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Abstract The interfacial interaction between cellu-
lose nanocrystals (CNCs) and polymeric matrices is 
important in the development of reinforced polymer 
nanocomposites. In this work, spin-coated polyam-
ide 6 thin films were reinforced with CNCs and their 
effects on the mechanical properties are evaluated. 
Interfacial interactions were improved by using two 
CNCs surface modifications: (1) TEMPO-oxidation 
and (2) cationic adsorption of cetrimonium bromide 
(CTAB). The nanomaterials were characterized using 
infrared spectroscopy, x-ray photoelectron spec-
troscopy, zeta potential, CHNS elemental analysis 
and x-ray diffraction. The mechanical testing results 
indicated that the tensile modulus and strength of 
the films slightly increased by adding 2.5 wt.% of 

unmodified CNCs and the increase was more noticea-
ble at 5 wt.%. When CTAB was adsorbed unmodified 
CNCs, no mechanical improvement was observed 
at 1 and 2.5 wt.%, but an obvious increase of elastic 
modulus (32%) and tensile strength (71%) was seen 
at 5 wt.%. Further enhancement of the mechanical 
properties occurred when TEMPO oxidized CNCs 
was used as reinforcing agent due to the increase 
of negative charges induced by the oxidation. At 5 
wt.% of TEMPO-oxidized CNCs, an improvement 
of 131% and 174% was observed in elastic modu-
lus and tensile strength, respectively. Finally, when 
CTAB was adsorbed to TEMPO-oxidized CNCs, an 
additional mechanical amelioration was noticed. With 
only 1 wt.% loading, an increase of 142% and 131% 
was obtained in elastic modulus and tensile strength, 
respectively.

Supplementary Information The online version 
contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10570- 023- 05313-6.

A. Benkaddour · C. Rusin · M. McDermott (*) 
Department of Chemistry, University of Alberta, 
Edmonton, AB, Canada
e-mail: mark.mcdermott@ualberta.ca

A. Benkaddour · E. C. Demir · C. Ayranci (*) 
Department of Mechanical Engineering, University 
of Alberta, Edmonton, AB, Canada
e-mail: cayranci@ualberta.ca

A. Benkaddour 
Sustainable Materials Research Center (SusMat-RC), 
Mohammed VI Polytechnic University (UM6P), 
43150 Ben Guerir, Morocco

http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-023-05313-6&domain=pdf
https://doi.org/10.1007/s10570-023-05313-6
https://doi.org/10.1007/s10570-023-05313-6


7654 Cellulose (2023) 30:7653–7665

1 3
Vol:. (1234567890)

Graphical abstract 

Keywords Cellulose nanocrystals · Cetrimonium 
bromide · Polyamide 6/nylon 6 · Mechanical 
properties · Thin films

Introduction

Nanomaterials are commonly used as reinforcing 
agents due to the enhanced mechanical properties 
they offer at low concentrations (Yao et  al. 2014). 
One promising nanomaterial is cellulose nanocrystals 
(CNCs) owing to its biodegradability, reactive and 
high surface area (150–600   m2g−1) (Gardner et  al. 
2008; Sehaqui et al. 2011), high aspect ratio, low cost 
and high mechanical stiffness and strength (Eich-
horn 2011; Saito et al. 2013). CNCs are prominently 
used in biomedical (Lin et  al. 2012), wastewater 
treatment, energy, electronic (Chakrabarty and Tera-
moto 2018), automotive, aerospace and construction 

industries (Karimi 2017). CNCs are also commonly 
used as an additive in polymer composites to provide 
improved mechanical properties (Kalia et  al. 2009). 
The increase in mechanical performance is depend-
ent on the compatibility between CNCs and the pol-
ymeric matrix (Baiardo et  al. 2002; Gradwell et  al. 
2004). CNCs has a tendency to form hydrogen bonds 
between adjacent crystals (self-aggregation) due to 
its hydrophilic nature, thus reducing the interaction 
and compatibility with hydrophobic molecules and 
non-aqueous media (Baiardo et al. 2002). Moreover, 
most CNCs are commonly processed using sulfuric 
acid hydrolysis, which results in negatively charged 
surface sulfate half-ester groups. These groups are 
responsible for the low thermal stability of CNCs 
(Roman and Winter 2004; Lin and Dufresne 2014), 
and limits CNC-polymer nanocomposite prepara-
tion to wet processing methods due to degradation at 
the high processing temperatures (Ben Azouz et  al. 
2012).
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Polyamide 6 (PA6) is a widely used polymer to 
produce fibers and engineered materials. Despite 
PA6’s commercial popularity, CNC reinforced PA6 
has not been utilized in the industry. Even academic 
studies investigating CNC reinforced PA6 nanocom-
posites is very limited in the literature. Yousefian and 
Rodrigue (2014) compounded spray-dried CNCs (3 
wt.%) with PA6 using extrusion at 220 °C, and they 
reported 23% and 11% increase in tensile modulus 
and tensile strength, respectively. Corrêa et al. (2014) 
showed that freeze-dried CNCs coated by PA6 in 
formic acid solution improved the thermal stabil-
ity. In their work, CNC reinforced PA6 nanocom-
posites were obtained by extrusion and subsequent 
injection molding. The addition of 1 wt.% CNCs to 
PA6 increased the elastic modulus by 45%, while the 
tensile strength slightly decreased. Another method 
used to prepare CNC reinforced nanocomposites is 
solvent casting. Qua and Hornsby (2011) solvent 
cast a suspension of unmodified CNCs (5 wt.%) 
and PA6 in formic acid to prepare PA6/CNC nano-
composite films. An improvement of 28% and 100% 
was observed in elastic modulus and tensile strength, 
respectively. While melt processing and solvent cast-
ing techniques show slight improvements in the 
mechanical properties, the distribution of CNCs in 
PA6 is poor and remains a limiting factor for mechan-
ical strength improvement (Peng et al. 2015).

CNC surface functionalization can change the 
hydrophilicity of the nanomaterial and prevent 
agglomeration when drying. There are many chemi-
cal and physical CNC modifications reported in the 
literature, including acetylation (Çetin et  al. 2009), 
esterification (Bendahou et  al. 2015), etherification 
(Liu et  al. 2017) and polymer grafting (Ljungberg 
et al. 2005; Yi et al. 2008; Cao et al. 2009; Morandi 
et  al. 2009). These modifications that involve the 
covalent bonding of molecules to the CNC surface 
often require the use of organic solvents that pose 
disposal or recycle issues. Alternatively, ionic adsorp-
tion of surfactants to CNCs is straightforward and 
an environmentally friendly process (Salajková et al. 
2012; Heera and D 2014; Kaboorani and Riedl 2015; 
Nagalakshmaiah et al. 2016; Rehman et al. 2017; Yal-
cinkaya et al. 2017; Liu et al. 2017; Yin et al. 2018). 
The ionic adsorption of surfactants to unmodified 
CNCs containing sulfate-half ester groups is rela-
tively poor and unstable due to weak surface interac-
tions (Yin et al. 2018). The surface interactions can be 

improved by subjecting CNCs to 2,2,6,6-tetramethyl-
piperidine 1-oxy (TEMPO) oxidation (TCNCs). This 
process converts the primary C6 hydroxyl groups into 
C6 carboxylate groups (Patiño-Masó et  al. 2019), 
thus increasing electrostatic interactions with cationic 
surfactants.

Herein, we implement an eco-friendly procedure 
to surface modify CNCs with cetrimonium bromide 
(CTAB) in aqueous medium through electrostatic 
adsorption. Two modifications were performed: (1) 
TEMPO-oxidation of CNCs (TCNCs) and (2) cati-
onic adsorption of CTAB onto CNCs and TCNCs. 
Both of these modification steps are performed in 
aqueous media that are potentially more attractive 
in industrial applications. Unmodified and modified 
PA6/CNCs nanocomposite thin films were produced 
using spin-coating. Spin-coating has not been exten-
sively used to produce CNC reinforced PA6 nano-
composite even though it is a superior technique com-
pared to solvent casting due its ability to reproducibly 
make specimens with controlled and homogeneous 
thicknesses. The effect of CNC surface functionali-
zation on the mechanical properties of the PA6 thin 
films was investigated.

Experimental

Materials

The CNCs were received from InnoTech Alberta, 
and it was produced from commercially bleached 
softwood Kraft pulp using sulfuric acid hydrolysis. 
2,2,6,6-tetramethylpiperidine 1-oxy (98%, TEMPO), 
sodium bromide (≥ 99%, NaBr), sodium hypochlorite 
(13%, NaOCl), cetrimonium bromide (98%, CTAB) 
and formic acid (98%, FA) were purchased from 
Sigma Aldrich and used as received. PA6 (Nylene 
600) was purchased from Nylene Inc. USA.

Preparation of TEMPO-oxidized CNCs (TCNCs)

TEMPO-oxidation was performed based on previ-
ously published literature (Saito et  al. 2006). CNCs 
(5  g) were dispersed in deionized water (500  mL) 
along with TEMPO (0.1 mmol/g of CNCs) and NaBr 
(3 mmol/g of CNCs). The reaction was initiated with 
the addition of NaOCl (2.5  mmol/g CNCs) at room 
temperature under magnetic stirring. The reaction pH 
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was maintained at 10.5 using 0.5  M NaOH. When 
the solution pH no longer decreased, the reaction 
was stopped with the addition of ethanol (5  mL). 
The solution pH was adjusted to 7 using 0.5 M HCl. 
TCNCs were dialyzed against deionized water fol-
lowed by freeze-drying.

Cationic coupling of CTAB to CNCs and TCNCs

Figure 1 shows the modification of CNCs and TCNCs 
with CTAB. The modification was based on previous 
literature (Nagalakshmaiah et  al. 2016). CNCs (5 g) 
was dispersed in aqueous medium (1 wt.%) and the 
pH was adjusted to 10 using NaOH. Aqueous solution 
of CTAB (10 wt.%) was added slowly to the CNCs 
dispersion and mixed at 40  °C for 3 h. The mixture 
was then stirred at room temperature and dialyzed 
against deionized water for 15 days to remove excess 
unreacted CTAB and NaBr. The modified CNCs 
 (CNCs−CTA +) were freeze-dried before incorpora-
tion into PA6. The same procedure was used for func-
tionalization of TCNCs  (TCNCs−CTA +).

Preparation of spin-coated PA6 nanocomposite thin 
films

PA6 nanocomposite films were prepared using spin-
coating. A rectangular (25 mm × 75 mm) glass substrate 
was spin-coated with 2 mL of suspension. The initial 
rotation speed was 2000 rpm for 15 s and then brought 
to 3000  rpm for 30  s. The substrates were allowed to 

rest for 5 min to allow for excess solvent to evaporate. 
The solvent used was FA and PA6 was mixed with 
1, 2.5 and 5 wt.% unmodified and modified CNCs. 
Film thickness was determined to be in the range of 
10–15 µm using a caliper.

Characterization

The surface charge density of the CNCs was measured 
using a Malvern Zetasizer Nano-ZS. The value for each 
sample is the average of 5 repetitions.

The sulfate half-ester content of unmodified CNCs 
was determined using a conductometric titration using 
a Meter Star, A212 conductivity meter. A 2 wt.% solu-
tion of CNCs was mixed with Dowex Marathon™ C 
hydrogen form resin several times over 8 h. Before use, 
the resin was rinsed and filtered several times until the 
filtrate was clear and of neutral pH. After protonation 
of CNCs sulfate half-ester groups, the remaining CNCs 
in solution was determined as 1.20 ± 0.02 wt.%. The 
CNCs (5 mL) was diluted with DI water (100 mL) and 
mixed with NaCl (2 mL, 100 mM). The initial pH of 
the solution was approximately 3.5 and was titrated to 
a pH of 10 using NaOH (15 mM) at 100 μL intervals. 
The sulfate half-ester content was determined using 
Eq. 1 (Beck et al. 2015)

(1)OSO3H

(

mmol

g

)

=

[

CNaOH

]

× VNaOH

mCNCs

Fig. 1  Reaction scheme for 
the modification of CNCs
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CNaOH is the concentration of NaOH, VNaOH is 
the volume of NaOH consumed in the titration and 
mCNCs is the mass of CNCs. The titration was per-
formed in triplicates.

The carboxyl content of TCNCs was determined 
using a similar titration. Freeze-dried TCNCs 
(0.032 g) was mixed with DI water (100 mL), NaCl 
(2 mL, 100 mM) and HCl (2.5 mL, 40 mM) for 3 h 
to ensure protonation of carboxylic acid groups. 
The initial pH of the slurry was 2.8 and titrated with 
NaOH (15  mM) at 100  μL intervals until a pH of 
10.5. The carboxyl content was determined using 
Eq. 2 (Benkaddour et al. 2013a).

V1 and V2 are the equivalent volumes of added 
NaOH solution (mL) needed to neutralize the free 
protons from HCl and those bound by the carbox-
ylic groups, respectively. The degree of oxidation 
(DO) is given using Eq. 3 (Benkaddour et al. 2013b)

where 36 is the difference between the molecular 
weight of the anhydroglucose unit and that of the 
sodium salt of a glucuronic acid and 162 is the molec-
ular weight of one anhydroglucose unit.

Fourier Transform Infrared (FTIR) spectra were 
collected using Nicolet 8700 FTIR spectrome-
ter. Dried sample (1  mg) and KBr (100  mg) pow-
der were ground together using a mortar and pes-
tle and pressed to form discs. A total of 32 scans 
were taken per sample with a resolution of 4   cm−1 
(4000–400  cm−1).

X-ray photoelectron spectroscopy measure-
ments were performed with a Kratos Ultra elec-
tron spectrometer using a monochromatic Al Kα 
(hν = 1486.6  eV) X-ray source (Kratos Analytical, 
Manchester, UK). The collected data were analyzed 
using CASA XPS version 2.3.

The degree of substitution (DS) of  CNCs−CTA 
+ and  TCNCs−CTA + was measured using the per-
centage of nitrogen (%N). The %N was measured 
using a Thermo Flash 2000 Elemental Analyzer 
CHNS and Oxygen. The DS of  CNCs−CTA + and 

(2)COOH(mmol∕g) =
CNaOH

(

V2 − V1

)

mCNC

(3)DO =
162

(

g

mol

)

× COOH
(

mmol

g

)

× 10−3

1 − 36 × COOH
(

mmol

g

)

× 10−3

 TCNCs−CTA + were calculated based on the Eq.  4 
(Zainuddin et al. 2017).

XRD analysis were performed on dried unmodified 
and modified CNCs nanomaterials. Measurements 
were performed with a diffractometer (Rigaku Ultima 
IV) operated at 40 kV and 44 mA. The 2θ range was 
from 10° to 50° using a counting time 120  s with a 
step size of 0.05° and Cu Kα radiation (λ = 1.5418 Å).

Transmission electron microscopy (TEM) images 
were collected using Philips 410 transmission elec-
tron microscope at 100  kV to observe the morphol-
ogy of pure CNCs and modified CNCs.

Mechanical testing was performed using a TA 
instruments ElectroForce 3200 with a load cell of 
maximum 10 N capacity. The sample dimensions had 
a width of 10 mm and a length of 50 mm. The speci-
mens were stored in desiccators containing silica gel 
after production until testing. All measurements were 
carried out at room temperature with a crosshead 
speed of 0.083 mm/s (0.1 mm/min). The reported val-
ues are the average of 5 repetitions.

Results and discussion

Characterization of CNCs and TCNCs

First, CNCs was TEMPO-oxidized to obtain carboxy-
lated CNCs (TCNCs). FTIR spectroscopy was used to 
characterize and confirm surface modification. Fig-
ure 2a shows the FTIR spectra of CNCs and TCNCs. 
Both the CNCs and TCNCs spectra show cellulose 
bands at 3344   cm−1, 2893   cm−1, 1428   cm−1 and 
1059   cm−1 that are attributed to ν (O–H), ν (C–H), 
δ (C–H) and ν (C–O), respectively (Abou-Zeid et al. 
2015). In the CNCs spectrum, the band at 1639  cm−1 
is from δ (O–H) due to absorbed water (Abou-Zeid 
et  al. 2015). Following CNCs oxidation, two new 
bands are observed at 1730  cm−1 and 1610  cm−1 due 
to ν (C=O) and νas (COO–), respectively (~ pH 4) 
(Yin et al. 2018).

The sulfate half-ester and carboxylate content on 
CNCs and TCNCs were determined using an electric 
conductivity titration. Figure 2b, c are conductometric 
titration plots used to determine the sulfate half-ester 

(4)DS =
162 × %N∕100

14 − 364.45 × %N∕100
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and carboxylate content, respectively. The sulfate 
half-ester content on unmodified CNCs was deter-
mined as 0.295 ± 0.002  mmol/g, which falls within 
previously reported values of 0.093–0.311  mmol/g 
(Jordan et al. 2019). After oxidation, the carboxylate 
content was determined to be 1.01 ± 0.03  mmol/g., 
which also falls within previously reported values of 
0.38 and 1.75 mmol/g (Liimatainen et al. 2012). The 
degree of oxidation was calculated as 0.169, similar 
to those reported in the literature (Saito et al. 2006).

The surface charge of CNCs and TCNCs were 
determined using ζ-potential measurements. The sur-
face charge of CNCs was measured as − 45 ± 1  mV 
(pH 6.5–7), which is due to the negatively charged 
sulfate half-ester groups introduced with sulfu-
ric acid hydrolysis (Rehman et  al. 2017). After 
TEMPO oxidation, the ζ-potential of TCNCs was 
measured at − 60 ± 2  mV (pH 6.5–7). The increase 
in surface charge observed is due to the formation 
of negatively charged carboxylate groups during 
TEMPO-oxidation.

Cationic adsorption of CTAB to CNCs and TCNCs

The surface modification of CNCs and TCNCs with 
CTAB was monitored with FTIR spectroscopy. Fig-
ure  3a shows the FTIR spectra for  CNCs−CTA + 
and  TCNCs−CTA +. Both spectra showed the char-
acteristic cellulose features, however, the bands in 
 TCNCs−CTA + are more pronounced due to stronger 
electrostatic interaction between TCNCs and CTAB. 
In both spectra, the bands at 2852 and 2924   cm−1 
correspond to νas and νs (C–H) from the alkyl chains 

in CTAB, (Salajková et  al. 2012). The weak inten-
sity band at 1480   cm−1 corresponds to the trimethyl 
groups of the quaternary ammonium (Heera and D 
2014). This band is not as pronounced in  CNCs−CTA 
+ due to weaker electrostatic interaction between 
the sulfate half-ester and the quaternary ammo-
nium group. The decrease in the ν (O–H) band at 
3344  cm−1 is attributed to the adsorption of CTAB to 
the CNCs and TCNCs.

The cationic adsorption of CTAB resulted 
in a change in the surface charge of CNCs and 
TCNCs. The ζ-potential values after the adsorp-
tion of CTAB were measured as − 15.6 ± 0.8  mV 
and − 11.0 ± 0.6  mV for  CNCs−CTA + and 
 TCNCs−CTA +, respectively. The increase in surface 
charge is a result of the cationic adsorption of CTAB 
to the sulfate half-ester and carboxylate groups thus 
neutralizing the respective negatively charged surface 
groups.

The reinforcement effect of CNCs in nanocom-
posites is correlated to the crystalline structure of 
CNCs (Heera and D 2014). When CNCs are modi-
fied, it is important to maintain the crystalline struc-
ture in order to retain the reinforcing properties. XRD 
analysis was used to investigate the impact of CTAB 
adsorption on the crystalline structure of CNCs. 
Figure  3b shows the diffraction patterns of unmodi-
fied, TCNCs, and modified CNCs  (CNC−CTA + and 
 TCNC−CTA +). The peaks that appear at 14.6°, 16.3°, 
20.5°, 22.7° and 34.5° correspond to the 110 , 110, 
a mixture of 012 and 102, 200, and 004 reflection 
planes of cellulose Iβ (French 2014). These peaks 
appear in both the CNCs and TCNCs samples as 

Fig. 2  a FTIR spectra 
of CNCs and TCNCs. 
Determination of b sulfate 
half-ester groups on CNCs 
and c carboxylate groups 
on TCNCs using an electric 
conductivity titration
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well as after surface modification with CTAB, there-
fore, TEMPO-oxidation has no effect on the crystal 
structure of CNCs (Isogai et al. 2011). Moreover, no 
change in crystal structure after the modification with 
CTAB suggests that this is also has no effect on the 
crystal structure.

The coupling of CTAB to CNCs and TCNCs was 
thoroughly investigated using CHNS elemental anal-
ysis and is shown in Table 1. The coupling yield of 
CTAB with CNCs and TCNCs was determined gravi-
metrically as 22 wt.% and 65 wt.% for  CNC−CTA 
+ and  TCNC−CTA +, respectively. Notably, the %N 
for CNCs and TCNCs is < 0.2%, while after CTAB 
adsorption the %N increases to 0.318 ± 0.004 and 
1.317 ± 0.002% for  CNC−CTA + and  TCNC−CTA 
+, respectively. The %N content increases by a fac-
tor of ~ 4 after TCNCs is modified with CTAB. The 
difference in carboxylate content and sulfate half-
ester content is approximately 3.4 times [1.01 (mmol/
kg)/0.295 (mmol/kg)], which relates closely to the 
%N content increase. Using the information provided 

by CHNS, the degree of substitution of  CNC−CTA + 
and  TCNC−CTA + was calculated as 0.04 and 0.23, 
respectively.

The cationic adsorption of CTAB onto CNCs and 
TCNCs was investigated using XPS analysis. The 
survey spectra of the samples are shown in SI Fig. 1. 
The main chemical components from the survey 
spectra are C and O, and the results are tabulated in 
SI Table  1. A slight decrease in the O/C ratio from 
0.66 to 0.61 were observed when CNCs were modi-
fied with CTAB, while the decrease in the O/C ratio 
was more pronounced when TCNCs were modified 
(0.66–0.39). This change in the O/C indicates the 
adsorption of CTAB to the surface of TCNCs due 
to the addition of the carbon-rich CTAB group, thus 
lowering the O/C ratio.

The C 1s high resolution XPS peak can be used 
to describe the chemical environment of cellulosic 
materials. Figure  4 shows the deconvolutions of the 
C 1s for each sample. The results were tabulated 
and listed in SI Table  1. Figure  4a shows the C 1s 

Fig. 3  a FTIR spectra of  CNC−CTA + and  TCNC−CTA +. b XRD analysis of unmodified and modified CNCs and TCNCs

Table 1  CHNS elemental 
analysis of unmodified and 
modified CNCs/TCNCs

Sample %N %C %H %S

CNCs  < 0.2 40.916 ± 0.005 6.10 ± 0.02 0.75 ± 0.01
TCNCs  < 0.2 37.389 ± 0.002 5.4 ± 0.1 0.54 ± 0.02
CNC−CTA + 0.318 ± 0.004 42.3 ± 0.6 6.4 ± 0.3 0.65 ± 0.02
TCNC−CTA + 1.317 ± 0.002 51.69 ± 0.01 8.033 ± 0.002 0.54 ± 0.02
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high resolution of CNCs. It displays three bonds: 
C–C/C–H, C–O and O–C–O. These correspond well 
with what has been observed in the literature for 
sulfuric acid hydrolysis treated CNCs (Khili et  al. 
2019). An additional bond, O–C=O, is commonly 
observed in low quantities for CNCs (Kaboorani and 
Riedl 2015), however, this was not observed in our 
sample. In Fig.  4b, a new component appeared fol-
lowing CNCs oxidation labelled as O–C=O from the 
presence of the carboxylic acid groups on TCNCs. 
(Bendahou et  al. 2015). As shown in Fig.  4c, the 
adsorption of CTAB onto CNCs was observed by 
the emergence of a C–N peak due to the quaternary 
ammonium of CTAB (Kaboorani and Riedl 2015). 
The C–N peak increases by a factor of 4.7 when 
CTAB was adsorbed to TCNCs (Fig. 4d). This is in 
agreement to the results observed for CHNS elemen-
tal analysis.

Transmission electron microscopy of unmodified and 
modified CNCs

The structural morphology of modified and unmodi-
fied CNCs was investigated by means of TEM. The 
TEM images of CNCs,  CNC−CTA +, TCNCs and 
 TCNC−CTA + are displayed in Fig.  5. As shown in 
Fig.  5a–c, CNCs are highly hydrophilic and prone 
to form agglomerates due to interparticle hydrogen 
bonding. Therefore, to avoid agglomerations, it is 
necessary to conduct the physical modification with 
the cationic surfactant (CTAB) to physically pre-
vent CNCs to interact with each other and reduce the 
amount of hydrogen bonding. After coupling unmodi-
fied CNCs with CTAB Fig. 5d–f, we did not notice a 
significant change in the morphology of CNCs, which 
is due to the low degree of substitution of CTAB onto 
CNCs. However, in the case of coupling TCNCs with 

Fig. 4  High resolution XPS of C 1s deconvolution for a CNCs, b TCNCs, c  CNCs−CTA + and d  TCNCs−CTA +
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CTAB, the TEM images (Fig. 5g–i), reveals a signifi-
cant improvement in the distribution of the fibers as 
less agglomerates are observed.

Mechanical properties of PA6 nanocomposite thin 
films

PA6 nanocomposite thin films were developed 
after each surface modification and the associated 
mechanical properties were investigated at 1%, 2.5% 
and 5% wt.% loadings. Typical stress–strain graphs 
of the CNCs (a),  CNCs−CTA + (b), TCNCs (c) and 
 TCNCs−CTA + (d) reinforced PA6 are presented in 
Fig. 6.

Figure  7a–c show the elastic moduli, tensile 
strength, and % strain at failire of the PA6 nanocom-
posite thin films, respectively. The pure PA6 thin film 
(non-reinforced film) was used as the control to com-
pare to the nanocomposites as CNC ratio increased. 
At 1% CNCs, no change in the average elastic modu-
lus was observed, while an increase of 38% and 52% 
was observed for 2.5% and 5% CNCs (blue) (Fig. 7a). 
Modifying CNCs with CTAB resulted in a slight 
decrease in the elastic modulus at low wt.% loadings 
then a slight increase at 5 wt.%. (green). The modi-
fication of CNCs with CTAB offers no improvement 

to the elastic modulus when compared to unmodi-
fied CNCs. This could be due to the low degree of 
substitution of CTAB onto CNCs. The small, or lack 
of, improvement for CNCs and  CNC−CTA + there-
fore causes weak compatibility between CNCs and 
PA6 and thus low stress transfer at the filler-matrix 
interface.

The addition of TCNCs resulted in significant 
improvement in the elastic modulus of the PA6 
films. At 1, 2.5, and 5% TCNCs, the average elastic 
modulus increased by 89%, 120% and 132%, respec-
tively. These improvements are due to the oxidation 
of CNCs. It is known that the mechanism behind 
this treatment is the selective C6 primary hydroxyl 
of CNCs to carboxylate groups  (COO−Na+). Such 
carboxyl groups enable greater electrostatic interac-
tions between CNCs fibers, which promotes their 
dispersion in the PA6. For this reason, CNCs was 
oxidized to increase the surface charge density and 
increase interactions with CTAB thus increasing the 
degree of substitution. The high degree of substitu-
tion of CTAB on TCNCs results in improvement in 
the elastic modulus.  TCNC−CTA + at 1, 2.5 and 5% 
show an improvement of 142%, 163% and 164%, 
respectively. Of note, these are only slight increases 
when compared to the TCNCs results. However, 

Fig. 5  TEM images of 
unmodified CNCs (a–c), 
 CNCs−CTA + (d–f) and 
 TCNCs−CTA + (g–i) from 
aqueous suspension
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these are positive improvements in comparison to the 
unoxidized CNCs coupled with CTAB, which had 
a negative impact on the mechanical properties. We 
associate the improvements in elastic modulus to the 
increase in surface charge density and the increase in 
degree of substitution.

The tensile strength of PA6 nanocomposite thin 
films is presented in Fig. 7b. At low loadings, CNCs 
and  CNC−CTA + show no significant improvement in 
tensile strength. At 5 wt.% loading, a 90% increase in 
tensile strength is observed when CNCs are added to 
PA6.  CNC−CTA + also showed an improvement when 

compared to PA6, however, the coupling of CTAB to 
the CNC surface offers no significant improvement 
over adding only CNCs. Again, this is attributed to 
the low degree of substitution, weak compatibility, 
and low stress transfer at the filler-matrix interface.

The oxidation of CNCs improved the tensile 
strength by 174% at 5 wt.% loading. Similar to the 
elastic modulus data, only slight improvements were 
observed for PA6 films with  TCNC−CTA + when 
compared to only TCNCs. At 1, 2.5 and 5 wt.% an 
increase of 131%, 191% and 193%, respectively, 
were observed for  TCNC−CTA +. The increase in 

Fig. 6  Typical stress–strain graphs of the CNCs (a),  CNCs−CTA + (b), TCNCs (c) and  TCNCs−CTA + (d) reinforced PA6 samples

Fig7  (a) young’s modulus and b tensile strength, c strain at break of CNC, TCNC,  CNCs−CTA + and  TCNCs−CTA + reinforced PA6 
nanocomposites at loading 0, 1, 2.5 and 5 wt.%
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tensile strength for TCNCs and  TCNC−CTA + indi-
cates a homogeneous dispersion in PA6 and is a result 
of increased surface charge density and a higher 
degree of substitution for CTAB. The slight increase 
in the mechanical properties for PA6 films with 
 TCNC−CTSA+ when compared to TCNCs is prob-
ably due to the intercalation of the spacer molecule 
(CTAB), which moves away the fibers from each 
other and, consequently, makes them more dispersed 
within the matrix.

In order to understand the effect of modification on 
the properties of nanocomposites, ANOVA test along 
with post-hoc T-test is conducted. Table  2 shows 
the statistical comparison of elastic modulus, ten-
sile strength and strain at break for each nanoparticle 
loading. The (a,b, and c) indicate the statistically sig-
nificant differences in the data sets in each rows per 
reinforcing loading (p < 0.05), as determined through 
one-way ANOVA analysis and post-hoc T-test. The 
superscripts are ordered alphabetically for each par-
ticle loading, and the largest mean comes the earliest 
in the alphabet.

For example, at 1.0 and 2.5% particle loading, it is 
observed that modification of CNC with CTA+ low-
ered the elastic modulus and strength significantly, 
while at 5.0% particle loading, this difference is not 
significant. The third modification, TCNC, signifi-
cantly provides higher mechanical properties than 
CNC-CTA+ for each loading. Although the aver-
age elastic modulus and tensile strength TCNC-
CTA+ reinforced PA6 is higher than TCNC at each 
loading, the difference is not significant. It can be 
concluded the best modification TCNC and TCNC-
CTA+. The slight increase in the latter modification 
could provide higher mechanical properties as the 
dispersion and distribution of TCNC-CTA+ is pro-
moted by two features: negative charges, resulting 
from Tempo oxidation and interactions between these 
negative charges and positive charges of surfactant 
(CTAB). This strong adhesion causes a steric hin-
drance because of long aliphatic chain of CTAB.

Conclusion

The surface of CNCs were modified using TEMPO 
oxidation and cationic adsorption of CTAB. The 
modification was confirmed and characterized using 
FTIR, XPS, XRD, zeta potential, CHNS elemental Ta
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analysis and TEM. CNC reinforced PA6 thin films 
were examined using mechanical strength analysis. 
The lack of surface charge density and degree of sub-
stitution of CTAB on non-oxidized CNCs resulted 
in minimal elastic modulus and tensile strength 
improvement. Conversely,  TCNCs−CTA + showed 
elastic modulus and tensile strength improvements as 
high as 142% and 131%, respectively at only 1 wt.% 
loading. Work is in progress to investigate the effect 
of spin-coating parameters on the morphological and 
mechanical properties.
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