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Figure 10: Plot of measured DS versus expected value. 

 

4.1.2 X-ray diffraction 

 

Crystallinity plays an important role in the physical characteristics of a material. It will 

determine many aspects such as thermal degradation hardness and density as well as give key 

information for the mathematical and spatial design of a system (Ward, 1950). In terms of CNF, 

the long polymer chains reflect a high crystallinity which would make sense due to their 

tougher characteristics compared to more amorphous BC (Setyaningsih et al, 2018). 

Figure 11: XRD of CNF at Different DS shows the XRD of the plain CNF pastes with their 

differing DS. The pattern in all measurements show a shift to the right from the known XRD 

for cellulose. The main peak which is around 28o would seem to align with type Iβ cellulose 

which is known to have a peak closer to 26o (Kim et al, 2013). The shift is attributed to the 

process of acetylation, namely the solvent swap section which all CNF samples were subject 

to (Shaaban, 2015). The important thing to note here though is that the DS has not majorly 
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affected the crystallinity, and by extent the integrity of the fibre’s, as all graphs exist around 

the unacetylated DS = 0 CNF. 

  

Figure 11: XRD of CNF at Different DS. 

 

4.1.3 Transmission electron microscopy 

 

One of the main goals of this research is to confirm that the acetylation of CNF has had an 

effect on the hornification, or the agglomeration, of the fibres while not shortening them. TEM 

microscopy was the ideal choice for this as it would simply show a flat 2D picture of the CNF 

pastes that can be easily compared between one another. All TEM images below are of fully 

dried CNF which will result in the hornification of the fibres (Peng et al, 2012a). Thus, the 

images themselves are not very impressive but still give an insight into the effects of the 

hornification process.  

Due to the negative staining process, one can see the fibre bundles as well as the network 

resulting from it. As the stain is added it will attach itself to an available surface. If there is a 

high degree of agglomeration, the stain will not be able to penetrate into the bundle which will 

result in the TEM showing more of a grey area with low contrast. This is seen in Figure 12 
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where it is hard to differentiate between fibres in the bundle. Compared to the other figures 

with a DS greater than 0 there is a clear difference in the ability to see the alternating light and 

dark regions within the strands. This indicates that the stain was able to go in between the fibre 

strands due to less agglomeration. 

 

   

Figure 12: TEM image of CNF with DS = 0. 

 

  

Figure 13: TEM image of CNF with DS = 0.5. 
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Figure 14: TEM image of CNF with DS = 1. 

  

Figure 15: TEM image of CNF with DS = 1.5. 

 

 

4.1.4 Light microscopy 

 

Light microscopy was done to accompany the TEM images on a macro scale. These images 

are of air-dried CNF samples and thus agglomeration is expected. Unlike the TEM samples, 
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these were not treated with a negative stain and the fibres are not as easily seen however due 

to the much larger scale it is possible to make out the fibre bundles. Figure 16 is of CNF with 

a DS = 0, the image focuses on a fibre bundle with a diameter of 25 µm. Fibre bundles of this 

size are common throughout the sample and clearly demonstrate the problem of hornification. 

  

 

Figure 16: Light microscopy of CNF with DS = 0 

 

Images of the modified CNF show that the acetylation process has had an effect on the material. 

It is required to edit the images brightness, colour and contrast to make out cellulose fibres in 

any of the images. This is a good results as the thinner fibres are more difficult to see, these 

claims are backed by the TEM imaging where the unmodified fibre is tightly held together in 

a large mass appose to the relatively spread fibres of the modified CNF. 
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Figure 17: Light microscopy of CNF with DS = 0.5 

 

Figure 18: Light microscopy of CNF with DS = 1 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



40 
 

 

Figure 19: Light microscopy of CNF with DS = 1.5 

 

4.2 Cellulose acetate and cellulose 

nanofiber composite film  
 

4.2.1 Ultraviolet-visible spectroscopy 

 

Ultraviolet-visible (UV-Vis) spectroscopy can be used to assist the findings of the FTIR due to 

the fact that CA is a clear plastic while CNF is an opaque fibre that absorbs UV radiation. It is 

therefore proposed that the more acetylated fibres will absorb less UV radiation. This is in 

reference to the wavelength at which cellulose absorbs the UV radiation which is taken to be 

280 nm. For the 2 % films, the percolation limit was not reached and could be seen through the 

inconsistency of the films. The other films, namely 5 %, 10 % and 15 %, could be used to show 

decrease in absorbance with increase in acetylation.  
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Spectragryph, a software used to analyse UV-Vis data, was used to firstly baseline correct and 

smooth the spectra before they were rescaled such that the maximum absorbance of all spectra 

was equal to 1. This peak, at approximately 219 nm, is attenuated to the CA due to the same 

peak occurring in the Pure film. The other films show a slight shift in this peak however, the 

information from the 280 nm peak is still viable. The figures below all show the unacetylated 

CNF has the highest absorbance and a maximum lowering of 35 % of the absorbance with 

acetylated CNF. The increasing numbers of the graphs represent the increasing DS of the 

samples, bearing in mind that all graphs in a figure have the same content of CNF it shows that 

acetylation has taken place. The other common factor is that increasing the DS from 1 to 1.5 

will actually increase the absorbance of the films. It is theoreticized that there is essentially a 

minimum absorbance that can be achieved with the given CNF and as the DS passes a certain 

limit it will start to disrupt the fibrous network which will cause the absorbance to increase. 
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( b) CNF content 10 % 

 

 

( c) CNF content 15 % 

Figure 20: UV-vis spectra of 0.1 mm thick films at different CNF contents. 
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4.2.2 Water vapour permeability 

 

Table 3 shows the calculated permeabilities of the CA films with increasing CNF content 

starting at 0 % and going to 15 % with DS kept constant at 1. The calculations were done after 

the weight of the test samples began to plateau, which took 11 days. The pressure difference 

was calculated using the vapour pressure of the saturated NaCl salt solution inside the ASTM 

E96 pots and the vapour pressure inside the desiccator. The trend of the results show that an 

increase in the CNF content will slightly increase the WVP of the film. This excluded film 

C2DS1, which at a CNF content of 2 % has a decreased WVP. This is thought to be due to the 

fact that the percolation threshold was not reached by films with a CNF content of 2 % and 

thus would not affect the WVP negatively. The remaining films follow the logic that when a 

dissimilar material, in this case CNF, which has an affinity for water, is introduced into the 

matrix it will allow more water through the film. This trend does align with other research but 

due to the different test parameters, such as the salt solution choice, a direct comparison cannot 

be made (Zhou et al, 2021). 

 

Table 3: WVP of films with DS = 1. 

Film Number WVP (10-9 gm-1 d-1kPa-1) 

Pure 1.19 ± 0.25 

C2DS1 0.51 ± 0.05 

C5DS1 1.25 ± 0.23 

C10DS1 1.3 ± 0.13 

C15DS1  1.36 ± 0.27 

 

 

4.2.3 Differential scanning calorimetry 

 

The results from the DSC showed that the Tg for all samples is around 100 oC which is in line 

with research for CA with this percentage of plasticizer (Phuong et al, 2014). A slight 

increaseing trend in the Tg was observed with an increase in the CNF content, this follows logic 

as adding a stiff fibre will hinder the ability of a polymer to flow. The decomposition 

temperature (Td) of the films could also be determined from the DSC by taking the point at 
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which the maximum heat flux is absorbed into the sample which would indicate the initial 

breaking down of the film (Trivedi et al, 2015). This value was calculated from the average of 

two runs, as unlike the Tg results, the Td had a much larger variance between samples. As a 

redundancy, TGA analysis was used as a more refined method in determining the 

decomposition of the film and is discussed further in the paper.  

 

Table 4: Tg and Td values extracted from DSC curves at a heating rate 0f 10 oC/min with a 

0.5 oC confidence interval. 

Film Number Tg (
oC) Td (

oC) 

Pure 97.3 245.4 

C2DS1 95.3 254 

C5DS1 100 238.8 

C10DS1 104 252.2 

C15DS1 109.7 210.2 

 

 

4.2.4 Dynamic mechanical analysis 

 

The main goal of the DMA analysis was to accurately confirm the glass transition temperature 

of the films. Due to the nature of CA being a relatively tough plastic and the fairly low content 

of the CNF, the results of the DMA do not show a huge difference in terms of the Tg of the 

films. This was found through the peaks of the tan delta curves as seen in Figure 21 with exact 

values displayed in Table 5. Note the confidence interval for this table is high due to the need 

to smooth the graphs. Film C5DS1 is an outlier which was confirmed through four repeat runs 

which all produced a similar result. The reason for this much lower Tg is unknown and does 

not agree with the DSC values. The remainder of the results all exist around the neat CA leading 

to the conclusion that at a plasticizer loading of 25 %, the addition of CNF up to 15 % does not 

have an effect on the glass transition temperature of the film.  

Table 5: Tg estimated from the peak position of the tan  curved obtained at a frequency of 1 

Hz with a confidence interval of 2.5 oC. 

Film Number Tg (
oC) 

Pure 91.5 

C2DS1 92.4 
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C5DS1 77.2 

C10DS1 88.1 

C15DS1 90.1 

 

 

Figure 21: Tan Delta curves of films. 

 

  

4.2.5 Thermogravimetric analysis 

 

CA has a standard thermal decomposition temperature just above 370 oC. However, the 

addition of CNF essentially breaks this decomposition into two parts. The effect of the CNF on 

thermal stability is shown in the TGA analysis of the figures below. The results show that there 

seems to be an antagonistic relationship since the higher the CNF content in the film, the lower 

the temperature it will begin to decay at. This temperature is lower than the pure CNF sample, 

which is analysed without a plasticizer which explains why its decay temperature is high, but 
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it is unknown to what degree this effect is. The derivative weight graph is also a great indication 

of the CNF content and essentially shows how the breakdown of the film is split into two 

different temperature regions, the first at 250 oC and the second at 370 oC. These results do 

raise a concern to the viability of the use CNF in CA however, plasticized CA is rarely used 

above the glass transition temperature which is far below the first decomposition (Moelter and 

Schweizer, 1949). 

 

 

Figure 22: Mass Change of Samples. 
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Figure 23: Derivative of mass change. 

 

 

4.2.6 X-ray diffraction 

 

Similarly to the derivative of mass change graph from the TGA, the XRD analysis of the 

CA/CNF films shows that two reflections of crystallinity will form. The first isolated peak, at 

8o, relates to the Van der Waals halo which also accounts for the rise around 22o. These peaks 

indicate the crystalline CA with an interplanar distance of 11.1 Å (Rodrigues Filho et al, 2000). 

As the same in the characterisation of the acetylated CNF,  the peak at 28o is attenuated to type 

Iβ cellulose. The graph mainly shows the ratio change between these two crystallinities as the 
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CNF content increases however film C15DS1 shows a high and sharp reflections at both points 

of interest, leading to the conclusion that it is more crystiline. Film C5DS1 is a shortcoming as 

its reflection for CA is far below the expected height, the reason for this is unknown. The results 

are useful to show that the highly crystalline CNFs will exponentially increase the crystallinity 

of the matrix with an increase in the CNF content. 

 

Figure 24: XRD analysis of films. 

 

4.2.7 Scanning electron microscopy 

 

SEM imaging did not produce any noteworthy micrographs. There are two proposed reasons 

for this. First is due to the similarity between the CA and CNF chains, the imaging was not able 

to show the presence of the nanofibers. This is backed by the need of negative staining for the 

TEM imaging to simply show the fibres themselves. The second reason is believed to be an 

error in making the films which resulted in the section of film being analysed not containing 

any CNF. To combat these poor findings, light microscopy was used to analyse the CNF in CA.  
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4.2.8 Light microscopy 

 

The scale used for the light microscopy was able to clearly show the effect acetylation had on 

fibre diameter. This allows a decisive measurement to confirm that the methodology has played 

an effect on the agglomeration of the CNF. Figure 25 is an image of 15 % unmodified CNF, 

DS = 0, in CA and shows that the highly process nanofibers, which initially start with a diameter 

of 100 nm, collapse together and form fibres that can reach up to 25 µm in diameter. The 

hydrogen bonding which forms between the fibres is too strong a force and the irreversible 

hornification process takes place. Figure 26, which also shows a film with 15 % CNF, contains 

fibres that have been acetylated to a DS of 1.5. This is the highest acetylation used in this 

research but shows the shear difference to the unacetylated CNF. This image shows that there 

are still fibers present with lengths well over 100 µm however, the diameter of these fibers do 

not exceed 5 µm. This is a 5-fold improvement and essentially says that for the same amount 

of CNF in both samples, there are five times as many individual fibres in the acetylated sample. 

At this relatively high DS there is also the chance that nanocrystals will form as a byproduct. 

These nanocrystals are difficult to find but Figure  shows what they look like in the CA film. 

Due to the scarcity of these CNCs, they do not pose a problem to the results.  
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Figure 25: Light microscopy image of film C15DS0. 

 

 

Figure 26: Light microscopy image of film C15DS1.5. 
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Figure 27: Light microscopy image of CNCs from film C15DS1.5. 

 

4.2.9 Mechanical testing 

 

All the measured values shown a CA plastic that has lower values than what is potential, 

however the importance lies in the comparison between the tested samples and not with other 

research(Charvet et al, 2019). potential Figure 28 displays the stress-strain curves for neat CA 

and all the films that have a DS = 1. These films showed the best trend and were thus used for 

this graph. First, one can notice the increased gradient from the neat CA which follows the 

logic of nanofibres increasing the stiffness. There is also a slight increase in the maximum 

tensile stress with an increase with acetylation which could be due to the increased dispersion 

of the fibres. The main point of interest however is the yield point of the films. The pure film 

and film C10DS0 are comparatively ductile and yield at low strengths which in certain cases 

is desirable but show that strength is being lost to when the plastic yields. In other words, the 

addition of the CNF does not have an effect. The acetylated CNF films, however, show that 
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instead of yielding at a lower point all the strength is used before the yield point. This allows 

the plastic to absorb more energy before plastic deformation occurs. 

 

Figure 28: Effects of added acetylated CNF on the tensile properties of cellulose acetate 

films. 

 

The Youngs modulus, or modulus of elasticity, is the ratio of tensile stress to tensile strain and 

tells us how a material will deform when a force is applied to it. The graph for all the films 

tested is shown in Appendix B and table 6 displays the values for the respective bar graphs, 

note the Pure film with 0 % CNF is used as a reference across all samples. Results are grouped 

into films with the same CNF content with each group increasing the DS from left to right, this 

is the same for the tensile strength graph. The best results from the 10 % CNF group show that 

by simply acetylating the fibres to a DS of 0.5, there is a 250 % strength increase compared to 

the unacetylated sample. The consistency of the graphs is not ideal but only in two films out of 

the sixteen test films does it show that the acetylation of the nanofibres harms the films 

properties. There is also some variation within the acetylated samples such as film C15DS1.5 

which produces a value far below what is expected. The other graphs show an improvement of 
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some degree and generally show that the improved dispersion aids in the films ability to absorb 

more energy before breaking.  

Table 6: Modulus of elasticity of films (MPa). 

 Degree of Substitution 

CNF Content 

(%) 0 0.5 1 1.5 

0 707 ± 41 

2 987 ± 83 987 ± 83 987 ± 83 987 ± 83 

5 1007 ± 102 1007 ± 102 1007 ± 102 1007 ± 102 

10 789 ± 76 789 ± 76 789 ± 76 789 ± 76 

15 952 ± 128 952 ± 128 952 ± 128 952 ± 128 

 

To get a better understanding of the Youngs modulus, the Halpin-Tsai equation is used to link 

the CNF volume fraction to the expected modulus. A modified equation is used as below 

(Tucker III and Liang, 1999). 

Ec

Em
 = 

1+cvf

1-ηvf
     with   𝜂 =  

(αEf/Em)-1

(αEf/Em)+c
  (1) 

Ec refers to the modulus of the composite polymer while Em and Ef refer to the modulus of the 

neat polymer and fibre reinforcement respectively, vf is the volume fraction of the fibre, c is the 

shape factor of the fibre and α pertains to the orientation factor. The shape factor is further 

described as 

              𝑐 =
2𝑙

𝑑
𝑒−𝑎𝑣𝑓−𝑏  (2) 

where l and d are the fibre bundles length and diameter while a and b are constants which 

account for the agglomeration of the CNF (Sun et al, 2011). The orientation factor is taken as 

a third due to the random orientation and fibre aspect ratio as explained in (Cox, 1952). The 

modulus from the neat sample above is used while the modulus for pure CNF is taken as 115 

GPa (Zhai et al, 2018). Fitting the data points from the DS = 0 and DS = 1 samples to the 

theoretical curve, with a = 8 and b = 0.5, it can be seen how much better the acetylated sample 

fits the curve which reinforces the claim that the acetylation has improved the dispersion. There 

is still a drop off at higher CNF content values presumed to be from large agglomeration 

bundles acting as stress concentrations in the film (Sun et al, 2011). 
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Figure 29: Experimental Youngs modulus and theoretical fit from Halpin-Tsai equation. 

 

The tensile stress graph, Figure 31 and respective table Appendix C, does not display any effect 

from the acetylation of the CNF. This is attributed to the similar strengths between CA and 

CNF. Unlike the modulus of elasticity, the tensile strength graph simply shows the force at 

which the film will break. As can been seen from the graph, CA is already a strong polymer, 

and the acetylation of CNF will not change the maximum amount of force the polymer will 

take before it breaks. At the tested sample thickness, there is not enough conclusive evidence 

to determine the effect of acetylation. 
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Figure 30: Tensile strength of films. 
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4.3 Discussion 

 
In terms of the effect of the acetylation on the pure CNFs, it can be concluded that no damage 

was done to lengths of the fibers even though acetylation had occurred. The DS has been 

accurately controlled, which is confirmed by the FTIR, demonstrating that the azeotropic 

distillation and treatment of the CNFs can lead to a water free paste. The necessity to perform 

a complete solvent swap with acetic acid is a vital process and is shown to be successful. XRD 

and microscopy imaging show that the degree of crystallinity remains unchanged in the wet 

paste however the dried nanocellulose paper has fibre bundles with a much smaller diameter 

as well as a higher degree of dispersion within the throughout the material. 

The use of high shear mixing in the preparation method is of vital importance to the final 

product. Initial testing demonstrated that without the use of the Silverson L4RT there would be 

large inconsistencies within the films. With regard to the methodology as a whole, the ability 

to produce a quality film via solvent casting is an inexpensive and convenient production 

method. This, however, does not limit the production method but further research would need 

to be done in order to determine the effect in extrusion, injection moulding and other production 

methods. It is predicted that the results will align with the outcomes of this report but there is 

the possibility of the increased temperatures in the above-mentioned processes negatively 

affecting the final product. 

The incorporation of CNFs into CA with fibre diameters as small as 5 nm led to a number of 

issues yet there was success in improving the quality of the film. Agglomeration is the enemy 

of CNFs and throughout testing can be seen to have an effect in the unmodified sample. It is 

confirmed in imaging that there is a high degree of hornification resulting in large fibre bundles. 

Compared to the modified samples there is a clear difference in the fibre diameter which can 

also be deduced from UV-Vis as samples with the same CNF concentration will become more 

transparent with acetylation. This difference is small however when scaled up can lead to major 

differences in the cost of material.  

Compared to other bioplastic composites with CNF, such as TPS and PLA, CA does not 

perform as well. As shown this is due to the chemical structure of cellulose acetate not being 

able to bond naturally with CNF like PLA. The ability to not only reduce the fibre bundle 

diameter but also with the added benefit of improved dispersion into the matrix is a big step to 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



57 
 

a high performing biodegradable polymer. Also, the reduced fibre diameter means that for the 

same cost of material there will be a greater number of cellulose fibres, as much as five times, 

and better dispersed throughout the matrix. This does not directly translate to the mechanical 

properties of the films, but the trend shows that any degree of acetylation will improve the 

quality of the film. 

 

5 Conclusion 
 

The ability to make improved biodegradable polymer composites is an ever-growing topic and 

with the above research can lead to impressive findings. Lately, there has been a rise in research 

of cellulose nanofibres being used as a strengthening agent in polymer composites such as in 

polylactic acid. It has been shown that cellulose acetate can also benefit from cellulose 

nanofibres through the partial acetylation of the fibre. Acetylation, through the use of acetic 

anhydride, can improve the dispersion of cellulose nanofibres in a polymer blend but is a fairly 

complex and costly process to achieve the correct degree of substitution. This method has been 

proven to work and has been confirmed through Fourier transform infrared analysis. A degree 

of substitution as low as 0.5 can have huge effects on the postproduction diameter of fibers, 

optical transparency and toughness. Higher acetylation’s can yield improved results but come 

at the risk of damaging the fibre and creating cellulose nanocrystals. Through this process the 

cellulose nanofibres retains its high shear thinning property opening the door for potential 

applications in the solvent casting method where a certain shape can be set without the need 

for a mould. This research is also not limited to the solvent cast method but is also just as viable 

in other processing methods such as screw extrusion and injection moulding.  

Imaging of both the plain cellulose nanofibres samples and the cellulose acetate composites 

showed that acetylation of the surface hydroxyl groups does lead to improved dispersion of the 

fibers. Fibre diameter in unmodified samples can be five times greater than that of acetylated 

samples. This means that for the same amount of cellulose nanofibres in both samples, there 

are five times as many individual fibers in the acetylated sample. This could lead to improved 

properties if the cellulose acetate polymer were to redissolve into a solution. Further research 

needs to be done in this aspect. Research into the acetylation of dried cellulose nanofibres with 

xanthan is also needed. 
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Tensile testing of the films revealed that the potential for further improvement of cellulose 

acetate from cellulose nanofibres is possible and can lead to a biodegradable material that is 

simple to make but with a high level of toughness comparable to the competitive market. The 

best results, at a cellulose nanofibres content of 10 % and a degree of substitution of 0.5, 

showed that the acetylation of cellulose nanofibres can more than double the effect on the 

Youngs modulus of the cellulose nanofibres in the film. The films with higher acetylations did 

not display any major benefits and it is recommended that they be avoided due to the creation 

of cellulose nanocrystals. This research is not limited to cellulose acetate as the matrix. Similar 

polymers with strong electrostatic groups, like the double bonded oxygen, should respond in 

the same way to the acetylated cellulose nanofibres. Examples of these plastics include PBS 

and other polyhydroxyalkanoates.  
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7 Appendices 

 

7.1 Appendix A: DS Calculation 

 
 DS (%) 
 

0 0.5 1 1.5 2 

Baseline Area (1158 cm-1) 9.2703 11.1522 18.4206 6.3675 13.8848 

Measure Area(1744 cm-1) 0.178895 0.7366 1.6128 0.8825 2.2628 

Relative Area 0.267944 0.917088 1.215672 1.924356 2.2628 

      

Corrected DS 0 0.649144 0.947728 1.656412 1.994856 

Target DS 0 0.5 1 1.5 2 

      

Variance(Corrected/Target) - 1.298287 0.947728 1.104275 0.997428 
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7.2 Appendix B: Modulus of elasticity of films 

(MPa) 

 

7.3 Appendix B: Tensile strength of films 

(MPa) 
 

 

 Degree of Substitution 

CNF Content 

(%) 0 0.5 1 1.5 

0 36.2 ± 5.9 

2 43.2 ± 5.2 42.4 ± 4.07 43.18 ± 3.59 53.38 ± 10.5 

5 45.8 ± 3.7 39.04 ± 3.93 45.1 ± 1.75 41.2 ± 1.8 

10 39.3 ± 3.6 40.53 ± 2.3 40.41 ± 1.8 41.3 ± 2.77 

15 53.6 ± 2.7 46.98 ± 2.95 45.52 ± 3.07 43.4 ± 2.6 
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