. 

 

Fig. 20: 30% untreated -film in TGA. 
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Fig. 21: 50% untreated -film in TGA. 

 

 

Fig. 22: 10% treated spore-film in TGA. 
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Fig. 23: 30% treated spore-film in TGA. 

 

 

Fig. 24: 50% treated spore-film in TGA. 
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4 DISCUSSION 

4.1 NFC Films 

The difference in size happened due to the different filtration sets. Make sure there are no bubbles 

in your solution as this will give the film bad mechanical properties. The rotation from the 

rotavapor helped removing the bubbles in the solution. 

 The one NFC sample exposed to lesser vacuum had more water still in it and was therefore 

placed alone in a press. The other two samples were placed together on the same paper in another 

press afterwards the edges of the film which had more water were trimmed down. This process has 

to be done only if the films were not filtered well enough. 

4.2 NFC-Spore Films 

Both 10%-films have a bit too much water in them. This is not a problem since 20g of water is 

added before the rotavapor and the water is filtered away and even more evaporate in the rapid 

köthen. 

 Foaming was observed when the 30%-untreated solution was in the rotavapor this stopped after 

the solution had been poured into a bigger beaker. Foaming doesn’t change the composition but it 

causes a lot of bubbles. Since foaming occurred during the rotation in the rotavapor the bubbles 

could easily be removed once the solution was put into a bigger beaker to stop the foaming from 

reoccurring. 

 The same size difference was observed because the same filtration set was used. The filtration 

membrane have 0.65µm in pore size and the spores are 25-30µm in size which means the spores 

couldn’t pass through the filtration paper. 

 SEM showed that spores were packed densely which is important for any possible flame 

retardancy. Any benefit to mechanical properties because of the packing is dependent on the 

Young’s modulus of the spores compared with the matrix. The packing is one indicator that the 

spores mix well with the NFC-matrix. 

4.3 Preparations for SEM with untreated spores and treated spores 

Treated spores showed a triangular form were as untreated spores showed a circular shape. This 

can be seen in Fig. 2-Fig. 5. The triangular shape might have happened due to the collapse when 

the protein is removed. The untreated spores in Fig. 2 and Fig. 4 looks the same as Lycopodium 

spores of the S-type [3]. The spores are roughly 30µm in size. 
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4.4 Preparations of films for SEM 

The treated spores showed a more spherical form inside the NFC-film compared with the triangular 

shape in the standalone samples. The surface of the two kinds of spores seem the same except for 

the difference in shape. 

 Treated spore-films had a higher amount of spores, which it should considering the lower 

density of the treated spores compared to the untreated spores. The dispersion of both types of 

films looks good as seen in Fig. 8. This means the properties of the films can be considered 

homogenous. 

 Untreated spores inside the film is intact while the treated spores show a collapsed structure 

inside the film. This can be observed and compared in Fig. 10-11. The collapse of the spores should 

have happened during the production of treated spores and/or the making of films. 

4.5 Alkali treatment to remove proteins 

The alkali treatment was done to remove protein and possibly some fatty acids. As seen in Fig. 2-

Fig. 5 there is a clear difference in the spores. This indicates that the alkali treatment has affected 

the spores. A change in colour could also be noted after treatment. 

4.6 Spores mixing behaviour in water 

The spores showed a hydrophobic behaviour and did not mix into the bulk of the water but rather 

stayed on the surface and grouped together. After a short period of mixing the groups of spores had 

been finely dispersed over the surface of the water and some spores could be found in the bulk. 

Since the spores separated after a long time this further indicates a hydrophobic behaviour. 

 The spores float on water indicating a density lower than the water. It later sinks to the bottom 

because of moisture sorption. 

4.7 Mechanical testing 

The mechanical testing showed clear signs that the treated spores had better mechanical properties 

than the untreated as seen in Fig. 12. This could be because weight percent was used while making 

the films and hence ended up with a higher number of treated spores in those films. On the other 

hand none of the films had overall improved mechanical properties since pure NFC films showed 

better results than both treated and untreated films. 

 The machine registered some drop in tensile strength over several specimens, something that 

other experiments had seen while using that machine. The drop usually happened around when the 

linear region ended and the plastic began. Also one of the NFC specimens slipped from the 

pinchers and that data was not used for any of the graphs made. 
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 Micro cracks were created during the cutting of the specimens this could be one possible reason 

why specimens showed different values. One of these cracks can be seen in the top right corner of 

Fig. 9. 

 Young’s modulus of films made of untreated spores had the lowest value at 50% composition 

which is one third of its highest at 10% composition. The same correlation could be seen with the 

films made of treated spores but the lowest value is only half of the highest. Films with treated 

spores show a higher Young’s value than untreated spores in films. 

 For the tensile strength as a function of composition and treatment the same kind of correlation 

could be made but the lowest value is roughly 40% for the untreated and 55% for the treated of 

their highest values respectively. 

4.8 Density of films 

As the spore amount increased the density of the films decreased since the substance with low 

density is increasing. Treated spore-films show a higher density even though treated spores show a 

lower density than untreated spores. This is thought to be a result from weight-percent being used. 

Which means the amount of spores is highest in the films with treated spores. And they then have 

enough spores that the density also becomes higher. Treated films also show a higher degree of 

packing which could result in the higher density. 

 Treated spore-films show a higher density even though treated spores show a lower density than 

untreated spores. This is an unexpected result as a component with lower density should have made 

the composite have lower density. This difference is thought to be because the spores collapsed 

giving more significance to the density of the NFC in the treated films. Due to weight percent being 

used the amount of spores is highest in the films with treated spores compared to the same 

composition of the untreated films. This could have caused a more closely packed material, leading 

to higher densities. 

 The spore-films show a steady decrease in density with increased spore-ratio and in turn an 

increase in tensile strain and an decrease in tensile strength. With increased spore-ratio a decrease 

in E-modulus could be observed. The significantly decreased density with spore ratio means a 

relatively strong material can be made quite light. 

4.9 Methods to determine density of the spores: 

4.9.1 Tablet 

When the tablets were pressed it was noted that they were extremely brittle. Three tablets were 

made with this method but two of them broke before measurements were made. The last one broke 

when measuring the thickness of it. A thickness and a density was calculated from the half broken 

sample but it was an unreliable result. 
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4.9.2 Filled vial 

Another method was to use vials and fill them up and then measure the weight of them. The vials 

had to be filled all the way up for this method to work. The volume of the vials were determined to 

be 2ml and afterwards they were filled with spores. To remove voids a spoon was used to knock on 

the glass and then put into a vacuum oven to remove even more voids and humidity as well. As the 

vials were 2ml the weight was divided with 2 to get g/cm3. It was difficult to be certain that 2ml of 

the spores were inside the vial due to its small size, low density and static properties. A reference 

vial was used for the untreated spores which didn’t give precise results as a difference in vial-

weight was noticed. Therefor the treated spores were measured in two different ways to give as 

precise results as possible. The results is decent enough as the difference is 0.012g/cm3. Some of 

the vials got dropped after the vacuum oven. This means that the voids that were removed might 

have come back. However the results showed consistency between all vials of the same type. The 

weight of the samples had decreased by the same amount across all vials. 

 Vacuum gives a better packed sample and reduces the chance of air interfering in the density 

calculation. 

 The dried and moist state of the vials had two different heights and the ratio between them gave 

the volume of the dried state. However since the fact that the vials were marginally less filled after 

the drying process than before it was decided to consider them fully filled. 

 Treated spores have lost its genetic material and as such should have a lower density since the 

volume is almost unchanged except for some collapse. This could be observed in the data. Also 

note that treated spores nr 1 got dropped on the floor after the vacuum oven which might have 

given unreliable results. 

4.10 Methods to determine Flame Retardancy: 

4.10.1 Vertical Flame Test 

The results from this test were not as hypothesized. The films burned up before the five seconds 

had gone by and nothing worth weighing was left. They burned easily because the majority of the 

films were still cellulose and the spores used contained cellulose or another burnable organic 

polymer instead of only the hypothesized flame retardant sporopollenin. There was no point in 

measuring afterglow etc. as no material was left after the test. There were no notice of any bigger 

differences between treated and untreated films as both were gone before the five seconds had 

elapsed, which is below the standard for flame retardancy. 
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4.10.2 Thermo gravimetric Analysis (TGA) 

TGA results of the spores gave a better picture of their temperature resistance. It seems both start to 

degrade at 200 degrees Celsius. This could be because of the spores still containing some cellulose 

like organic polymer in the inner cell wall which is quick to deteriorate around 200 degrees 

Celsius. The difference between the treated and untreated spores is that the untreated takes longer 

to lose mass than the treated ones. This might be due to the protein still being intact in the untreated 

ones and it helps with temperature resistance because the nitrogen forms strong bonds and could be 

seen as a new slope in the curves. Some char was left after burning. It seems like the spores 

themselves don’t show good temperature resistance which means that sporopollenin should be used 

for future experiments. 

 All of the spore-films showed similar behaviour as the NFC-film. This can be seen in Fig. 18-

Fig. 24. There were minimal differences and none of the films show good temperature resistance 

compared to sporopollenin [2]. As seen in Appendix C some curves show anomalies this could be 

a machine error during the experiment. 

5 CONCLUSION 

This material should not be used in flame retardant applications. Furthermore it should not be used 

in a load bearing application however it might be good as a substitute for heavier materials with 

similar mechanical properties. The films with treated spores show an increased strength compared 

to films with untreated spores. Using the curves relating composition, density and E-modulus a 

conclusion could be drawn that an increased composition decreases density and E-modulus. The 

collapse of the spores made the density higher for the films of treated spores. This difference 

between film types should be considered when using this material. 

 Since films with treated and untreated spores show the same kind of flame retardancy and films 

with treated spores show better mechanical properties, it is recommended to use treated spores. For 

further research in this area care should be taken to have pure sporopollenin. The composition 

should be chosen with the application in mind. 
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Appendix A 

SEM with film 

 

Fig. 25: Film with 30wt% untreated spores, working depth 2.0mm. 

 

Fig. 26: Film with 30wt% treated spores, working depth 2.0mm. Front-side. 
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Fig. 27: Film with 30wt% treated spores, working depth 2.0mm. Back-side. 
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Appendix B 

Mechanical testing 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

Thickness of untreated 10% film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.079 0.086 0.083 0.083 

2 0.082 0.083 0.084 0.083 

3 0.085 0.083 0.083 0.084 

4 0.084 0.082 0.085 0.084 

5 0.083 0.083 0.084 0.083 

6 0.083 0.081 0.081 0.082 

Table 6: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

Thickness of pure NFC film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.076 0.077 0.079 0.077 

2 0.076 0.077 0.079 0.077 

3 0.079 0.079 0.076 0.078 

4 0.076 0.076 0.079 0.077 

5 0.079 0.076 0.076 0.077 

6 0.079 0.078 0.076 0.078 
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Thickness of untreated 30% film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.101 0.100 0.098 0.100 

2 0.094 0.099 0.100 0.098 

3 0.098 0.100 0.096 0.098 

4 0.099 0.102 0.103 0.101 

5 0.100 0.106 0.101 0.102 

6 0.105 0.103 0.107 0.105 

Table 7: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

 

Thickness of untreated 50% film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.116 0.127 0.132 0.125 

2 0.118 0.128 0.135 0.127 

3 0.121 0.122 0.132 0.125 

4 0.121 0.124 0.140 0.128 

5 0.123 0.131 0.138 0.131 

6 0.132 0.131 0.129 0.131 
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Thickness of treated 10% film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.073 0.075 0.073 0.074 

2 0.075 0.077 0.075 0.076 

3 0.076 0.077 0.075 0.076 

4 0.077 0.077 0.076 0.077 

5 0.075 0.073 0.077 0.075 

6 0.079 0.078 0.074 0.077 

Table 9: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

 

Thickness of treated 30% film [mm] 

Specimen nr: Value 1 Value 2 Value 3 Mean 

1 0.077 0.079 0.081 0.079 

2 0.081 0.079 0.079 0.080 

3 0.081 0.081 0.081 0.081 

4 0.082 0.082 0.081 0.082 

5 0.079 0.082 0.082 0.081 

6 0.082 0.085 0.085 0.084 

Table 10: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 
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Thickness of treated 50% film [mm] 

Specimen 

nr: 

Value 1 Value 2 Value 3 Mean 

1 0.097 0.093 0.091 0.094 

2 0.102 0.097 0.091 0.097 

3 0.098 0.094 0.094 0.095 

4 0.097 0.092 0.091 0.094 

5 0.091 0.094 0.097 0.094 

6 0.086 0.090 0.093 0.090 

Table 11: Data used to obtain area of the cross-section of different specimens, for stress-strain testing. 

 

 

 

Fig. 28: Stress-strain data from pure NFC-films. 
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Fig. 29: Stress-strain data from 10wt% untreated films. 

 

 

 

Fig. 30: Stress-strain data from 30wt% untreated films. 
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Fig. 31: Stress-strain data from 50wt% untreated films. 

 

 

 

Fig. 32: Stress-strain data from 10wt% treated films. 
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Fig. 33: Stress-strain data from 30wt% treated films. 

 

 

Fig. 34: Stress-strain data from 50wt% treated films. 
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Fig. 35: Linear E-modulus approximation of NFC film. 

 

Fig. 36: Linear E-modulus approximation of 10wt% untreated film. 
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Fig. 37: Linear E-modulus approximation of 30wt% untreated film. 

 

Fig. 38: Linear E-modulus approximation of 50wt% untreated film. 
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Fig. 39: Linear E-modulus approximation of 10wt% treated film. 

 

Fig. 40: Linear E-modulus approximation of 30wt% treated film. 
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Fig. 41: Linear E-modulus approximation of 50wt% treated film. 
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Appendix C 

TGA of differently treated spores 

 

Fig. 42: Untreated spores in TGA. 

 

Fig. 43: Treated spores in TGA. 
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TGA of different films 

 

Fig. 44: NFC-film in TGA. 

 

Fig. 45: 10% untreated spore-film in TGA. 
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Fig. 46: 30% untreated spore-film in TGA. 

 

Fig. 47: 50% untreated spore-film in TGA. 
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Fig. 48: 10% treated spore-film in TGA. 

 

Fig. 49: 30% treated spore-film in TGA. 
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Fig. 50: 50% treated spore-film in TGA. 
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Appendix D 

Materials used 

NFC Films 

NFC suspension with 1.7wt% 

Shear mixer (IKA T25 Digital Ultra Turrax)  

Rotoevaporator (Rotavapor Buchi R-210) 

Sheet former (Rapid Köthen) 

Membrane (0.65 micro meter pores, 50 cm diameter) 

Vacuum filtration 

Water 

Beakers 

Scale 

Spoon 

Spirit level 

Aluminium foil 

NFC-Spore Films 

Same as NFC Films but with an addition of:  

Untreated spores (as received) 

Alkali-treated spores 

Zerostat 3 

Preparations for SEM with untreated spores and treated spores 

Lycopodium spores from different species, untreated and treated 

Pipette 

Pin Stub 

Carbon Tape 

SEM (Hitachi TM - 1000) 

Zerostat 3 

Preparations of films for SEM 

Films 

Pencil 

Scissor 

Pin Stub 

Carbon Tape 

SEM (Hitachi TM - 1000) 
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Alkali treatment to remove proteins 

Sodium hydroxide 

Spores 

Magnetic stirrer 

Beaker 

Water bath 

Thermostat 

Aluminium foil 

Zerostat 3 

Spores mixing behaviour in water 

Shear mixer (IKA T25 Digital Ultra Turrax)  

Water 

Spores 

Zerostat 3 

Mechanical testing 

Films 

Digimatic Indicator (Mitutoyo IDC-112B) 

Scissors 

Universal electromechanical tester (Instron 5944) 

Room with 50% air humidity and 22 degrees Celsius 

Density of films 

Scale 

Digimatic Indicator (Mitutoyo IDC-112B) 

Materials to determine density of the spores: 

Zerostat 3 

Spores 

Scale 

Tablet 

Tablet press (Perkin-Elmer) 

Digimatic Indicator (Mitutoyo IDC-112B) 

Filled vial 

Vials 2ml 

Oven 

Spoon 
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Materials to determine Flame Retardancy: 

Vertical Flame Test 

Gas Burner 

Aluminium foil 

Burning Station 

Camera 

Films 

Thermo gravimetric Analysis (TGA) 

Ceramic cups with lids 

Films  

Spores 

Scale 

Thermo gravimetric analyser (Mettler Toledo) 
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