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ABSTRACT : The membranes of the blends of chitosan and polycaprolactam (PA6) were prepared in
formic acid. FT-IR data revealed that hydrogen bonding between amide and hydroxyl groups of chitosan
and PAG, respectively, was formed. Thermogravimetric analysis demonstrated that the blend samples
contain water. DMA results showed that the dissipation of water in the samples significantly reduced the
storage modulus (E’). The mechanical loss tangent (tan d) data of the blend samples showed the 5d loss
pesk around 0 C. The blend samples were completely dried in a vacuum and then exposed to high
moisture to absorb water which would cause, so called, w-bridges between the molecules. The E’ data of
these regained samples increased abnormally and additional 1oss peak appeared on the shoulder of the peak
around 50 C. Under dry condition, the samples with a blend ratio of 40/60 for chitosan/PA6 displayed a

better miscibility between two components.

Keywords : blend, chitosan, polycaprolactam, hydrogen bond, miscibility.
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1. Introduction molecular weight is unevenly distributed and its mechanical
properties are generaly poor. In contrast, synthetic polymer

Polymer blending generdly aims to improve polymer charac- can have evenly distributed molecular weight and mechanical
teristics and increase its applications.” Natural polymer such as properties superior to those of natural butpolymer depending
polysaccharide has the advantage of biodegradability, but its on the polymerization condition, but the synthetic polymer is

*: The title, names of authors, addresses, and abstract in English were trandated into Korean by the editor under an agreement with the
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434 Liaoetal.

usualy known to be non-biodegradable. Blended natural poly-
mer with synthetic polymer, caled bio-polymer, combines
good mechanica properties with biodegradability, increasing
its economic benefits.? Recently, some researchers have focused
on blending polymers, for example blending cellulose with
poly(vinyl pyrrolidone), polyamide, polyacrylonitrile and poly
(vinyl alcohol), and studying their phase behavior, morphology,
mechanical properties, permeation and adsorption properties of
these blends.*®

Chitin is a biodegradable polymer with the main chain
structure (3-(1-4)D-glucopranose) like cdlulose. The crucid
difference is that, in the C-2 position, the hydroxyl is replaced
by the acetamide and forms [B-(1-4)-2-acetamido-2-deoxy-]-
D-glucopranose], which is the magor structure of chitin. Chi-
tosan is obtained through deacetylating chitin,>** but the chitin
is difficult to be deacetylated completely. The chitosanis dassified
into severa types based on its molecular weights and desce-
tylation. Figure 1 illustrates the structures of cellulose, chitin
and chitosan, respectively. Over 80% deacetylation materids
are intended for commercial applications with some acetyl re-
sidues; thus, chitosan isakind of heteropolymers. 2%

Since chitosan contains cations, it can suppress growth of
micro-organisms and bacteria that possess anions. Howevey, its
applicationsinvolving face difficulties owing to its wesk me-
chanica properties. Therefore, blending with different poly-
mers is one way of improving those weak mechanica Inpro-
perties of chitosan. In the polymer selection, chemical or phy-
sical amilarities among compositions incresse miscibility, while
the formation of secondary bonds (such as hydrogen-bonds
and van der Waals force) also increases miscibility. Polyca
prolactam (PA6, structure shown in Figure 2) and chitosan
have strong polarity groups and form strong hydrogen bonds.
Adopting PA6 as the second composition blended with chito-
san can improve mechanical properties and increase applica-
tions of chitosan.

Compatibility affecting the mechanica properties is a key
factor in polymer blending, and blend miscibility can be ev-
duated by measuring the glass transition temperature (T).
Supposedly, blends with fine miscibility typically have only
one glass trandtion temperature, and otherwise have an in-
dividual glass transition temperature. Differential scanning ca-
lorimetry (DSC) can be used to measure the glass trangition
temperature of polymer and determine blend miscibility. Ho-
wever, this method is ineffective for evaluating the miscibility
of blend because its glass transition temperature is not mani-
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Figure 1. Chemical structure of (a) celulose, (b) chitin and (c)
chitosan.
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Figure 2. Chemical structure of polycaprolactam (PA6).

fest.® Nevertheless, dynamic mechanical andlysis and dielec-
tric spectroscopy anaysis offer other approaches for measuring
glass trangition temperature, molecular motion and relaxation.
The two methods are successfully applied to various types of
carbohydrate polymers to observe the molecular motion and
miscibility.’** Relevant research using a DMA measurement
found that moisture affects the modulus changes and mechani-
cal loss tangent of the hydrophilic polymers (such as cdl-
phane).® However, detailed discussion is lacking on the
moisture contained in and removed from chitosan, and the
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Table 1. Blend Ratios of the Samples

Chitosan/Polycaprolactam Blends 435

sample code chitosan PA6-10% PAG6-20% PA6-30% PA6-40%

PAG-50% PA6-60% PA6-70% PAG6-80% PA6-90% PAG

100 wt%
0 wt%

90 wt% 80 wtt%
10 wt% 20 wt%

70 wt%
30 wt%

60 wt%
40 wt%

chitosan content
PA 6 content

50 wt%
50 wt%

40 wt%
60 wtt%

30 wt%
70 wt%

20 wt%
80 wt%

10 wt%
90 wtt%

0 wt%
100 wt%

relations among molecular motion, modulus changes and
miscibility in DMA mesasurement.

This investigation first uses an FT-IR to observe the effect
of hydrogen bond between chitosan and PA6, and uses the
TGA to measure the thermal degradation of individual chi-
tosan/PA6 blended sample. Smultaneoudy, the results of DMA
are utilized to evaluate the molecular motion, modulus changes
and miscibility of blends containing moisture and dehydrate.
Based on the results of DMA, we obtain an optimum blending
ratio of chitosan/PA6 blended samples.

2. Experimental

Materials. Polycaprolactam with an weight average mole-
cular weight (M,,) of 3.0 10* was purchased from Aldrich
USA,Co. USA, and 84.5% deacetylated chitosan with M,,=
1.5 10° was obtained from Fluka Co., Swiss. Formic acid
with 99% purity was purchased from Acros Co., USA.

Preparation of Membrane. The chitosan and polycapro-
lactam were dissolved in formic acid during the blending, and
then heated a 65 C for 4 h. Blending ratios of the poly-
caprolactam varied from 10% to 90% (wt%). The blended
solution was spread on a glass plate, and then heated in a
vacuum oven forming an approximately 0.07~0.15 mm thick
membrane. The membrane was placed in a 2M sodium hy-
droxide solution for neutralization, then soaked in deionized
water for 24 h, settled at room temperature and dried naturally.
Table 1 ligts the blending ratios and sample codes for esch
sample.

Measurement. FT-IR measurements with dried samples
were taken using a PIKE 6141 spectrophotometer; and scanned
ten times ranging from 500 to 4500 cm™ at room temperature.
TGA measurements were conducted using Perkin Elmer
TGA 1, with a sample weight of approximately 5 mg, a
heating rate of 10 C/min. The samples were tested in the
nitrogen gas condition with a temperature ranging from 30 to
750 C.

DSC measurements were taken using a Perkin Elmer Pyris
1 DSC, on samples with mass of about 5 mg, at heating rate of
10 C/min; samples were tested in the nitrogen gas condition,
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Figure 3. FT-IR spectra of chitosan/PA6 blended membranes.
and testing temperature ranging from 30to 275 C.

The DMA measurements were conducted using a Perkin
Elmer DMA 7e, with aheating rate of 5 C/min, atemperature
ranging from -150 to 150 C and afrequency of 1 Hz. Sample
testing was conducted in two conditions of dry nitrogen gas
filling and no gas filling. Moreover, the dimension of the
testing sample was with a thickness of 0.07 ~0.15 mm, width
of 5 mm and length of 10 mm. Two different testing samples
were used, that is, one part of untreated samples and the other
part samples were dehydrated at 100 C for 10 min.

3. Results and Discussion

FT-IR. Figure 3 shows the FT-IR spectra of chitosan, PA6
and chitosan/PA6 blended samples, showing the absorption
pesk strength and frequency of amide group. The pesk strength
and frequency display the characteristics of trangition, indica-
ting a certain interaction between PA6 and chitosan. The amide
| absorption pesk of chitosan appears at 1657 cr*while that of
PAG appears at 1632 cm™ as shown in Figure3. In the amide |1
band, the absorption peak of chitosan appears at 1557cm™ and
that of PAG presents at 1541 cm™. For blended samples, the
amide | absorption peak frequency of chitosan shifts to low
frequency as the increasing of PA6 content and the maximum
shift is approximately 25 cm. Similarly, the transition in the
amide Il band exhibits the same trend, but the frequency shift
in the amide Il band is less significant than that in the amide |
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Figure 4. (8) TG and DTG curves of wet chitosan and wet PA6 obtained at a heating rate of 10 °C/min in an atmosphere of nitrogen, (b)
TG and DTG curves of dry chitosan and dry PA6 obtained at a heating rate of 10 ‘C/minin an atmosphere of nitrogen.

band. Generaly, the absorption peaksin the amide | and amide
Il bands shift toward a low frequency and no new absorption

436

peak is observed with varying PA6 content, demonstrating the
formation of the hydrogen bond between chitosan and PAG.*"#
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TGA.

Degradation of Wet Samples : Since both chitosan and
polycaprolactam (PA6) possess polar groups, the water can be
eadly adsorbed onto the polymers by hydrogen bond. 26-29
As the temperature increases from 30 to 120 C, the TG
curve indicates 12 wt% weight loss of chitosan, implying the
presence of water; this weight loss of PA6 is about 4 wt%, as
indicated in Figures 4(a). Following the loss of water, chitosan
and PA6 undergo a primary stage of degradation. The initia
degradation temperature of chitosan is about 295 C and its
carbonization temperature is around 720 C. The degradation
temperature of PAG is 437~510 C. In spite of the water loss,
the TG curves indicate that both polymers undergo a single
stage of degradation.

For the chitosan and PA6 polymers being dried at 100 C
for 10 min, the TG curves indicate no weight loss of water, as
shown in Figure 4(b). In subsequent experiments, all samples
were dried a 100 C for 10 min to proceed therma de-
gradation and measure weight loss. Moreover, the dry samples
were very useful in thermogravimetric analysis.

Degradation of Chitosan and PA 6 : The TG curve of dry
PAG in Figure 4(b) has a horizontal basdline between 100 and
300 C, implying completely dehydrated. However, the base-
line of the TG curve for dry chitosan indicates 5 wt% weight
loss between 100 and 280 C, as shown in Figure 4(b); this
weight loss is associated with deacetylation.*

The dry chitosan and PA6 exhibit a single stage of de-
gradation and reflect a temperature of the maximum rate of
degradation (DTG curve) as shown in Figure 4(b). The initial
degradation temperature of chitosan is about 287 C and its
temperature of the maximum rate of degradation is about
313 . Finaly, a high char residue of about 37 wit% is pro-
duced at 720 C. The degradation of chitosan in fact starts with
the amine groups and forms an unsaturated structure.® Similarly,
PAG dso exhibits an initid degradation temperature at 429 C
and atemperature of maximum rate of degradation about 466 C.
The degradation of PAG is related to the breakage of the main
chain and depolymerization (a reversed reaction of cydic
polycondensation) to form a caprolatam; ™ finally, formed the
char residual lessthan 0.21 wt%.

Degradation of Chitosan Blended with PA6 : These un-
dehydrate chitosan/PA6 blended samples dso exhibit various
weight lossbetween 30and 120 C, asshownin Figure 5(a).

TGA is used herein to examine various components of
blended samples. For these dried chitosan/PA6 blended sam-
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Figure 5. (a) TG and DTG curves of wet chitosan/PA6 of various
proportions, obtained at a hesting rate of 10 C/min in an
amosphere of nitrogen atmosphere, (b) TG and DTG curves of
dry chitosan/PAG of various proportions, obtained at a heating reate
of 10 C/minin an atmosphere of nitrogen atmosphere.

700

ples, the degradation temperature ranges of thefirst and second
stages seem to correspond to the degradation temperature
ranges of pure chitosan and PAG, respectively. The two peaks
on the DTG curves indicate the temperature of the maximum
rate of the first and second degradation stages. However, the
second stage of the blended samples that contains more than
30 wt% PAG6 shift toward higher temperature, as shown in
Figure 5(b). For blended samples, the degraded substrates of
chitosan seem to affect the PA6 degradation earlier.

DSC. Figure 6(a) shows DSC scan of the chitosan. An
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Figure 6. (8) DSC curve of wet chitosan obtained at a heating
rate of 10 ‘C/min in an atmosphere of nitrogen, (b) DSC curve of
dry chitosan obtained a a heating rate of 10 C/min in an
atmosphere of nitrogen.

endothermic peak centered on 100 C can be assigned to the
evaporation of adsorbed water. The sample saysat 100 C for
10 min and cools down to room temperature, and then DSC
scan starts. We do not find the endothermic peak on DSC
curve (as shown in Figure 6(b)). The DSC curve of chitosan
does not indicate any endothermic transition between room
temperature and 250 C that assigns the lack of any cry-
galline or any other phase change during the heating process.
Sreenivasan™® suggested that the strong endothermic pesk
around 270 C was due to the oxidative degradation of chi-
tosan. Thus, the endothermic pesk centered around 287 C in
Figure 6(b) ought to the thermal degradation of the sample.
Figure 7 displays DSC scan of PA6 and chitosan/PA6 blended
samples. The endothermic peak of adsorbed water evaporation
disappears. We observe only one endothermic pesk on each

438

Polymer (Korea), \Vol. 28, No. 5, 2004

PA6-90%

PA6-80%

PAG-70%

PAG-60%

PA6-50%

Heat Flow

PAG-40%

PA6-30%

PAG-20%

PA6-10%

T T

50 100 150 200 250
Temperature (C)

Figure 7. DSC curves of PA6 and chitosan/PA6 blended samples
obtained a a heating rate of 10 C/min in an amosphere of
nitrogen.

blended samples and the temperature of the endothermic peak
correponds to the Tm of PA6. Before the endothermic peak of
Tm, no any dope change is observed. It was probably unavail-
able to examine the T, of samples under DSC scan condition.

Basicdly, the temperature of endothermic peak shifts toward
alow temperature with an increase of chitosan content. Above-
mentioned results can be used to explain chitosan interfere the
crystallization of PAG, both in reducing the size of crystdline
and broadening the digtribution of crystalline. The hydrogen
bond formed between chitosan and PA6 molecular chains res-
tricts the crystalization of PA6. Besides, the steric hindrance
formed by the molecular chains of chitosan also redtricts the
movement of PA6 chains, and then causes the difficulties of
crystdlization. If the former effect plays as the main reason, a
miscibility between chitosan and PAG is regarded to be found.
Because DSC reaults can't be used to evaluate the miscibility
of chitosar/PA6 blended samples precisdly, further evauations for
the same miscibility by DMA will be discussed in the next part.

Dynamic Mechanical Properties Analyss.

Modulus and Chain Motion of Wet Sample : Figure 8
illugtrates the relationship between the storage modulus (E)
and temperature of the wet sample. The modulus of some sam-
ples (as chitosan and PA6-10%) between -150 and 0 C
rapidly drop because of the moisture and molecular motion,
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Figure 8. Storage modulus (log £”) of “wet” samples.

causing modulus loss® As the temperature beyond 0 °C, ho-
wever, the moduli of blended samples with low PA6 content
(for example chitosan and PA6-10%) increase significantly.
The result can be attributable to the heat promoted the scale of
motion in the molecular chains; therefore, the polymer free
volume is increased. Meanwhile, the heat effects increase the
mobility of the water molecule. The water molecule easily
enters into the free volume and links consecutively to eech other.
Finally, they connect the molecular chains and form cross-
linkages (namely water-water bridge, w-bridge). Furthermore,
the bonding force of these w-bridge occasionaly is higher than
that of the second bond of the polymer itself, thus increasing
the modulus.® Similar observations have been reported for
nylon by Prevorsek,* and for PVA by Takayanagi. Prevorsek
suggested that the water increased modulus by reducing free
volume and formed the hydrogen bond (w-bridge) between the
molecular chains. Neverthedless, the modulus declines as the
temperature exceeds 70 C due to the removing of moisture
from samples™® PA6-40% and PAG-60% blended samples
differ from the other samples. Their moduli continue to decline
even though the temperature exceeds 0 C. Probably, the sam-
ples in these two ratios have grester miscibility than the other
ratios, so no extra water molecule exists between the chitosan
and PA6 to form the w-bridge. The moisture thus probably
only fillsthe voids and does not enter the molecular chain.
Figure 9 illustrates the relationship between dynamic loss
tangent (tan &) and temperature. PA6 has three loss peaks (y, 3,
o peaks) from low to high temperatures, representing the
motion of the methylene group between the amide groups, the
partial motion of the amide group and the segment motion of
the main chain, respectively. The vy, 8, and o peaks appear at
approximately -110, -76 and 70 C, respectively. Chitosan has
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Figure 9. Loss tangent (tan 6) of “wet” samples.

two loss peaks (y and o peaks). The y peak occurs at -75 C,
resulting from vibrations of the polysaccharide, and o peek is
approximately 100 C. Additionaly, chitosan and PA6 give a
peak around 0 C individually, termed the d peak. This loss
pesk assigns to moisture dissipation.®** Bd pesk dso is
shown in the other blends. However, the Sd pesk is not
observed in PA6-40% because the compact arrangement of
molecular chains in this blend ratio is harmful to the forming
of w-bridge between chitosan and PAG, indicating that this
blend islikely to have good miscibility.

From Figure 9, chitosan has a large loss peak bdow 0 C
because chitosan has high crystallization and strong polarity,
alowing the intermolecules to easily form network structures
by hydrogen bond. Besides, the w-bridge makes the motion of
chitosan segments difficult beneath 0 C. Therefore, this loss
pesk is wide, like for the rigid polymers. However, after
adding PAB, the PA6 soft segment fills into the space among
the chitosan molecular chain and weskens the hydrogen bond
effect between molecules and moisture. Meantime, PA6 soft
segment aso reduces the intraamolecular hydrogen bond in
chitosan and form hydrogen bond with chitosan molecular
chains. In turn, it enhances the motion ability of molecular
chain, causing the reduction of y peak in chitosan. Additionally,
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the y peak of PA6 is absent in the all blended samples. This
phenomenon results from the effects of hydrogen bond and w-
bridge. They redtrict the motion of the methylene group,
causing the y peak of PA6 to diminish or even disappear.
Similarly, the hydrogen bond redtricts within motion of the
amide group, so that the 3 peak of PA6 does not appear in the
blended sample (PA6-40%). The partia amide group of PA6
and chitosan forms hydrogen bond, decreasing the § peak
(PAB-90%). As noted above, the disappearance of the vy,  and
Bd pesks aso explained why the PA6-40% displayed excellent
miscibility. Generally, o pesk of the blended samples shifts
toward lower temperature with increasing PA6 content. The
mechanical lossin this stage includes the main chain motion of
both PA6 and chitosan and the continuous phase motion among
the two compositions, asillustrated in Figure 9. There are two
types of hydrogen bond produced between chitosan and PAG.
One is the formed between the chitosan and PAG, the other is
w-bridge resulted from moi sture among the two compositions.
Effects of Moisture Permeating into Dried Samples:
From the previous discussion, the moisture is likely to be a
cross-linking agent or plasticizer in the wet sample. Currently,
no study describes about the action of moisture at certain tem-
perature. Therefore, the sample is placed into a vacuum oven
for 10minat 100 C to remove the moisture before testing.
Figure 10 displays the relationship between the storage
modulus (E") and temperature for the dried samples. At the
same ratio, the E' vadue of dried sample is lower than that of
wet samplebdow 0 C and the E’ curves of the dried samples
are flatter than that of the wet samples with increasing tem-
perature. In contrast with dried samples, w-bridge resultsin the
high E’ vdue below 0 C in wet samples. Comparing the wet
and dried samples of PA6-40% in Figure 8 and Figure 10, the

ChiJosan
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Figure 10. Storage modulus (log E") of “dried” samples.
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modulus of dried sampleis 0.5 E° Pa which is less than that of
wet samples. The phenomenon indicates that the moisture of
the wet samples acts as filler or forms a small amount of w-
bridge. The moigture can not promote modulus and the modulus
only decreases dightly after moisture removd (as PA6-40%).
The strong hydrogen bond generates between the chitosan and
PAG in this blend ratio, so that PA6-40% has the highest E’
vauein dl dried samples. Thus, this sample possibly achieves
good miscibility. Comparetively, the E” value of dried sample
differs grestly from that of wet sample bdlow 0 C for PA6-
60%, meaning that PA6-60% wet sample has alarge amount of
w-bridge. The modulus reduces sharply after remova of
moisture.

Heat provides the energy for molecular motion, so that main
chain motion occurs a higher temperature and the modulus
decreases gradually with increasing temperature. Figure 10
indicates that the modulus of the samples displays a significant
increase from 0 to 50 C, except for PA6-60% and PA6-40%.
Moreover, the modulus exceeds that at low temperature for
PA6-10% dried sample. Because of the moisture penetrates
into the sample again in the temperature range of 0~50 C,
the w-bridge causes the increasing modulus. moisture is dif-
ficult to permeste into intermolecular force due to a grest
hydrogen bond for PA6-40%, so that its modulus is not
increased within the temperature range of 0~50 T. A little
moisture entering this blended sample is only attached to the
polarity group of PA6 and chitosan without forming w-bridge.
Therefore, no modulus increases within this temperature range,
explaining the presumably higher miscibility of PA6-40%.

To verify the above observations, DMA testing is conducted
on the dried samples under the same conditions. The samples
are weighed before DMA testing, and weighed again when the
temperature reaches 50 C. The results of sample weighing
demonstrate that samples weight increases as a result of
moisture penetrated into the samples.

Figure 11 illustrates the relationship between the mechanical
loss tangent (tan ) and the temperature of the dried samples.
Below 0 C, the w-bridge that restricts the molecular chain
motion does not exist in the dried samples, and thus the g and
vy peaks of the samples should appear. Only PA6-90% displays
v and f3 peaksfor al blended samples from Figure 11. Notably,
the temperature of y peak in PA6-90% is similar to that in PAG.
But, the 8 pesk of PA6-90% is located at the higher tem-
perature than that of the 8 peak of PA6. Moreover, PA6-90%
has a small shoulder around -90 C. This shoulder temperature
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Figure 11. Loss tangent (tan 6) of “dried” samples.

is close to the y peak temperature of chitosan. The temperature
of the B pesk increased because chitosan redtricts the partid
motion of the amide group in PA6-90%. However, the PAG-
40% and PA6-60% samples display aloss pegk a around -50 C
and the temperatures for both loss peaks are approximately
20 C higher than that of the S peak of PA6. Because
chitosan and the amide group in PA6 form intermolecular
hydrogen bond, the miscibility of chitosan and PA6 increases.
Similarly, a loss peak of PA6-10% dried sample appears at
-150~-50 C. This temperature range includes y and 3 pesks
of PA6 and y peak of chitosan, demonstrating the interaction
between chitosan and PAG6 at this temperature range. How-
ever, this interaction does not imply that PA6-10% has good
miscibility.

The sample gradually absorbs moisture above 0 C, causing
abnormal increase of the modulus and wide o pesk, par-
ticularly in chitosan and PA6-10%. This is the result of w-bri-
dge effect, which involves relaxations among composites and
between moisture and sample. The results of relaxations aso
widen o peak. PA6-40% displays only one o pesk at 85~
103 C and this pesk is dightly narrow compared with chi-
tosan and PA6-10%. Additionally, a shoulder appears around
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50 C. The shoulder probably is formed by intramolecular
moisture filler. PA6-60% and PA6-90% have the same phe-
nomenon. Moreover, PA6-60% and PABG-90% present two o
peaks corresponding to the main chain motion in PA6 and
chitosan, demonstrating that the two samples have atwo-phase
structure when moisture exist. The multiple pesks appearing at
0~100 C demondrates that PA6-90% has phase separation.
PA6-60% display only one pesk at low temperature, but there
are severa peaks a high temperature. The two-phase of PAG6-
60% are partially miscible.

Dynamic Mechanical Properties of Dried Samples in
Dry Condition : To prevent moisture penetrating into dried
samples again, a sedled type cooling tank is used to avoid
liquid nitrogen bringing moisture into samples. The samples
hold for 5 min at 100 C, and then quench to -150 C rapidly.
The dry nitrogen gas (20 cm®/min) is continuously added to the
system.

Figure 12 illugtrates the relaionship between the storage
modulus (E") and temperature under above test condition. PAG-
10% and PA6-90% display no abnormd increase in modulus
from0to 50 C. At higher temperature, the moisture is unable
to affect the modulus, and thus their modulus decreases
dightly compared with the samples shown in Figure 10. Some
samples under unsedled testing condition increase in modulus
due to the w-bridge a 0~50 C. When the moisture is
eliminated, PA6-40% has the highest modulus among all
blends, indicating the PA6-40% has the best miscibility in
blends as show in Figure 12.

Figure 13 illustrates the relationship between the tan & and
temperature under this test condition. The loss peak at low
temperature resembles that in Figure 11, indicating that the
dried samples are unaffected by moisture a low temperatures.

chitosan

2.5E9

PAB-40%
Vi

1E9] - PA6T10% B S PA6-60%
) e .7

7.568] Ty
5E81 PA6

AN
PA6-90%

—— chitosan
rrrrrrr PA6-10 %
2 5E8 PAG-40 %
—————— PA6-60 %
""" PA6-90 %
e PAB

Log E’ (Pa)

1E8 T T T T T T
—150 —100 -50 0 50 100 150
Temperature (C)

Figure 12. Storage modulus (log E”) of “dried” samples in the
dry condition.
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Figure 13. Loss tangent (tan 9) of “dried” samples in the dry
condition.

Since moisture does not exist, the temperature range of the o
peak is narrower than that in Figure 11 and shifts toward high
temperature as shown in Figure 13. This investigation finds
that the o pesk of the blends shifts toward high temperature
with increasing chitosan content. This phenomenon is attri-
buted to the hydrogen bond generated between chitosan and
PAG. This hydrogen bond regtricts the molecular chain motion
and makes o peak to shift toward high temperature. Com-
parison between Figures 13 and 11 revedls that the shoulder
around 50 C disappears, explaining that the shoulder is pre-
cisely caused by the moisturefiller in the samples.

From Figure 13, three loss peaks of PA6 (y, B and a peaks)
are laid on -130, -62 and 78 C, respectively. The 3 pesk of
PA6G-90% shifts toward high temperature and narrows, and a
shoulder appears a the low temperature that corresponds to the
v peak of chitosan. The o pesk of PA6-90% shifts to high
temperature dightly, but a shoulder appears around 100 C,
indicating that chitosan and PA6 are partidly miscible. The
same dituation occurs in the PAG-60%, for which the o peak is
located in 53~108 C and composes of the o pesk of PA6
and chitosan, demongtrating that PA6-60% aso has the phase
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separation.

The two pesks of the PA6-10% appear, corresponding to the
v and o pesks of chitosan. A shoulder of PA6-10% appears
around 80 C that corresponds to the o peak of PAG, indi-
cating individually molecule chain motion of PA6 and chitosan
and the existence of phase separation. PA6-40% displays only
one pesk that approaches the 8 peak of PA6 at low temperature.
Additionally, chitosan causes the o pesk to shift toward high
temperature, ranging from 105 to 140 C, and the shoulder a
high temperature is absence. To sum up, PA6-40% has the
highest miscibility in all blended samples.

4, Conclusions

The FT-IR spectra demonstrated the hydrogen bond be-
tween chitosan and PA6. Hydrogen bond and moisture were
two major factors in modulus and miscibility for chitosan, PA6
and the blended samples. moisture was dissipated near 0 C,
causing rapidly reducing modulus. Over 0 C, moisture within
free volumes penetrated into the intermolecular spacing and
formed w-bridge, increasing the modulus. For dried samples,
the d peak disappeared around 0 C, verifying that moisture
is a mgor reason for the shap modulus decline a low
temperatures. Under unsealed test conditions, some samples
with low miscibility formed the w-bridge over 0 C due to
moisture penetrating into the PA6 and chitosan molecule chain,
causing dgnificant modulus increase. The moisture filler
brought about a shoulder around 50 C, and the shoulder
exised in severa blended samples. moisture significantly
affects the storage modulus of high hydrophilic chitosan/PA6
blended samples. Following the w-bridge formed, the storage
modulus clearly incressed. The w-bridge also influenced
molecular chain motion and widened a peak. Miscibility in
this work was considered first in blend application and
manufacturing. This investigation found that PA6-40% had the
best miscibility in theall blends.
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