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Cellulose nanocrystals (CNCs), which are strong, rod-like constituents of plant cellulose, are 

promising materials for green packaging applications as the material is capable of forming 

tortuous network structures with efficient barrier against outside gasses. Here, a two -step 

procedure based on periodate oxidation followed by reductive amination was used as a 

pretreatment to modify bleached birch chemical wood pulp. Individualized CNCs were 

obtained from three different butylamino-functionalized pulps by mechanical homogenization. 

The fabricated CNCs were utilized to form transparent barrier films with a vacuum filtration 

method. All the butylamino-functionalized CNC films showed capability to resist oxygen 

permeability even at high relative humidity (RH 80%), and values low as 5.9 ± 0.2 

cc•µm/(m2•d•kPa) were recorded for pure cellulose based film using tert-butylamino-

functionalized CNCs. In addition barrier against water vapor permeation and dynamic vapor 

sorption was determined up to relative humidity of 80 and 90 %, respectively. For surface 

characterization of the films time-dependent contact angles and surface roughness were 

measured. The films had good mechanical characteristics with tensile strength of 105.7 ± 9.7 

MPa, strain-to-failure of 6.4 ± 0.6 % and a Young’s modulus of 5.8 ± 0.8 GPa.

Introduction  

Fabrication of nanofibrillated cellulose (NFC) has been 

demonstrated in several studies where divergent chemical 1, 

mechanical 2, or enzymatic pretreatments 3 or combinations 4 of 

the preceding have been used to individualize nanofibrils with 

diameter of 3-4 nm and length of several micrometers. In 

addition, production of stiff and strong cellulose nanocrystals 

(CNCs) via acid hydrolysis 5,6 or lately by advanced chemical 

pretreatments 7,8 has been substantiated. Both NFC and CNCs 

have many superior properties compared to corresponding 

macro scale materials: high specific surface area, lightweight, 

transparency and strength of individual nanocellulosic 

particulates make them an attractive choice for use in various 

reinforcing or protecting layer structures.  

 

Prospective use of these nano-scale celluloses in promising 

future bioproducts has been the endeavor of many scientists to 

introduce competitive renewable materials that can replace the 

current petrochemical based products. The growing amount of 

plastic packaging waste being produced worldwide could 

ideally be replaced with biodegradable alternatives such as 

cellulose. The use of cellulose in barrier layer structures has 

been studied for this purpose, as the high level of crystallinity 9 

and the dense network structure formed by the nano-sized 

cellulose particulates could help protect the material against 

gasses and vapor 10. Native cellulose has a hydroxyl group-rich 

surface, making it hydrophilic: thus, it is difficult for it to create 

a sufficient barrier against moist conditions. This issue has been 

addressed with different post-surface modifications 11, cross-

linkers 12, covalent coupling 13, or coatings 14 to create efficient 

moisture resistance. 

 

The use of pure CNCs or NFCs as well as their hybrids with 

nano-sized mineral particles has resulted in advanced film 

materials with favorable properties such as fire retardancy 15,16, 

high strength 4,17, lightweight, flexibility 18,19, and controlled 

porosity 20. Resistance against, grease 21, gas 17,22 and water 

vapor 23 have also been attained. Specifically, the combination 

of NFC with mineral particles has been shown to result in 

excellent barrier properties. Nacre-like layered structure 24 

creates a tortuous path inside the NFC network where gasses 

can hardly pass, as the minerals act as impermeable void-

sealing constituents. Barrier properties are especially desired in 

food packaging applications, as strict regulations call for the 

use of materials, that can dispense sufficient protection against 

outside gasses, light, and other impurities 25. Simultaneously, 

rising petroleum cost and increasing consumer demands for 

naturally occurring recyclable raw materials for packaging has 
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increased the pressure to find new cost-effective materials 26. In 

addition to sufficient barrier properties, high strength and 

flexibility are also expected in electronic devices such as 

organic solar cells 27 and organic light emitting diodes (OLED) 
28. 

 

So far, research efforts on nanocellulosic films have focused on 

NFC-based materials 29, whereas the properties of CNC based 

films 30 have been far less addressed. Here, our aim was for the 

first time demonstrate fabrication of self-standing barrier films 

from amphiphilic butylamino-functionalized CNCs and to 

address their barrier performance. The major fraction of the 

film consisted of individualized CNCs, which were produced 

through acid free treatment 31. Their suitability to perform as an 

effective barrier layer against oxygen and water vapor 

permeability in elevated humidity levels was examined. 

Dynamic vapor sorption (DVS), mechanical strength, surface 

roughness, and time-dependent contact angles were also 

measured.  

Experimental 

Materials 

Bleached birch (Betula pendula) chemical wood pulp was used 

as a cellulosic raw material to fabricate CNCs using consequent 

periodate oxidation and reductive amination. NaIO4 (India, 

purity ≥ 99.0%) and LiCl (Germany, ≥ 98.0%) for fabrication 

of dialdehyde cellulose (DAC) were obtained from Sigma-

Aldrich. For the reductive amination of dialdehyde cellulose, 2-

picoline borane (Sigma-Aldrich, USA (95%)) and three 

butylamine isomers, isobutylamine hydrochloride (Tokyo 

Chemical Industry, Belgium >99%), n-butylamine 

hydrochloride (Tokyo Chemical Industry, Belgium >98%), and 

tert-butylamine hydrochloride (Sigma-Aldrich, Switzerland ≥ 

98.0%), were purchased. These chemicals were used as 

received without any further purification. Ethanol (96%) to 

wash butylamino-modified pulp was bought from VWR 

(Finland).  

 

Fabrication of butylamino-functionalized CNC films 

Acid-free pretreatment of cellulose fibers was used for 

fabrication of butylamino-functionalized CNCs for film 

structures using previously reported two-step procedure based 

on periodate oxidation followed by reductive amination 31. In 

brief, the cellulose pulp was first converted to DAC with 

lithium chloride (LiCl) assisted sodium metaperiodate (NaIO4) 

oxidation as previously reported 32. Oxidation was conducted at 

75 °C for 3 h to attain DAC with 3.79 mmol g-1 of aldehydes. 

Three separate CNC grades were fabricated via reductive 

amination of DAC with butylamine isomers. A 10-fold excess 

of iso-, n-, or tert-butylamine hydrochloride in relation to the 

aldehyde groups of DAC was mixed with deionized water (900 

ml), and the pH of the solution was set to 4.5 with a dilute HCl. 

DAC fibers (9 g) and a 2-fold excess of 2-picoline borane, 

based on the assessed amount of the aldehyde groups, were 

added to the suspension, and the reaction was continued for 72 

h under magnetic stirring in a closed container at room 

temperature. The reaction was stopped by removing the 

residual chemicals by filtration and the pulp was washed with 

ethanol and water. The chemically pretreated pulp was 

mechanically individualized to CNCs with a homogenizer 

(APV- 200, Denmark) with three bypasses (220, 480, 600 bar). 

The substituent content of CNCs after reductive amination 

based on elemental analysis was 0.567, 0.562 and 0.072 for iso-

, n- and tert-butylamino, respectively. The lower reactivity with 

tert-butylamine was suspected to result from steric effects, as 

iso- and n-butylamine were sterically less demanding.  

 

Self-standing films were manufactured from the butylamino-

functionalized CNCs using a vacuum filtration method. First, 

200 mg abs. from each butylamino suspension was diluted to 

0.25% concentration by mixing with deionized water using the 

UltraTurrax mixer (IKA T25, Germany) at 10,000 rpm for 3 

min. The mixed sample was degassed under pressurized 

vacuum suction in combination with gentle magnet stirring. 

Finally, the degassed suspension was carefully poured into a 

glass filter funnel (7.2 cm in diameter) covered in a 

polyvinylidene fluoride (PVDF) membrane (pore size 0.65 

µm). In the beginning of filtration, a low pressure (5-10 kPa) 

was used to constitute an effective CNC network before 

increasing the pressure gradually up to 80 kPa. The purpose for 

the low vacuum pressure was to retain the CNCs without 

passing straight through the pores of the PVDF membrane. 

After filtration, a wet gel-like film was formed and was left to 

dry in a desiccator overnight. Prior to further analysis, the 

CNC-film was carefully peeled off from the PVDF membrane.  

 

Optical transmittance of the self-standing films 

Transmittance from the self-standing butylamino-functionalized 

films was measured with an UV-Vis-NIR spectrophotometer 

(Carry 500 Scan, Varian Inc., USA) near the visible light 

wavelength from 350 to 800 nm with a step size of 1 nm. In 

addition, the visual appearance of the butylamino-

functionalized films was portrayed against a background image.  

 

Surface roughness  

The roughness measurements were performed using an optical 

profilometer (Bruker ContourGT, USA). A vertical scanning 

interferometry method, with a broadband (normally white) light 

source, was applied during measurements. The size of the 

inspected area was 0.3 mm2 (0.634 x 0.475 mm) and was 

determined by optics used in the measurement setup. 

Morphological images were taken in three different locations 

for each sample, and average (Ra) and root square (Rq) 

roughnesses were extracted. Consequently, obtained values of 

each sample were averaged and standard deviations calculated.  
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Oxygen permeability 

The oxygen transmission rate (OTR) of the films was measured 

using an oxygen permeability (OP) analyser with a coulometric 

sensor (M8001; Systech Illinois, Oxfordshire, UK). The film 

was exposed to 100% oxygen on one side and to oxygen-free 

nitrogen on the other side. The OP was calculated by 

multiplying the OTR by the thickness of the film and dividing it 

by the oxygen gas partial pressure difference between the two 

sides of the film. The measurements were carried out at 23°C, 

normal atmospheric pressure, and relative humidities (RHs) of 

50% and 80%. After measuring the performance in RH 50% the 

RH was raised to 80% and the measurement was continued for 

the same sample until equilibrium of the OTR was reached. The 

specimen area was 5 cm2 and the thickness of the film was 

measured before analysis at four points with a micrometer at 1 

µm precision. All the films were preconditioned in the same 

environment for at least one day prior to measurement (OTR, 

WVTR, tensile testing). The OP was determined in duplicate. 

Water vapor permeability 

The water vapor permeability (WVP) was determined, using an 

RH gradient of 0/52%. Films were sealed on aluminium cups 

containing 43 g CaCl2 as a desiccant. There was an air gap of 6 

mm between the salt and the underside of the film. The cups 

were placed in a desiccator cabinet equipped with a fan to 

circulate the air above the samples at a speed of 0.15 m/s. The 

cabinet was kept at 22°C and its RH was maintained at 52% 

using a saturated Mg(NO3)2 solution.  

 

The cups were weighed five times over the course of five days. 

The temperature and RH of the cabinet were measured using a 

Rotronic RH meter (Bassersdorf, Switzerland) prior to each 

weighing. The water vapor transmission rate (WVTR) was 

calculated from the linear regression of the slope of weight gain 

vs. time by dividing the slope by the film area. The water vapor 

partial pressure at the underside of the film was calculated 

using the correction method 33. The water vapor permeability 

(WVP) was obtained by multiplying the WVTR by the 

thickness of the film and dividing it by the water vapor partial 

pressure difference between the two sides of the film. 

Duplicates of each film type were tested and their thicknesses 

were measured prior to testing at 4 points at 1 µm precision. 

Dynamic vapor sorption 

A DVS Intrinsic sorption microbalance (Surface Measurement 

Systems, Alperton, Middlesex, UK) was used to collect water 

sorption isotherms of the films. The experiments were carried 

out in duplicate at 25 °C and RH values from 0 to 90%. The 

sample was hydrated stepwise in 10% RH steps by 

equilibrating the sample weight at each step. The moisture 

uptake was calculated according to Equation (1): 

 

𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑢𝑝𝑡𝑎𝑘𝑒 = 100 ∗
𝑊𝑚𝑜𝑖𝑠𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
, (1) 

 

where Wmoist is the sample weight equilibrated at the chosen RH 

and Wdry is the weight of the dry sample. 

 

Contact angle measurement 

Time-dependent contact angles were measured from the 

fabricated films by applying a static sessile-drop contact-angle 

measurement. The measurements were carried out with a Krüss 

DSA100 (Germany) system. The instrument was equipped with 

a high-speed camera (360 fps) and analysis software. The 

contact angle was determined immediately after the drop (< 

2µl) formed on the film surface and the time-dependent contact 

angles were determined every 60 seconds for a time-period of 

ten minutes. Contact angles were extracted with the height-

width method, in which a rectangle enclosed by a contour line 

was regarded as the segment of a circle. As a result, contact 

angles were calculated from the height-width relationship of the 

enclosing rectangle. For each sample, three droplets in different 

locations were studied, the results were averaged, and the 

standard deviations were calculated.  

Mechanical properties 

The tensile tests were performed with a universal material 

testing machine (Instron 5544, USA) equipped with a 100 N 

load cell. The butylamino-functionalized films were cut into 

thin strips with a specimen width of 5 mm and a thickness of ~ 

34 µm. For the tensile testing a 40 mm gauge length was set 

under a strain rate of 4 mm/min where six specimens were 

measured in total. The thickness of each specimen was 

measured with a Lorentzen & Wettre micrometer at 1µm 

precision (Sweden) from three different locations in between 

the gauge length and the results were averaged. The tests were 

conducted in relative humidity of 50% at a temperature of 23 

˚C and under a prestrain of 0.05–0.1 N. The Young’s modulus 

was calculated from the initial linear part of the stress-strain 

curve, and the ultimate tensile strength was defined as the stress 

at specimen breakage. Bulk density for the films was 

determined by oven drying a 30 x 30 mm square piece from 

each specimen at 105 °C. The dried films were weight and 

average dimension were measured to calculate the densities.  

Results and discussion 

Physical properties of the butylamino-functionalized CNCs 

The pretreatment of cellulose fibers with periodate oxidation 

followed by reductive amination and homogenization resulted 

in homogenous nanocrystal suspensions. The advantage of 

using the current pretreatment eases the preparation of CNCs as 

the washing of the reactive chemicals is straightforward, and 

complicated separation processes such as dialysis against 

distilled water or centrifugation are not required. Also the 

targeted surface functionalities can be introduced before the 

crystallinities are liberated and no additional post-treatments 

are required. In depth characterization of the CNCs has been 
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reported previously 31. In summary, the morphology of the 

butylamino-functionalized CNCs after mechanical 

homogenization was similar with each specimen with a typical 

width of 3-4 nm and length of 150-200 nm based on the 

transmission electron microscope image analysis (Fig. 1). All 

the CNCs occurred individually without aggregation. The 

crystallinity of the CNCs was ~55% according to wide-angle x-

ray diffraction measurements and no change to other crystalline 

form from cellulose I was observed. Based on the similar 

morphology and x-ray diffraction patterns the results indicated 

the physical properties of the CNCs did not dependent on the 

used butylamine isomer used. However, the fabrication of 

CNCs without the reductive amination reaction step was shown 

not to be possible. Consequently, we were not able to fabricate 

reference material without the butylamine functionalization. 

 

Fig. 1 TEM-image of individually occurring CNCs from isobutylamino-

functionalized suspension. 

Optical and surface properties of the fabricated films  

Optically transparent self-standing films were obtained from all 

the butylamino-functionalized CNCs after drying and removal 

of the PVDF membrane (Fig. 2). Majority of the CNCs 

remained on top of the PVDF membrane without passing 

through as the yield was approximately 85-90% after vacuum 

filtration. When the films were placed against a background 

image, the printed text was seen sharply although the 

transmittance of the films was below 30%. The films had lower 

transmittances than previously reported for NFC based films 22. 

However, both the film thickness and chosen fabrication 

method influence the optical properties of CNC films.  

 

 

 

 

 

 

 

 

Fig.2 Appearance of self-standing films from butylamino-functionalized CNCs and 

optical transmittance in the visual light wavelengths.  

All the films exhibited rather smooth surfaces as illustrated in 

Figure 3. Of the samples, the film from tert-butylamino had the 

most uneven surface structure; this could be attributed to 

remaining larger particles such as microfibril bundles, which is 

also suggested by our previous results 31. Here we did not use a 

fractionation method to separate larger particles from the CNC 

suspensions. These larger particles can probably be separated 

from individual CNCs using centrifugation as previously shown 
34. However, the fabrication method based on vacuum filtration 

on top of a microporous PVDF membrane partly affects the 

formation of an uneven surface. The pressure from the vacuum 

creates a fingerprint mark from both the glass filter funnel and 

the PVDF membrane to the surface of CNC film. Thin films 

from pure CNCs have been reported to have a surface 

roughness (Rq) of 2.3 nm based on atomic force microscopy 

(AFM) measurements 35,36 when spin coating or casting on a 

smooth glass were applied. Thus an alternative fabrication 

method would undoubtedly reduce the surface roughness and 

improve the transmittance of the films.  

 

 
Fig. 3 Surface roughness of the top layer for films fabricated from butylamino-

functionalized CNCs. Error bars represent standard deviation of three 

measurements.  
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The surface characteristics of self-standing butylamino-

functionalized CNC films were studied by measuring time-

dependent water contact angles under the constant presence of a  

water droplet. As the films were not fully impermeable, the 

droplet started to infiltrate and spread on the films’ surfaces, 

which can be seen in descending contact angles against time 

(Fig. 4). Isobutylamino-functionalized CNC film showed 

highest hydrophobicity due to higher substituent content as 

stated earlier 8. The small increase in contact angle during the 

first minute with n- and tert-butylamino-functionalized films 

was caused by initial swelling of the film surface, after which 

the values started to decline. This behaviour was not observed 

with isobutylamino-functionalized CNC film. The descending 

rate during the measured time period was slowest for tert-

butylamino-functionalized film. Crystalline cellulose should not 

swell in water, but according to the results water is absorbed 

inside the butylamino-functionalized CNC films. Absorption of 

water has also been reported previously with other CNC films 9. 

Sorption of water and film swelling was assumed to occur in 

small pore cavities, which are located between the crystals 37.  

 

 
Fig. 4 Time-dependent water contact angles for butylamino-functionalized CNC 

films. Error bars represent standard deviations of three measurements.  

Barrier against oxygen  

At a high RH of 80%, the OTR of tert-butylamino-

functionalized CNC film remained at a relatively low level 

(Table 1). Previously OTR, has been reported to increase 

exponentially at high RHs with both pure NFC and hybrid films 
22,38. At an RH of 80%, iso- and n-butylamino-functionalized 

CNC films had twice as high of an OTR compared to that of 

tert-butylamino-functionalized CNC film. This effect is likely 

related to structural differences between the films, which might 

be linked to the degree of hydrogen bonding within the film 

network. Previously, reduced hydrogen bonding caused by 

cellulose hydrophobization has been shown to impair the 

barrier properties of NFC films 39. Here, the reactivity and the 

amount of substitution with tert-butylamine were much lower 

than with iso- or n-butylamine 31. Therefore, it is likely that the 

level of hydrogen bonding with the film of tert-butylamino-

functionalized CNCs was higher, as there were fewer alkyl 

groups attached to the cellulose backbone. The higher level of 

hydrogen bonding reduced the occurrence of nano-sized 

cavities in the film and thus resulted in a more compact 

structure that presented more resistance to gas molecules. 

Moreover, the conformational differences between butylamino-

functionalized CNCs may have affected the packing of CNCs 

and permeability of films 

 

All the films possessed low OP, values indicating their good 

barrier potential toward oxygen (Table 1). Especially, OP at 

elevated RHs was very low for tert-butylamino-functionalized 

film. At RH 50% the values for tert-butylamino-functionalized 

films were similar than reported earlier for periodate oxidation-

based α-hydroxy sulfonic acid cellulose nanofibrils (0.2 

cc•µm/(m2•d•kPa) 40, TEMPO oxidized cellulose nanofibrils 

(TOCNs) (0.2 cc•µm/(m2•d•kPa) 17, mechanically fabricated 

MFC (0.2 cc•µm/(m2•d•kPa) 41, enzymatically modified NFC 

(0.26 cc•µm/(m2•d•kPa) 42 and lower than films manufactured 

from carboxymethylated NFC (0.85, 0.52 cc•µm/(m2•d•kPa) 
22,43. In our previous study, values twice as low in the same 

environment were reported when dicarboxylic acid cellulose 

(DCC) nanofibrils were utilized for film formation 40. The 

oxygen permeability of nanocellulosic films is typically 

significantly increased at elevated RH 22,39,42, but for the tert-

butylamino-functionalized CNC film, low oxygen permeability 

was maintained even at an RH of 80%. Recently, films 

fabricated from cellulose nanofibrils that were partly converted 

to dialcohol cellulose attained similar values (5.5 ± 0.8 

cc•µm/(m2•d•kPa) 19. However, these films were mechanically 

pressed during drying, which aids the formation of denser 

structure and thus reduces the OP.  

Barrier against water vapor and DVS 

The WVP according to the measurements of the butylamino-

functionalized films was similar with each other and no 

significant differences in the results were noted (Table 2). 

According to the DVS measurement, all the films steadily 

adsorbed water up to 60% RH (Fig. 5), after which the 

adsorption increased more rapidly as a function of RH. 

Compared to iso- and n-butylamino-functionalized CNC films, 

the tert-butylamino-functionalized film had a slightly lower 

tendency for moisture adsorption at the higher RH.  

 

 
Fig. 5 Dynamic vapor sorption for butylamino-functionalized CNC films in RH 0-

90%.  

Mechanical strength of the films 

Tensile testing of the butylamino-functionalized CNC films 

revealed how the films’ mechanical properties (Table 3) were 

affected by the hydrophobic modification. Presumably, the 

attachment of alkyl groups to the CNCs’ surfaces reduces the  
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Table 1. Oxygen transmission rate (OTR) and oxygen permeability (OP) of films (mean ± standard deviations from duplicate measurements). 

Sample: OTR ± sd [cc/(m2·d)] OP ± sd [cc·µm/(m2·d·kPa)] 

(RH 50%) (RH 80%) (RH 50%) (RH 80%) 

isobutylamino 2.3 ± 0.2 39 ± 5 0.78 ± 0.02 13 ± 0.8 

n-butylamino 2.4 ± 0.02 41 ± 3 0.79 ± 0.01 14 ± 0.6 

tert-butylamino 0.76 ± 0.2 18 ± 1 0.25 ± 0.07 5.9 ± 0.2 

Table 2. Water vapor transmission rate (WVTR) and water vapor permeability (WVP) of films (mean ± standard deviations from duplicate measurements). 

Sample: WVTR ± sd 
[g/(m2·d)] (RH 0/52%) 

WVP ± sd 
[g·mm/(m2·d·kPa)] (RH 0/52%) 

isobutylamino 103 ± 2 2.8 ± 0.1 

n-butylamino 123 ± 0.9 3.3 ± 0.1 

tert-butylamino 136 ± 35 3.3 ± 0.9 

Table 3. Mechanical properties (RH 50%) and density of the butylamino-functionalized CNC films, where standard deviation is based on six 

measurements. 

Sample: Tensile strength 

[MPa] 

Young’s modulus 

[GPa] 

Strain at break [%] Bulk density 

[kg/m3] 

Iso 96.0 ± 8.0 5.7 ± 0.3 5.6 ± 0.4 1420 

n 105.7 ± 9.7 5.8 ± 0.8 6.4 ± 0.6 1410 

tert 113.7 ± 4.9 6.3 ± 0.6 3.4 ± 0.2 1400 

hydrogen bonding between CNCs and thus results in higher 

strain at break for iso- and n-butylamine. Fewer hydrogen 

bonds between CNCs allow greater slippage within the network 

and thus increase the strain before film breakage. The lower 

strain at break, the slightly higher tensile strength, and Young’s 

modulus with tert-butylamino-functionalized film with minor 

alkyl group content support these findings. Overall, the lack of 

longer and more flexible filaments in the network structure 

affects the properties of the butylamino-functionalized films, as 

higher tensile strengths are commonly seen when cellulose 

nanofibrils have been utilized for film fabrication 44. The bulk 

densities for oven-dried butylamino-functionalized CNC films 

indicated the formation of compact structure as the density for 

cellulose nanocrystal has been reported to be 1600 kg/m3 45.  

Conclusions 

Butylamino-functionalized CNC films were tested for their 

suitability for divergent packaging applications based on their 

barrier properties and strength. The study found that, overall, 

tert-butylamino-functionalized films had the best barrier 

resistance against oxygen and vapor sorption. Introduction of 

hydrophobic alkyl groups was seen to increase the oxygen 

permeability and reduce the tensile strength of the films, as the 

hydrogen bonding between the CNCs was believed to decrease 

when the alkyl group content rises. As tert-butylamino-

functionalized CNCs had the least amount of alkyl groups 

attached, it was hypothesized that they would form a more 

compact structure with greater barrier resistance, in contrast to 

iso- or n-butylamino. Valuable results were reported showing 

how the use of neat CNCs can produce environmentally 

friendly barrier films that can compete with current 

petrochemical-based products. In future studies, the fine 

properties of the butylamino-functionalized CNCs could be 

further advanced in other composite and barrier applications in 

which improved qualities can be attained by embedding the 

CNCs to a supporting matrix structure or mixing them with 

additional fillers. 
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