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Abstract 

The aim of this work has been to study cellulose nanocrystals (CNC) from bio-
residues and their use as green coating materials.  

In the first part of this work, physical and chemical properties of different types of 
cellulose nanocrystals, from different raw material sources and different treatments, 
were compared. It was found that all CNC suspensions had similar flow birefringence 
behavior and similar diameters of the crystals. Compared to chemically isolated CNC, 
the mechanically isolated CNC from bio-ethanol residue had lower crystallinity but 
higher thermal stability. Also, the surface charge of these nanocrystals was different, 
being lower for the mechanically isolated CNC. 

In the second part, nanocrystals with lower and higher surface charges were used to 
spin-coat films. The films were prepared with two different configurations: one with 
alternating layering of an anchoring polymer and CNC and the other with a single 
polymer layer coated with multilayers of CNC. The CNC with higher surface charge 
resulted in a smoother surface and the surface charge impacted the films’ 
hydrophobicity, being highest for CNC with lower surface charge. The gas 
permeability coefficient was dependent primarily on the surface charge of the CNC 
and secondly on the film configuration. The films with lower surface charge CNC 
were gas barriers for nitrogen and oxygen, and showed gas selectivity with some gas 
combinations, while the films with higher surface charge CNC did not show gas 
selectivity. 

In the third part, coatings of CNC were prepared using spin- and dip-coating methods, 
on porous cellulose substrates. Microscopy studies showed that spin-coating 
technique was suitable for the substrate with smaller pore size, while dip-coating was 
suitable for the substrate with the larger pore size. The coating thickness ranged from 
some hundreds of nanometers for the spin-coated samples, to some micrometers for 
the dip-coated ones. The contact angle increased with the coating thickness and 
roughness. Additionally, the samples showed low oxygen permeability at 23% of 
relative humidity (RH). It was also seen that eight months storing reduced the barrier 
properties of the coatings when compared with fresh materials. 

In the last study, a new coating design as well as sorbitol plasticizer and citric acid 
crosslinker were used to improve the barrier and mechanical properties. This resulted 
in a dramatic improvement of the barrier properties and decreased water vapor 
permeability of more than 60%. Oxygen permeability value as low as 0.7 
mL*μm/(m2*day*kPa) at 49% RH was reached when sorbitol was used. Overall, it 
was seen that the addition of sorbitol increased the thermal stability, barrier properties 
and maximum strength of the CNC coatings. 



 iv 

This work has demonstrated that nanocellulose films and coating from bio-residues 
can potentially be used to produce functional barrier coatings, thereby increasing the 
value of forest resources. 

 

KEYWORDS: Cellulose nanocrystals, industrial residues, nanocellulose coatings, 
barrier coating. 
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1 Introduction 

The ideal situation for creating a lignocellulosis-based biorefinery, where each part of 
a plant can be extracted and functionalized in order to provide energy (biofuel), 
molecules (chemicals) and materials (polymers, reinforcements), may begin with the 
utilization of bioresidues as raw materials for the production of other products. The 
utilization of bio-based residues is an imminent necessity, due to the increased cost of 
residue management and the intensification of the environmental contamination 
problem1-3. Moreover, the use of these residues could not only reduce the amount of 
waste, but also impact the economy by the production of value-added products2. One 
common residue in pulp or cellulose production is lignin that can be used in heat 
production, as substitute phenols1, or cross-linker agent in epoxy resins4. Another 
interesting co-product that can be isolated from residues is cellulose nanocrystals.  

The term cellulose nanocrystal (CNC) refers to the needle-like structure of the 
crystalline cellulose. These crystals are linked together by amorphous cellulose and 
form cellulose microfibrils, which are the reinforcing phase of the wood cell wall5. 
Cellulose nanocrystal is a biobased polysaccharide isolated from the most common 
polymer on earth, cellulose. This cellulose is found in the cell wall of green plants and 
some algae6. CNC from different sources can be isolated by means of acid 
hydrolysis6,7 or high-pressure homogenization5,8. In 2011 Oksman et al. successfully 
isolated CNC from bioethanol production residue, using only mechanical treatments 
such as ultrasonication and high-pressure homogenization5.  

A schematic representation of the nanocellulose structures can be seen in Fig. 1. 
Nanocellulose structures have attracted great interest as novel nanostructured material 
during recent years, and are expected to be used as reinforcement in polymers and 
pharmaceutical products such as hydrogels, etc.5,9  

Coatings of CNC have been shown to improve the gas barrier, mechanical properties 
and hydrophilic behavior of porous substrates10-12, which may help reduce the used of 
fossil-based polymers for this end. The use of these ecofriendly coatings could help to 
reduce the environmental contamination problem caused by the use of non-
biodegradable plastic materials3. 

The aim of this study is to investigate the viability of the residues from bioethanol 
process and specialty cellulose production as low-cost raw material sources for the 
isolation of cellulose nanocrystals. Furthermore, the intention is also to prepare 
coatings of CNC on porous substrates and analyze their barrier properties.  
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Figure 1: Schematic representation of cellulose nanostructures from cellulose fibers from wood.  

1.1 Residue from bioethanol production 

Ethanol was first used as fuel more than a century ago when, in 1897, Nicholas Otto 
used it in his internal combustion engine. However, the major breakthrough for 
ethanol came in the 1970s when two oil crises occurred in 1973 and 1979. From that 
time, ethanol was considered an alternative to fossil fuel13. Bioethanol is now a main 
contender for the fuel market, and can potentially replace gasoline. And, unlike fossil 
fuel, ethanol is a renewable energy source, produced by the fermentation of sugar13,14. 

The conversion from raw lignocellulosic material to ethanol includes two processes: 
first; the hydrolysis of cellulose to fermentable sugars, and second, the fermentation 
of sugars to ethanol. During the hydrolysis process the carbohydrates in the 
lignocellulosic materials (cellulose and hemicellulose) are converted to simple sugars. 
The amorphous cellulose and hemicellulose are dissolved and converted into ethanol, 
while lignin remains as a solid by-product of the process14. A common processing 
route is shown in Figure 2. It has to be noticed that this diagram is not exactly the 
same for all the raw materials from which ethanol can be extracted13. 

Once the lignocellulosic materials have reached few millimeters in size, due to the 
milling process, a “pre-treatment” is carried out to remove the lignin content and 
increase the porosity of the raw material. When these processes are completed the 
hydrolysis is done and subsequently followed by the fermentation and distillation 
procedures13,14.

Cellulose fibers  

Bundle of cellulose 
nano fibers (diameters 
of around 30 nm) Cellulose nanofiber 

(diameters around 
5-10 nm and few 

micrometers length) 

of aro

Cellulose 
nanocrystals
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Figure 2: Typical ethanol production process. Modified from reference 13. 

The hydrolysis can be done with enzymes and/or acids. The most commonly used 
acids are sulfuric and hydrochloric acids. However, use of the latter is limited due to 
environmental issues13-15. The fermentation step is reached thanks to a microorganism 
that produces ethanol from the hydrolysates of the lignocellulosic materials. Baker’s 
yeast (Saccharomyces cerevisiae) is the most commercially used microorganism for 
ethanol production. The obtained fermentation soup contains not only ethanol (2-
12%), but also water; cell mass, fusel oil and other compounds like non-fermentable 
sugar and hydrolysis by-products13,14. Before the distillation process a separation of 
the solid particles and fermenting microorganisms should be done by centrifugation or 
decantation13,14. 

The main solid residual from the ethanol production process is lignin, and its amount 
and quality depend on the raw material and the process applied. Although lignin can 
be burned to produce steam for the ethanol production process, it can also be 
processed to produce synthesis gas and hydrocarbon fuel additives14. The chemical 
composition of this lignin residue has already been analyzed and it has been found to 
be 49.5% cellulose, 42.1% lignin and 8.4% extractives with a comparative 
crystallinity of 14.5%. These results make this residual material an ideal source for 
the isolation of CNC5. As this material has already passed through different 
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hydrolysis steps, the residual cellulose is already crystalline. Then, in order to isolate 
the crystals, the extractives elements and lignin have to be removed5. 

1.2 Residue from specialty cellulose production 

The process from which the specialty cellulose is produced includes a pulping and 
washing step of the raw material, followed by bleaching and washing. After the 
bleaching is completed the material is washed out and filtered in order to separate the 
specialty cellulose from the finer material (residue). An illustration of the process is 
seen in Figure 3.

Figure 3: Specialty cellulose production process 

This residue from specialty cellulose production is a material with high cellulose and 
low lignin content, which makes it an interesting source for the extraction of cellulose 
nanostructures. The chemical composition of this residue was found to be 95% 
cellulose, 4.5% hemicellulose, and 0.1% lignin, with a comparative crystallinity of 
64%. Additionally, this residue usually has smaller fiber size compared to the main 
product, so the isolation of nanocellulose can be done without pretreatment, adding 
significant economic benefit. In fact, this type of residue has an advantage compared 
to other cellulosic feedstock, having low or even negative cost16. 

Unlike bioethanol residue, the residue from specialty cellulose cannot be used for 
energy recovery due to its high water content (42%); for this reason, the development 
of the new value-added products from this residue is a potential route to increase the 
value of forest resources. 

Raw 
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1.3 Cellulose nanocrystals (CNC) 

Cellulose nanocrystals are the highly ordered crystalline region in cellulosic materials. 
Due to desirable properties such as its high degree of crystallinity, this crystalline part 
of the cellulose has captured the attention of the materials science community. The 
degree of crystallinity depends on the extraction process and raw material, and can 
reach values as high as 95%17. Also, crystalline cellulose is a natural biodegradable 
polymer, having a low weight, nano-scaled dimensions and unique rod-like 
morphology18,19.  

Even when CNC are rod-like shaped nanocrystals, their lengths and diameters may 
vary, depending on the raw material and extraction process used20, but in general 
terms, the values shown in Table 1 can be used as a reference.   

Table 1: Properties of CNC21

Property Cellulose nanocrystals 
Length (nm) 300-600 
Diameter (nm) 5-10 
Aspect ratio (L/D) 20-60
Elastic modulus (GPa) 120-140 

Many studies have been done about the flow birefringence property of CNC 
suspensions, and all of them have demonstrated that when the suspension obtained 
shows flow birefringence (as in Figure 4), when viewed through cross-polarized light, 
the cellulose obtained is nanocrystalline. The observation of flow birefringence is a 
first, fast and simple test to prove the correct isolation of cellulose nanocrystals from 
cellulose-based materials21-24. 

 

Figure 4: Flow birefringence in cellulose nanocrystal suspensions. 

1.4 CNC thin films and coating processing 

The most frequently used techniques for the preparation of thin films and coatings of 
cellulose nanocrystals are solvent casting, spin-coating, dip-coating and Langmuir-
Schaefer deposition technique25-28.  
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1.4.1 Solvent casting  

Solvent casting is a technique in which a suspension with nanocrystals is poured on a 
finite flat substrate or in a Petri dish. After pouring, the solvent is evaporated under 
defined conditions of humidity, temperature and pressure, to finally obtain the 
films11,29. Despite the fact that solvent casting is a relatively simple technique, 
reproducible thin films are very difficult to obtain.  

1.4.2 Spin-coating 

Spin-coating technique, on the other hand, is a more technical method for the 
preparation of films and coatings that, unlike solvent casting, can produce films with 
nanometric thickness26. This technique is based on the removal of the liquid phase by 
applying high-speed spinning. This high-speed spinning may also induce a radial 
orientation of the crystals in the film26, depending on the conditions used. The 
capability of this technique to build ultra thin, well-defined films has made it a 
favorite when the aim is to study the interactions on the surface of cellulosic 
materials25,26.  

1.4.3 Dip-coating 

Dip-coating is a simple technique in which a substrate is immersed into the solution 
containing the coating material. The substrate remains in the solution for a specific 
amount of time, after which it is removed from the solution. A thin layer of the 
solution remains in the substrate, while the excess liquid is removed by evaporation. 
In this way a thin coating is created on the surface of the substrate.  

1.4.4 Langmuir-Schaefer (LS) 

Finally, the Langmuir-Schaefer (LS) technique, which produces films with controlled 
thickness. The technique is based on the deposition of monolayers of the covering 
material on a substrate, as shown in Fig. 5. Several layers of the covering material can 
be attached to the substrate, in order to produce coatings with specific thickness. 
Aulin et al. (2009) have use LS technique to produce very thin and smooth films of 
cellulose with the use of layers of a cellulose precursor. This precursor (trimethylsilyl 
cellulose) is subsequently subjected to a desilylation with hydrochloric acid vapor to 
convert the films into cellulose films27. A schematic representation of the techniques 
explained above can be seen in Fig. 5. 
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1.5 CNC coatings properties 

Even though previous studies have demonstrated the several benefits of using CNC as 
coating on porous cellulose-based materials10-12, their ability to form rigid three-
dimensional networks, due to the hydrogen bonds among cellulose chains, can present 
a problem that restricts their use in many applications29,30.  

One way to increase the flexibility of the CNC coating is by reducing the amount of 
hydrogen bonds between its chains using plasticizers. The addition of plasticizer 
promotes relaxation in the amorphous regions of the cellulose and increases the 
flexibility of the coatings31. Sorbitol and glycerol are widely used plasticizers31-35 that 
in repeated studies have been shown to increase the tensile strength33,35 and even the 
oxygen barrier32 of the composites prepared.  

Another method to improve the dimensional stability and increase the hydrophobicity 
of the coatings is through chemical cross-linking (esterification). The cross-linking 
procedure consists of the functional modification of the nanocellulose without its 
disintegration36. Different chemicals such as toluenesulfonic acid, hexanoic acid37, 
butyryl, benzoyl, naphtoyl, diphenyl acetatyl and stearoyl38 have been used to carry 
out this chemical cross-linking, but poly(carboxylic) acids such as citric acid36,39 or 
succinic acid40 have become widely popular because they are environmentally 
friendly and non toxic.  

For the proper study and use of thin films and coatings of CNC, it is important to pay 
close attention to the films’ properties, like roughness, morphology of the surface, 
transparency, porosity, orientation of the crystals, interaction with water, film 
thickness, gas barrier properties, among others25,41. Pure films of cellulose 
nanocrystals are demonstrably much more permeable to gases than pure cellulose 
nanofiber films. This is due to their higher porosity and different surface chemistry41. 
Also, films of pure CNC have shown good performance at blocking UV light. 

 
Figure 5: Schematic representation of the most commonly used film/coating production 

techniques28. 
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1.6 Barrier properties of nanocellulose coatings 

One of the most frequently used strategies to enhance the barrier properties of 
materials is the use of multilayered films containing at least one layer with high 
barrier properties. Crystalline phases have also been used in polymeric matrixes to 
increase the tortuosity in the gas trespassing path, improving the gas barrier properties 
of the polymer42. The most common mechanisms for gas transport in porous films are 
Knudsen diffusion, molecular sieving, surface diffusion and capillary condensation. 
Knudsen diffusion appears when the mean free path of the gas molecule is greater 
than the size of the pore. In the molecular sieving mechanism the gases are separated 
simply by their sizes. In the surface diffusion theory the gas molecules with higher 
polarity are selectively adsorbed onto the surface of the membrane and pass through 
the membrane by moving from one adsorption site to another. The last proposed 
mechanism, capillary condensation, the gas molecules condense in the porous region 
of the membrane until it is filled, the liquid passes through the pores and reaches the 
other side as vapor phase again42. A schematic representation of these mechanisms on 
porous films can be seen in Fig. 6. 

 

Figure 6: Schematic representation of the mechanism of gas transport in porous films (Knudsen 
diffusion, surface diffusion, capillary condensation, and molecular sieving) and dense films (Fickian 

diffusion). 

The gas permeability and selectivity of thin films are the properties measured to 
analyze the barrier properties of these materials. One of the methods used for the 
measurement of the permeability coefficient P is the variable pressure method43,44. In 

Knudsen Diffusion 

Surface Diffusion 

Capillary condensation 

Molecular sieving 

Fickian Diffusion 
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this method it is assumed that the exit gas pressure from the films is much lower than 
the income gas pressure applied during the test, and then P can be expressed as: 

P = (Jst*d)/p1                                                                (1) 

Where d is the film thickness and Jst is the gas flux obtained once equilibrium has 
been reached. Jst is also known as steady-state gas flux. Moreover, in this method the 
selectivity coefficient is defined as the ratio of the permeability coefficients 
determined for two different gases, as expressed in Eq. 243,44. 

α A/B = PA/PB                                                                 (2) 

A thin film is considered to have a selective gas behavior when the value of α 
between two specific gases is greater than 1041. 

The gas barrier suitability of coatings made of CNC can be attributed to its ability to 
create a tightly packed structure and its high crystallinity. This compact structure 
obtained is caused by the interaction between the hydroxyl groups (OH), and the Van 
der Waals interaction within the cellulose chains10. This compact structure can be 
affected by high relative humidity, because of the plasticizing effect of water. The 
amorphous part of the CNC absorbs water, debilitating the OH bonds and increasing 
the polymer chain mobility, creating new places for the permeation of the oxygen and 
water vapor10.  

The water vapor transmission rate (WVTR) is the measure of how much water vapor 
passes through a defined material per unit of time. The principle of the WVTR test 
(dry and wet cup methods) according to the ASTM standard E-96, is the measure of 
the amount of water vapor (in grams) that goes in or out of a container through a 
specific area (in square meters) covered with the test coating, during a specific 
amount of time (in days). 

In solid polymers, the water molecule is adsorbed onto the sample surface, then into 
the sample until reaching equilibrium, and then out of the sample by desorbing from 
the surface, following a mechanism known as Fickian diffusion (see Fig.6)45. But in 
porous materials, the water molecules pass through the non-absorbing pores, 
generally following at least one of the mechanisms already explained in Fig. 6. It is 
believe that in coatings made out of nanocellulose structures, which present dense 
structures with nanoporosities, the water vapor transmission is given by a 
combination of both behaviors46.   
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2 Objective of this work 

The objective of this work was to study the properties of nanocellulose isolated from 
industrial bio-residues from ethanol and specialty cellulose production, and compared 
them with crystals obtained from microcrystalline cellulose, in order to assure the 
quality of the crystals isolated from the bio-residues. In addition, the gas barrier and 
surface properties of spin-coated coatings, prepared with nanocellulose with different 
surface charge and using two different film configurations, were studied. Also, it was 
of great interest to investigate the effect of spin- and dip-coated coatings’ properties 
(thickness, roughness, grammage) in the final barrier properties of the whole 
ensemble (substrate + coating), and how the mixture of these nanocelluloses with a 
plasticizer (sorbitol) and a cross-linker (citric acid), would affect the final product. 
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3 Experimental materials and test methods 

In the experimental section a summary of the materials used will be given, along with 
the techniques employed to produce the coatings. Subsequently, the characterization 
methods use for the analyses of the crystals and coatings made will be explained in 
detail.  

3.1 Materials  

Microcrystalline cellulose (Fig. 7A) from Vivapur® (Weissenborn, Germany), bio-
residue of wood bioethanol production (Fig. 7B) and purified cellulose (Fig. 7C) 
supplied by SEKAB (Örnsköldsvik, Sweden), and bio-residue from specialty 
cellulose production (Fig. 7D), supplied by Domsjö Fabrikerna AB (Örnsköldsvik, 
Sweden), were used as raw materials for the extraction of the cellulose nanocrystals. 
The appearance of the raw materials is shown in Figure 7. 

Figure 7: Raw materials used for the production of cellulose nanocrystals. a) microcrystalline cellulose 
b) bioethanol residue, c) purified cellulose, and d) bio-residue from specialty cellulose production. 

Sulphuric acid (95%) and hydrochloric acid (37%) were purchased from Sigma-
Aldrich and used as received without any further modification. These acids were 
diluted until the proper concentration for the isolation of the cellulose nanocrystals 
was obtained. 

Two different porous substrates were used for the preparation of the coatings. 
Substrate “A” was a Whatman filter paper number 1 with a pore size of 11 μm, and 
substrate “B” was a Whatman membrane filter mixed cellulose ester, ME25 with a 
pore size of 0.45 μm. The substrates were always cleaned before coating by rinsing 
three times with the constant addition of acetone and deionized water. 

Commercial Poly (allylamine hydrochloride) (PAHCl) was used in the production of 
the films on the spin coater. The PAHCl obtained from Sigma-Aldrich had a 
molecular weight of 15,000 g/mol and was used as received without any further 
modification.  

Additionally, plasticizer D-Sorbitol (98%) from Alfa Aesar, citric acid anhydrous 
(CA) as cross-linking agent from Merk and sodium hypophosphite monohydrates as 

B D A C 
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catalyst for the cross-linking reaction from Alfa Aesar were purchased from Sigma 
Aldrich and used as received without further modifications. 

 

3.2 CNC isolation processes 

3.2.1 CNC isolated from microcrystalline cellulose (MCC) 

The isolation of the CNC from MCC was done following the route reported by 
Bodenson et al.7. Deionized water and MCC were stirred in an ice bath while 
concentrated sulfuric acid was added drop-wise until 63.5% (w/w) was reached. The 
suspension was heated to 45°C while stirring during 2h. The suspension was then 
washed with deionized water using repeated centrifuge cycles (10 min at 12,000 rpm). 
The supernatant was removed from the sediment and replaced by deionized water and 
mixed. The centrifuge step was stopped after the supernatant became turbid. The last 
wash was conducted using dialysis with deionized water until the wash water 
maintained constant pH. The samples were sonicated and a suspension of CNCMCC 
was obtained. 

3.2.2 CNC isolated from bioethanol production residue 

The CNC isolated from bioethanol residue were obtained from Oksman et al.5.  The 
bioethanol residue was first purified to remove the extractives (dewaxing) using 
Soxhlet apparatus. The samples were extracted for 6 h at 150°C using a mixture of 
toluene and ethanol in the ratio 2:1. The extraction process was stopped and the 
mixture was allowed cool; the mixture was then placed in a Buckner funnel and 
vacuum dried at room temperature to remove excess solvents. The samples were re-
extracted under the same conditions after drying using ethanol to remove traces of 
toluene. Finally, the samples were vacuum dried at room temperature for 24 h to 
remove traces of residual solvents. The samples were placed in a conical flask 
containing 700 ml deionized water, preheated to 70°C, after which 1.5 ml of acetic 
acid and 6.7 g of sodium chlorite were added, and the samples were maintained at 
70°C for 12 h. During the 12 h, four further additions of acetic acid and sodium 
chlorite were made at 2 h intervals, and after the fourth addition the mixtures were 
kept at 70°C for 12 more hours. After 24 h, deionized water was added to the mixture 
continuously by decantation and followed by continuous centrifugation to remove any 
excess of residual chemicals. The final suspension was homogenized at high pressure 
and the CNCER were obtained. 

3.2.3 CNC isolated from purified cellulose 

The isolation of the CNC was done following the route described by Mathew et al.8. 
The purified cellulose was dispersed in deionized water (2 wt%) and homogenized 10 
times using a high-pressure homogenizer (APV 2000, Denmark). A pressure of 500 
bars was used to mechanically separate the cellulose particles to nanosize. A single 
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homogenization step took 40 min for a batch of 2 L, resulting in a total time of 400 
min. After the homogenization process larger particles and agglomerates were 
removed using a high-speed centrifuge AvantiTM model J-25I (Palo Alto, USA) with 
the aim to improve the uniformity of the material size. One liter of homogenized 
material with 1 wt% concentration was centrifuged at 6,000 rpm for 40 min at 10°C. 
The resulting supernatant suspension was collected and named as cellulose 
nanocrystals (CNC). The suspension was used for the coating experiments. This 
process is a scaled up and an optimized version is explained in 3.2.2. 

3.2.4 CNC isolated from specialty cellulose production residue 

For the isolation of the CNC from specialty cellulose production residue, a similar 
procedure as for the extraction of CNCMCC was used7; however, the acid 
concentration used was 65% (w/w), the temperature was 40°C and the time used was 
30 min. In this way the CNCS (CNC from specialty cellulose residue separated using 
sulfuric acid) were obtained. CNC were also isolated using hydrochloric acid. The 
residue was hydrolyzed in a solution of 14.4% (w/w) of hydrochloric acid, at 80°C for 
225 min under continuous stirring. The acid-free nanocellulose suspension was 
obtained after repeated centrifugation at 3000 rpm for 5 min. After the supernatant 
was collected, it was dialyzed with deionized water to neutrality and sonicated for 1 
min.  Thereby, the CNCHCl (CNC from specialty cellulose residue isolated using 
hydrochloric acid) were obtained. 

 

3.3 Coating Techniques 

The coating techniques used during these studies were chosen because of their ability 
to create reproducible and nanometric coatings (spin-coating), and due to simple 
methodology and availability (dip-coating). In this section, the spin- and dip-coating 
techniques, and the specific parameters used will be explained.  

3.3.1 Spin-coating (S-C) 

A Brewer Science Inc. 200X spin coater machine (Rolla, USA) was used for the 
deposition of the thin films over the two different substrates. A schematic 
representation of the technique can be seen in Figure 8. 

In the first coating study, two different thin film configurations were used to 
determine if there were any significant differences between them. In the first 
configuration, the route followed by Cranston et al.47 was used. 500 μL of a 0.6% 
poly (allylamine hydrochloride) (PAHCl) solution, a positively charged 
polyelectrolyte, was placed on the substrate, accelerated at 1260 rpm/s and spun at 
3000 rpm for 40 s. Then, 500 μL of the cellulose nanocrystals suspension was added 
onto the PAHCl layer, and the same acceleration, spinning and time conditions were 
used. One alternate layer is designed as one thin layer of PAHCl followed by a layer 
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of cellulose nanocrystals. Alternated layered films were created using CNC isolated 
from specialty cellulose residue with sulfuric or hydrochloric acid (CNCSlS and 
CNCSlH, respectively) containing 50 layers (25 layers of PAHCl intercalated with 25 
layers of CNC). These films were named 25 CNCSlS and 25 CNCSlH. In the second 
configuration, the same procedure was followed for the first two alternated layers. 
Afterwards, the procedure continued with the addition of 500 μL of CNC suspension, 
always under the same conditions of acceleration, maximum revolutions per minute 
and time (1260 rpm/s and spun at 3000 rpm for 40 s). This step forms a single layer of 
CNC. The procedure was repeated until 24 additional layers of CNC were completed.
These samples were named 1+25 CNCSlH and 1+25 CNCSlH. In this part the substrate 
used was always substrate “B” 

For the second coating investigation, LbL coatings of CNC with 5 and 10 layers were 
produced over the two different substrates used (A and B). 1 mL of 1 wt% CNC 
suspension was placed on the substrate, accelerated at 1260 rpm/s and spun at 3000 
rpm for 40 s. Then, the surface was washed three times using 1 mL of deionized water 
under the same spinning conditions. This defines one layer and this procedure was 
repeated 5 and 10 times to obtain coatings with 5 and 10 layers, respectively. The 
samples obtained were named A5S-C (Substrate A, 5 layers of CNC produced by 
spin-coating), A10S-C, B5S-C, and B10S-C. 

 

Figure 8: Schematic representation of the spin-coating technique 

3.3.2 Dip-coating (D-C) 

For the dip-coating procedure two methods were employed. In the second coating 
study, LbL coatings of CNC with 5 and 10 layers were produced over the two 
different substrates (A and B) using a one-face dip-coating technique (see Fig. 9A), 
this was a modification of the procedure used by Cranston et al.47. One face of the 
substrate was immersed in the CNC suspension (1 wt%) for 2 min, after which the 
sample was completely immersed 3 times in a rinse bath of deionized water in cycles 
of 10 sec. The substrates were then left to dry under ambient conditions for 24 h 
before the dipping was repeated. This procedure defines one layer and it was repeated 
until coatings with 5 and 10 layers were prepared. The samples obtained were named 
A5D-C (Substrate A, 5 layers of CNC produced by dip-coating), A10D-C, B5D-C, 
and B10D-C. For the third and last coating study, the LbL coatings were applied on 
substrate “A” immediately after being cleaned, using D-C technique. The substrate 
was immersed in CNC suspension (1.5 wt%) for 2 min (see Fig. 9B), after which the 

CNC suspension 
Substrate Spin 

coating 
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sample was completely immersed in a rinse bath of deionized water during 10 sec. 
The substrate was then left to dry under ambient conditions during 24 h before the 
dipping was repeated. This procedure defines one layer and it was repeated until 
coatings with 3 and 6 layers were prepared. These samples were named CNC3 and 
CNC6. This procedure was repeated while adding D-sorbitol to the suspension at a 
rate of 80 wt% CNC/ 20 wt% D-sorbitol. These samples were named CNC/S3 and 
CNC/S6, respectively. Following these steps, cross-linking was done on all these 
samples (CNC3, CNC6, CNC/S3 and CNC/S6). The coatings were then submerged in a 
solution containing 20 wt% of citric acid (CA) and 3 wt% of sodium hypophosphite 
monohydrate at room temperature for 2 h. Then, the coatings were left to dry at 21°C 
for 6h. Afterwards, they were dried more thoroughly in an oven at 80°C over night. 
Afterwards, the samples were cured at 150°C for 5 min and left under ambient 
conditions for 20 min. After this, the samples were immersed in a rinse bath of 
deionized water until the pH of the water was neutral. Next, the samples were left to 
dry under ambient conditions for 2h and were then kept at 80°C for another 2 h. With 
this procedure the cross-linked samples were obtained and they were named XCNC3, 
XCNC6, XCNC/S3 and XCNC/S6, respectively. The coatings obtained during the last 
study were CNC, CNC/Sorbitol, CNC/CA, and finally CNC/Sorbitol/CA. 

 

Figure 9: Schematic representation of the (A) one-face dip-coating, and (B) fully immersed dip-
coating. 

3.4 Characterization methods 

The characterization of the cellulose used was emphasized in the determination of 
properties like surface charge, size and shape, thermal stability and crystallinity. For
the coatings, the emphasis was on the barrier properties and surface morphology, like 
thickness and roughness, along with their mechanical properties, such as Young’s 
modulus, toughness and maximum stress and strain. The characterization methods 
used during this study aided understanding of the materials used and the production 
methods applied. 
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3.4.1 Conductometric titration 

This characterization method was used to measure the surface charge of the CNC 
used in Paper I. For this purpose, a Mettler Toledo SevenEasyTM conductometer with 
an InLab® 73X sensor (Schwerzenbach, Switzerland) was used. 

3.4.2 Flow birefringence 

The flow birefringence behavior of the CNC suspensions produced in Papers I and II 
was studied using a set consisting of two cross-polarized filters and a lamp. With this 
technique the presence of isolated cellulose crystals in the suspensions obtained, after 
the acid hydrolysis process, is confirmed.  

3.4.3 Morphological characterization 

For the morphological characterization of the CNC and the coatings prepared during 
this study, five different, but complementary, techniques were used. An inverted 
metallurgical optical microscope (OM) ECLIPSE MA200 Nikon (Tokyo, Japan) was 
used on thin coatings produced in Paper III. Thin coatings formed on a glass substrate 
were analyzed on bright field and the images were studied using the NIS-Elements 
BR 4.00.008 software included with the microscope. Also, a Hitachi, HT 7700, 120 
kV Compact-Digital biological transmission electron microscope (TEM) (Tokyo, 
Japan) was used to analyze the CNC in Paper II. The crystal size determination was 
done with the digital slow scan image recording system software SemAfore 4.01 
JEOL AB (JEOL, Sweden). An atomic force microscope (AFM) Nanoscope V, Veeco 
Instruments (Santa Barbara, CA, USA) was used to analyze the morphology of the 
nanocrystals and the thin coatings produced in all the papers. The diameter of the 
CNC, the roughness (Rq) and thickness of the coatings were obtained by the analysis 
of the height images with the Nanoscope V software. Also, a scanning electron 
microscope (SEM) JEOL JSM-6460LV (Tokyo, Japan) was used for topographical 
characterization of the coatings and to measure their thickness from fractured samples 
in Papers IV and V. The surfaces and cross-sections of the samples were coated with 
gold and observed at different magnifications. Finally, the detailed coating network of 
the coatings produced in Paper IV was analyzed using a high-resolution FEG-SEM, 
Zeiss Merlin (Germany). The samples were coated with tungsten and observed at 
different magnifications. 

3.4.4 UV/Vis spectroscopy 

The transparency of the different CNC films made in Paper III was determined using 
a Perkin Elmer UV/Vis Spectrometer Lambda 2S (Überlingen, Germany). The 
wavelength (λ) parameter varied between 700 and 300 nm. The scan rate was 240 
nm/min and data were collected at 0.50 nm intervals. 
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3.4.5 X-ray diffraction 

The comparative crystallinity of the CNC used in Papers I and II was estimated with 
an X-ray diffractometer Siemens D5000 (Berlin, Germany) using a monochromatic 
CuKα radiation (λ=1.54 Å). The study was done in the range of 2θ=5 ̊- 38 ̊ with a step 
size of 0.02 ̊ and a scanning rate of 0.5 ̊/min. The crystallinity was measured using 
Segal’s empirical method, as follows in Eq. 348: 

C(%) = 100%* (I200-Iam)/I200                                          (3) 

where I200 is the intensity value for the crystalline cellulose (peak around 22°) and Iam 
the intensity value for the amorphous cellulose (peak around 18°). 

3.4.6 Thermogravimetric analysis (TGA) 

The thermogravimetric analysis for the CNC used in Papers I and II and the coatings 
made in Paper V was carried out to analyze the thermal stability of the different 
materials studied. For this purpose, a TA Instruments, TGA Q500 (New Jersey, 
USA), was used in a temperature range from 30°C to 600°C, under air (Papers I and 
II) or nitrogen (Paper V) atmosphere, and a heating velocity of 5°C/min.  

3.4.7 Contact angle 

The static contact angle values of the coatings made in Papers III and IV were 
obtained with a contact angle tester “fibro dat 1120” FIBROSystem AB (New Castle, 
USA). The software delivered by the instrument calculates the contact angle at three 
different times of the drop life (0.1 s, 1 s, and 10 s). This test was performed to 
compare the hydrophobicity of the films prepared with the spin coater, with different 
cellulose nanowhiskers and different film configurations. 

3.4.8 Coating grammage 

The grammage of the coatings made in Paper V was measured by weight difference. 
Samples of 10 mm × 10 mm × thickness were cut and dried for 18 h at 100°C and 
then weighed. The grammage of the coating was calculated as the difference between 
the coated sample weights (in grams) minus the uncoated sample weight (in grams) 
divided by the total area (in m2), as can be seen in Eq. 4: 

CG = (Wcoated-Wuncoated)/Area                                         (4) 

3.4.9 Mechanical properties 

The mechanical properties of the coatings produced in Paper V were measured under 
ambient conditions (21°C and 35% RH) using a conventional Shimadzu AG-X 
universal testing machine (Japan). The samples were conditioned at 60% RH for three 
days before the test. A load cell of 1 kN was applied and a gauge length of 20 mm and 
a crosshead speed of 2 mm/min were used on strip-shape samples of 5 mm × 20 mm 
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(the thickness was individually controlled). The elongation at break and tensile 
strength were directly obtained from the test, but the toughness and tensile modulus 
were calculated from the stress-strain curve.  

3.4.10 Moisture uptake 

The moisture uptake test in Paper V was done to determine the changes in the 
moisture uptake behavior of the coatings. This procedure is a modification of the one 
used by Mathew et al.49. Samples of 10 mm × 10 mm × thickness were cut and dried 
at 100°C for 18 h. After this time, the samples were weighed (Mo) and placed in a 
desiccator at 95% RH and room temperature. The samples were removed different 
time intervals (t) and weighed (Mt) until reaching the equilibrium weight (M ). The 
moisture uptake was calculated as follows in Eq. 5: 

MU = 100% *(Mt-Mo)/Mo                                          (5) 

3.4.11 Water vapor permeability 

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) of 
the coatings made in Paper V were determined using a modification of the standard 
ASTM E 96. The samples were glued on the top of a glass cup filled with 20 mL of 
distilled water. The headspace of the cup is 23 mm in diameter and the samples were 
glued using hot silicon. The whole ensemble was weighed and placed in a desiccator 
at an average temperature and humidity of 22°C and 60% RH, respectively, and 
weighed at regular intervals during five weeks. The WVTR was calculated according 
to the Eq. 6: 

WVTR = (Δm/Δt)/A                                                  (6) 

where Δm is the mass variation (in grams), t is the time variation (in days) and A is 
the exposed area of the sample (in m2). The WVP was calculated according to Eq. 7: 

WVP = WVTR*(L/ΔP)                                            (7) 

where L is the thickness of the sample (in meters) and P is the difference in vapor 
pressure of the two sides of the films (in kPa). 

3.4.12 Gas permeability 

Hydrogen (H2), nitrogen (N2), helium (He), carbon dioxide (CO2) and oxygen (O2) 
permeability under ambient conditions were measured, separately, for the CNC 
coatings made in Papers III, IV and V. A constant gas flow with a pressure of 0.2 Bar 
(15 cmHg) was applied to the coatings made on the paper filter substrate. The exit 
flow was registered with an Agilent Technologies ADM2000 universal gas flow 
meter 2850 (Wilmington, USA). With the analysis of the exit flow passing through a 
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CNC coating, it was possible to calculate the gas permeability “P” and gas selectivity 
“α” of the samples.  

The permeability coefficient P is calculated using the variable pressure model41,43,44,50. 
It was assumed that the incoming gas pressure p1 is significantly higher than the exit 
gas pressure p2

41,44,50. The model describes P of a gas molecule A as the product of 
the steady-state gas exit flow in a specific exposed area of the film Jst, and the film 
thickness d, divided by the inlet gas pressure p1

41,44,50, as described in Eq. 1. 

The ideal selectivity (αA/B) is described as the ratio of the permeability coefficients 
for two different gases A and B43,44,51, as seen in Eq. 2. 

 

For Paper IV, the oxygen permeability (OP) at 50% RH was also measured using OX-
TRAN® Model 2/21 MOCON (USA), following the ASTM-3985 standard. The 
samples were conditioned at 23°C, 50% RH, and normal atmospheric pressure was 
used. The samples, with a surface area of 50 cm2, were exposed to 100% oxygen on 
one side, and oxygen-free nitrogen on the other side. The OP was calculated by 
multiplying the OTR (value given by the software of the equipment) with the 
thickness of the coating, and dividing it by the partial pressure of oxygen between the 
two sides of the coating. 
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4 Summary of results 

In this section, the most outstanding findings obtained during the course of this thesis 
are presented.  

 

4.1 CNC characterization  

4.1.1 Surface charge analyses 

In Paper I, the surface charge of CNCMCC and CNCER was measured and, as reported 
in Table 2, the crystals obtained from ethanol residue had almost 50% less surface 
charge than the crystals isolated from MCC. During the acid hydrolysis with sulfuric 
acid, the sulfate groups of the acid are attached to the CNC surface, promoting a 
stable colloidal system in solution and increasing its surface charge. Even though both 
crystals passed through acid hydrolysis with sulfuric acid, the CNCER was 
subsequently subjected to other different steps that seem to have cleaned the CNC 
surface from the sulfate groups, leading to a lower surface charge. In Paper III, CNC 
were isolated from specialty cellulose production residue using sulfuric and 
hydrochloric acid. It was seen that the crystals isolated using sulfuric acid had higher 
surface charge than the ones isolated using hydrochloric acid.  

Table 2:Surface charge, thermal data and crystallinity of the CNC studied 

 Surface charge 
(μmol/g) 

Onset 
Temperature (°C) 

Peak degradation 
Temperature (°C) 

Crystallinity (%) 

CNCMCC 259±39 155±2 202±25 85±4 

CNCER 148±11 218±6 296±21 78±7 

CNCS 339±9 198±20 287±5 86±5 

 

4.1.2 Flow birefringence 

In Papers I and II the flow birefringence was used as an easy and fast demonstration 
of the successful extraction of the CNC from the MCC, bioethanol production residue 
and specialty cellulose production residue. The flow birefringence of the CNCMCC, 
CNCER and CNCS suspensions can be seen in Fig. 9. The existence of flow 
birefringence indicates the presence of individualized and well-dispersed nanocrystals 
in water. 
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Figure 10: Flow birefringence of (A) CNCMCC, (B) CNCER and (C) CNCS aqueous suspensions. 

4.1.3 Morphology 

In Paper I the morphology of the crystals isolated from bioethanol residue and MCC 
was studied using the AFM images. It was seen (Fig. 10) that the both crystals 
displayed a rod-like shape, with diameters around 7 nm for the CNCMCC and 9 nm for 
CNCER. A higher agglomeration could be seen in CNCER, but it is believed that this is 
due to its lower surface charge.

 

Figure 11: AFM images for CNCER height (A), CNCER amplitude (B), CNCMCC height (C) and 
CNCMCC amplitude (D). 

In Paper II the morphology of CNCER and CNCS was observed using the TEM. It was 
possible, by calculating the length of the crystals seen, that the NCS were slightly 
longer than the CNCER (377 and 301 nm, respectively). Higher agglomeration for 
CNCER than for CNCS was also observed. 

4.1.4 Thermal properties 

The thermogravimetric analyses of the CNC were studied in Papers I, and II and in 
Table 2 the values obtained can be seen. Both CNC isolated from bio-residues 
presented higher thermal stability when compared with the CNC isolated from MCC. 
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4.2 CNC films and coatings characterization 

4.2.1 Crystallinity 

In Papers I, II and IV the comparative crystallinity of the nanocellulose used was 
evaluated and the results can be seen in Table 2. It was noted that the comparative 
crystallinity of CNCMCC, CNCER and CNCS were very similar, demonstrating, once 
again, the similar qualities of the crystals isolated from bio-residues and from MCC. 

4.2.2 UV/Vis transparency 

Casted films of cellulose nanocrystals were made in Papers I and II to test their 
transparency, and the UV/Vis spectrometry scan is presented in Fig. 11. The films 
made with CNCMCC and CNCER presented very similar transparency in the visible 
range (400-700 nm), while the films made with CNCS were less transparent in all the 
ranges tested. 

 

Figure 12: UV/Vis spectroscopy patterns for (A) CNCMCC, (B) CNCER and (C) CNCS. 

4.2.3 Wettability 

In Papers III and IV the water contact angle of the coatings prepared was measured 
and the values can be found in Table 3. In Paper III different surface charged crystals 
and different film configurations were used to prepare coatings using spin-coating 
technique. It was observed that the coatings with a more negative surface (1+25 
CNCS) presented the lowest water contact angle (40°), while the coatings with a more 
positive surface (25 CNCH) presented the highest water contact angle (59°). In Paper 
IV, where coatings of CNC with different thickness and roughness were produced 
using spin- and dip-coating techniques, it was observed that the increase in the 
coating thickness directly affects the water contact angle, being the highest contact 
angle (73°) for the sample with the greatest thickness (23 μm), and the lowest contact 
angle (38°) for the sample with the least thickness (0.17 μm). When comparing the 
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contact angle and the coating thickness of both papers (III and IV), it can be seen that 
there is a clear tendency towards increased contact angle with increased coating 
thickness. 

Table 3: Contact angle, roughness and coating thickness for the coatings made in Papers III and IV 

Property 1+ 25 CNCS 25 CNCH A10D-C B5S-C 

Contact angle (°) 40  59  73  38  

Roughness (nm) - - 9.5  5.7  

Coating thickness (μm) 0.27  0.43  23  0.17  

 

4.2.4 Barrier properties 

The gas permeability and selectivity for hydrogen, nitrogen, helium, carbon dioxide 
and oxygen were measured for the coatings made in Paper III. It was observed that 
the coatings made with the CNCH had the lowest permeability values for oxygen and 
nitrogen, which makes them especially interesting for food packaging applications. 
These coatings were also the only ones presenting gas selectivity.  

In Paper IV the oxygen permeability (OP) at 23 and 50% RH was measured for the 
coatings produced with CNC. It was observed that all the samples (except the thickest 
one) showed very low OP at 23% RH being this value, always below 1.4 mL*μm*m-

2*24h-1*kPa-1. However, the thickest sample (23 μm), presented the highest OP (24 
mL*μm*m-2*24h-1*kPa-1), which is most probably caused by brittleness introduced 
by the thickness of the coating. On the other hand, at 50% RH, the only OP 
measurable was that of the thickest sample, obtaining an OP of 6 mL*μm*m-2*24h-

1*kPa-1, while the OP for the other coatings was higher than the measurable range. It 
was concluded that the thinner coatings are very moisture sensitive, making the 
coatings lose their barrier properties at higher relative humidity. In this same paper, 
the coatings were in storage for 8 months  

In Paper V, the OP at 49% RH was measured for the coatings produced with CNC, 
CNC/sorbitol, CNC cross-linked and CNC/sorbitol cross-linked. An improvement in 
the OP of the CNC coatings with the addition of sorbitol and cross-linking was 
observed; however, the CNC/sorbitol cross-linked coatings had OP values that were 
very similar to those of the CNC coatings. The lowest OP was obtained for the 
coating produced with CNC/sorbitol, where a value as low as 0.7 mL*μm*m-2*24h- 

1*kPa-1 was obtained. 
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In Paper V the moisture uptake (MU) and water vapor permeability (WVP) of the 
coatings were also measured. It was seen that the MU passed from 29% for the 
uncoated substrate to 16% for the samples coated with pure CNC. However, the 
addition of sorbitol and the cross-linking produced an increase in the MU, reaching a 
value as high as 52% for the sample coated with cross-linked CNC. The WVP passed 
from 4 g*mm*m-2*24h-1*kPa-1 to values as low as 0.36 g*mm*m-2*24h-1*kPa-1 for 
the samples coated with CNC and CNC/sorbitol. It was seen that the addition of 
sorbitol helped to decrease the WVP, but the cross-linking did not, reaching a WVP 
as high as 1.7 g*mm*m-2*24h-1*kPa-1 for the CNC/sorbitol cross-linked sample. 

4.2.5 Mechanical properties 

The mechanical properties of the coated substrates made in Paper V were tested. It 
was observed that the addition of sorbitol increased the maximum strength, strain and 
toughness of the samples, while the Young’s modulus decreased. When the coatings 
were cross-linked a dramatic decrease in the maximum strength and Young’s modulus 
was observed, while there was a general increase in the maximum strain and 
toughness.  
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5 Conclusions 

Cellulose nanocrystals (CNC) isolated from industrial bio-residues, from ethanol and 
specialty cellulose production, have been shown to have comparable properties with 
CNC isolated from non-residual sources such as microcrystalline cellulose (MCC). 
The residue-isolated crystals displayed a rod-like shape with diameters of around 9 
nm and lengths of around 350 nm, and their thermal properties were higher than the 
properties of CNC isolated from MCC, due to a lower surface charge. This lower 
surface charge also affected their dispersibility, making them more agglomerated and 
with a lower flow birefringence than for the suspensions of CNC obtained from MCC. 
Also, the comparative crystallinity displayed similar values between these three kinds 
of crystals, demonstrating the good quality of the CNC extracted from these bio-
residues. 

Crystals isolated from specialty cellulose production residue, with sulfuric and 
hydrochloric acid, for the manufacture of thin coatings by spin coating, were shown to 
have different surface charges (being highest for the crystals isolated with sulfuric 
acid). Spin-coated thin coatings (around 300 nm thickness for the coatings made with 
one layer of Poly(allylamine hydrochloride) (PAHCl) and 25 layers of CNC, and 
around 550 nm for the ones made with 25 intercalated layers of PAHCl and CNC) 
were prepared using these nanocrystals. The studied coatings were found to have a 
non-homogeneous structure when viewed with an optical microscope and they also 
appeared to have poor gas selectivity values. Nevertheless, it is believed that with the 
improvement of the processing method, homogeneous coatings can be prepared and 
the gas selectivity can be improved. 

It was demonstrated that cellulose nanocrystals isolated from purified cellulose can be 
used to produce coatings on porous cellulose-based substrates using spin and dip 
coating techniques. These coatings displayed oxygen barrier values lower than those 
obtained for the commercially used PE and PS at 50% RH. It was also observed that 
the CNC coatings are sensitive to prolonged storage and humidity, which impairs 
their barrier properties. When these CNC coatings where produced by dip-coating 
with a combination of plasticizer (sorbitol) and cross-linker (citric acid), a general 
improvement in the barrier properties, with maintained thermal stability, was seen. 

The results obtained through this research demonstrate the high potential of cellulose 
to increase the value of forest-based bio-residue and its use as an ecological biobased 
option for improving the barrier properties of porous substrates. Further studies have 
to be done in this area, but the fact that cellulose nanocrystals and nanocellulose are a 
great ecological and economical alternative to non-biodegradable barrier polymers is 
demonstrated in this research. 
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6 Future work 

In industry the use of cellulose and its derivate for the production of filters for gas, 
solids of liquids separation has been well known since the 1940s. But the use of 
cellulose nanostructures is a relatively new concept in this area. It is believe that the 
use of cellulose nanostructures, for the production of coatings on paper, can lead to 
materials with high tortuosity and great thermal and moisture stability that could be 
useful in fields like packaging. The next step of this study is the improvement in the 
mechanical properties of the nanocellulose-coated papers and investigation of their 
grease resistance properties. The production of a packaging paper and its analysis 
with real food is proposed. 
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Summary of appended papers 

Paper I: Comparison of cellulose nanowhiskers extracted from industrial bio-
residue and commercial microcrystalline cellulose 

This first study was done with the purpose of comparing the properties (physical and 
chemical) of cellulose nanowhiskers isolated from industrial bio-residue from 
bioethanol production, and microcrystalline cellulose (MCC), by high-pressure 
homogenization, and acid hydrolysis, respectively. The whiskers obtained from MCC 
showed a higher surface charge than the ones extracted from the bio-residue when 
analyzed with conductometric titration. Both cellulose nanowhiskers-suspensions 
presented individualized whiskers; this was proved with the flow birefringence 
observed. The whisker diameters proved to be less than 10 nm for both materials, and 
atomic force microscope images showed somewhat more aggregation in the bio-
residue nanowhiskers. Whiskers-films showed transparency in visual light and higher 
relative crystallinity for the nanowhiskers from bio-residue than for the nanowhiskers 
from MCC. In addition, it was demonstrated, by thermal analysis, that the 
nanowhiskers extracted from bio-residue were more thermally stable than those 
extracted from MCC, having a higher degradation onset temperature as well as 
maximum degradation temperature. With this first study it was possible to determine 
the good quality of the cellulose nanowhiskers extracted from a bio-residue when 
compared with the whiskers extracted from a commercially available, and more 
expensive, source. 

Paper II: Characterization of cellulose nanowhiskers: A comparison of two 
industrial bio-residues 

In Paper II, cellulose nanowhiskers were isolated from residue from specialty 
cellulose production and lignin residue from ethanol production. These cellulose 
nanowhiskers were compared to evaluate their characteristics and their potential as a 
source for the production of cellulose nanowhiskers. It was found that both 
nanowhiskers suspensions exhibited flow birefringence when they were studied 
through cross-polarized filters. Transmission electron microscopy study showed that 
the nanowhiskers isolated from the residue from specialty cellulose production were 
longer (377 nm) than the ones extracted from the lignin residue (301 nm), and that 
most of the particle sizes in the whiskers extracted from the residue from specialty 
cellulose production were between 375-449 nm, and between 300-374 nm for the 
whiskers extracted from the lignin residue. The UV/Vis spectroscopy showed a 
stronger interference in the UV and visible region for the films made from the 
whiskers extracted from the residue from specialty cellulose production. The 
comparative crystallinity was higher for the whiskers from residue from specialty 
cellulose production than for the whiskers from lignin residue. Finally, the thermal 
stability appeared to be slightly higher for the lignin residue whiskers than for the 
other ones. With this study it was demonstrated that the residue from specialty 
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cellulose production and lignin residue from wood bioethanol production can 
potentially be used as raw materials to produce value-added products from bio-
residues, thereby increasing the value of forest resources. 

Paper III: Gas permeability and selectivity of cellulose nanocrystal films (layers) 
deposited by spin-coating 

In the third study included in this thesis, cellulose nanocrystals with different surface 
charge were extracted from a residue from specialty cellulose production using two 
different acid hydrolysis processes. Crystals obtained with sulfuric acid (NCS) showed 
higher surface charge than crystals extracted with hydrochloric acid (NCHCl). Thin 
spin-coated coatings with two different configurations were prepared; the first with 
alternate layers of poly(allylamine hydrochloride) (PAHCl) and cellulose, and the 
second with  a single layer of PAHCl coated with 25 layers of crystals. When the 
coatings’ characteristics were studied, more homogeneous surfaces were seen when 
these were done with NCS. The surface charge of the cellulose nanocrystals produced 
an effect on the hydrophilic behavior, being highest for 25 alternate layers of PAHCl 
and NCHCl. The gas permeability was highly dependent on the configuration and the 
nature of the crystals used. The coatings prepared with NCHCl showed gas barrier 
against nitrogen and oxygen and gas selectivity with some gas combinations, while 
NCS did not show any gas selectivity. With this third study it was demonstrated that 
the crystals with low surface charge can be successfully used for gas separation and 
barrier applications. 

Paper IV: Green gas barrier on porous materials: nanocellulose coatings 
prepared using spin- and dip-coating 

In Paper IV the aim was to study the use of nanocellulose as green coating on two 
different porous substrates using spin- and dip-coating. Also, it was of the interest to 
study how the storage time affected the coatings and barrier properties. It was 
observed that the spin-coating technique was suitable for the substrates with small 
pore size, while the dip-coating was suitable for the bigger pore size substrate. It was 
observed that with the spin-coating, the thickness of the coating was some 
nanometers, while the dip-coating coatings were some micrometers in thickness. The 
freshly prepared coatings presented great barrier properties against oxygen at 23% 
RH, ranging in oxygen permeability from 0.12 to 24 mL*μm*m-2*day-1*kPa-1. 
However, after eight months storage an increase in the oxygen permeability was seen. 
The findings in this fourth study are believed to have great value, since they support 
the use of biobased and ecological materials in, for example, packaging applications. 

Paper V: Barrier and mechanical properties of plasticized and cross-linked 
nanocellulose coatings on porous cellulose substrates 

In the last study of this thesis a plasticizer and citric acid cross-linking agent were 
used to improve the properties of the coatings. The effects of the plasticizer and cross-



Martha Herrera Rodríguez 2015 

 
37 

linking processes on thermal, barrier and mechanical properties of nanocellulose 
coatings were evaluated. It was observed that thermal properties remained mostly the 
same, and that the barrier properties were dramatically improved after the coating 
with plasticized and cross-linked nanocellulose, the water vapor permeability 
decreasing by more than 60%, and oxygen permeability values as low as 0.7 
mL*μm*m-2*day-1*kPa-1 at 49% RH were reached. Finally, a general increase in the 
toughness of samples was observed when compared with the control sample. This 
study demonstrated the improvement in the barrier properties obtained when cellulose 
substrates were coated with nanocellulose using sorbitol as plasticizer and citric acid 
as cross-linking agent, confirming the potential of the material as an ecological bio-
based coating on porous substrates. 
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The aim of this work was to compare the physical and chemical properties of cellulose nanowhiskers extracted
from industrial bio-residue (CNW-BR) by homogenization, and microcrystalline cellulose (CNW-MCC) by acid
hydrolysis. CNW-MCC showed a higher surface charge than CNW-BRwhen analyzed using conductometric titra-
tion. Both CNW-suspensions showed flow birefringence, indicating the presence of individualized whiskers.
Morphology study confirmed that the whisker diameters were less than 10 nm for both materials, and atomic
force microscope images showed somewhat more aggregated BR nanowhiskers. UV/Vis spectroscopy of the
CNW-films showed transparency in visual light. The relative crystallinity obtained from X-ray diffraction was
77% for the CNW-BR, and 85% for the CNW-MCC. It was demonstrated, by thermal analysis, that the CNW-BR
was more thermally stable than the CNW-MCC, having a higher degradation onset temperature (218 °C and
155 °C) as well as maximum degradation temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cellulose nanowhiskers (CNW) are the highly ordered crystalline
regions in cellulosic materials. Isolated nanowhiskers are rod-
shaped nanocrystals that have unique electrical, optical, magnetic
and conductive properties [1]. Even though CNW can be obtained
from a variety of natural resources, usually by acid hydrolysis, these
nanoentities are not as commercially popular as other nanomaterials
like carbon nanotubes. One major challenge in the use of CNW
in commercial applications is their limited availability and low yield
when isolated from natural resources [2,3].

Microcrystalline cellulose (MCC), which is commercially available
and of high quality and purity, has been used as a source for CNW
production with relatively high yield.[4,5] It was observed that the
lab-scale extraction of CNW from MCC is less time- and chemical-
consuming than extraction from wood or other natural sources and
results in good quality CNWs with a minor time investment.

In a recent study, a bio-residue (BR) from wood bioethanol pro-
duction was used as a raw material source for extraction of CNW
[6]. The study demonstrated that the bio-residue, called lignin resi-
due, consisted of almost 50% cellulose and that this cellulose was
highly crystalline. The reason for this is that the material has been
hydrolyzed during the bioethanol production process. The CNW
obtained from this source can be produced with only mechanical

isolation and with a yield of 43%, making this bio-residue, an easy,
economical and ecological source for the extraction of CNW [6].

The present work has been done to compare the CNW extracted
from the bio-residue by homogenization with CNW extracted from
MCC by acid hydrolysis. The aim of this research is to evaluate the
potential of the bio-residue from ethanol production as a replacement
material for commercially available cellulose resources, such as MCC,
for the isolation of cellulose nanocrystals. Therefore, characteristics
like surface charge, flow birefringence, crystallinity, size, morphology,
transparency and thermal stability of CNW-BR and CNW-MCC have
been studied.

2. Experimental methods

2.1. Materials

Colloidal suspensions of CNW were prepared from two different
sources: Vivapur® microcrystalline cellulose (Weissenborn; Germany)
by acid hydrolysis (CNW-MCC) [5] and bio-residue of wood bioethanol
production supplied from SEKAB (Örnsköldsvik, Sweden) by bleaching
and homogenization (CNW-BR) [6].

CNW-MCC and CNW-BR films were prepared by casting 40 mL of a
2% concentrated aqueous CNW-solution in polystyrene Petri dishes.

2.2. Methods

2.2.1. Surface charge
5 mL of NaCl 0.01 M was added to 45 mL of a 0.01% CNW-solution.

NaOH 0.1 M was the titration solution, which was added periodically
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with continuous magnetic stirring [6]. The surface charge of the
whiskers was measured from the change in the conductivity recorded
by a Mettler Toledo SevenEasy™ conductometer with an InLab® 73X
sensor (Schwerzenbach, Switzerland).

2.2.2. Flow birefringence
Flow birefringence was used to confirm the presence of isolated

CNW in the suspensions. For this purpose, both CNW solutions were
stirred and observed through a set of 2 cross-polarized filters.

2.2.3. Morphology
An atomic force microscope (AFM) Nanoscope V microscope

Veeco Instruments (Santa Barbara, CA, USA) was used to analyze
the morphology of the nanowhiskers. A drop of a CNW-suspension
(0.1 wt.%) was placed on freshly cleaved mica and left to dry at
room temperature. Height, amplitude, and phase images were
recorded in tapping mode using a resonance frequency of 440 kHz.
The diameter measurement was performed with the Nanoscope V
software and the height images.

2.2.4. UV/Vis spectroscopy
Transparency of CNW-films (CNW-BR and CNW-MCC) was deter-

mined using a Perkin Elmer UV/Vis Spectrometer Lambda 2S (Über-
lingen, Germany). The wavelength (λ) parameter varied between
700 and 300 nm. The scan rate was 240 nm/min and data were col-
lected using a 0.50 nm interval.

2.2.5. Crystallinity
The X-ray diffraction patterns of CNW-BR and CNW-MCC were

obtained using a Siemens Diffractometer D5000 (Berlin, Germany).
The XRD was conducted on the film samples of the nanowhiskers.
The samples were exposed to monochromatic CuKα radiation
(λ=1.54 Å) in the range of 2θ=5°–35° with a steps of 0.02° and a
scanning rate of 0.5°/min. The crystallinity index (CIr) was measured
using Segal's empirical method [7], and Eq. (1).

CIr %ð Þ ¼ I200−Iamð Þ=I200½ � � 100% ð1Þ

I200 being the intensity value for the crystalline cellulose (2θ=22.5°),
and Iam the intensity value for the amorphous cellulose (2θ=18.8°).

2.2.6. Thermal stability
The thermogravimetric analysis (TGA) of CNW-BR and CNW-MCC

films was carried out using TA Instruments TGA Q500 (New Jersey,
USA). The temperature range was set from 30 °C to 600 °C in an air
atmosphere with a heating rate of 5 °C/min.

The reported data, for each material in each test, are the average of
three different measurements.

3. Results and discussions

3.1. Surface charge

This analysis was done to measure the differences in surface
charge between the CNW-BR extracted by a mechanical treatment
(homogenization) and the CNW-MCC extracted from a chemical
treatment (acid hydrolysis), and the results are shown in Table 1.
CNW-MCC showed higher surface charge compared to CNW-BR. Dur-
ing the acid hydrolysis, with sulfuric acid, an introduction of sulfate
groups on the CNW surface occurs. These groups make the CNW-
solution a stable colloidal system, due to the electrically negative
charge added on the surface [8,9]. It is known that the BR passed
through a two-step acid hydrolysis when the ethanol extraction pro-
cess was done, but the material was subsequently subjected to
dewaxing, bleaching, cleaning and homogenization processes to

extract the CNW [6]. These steps seem to have cleaned the CNW sur-
face from the sulfate groups, leading to a lower surface charge.

3.2. Flow birefringence

Fig. 1 shows the flow birefringence for both CNW-suspensions.
Both suspensions displayed flow birefringence, indicating individual-
ized and well-dispersed nanowhiskers in water.

3.3. Morphology

The AFM images for the whiskers obtained from diluted suspen-
sions of CNW-BR and CNW-MCC can be seen in Fig. 2. Both sets of
nanowhiskers displayed a rod-like shape, as expected and reported
before [4–6,10]. The images show that the MCC whiskers are more
individualized compared to BR ones. The reason might be that the
CNW-MCC have higher negative surface charge that keeps the
whiskers apart from each other, permitting a better dispersion. The
diameters of the different CNW were measured and the values are
given in Table 1. The lengths were estimated to be hundreds of
nanometers but precise dimensions were not obtained. However, in
Fig. 2, CNW-BR seem to be larger than CNW-MCC. As can be observed
in Table 1, the CNW-BR are wider than CNW-MCC, which can also be
caused by the agglomeration of CNW, due to the lower surface charge.

3.4. UV/Vis spectroscopy

The results from the UV/Vis spectrometry scans are shown in Fig. 3.
The films are transparent in the range of visible light (400–700 nm)
and the patterns for both CNW-films follow each other very closely,
having the same tendency to decrease light transmittance when the
wavelength is also decreasing. In the case of lower wavelength, in UV-
range (300–400 nm), an interesting behavior appears on the CNW-
BR-films. These films seem to block the UV-light more efficiently com-
pared to the CNW-MCC-films. This difference might be attributed to
the sizes of the nanowhiskers. It is expected that particles with lengths
around 300–400 nm cause interference in this wavelength range,

Table 1
Collected information of the CNW-BR and CNW-MCC.

Sample Surface charge
(μmol/g)

Thickness
(nm)

Crystallinity
(%)

Onset
temp. (°C)

Peak degradation
temp. (°C)

CNW-
BR

148±11 9.1±0.3 85.4±4.2 218±6 296±21

CNW-
MCC

259±39 6.6±2.0 77.7±7.0 155±2 202±25

Fig. 1. Flow-birefringence pattern of (A)CNW-BRand (B)CNW-MCCaqueous suspensions.
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thereby better blocking the UV light. This is in agreement with our ear-
lier observation (Section 3.3) that CNW-BR seem larger or have more
particles around 300–400 nm than CNW-MCC. It is also possible that
the agglomerations, already seen in Fig. 2A, are also responsible for
blocking the UV light.

3.5. X-ray diffraction

The values for the comparative crystallinity between CNW-BR and
CNW-MCC, listed in Table 1, were obtained following the Segal et al.
equation [7]. The analysis showed that the CNW-MCC had a higher
crystallinity, 85±4%, compared with the CNW-BR, 77±7%. This re-
sult suggests the presence of some residual amorphous regions in
the nanowhiskers isolated by homogenization. However, the crystal-
linity is between the ranges for crystalline cellulose obtained from
natural sources [2,3].

3.6. Thermal stability

The onset and peak degradation temperature for both materials
are listed in Table 1. Even though the CNW-BR presented the lowest
crystallinity, they displayed the highest thermal stability in

comparison with the CNW-MCC. This reduced thermal behavior, pre-
sented for the CNW-MCC, was expected and already reported else-
where [2,6,11]. The introduction of the sulfate groups during the
acid hydrolysis with sulfuric acid affects the thermal stability of the
CNW due to a dehydration reaction [2,6,11]. This dehydration
makes them more susceptible to degradation when the temperature
increases [2,6,11]. The information obtained proves that the CNW-
BR have passed through a cleaning process whereby sulfate groups
have been removed from the surface of the crystals, leading to a
higher thermal stability.

4. Conclusions

Cellulose nanowhiskers extracted from bioresidue by mechanical
treatment have been shown to have a lower surface charge when
compared with whiskers extracted by acid hydrolysis from micro-
crystalline cellulose. This results in a lower dispersion of the whiskers
in water, and a higher agglomeration seen in the AFM pictures and in
the UV/Vis spectroscopy results obtained. The lower surface charge
also gives these whiskers a higher thermal stability, even though they
are less crystalline than the whiskers from microcrystalline cellulose,
making them a suitable material for high-temperature processes.

Fig. 2. AFM images for the CNW-BR height (A), CNW-BR amplitude (B), CNW-MCC height (C), and CNW-MCC amplitude (D).

Fig. 3. UV/Vis spectroscopy patterns for CNW-BR and CNW-MCC (left) and images of the films made with (A) CNW-BR, (B) CNW-MCC and(C) Petri-dish without material.
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Abstract. Cellulose nanowhiskers separated from two different industrial residues, sludge 
from cellulose production (CNWSL) and lignin residue from ethanol production (CNWER), 
were compared in order to evaluate their characteristics and their potential as a source for the 
production of cellulose nanowhiskers (CNWs). It was found that CNWSL and CNWER
suspensions exhibited flow birefringence when they were studied through cross-polarized 
filters. Transmission electron microscopy (TEM) study showed that the CNWSL were longer 
(377 nm) than CNWER (301 nm). It was also demonstrated that most CNWSL had nanowhiskers 
between 375-449 nm and CNWER between 300-374 nm. The UV/Vis spectroscopy showed a 
stronger interference in the UV and visible region for the CNWSL films. The crystallinity, 
obtained by X-ray analysis, was higher for CNWSL (86%) than for CNWER (78%). Finally, the 
thermal stability appeared to be slightly higher for the CNWER than for CNWSL. Both studied 
residues seem to be suitable sources for large-scale production of CNWs. 

1. Introduction  
Cellulose is the structural component of the cell wall of green plants and some algae. This makes it 
one of the most abundant and naturally occurring polymers on earth. Due to its availability, along with 
its sustainability and abundance, cellulose has been widely used in the manufacture of paper, fibers 
and films [1,2]. A cellulose fiber is a bundle composed of several cellulose nanofibers. These 
nanofibers have an amorphous part and a crystalline part known as cellulose nanowhiskers (CNWs). 
Even though cellulose is abundant, CNWs are not yet commercially available. CNWs are rod-shaped 
nano-sized crystals which can be obtained by acid hydrolysis from different natural sources. These 
nanocrystals have a high elastic modulus (120-140 GPa) [3], very close to the theoretical value (167.5 
GPa) [3], and therefore have been extensively used as a reinforcement material in biopolymers [4]. 
Depending on the source, the sizes of the CNWs can vary but, in general, the data in Table 1 can be 
used as a reference [3, 4, 5]  
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Table 1: CNWs general properties
Property Cellulose nanowhiskers 

Length (nm) [4] 
Diameter (nm) [4, 5] 

Aspect Ratio (L/d) [4] 
Elastic Modulus (GPa) [3]

100-1000 
4-25 

10-100 
120-140 

Our group has focused during recent years on studying residue from forest-based industries as a source 
of material for the production of cellulose nanowhiskers. In 2011, a residual material from wood 
ethanol production was used for the separation of the cellulose nanocrystals [6]. Oksman et al. 
demonstrated that this residue, usually called lignin residue, consists of almost 50% cellulose and this 
cellulose was shown to be highly crystalline, because the material has been subjected to strong acid 
hydrolysis steps during the ethanol production process [6]. The CNWs from this source were obtained 
with only purification and homogenization steps, obtaining a yield of 43% [6]. The study showed that 
lignin residue is a viable source for the production of cellulose nanowhiskers. 
The aim of this work was to examine the characteristics of CNWs obtained from two different 
industrial residues. For this purpose, flow birefringence, morphology, size, transparency, comparative 
crystallinity and thermal stability of nanowhiskers extracted by sulfuric acid hydrolysis from sludge 
(CNWSL) and homogenized whiskers from bioethanol residue (CNWER) were compared.  

2. Experimental Methods 

2.1 Materials
Cellulose nanowhiskers suspensions were extracted from two different raw material sources. The first 
one was a sludge from cellulose production from Domsjö Fabrikerna AB, Örnsköldsvik, Sweden. The 
nanowhiskers (CNWSL) were extracted by acid hydrolysis following the procedure reported by 
Bondeson et al. in 2006 [7] with minor difference. The second source used was a residue of wood 
ethanol production from SEKAB E-Technology, Örnsköldsvik, Sweden. These nanowhiskers 
(CNWER) were extracted using the procedure described by Oksman et al. in 2011 [6]. The schematic 
representation of the isolation routes adopted for the studied materials is given in figure 1. 

2.2 CNW films
Thin films of between 20 and 40 nm were prepared from the whiskers suspensions. 40 mL of a 2% 
suspension was casted and dried under ambient conditions for approximately 12 h. These films were 
used for further characterizations. 

2.3 Flow birefringence 

Etanol Residue (ER) 

Bleaching 

Homogenization 

CNWER

Sludge (SL) 

Acid hydrolysis (sulfuric acid)  

Sonication 

CNWSL

Figure 1: Scheme for the CNWs extraction from the sources used. 
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The flow birefringence behavior of the CNWs suspensions was studied using a set consisting of 2 
cross-polarized filters and a lamp.  

2.4 Nanostructure 
An HT 7700 120 kV Compact-Digital biological transmission electron microscope (Hitachi, Tokyo, 
Japan) was used at a voltage of 100 kV. For this purpose, a drop of a 0.2 wt % CNWs dispersion was 
allowed to dry on a copper grid covered with porous carbon film. The whiskers size determination was 
done with the digital slow scan image recording system software SemAfore 4.01 JEOL 
(Skandinaviska) AB (JEOL, Sweden).  
The measurement of the length distribution was done manually form the TEM images. At least 100 
length measurements from 4 different images for each sample were performed. 

2.5 UV/VIS spectroscopy 
Prepared nanowhiskers films were tested in a Perkin Elmer UV/Vis spectrometer Lambda 2S (Perkin 
Elmer, Überlingen, Germany) to compare their transmittance patterns. The wavelength used was from 
700 nm to 300 nm with a scan speed of 240 nm/min and a data collection interval of 0.50 nm. The 
reported data for each material represent the average of three samples. 

2.6 X-ray diffraction  
X-ray diffraction was used to compare the crystallinity of the materials. A film of each CNW was 
analyzed at ambient temperature by step scanning on an X-ray diffractometer Siemens D5000 
(Siemens, Berlin, Germany) using a monochromatic CuK  radiation ( =1.54 Å) in the range of 2 =5˚-
38˚ with a step size of 0.02˚ and a scanning rate of 0.5˚/min. The crystallinity index (CIr) was 
measured using the Segal empirical formula [8]: 

CIr= [(I200-Iam) /I200 ] *100%                                                (2.1) 

Where I200 is the intensity value for the crystalline cellulose, and Iam is the intensity value for the 
amorphous cellulose. The data presented are the average, with standard deviation, of four 
measurements for each kind of sample. 

2.7 Thermal stability  
The thermogravimetric analysis (TGA) was carried out for the CNWSL, and CNWER in a TGA Q500 
(TA Instruments, New Jersey, U.S.A.). The temperature range was from 60˚C to 510˚C in an air 
atmosphere, with a heating velocity of 5˚C/min. The data presented are the average of three 
measurements for each material. 

3. Results and discussions 

3.1 Flow birefringence 
Figure 2 shows the flow birefringence for the CNWSL and CNWER suspensions. Both suspensions had 
the same concentration of whiskers (0.1%), and flow birefringence could be seen. This behavior 
demonstrates the fact that rod- shaped cellulose was obtained in the extraction process [9].  
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Figure 2: Flow birefringence of CNWSL, and CNWER.

3.2 Nanostructure 
Transmission electron microscopy (TEM) was used to observe the morphology and measure the 
lengths of the extracted nanowhiskers. The images obtained from the TEM are shown in figure 3, 
where it can be seen that both whiskers appear to be similar in shape. It was observed that both 
materials presented agglomeration that followed a parallel arrangement of the whiskers. Similar 
characteristics were reported earlier by other authors [10, 11]. 

Figure 3: TEM images of CNWSL and CNWER.

The length values are listed in table 2 and the length distribution is shown in figure 4. The accuracy of 
length measurement depends on the resolution of the images; therefore, there is a risk that the 
whiskers ends are not included in the measurement. Also, the agglomeration seen in the figure 3 
causes difficulties in the manual measurement. For this reason, the lengths represented in table 2 and 
figure 4 are given only for comparison purposes. 

Table 2: Data obtained from the different tests on the CNWSL and CNWER .

Source Length (nm) Crystallinity 
(%) 

Degradation onset 
temperature (T0) (˚C) 

Peak degradation 
temperature (Tmax) (˚C) 

CNWSL 377 ± 132 85.8 ± 4.6 198.2 ± 20.7 287 ± 5 
CNWER 301 ± 126 77.7 ± 7.0 218.5 ± 6.0 296 ± 21 

In table 2 it can be seen that CNWSL are slightly longer than CNWER. Despite the information obtained 
for the average length of the whiskers, it was also interesting to measure the length distribution of the 
whiskers (figure 4). It was observed that the lengths of CNWSL were in the range of 375-449 nm and 
most of the CNWER were between 300-374 nm. 
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Figure 4: Length distribution for the CNWSL and CNWER.

The differences in the length distribution can be attributed to the differences in the extraction 
procedures of the materials. The indication that CNWSL are longer than CNWER might depend on the 
extraction procedure used for the CNWSL, which may have been less detrimental to the crystals than 
that used for CNWER. An earlier study by Bondeson et al. [7] showed that longer hydrolysis time had a 
negative effect on the size of the cellulose nanocrystals. 

3.3 UV/Vis spectroscopy  
UV/Vis spectroscopy was used to measure the differences in light absorption of the films. The 
wavelength applied was in the range from near ultraviolet (300-400 nm) to visible light (400-700 nm). 
The results are shown in Figure 5. In the range of visible light, the CNWs films seem to have a stable 
tendency towards decreased transmittance when the wavelength is decreasing as well. The CNWSL
films demonstrated higher interference when compared with CNWER. In figure 5 it could be seen that 
none of the films permitted a complete transmission of light through them, the maximum value being 
60% transmittance for the CNWER films..  
When the materials are exposed to UV light, an interesting behavior appears in the CNWER films. 
These films show a faster decrease in transmittance values when compared to the CNWSL films. This 
difference in the tendency, in the CNWER films, might be caused by the differences in the length of the 
whiskers seen in table 2. Particles with lengths around 300-400 nm may have caused interference in 
this wavelength range, showing a resultant decrease in transmittance. This could be translated into a 
stronger interference in the UV range. Although this test has not been used previously for the analysis 
of films made with pure cellulose, it has been applied to polymer/CNWs composite films. It was 
demonstrated that the agglomeration of CNWs can cause interference in the lower spectrum, causing a 
decrease in transmittance of UV light [11, 12]. If the CNWER films are not completely homogeneous, 
regions of high cellulose nanowhiskers density can be analogues to the agglomerated regions in the 
polymer/CNWs composites, producing a similar interference effect.  

3.4 X-ray diffraction 
X-ray diffraction was used to characterize the crystallinity and the specific polymorphism of the 
CNWs. Previous studies have demonstrated that celluloses obtained from different sources and 
different acid hydrolysis (sulfuric and hydrochloric) have similar XRD patterns. It is also shown that, 
when cellulose I is present, there are three characteristic peaks in the diffractograms. These are two 
shoulder-like peaks around 14˚ and 16˚, and a narrower intense peak at around 22˚ [2, 6, 7]. 
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Figure 5: UV/Vis spectroscopy patterns for CNWER and CNWSL.

The information obtained from the X-ray diffraction of CNWs is given in Figure 6 and table 2. In the 
diffractograms, in Figure 6, two well-defined parts can be observed, a shoulder around 2 =15˚ and a 
very narrow peak at 2 =22.5˚. Those parts correspond to the cellulose I structure [1].The values of the 
crystallinity for both materials are listed in table 2. The analysis showed that the CNWSL had slightly 
higher crystallinity, 86%, compared to that of the CNWER, 78%. Determination of the crystallinity by 
the Segal method is widely used [6, 14, 15], but it is not an accurate method and, therefore, the 
percentage of crystallinity in this study should be considered more as comparative rather than absolute 
values. 

3.5 Thermal stability 
The thermogravimetric analyses of the whisker films are represented in Figure 7. The onset 
degradation (obtained by the TGA analysis) and the peak degradation temperatures (obtained by the 
DTG analysis) are listed also in the table 2. The CNWSL presented a lower degradation onset and peak 
degradation temperature when compared with the CNWER. Of the two, CNWER demonstrated a better 
thermal stability. 
During the acid hydrolysis, with sulfuric acid, an introduction of sulfate groups in the whiskers surface 
occurs. These groups make the CNWs suspension a stable colloidal system, due to the electrically 
negative charge on the surface [4, 11]. The sulfate groups also affect the thermal stability of the 
whiskers, due to a dehydration reaction, making them more susceptible to degradation at elevated 
temperatures [16, 17]. This explains why CNWSL is less thermally stable and less agglomerated than 
CNWER. Even though CNWER was obtained only by mechanical procedures (homogenization); the 
residue material passed through a two-step acid hydrolysis when the ethanol extraction process was 
done. However, after that, the ER was subjected to a dewaxing, bleaching, cleaning and 
homogenization processes [6] in order to extract the cellulose nanowhiskers from it. These steps seem 
to have cleaned the whiskers surface from these sulfate groups, restoring its thermal stability. Another 
proof of this loss of sulfate groups on the CNWER surface is the fact that the agglomeration for these 
whiskers was higher than for CNWSL, as seen in figure 3.  
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Figure 6: X-ray diffraction patterns for the cellulose whiskers extracted from sludge and 
ethanol residue.

Figure 7: Thermal stability of the cellulose nanowhiskers from the sludge (CNWSL) and ethanol 
residue (CNWER).

4. Conclusions 
The properties of cellulose nanowhiskers separated from two different industrial residues, sludge from 
cellulose production and lignin residue from wood bioethanol production, were compared. The 
procedure for separation of nanowhiskers from these sources also differed. Sulphuric acid hydrolysis 
was used for the sludge and bleaching and high-pressure homogenization was used for the lignin 
residue.  
Flow birefringence was observed in both samples, indicating that the whiskers are well individualized.  
The transmission electron microscopy study showed that the length distribution for CNWSL was in the 
range of 375-449 nm, and that the CNWER were slightly shorter, having a length distribution between 
300-374 nm. 
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The UV/Vis spectroscopy revealed that the films were not transparent in the UV and visual spectrum, 
and that the CNWSL displayed a higher interference in all the ranges studied, confirming the presence 
of longer crystals observed in the TEM study.  
The results from the X-ray diffraction analysis showed that both materials displayed cellulose I 
structure. The crystallinity of whiskers extracted from sludge was approx. 86% and for the CNWs 
from ethanol residue was somewhat lower, 78%.  
The TGA study demonstrated that the whiskers extracted from ethanol residue were more thermally 
stable than those extracted from sludge. The reason might be that several washing steps were used in 
the extraction of the CNWER.
This work demonstrates that sludge from cellulose production and lignin residue from wood 
bioethanol production can potentially be used as raw materials to produce value-added products from 
bio-residues, thereby increasing the value of the forest resources. 
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a  b  s t r a c  t

Cellulose  nanocrystals  (CNC)  were extracted  from a  cellulose  residue  using two different  acid hydrol-

ysis procedures.  CNC extracted  with  sulfuric acid  (CNCS) showed higher  surface  charge  (339 �mol/g)
compared with  crystals  extracted  with  hydrochloric  acid (CNCHCl).  Spin-coated  films with  two different

configurations  were  prepared;  the first with  alternate  layers  of poly(allylamine  hydrochloride)  (PAHCl)

and  CNC,  and  the  second with  a single  layer  of PAHCl coated with  multilayers  of  CNC.  Film  characteris-

tics such  as  roughness,  thickness,  contact angle,  orientation, gas permeability  and gas  selectivity were

studied. Optical  microscopy  showed  more  homogeneous films  of CNCS compared  to CNCHCl.  The  surface

charge  of  the  crystals  impacted  the films’ hydrophobicity,  being highest  for  25  alternate  layers of  PAHCl

and  CNCHCl. The  gas permeability  coefficient  was different  for  each film, depending  primarily on  the  sur-

face  charge  of  the crystals  and secondly  on the  film  configuration.  The  films made  with  CNCHCl displayed

gas barriers with  nitrogen  and  oxygen,  and gas selectivity  with  some gas  combinations.  CNCS films did not

show gas  selectivity. These  results indicate  that CNC with  low surface  charge  can be  further developed

for  gas separation  and barrier  applications.

© 2014  Elsevier Ltd.  All  rights  reserved.

1. Introduction

Polymer nanocomposites research has continued to  advance

since polymer nanocomposites were first prepared in 1990

(Kanatzidis, 1990).  Polymer nanocomposites have been shown

to have potential application in various sectors such as rein-

forced materials (Favier, Chanzy, & Cavaille, 1995; Petersson &

Oksman, 2006) and gas barrier selectors (Belbekhouche, Bras,

Siqueira, Chappey, & Lebrun, 2011), among others. However, due

to the increase in the residual problems associated with the use

of  petroleum-based polymers, the focus in the improvement of

polymer nanocomposites is on the use  of renewable and natural

constituents, like cellulose. Cellulose is a structural polysaccha-

ride found in the cell wall of  green plants and some algae (Rånby,

Banderet, & Sillén, 1949). This polysaccharide is composed of an

amorphous part and a  crystalline part known as cellulose nanocrys-

tals (CNC) or nanowhiskers (CNW) (for its rod-like shape). The

dimensions of these crystals vary depending on  the source from

which they are isolated and, in general, CNCs fromwood source

∗ Corresponding author. Tel.: +46 920 493371.

E-mail addresses: martha.herrera@ltu.se (M.A. Herrera), aji.mathew@ltu.se

(A.P. Mathew), kristiina.oksman@ltu.se (K.  Oksman).

have a  diameter of around 5 nm and a length of around 200 nm

(Belbekhouche et  al., 2011; Bondeson, Mathew, & Oksman, 2006;

Herrera, Mathew, & Oksman, 2012a).  This crystalline cellulose is

isolated using acid hydrolysis, which cuts the native cellulose chain,

consuming the amorphous part and leaving behind the crystalline

part (Rånby et al., 1949). Due to the natural abundance of cellulose,

bioinert behavior, low weight, and high strength and stiffness, these

nanocrystals have served as an additive in the manufacture of com-

posite materials in recent years (Chen, Liu, Chang, Cao, & Anderson,

2009; Cranston & Gray, 2008; Favier et  al., 1995; Gindl & Keckes,

2005). Self-assembly of cellulose nanocrystals has been researched

during the last years to obtain films with a high degree of crystal

orientation to study the physical properties and crystalline struc-

ture of the cellulose (Belbekhouche et al., 2011; Cranston & Gray,

2008; Yoshiharu, Shigenori, Masahisa, & Takeshi, 1997).  For a  num-

ber of studies, the main interest has been the interaction between

the crystals on the surface of the cellulosic material and the envi-

ronment (Belbekhouche et al., 2011; Mohan, Kargl, Doliska, Vesel,

&  Koestler, 2011; Yoshiharu et al., 1997). For this reason, it is  nec-

essary to have a  well-defined film with thickness in the nanometric

range. Several studies have reported water contact angle and gas

permeability properties of cellulose or associated nanocomposites

(Belbekhouche et al., 2011; Favier et  al., 1995; Kontturi, Johansson,

Kontturi, Ahonen, & Thune, 2007; Mohan et al., 2011; Petersson &

Oksman, 2006).

http://dx.doi.org/10.1016/j.carbpol.2014.06.036

0144-8617/© 2014 Elsevier Ltd.  All rights reserved.
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Petersson and Oksman (2006) compared the barrier proper-

ties of polylactide acid (PLA) films reinforced with bentonite or

microscrystalline cellulose (MCC) produced by solution casting. It

was found that the oxygen permeability was not improved with

the  addition of  MCC, as  it was with the addition of the bentonite,

which was attributed to lower dispersion of the MCC  (Petersson

& Oksman, 2006).  Belbekhouche et  al. (2011) found that solution-

casted CNC films were more permeable to gases than films made

of microfibrillated cellulose (MFC). This difference was attributed

to  a higher porosity in the CNC films and their different surface

chemistry (Belbekhouche et  al., 2011). The wettability of partly,

and fully, regenerated cellulose model surfaces from spin-coated

trimethylsilyl cellulose was investigated by Mohan et al. (2011).

They reported that the wettability of polar and  non-polar liq-

uids increased with longer regeneration times. Therefore, it was

assumed that the volatile distillation products tend to absorb partly

on the regenerated films, which strongly influenced the film’s wett-

ability (Mohan et al., 2011).  Isotropic films made entirely of CNC

using solution casting were shown to  perform well in blocking UV

light, which makes them suitable in the food packaging industry,

where UV protection is required. With the use  of solution casting,

the resulting films had a thickness of approximately 30 �m (Herrera

et  al., 2012a).

Spin coating has been shown to be  a  suitable method of prepar-

ing reproducible thin films of cellulose from a  solution by  removing

the solvent with high-speed spinning (Kontturi et al., 2007).  The

spin coater technique has been used before for the preparation of

open, sub-monolayer cellulose films, providing a novel approach

for the interpretation of molecular architecture (Kontturi, Thune,

Alexeev, & Niemantsverdriet, 2005).  Different substrates in the

production of CNC thin films have been used to investigate the

effect of the substrate on the nanocrystal sub-monolayer (Kontturi

et  al., 2007). It has been shown that anionic CNC are  absorbed on

cationic substrates, while anionic CNC cause aggregation on anionic

surfaces due to the repulsive forces (Kontturi et al., 2007).  Self-

assembled multilayered film of cellulose nanocrystals (aionic) and

poly(allylamine hydrochloride) (PAHCl) (cationic) have been pre-

pared with the spin coating technique (Cranston & Gray, 2008).

Oriented nanocrystals and birefringence that varied with the rela-

tive location to the spin axis were found. With this layer-by-layer

preparation method, smooth thin films on nanometric scale can be

achieved (Aulin, Ahola, Josefsson, Nishino, & Hirose, 2009).  These

thin films are suitable for many different studies including X-ray

diffraction, swelling, contact angle and barrier measurements.

The present work has been done with the objective of compar-

ing two different configurations of spin-coated thin films prepared

with CNC extracted from the same raw material source but using

different acid hydrolysis methods. The  analysis of the physical

properties of  the films can give insight into the types of appli-

cations for which they are best suited. For this reason, CNC

surface charge, film appearance, roughness, thickness, orientation,

water contact angle, and gas permeability and selectivity were

studied.

2. Experimental procedure

2.1. Materials

An industrial residue from dissolving cellulose production

(sulfite pulping) was kindly supplied by Domsjö Fabrikerna AB

(Örnsköldsvik, Sweden). The residue is filtered from waste water

and  has a high cellulose content (approx. 96%). The material was

received as non-dried cellulose pulp, filtered and with a moisture

content of 42%. The residue was used, as  received, for extraction of

cellulose nanocrystals by acid hydrolysis.

Commercial poly(allylamine hydrochloride) (PAHCl) with a

molecular weight of 15,000 g/mol was obtained from Sigma-

Aldrich. The PAHCl was used as anchoring layer for CNC in the

production of the spin-coated films.

2.2. Acid hydrolysis

Colloidal suspensions of CNC were prepared with sulfuric acid

(CNCS) and  hydrochloric acid (CNCHCl). In sulfuric acid (H2SO4)

hydrolysis, 60 g of cellulose residue was placed in a suspension

of 65% H2SO4 at 40 ◦C under mechanical stirring for 30 min, using

the  procedure developed by Bondeson et  al. (2006). The final sus-

pension was  concentrated to a  concentration of 0.83 wt% cellulose

nanocrystals. In hydrochloric acid (HCl) hydrolysis, 50 g  of the cel-

lulose residue was placed in a solution of 14.4% of HCl at  80 ◦C for

225  min, according to a  previously reported procedure (Bondeson

et  al., 2006). The turbid solution was concentrated to a concentra-

tion of 0.79 wt% of cellulose nanocrystals. The CNC obtained from

both hydrolysis procedures were in form of a  colloidal suspension

of 1 wt% concentration and  the crystals diameters were between 3

and 7 nm,  as measured from the height using AFM. The length of the

crystals was estimated in our previous study to be between 300 and

500 nm but due to limitations of AFM this is only an approximation

(Herrera, Mathew, & Oksman, 2012b).

2.3.  Conductometric titration

The  surface charge of  the crystals was  measured using a Metler

Toledo SevenEasyTM conductometer and an InLab® 73X sensor

(Schwerzenbach, Switzerland). Titration was done to measure the

amount of negative charge on the CNC surfaces following a standard

route for strong acid versus strong base (Abitbol, Kloser, & Gray,

2013; Araki, Wada, Kuga, & Okana, 1999; Herrera et al., 2012a,

2012b).  This method is based on change in conductivity when the

charged groups on the CNC surface have been neutralized with

NaOH.

2.4. Substrates

2.4.1. Glass

Borosilicate cover glass of 18 × 18 mm2 and thickness No. 1

(0.16 mm)  from VWR  International was  used. The glass substrates

were cleaned with a  piranha solution (3:1 concentrated sulfuric

acid to  hydrogen peroxide) for 30 min  and rinsed with fresh deion-

ized water and spin-coated directly.

2.4.2. Filter paper

Whatman ME25 membrane filter (mixed cellulose ester), with

a  pore size of 0.45 �m,  was cut into circles of  25 mm  in diameter.

The substrates were rinsed three times with the constant addition

of acetone and deionized water prior the spin coating.

2.5.  Thin film preparation

A Brewer Science Inc. 200X spin coater (Rolla, USA) was  used for

the deposition of the thin films over the two different substrates. For

each  substrate two  different thin film configurations were made.

In  the first configuration alternate layers of PAHCl and CNC

were prepared. This procedure is a  slightly modified means of poly-

electrolyte multilayer film construction used by Cranston & Gray,

(2008) and Aulin et al. (2009). Five hundred microliter of a 0.6%

PAHCl solution (positively charged polyelectrolyte) was placed on

the substrate, accelerated at  1260 rpm/s and spun at  3000 rpm for

40  s. Then, the surface was washed three times using 1000 �L  of

deionized water with the same spinning conditions. Thereafter,

500 �L  of CNC suspension was  added onto the washed layer and
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spin coated using the same conditions and followed by three wash-

ing steps. One alternate layer is designed as  one thin layer of PAHCl

and a layer of CNC. Alternate layered films were created with

both  kinds of cellulose nanocrystals (CNCS and CNCHCl) contain-

ing totally 50 layers (25 layers of PAHCl intercalated with 25 layers

of  CNC). These films are named 25 CNCS and 25 CNCHCl.

In  the second configuration one single layer of PAHCl coated

with multilayers of CNC was prepared following the same spinning

conditions as in the first configuration. The multilayer consists of

25 layers of CNC. These samples are named 1 + 25 CNCS and 1 + 25

CNCHCl. The films were dried and kept under ambient conditions

before the characterization. The deposition of CNC films on the filter

paper was done following the same conditions as explained above.

2.6. Optical microscope

The films were examined under a polarized optical micro-

scope ECLIPSE MA200 Nikon (Tokyo, Japan). The thin films, on the

glass substrate, were analyzed on a bright field to evaluate the

homogeneity. The images were studied using the NIS-Elements BR

4.00.008 software, included with the microscope.

2.7. Atomic force microscopy

Topographical features of  the thin films were characterized by

atomic force microscopy (AFM) in tapping mode with a Nanoscope

V  microscope Veeco Instruments (Santa Barbara, CA, USA). A non-

central piece from the glass substrate with the thin film was  cut and

placed over a standard AFM sample holder. Height and amplitude

images were recorded using a  resonance frequency of 304 kHz. The

roughness (Rq) and the thickness values were measured from the

height images, and the orientation from the amplitude images. The

roughness values reported are  the average of at least five different

measurements on the surface area of 50 �m2 and the thicknesses

of the films were obtained by digital analysis of  the scratch-

height in at least four different positions on at least four different

images of 50 �m2. All the measurements were done in air at room

temperature.

2.8.  Contact angle

For the static contact angle measurements a dynamic absorption

and contact angle tester “fibro dat 1120” FIBROSystem AB (New

Castle, USA) was used. One drop of water (4 �L) is placed onto the

coated glass surface. The software of the instrument calculates the

contact angle at three different times of the drop life (0.1 s,  1 s, and

10  s), but for the calculations, only the contact angle at 1 s was taken

into  account.

2.9. Gas permeability

Hydrogen (H2), nitrogen (N2), helium (He), carbon dioxide (CO2)

and oxygen (O2) permeability were measured, separately, for the

CNC films spin coated onto filter substrate. H2 and He are gases

that  are not commonly used to measure the gas permeability of

films. However, in this study those gases were tested to see the

interaction of gases with similar molecular size but different reac-

tivity with the films. A constant gas flow with a pressure of 0.2 bar

(15 cmHg) was applied to the films. The exit flow was registered

with an Agilent Technologies ADM2000 universal gas flow meter

2850 (Wilmington, USA). The basic factors that characterize a film

separation execution are  the permeability coefficient P and the

ideal selectivity ˛A/B (Belbekhouche et al., 2011; Van Krevelen &

Nijenhuis, 2009).

The permeability coefficient P  is calculated using the variable

pressure model (Belbekhouche et al., 2011; Joly, Le Cerf, Chappey,

Langevin, & Muller, 1999; Van Krevelen & Nijenhuis, 2009). It  was

assumed that the incoming gas pressure p1 is significantly higher

than the exit gas pressure p2 (Belbekhouche et al., 2011; Joly et  al.,

1999). The model describes P  of a  gas molecule A as the product

of  the steady-state gas exit flow in a  specific exposed area of the

film Jst, and the film thickness d, divided by the inlet gas pressure

p1 (Joly et al., 1999; Park & Lee, 2008; Van Krevelen & Nijenhuis,

2009).

P = Jst ×  d

p1
(1)

The unit in which P is described is known as Barrer, in honor

of  Professor R.M. Barrer, who was a  pioneer of permeability stud-

ies (Stern, 1968). As Jst is expressed in cm3 of the gas at  standard

temperature, a pressure (STP)/s cm2,  d is expressed as  cm and

p1 in cmHg; the unit of P, the Barrer, is expressed as 10−10 cm3

(STP) cm/s cm2 cmHg (Stern, 1968).

The ideal selectivity (˛A/B)  is described as the ratio of the per-

meability coefficients for two  different gases A  and B  (Van Krevelen

&  Nijenhuis, 2009):

˛A/B = PA

PB
(2)

where PA is the more permeable gas and PB the less permeable gas.

For each film, permeation experiments were carried out four times

for each gas. Three films from each configuration were tested.

3. Results and discussion

3.1. Nanocrystal characteristics

The surface charge of nanocrystals provides important informa-

tion about the surface characteristics of the thin films prepared

from them. Negative and positive surfaces are more hydrophilic

than the neutral surface (Marchessault, 1959; Sanchez, 2003). The

surface charge is also important because negatively charged CNCs

produce colloidal suspensions with better stability than crystals

with no surface charge (Favier et al., 1995; Park & Lee, 2008). Neu-

tral CNC cannot form a  colloidal suspension because of flocculation

(Roman & Winter, 2004).  This can be a problem for film homogene-

ity, where aggregated CNCs may be  found in films produced with

low surface charged crystals. The  different surface charges depend

on  the acids used isolating the CNC. It  is well known that the use

of  sulfuric acid will result in the sulfate groups on crystal surfaces

(Oksman, Etang, Mathew, & Jonoobi, 2011; Roman & Winter, 2004)

while the use of hydrochloric acid leaves CNC with very low charge

(Araki et al., 1999).

The surface charge of the H2SO4 crystals (CNCS) was  mea-

sured to 339 ±  9 �mol/g, while the surface charge of HCl crystals

(CNCHCl)  was  too low to be measured. This low surface charge was

expected and earlier reported by Araki et al. (1999), who reported

that the surface charge of the cellulose nanocrystals, extracted by

hydrochloric acid hydrolysis, was  2 �mol/g (Araki et al., 1999).

3.2. Thin film characteristics

Optical microscope images of the spin-coated films with the dif-

ferent configurations on the glass substrate are seen in Fig. 1. The

optical microscope observation was done to  verify the complete

coverage and homogeneity of the films on the glass substrate. It

may  be noted that the CNCS films with both configurations were

more homogeneous than the CNCHCl films, where some darker

areas indicate a higher crystal concentration (or density).

Scanning electron microscopy was  also done to obtain more

detailed information about the microstructure of the films. Fig. 2



M.A. Herrera et al.  / Carbohydrate Polymers 112 (2014) 494–501 497

Fig. 1. Polarized optical microscope images of the films deposited on a glass substrate of (A) 25 CNCS, (B) 25 CNCHCl, (C) 1  + 25 CNCS, and (D) 1 + 25CNCHCl.

shows microstructures of the films spin-coated on the filter sub-

strate. In Fig. 2A the naked substrate can be seen. Fig. 2B and D

shows that the films of CNCS are  more homogeneous and that the

filter surface is covered by small whisker-like particles.

The films with CNCHCl (Fig. 2C and E) show that the filter sur-

face is covered by aggregated crystals and these film surfaces are

also clearly rougher. The agglomeration observed on the films

made with CNCHCl is expected because of the lack of the sur-

face charge. Another possible explanation for the agglomerates

observed in these surfaces is the accumulation of the crystals dur-

ing the layer-by-layer deposition. These SEM images support the

optical microscopy study on the glass substrate, shown in Fig. 1.

The roughness values were obtained using AFM topography

images, and are shown as mean values (Rq) for each type of crys-

tal and film configuration in Table 1.  It can be  seen that the film

configuration and surface characteristics of the crystals affected

the roughness of the films. The films with CNCHCl were rougher

when compared with the films of CNCS. The films with 25 CNCs

had approximately three times higher roughness than the film with

1 + 25 CNCS, which showed the lowest roughness values (52 nm).

These values are higher than earlier reported for spin-coated thin

CNC films by Cranston and Gray (2008), who reported a  roughness

of  4 nm and by Aulin et al. (2009),  who reported a roughness of

5  nm.  The reason for higher roughness in our study might be  that

some larger particles or agglomerates are present, especially in the

case  of CNCHCl.

From Table 1,  it can also be seen that the roughness for 1 + 25

CNCHCl films is higher than its thickness. This result suggests a  high

concentration of defects along the film. This higher concentration of

defects, which are the agglomerations observed on the SEM images,

may  be caused by the lack of  surface charge of the crystals extracted

from HCl.

Fig. 3 shows the AFM topography images of the films with differ-

ent configurations; a z-scale of 500 nm was used. It  is clearly seen

that  the films with CNCHCl are rougher than CNCS films. Also, it is

possible to see that the film configuration affects the roughness; the

films with monolayers of CNC are  generally smoother than those

with the alternate layer structure. Amplitude images in Fig. 3 do

not  show any specific orientation.

3.3. Contact angle

The  contact angle measurements were done to see if there was a

relation between the contact angle value, roughness in surface and

crystals with different surface charge. Table 1 presents the con-

tact angle values obtained for the different thin films produced

on  the glass substrates. It is known that the PAHCl has  a  posi-

tive charge, and the CNCS films are negatively charged, as reported

in  Section 3.1.  When these two materials are connected in an

alternately layered configuration (25 CNCS), it is believed that the

charges are neutralized, leaving a neutral surface. Something sim-

ilar may  happen with the 1 + 25 CNCHCl film. Due to  the very low

Table 1
Surface roughness, contact angle, and thickness of the spin-coated thin films on glass substrate. The numbers in the table are the average and standard deviations of the

measured values of each property.

Glass 25 CNCS 25 CNCHCl 1  + 25  CNCS 1 + 25 CNCHCl

Roughness (nm) 5 150  ± 53 299 ± 46 52 ± 10 338 ± 129

Contact angle (◦)  57.8 ±  2.7 46.5 ± 4.0 58.9 ± 2.3 39.7 ± 6.1 46.2 ± 8.9

Film thickness (nm) – 356 ± 76 425 ± 80 265 ± 23 277 ± 40
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Fig. 2. SEM images of the CNC films deposited on the filter substrate. (A) Naked filter, (B)  25 CNCS, (C) 25 CNCHCl, (D) 1  + 25 CNCS, and (E) 1 + 25CNCHCl.

surface charge of the crystals it can be assumed that the film sur-

face will be neutral. In  the case of 1 + 25 CNCS films, it is believed

that the single layer of PAHCl is not enough to neutralize the sur-

face charge effect of the crystals, leading to a  negatively charged

surface. The film with 25 CNCHCl,  is positive due to the contri-

bution of the PAHCl. These assumptions are confirmed with the

measured contact angles. The bipolar nature of water molecules is

the reason that the film with 1 + 25 CNCS has the lowest and the

film with 25 CNCHCl has the highest contact angle. The molecu-

lar re-orientation of the water molecule on charged surfaces has

been previously studied and it was found that when surfaces were

positively charged, the oxygen (negative part on the molecule

of water) would face the surface. However, if the surfaces are

negative, the oxygen will point away from the surface (Sanchez,

2003).

A schematic representation of this behavior is shown in Fig. 4.

As seen, when the substrate is negatively charged and the oxy-

gen is facing toward the substrate, the contact angle is higher than

when the substrate is negative and the oxygen faces away from it.

This behavior is seen also in the values obtained on the films with

different surface charges.

It is also known that the contact angle is greatly affected by the

chemical composition and topographical structure of the surface. A

hierarchical roughness (combination of micro and submicrometer-

sized roughness) and a highly hydrophobic surface can be used

for the manufacture of materials with super-hydrophobicity

and low adhesion (Bhushan, Jung, & Koch, 2009; Phani, Grossi,

Passacantando, & Santucci, 2007).  Phani et al. (2007) prepared thin

films using carbon nanotubes and  were able to increase the film

roughness from 8 ±  1 nm to 32 ±  1 nm by annealing. With this small

increase in roughness, they changed the hydrophobic film sur-

face (contact angle higher than 90◦), to  super-hydrophobic (contact

angle higher than 150◦) (Bhushan et al., 2009; Phani et  al., 2007).

Comparing this to the present study it can be  concluded that an

increase in the film roughness can lead to an  increase in the con-

tact angle. In  our case the increase in roughness did not lead to such

dramatic change of the hydrophobicity.

3.4. Thickness

The film thickness value is an  important parameter for

the calculation of the gas permeability; for this reason the
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Fig. 3. 50 × 50 �m2 amplitude images obtained from the AFM analysis of the spin-

coated thin films on the glass substrate (A) 25 CNCS, (B)  25 CNCHCl, (C) 1  + 25  CNCS,

and (D) 1 + 25 CNCHCl.

thickness was measured with scratch-height analyses (Cranston &

Gray, 2008). When the scratch-height analysis by AFM was com-

pared with other film thickness analysis methods like ellipsometry,

wavelength-dependent and angle-dependent optical reflectome-

try, this technique proved to be  a reliable method for measuring

the  thickness of thin films (Cranston & Gray, 2008).  This test was

done on the films prepared on the glass substrate because the fil-

ter  paper did not allow the utilization of scratch-height analyses.

However, it is believed that the thicknesses of the films on both the

substrates are similar (but not  the roughness). The thickness of the

spin-coated films ranged from 265 nm for 1 + 25 CNCS to  425 nm for

25 CNCHCl, as shown in Table 1. The measured thicknesses are sim-

ilar to earlier reported values (Cranston & Gray, 2008). As expected,

the samples with monolayered structure were thinner.

3.5. Gas permeability

To tailor good barrier properties for the thin films it is important

to understand the size effect of the gas molecules, their interaction

with  the barrier layer and the morphology of the barrier layer. It

is known that gas transport through films can occur by  five ide-

alized mechanisms: (1) molecular sieving, where the gases are

separated by their sizes, (2) surface diffusion, where gas molecules

with  higher polarity are selectively adsorbed and diffused through

the  film, (3) capillary condensation, where the gas condenses in the

pores of the film, diffuses as a  liquid through the material and exits

as a gas again, (4) Knudsen diffusion, where the gases are sepa-

rated based on the difference in the mean path of the gas molecule

through the film and (5) selective adsorption diffusion, where the

gases are separated by their solubility within the film and their

diffusion through it (Park & Lee, 2008).

The  typical permeability coefficient (P) for polymer films

decreases with the increase in the molecular diameter of the

gas molecules (Gindl & Keckes, 2005). The molecule diameters

of the gases used are: N2 = 0.36 nm,  O2 = 0.35 nm,  CO2 = 0.33 nm,

H2 = 0.29 nm, and He = 0.26 nm (Belbekhouche et  al., 2011; Park &

Lee, 2008) and  according to  this theory, the permeability values

should follow the order: PN2 < PO2 ≈ PCO2 < PH2 < PH (Joly et al.,

1999;  Roman & Winter, 2004). However, the permeability coef-

ficient  data presented in Table 2 show that this pattern was  not

followed by any of  the studied films and it is possible that the size

differences in the studied gases are not significant enough to  impact

the permeability.

The results in this study contradict a previous study by

Belbekhouche et al. (2011), where it was  shown that the gas per-

meability depended on the predicted kinetic radius for the films

made of  CNCS.  But the permeability coefficients presented were

a  magnitude higher than measured in the current study, in spite

of higher film thickness. The authors also assumed that both the

chemical composition and  structure of the films could affect the

gas permeability (Belbekhouche et al., 2011).

Moreover, the characteristics of  the nanocrystals affected the

gas permeability coefficient, as seen in Table 2.  When the same

film configurations with different CNC are compared, it can be  seen

that the gas permeability for the films of CNCS is higher, except for

hydrogen (H2) and helium (He). In this specific case, it is possible

that the inert nature of helium plays an important role. The lack of

interaction between the inert gas (He) and the film leads to a lower

solubility, adsorption and diffusion of the gas through the material.

Also, another factor that could affect the gas permeability is the

molecular weight of these two  gases. According to Graham’s law of

diffusion, the diffusion rate of the gases is inversely proportional

to  the square root of  their molecular weight (Zumdahl, 2009, chap.

5). Following Graham’s law and  knowing the molecular weights of

He and H2 (4 and  2 g/mol, respectively), it can be predicted that

the diffusion of He would be 0.7 times the diffusion of  H2. As the

permeability is directly proportional to the diffusion (Park & Lee,

2008)  it can be  considered that PHe ≈  0.7PH2 . Fig. 5 shows that the

experimental values of P from Table 2 fit well with the predicted

Fig. 4.  Schematic representation of  the contact angle of negatively and positively surfaces.
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Table 2
Permeability coefficient P  of H2, N2, He, CO2 and O2 for the different CNC film configurations measured at standard temperature and pressure. The numbers in the table are

the average and standard deviations of the measured values.

25 CNCS 25 CNCHCl 1  + 25 CNCS 1  + 25 CNCHCl

P (103 Barrer)

H2 24.0 ± 2.2 51.5  ± 1.2  12.7 ± 0.6 43.3 ± 2.9

N2 12.3 ± 0.1 3.8 ± 1.1  10.5 ± 0.1 1.6 ± 0.4

He 14.8 ± 1.0 35.5 ± 7.8  7.8 ± 0.4 22.0 ± 0.3

CO2 31.5 ± 0.1 29.2 ± 0.1 24.9 ± 0.0 17.0 ± 0.8

O2 11.3 ± 0.1 2.6 ± 0.6 10.3 ± 0.1 2.5 ± 0.5

Barrer = 10−10 cm3 (STP) cm/cm2 s  cmHg.

Fig. 5. Graham’s law model values for He depending on H2 compared with the

obtained experimental values.

values of Graham’s law. This suggests that in the case of He and  H2
the weight difference and not the kinetic radius difference was the

main issue.

When different film configurations made of the same type of

crystals are compared, it is important to point out that the gas dif-

fusion occurs mainly through the non-crystalline part of the films.

Subsequently, the more crystalline a film is, the lower the gas per-

meability coefficient. This occurs because the crystalline regions

tend to obstruct the diffusion of the gas molecule and increase the

average length of the path they have to travel through the film (Van

Krevelen & Nijenhuis, 2009).  This phenomenon is known as  tortu-

osity. From Table 2 it can be observed that the 25 CNC films showed

higher P than 1 + 25 CNC films. This shows that the gas molecules

can diffuse easier through the film with higher polymer content

(lower tortuosity). A schematic representation of this behavior can

be  seen in Fig. 6.

It is worth noting that the food packaging industry is especially

interested in the gas barrier properties against oxygen and nitro-

gen. Nitrogen is  used as an efficient, cost-effective way  to displace

oxygen and moisture to avoid product deterioration and thereby

better preserve the food for a longer time. The values for oxygen and

nitrogen permeability for materials made with CNCHCL obtained in

Table 3
Selectivity values (˛A/B)  for the different films and gases tested.

˛A/B 25 CNCHCl 1  + 25 CNCHCl

H2/N2 13.5 26.9

H2/O2 20.1 17.7

H2/He – 13.7

N2/CO2 – 10.6

He/O2 13.9 –

CO2/O2 11.4 –

this study are very promising when compared with reported values

for oxygen and nitrogen permeability of packaging materials such

as poly(ethylene), poly(vinyl alcohol), and cellulose (cellophane)

(Singh & Heldman, 2009).  For this reason it is important to point

out  that the films made with CNCHCl,  presented the lowest gas

permeability values for oxygen and nitrogen, making these films

especially suitable as a gas barrier in food packaging applications.

The selectivity value (˛A/B) for two  different gases, A  and B, is

the ratio of the permeability coefficient and  it is affected by  the

differences in the solubility and/or diffusivity of the gases in the

films (Park & Lee, 2008).  When this value is higher than 10, the film

presents gas selectivity behavior (Belbekhouche et al., 2011). The

data in Table 3 were calculated using Eq. (2) and only the values

higher than 10 are reported.

The films with CNCS did not present any gas selectivity; sim-

ilar results were reported by Belbekhouche et al. (2011),  where

no  gas selectivity for CO2, O2,  and N2 was observed. CNCHCl films

showed gas selectivity for some gas combinations in this study

and were highest for H2/N2 and H2/O2. It could be  proved that it

was not only the type of the crystals which affected the selectiv-

ity,  but also the configuration of the films. These results confirm

that the films made with the neutral nanocrystals (lower surface

charge) presented gas selectivity in some gas combinations, and the

films made of the CNCS (higher surface charge) did not show that

behavior.

Fig. 6. Schematic of the gas molecule diffusion in the film  configurations used.
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4. Conclusions

Cellulose nanocrystals were extracted from an industrial residue

from special cellulose production by acid hydrolysis with either

sulfuric or hydrochloric acid. The difference in the acid hydrolyses

resulted in different surface charged crystals.

Thin spin-coated films with two different configurations on two

different support layers were prepared; the first with alternate lay-

ers of poly(allylamine hydrochloride) (PAHCl) and CNC, and the

second with a single layer of PAHCl coated with multilayers of CNC.

The film thickness varied from 425 nm  for the 25 CNCHCl films to

265 nm for the 1 + 25 CNCS films.

The hydrochloric acid crystals (CNCHCl) resulted in films with

lower homogeneity, higher roughness, low permeability for N2 and

O2 and also gas selectivity for some gas combinations. The sulfuric

acid crystals (CNCS)  resulted in smooth and homogeneous films but

higher permeability in general and no  selectivity.

It  can be concluded that the surface charge of the crystals affects

their processing ability. It  is easier to make thin films with CNCS
because of their colloidal suspension stability and the electrostatic

interaction with the positively charged polymer phase.

Further studies using CNCHCl to prepare films with improved

homogeneity with better dispersion and distribution of  crystals will

be the next step to improve their gas selectivity and gas barrier

properties in different environments.
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Abstract 

In this study, green coatings of nanocellulose (NC) were prepared using spin- and 

dip-coating methods, on two different porous cellulose substrates. Microscopy 

studies showed that spin coating technique was suitable for the substrate with 

smaller pore size, while dip coating was suitable for the substrate with the larger 

pore size. The coating thickness ranged from some hundreds of nanometers for 

the spin-coated layers, to some micrometers for the dip-coated ones. It was also 

seen that the contact angle increased with the thickness and roughness of the 

coatings. Additionally, the samples showed low oxygen permeability (between 

0.12 and 24 mL*μm/(m2*24h*kPa)) at 23% RH, but at 50% RH the oxygen 

permeability was too high to be measured, except for the dip-coated sample with 

23 μm thickness that presented 6.2 mL*μm/(m2*24h*kPa). Also, it was seen that 

eight months storing reduced the barrier properties of the coatings when compared 

with fresh materials. These results indicate that NC coatings have a great potential 

as green alternative coating on paperboard. 



 

 
 

Keywords: nanocellulose, coating, porous substrate, oxygen barrier, 

microstructure.  

 

1. INTRODUCTION 

Nowadays, more than half of the packaging materials used for food and drugs are 

made of petroleum-based polymers, such as low and high-density polyethylene 

(LDPE and HDPE). These types of non-biodegradable polymers are selected 

because of their good gas-barrier properties, mechanical strength and flexibility, 

along with their low cost and ease of manufacturing, which are crucial properties 

for packaging applications. However, petroleum-based polymers are associated 

with high levels of solid residues in land and water bodies (contamination), along 

with a high dependency on fossil fuel sources. Their poor biodegradability has 

resulted in increased plastic pollution in oceans from 5.8 million metric tons (MT) 

in 1975 to 275 MT in 2010, and the prediction for 2025 is one order of magnitude 

higher, if the current tendency continues [1]. Due to the environmental problems 

that non-biodegradable packaging materials are causing, interest in the use of 

biobased materials has increased in recent years. Ideally, the packaging material 

should be effective in preventing oxygen from penetrating into food, while being 

environmentally friendly and sustainable [2,3]. For these reasons, interest in green 

biopolymers such as poly (lactic acid) [4,5], starch [6] and cellulose acetate [7] 

has increased during recent years. Apart from polymers, paperboard is a widely 

used material for packaging applications and has the advantage of being biobased. 

However, its oxygen transmission rate (OTR) is very high 400,000 mL*m-2*24h-

1[8], compared to for example polyethylene 7,800-2,600 mL*m-2*24h-1 [9]. To 

improve the poor gas barrier, multilayered structures consisting of paper, polymer 



 

or metals are used, but the problem of using non-biodegradable material still 

exists. Therefore, a biobased coating, such as nanocellulose, could present the 

ideal solution to improve the barrier properties of paper for packaging 

applications at low relative humidity (RH), while maintaining biodegradability, 

sustainability and low gas permeability. Aulin et al. [10] and Lavoine et al. 

[11,12] showed that coatings of microfibrillated cellulose (MFC) prepared using a 

simple rod-coating method improved the mechanical properties and the gas barrier 

of paper. Similar results were obtained by Syverud et al. [13], where MFC 

coatings, made with a dynamic sheet former, revealed an increase in the tensile 

index and elongation at break of the coated paper. However, these studies also 

showed that increasing the RH had a negative effect on the mechanical and barrier 

properties of the coatings. Nanocellulose coatings can be produced with simple 

rod-coating or using sheet forming, as mentioned above, but also using a layer-by-

layer (LbL) assembly [14-16]. The most common LbL techniques are spin-coating 

(S-C), and dip-coating (D-C). S-C has proved to be a reliable method for the 

preparation of reproducible and smooth thin films and the technique is based on 

the removal of the liquid phase from the material suspension using high-speed 

spinning. The benefit of the S-C technique is that this method is widely used for 

the production of very thin coatings (below 10 μm). During the S-C technique, a 

diluted suspension is placed on the coating substrate and rotated at high speed, 

while the fluid spins off the edges coating the substrate at the same time that the 

solvent evaporates [17].  D-C is a method that produces anisotropic coatings on 

the top of the substrates. The D-C coatings can be as thin as required and this is 

easily controllable with the concentration of the suspension used. The substrate is 

immersed into a reservoir of the coating suspension to deposit a layer of material 

and withdrawn [17].  

Coatings of cellulose nanofibers and nanocrystals have shown to decrease the 

OTR of the coated substrate [10]. However, it is interesting to note that most of 

the studies are done on self-standing films of cellulose (fibers and/or crystals) or 

coatings on polymeric substrates [6,7,18-22] but very few on porous substrates 

such as paper board [10-13,16]. These studies demonstrated how the gas barrier 

properties of NC coatings improved with the increase in the grammage and 

density of the coating. Our previous study, about cellulose nanocrystals-coatings 

on porous substrates, showed that thin films of only 300 nm increased the oxygen 



 

permeability of the substrates from completely permeable to values as low as 0.54 

(mL*μm)/(m2*24h*kPa) [16]. 

The main goal of this study was to investigate the use of nanosized cellulose as a 

green coating on two different porous substrates using spin and dip coating.  The 

purpose was to investigate how the substrate morphology and the coating method 

affected the thickness, surface characteristics and barrier properties. Additionally, 

it was of the interest to know how the storage time affected the coatings and their 

barrier properties. Even though there exist some research on microfibrillated 

cellulose coatings on paper using bar coating [10-13], the study of coatings of 

pure nanocellulose on porous substrates using spin- and dip coating is a new field 

of research that is worth to investigate. The findings of this study are believed to 

have a great value, since they support the use of biobased and ecological materials 

in packaging applications.  

 

2. EXPERIMENTAL PROCEDURE  

2.1 Materials and methods 

2.1.1 Substrates  

Two different porous substrates were used for preparation of the coatings: one 

with large and the other with small pore size.  Substrate (A), was a Whatman 

cellulose filter paper number 1, with a pore size of 11 μm, and substrate (B) was a 

Whatman membrane filter mixed cellulose ester, ME25, with a pore size of 0.45 

μm. The substrates were cleaned before coating by rinsing three times with the 

constant addition of acetone and deionized water. 

2.1.2 Nanocellulose extraction and analyses  

Purified cellulose was obtained from the bioethanol processing route in the pilot-

scale plant at SEKAB, Örnsköldsvik, Sweden. The route is described elsewhere 

[23]. This purified cellulose was dispersed in deionized water (2 wt%) and 

homogenized 10 times, using a high-pressure homogenizer (APV 2000, 

Denmark). A pressure of 500 bars was used to mechanically separate the cellulose 

particles to nanosize. A single homogenization step took 40 min for a batch of 2 l, 

resulting in a total time of 400 min. After the homogenization process larger 



 

particles and agglomerates were removed using a high-speed centrifuge AvantiTM 

model J-25I (Palo Alto, USA) with the aim to improve the uniformity of the 

material size. One liter of homogenized material with 1 wt% concentration was 

centrifuged at 6,000 rpm for 40 min at 10°C. The resulting supernatant suspension 

was collected and named as nanocellulose (NC). The 1 wt% suspension was used 

for the coating experiments. 

The crystallinity of the NC was measured using PANalytical Empyrean X-ray 

diffractometer (Almelo, Netherlands). The XRD analysis was made on NC films 

(15 ±5μm thickness), which were casted. The films were exposed to 

monochromatic CuKa radiation (l= 1.54 Å) in the range of 2θ= 5°-35° with step 

size of 0.02° and a scanning rate of 0.5°/min. The relative crystallinity (CIr) was 

calculated using Segal’s empirical method and Eq. 1. [24] 

 

CIr (%)= [(I200-Iam)/I200]*100%                (1) 

 

I200 is the crystalline peak of the maximum intensity at 2q between 22° and 23°, 

and Iam the minimum intensity for the amorphous cellulose between 18° and 19°. 

This peak configuration shows the presence of cellulose I [25].  

The thermal stability of the NC was studied using thermogravimetric analysis 

(TGA) Q500 (TA Instruments, New Jersey, USA). The test temperature ranged 

from 23°C to 450°C in air atmosphere, with a heating velocity of 10°C/min.  

Topographical characterization of the NC material was studied using atomic force 

microscopy (AFM) Nanoscope V, Veeco Instruments (Santa Barbara, CA, USA), 

using tapping mode at 20°C and 23% RH. The antimony-doped silica cantilever 

was oscillated at its fundamental resonance frequency ranging between 320 and 

364 kHz, and no image processing, except flattening, was used. A drop of a NC 

suspension (0.01 wt%) was placed on a clean mica substrate and left to dry at 

room temperature. This sample was used to observe the morphology and size of 

the NC.  The average width (height) of the NC was calculated from the 

measurement of 18 single NC from 3 different height images.  

2.2 Preparation of the coatings  

The layer-by-layer coatings were performed on the porous substrates (A and B), 

immediately after being cleaned, using spin-coating (S-C) and dip-coating (D-C) 



 

techniques. The used spin-coating procedure is a modified procedure of our 

previous study [16] where 1 mL of 1 wt% NC suspension was placed on the 

substrate, accelerated at 1260 rpm/s and spun at 3000 rpm for 40 s. Then, the 

surface was washed three times using 1 mL of deionized water under the same 

spinning conditions. This defines one layer and this procedure was repeated 5 and 

10 times to obtain coatings with 5 and 10 layers, respectively.  

The one-face dip-coating procedure is a modification of the procedure used by 

Cranston et al. [26]. One face of the substrate was immersed in NC suspension (1 

wt%) for 2 min, after which the sample was completely immersed 3 times in a 

rinse bath of deionized water in cycles of 10 sec. The substrates were then left to 

dry under ambient conditions for 24 h before the dipping was repeated. This 

procedure defines one layer and it was repeated until coatings with 5 and 10 layers 

were prepared. Fig. 1 is a schematic representation of the coating production using 

S-C and D-C. 

 

Fig. 1 Schematic representation of the techniques used for the coatings produced. 

 

The coatings were also stored for 8 months at 25°C and 42% RH to investigate 

how the storage time affects the coatings and their gas permeation. Six samples of 

each material were prepared; three of them were tested directly (within 2 weeks) 

and three were stored. The prepared coatings and sample coding are presented in 

Table 1. We will be referring to the non-stored samples unless it is specified that 

the coatings were stored. 



 

Table 1: Coating combinations on two different substrates, A and B and their 

sample coding.  

Substrate Sample codes Description 

A 

A5S-C Spin-coated 5 layers 

A10S-C Spin-coated 10 layers

A5D-C Dip-coated 5 layers 

A10D-C Dip-coated 10 layers 

A5D-Cstored Dip-coated 5 layers. 8 m. stored 

A10D-Cstored Dip-coated 10 layers. 8 m. stored 

B 

B5S-C Spin-coated 5 layers 

B10S-C Spin-coated 10 layers

B5D-C Dip-coated 5 layers 

B5S-Cstored Spin-coated 5 layers. 8 m. stored 

B10S-Cstored Spin-coated 10 layers. 8 m. stored 
 

2.3 Characterization of the coatings 

2.3.1 Surface morphology 

A scanning electron microscope (SEM) JEOL JSM-6460LV (Tokyo, Japan) was 

used for topographical characterization of the coatings and to measure their 

thickness from fractured samples. The surfaces and cross-sections of the samples 

were coated with gold and observed at different magnifications. The thickness 

values are an average of 20 measurements of 5 different images at different 

magnifications. The detailed coating network was analyzed using a high-

resolution FEG-SEM, Zeiss Merlin (Germany). The samples were coated with 

tungsten and observed at different magnifications. The surface roughness (Ra) 

was measured from the images of the coatings obtained from the AFM. The Ra is 

the average of the measurements done on 5 different images on a surface area of 1 

mm2. 



 

2.3.2 Static contact angle  

The static contact angle for water was measured to study the effect of the coating 

process and thickness on the coating surface characteristics. The contact angle 

was measured using a contact angle tester “fibro dat 1120” FIBROSystem AB 

(New Castle, USA). One drop of deionized water with a volume of 4 mL was 

placed onto the coated and uncoated substrates. The software of the instrument 

calculates the angle of the drop after 1 s of falling (to assure the stability of the 

drop). The reported contact angle was an average of 4 measurements. 

2.3.3 Barrier properties  

Oxygen permeability (OP) at 24°C and 23% RH for freshly coated and stored 

samples was measured using an Agilent Technologies ADM2000 universal gas 

flow meter 2850 (Wilmington, USA). A constant gas flow at a pressure of 0.2 bar 

(15 cm Hg) was applied to the coated side of the samples, and the exit flow was 

registered to calculate the oxygen permeability (OP) using the variable pressure 

model [18,27], and unit convertor. The oxygen permeability at 50% RH was 

measured using OX-TRAN® Model 2/21 (MOCON, USA) following the ASTM-

3985 standard. The samples were conditioned at 23°C, 50% RH, and normal 

atmospheric pressure was used. The samples, with a surface area of 50 cm2, were 

exposed to 100% oxygen on one side, and oxygen-free nitrogen on the other side. 

The OP was calculated by multiplying the OTR (value given by the software of 

the equipment) by the thickness of the coating and dividing it by the partial 

pressure of oxygen between the two sides of the coating.  

 

3. RESULTS 

3.1 Characteristics of the NC 

During the high-pressure homogenization process the viscosity of the suspension 

increased from 1.0 mPas to 181.9 mPas and the images of the suspensions before 

(left images) and after (right images) the homogenizations can be seen in Fig. 2.  

The increase in the viscosity indicates a successful separation of the cellulose to 

smaller size particles [23] as well as increased water absorption and swelling of 

the cellulose [10]. The crystallinity of the used NC was measured according to 



 

Equation 1. The result obtained was 78±3%, which is more than 10% higher than 

earlier reported values for cellulose nanofibers [28,29]. The thermogravimetrical 

analyses of the NC showed an onset temperature of 280°C, which agrees with the 

findings of Mathew et al. [23], who reported that similar material was thermally 

stable until 240°C. Fig. 2 (lower right) shows the AFM image of the NC, where 

the rod-like shape of the NC can be seen. The measured average width (height) 

was of 4.5 ± 1.1 nm. 

 

Fig. 2 Images of the NC dispersion at 2 wt% before homogenization (upper left), 

and its optical microscopy image (lower left); and after 10 passes of 

homogenization (upper right) and its AFM image (lower right) at 5x5 μm2. 

 

3.2 Morphology of the coatings  

The surface morphology of uncoated and NC coated substrates (A and B) is 

shown in Fig. 3. Substrate A, a coarse fiber structure with large pore size (11 μm) 

has a characteristic paper structure, while substrate B presents a smooth porous 

film with a more homogeneous structure and about 25 times smaller pore size 

(0.45 μm). It is seen that spin-coating did not cover the surface of the coarse 

substrate A, but resulted in a uniformly covered surface for substrate B. Dip-

coating produced a well-covered coating on substrate A, but was not suitable for 

the finer substrate B, because severe delamination of the coating and shrinking 

after 5 layers was observed. The reason for this delamination might be the 



 

differences in the shrinkage between the coating and substrate during drying. The 

fact that the samples B5SC and B10SC did not delaminate indicates that the 

coating and the substrate are compatible. Because of the poor coverage on A5SC 

and A10SC and the delamination obtained on B5DC, these materials were not 

further investigated. The D-C coatings on substrate A (A5DC, A10DC) and S-C 

coatings on substrate B (B5SC, B10SC) were found to be the best coatings, with 

uniform coverage and no visible porosity. The presence of some larger particles 

can be noticed; these are believed to be NC agglomerates that were not completely 

removed in the centrifugation step (Fig. 3). On sample A5SC a part of the 

uncoated substrate is visible.  

 

Fig. 3 Uncoated substrate A, with large pore size, spin-coated samples, which are 

not covered with NC, and dip-coated samples showing smooth covered surfaces. 

Uncoated substrate B with the smaller pore size, spin-coated sample with smooth 

covered surface and the dip-coated substrate which is delaminated. 

 

This confirms that the spin-coating of only 5 layers is not enough to completely 

cover the porous substrate. As a consequence, this will affect the barrier properties 

of the sample, because the existence of connected porosity allows gas permeation. 

Fig. 4 shows a detailed view of the substrate coated with 10 D-C layers of NC.  A 

uniform NC network is seen; however, some nanosized porosity is also visible.  

 



 

 

Fig. 4 High-resolution image of the dip-coated sample with 10 layers of 

nanocellulose (A10D-C) showing slightly oriented cellulose nanofibers and 

nanosized porosity. 

 

The thicknesses of the coatings were measured from the cross-section of the 

samples, shown in Fig. 5, and the results are shown in Table 2.  

 

Table 2: Grammage, roughness, contact angle and thickness of coatings prepared 

using dip- and spin-coating. 

 Grammage  

(g/m2) 

Roughness 

(nm) 

Contact 

angle (°) 

Thickness 

(μμm) 

A5D-C 11±0.2 7.5±1.3 44±4 9±3 

A10D-C 18±0.2 9.5±1.4 73±8 23±4 

B5S-C 0.4±0.2 5.7±1.1 38±6 0.17±0.06 

B10S-C 0.8±0.2 6.8±1.4 43±5 0.28±0.10 

 

As expected, the S-C coatings were 50-80 times thinner than the D-C coatings; 

this significant difference is clearly visible in Fig. 5. From where it can be also 

observed the lamellar structure of the D-C coatings, which is typical for cellulose 

structures [10]. It is also seen that the thickness increased with the number of 

layers for both S-C and D-C coatings. The increase in the thickness was about 

double when comparing coatings of 5 layers with coatings of 10 layers of NC for 

both substrates. This indicates similar thickness for each layer in all the cases. The 

thicknesses of the S-C coatings were in the nanometric range, 170 to 280 nm. It is 

well known that S-C results in very thin coatings on flat substrates; therefore, this 

method has been used for the production of smooth nanometric coatings of 



 

cellulose onto silicon wafers, silica, titania and amorphous cellulose substrates 

[14,15], and for the production of self-assembled multilayers of poly(allylamine 

hydrochloride) and cellulose nanocrystals [16]. The coatings produced with D-C 

technique were thicker that the ones produced with S-C, being in the micrometer 

range. The D-C technique proved to be a simpler method, more likely to be used 

in the packaging industry, since it does not require special equipment, and the size 

of the substrate is not restricted. The grammage (g/m2) of the prepared coatings 

was calculated from the weight difference between the coated and uncoated 

substrate divided by the total coated area. The values are shown in Table 2. When 

the grammage of 5 or 10 layers of S-C coating is compared with the same amount 

of layers produced by D-C, the difference is significant. From the grammage 

estimation a single layer of S-C coating is 0.08 g/m2 and a single layer of D-C 

coating is 2 g/m2, showing that a single D-C layer has around 25 times more 

material than a single S-C layer. 

 

Fig. 5 Cross-sections of the fractured NC coatings showing the difference in the 

coating thickness. (A) A5DC (9 μm), (B) B5SC (0.17 μm), (C) A10DC (23 μm) 

and (D) D10SC (0.28 μm). 

 

3.3 Surface characteristics 

The static contact angle of the coatings was measured to study how the   thickness 

and roughness of the coating affect its surface characteristics. Fig. 6 shows how 

the contact angle changed for the two different substrates with the different 

coatings. When a water drop was placed on the surfaces of the uncoated substrates 



 

(A and B), this was immediately absorbed by the porous substrates, making it 

impossible to measure any contact angle. For this reason, the static contact angle 

of the uncoated substrates is assumed to be 0°. The contact angle of the pure 

substrates increased from 0° to 73° for the dip-coated substrate, and from 0° to 

43° for the spin-coated substrate. However, since the contact angle values are 

below 90°, the coating behavior is still hydrophilic. The contact angle increased 

with the number of layers for both techniques and substrates used. These results 

agree with our earlier study, where the contact angle of spin-coated cellulose 

nanocrystal and PAHCl films increased with increased thickness [16].  It is 

important to know the hydrophilic nature of the produced coatings, because in 

hydrophilic materials the gas barrier properties decrease with increased RH 

[21,30]. One way to increase the hydrophobicity of nanostructured materials is to 

create a hierarchical roughness to create a super-hydrophobic surface [31].  

 

Fig. 6 Static contact angle for the coatings made with S-C on substrate B (bars 

with patterns), coatings made with D-C on substrate A (white bars, left axis), 

uncoated substrates A and B, and their roughness (line, right axis). 

 

The surface roughness of the coatings was measured using AFM images, as in 

Fig. 7, and the Ra values are shown in Table 2. In general, the roughness of the 

coatings increased with the increase in thickness (Fig. 6). This result also agrees 

with previous studies where an increase in the surface roughness leads to an 

increase in the static contact angle [16]. In the present study the roughness and 

contact angle were almost double, going from 5.7 nm and 38° (respectively) in 

B5SC coating (the thinnest coating), to 9.5 nm and 73° (respectively) in A10DC 

coating (the thickest coating). These results show that the more NC a substrate 

has, the higher the roughness and the contact angle will be. This suggests that the 



 

NC coatings could change behavior from hydrophilic to hydrophobic with an 

increase in roughness and/or thickness. 

 

Fig. 7 AFM tapping mode height (left) and phase (right) images of the prepared 

NC coatings representing the NC network on the substrate surface. The surfaces 

area scanned is 1 μm2. Typical height profiles are shown in the middle, all with a 

Z-range of 30 nm and a X-range of 1000 nm, showing the standard roughness of 

the coatings. 

 

3.4 Barrier properties 

Table 3 shows the OP values obtained from the coated samples measured at 23 

and 50% RH. At 23% RH, A5DC, B5SC and B10SC showed very low oxygen 

permeability, being below 1.4 (mL*μm)/(m2*24h*kPa). This demonstrates that 

NC coatings perform well as an oxygen barrier, even at low coating thickness (as, 

for sample, B5SC with 0.17 μm coating thickness). On the other hand, the thickest 

sample (A10DC) presented the highest OP (24 (mL*μm)/(m2*24h* kPa)), which 

may be due to brittleness introduced at higher thickness.  However, compared 



 

with literature values from various materials, this value is still lower than the OP 

of some polymers measured at 50% RH (see Table 3).  

Table 3: Oxygen permeability (OP) of the NC coatings and OP of microfibrillated 

cellulose (MFC) coatings as well as OP of most common polymer coatings. 

 

Material OP* 

(24°C 23% RH) 

OP* 

(23°C 50% RH) 

OP stored * 

(23°C, 23% RH) 

Ref. 

A5DC 0.12 OR 5.1  

A10DC 24 6.2 100.8  

B5SC 0.83 OR 1.6  

B10SC 1.35 OR 2.9  

MFC - 3.52-5.03 - Syverud et 

al. 2009 

MFC - 0.85 - Aulin et al 

2010 

LDPE - 1900 - McHugh et 

al. 1994 

PET - 10-50 - Lange et 

al. 2003 

PS - 987-1481 - Lange et 

al. 2003 

*(mL*μm)/(m2*24h*kPa) 

OR= Out of Range 

 

It was found that the thinner coatings were very moisture sensitive; when the OP 

was measured at 50% RH, the materials lost their barrier properties completely, 

but the thicker coating (A10DC) presented an OP of 6.2 (mL*μm)/(m2*24h*kPa). 

This value is in the range of MFC films [13], and 300 times lower than that of 

LDPE and PS [32,33]. In general, the suitability of nanocellulose as a gas barrier 

coating can be attributed to its self-organizing ability to create a tightly packed 

structure (as can be noted in Fig. 4) and high crystallinity. This compact structure 

obtained is caused by the interaction between the hydroxyl groups (OH), and the 

Van der Waals interaction in the cellulose chains [10]. This compact structure can 

be affected by the plasticizing effect of water. The amorphous part of the NC 

absorbs water, debilitating the OH bonds and increasing the polymer chain 



 

mobility, creating new places for the permeation of the oxygen molecule [10]. The 

fact that only the thinner samples seemed to be affected by the moisture suggests 

that the thicker the sample is, the less susceptible it is to moisture. This behavior 

at 50% RH was also seen by Syverud [13], where the OP was reported for the 

samples with thicknesses above 21 mm and not below. 

Table 3 shows the values of the OP for the samples stored for 8 months. From 

these results it can be seen that the OP increased after the prolonged storage, 

diminishing the coatings’ barrier properties. It is believed that the prolonged 

storage time propitiates the formation of microcracks that increase the oxygen 

flux through the coating. However, the OP values were in all the cases below the 

OP (measured at 50% RH) for PS [33]. After analyzing the OP obtained, it can be 

concluded that the NC coatings seem to be very sensitive not only to moisture but 

also to storing conditions. It is possible that this sensitivity can be remedied by 

adding a protective layer over the NC coating, making it viable for paper based 

packaging. 

 

4. CONCLUSIONS 

It was shown that green coating of nanocellulose on porous cellulose-based 

substrates can be prepared using spin-and dip-coating processes, and that the spin-

coated coatings were about 80 times thinner than the coatings prepared with dip-

coating. It was found that the thin spin-coated layers did not cover the pores on 

the substrate with large pore size and that the thicker dip-coated layers were 

delaminated from the substrate with small pores. 

Also, the static contact angle of the coatings increased from 0° on the uncoated 

substrates to 73°, being proportional to the increase in the coating roughness and 

thickness.  

The samples displayed low oxygen permeability at 23 and 50% RH, their values 

always being lower than for commonly used PE or PS.  

Finally, it was shown that storage diminishes the barrier properties of the NC 

coatings. The study indicated that the NC coatings are sensitive to prolonged 

storage and humidity; however, it is believed that these properties can be 

improved with, for example, the addition of a plasticizer such as glycerol or 

sorbitol.  



 

The results obtained in this study showed the potential of the NC coatings as an 

ecological biobased option for developing barrier applications on paper-based 

packaging. Future studies on the mechanical and barrier properties of NC coatings 

enhanced with plasticizer and cross-linker additives will be done. It is hoped that 

this work will stimulate further work in this field towards a more ecological and 

biobased approach to the packaging industry. 
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ABSTRACT 

In this study the effect on the thermal, barrier and mechanical properties of 

plasticizing and crosslinking nanocellulose (NC) coatings on porous paper substrates 

were studied. Sorbitol was used as plasticizer and citric acid as a cross-linking agent. 

In general, it was seen that the addition of sorbitol increased the thermal stability, 

barrier properties, and maximum strength of the samples, while keeping the maximum 

strain and E-modulus stable when compared to the pure NC coatings. It was found 

that the substrate coated with NC, sorbitol and cross-linked decreased more than 50% 

its surface roughness. It is shown that the barrier properties of the substrate coated 

with NC, sorbitol and cross-linked were dramatically improved, specially for the 

coatings made of NC and sorbitol were an oxygen permeability value as low as 0.7 

mL μm day-1 m-2 kPa-1 at 49% RH was obtain while decreasing the water vapor 

permeability more than 60%. This shows the great potential of these ecological bio-

based coating in different applications such as packaging. 

 

Keywords: nanocellulose, coating, plasticizing, cross-linking, barrier properties. 

Chemical compounds: D-Sorbitol (PubChem CID : 5780), citric acid (PubChem CID 

: 311), sodium hypophosphite monohydrate (PubChem CID : 23708894), acetone 

(PubChem CID : 180). 



 

 
Porous cellulose-based materials, such as paper, have a great impact in the packaging 

industry due to its eco-friendly nature and biodegradability. However, hydrophilic 

behavior along with a porous structure prevents the use of paper in a wide range of 

applications. To overcome this issue, paper is usually used in combination with other 

materials like plastic or aluminum, that provide improvements in barrier properties, at 

the expense of the lost of its the eco-friendly, and biodegradable nature. A more 

ecological solution would be if the coatings were from biobased materials, such as 

nanocellulose (NC)1. Previous studies have demonstrated several benefits of using NC 

as coatings however their ability to form rigid three-dimensional networks due to the 

hydrogen bonds among cellulose chains1-5, can lead to problems that restrict its use in 

packaging applications1,6,7. One way to increase the flexibility is to reduce the amount 

of the hydrogen bonds using plasticizers such as the widely used sorbitol and 

glycerol8-12. In various studies, these plasticizers have demonstrated to increase the 

tensile strength10,12 and even the oxygen barrier9 of the composites prepared. Another 

method to improve the dimensional stability and increase the hydrophobicity of the 

coatings is through chemical cross-linking. The cross-linking procedure consists on 

the functional modification of the NC without its disintegration13. Different chemicals 

such as, toluenesulfonic acid, hexanoic acid14, butyryl, benzoyl, naphtoyl, diphenyl 

acetatyl, stearoyl15 have been used to carry out this chemical cross-linking, but 

poly(carboxylic acid)s such as, citric acid13,16 or succinic acid17 have become very 

popular because of their environmental friendly and non toxic nature. The cross-

linking technique has been widely used to improve the wet strength of cellulosic 

materials16,17, and to decrease the solubility in water of polysaccharides18. 

The main goal of this study was to investigate the effect of the sorbitol plasticizer, and 

citric acid (CA) cross-linker on NC coatings and their processing on porous substrate. 

The end groups of sorbitol are hydroxyl terminated (OH) and are therefore expected 

to cross-link with CA in the same way as cellulose hydroxyl groups (see Fig. 1). The 

use of plasticizers and cross-linking processes are well-established in nanocomposites 

area8-13,16,17. However, to the best of the author’s knowledge, this is the first time that 

nanocellulose coatings plasticized with sorbitol and, at the same time, cross-linked 

with CA, are studied. The purpose was to study the effect of the plasticization and 



 

cross-linking on the barrier and mechanical properties as well as on the thermal 

stability of prepared coatings.  

 

 

Figure 1: Chemical structure of cellulose, sorbitol and citric acid (CA). 

 

2. Experimental 

2.1. Materials 

A suspension of nanocellulose, with a dry weight of 1.5 wt% was obtained from 

purified cellulose from bioethanol processing route, (at SEKAB, Örnsköldsvik, 

Sweden). The route is described elsewhere by Mathew et al., 201419. The raw material 

characteristics are described more in detail elsewhere1. 

D-sorbitol (98%) Merk (Darmstadt, Germany) used as plasticizer, citric acid 

anhydrous (CA) Merk (Hohenbrunn, Germany) used as cross-linking agent, and 

sodium hypophosphite monohydrated Alfa Aesar (Steinheim, Germany) used as 

catalyst for the cross-linking reaction were purchased from Sigma Aldrich, and used 

as received without further modification. Whatman cellulose filter paper number 1, 

with a pore size of 11 μm was used as substrate. The substrate was cleaned before 

coating by rinsing three times with the constant addition of acetone and deionized 

water. 

 

2.2. Preparation of the coatings 

The Layer-by-Layer coatings were performed on the porous substrate, immediately 

after being cleaned, using dip-coating (D-C) technique. The substrate was immerged 

in NC suspension (1.5 wt%) for 2 min, after this, the sample was completely 



 

immersed in a rinse bath of deionized water during 10 sec. The substrate was then left 

to dry at ambient conditions during 24 hrs before the dipping was repeated. This 

procedure defines one layer and it was repeated until coatings with 3 and 6 layers 

were prepared. This procedure was repeated with sorbitol added to the NC suspension 

at a ratio of sorbitol 1:4 of NC. After these steps, the cross-linking was done on all 

these samples. The coatings were submerged on a water solution containing citric acid 

(CA) 20 wt% and sodium 3 wt% hypophosphite monohydrate (used as a catalyst for 

the reaction). The samples were kept in this solution for 2 hrs at room temperature, 

then they were removed from the solution and left to dry at 21°C for 6 hrs. After that, 

the coatings were dried in an oven at 80°C over the night, cured at 150°C for 5 min 

and then left at ambient condition for 20 min. After this, the samples were immersed 

in a rinse bath of deionized water until the pH of the water was neutral. Next, the 

samples were left to dry at ambient conditions for 2 hrs and then were kept at 80°C 

for another 2 hrs. With this procedure the cross-linked samples were obtained. Finally 

four different types of coatings were obtained, NC, plasticized NC (NC/S), cross-

linked NC (XNC), and plasticized and cross-linked NC (XNC/S). As control samples, 

substrates were immerged in deionized water, following the same procedure, but 

using only water. The samples names and description are seen in Table 1, and a 

schematic representation of the coating process is seen in Fig. 2. All the samples were 

kept in a desiccator at room temperature and 13% humidity. 

 

Table 1: Sample description 

Sample Description

Control Pure substrate treated 6 times with water

NC3 NC coated substrate, 3 layers

NC6 NC coated substrate, 6 layers

NC/S3 Plasticized NC/Sorbitol coated substrate, 3 layers

NC/S6 Plasticized NC/Sorbitol coated substrate, 6 layers

XNC3 Cross-linked NC coated substrate 3 layers

XNC6 Cross-linked NC coated substrate 6 layers

XNC/S3 Cross-linked and plasticized NC/Sorbitol coated substrate, 3 layers

XNC/S6 Cross-linked and plasticized NC/Sorbitol coated substrate, 6 layers

 



 

Figure 2: Schematic representation of the coatings preparation. 

2.3. Characterization of the coatings

2.3.1. Surface morphology 

Scanning electron microscope (SEM) JEOL JSM-6460LV (Tokyo, Japan) was used to 

measure the thickness of the samples from fractured surfaces. The samples were cut

with scissors and their cross sections were coated with gold and studied using

different magnifications. The thickness values are in average about 20 measurements 

of 5 different images and different magnifications. The detailed coating network was

observed and the surface roughness (Ra) was measured from the images of the 

coatings obtained from the atomic force microscopy (AFM) Nanoscope V, Veeco 

Instruments (Santa Barbara, CA, USA), using tapping mode at 20°C and 23% RH. 

The antimony-doped silica cantilever was oscillated at its fundamental resonance 

frequency ranging between 320 and 364 kHz, and no image processing, except 

flattening, was used. The Ra is the average of the measurements done on 5 different 

images on a surface area of 1 μm2. 

2.3.2. Coating grammage 

The grammage of the coatings was measured by weight difference. Samples size of 

10 mm × 10 mm × specific thickness were dried for 18 hrs at 100°C. The grammage 

of the coating was calculated as the difference between the coated sample weight (in 

grams) minus the uncoated sample weight (in grams) divided by the total area (in m2), 

as can be seen in Eq. 1: 
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C.G.= (Wcoated – Wuncoated) / Area                                                                                  (1) 

The values reported are the average of four samples for each type of coating. 

 

2.3.3. Thermal analysis 

The thermo gravimetrical analysis (TGA) using a TA instrument TGA Q500 (New 

Castle, USA) of the samples was carried out to investigate their thermal stability. Four 

samples were tested using a temperature range from 30°C to 600°C in nitrogen 

atmosphere, with a ramp mode and a heating rate of 5 °C/min.  

 

2.3.4. Mechanical properties 

The mechanical properties of the samples were measured at room conditions (21°C 

and 35% RH) using a conventional Shimadzu AG-X universal tensile testing machine 

(Japan). The samples were conditioned at 60% RH for three days before testing. A 

load cell of 1 kN was used, the gauge length was 20 mm and the crosshead speed of 2 

mm/min was used on samples with width 5 mm, length 20 mm and the specific 

thickness for each sample (see Table 2). The elongation at break and tensile strength 

were directly obtained from the data but the toughness and tensile modulus were 

calculated from the stress-strain curves. The values reported are the average of four 

tests. 

 

2.3.5. Moisture uptake 

The moisture uptake of uncoated substrates as well as all produced coatings was 

measured. Samples of 10 mm × 10 mm × thickness were dried at 100°C for 18 hrs 

and weighed (Mo) and placed in a humidity chamber with 95% RH and at room 

temperature (average 22°C). The samples were then removed in different time 

intervals (t) and weighed (Mt) until the equilibrium weight (M ) was reached. The 

moisture uptake was calculated following the Eq. 2:  

MU = (Mt – Mo)100% / Mo                                                                                       (2) 

The values reported are the average of three samples for each type of coating. 



 

2.3.6. Water vapor permeability 

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) of 

the uncoated and coated samples were measured using a slight modification of the 

ASTM E 96 standard. The samples were glued on the top of a glass flask (diam. 23 

mm) filled with 20 mL distilled water using hot silicon. The container was weighed 

and placed in a chamber at room temperature (average 22°C) and a humidity of 60% 

RH. The containers were weighed at regular time intervals until the equilibrium was 

reached. Duplicates were tested for all materials. 

The WVTR was calculated according to the Eq. 3: 

WVTR= (Δm /Δt) / A                                                                                                (3) 

where Δm is the mass variation (in grams), t is the time variation (in days), and A is 

the exposed area of the sample (in m2).  

The WVP was calculated according to Eq. 4: 

WVP= WVTR * L/ΔP                                                                                                (4) 

where L is the thickness of the sample (in meters) and P is the difference in vapor 

pressure of the two sides of the films (in kPa). 

 

2.3.7. Oxygen permeability 

Oxygen permeability (OP) of uncoated and coated samples was measured using 

Agilent Technologies ADM2000 universal gas flow meter 2850 (Wilmington, USA) 

at 22°C and 49% RH. A constant gas flow at a pressure of 0.2 bar (15 cm Hg) was 

applied to the samples, and the exit flow was registered to calculate the oxygen 

permeability (OP) using the variable pressure model20,21 and unit convertor. The 

values reported are the average of four samples for each type of coating. 

 

3. Results and discussions 

3.1. Crosslinking process 

It is believed that the cross-linking process of cellulose with CA occurs due to the 

dehydration of the citric acid, that through an esterification process produce an ester 

group that can link with the available hydroxyl groups on the cellulose (see Fig 3). 

 



Figure 3: Proposed mechanism for the cross-linking of cellulose with citric acid. 

The successful of the cross-linking process has been previously demonstrated using 

FT-IR methods13,16,22. However, it has been also demonstrated that after cross-linking 

filter paper with CA, an increase in the weight occurs13. This is due to the 

accumulation of the acid attached to the cellulose after the esterification process13.

This increase in the weight after the cross-linking was observed in the coatings 

produced in this study. In table 2 it can be seen how the grammage of the coatings 

increased after the cross-linking process, demonstrating it was successful.

3.2. Morphology of the coating  

The surface roughness of the samples was measured using AFM and shown in Fig. 4, 

and the Ra values are presented in Table 2. It can be seen that the roughness of the 

coated samples were always lower than the one measured for the control sample 

(uncoated), reducing the surface roughness from 19 nm to 4-8 nm. The roughness of 

the coated samples was also similar, there were no significant differences between the 

pure NC, NC/S, or their cross-linked versions (XNC and XNC/S). This indicates that, 

the surface roughness is not affected by the addition of sorbitol or with the cross-

linking with CA. Also, from Fig. 4, it can be seen that the NC has formed a dense and 

uniform network. Cellulose has a strong tendency to self-association, making easy the 

formation of film-like structure15. This dense arrangement of NC was previously seen 

by Herrera et al.1,3, Li et al.23, among others.  
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Figure 4: AFM height images of (A) Uncoated substrate, (B) NC3, (C) NC6, (D) 

NC/S3, E) NC/S6, (F) XNC3, (G) XNC6, (H) XNC/S3, and (I) XNC/S6. The scanned 

surface area is 1 μm2 in all materials. The typical height profiles are shown below 

each image, all with a Z-range of 60 nm and a X-range of 1μm, showing the 

roughness profile of the coatings. 

 

Fig. 5 shows the cross-section SEM images of the porous control sample as well as 

the thin and dense NC/S3 coating on the substrate surface. It is clearly seen that the 

dip coating resulted in coated substrate and that the NC was not impregnated in to the 

substrate. From the study of the SEM images it was also seen that the NC coatings 

displayed a layered structure typical for the nanocellulose coatings1,2. The thickness of 

the coatings were measured from the cross section images and used to calculate the 

grammage, which are shown in Table 2. As expected, the thickness and grammage of 

six-layer coatings where twice that of the three layer coatings in all cases. It can be 

also seen in the Table 2 that the plasticizer decreased both the thickness and 

grammage of the coatings, showing that there is less material in the coatings with 

sorbitol. Also, knowing the differences in the densities of sorbitol (1.489 g/cm3) and 

cellulose (1.599 g/cm3)24, this result is expected. When the cross-linking was done, the 

thickness and grammage of the coatings were increased when compared with their 

non cross-linked counterparts. The weight gain observed after the cross-linking is due 

to the accumulation of the CA attached by esterification into the hydroxyl groups in 



the nanocellulose fibers13 and sorbitol25. This weight and thickness gain indicates a 

successful crosslinking, as shown in an earlier study13.  

Figure 5: Cross-section SEM images of (A) Control, (B) NC/S3 and (C) NC/S3 at 

higher magnification. 

Table 2: Thickness, grammage and roughness of the coatings produced using NC, 

sorbitol as plasticizer and citric acid as cross-linking agent. Data are expressed as 

mean values ± SD. 

 
Thickness (μm) Roughness (nm) Grammage (g/m2)

Control - 19±6 - 

NC3 10±2 5±1 42±2 

NC6 26±6 4±1 70±3 

NC/S3 6±1 8±2 35±2 

NC/S6 16±5 5±1 54±2 

XNC3 30±1 5±1 61±2

XNC6 50±5 7±1 95±3 

XNC/S3 25±4 5±1 79±8 

XNC/S6 54±6 6±1 130±2 

3.3. Thermal properties 

The thermogravimetric analysis of the coatings produced in this study was carried out 

to evaluate how the plasticizer and cross-linking process affected the thermal stability

of the samples, and as a confirmation of the cross-linking. The onset temperature, 

maximum degradation temperature and residue at 600°C are shown in Table 3. 

200 μm μm2000 μ 200 μm μm2000 μ 50 μm 50 μm

A B C 



 

Table 3: Onset temperature, maximum degradation temperature, and residue at 600°C 

of the coatings, obtained by the analyses of the TGA curves. Data are expressed as 

mean values of four samples ± SD. 

  

Onset  

Temperature (°C) 

Max. Degrad.  

Temp. (°C) 

Residue 

 at 600 °C (%) 

Control 311±1 325±0 9±0 

NC3 287±0 324±2 20±1 

NC6 298±4 340±0 15±0 

NC/S3 309±8 350±8 19±4 

NC/S6 302±7 351±11 15±2 

XNC3 293±7 332±8 19±1 

XNC6 298±3 330±1 22±3 

XNC/S3 288±12 328±1 36±2 

XNC/S6 270±5 324±1 30±0 

 

In general, the plasticization and the cross-linking of the NC did not affect the thermal 

properties of the NC-coatings, their onset temperatures remained around 300°C. 

However, the plasticized and cross-linked coatings showed somewhat a reduction in 

the onset temperatures, indicating that the combination of the sorbitol and citric acid 

is slightly lowering the thermal stability of the coatings. The max. degradation 

temperature was increased with the addition of the Sorbitol (20 wt%) to the coating 

suspension increasing the thermal stability of the whole system. Mathew et al. 2008 

has reported similar improvements of tunicin nanocomposites thermal stability when 

sorbitol was used plasticizer.11 Moreover, the increase in the thermal stability in 

samples containing nanofibrillated cellulose and sorbitol has been described by 

Hansen et al. 2012, who reported that the use of sorbitol plasticizer resulted in a 

higher thermal stability than other plasticizers, such as glycerol9.  From Table 3 shows 

also that the residue at 600°C increased when the coatings were cross-linked, this may 

be another indication of the successful cross-linking of the cellulose with the citric 

acid.  

 



 

3.4. Mechanical properties 

Table 4 shows the results from tensile testing of the control and coated samples. In 

general the addition of nanocellulose coating on the paperboard is expected to 

increase the mechanical properties. Using a simple rule of mixture prediction it is 

expected that the stiffness would increase more than 3 times. However, the addition of 

NC on the substrate did not significantly improve the stiffness, but there is a trend that 

the NC is increasing the strength and toughness. This is even more visible for the 

plasticized coatings, which increases the strength and toughness of the samples 

significantly. This increase could be because of better interaction between the 

substrate and the coating; the plasticizer might be better anchored to the porous 

cellulose  

 

Table 4: Tensile strength, strain at failure, tensile modulus and toughness of the 

control and coated substrates. Data are expressed as mean values ± SD 

Max Strength 

(MPa) 

Max strain  

(%) 

 Tensile modulus 

(MPa) 

Toughness 

(MJ/m3) 

Control 7.8±0.4 2.5±0.1 570±30 3.9±0.2 

NC3 8.9±1.8 2.0±0.3 580±70 3.6±0.5 

NC6 10.6±3.7 2.4±0.1 500±40 5.4±0.4 

NC/S3 12.2±0.7 2.7±0.3 540±70 6.2±0.4 

NC/S6 10.3±1.4 2.6±0.3 490±80 6.2±0.3 

XNC3 6.1±1.1 4.0±0.6 280±40 10.6±0.4 

XNC6 5.8±1.9 3.0±0.8 280±60 6.4±0.5 

XNC/S3 7.7±1.5 3.7±0.4 310±10 10.1±0.5 

XNC/S6 5.7±0.5 2.5±0.4 330±10 3.9±0.3 

 

This anchoring effect can be seen in Fig. 5C, where small fiber-like structures anchor 

the substrate to the coating. The effect of sorbitol on the mechanical properties of 

cellulose films have been previously studied9,10, and it has been found a general 

increase in the maximum strength, when compared with the samples without sorbitol, 

as seen also in this study. The increase observed in the maximum strength and 

toughness, is probably caused by a formation of new hydrogen bonds networks 

between the nanocellulose and the sorbitol10,26. 



 

The cross-linking resulted in decreased strength and modulus, but the strain and 

subsequently toughness were slightly increased. It is believed that the introduction of 

the CA groups between the cellulose chains (See Fig. 3) makes them more flexible, 

increasing the free volume and leading to a more open structure that lowers the 

mechanical properties. Quellmalz & Mihranyan (2015) study nanocellulose based 

filters cross-linked with CA, they reported an increased porosity due to the 

crosslinking16. The cross-linking process has been used to decrease the solubility of 

polysaccharides, as cellulose on water18, and to increase the wet strength of cellulose-

based papers through the creation of bridges between the cellulose fibers16,17. 

However, in this work the results indicate promising toughness and durability. 

 

3.5. Barrier properties   

The moisture uptake of the control and coated samples determined as function of time 

is plotted in Fig. 6. The equilibrium moisture uptake obtained after 500 hrs, is shown 

in Table 3. It is seen that all the samples absorbed moisture, and this uptake was 

especially fast in the initial zone (<100 hrs). After this fast sorption zone, the moisture 

uptake rate decreased, leading to a plateau that corresponds to equilibrium swelling. 

The addition of NC coatings to the substrate decreased the equilibrium moisture 

uptake in almost half, passing from 29% for the control sample, to 16% for NC6 (see 

Fig. 6). Even though it has been shown that the coating of microfibrillated cellulose 

on porous substrates increase the moisture uptake when compared to the uncoated 

substrate4, just the opposite happened in this study, most probably due to the high 

crystallinity and nanometric nature of the cellulose used as described in our earlier 

study1. Also, this moisture uptake decreased caused by the NC coatings, may be due 

to the dense and uniform network form by the NC (see Fig. 4 and 5), which helps to 

prevent the water from penetrating and reaching the more absorbable substrate. It was 

observed that, the addition of sorbitol increased the equilibrium moisture uptake for 

the coatings, passing from 22% to 32% for NC3 and NC/S3 respectively, and from 

16% to 26% for NC6 and NC/S6 respectively. The increase in the equilibrium moisture 

uptake when plasticizers are used was reported27. The plasticizer increases the affinity 

of the samples toward moisture, increasing the amount of water it can27. Additionally, 

it was observed a decrease in the water uptake with the increase in the layers of 

nanocellulose. However, the addition of sorbitol and cross-linking of the samples 



 

produced an increase in the moisture uptake, reaching values of 52% for sample 

XNC3.  

The water vapor transmission rate (WVTR) and water vapor permeability (WVP) of 

the samples were also measured and the values are displayed in Table 5. Additionally, 

the WVP (that takes into account the thickness of the samples) can be graphically 

seen in Fig. 7. The WVTR values of the coated samples were lower for all coatings 

when compared with the control sample. An increase in the WVTR was seen with the 

addition of sorbitol (from NC3 to NC/S3), however, the value remained invariable 

between NC6 and NC/S6. Due to the great water-binding ability of sorbitol, and its 

high swelling capability in the presence of water26,28,29, this material tends to have poor 

water vapor barrier properties, for this reason it was expected a pronounced increase 

in the WVTR in both cases (NC/S3 and NC/S6). However, the fact that the WVTR 

values remained invariable for NC6 and NC/S6 suggests that the crystals formed tight 

enough films (as could be seen in Fig. 4 and 5), able to increase the tortuous path of 

the water through the coating. This may have prevented the water from penetrating 

the molecules of sorbitol, reducing the expected transmission of water vapor through 

the coating. 

The cross-linking decreased the WVTR for sample XNC3 when compared with NC3. 

Samples XNC6 and XNC/S3 remained the same as their non cross-linked counterparts, 

while XNC/S6 increased when compared to NC/S6. Despite this, the WVTR values for 

all the coated samples are still lower than the one for the control sample. When 

comparing the values obtained in this study, with the WVTR values of pure 

microfibrillated cellulose films (234 g m-2 day-1) obtained by Rodionova et al., it can 

be seen that most of the WVTR obtained are below, been the only exception XNC/S3 

sample30. 

To take into account the differences in the thicknesses of the coatings produced, the 

WVP values are presented in Table 5 and Fig. 7. It was proved that in all the cases the 

WVP was reduced in more than half of the value of the control sample. The addition 

of sorbitol proved to reduce the WVP of NC/S6 sample (when compared with NC6), 

but it remained the same for NC3 and NC/S3. After the cross-linking it was observed a 

general increase of the WVP, except for the samples NC6 and XNC6 that remained the 

same. When comparing the WVP values obtained with the WVP of commonly used 

packaging materials, such as cellophane, it can be seen that all of the coatings 



produced were in the same range. Being 0.6 g mm kPa-1 m-2 day-1 the reported WVP 

for cellophane 31. 

 

Figure 6: Moisture uptake during conditioning at 95% RH versus time for control and 

coated samples with improved MU. 

 

Figure 7: WVP for control sample and the coatings prepared. (The error bars 

represent standard deviation). 

Table 5: Equilibrium moisture uptake, water vapor transmission rate, water vapor 

permeability and oxygen permeability for the control and coated samples.  Data are 

expressed as mean values ± SD. 

  

Moisture uptake

∞ (%) 

WVTR (g

day-1 m-2)  

WVP (g mm

kPa-1 m-2 day-1) 

OP (mL μm day-

1 m-2 kPa-1) 

Control 29 284±19 3.99±0.26 Out of range

NC3 22 215±4 0.36±0.01 1.73±0.02 

NC6 16 220±19 0.83±0.07 3.91±0.01

NC/S3 32 244±15 0.36±0.02 0.7±0.0 



 

NC/S6 26 210±11 0.57±0.03 1.07±0.01 

XNC3 52 210±4 0.53±0.01 1.01±0.01 

 XNC6 48 223 0.89 3.22±0.06 

XNC/S3 37 244 0.51 1.87±0.01 

XNC/S6 36 231±4 1.70±0.03 3.03±0.02 

 

In Table 5 and Fig. 8 the oxygen permeability of the control and coated samples 

measured at 49% RH is seen. The coatings produced a reduction of the OP when 

compared with the control sample, and the lowest value was obtained with the 

thinnest sample (NC/S3). It can be seen that the addition of sorbitol, and the cross-

linking of samples NC3 and NC6 decreased the OP. However, a mixture of both 

systems, XNC/S, increased the OP when compared with the NC/S coatings. It was 

also interesting to observe that the coatings with 3 layers displayed lower OP than 

their equals in 6 layers. This behavior indicates that there is an ideal thickness where 

the lowest oxygen permeability can be achieved, and the farther a thickness is from 

this ideal value, the higher the OP becomes. This indication of an ideal thickness to 

obtain a minimum OP was also shown in our earlier study1. It can be seen that the 

coatings produced in this study were either similar or better oxygen barriers when 

comparing the OP with values found in the literature for microfibrillated cellulose 

films (3.52 - 5.03 mL μm day-1 m-2 kPa-1 at 50% RH)5, cellulose nanofibrils films (0.4 

mL μm day-1 m-2 kPa-1 at 50% RH)32, PET films (10-50 mL μm day-1 m-2 kPa-1 at 50% 

RH) 33 or PS films (987-1481 mL μm day-1 m-2 kPa-1 at 50% RH)33. Usually, films 

made of hydrophilic polymers present good barriers against oxygen at low relative 

humidity (RH), because of the large amount of hydroxyl groups (OH) in their 

structure (see Fig. 1). This occurs due to the low polarity of oxygen, that produces a 

weak interaction with the highly polar hydroxyl groups of the polymer. When the 

humidity is high, the hydroxyl groups interact with the highly polar water molecules, 

weakening the hydrogen bonds that hold the polymer chains together. The loosening 

of these bonds releases the structure of the polymer, producing an increase in the OP 

at high RH29. However, cellulose nanofiber have demonstrated a good OP even at 

high RH, when compared with other natural polymers. The reason of this special 

might be the fibrillar substructure of the cellulose, which has tightly packed 

crystalline regions, which are impermeable to water. The crystalline regions increase 



the tortuous diffusion path for molecules to permeate through the films3,29, along with 

a strong and dense film structure.  

 

Figure 8: OP for the control and coatings prepared. (The error bars represent standard 

deviation). 

4. Conclusions 

Porous cellulose substrates were successfully dip-coated with two different 

thicknesses of nanocellulose. Plasticization and cross-linking were used to improve 

the toughness and barrier properties against water vapor and oxygen.  

All coated materials showed good thermal stability being around 300°C. The moisture 

uptake was in general lower for the coatings compared to the control material.  

Best barrier properties were obtained with the thinner coating of plasticized NC

(NC/S3), which showed improved strength and toughness and lead to lowest oxygen 

permeability 0.7 mL μm day-1 m-2 kPa-1 at 49% RH and water vapor permeability 0.36 

g mm kPa-1 m-2 day-1.  

The cross-linking of the NC generally lead to decreased strength and stiffness, but 

increased the toughness. The thinner cross-linked NC coating (XNC3) lead to a good 

oxygen barrier of 1.01 mL μm day-1 m-2 kPa-1 at 49% RH. 

These results demonstrate the potential of NC as ecological bio-based coating on 

porous paperboard plasticized and cross-linked with sorbitol and citric acid 

respectively, leading to more durable coatings and improved barrier properties.   
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