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Abstract 

The use of natural components in nanocomposites has continuously increased, due to 
environmental problems that are growing day by day. The use of bio-residues from forest 
industries to develop new materials will not only alleviate ecological problems but also 
affect the economy of forest industries positively. 

The aim of this work was to characterize cellulose nanowhiskers isolated from two 
different industrial bio-residues, one from bioethanol production and another from specialty 
cellulose production. Furthermore, the structure and permeability of thin films made of 
these nanowhiskers were studied.  

In the first study, the characteristics of nanowhiskers isolated from bioethanol residue were 
compared with nanowhiskers from microcrystalline cellulose (MCC). The nanowhiskers 
from ethanol residue had lower surface charge compared with whiskers obtained from 
MCC when analyzed by conductometric titration. The AFM microscopy showed that both 
cellulose nanowhisker suspensions presented individualized whiskers with diameters less 
than 10 nm. Nanowhiskers from ethanol residue showed higher relative crystallinity than 
the nanowhiskers from MCC, and the films made from both whiskers showed transparency 
in visual light. In addition, the nanowhiskers extracted from bio-residue were more 
thermally stable than the whiskers extracted from MCC, having a higher degradation onset 
temperature and maximum degradation temperature. 

In the second study, nanowhiskers isolated from two different bioresidues were compared. 
It was seen that both nanowhiskers suspensions (reject cellulose and ethanol residue) 
exhibited flow birefringence. Transmission electron microscopy study showed that the 
nanowhiskers extracted from the reject cellulose were slightly longer (377 nm) than the 
ones extracted from the ethanol residue (301 nm). The casted films of nanowhiskers from 
reject cellulose showed a stronger interference in the UV and visible region, compared with 
the other films. The comparative crystallinity was higher for reject cellulose nanowhiskers 
than for ethanol residue whiskers. Moreover, the thermal stability was slightly higher for 
the ethanol residue whiskers than for the reject cellulose whiskers.  

In the last study, cellulose nanowhiskers were isolated from the reject cellulose using 
hydrochloric and sulphuric acid hydrolysis processes with a aim to obtain different surface 
characteristics. Sulfuric acid whiskers had higher surface charge than the hydrochloric acid 
whiskers. Thin spin-coated films with two different configurations were prepared; one with 
alternate layers of poly(allylamine hydrochloride) (PAHCl) and cellulose nanowhiskers, 
and the second one with a single layer of PAHCl coated with 25 layers of whiskers. In 
addition, the film roughness, and surface charge of the whiskers was shown to increase the 
hydrophilic behavior of the films, being highest for a single layer of PAHCl coated with 
cellulose nanowhiskers. The gas permeability was measured and the coefficient was highest 
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for hydrogen (H2) followed by helium (He), oxygen, (O2) and carbon dioxide (CO2) and 
nitrogen (N2). It was observed that the surface charge did not affect the gas permeability of 
the films and did not display selective gas barrier.  

The results showed that CNW can be extracted from ethanol residue and reject cellulose, 
and that these whiskers had similar characteristics as nanowhiskers obtained from other 
non-residual sources. This work has demonstrated that bio-residues can potentially be used 
as a source of new nanosize materials, thereby increasing the value of the forest resources. 
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1 Introduction 

The ideal situation of 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 bio-residues as raw 
materials for the production of other products [1]. Utilization of bio-based residues is an imminent 
necessity, due to the increased cost of residue management and the intensification of global 
contamination [1, 2]. On the other hand, the use of these bio-based residues will not only reduce 
the amount of waste, but also improve the economy via production of value-added products [1]. 
One common residue in pulp or cellulose production is lignin. Even though lignin can be used in 
heat production, more complex applications, like substitute phenols [2] or cross-linker in epoxy 
resins [3],are viable. Another very interesting co-product that can be isolated from residues is 
crystalline cellulose. In 2010 Oksman et al. successfully separated cellulose nanowhiskers from a 
residue from bioethanol production [4]. Cellulose nanowhiskers are the crystalline part of 
cellulose, which is difficult to dissolve in the hydrolysis process in ethanol production [4].  

 

Figure 1: Schematic representation of the cellulose nanowhiskers from the cellulose fiber.  
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The term cellulose nanowhiskers (CNW) refers to the needle-like structure of cellulose 
monocrystals. These monocrystals are linked together by amorphous cellulose and form cellulose 
microfibrils, which are the reinforcing phase of the wood cell wall [4]. A schematic representation 
of these structures can be seen in. Cellulose nanowhiskers have attracted great interest as a novel 
nanostructured material during recent years, and are expected to be used as reinforcement in 
polymers and pharmaceutical products such as hydrogels, etc. [4, 5].  

The aim of this study is to investigate the viability of the residues from bioethanol process and 
cellulose production as a low-cost raw material for nanowhisker production. Furthermore, the 
intention is also to study novel processing technology, spin coating, to prepare thin films of 
cellulose nanowhiskers with different surface charges and analyze their barrier properties.  

 

1.1 Bioethanol residue 

Ethanol was first used as fuel more than a century ago, when Nicholas Otto used it in 1897 in his 
internal combustion engine. However, the major breakthrough for ethanol came in 1970s when 
two oil crises occurred during 1973 and 1979.Since then, ethanol has been considered as an 
alternative to fossil fuel [6]. Bioethanol is now one of the main commodities in the fuel market, 
and can potentially replace the entire gasoline market, due to increasing demand for vehicle fuels 
as a result of population growth and global industrialization. It is important to note that, unlike 
fossil fuel, ethanol is a renewable energy source, produced by sugar fermentation [6, 7].  

The conversion from raw lignocellulosic material to ethanol includes two processes: hydrolysis of 
cellulose in the lignocellulosic materials to fermentable sugars, and 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 by-product of the 
process [7]. A common processing route is shown in Figure 2, but it should be noted that this 
diagram is not exactly the same for all the raw materials from which ethanol can be extracted [6]. 
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Figure 2: Typical ethanol production process. Modified from Anhindra N. et al. 2008 [6]. 

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, hydrolysis is performed prior to the subsequent 
fermentation and distillation procedures [6, 7].  

Hydrolysis involves cleaving the cellulose and hemicellulose into their monomers; the cellulose 
turns into glucose and after the fermentation process, it turns to ethanol. The hemicellulose 
decomposes into pentose and hexoses that, after fermentation, become ethanol as well [7]. The 
hydrolysis can be done with enzymes and/or acids. The most commonly used acids are sulfuric 
and hydrochloric acids, but use of the latter is limited due to environmental concerns [6-8]. Two 
methods of acid hydrolysis can be used: diluted-acid hydrolysis and concentrated-acid hydrolysis 
[8]. Diluted-acid hydrolysis has been viewed primarily as a pre-treatment but is not preferred, 
since the high temperatures required for cellulose hydrolysis also lead to formation of very high 
amounts of degradation products [8]. With this type of hydrolysis, the yield of sugar is low and the 
generation of by-products severely inhibits the formation of ethanol during the fermentation 
process. At high temperatures, the degradation of the sugars leads to the formation of inhibitors. In 
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order to avoid formation of these inhibitors, diluted-acid hydrolysis is carried out in two stages. In 
fact, BC International Corporation in the United States and SEKAB in Sweden are 
commercializing technologies based on two-stage diluted-acid hydrolysis [7]. The first stage is 
carried out under mild conditions and the hemicellulose is turned to its sugar monomers; this stage 
is also called “pre-treatment”. During the second stage the solid residue from the pre-treatment is 
hydrolyzed under more severe conditions of acidity and temperature. In this second stage, the 
cellulose is hydrolyzed to form glucose [6-8]. Concentrated-acid hydrolysis was discovered in 
1819 by Braconnot. This process results in a higher sugar yield and, consequently, higher ethanol 
yield compared with the diluted process. In addition, there is no need for high temperature or 
pressure to reach these values [8, 9]. However, the high acid concentration (30-70%) makes this 
process very corrosive, and it requires expensive alloy reactors that are highly resistant to 
corrosion. This entails high investment and maintenance costs. To make the process economically 
feasible, the concentrated acid has to be recovered and recycled [6, 7, 9]. 

The fermentation step is reached thanks to a microorganism that produces ethanol from the 
hydrolyzates 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-products [6, 7]. Before the distillation process, 
separation of the solid particles and fermenting microorganisms is performed by centrifugation or 
decantation [6, 7].  

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 additives [7]. The chemical composition of this lignin residue has already been 
analyzed, and it was 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 extraction of cellulose nanowhiskers [4]. As this material has already passed through different 
hydrolysis steps, it is assumed that the residual cellulose is already in the form of cellulose 
nanowhiskers. For this reason, to isolate them, the extractive elements and lignin have to be 
removed. The extractives are removed from the residue with the help of a Soxhlet apparatus and 
mixture of toluene and ethanol in a ratio of 2:1. The lignin is removed in a bleaching process, 
using acetic acid and sodium chlorite until a clear solution is obtained [4]. 

 

1.2 Reject cellulose from specialty cellulose production 

The process, from which the specialty cellulose is produced, includes pulping and washing of the 
raw material, followed by bleaching and washing. After bleaching, the material is washed out and 
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filtered to separate the specialty cellulose from the finer material (reject cellulose). The process is 
illustrated in Figure 3. 

 

Figure 3: Specialty cellulose production process 

This reject cellulose, from specialty cellulose production, is a material with high cellulose and low 
lignin content, making it an interesting source for the extraction of cellulose nanowhiskers. 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 nanowhiskers can be done without 
pretreatment, and this can add a significant economic benefit. In fact, this type of residue has an 
advantage compared to other cellulosic feedstock, having low or even negative cost [10].  

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

1.3 Cellulose nanowhiskers (CNW) 

Cellulose nanowhiskers are highly ordered crystalline regions in cellulosic materials. This 
crystalline part of the cellulose has attracted the interest of the material science community 
because of its great properties, such as its high crystallinity degree, which, depending on the 
extraction process and raw material, can reach values of 95% (when studied with the Buschle-
Diller and Zeronian method with an XRD test) [11]. Furthermore, crystalline cellulose is also a 
natural biodegradable polymer with low weight, nano-scale dimensions and a unique rod-like 
morphology, from which the name cellulose nanowhiskers (CNW) is derived [12, 13].  
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A very interesting property of CNW is its mechanical strength, which is equivalent to the binding 
forces of adjacent atoms. These binding forces are conducive to an ordered structure that gives 
CNW unusually high strength values as well as significant changes in electrical, optical, magnetic, 
ferromagnetic, dielectric, conductive and superconductive properties [13]. Cellulose nanowhisker 
strength values have been calculated and tested, and the results have demonstrated that these 
monocrystals have a Young’s modulus equivalent to their perfect crystal values, due to their near 
ideal crystalline structure. In 1991, Tashiro et al. calculated a Young’s modulus of 167.5 GPa for 
cellulose nanowhiskers, and research has demonstrated that this value was very close, between 
120-140 GPa, which is about 60 times the value obtained for glass fiber, a commercially used 
material for plastic reinforcement [13, 5].  

Even though cellulose nanowhiskers are always rod-shaped nanocrystals, their lengths and 
diameters may vary, depending on the starting material and extraction process used [14], but in 
general terms, the values shown in Table 1 are a good reference.   
 

Table 1: Properties of CNWs [15]. 

Property Cellulose nanowhisker 
Length (nm) 300-600 

Diameter (nm) 5-10 
Aspect ratio (L/D) 20-60 

Elastic modulus (GPa) 120-140 
 
Another fascinating and useful property of cellulose nanowhiskers is flow-birefringence. Many 
studies have been done to investigate this particular property, and all of them have demonstrated 
that if the suspension obtained shows flow birefringence (Figure 4), when viewed through cross-
polarized light, the cellulose obtained is nanocrystalline. The observation of the flow birefringence 
is a first, fast and easy test to prove the correct isolation of cellulose nanowhiskers from cellulose-
based materials [15-19]. 
 

 
Figure 4: Flow birefringence in cellulose nanowhisker suspensions. 



Martha Herrera Rodríguez 

 

 

7 

 

1.4 Thin film preparation 

Solvent casting and spin coating have been frequently used as preparation techniques for cellulose 
nanowhisker films [20-23]. The production of films by solvent casting is a simple technique in 
which the suspension of nanowhiskers is poured on a finite substrate or in Petri dishes. After 
molding, the solvent or liquid phase is evaporated under defined conditions of humidity, 
temperature, pressure and time [20, 21]. Despite the solvent casting is an easy casting technique 
for the production of sheets; films with nanometric thicknesses cannot be obtained.  

Spin-coating technique, on the other hand, is a more technical method for the preparation of films 
that can be of nanometric thickness. This technique is based on the removal of the liquid phase of 
the cellulose nanowhiskers, with the application of high-speed spinning. This high-speed spinning 
will also induce a radial orientation of the whiskers in the film [22]. Spin-coating technology is not 
only widely used at industrial scale, but moreover in the research field. The capability to build 
ultra thin, well-defined films has made this technique a favorite when the interactions on the 
surface of cellulosic materials are of interest [22, 23]. 
 

1.5 Barrier properties of nanocellulose films 

One of the most frequently used strategies to enhance barrier properties is the use of multilayered 
films, containing at least one layer with high barrier properties. An introduction of crystalline 
phases in a polymeric matrix has been also used; this phase increases the tortuosity in the gas 
trespassing path, improving the gas barrier properties of the polymer [24]. The most common 
mechanisms for gas transport in porous films are Knudsen diffusion, molecular sieving, selective 
adsorption, 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 selective adsorption diffusion 
mechanism the gases are separated by their solubility within the membrane and their diffusion 
through the dense membrane matrix. 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. In capillary condensation, which means that the 
gas molecules condense in the pores of the membrane until it is filled, the liquid passes through 
the pores and reaches the other side as vapor phase again [24].  

The gas permeability and selectivity of thin films are the properties measured to analyze the 
barrier properties of these membranes. One of the methods used for the measurement of the 
permeability coefficient P is the variable pressure method [25, 26]. In 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: 
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                                                                        Eq. 1 

 

Where d is the film thickness, and Jst is the gas flux obtained once equilibrium has been reached, it 
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 is 
expressed in Eq. 2 [25, 26]. 

 

                                                                           Eq. 2 

 

A thin film is considered to have a selective gas behavior when the value of α between two 
specific gases is greater than 10 [21]. 
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2 Objective of this work 

The objective of this work was to study the properties of cellulose nanowhiskers isolated from 
industrial bio-residues from ethanol and specialty cellulose production, and to compare them with 
whiskers 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 
thin films, prepared with cellulose nanowhiskers with different surface charge and using two 
different film configurations, were studied.  

 

3 Experimental procedure 

3.1 Materials  

Microcrystalline cellulose from Vivapur® (Weissenborn, Germany), bio-residue of wood 
bioethanol production supplied by SEKAB (Örnsköldsvik, Sweden), and bio-residue from 
specialty cellulose production, supplied by Domsjö Fabrikerna AB (Örnsköldsvik, Sweden), were 
used as raw materials for the extraction of the cellulose nanowhiskers. The appearance of the raw 
materials is shown in Figure 5.  

 

 

Figure 5: Raw materials used for the production of cellulose nanowhiskers. a) microcrystalline 
cellulose b) bioethanol residue [4]  and c) bio-residue from specialty cellulose production. 

Sulfuric acid (96%) and hydrochloric acid (37%) were supplied by Sigma-Aldrich. These acids 
were diluted until the proper concentration for the isolation of the cellulose nanowhiskers was 
obtained. 

Commercial Poly (allylamine hydrochloride) (PAHCl) was also used in the production of the films 
on the spin coater. The PAHCl with a molecular weight of 15,000 g/mol was obtained from 
Sigma-Aldrich.  

 

A B C 
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Cellulose nanowhiskers isolated from microcrystalline cellulose (MCC): 

The isolation of the CNWMCC was done following the route followed by Bodenson et al. [27]. 
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 under stirring for 
2h. The suspension was then washed with deionized water using repeated centrifuge cycles of (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 a 
constant pH. The samples were sonicated and a suspension of CNWMCC was obtained. 

 

Cellulose nanowhiskers isolated from bioethanol residue: 

The CNW isolated from bioethanol residue was obtained from Oksman et al. [4].  The bioethanol 
residue was first purified to remove the extractives (dewaxing) using a 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 process was stopped and cooled; 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 
solution was homogenized at high pressure and the CNWER was obtained. 

 

Cellulose nanowhiskers isolated from reject cellulose: 

For the extraction of the cellulose nanowhiskers from the reject cellulose, a similar procedure as 
for the extraction of CNWMCC was used [27]; however, the acid concentration used was 65% 
(w/w), the temperature 40°C and the time 30 min. In this way the CNWSlS was obtained. Cellulose 
nanowhiskers from rejected cellulose were also extracted with 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 against 
deionized water to neutrality, and sonicated for 1 min.  Thereby the CNWSlH was obtained. 

 



Martha Herrera Rodríguez 

 

 

11 

3.2 Spin-coating 

A Brewer Science Inc. 200X spin coater machine (Rolla, USA) was used for the deposition of the 
thin films over the two different substrates (Figure 6).  

 

Figure 6: Spin coater machine 200X Brewer Science Inc. 

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. was used [28]. 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 nanowhisker 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 of cellulose nanowhiskers. Multilayered alternate layered films were 
created with both kinds of cellulose nanowhiskers (CNWSLS and CNWSLH) containing 50 layers (25 
layers of PAHCl intercalated with 25 layers of CNW). These films were named 25 CNWSLS and 25 
CNWSLH.  

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 whisker suspension, always 
under the same conditions of acceleration, maximum revolution per minute and time (1260 rpm/s 
and spun at 3000 rpm for 40 s). This step forms a single layer of CNW. The procedure was 
repeated until 24 additional layers of CNW were completed. These samples were named 1+25 
CNWSLH and 1+25 CNWSLH. 

 

3.3 Characterization methods 

The characterization of the cellulose nanowhiskers was emphasized in the determination of the 
morphological properties like surface charge, size and shape, thermal stability and crystallinity. 
While for the films, the emphasis was on the barrier properties and surface morphology, like 
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thickness and roughness. The characterization methods used during this study helped to improve 
understanding of the materials used and the production methods applied. 

 

3.3.1 Conductometric titration 

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

 

3.3.2 Flow birefringence 

The flow birefringence behavior of the CNW suspensions was studied using a set consisting of 
two cross-polarized filters and a lamp. With this technique the presence of isolated CNW in the 
suspensions obtained after the acid hydrolysis process is confirmed.  

 

3.3.3 Morphological characterization 

For the morphological characterization of the CNW and the films prepared during this study, three 
different, but complementary, techniques were used. First, an inverted metallurgical optical 
microscope ECLIPSE MA200 Nikon (Tokyo, Japan) was used. Thin films, on a glass substrate, 
were analyzed on a bright field and the images were studied using the NIS-Elements BR 4.00.008 
software, included in the microscope. Also, an HT 7700 120 kV Compact-Digital biological 
transmission electron microscope (Hitachi, Tokyo, Japan) was used to analyze the CNW. The 
whisker size determination was done with the digital slow scan image recording system software 
SemAfore 4.01 JEOL (Skandinaviska) AB (JEOL, Sweden). Finally, an atomic force microscope 
(AFM) Nanoscope V microscope Veeco Instruments (Santa Barbara, CA, USA) was used to 
analyze the morphology of the nanowhiskers and thin films. The diameter of the CNW, and the 
roughness (Rq) and thickness of the films were obtained with the analysis of the height images 
with the Nanoscope V software.  

 

3.3.4 UV/Vis spectroscopy 

The transparency of the different CNW films 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 using a 0.50 nm interval. 
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3.3.5 X-ray diffraction 

The comparative crystallinity of the CNW was estimated with a Siemens D5000X-ray 
diffractometer (Siemens, 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. 

 

3.3.6 Thermogravimetric analysis 

The themogravimetrical analysis was carried out to analyze the thermal stability of the 
nanowhiskers isolated from the different sources used. For this purpose a TGA Q500 (TA 
Instruments, New Jersey, U.S.A.), was used in a temperature range from 30°C to 600°C under air 
atmosphere and a heating velocity of 5°C/min.  

 

3.3.7 Contact angle 

The static contact angle values of the films were obtained with a dynamic absorption and 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. 

 

3.3.8 Gas permeability 

Hydrogen (H2), nitrogen (N2), helium (He), carbon dioxide (CO2) and oxygen (O2) permeability 
were measured, separately, for the CNW films. A constant gas flow with a pressure of 0.2 Bar (15 
cmHg) was applied to the films prepared 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 CNW film it is possible to calculate the gas 
permeability “P” and gas selectivity “α” of the films. 
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4 Summary of appended papers 

 

Paper A: 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 extracted from industrial bio-residue, and microcrystalline cellulose 
(MCC), by 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 nanowhisker 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. 

 

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

In the second part of this research, cellulose nanowhiskers were extracted from reject cellulose 
from 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 nanowhisker suspensions exhibited 
flow birefringence when they were studied through cross-polarized filters. Transmission electron 
microscopy study showed that the nanowhiskers extracted from the reject cellulose 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 reject cellulose 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 out of the whiskers extracted 
from the reject cellulose. The comparative crystallinity was higher for reject cellulose whiskers 
than for lignin residue whiskers. Finally, the thermal stability appeared to be slightly higher for the 
lignin residue whiskers than for the ones obtained from the reject cellulose. With this study it was 
demonstrated that reject cellulose 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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Paper C: Characterization of cellulose nanowhiskers deposited by spin coating. 

As part of the final work included in this thesis, cellulose nanowhiskers with different surface 
characteristics were obtained, using two different acid hydrolysis processes, from a cellulose 
residue. Whiskers obtained with sulfuric acid showed higher surface charge than whiskers 
extracted with hydrochloric acid. Thin spin-coated films with two different configurations were 
prepared, the first with alternate layers of poly(allylamine hydrochloride) (PAHCl) and cellulose 
nanowhiskers, and the second with  a single layer of PAHCl coated with 25 layers of whiskers. 
When the film characteristics were studied, non-uniform films were observed. In addition, the film 
roughness and surface charge of the whiskers were shown to produce an effect on the hydrophilic 
behavior, being highest for a single layer of PAHCl coated with cellulose nanowhiskers. The 

measured gas permeability coefficient was in the order H2 > He > O2 > CO2 ≈ N2. It could be 
observed that the surface charge did not impact the gas permeability of the thin films. The films 
did not display a selective gas barrier, but it is believed that with the improvement of its 
homogeneity, the minimum selectivity values can be obtained. 
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5 Conclusions 

Cellulose nanowhiskers (CNW) isolated from industrial bio-residues from ethanol and specialty 
cellulose production, demonstrated properties comparable to those of cellulose nanowhiskers 
isolated from a non-residual source such as microcrystalline cellulose (MCC). The residue-isolated 
whiskers displayed a rod-like shape with diameters of around 9 nm and lengths of around 350 nm, 
and their thermal properties appeared to be higher than the properties of CNW isolated from MCC, 
due to a lower surface charge. This lower surface charge also affected their dispersability, making 
them more agglomerated and with a lower flow birefringence than for the CNWMCC suspensions. 
Also, the comparative crystallinity displayed similar values between these three kinds of whiskers, 
demonstrating the good quality of the cellulose nanowhiskers extracted from these bio-residues. 

Whiskers isolated from reject cellulose, with sulfuric and hydrochloric acid, for the construction of 
thin films by spin coating, demonstrated different surface charges (being highest for the whiskers 
isolated with sulfuric acid). Spin-coated thin films (around 300 nm thickness for the films made 
with one layer of PAHCl and 25 layers of CNW, and around 550 nm for the films made with 25 
intercalated layers of PAHCl and CNW) were prepared using these nanowhiskers. The studied 
films were found to have non-homogeneous structure and when viewed with an optical 
microscope they also showed to have poor gas selectivity values. Nevertheless, it is believed that 
with the improvement of the processing method, homogeneous films can be prepared and the gas 
selectivity can be increased. 

Further studies on the thin films made of cellulose nanowhiskers isolated from industrial side 
stream by spin-coating technique should be conducted, but it is believed that the CNW thin films 
can add extra value when used in a lignocellulosis-based biorefinery. 

 

6 Future work 

In industry, the use of cellulose and its derivatives for the production of filters for gas and solid-
liquids separation has been well known since 1940s. But the use of cellulose nanowhiskers is a 
relatively new concept in this area. It is believed that the use of cellulose nanowhiskers for the 
production of thin films can result in membranes with high tortuosity and great thermal and 
moisture stability that could be useful in fields like gas separation and packaging. The next step of 
this study, the further optimization of the homogeneity of spin-coated thin film, is necessary in 
order to improve their gas barrier properties. When these improvements are made, a deeper study 
in the water permeability will be performed. It is also of interest to study different surface 
modifications of the cellulose nanowhiskers on the gas barrier, gas selectivity, water permeability 
and wettability properties.   
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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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Abstract 
Cellulose nanowhiskers (CNW) were extracted from a cellulose residue using two different 
acid hydrolysis processes to create whiskers with different surface characteristics. The CNW 
extracted with sulfuric acid (CNWs) showed higher surface charge (339 μmol/g) when 
compared with whiskers extracted with hydrochloric acid (CNWH). Thin spin-coated films 
with two different configurations were prepared; as the first with alternate layers of 
poly(allylamine hydrochloride) (PAHCl) and CNW, and the second with  a single layer of 
PAHCl coated with layers of CNW.  
Film characteristics such as roughness, thickness, contact angle, orientation, gas permeability 
and gas selectivity were studied. The optical microscopy study showed non-uniform films. 
The film roughness and surface charge of the whiskers was shown to produce an effect on the 
hydrophilic behavior, being highest for a single layer of PAHCl coated with CNW. 
Orientation of the whiskers was not observed in any of the microscopy studies. The gas 
permeability coefficient was in the order H2 > He > O2 > CO2 ≈ N2. The surface charge did 
not impact the gas permeability of the thin films. The films did not display selective gas 
barrier when the calculation was done, but it is believed that with the improvement of its 
homogeneity, the minimum selectivity values can be obtained. 

 
1. Introduction 

 
Polymer nanocomposites research has continued to advance since polymer 

nanocomposites were first prepared in 1990 1, due to their potential application in various 
sectors such as reinforced materials 2, 3 and gas barrier selectors 4 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 polysaccharide found in the cell wall of green plants and some 
algae.5 This polysaccharide is composed of an amorphous part and a crystalline part known 
as cellulose nanocrystals or cellulose nanowhiskers (CNW). Due to their natural abundance, 
bioinert behavior, low weight, and high strength and stiffness, these nanocrystals have 
served as an additive in the manufacture of several composites in recent years.3, 6-8 

Cellulose nanocomposite films with a high degree of crystal orientation present a great 
advantage when studying the physical properties and crystalline structure of the cellulose, 
which cannot be crystallized into macroscopic sizes.9 For a number of studies, the main 
point of interest is the interaction between the crystals on the surface of the cellulosic 
material and the environment4,9,10. For this reason, it is necessary to have a well-defined film 
with thickness in the nanometric range.  

Few studies reporting the water contact angle and gas permeability properties of 
cellulose or associated nanocomposites have been found in the open literature.2,4,10-12 
Polylactide acid (PLA) films reinforced with bentonite or microscystalline cellulose (MCC) 
have been produced by solution casting and used to compare their barrier properties.2 It was 
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found that the oxygen permeability was not improved with the addition of MCC as it was 
with the addition of the bentonite.2 This was attributed to lower dispersion of the MCC.  

In the case of pure CNW films made by solution casting, it was found that CNW films 
were more permeable to gases than films made of microfibrillated cellulose (MFC).4 This 
difference was attributed to a higher porosity in the whiskers films and different surface 
chemistry.4  

The wettability of partly, and fully, regenerated cellulose model surfaces from spin-
coated trimethylsilyl cellulose was investigated by Mohan et al.10 They reported that the 
wettability of polar and non-polar liquids increased with longer regeneration times. 
Therefore, it was assumed that volatile distillation products tend to absorb on partly 
regenerated films, which strongly influences the film’s wettability.10 

For the proper study of the whiskers and its composites surfaces, reproducible thin films 
had been prepared by spin coating. With this technique thin films are made from a solution 
by removing the solvent with high-speed spinning. 11 Different substrates in the production 
of CNW thin films have been used to investigate the effect of the substrate on the 
nanocrystal sub-monolayer.11 It has been proved that anionic CNW are absorbed on cationic 
substrates, while anionic CNW causes aggregation on anionic surfaces due to the repulsive 
forces.11 

Isotropic films made of 100% whiskers by solution casting were shown to perform well 
in blocking UV light12, which make 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 μm.12 

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 its molecular 
architecture.13 

Self-assembled multilayered film of cellulose nanowhiskers and poly(allylamine 
hydrochloride (PAHCl) have been prepared with the spin coating technique.7 Oriented 
nanocrystals and birefringence that varied with the relative location to the spin axis were 
found. With this layer by layer preparation method, smooth thin films on nanometric scale 
can be achieved.14 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 comparing two different 
configurations of spin-coated thin films prepared with CNW extracted from the same source 
but with different acid hydrolysis. The analysis of the physical properties of the films can 
give insight into the types of applications for which they are best suited. For this reason, 
CNW surface charge, film appearance, roughness, thickness, orientation, water contact 
angle, and gas permeability and selectivity will be studied. 
 

2. Experimental procedure 
 

2.1 Materials 
A residue from specialty cellulose production was supplied by Domsjö Fabrikerna AB 

(Örnsköldsvik, Sweden). The residue has high cellulose content (approx. 96%) and it was 
received as  non-dried cellulose residue, filtered and with a moisture content of 42%. The 
residue was used, as received, for extraction of cellulose nanowhiskers by acid hydrolysis. 

Commercial Poly (allylamine hydrochloride) (PAHCl) was obtained from Sigma-
Aldrich with a molecular weight of 15,000 g/mol. The PAHCl was used in the production of 
the films on the spin coater. 
 

2.2 Acid hydrolysis 
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Two colloidal suspensions of CNW were prepared with sulfuric acid (CNWS) and 
hydrochloric acid (CNWH). 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 Bodenson et al.15 The final suspension had a 
concentration of 0.2 wt% cellulose nanowhiskers.  

In hydrochloric acid (HCl) hydrolysis: 50 g of the cellulose residue was placed in a 
solution of 14.4% of HCl at 80˚C for 225 min, according to a previously reported procedure 

16. The turbid solution with concentration 0.2 wt% of cellulose nanowhiskers was kept.  
 
2.3 Conductometric titration 
This procedure, done to measure the amount of negative charge on the surfaces of the 

CNW from each type of hydrolysis, was realized following a standard, previously followed 
route17. 12 
 

2.4 Substrates 
Glass: a borosilicate cover glass of 18 x 18 mm2 and thickness #1 from VWR 

International was used. This glass was cleaned with a piranha solution (3:1 concentrated 
sulfuric acid to hydrogen peroxide) for 30 min. The glass was then rinsed with fresh 
deionized water and spin-coated directly. 

Filter paper: Whatman TM filter paper number 3 was cut into squares of 20 x 20 mm2. 
The substrates were rinsed three times with the constant addition of acetone and deionized 
water. 

 
2.5 Thin film preparation 
A Brewer Science Inc. 200X spin coater machine (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 used to determine if there were any significant differences 
between them. 

In the first configuration, 500 μL of a 0.6% 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 nanowhisker 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 of cellulose nanowhiskers. 
This procedure is the modified polyelectrolyte multilayer film construction described by 
Cranston et al. 7 and Aulin et al. 14 Multilayered alternate layered films were created with 
both kinds of cellulose nanowhiskers (CNWS and CNWH) containing 50 layers (25 layers of 
PAHCl intercalated with 25 layers of CNW). These films were named 25 CNWS and 25 
CNWH.  

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 whisker 
suspension, always under the same conditions of acceleration, maximum revolution per 
minute and time (1260 rpm/s and spun at 3000 rpm for 40 s). This step forms a single layer 
of CNW. The procedure was repeated until 24 additional layers of CNW were completed. 
These samples were named 1+25 CNWS and 1+25 CNWH. 

Four samples were made for every film configuration, for each substrate, and type of 
whiskers, obtaining a total of 32 samples (16 of each type of substrate). The samples were 
left to dry and kept under ambient conditions. 
 

2.6 Optical microscope 
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For the observation of the films through an optical microscope an inverted metallurgical 
optical microscope ECLIPSE MA200 Nikon (Tokyo, Japan) was used. The thin films, on 
the glass substrate, were analyzed on a bright field. 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 film thickness values 
were measured with the height images, and the orientation with the amplitude images. The 
roughness values reported are the average of at least 5 different measurements. The 
thicknesses of the films were obtained by digital analysis of scratch-heights in at least 4 
different places on at least 4 different images of 50 μm2. 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 4 μL  is 
placed onto the coated glass surface. The software delivered with 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 1s 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 films. A constant gas flow with a pressure of 
0.2 Bar (15 cmHg) was applied to the films prepared on the paper filter substrate. 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 αA/B

 4, 18.  
The permeability coefficient P is calculated using the variable pressure model and 

assuming that the income gas pressure p1 is significantly higher than the outcome gas 
pressure p2. 4, 19 The model describes P (cm3 standard temperature and pressure (STP) cm/ 
cm2 s cmHg) 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

 19, 20. 

                                                                   (1) 

The ideal selectivity is described as the ratio of the permeability coefficients for 2 
different gases A and B 19. So, in this way: 

                                                                    (2)   

For each film, permeation experiments were carried out four times for each gas. Three 
films from each configuration were tested. 
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3. Results and discussion 
 
3.1 Surface charge 

 
The measured surface charge of the CNWS was 339±9 µmol/g, while the surface charge 

of CNWH was too low to be measured. This behavior was expected and already reported by 
Araki, J. et al. in 1999. When they analyzed the surface charge of CNW obtained by sulfuric 
and hydrochloric acid hydrolysis, it was found that the negative surface charge of the 
crystals obtained with HCl was significantly lower than the charge of the whiskers obtained 
with H2SO4. They found that the sulfate content on the surface of the cellulose 
nanowhiskers, extracted by hydrochloric acid hydrolysis, was 2 µmol/g 16. 

The surface charge is an important property of the studied whiskers. When whiskers 
have negative surface charge, the CNW’s colloidal suspension presents a better stability than 
whiskers with no charge on the surface.3,21 Also, the surface charge is responsible for 
differences in the thermal stability. Roman, M. in 2004 and Oksman et al. in 2011 observed 
that whiskers with negative surface charge had reduced thermal stability. This is thought to 
depend on the sulfate groups on the whisker surface, which promote dehydration at high 
temperature (250°C) . 22, 23 

The surface charge of the whiskers also provides important information about the 
surface characteristics of the thin films from which they are made. Negative and positive 
surfaces are more hydrophilic than neutral surfaces.  

 
3.2 Thin film characteristics 
Optical microscope images of 25 CNWs, 25 CNWH, 1+25 CNWs, and 1+25 CNWH 

films were acquired and are summarized in Figure 1 and Figure 2. 
From the images in Figure 1 it can be seen that the films were not perfectly 

homogeneous over the glass surface. However, it is believed that the coverage of the films 
on the substrates was complete, and the differences between the brightest and darkest phases 
represent height differences (agglomeration of CNW) in different places on the films.     

Figure 1A shows the 25 CNWs film. This film showed little incidence of less-covered 
surfaces (brightest areas), when compared with Figure 1C (1+25 CNWs), where the film 
seems to be more inhomogeneous. It can be observed that the films made with hydrochloric 
CNWH (Figure 1B and Figure 1D) displayed similar homogeneity and higher contrast of 
image, indicating more agglomeration of particles than for the films made with sulfuric 
CNWs. 

The use of a diluted solution of CNW (0.2 wt%) was to ensure the production of thin 
films, but this could have affected the homogeneity of the films 24. In 2005, Lefebvre et al. 24 
prepared monolayer films of cellulose nanowhiskers by spin-coating using silicon wafers as 
substrates. They found that when a CNW solution of 1.7 wt% concentration was used, the 
films obtained were very thin and non-uniform when compared with films prepared with a 
CNW solution of 7.3 wt% concentration 24. However, 25 layer-by-layer CNW films have 
already been prepared in a similar way before with CNW solutions of 1 wt%, obtaining very 
homogeneous films 7. 
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Figure 1: Optical microscope images at 20X of (A) 25 CNWs, (B) 25 CNWH, (C) 1+25 CNWs, and (D) 

1+25 CNWH. 
 

3.3 Roughness 
The mean values of the roughness (Rq) for each type of film configuration and cellulose 

nanowhisker were obtained with the digital analysis of the topography images obtained in 
the AFM. The values obtained are presented in Table 1  

It is evident that the roughness values were very similar, regardless of film configuration 
and type of CNW, except for 1+25 CNWS, which presented less than half the roughness 
values reported for the other films. It is worth noting that the standard deviation for the 25 
CNWH sample represented more than 2/3 of its roughness value; this could indicate that the 
process is not completely reproducible for this film configuration. 

Roughness values for spin-coated thin CNW films reported earlier by Cranston et al. and 
Aulin et al. were lower (4 7 and 5 nm 14) than the results obtained in this study. This higher 
roughness might depend on the non-homogeneity of the films, as seen in the optical 
microscopy images in Fig 1. 

 
Table 1: Roughness, contact angle, and thickness of the spin coated thin films 

  Glass 25 CNWS 25 CNWH 
1+25 

CNWS 
1+25 

CNWH 
Roughness (nm) 5  37±7 34±23 15±3 33±3 
Contact angle (°) 57.8±2.7  54.5±3.1 54.7±4.3 38.4±5.6 51.3±2.9 

Film thickness (nm)  556±62 557±176 281±76 324±160 
 
 

3.4 Contact angle 
Table 1 shows the contact angles obtained for the different thin films produced on the 

glass substrate. In Figure 2 the images for the water contact angle on the film surface can be 
seen. It was observed that all the values (except 1+25 CNWs) presented the same contact 
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angle as for the clean substrate. This result can be due to the low surface charge of the 
whiskers in the case of the hydrochloric CNWH and to a neutralization of the film’s surface 
charge because of the bilayer configuration. The PAHCl has a positive charge and the 
sulfuric CNWs a negative one, as was reported in section 3.1. When these two materials are 
put together in an alternated layer configuration, it is believed that the respective, and 
opposite, charges are cancelled, leaving a semi-neutral surface that behaves similar to the 
naked substrate, as could be seen with the obtained results. 

 

It is known that the cellulose nanowhiskers obtained by sulfuric acid hydrolysis are 
weakly anionic in aqueous solution, as explained in section 3.1. This occurs due to the 
adsorption of organic sulfate groups on the surface of the CNW during the acid hydrolysis 11. 
These charged groups in the surface of the 1+25 CNWS films interact with the water 
molecule leading to hydrogen bonds that amplify the cohesion between the water and the 
film surface 4. This amplified cohesion makes the water more willing to wet more surface 
area, which reduces the contact angle between the water drop and the film surface. A 
schematic representation of this effect can be seen in Figure 3.  

It is believed that in the 1+25 CNWS films, the single layer of PAHCl was not enough 
to neutralize the surface charge effect, as happened with the 25 CNWS. This left a negatively 
charged surface, more attractive to the bipolar water molecule (hydrophilic surface). 

It has long been known that the contact angle is intensely affected by the chemical 
composition and topographical appearance 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.25, 26 

Roughness is an important surface parameter because, along with the surface charge, it 
affects the hydrophobicity of the films. In 2007, Phani et al. prepared thin films of carbon 
nanotubes and were able to increase their roughness from 8±1 nm to 32±1 nm by annealing. 
With this increase in roughness, the researchers changed the hydrophobic film surface 
(contact angles higher than 90°), to a super hydrophobic film surface (contact angles higher 
than 150°. 25, 26 

 

Figure 2: Contact angle images from: (A) clean uncoated glass, (B) 25 CNWs, (C) 25 CNWH, (D) 1+25 
CNWs, and (E) 1+25 CNWH. 
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According to the roughness data reported in Table 1, the films with similar roughness 
also had a similar contact angle. Moreover, the roughness was only different in the sample 
that showed the lowest contact angle. These results confirm the fact that roughness, surface 
charge and contact angle are dependent factors. 

In a previous contact angle analysis study done over a thin film of CNW, a roughness 
value of 4 nm and water contact angle of 23.7° was obtained 14. When comparing these 
values with those obtained in the present study, it can be seen that an increase in the film’s 
roughness can lead to an increase in the contact angle, improving the hydrophobicity of the 
films made. 

3.5 Thickness 
The values ranged from 557 nm for 25 CNWH to 281 nm to 1+25 CNWS, as can be 

observed in Table 1. The values obtained for the 25 CNWH and 25 CNWS films are similar 
to values obtained before for analogous films made in a similar way 7. As expected, the 
samples with only one bilayer (1+25 CNWS, and 1+25 CNWH) were the thinner ones.  

When the scratch-height analysis by AFM was compared with other film thickness 
analysis methods like ellipsometry, wavelength-dependent and angle-dependent optical 
reflectometry, this technique proved to be a reliable method for measuring the thickness of 
thin films 7.  

3.6 Orientation 
Amplitude images from the thin films were obtained with the AFM and are display in 

Figure 4.  
Contrary to what was expected and already observed in similarly produced films7, a 

clear type of induced orientation could not be found. The lack of orientation in the prepared 
films may be due to the differences in the production processes (spinning speed, spinning 
time, CNW concentration, amount of layers, etc.). 

Figure 3: Schematic representation of the contact angle in the 1+25 CNWs films. 
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3.7 Gas permeability 
The hydrogen, nitrogen, helium, carbon dioxide and oxygen permeations were calculated 

with equation 1 and the results are presented in Table 2. The experiments were performed at 
room temperature (25°C) and under 0.2 bar (15 cmHg) of constant input gas pressure. A low 
gas pressure was chosen to assure the integrity of the thin film on the substrate.  

Typical results show that the permeability coefficient (P) in a polymer film decreases 
with the increase of the kinetic molecular diameter of the gas molecule used8,16 (kinetic 
molecule diameter of: N2 = 0.364 nm, O2 = 0.346 nm, CO2 = 0.33 nm, H2 = 0.289 nm, and 
He = 0.26 nm) 4, 18, 27. According to this theory, the permeability values should follow this 
order: PN2< PO2 ≈ PCO2 < PH2 < PHe

 18, 27. However, as can be seen in Table 2, the general 
order follows the next pattern: PN2 < PCO2 ≈ PO2 < PHe < PH2. According to the gas kinetic 
molecule diameter theory, the PHe was supposed to report the highest permeability values. In 
this specific case, it is believed that the inert nature of the helium played an important role. It 
has long been known that gas transference in porous films can occur by five idealized 
mechanisms: molecular sieving (the gases are separated by their sizes), surface diffusion 
(gas molecules with higher polarity are selectively adsorbed and diffused through the film), 
capillary condensation (the gas condenses in the porous of the film, diffuse as a liquid 
through the material and goes out as a gas again), Knudsen diffusion (the gases are separated 
based on the difference in the mean path of the gas molecule through the film) and, finally, 
selective adsorption diffusion (the gases are separated by their solubility within the film and 
their diffusion through it) 27. It is believed that the lack of interaction between the inert gas 
(He) and the film leads to a lower solubility of the helium in the films, leading to a lower 
adsorption diffusion of the gas through the material. This promotes a lower P value, when 
compared with a non-inert gas of lower kinetic diameter (H2). 

Figure 4: 5 x 5 μm2 amplitude images obtained from the AFM analysis of the thin films. (A) 25 CNWs, 
(B) 25 CNWH, (C) 1+25 CNWs, and (D) 1+25 CNWH. 
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It is of little importance that the gas diffusion occurs mainly through the non-crystalline 
part of the films. Subsequently, the more crystalline a film is, the lower the gas permeability 
coefficient. This phenomenon occurs because the crystalline regions tend to obstruct the 
movement of the gas molecule, increasing the average length of the path they have to travel 
through the film 18. This phenomenon is known as tortuosity. Films with 25 layers of PAHCl 
and 25 layers of CNW showed a higher P when compared with the films with only one layer 
of the polymer and 25 of the crystals. This suggests that gas molecules found a higher 
tortuosity in the films with less polymer (amorphous part), making the penetration of the gas 
through them slower. A schematic representation of this behavior can be seen in Figure 5. 

Table 2: Permeability coefficient P of H2, N2, He, CO2 and O2 for the films measured at standard 
temperature and pressure. 

   25 CNWs 25 CNWH 1+25 CNWs 1+25 CNWH 

P (103 bara) 

H2 126.5±4.0 124.4±5.2 77.0±1.5 70.8±0.9 
N2 51.0±1.0 48.7±0.2 28.6±0.4 26.5±1.0 
He 75.2±1.0 74.2±1.1 43.8±0.4 42.6±0.1 

CO2 51.0±0.4 49.9±0.2 30.0±0.3 28.0±0.2 
O2 57.8±0.3 61.8±0.9 34.6±0.7 35.3±0.6 

a 1 bar= 10-10 cm3(STP)*cm/(cm2*s*cmHg). STP= the standard temperature and pressure (273 K, 1 bar). 

To the best of the authors’ knowledge, a study on how the surface charge of CNW 
affects the gas permeability on spin-coated thin films has not been previously reported. 
Moreover, the surface charge of the whiskers seems to affect the gas permeability 
coefficient of the films, as can be seen in Table 2. When the same film configuration made 
with different surface charged CNW is compared, it can be seen that, for almost all the gases 
used, the P was higher for the films made with the sulfuric acid CNWs (which had a higher 
surface charge). This result indicates that the electrical nature of the film’s surface has an 
effect in the interaction with the gases passing through them. Oxygen was the only gas for 
which this behavior changed. For oxygen, it was found that the higher P was obtained in the 
films made with the lower surface charge CNW (CNWH).  

Figure 5: Representation of the gas molecule diffusion in the film configuration used. 

The selectivity value (αA/B) for two different gases, A and B, is the ratio of the 
permeability coefficient and is affected by the differences in the solubility and/or diffusivity 
of the gases inside the films 27. The values obtained for the samples tested were calculated 
using equation 2 and are shown in Table 3. 

The selectivity value indicates the gas selectivity capacity of a film. When this value is 
higher than 10, it can be said that the film presents a gas selectivity behavior 4. In the case of 
the films and gases studied, the higher selectivity values reported were for the combination 

 

25 CNW 

1 PAHCl 

 

 
25 
CNW/PAHCl 

Gas molecule 
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H2/N2 and H2/O2, but in any of these cases the α was higher than 2.7. Therefore, the films 
presented a low selectivity. This result should be analyzed carefully because of the non-
uniform nature of the films; it is believed that improving the uniformity of the films will also 
improve the gas selectivity due to a higher surface coverage. 
 

Table 3: Selectivity values (α) for the different films and gases tested 
αA/B 25 CNWS 25 CNWH 1+25 CNWs 1+25 CNWH 

H2/N2 2.48 2.56 2.70 2.66 
H2/He 1.68 1.68 1.76 1.66 

H2/CO2 2.48 2.50 2.57 2.53 
H2/O2 2.18 2.01 2.23 2.01 
N2/He 0.68 0.66 0.65 0.62 

N2/CO2 1.00 0.98 0.95 0.95 
N2/O2 0.88 0.79 0.82 0.75 

He/CO2 1.47 1.49 1.46 1.52 
He/O2 1.30 1.20 1.26 1.21 

CO2/O2 0.88 0.81 0.86 0.79 
 

4. Conclusions 
 

Cellulose nanowhiskers were extracted, from an industrial residue from specialty 
cellulose production, by acid hydrolysis with either sulfuric or hydrochloric acid. The 
difference in the acid hydrolyses resulted in a difference in the surface charge of the 
whiskers. Sulfuric acid whiskers had a surface charge of 339 µmol/g and whiskers prepared 
with hydrochloric acid had a charge that was so low that it could not be measured. 

Two different thin film configurations were prepared by spin coating. An alternate 
layered configuration was applied with the prepared whiskers and poly(allylamine 
hydrochloride) (PAHCl). The films obtained were not completely homogeneous when 
viewed through the optical microscope and they displayed high roughness values (when 
compared with the naked substrate). The contact angle values observed were found to be 
high compared with previous studies. It is believed that the roughness of the films and the 
surface charge of the whiskers resulted in this high contact angle. 

 The film thickness varied from 557 nm for the 25 alternate layered films to approx. 300 
nm for the 1+25 films. No specific orientation of the whiskers could be seen in optical 
microscopy images.  

The gas permeability of the films was affected by their configuration, the 25 alternate 
layered films being more permeable than the 1+25 layered film. 

It could also be seen that the surface characteristics of the used nanowhisker did not 
significantly affect the gas permeability 

The permeability coefficient was highest for H2 followed by He and O2, whereas CO2 
and N2 showed very similar behavior in all studied films. 

Furthermore, the gas selectivity was low for all films. 
Further studies on the thin films made of whiskers from industrial sidestream by spin-

coating technique should be conducted, but it is believed that the CNW thin films can add 
value to the specialty cellulose industry. 
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