
C H A P T E R  IV
P R E P A R A T IO N  A N D  C H A R A C T E R IZ A T IO N  O F  

P O L Y A M ID E 1 1 /B A C T E R IA L  N A N O C O M P O S IT E  F IL M S

4.1 A b stra c t

The flexible piezoelectric film s o f  polyamide 11 (PA1 l)/bacterial 
cellulose (BC) were prepared via solution casting and casted by compression method 
as a thin films. The various weight percentage o f  extracted BC (0.2, 0.4, 0.6, 0.8, 
lwt% ) were incorporated into PA 11 matrix using formic acid as a solvent. The 
results showed that higher amount o f  BC can slightly increase thermal stability, 
crystallinity and mechanical properties o f  the nanocomposite, but it made the 
com posite less transparent. The tensional behavior o f  nanocomposite films was 
improved compared with neat PA11, Y oung’s modulus was increased from 678 to 
749M pa at lwt%  o f  BC. Noncentrosymmetry structure o f  odd-numbered polyamide 
and the dipole orientation under an applied field induce the polarization yielding the 
good dielectric and piezoelectric properties. Inclusion o f  BC additionally increase 
dielectric and piezoelectric properties due to the interfacial polarization that might be 
generated at the interfaces between fiber and polymer matrix.

4.2  In tro d u c tio n

Touchscreen has been one o f  the most popular technologies for electronic 
devices. Several applications such as smart phone, tablet, smart watch are required 
this technology. Piezoelectric touch sensor, the unpopular touch technology was 
introduced to overcome the limitations o f  common touch technology by combined  
the benefits o f  both capacitive and resistive touch sensors. The piezo/ferroelectric 
polymer materials have been discovered and are currently being investigated, 
including cyanopolymers, polyuria, polythioureas, aromatic polyamides, odd- 
numbered polyamide, and biopolymers (Lewis et ah, 1997). Odd-numbered 
polyamide, such as polyamide 7 and polyamide 11, are o f  interest due to their polar 
crystal structure and thermal stability from the point o f  view  o f piezoelectricity.
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(Sampson e t a l., 2012). Nowadays, polyamide or nylon has been widely used as one 
o f  the most important thermoplastics because o f  its good thermal stability, fire 
resistance and mechanical properties (Bak e t a h , 2010; Ding e t a l., 2009). 
Piezoelectric and ferroelectric properties o f  odd-numbered polyamide have been 
studied and showed that the piezoelectric responses o f  odd-numbered polyamide is 
temperature dependent and larger than that in PVDF at higher temperatures above 
their glass transition temperature, Tg. The piezoelectric constant increase rapidly 
with temperature maximum stable d 3 1 value o f  17 pC/N and 14 pC/N are reported 
for polyamide 7 and polyamide 11. howover, the thermal expansion coefficient, CTE 
o f  polyamide is about 110 ppm/k. This films o f  polyamide will be limited by this 
effect due to shrinkage at high temperature. To solve this problem, the bacterial 
cellulose that has low CTE will be added. Bacterial cellulose is nano-size cellulose  
product o f  bacteria Acetobacter xylinum, that has very low CTE which is 0.1 ppm/K  
(N ogi e t a l., 2008). The proposed work aims to fabricate the thin film nanocom posite 
derived by the polar odd-numbered polyamide and the bacterial cellulose fiber. The 
ultimate piezoelectric properties coupling with good thermal and mechanical 
properties are required. The optimized ratio between BC and polyamide w ill be 
investigated including the measurement o f  all related properties.

4 .3  E x p e r im e n ta l P roced u res

4.3.1 Materials
Nata de coco was purchased from local food market. PA11 was 

purchased from Sigma-Aldrich Co., Ltd. Formic acid (AR grade, 99%) and sodium  
hydroxide (NaOFl) (AR grade, 98%) were purchased from S.M. Chemical Co., Ltd. 
and Labscan Ltd., respectively.

4.3.2 BC preparation (Pakdeepatarapun et a l .  2014)
Nata de coco gel was firstly washed with water to remove some 

excess sugar. After that the washed nata de coco gel was grinded and treated with 0.1 
M NaOH at 80 °c for 2 h to obtain the BC pellicles. The BC pellicles were then
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washed with hot deionized water until neutral pH is reached. The BC pellicles were 
dispersed in deionized water and kept in bottle.

4.3.3 Fabrication o f  PA11/BC Nanocoinposite Films
BC paste was rinsed with formic acid to remove all water content. 

Then BC dispersed in formic acid was obtained. Polyamide dissolved in formic acid 
is mixed with BC dispersed in polyamide with the percentage weight at 0 .2 ,0 .4 ,  0.6, 
0.8, 1. Then the mixture solution was mixed by mechanical stirrer at 8 0 °c  for 10 
minutes or until PA 11 fully dissolved in formic acid and taken into the ultrasonic 
bath to obtain better dispersion for an hour. The mixture solution w ill be further 
dropped into clean cool water for 10 minutes. After that they are heated in oven at 
70 ° c  for 2 days. The blend will be obtained., the casted blend films were obtained. 
Finally, the casted film were performed by a compression press (Wabush, model 
N o.V50H -15-R PX , 4-post design) with preheating for 5 min, follow ed by 
compressing for 5 min at 5 Tons. The operating temperature o f  mold was maintained 
at 220 ° c .

4.3.4 Characterizations
The morphology o f  BC samples were observed through transmittance 

electron m icroscope (TEM, JEOL-2100). The thermal properties were investigated  
by differential scanning calorimeter (DSC, METTLER, D SC 822) and thermal 
gravimetric analyzer (TGA, Perkin Elmer). X-rays diffraction m icroscope (XRD, 
Rigaku, SmartLab) were used to determine crystalline phases o f  the nanocomposite 
films. Tensile properties were investigated follow the ASTM  D882. The optical 
property was determined by using U V /V is spectrophotometer (Shimadzu 2550). The 
dielectric constant and dissipation factor were measured using a Network Analyzer 
(Agilent, E4991 A).

4.4  R esu lts an d  D iscu ssio n
4.4.1 BC Characterization

4 .4 .1 .1  C ry s ta llin ity  o f  B C

๐
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The crystallinity o f  Bacterial Cellulose sheet prepared from nata 
de coco measured by X-ray diffractometer. The X-ray diffraction pattern o f  Bacterial 
cellulose was shown in Figure 4.1. The result showed three clearly diffraction peak 
occurring at 20 approximately at 14.5°, 16.9° and 22.5° which refered to the 110, 110 
and 200 diffraction plane respectively. The result was confirmed for crystal lattice o f  
“cellulose I” which consisted o f  two crystal structure which was cellulose Ia and Ip.

Figure 4.1 X-ray diffraction pattern o f  BC from nata de coco.

4 .4 .1 .2  C h em ica l F u n c tio n a lity  o f  B C
The FT-IR spectra o f  BC is shown in Figure 4.2. The structure 

o f  BC is linear homopolymer com posed o f  D-glucopuranose units linked by P-1,4- 
glycosidic linkage at Cl and C4 carbon position (O-Rak, 2013). The peak at 3348 cm' 
1 was assigned to O-H stretching w hile the peak at around 2900 cm ' 1 was assigned to 
C-H stretching. The peak at 1163 cm ' 1 and 1033 cm ' 1 was assigned to ether bonding 
and m ethoxyl group, respectively.
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F igure 4.2 FT-IR Spectra o f  neat BC sheet.

4 .4 .1 .3  M o rp h o lo g ic a l O b serva tio n  o f  B C
Figure 4.3 (a) and (b) showed TEM im ages o f BC with 

different scales. This TEM images were used to determine structure and diameter o f  
BC. The images showed that the structure o f  BC was networking structure with 
nano-scale diameter approximately 30-50 nm leaded to high optical properties o f  B. 
Due to the network structure from Figure 4.3 (a), the high surface area was obtained 
because o f  an increase in the interaction between hydroxyl groups on BC and polar 
groups in polymer matrix which obtained high m echanical properties 
(Phakdeepataraphan et ah, 2014).

Figure 4.3 TEM im ages o f  BC at magnification o f  (a) 50 (b) 200.
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4 .4 .1 .4  T h erm a l P ro p e r tie s
TGA measurement was used to identify the thermal 

degradation and %weight loss o f  bacterial cellulose. The sample was measured from 
30 to 90.0'°c under nitrogen atmosphere at rate o f  20 ml/min and heating rate o f  10 
°c/m in. Figure 4.4 showed TGA thermogram o f bacterial cellulose which was 
plotted o f remaining weight versus temperature. The result indicated that there were 
2 thermal degradation steps. The first step was occurred at 100 ๐c  which referred to 
the water evaporation o f  remaining water in bacterial cellulose. The other step was 
observed at 250 ° c  which referred to the degradation o f bacterial cellulose. Finally, 
there was some remaining weight which was indicated to char formation occurring 
from degradation step.

Figure 4.4 TG-DTA thermogram o f  BC sheet.

4.4.2 PA11/BC nanocomposite Films Characterization
4 .4 .2 .1  M o rp h o lo g ic a l P ro p er tie s
Figure 4.5 shows a cross-sectional SEM images o f  PA11/BC  

compared with neat P A 11 at the magnification o f  1 k. With the higher amount o f  BC 
content, the toughness o f  the blend film tended to be decreased which can be 
confirmed by the sam ple’s surface fracture. The hole in Figure 4.5 show s the hole o f  
BC that was pulled out from PA 11 matrix that indicated the interaction between

๐
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PA11 and BC is strong due to the poor adhesion between fiber surface and PA 11 
matrix.

F ig u re  4 .5  SEM images o f  PA11/BC blend film s at different weight com positions at 
magnification o f  1 k.

4 .4 .2 .2  C rysta llin e  P h a se  B e h a v io r
PA 11 has been found to have at least four, possibly five, 

crystal forms : two triclinic forms (a and a') and three monoclinic forms (y, ô, Ô'). 
The most common form is a form. The X-ray patterns for a and a' forms are very

๐
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similar, with only small differences in the d-spacings. Likewise, the patterns for the y, 
5 and Ô' forms are similar. The 5 and 5' forms are quite possibly the same crystal 
structure but differing degree o f  order. In the y form the molecular chains are slightly 
contracted form that o f  the fully extended planar zigzag found in the a form o f PA 
(H sinH .Y ., 1998).

F igure 4.6 X-ray diffraction patterns o f  PA11/BC nanocomposite films compared 
with neat P A 11.

Figure 4.6 shows XRD patterns o f  crystalline phase o f  
PA11/BC nanocomposite films with 0.2, 0.4, 0.6, 0.8 and 1 wt% o f  BC loading 
compared with neat PA 1 Lit can be seen two strong reflections (100) and (010,110) 
at the diffraction angle 20 o f  20.02° and 23.01°, which are the triclinic a-form  
(Zhang, Q. e t a l, 2001). From the XRD result. When the amount o f  BC was 
increased at 0 .2 wt%, the triclinic a-form ( 1 0 0 ) tended to decrease as can be 
confirmed by the decreasing o f  the height o f  diffraction peak at 2 0 .0 2 ° and also the 
decreasing o f  23.01° peak height, but after added BC higher than 0.2wt%, the 
triclinic a-form tended to increase. In addition, when the amount o f  BC more than 
0.2 wt%, the peak at 20.02° and 23.01° will be increase.

๐



4 .4 .2 .3  T h erm a l P ro p e r tie s
Thermal degradation behavior o f  Polyamide 11/Bacterial 

Cellulose nanocomposite film was measured by using TGA as shown in Figure 4.7. 
The result showed that the degradation started at 350°c which referred to degradation 
temperature o f PA11 and the result demonstrated that bacterial cellulose had no 
effect to improve the thermal stability o f  P A 11 polymeric chain. The nanocomposite 
films were free from formic acid due to the absence o f thermal degradation at 1 0 0 . 8  

°c , which was the boiling point o f  formic acid.

Figure 4.7 TG-DTA thermograms o f  PA 11 nanocomposite films.

The DSC parameters are shown in Table 4.1. From the result, 
there was one transition temperature observed at 188 ° c  and 165 ° c  which 
corresponding to Tm and Tc o f  P A 11. Figure 4.9 shows the second-heating curves o f  
PA11/BC nanocomposite films. BC has effects on P A 11 crystallinity (X c) but has no 
effect on Tm. The results show that increasing o f BC content up to 0.2 wt% can 
slightly decrease Xc, this occurred due to the BC may be disturbed PA crystallization. 
However, he amount o f  BC more than 0.2 wt%, x c tended to increase, this may 
occur due to orientation and dispersion o f  BC resulted to higher possibility o f  P A 1 1
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chains to come close and crystallize. The crystallinity temperature are showed in
Figure 4.9, indicate that higher amount o f BC has no effect to PA11 crystallinity.

Figure 4.8 DSC second-heating curves o f  PA11/BC nanocomposite films.

Figure 4.9 DSC first-cooling curves o f PA11/BC nanocomposite films.
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Table 4.1 DSC parameters of PA11/BC mamocomposite films compared with neat 
PA 11

Sample AHm (J/g) . TO & TONeat PA 11 51.85 187.5 25.17 159
PA11/0.2%BC 41.53 188.5 20.16 165.9
PA11/0.4%BC 59.73 188.2 29 165
PA11/0.6%BC 57.15 188.2 27.74 165.6
PA11/0.8%BC 60.07 188.9 29.16 167.3
PA11/1%BC 61.08 188.3 29.65 164.1

*Heat of fusion value for 100% crystalline PA11, AW” = 206 J/g

4.4.2.4 M echanica l Properties
With the incorporation of BC, the nanocomposite films

become more brittle as can be seen in Figure 4.12 which corresponded to SEM
images in figure 4.5 that showed the tough surface fracture. Figure 4.10, BC
provided slightly higher Young’s modulus to the blend films compared with neat
PA11 but BC provided decreased on the tensile strength of the nanocomposite as can
be seen in Figure 4.11 which corresponded to SEM images that show no interaction ปี-between polymer matrix and filler and poor distribution of BC in films that make the 
tensile strength decreased.
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F ig u re  4 .10  Young’s modulus of PA11/BC nanocomposite films.

Neal PAll 0.2%BC 0.4%BC 0.6%BC ».8%BC 1%BC

F ig u re  4.11 Tensile strength of PA11/BC nanocomposite films.

๐
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F ig u re  4 .12 Elongation at break of PA11/BC nanocomposite films.

4.4.2.5 D ynam ic M echanical P roperties

The dynamic mechanical properties as a function of temperature 
as various amount of BC in PA11/BC nanocomposite films compared with neat 
PA11 are shown in Figure 4.13. As the amount of BC increase, the storage modulus 
also slightly increases throughout the temperature range from 0 ๐c  to 150 °c.

There is relaxation region, in the Figure 4.14, this relaxation 
was referred to a relaxation state, a-relaxation shows the dynamic glass transition 
temperature (Tg) of material which was found at 40°c. The incorporation of &Ç in 
the blend films that cause higher glass transition temperature to PA11 because the 
BC interrupt the chain of PA11 that cause the chain harder to move. Consequently, 
the glass transition temperature shifted forward to higher temperature from 40°c to 
60°c with increasing BC content.

o
I  2 ^
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F igu re  4 .13  Storage tensile modulus, E’ vs temperature of various amounts of BC in 
PA11/BC nanocomposite films compared to neat PA11.
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F igu re  4 .14  Damping factor (E’VE5) vs temperature of various amounts of BC in 
PA11 nanocomposite films compared to neat PAIE

— —  Neat PA 11
• PA 110.2% BC
* PA 11/0.4% BC 
» PA 11/0.6% BC

PA 11.0.8% BC 
- PA 11/1% BC

0 20 40 60 80 100 120 140

T em p era tu re  (°C)

» V « ;
% \  *  * t -  «V 3

I

4.4 .2 .6  O ptical P roperties o f  PA 11/BC nanocom posite  F ilm s
Figure 4.15 shows the appearances of nanocomposite films, it 

was found that the films appearances become more opaque with the increasing of BC 
weight percentage, this optical result can be confirmed by Figure 4.16 which shows 
UV/Vis spectra of the neat PA11 and PA11/BC nanocomposite films and reference is

o
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neat PA11. Neat PA11 has 60-100% transmittance in the visible light region (400- 
800 nm), but when adding BC, the transmittance tends to decrease, which means BC 
exhibits the opacity property. It is due to the crystallization of nanocomposite fdms 
because PA can form crystal quickly after compression process and from crystalline 
results, crystalline of BC and PA11 that made the transmittance tends to decrease.

Il: P E T R O L E U M  A N D  PETROCHEMICAL COLLEGE -IE P in

แ P E T R O L E U M  A N D  PE i R< 'CHEMICAL COLLEGE

11; P E T R O L E U M  A N D  P in  R iC H E M IC A L  COLLEGE

L t u  I V 1 t A  I -> L '

PU 
OIL PE'

E

Neat PA1 PA11/1 %BC
Figure 4.15 Sample appearances of PA11/BC nanocomposite fdms compared with 
neat PA11.

Figure 4.16 UV/Vis spectra of PA11/BC blend fdms compared with neat PA11.
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4.4.2. 7 D ielectric P roperties o f  P A 11/B C  nanocom posite  Films
The dielectric constant related to piezoelectric properties via 

the equation “dij = Ejjgjj”  , where djj is stress piezoelectric coefficient, Ejj is the 
permittivity of the material and gij is strain piezoelectric coefficient and £0 is the 
vacuum dielectric constant'permittivity (8.85xl0'12 F/m). This equation shows that 
the dielectric property is a basis property for piezoelectric materials. In this part, the 
effect of frequency, temperature and BC content on dielectric behavior of PA11/BC 
nanocomposite films and neat PA11 were discussed.

Figure 4.17 shows dielectric constant (a) and dissipation factor 
(b) of neat PA11 and PA11/BC nanocomposite films at 0.2, 0.4, 0.6, 0.8 and 1 wt% 
of BC loading as a function of frequency (10 MHz - 1 GHz) at room temperature. 
Compared to neat PA11, adding with 1 wt% BC exhibited higher dielectric constant 
because BC can induced the interfacial polization of PA causing higher dielectric 
constant. For dissipation factor on frequency dependent, dissipation factor slightly 
decreases with increasing frequency.

The dielectric properties on temperature dependence was at 
wide range of frequency at 10MHz, 100MHz and 1GHz of the PA11/BC 
nanocomposite films compare with neat PA11 were shown in Figure 4.18. At 
constant frequency with high temperature, the dielectric constant tended to be high 
due to PA11 chains can vibrate, move and reorient which allowing them to keep up 
with the changing electric field which causing the dielectric constant increased. With 
lower temperature, the segmental motion of the chain is practically frozen when the 
temperature was much lower than dynamic Tg which causing the lower dielectric 
constant. Figure 4.18 (a) shows dielectric constant at 10MHz the dipoles in 
polymeric chain had sufficient time to align with the electrical field direction causing 
to the higher dielectric constant. With higher frequency, the dipoles had short time to 
align with the electrical field direction causing the lower dielectric constant. It can be 
concluded that the dielectric behaviors of PA11/BC and neat PA11 strongly depend 
on the variation of frequency and temperature.

Figure 4.19 shows the dielectric constant before poling by 
corona discharge at 120°c, 8KV/mm for 20 minutes, Figure 4.19 (a) the dielectric 
constant of PA/BC is around 2-2.5 at various weight percent of BC at 0.2-1 wt%.
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After poling, the dielectric constant was increased from 2-2.5 to 2.3- 3.3 as shown in 
Figure 4.19 (b) because the electric field can align the polar of PA11 in the same 
direction and also the noncentrosymmetry structure of odd-numbered PA that cause 
the dielectric constant tend to increase. The electric field has no effect on dissipation 
factor (tan8) as shown:in Figure 4.20.

This increasing occurred due to the interfacial polarization 
between the hydroxyl group in the BC chain and amide group in PA chain, higher 
amount of polar hydroxyl group in BC, and the higher dielectric constant of 
nanocomposite films.

a)

b)

Frequency (Hz)

Figure 4.17 Dielectric constant (a) and dissipation factor (b) of PA11 and PA11/BC 
nanocomposite films as a function of frequency at 20°c.
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Figure 4.18 Dielectric constant o f PA11/BC nanocomposite films compared with
neat PA 11 at temperature -20 ๐c  -  150 ๐c  and (a) 10 MHz, (b) 100 MHz and(c) 1
GHz.

๐
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Figure 4.19 Dielectric constant (a) before poling (b) after poling of PA11 and 
PA11/BC nanocomposite films as a function of frequency at 20°c.

I
J  0.04 -รO.

- 0.02-

b)
Neat PA11 
PA11/0.2% BC 
PA11/0.4% BC 
PA 11/0.6% BC 
PA11/0.8% BC 
PA11/1% BC

H)J 10*
Frequency (Hz)

Figure 4.20 Dissipation factor (a) before poling (b) after poling of PA11 and 
PA11/BC nanocomposite films as a function of frequency at 20°c.

4.5 Conclusion

Polyamide 11 (PA11) was mixed with bacterial cellulose (BC) by using 
solution casting method using formic acid as solvent. Then casted nanocomposite 
films were prepared by hot-compressed method. The TEM images indicated that BC 
has nano-scale diameter around 30-50 nm formimg a network structure which yield

o
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to high surface area and create more intermolecular interaction between hydrogen 
atoms and amide bonds. These nanocomposite fdms show the phase of triclinic a- 
phase crystallinity that was increased as increasing BC content. Young’s modulus of 
nanocomposite films were higher than neat PA11 as increasing BC content. BC has 
effects on PA11 crystallinity (Xc) but has no effect on Tm and Td. The storage 
modulus of the nanocomposite films was higher than neat PA11. The partially 
interactions between the interface of BC and PA11 yield to enhance of dielectric 
properties and the poling process can cause the dielectric constant tend to increase. 
However, for the optical property, the incorporated of BC decreased the percentage 
of transmittance in all visible light range.
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