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ABSTRACT: Various poly(vinyl chloride) (PVC)/feather
keratin (FK) blends were prepared via a solution blending
method in the presence of N,N-dimethylformamide as a sol-
vent. The miscibility of the blends was studied with different
analytical methods, such as dilute solution viscometry, dif-
ferential scanning calorimetry, refractometry, and atomic
force microscopy. According to the results obtained from
these techniques, it was concluded that the PVC/FK blend
was miscible in all the studied compositions. Specific inter-
actions between carbonyl groups of the FK structure and
hydrogen from the chlorine-containing carbon of the PVC

were found to be responsible for the observed miscibility
on the basis of Fourier transform infrared spectroscopy.
Furthermore, increasing the FK content in the blends
resulted in their miscibility enhancement. The thermal stabil-
ity of the samples, as an important characteristic of biobased
polymer blends, was finally examined in terms of their FK
weight percentage and application temperature. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 121: 3252-3261, 2011
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INTRODUCTION

Concerns over environmental impacts, such as
global warming, pollution, and use of renewable
versus nonrenewable resources, and the cost of syn-
thetic polymers have recently motivated significant
research in support of sustainable polymer systems
in which one or more component is biodegradable
or biobased."? Among the existing biopolymers
resources, feather keratin (FK) is one of the most
abundant and inexpensive polymers; it possesses
unique properties, such as a high aspect ratio and
good thermal and acoustic insulating characteristics.?
According to global statistics, feather waste produc-
tion in the world amounts to more than 4 million
tons annually; this disposal presents a severe prob-
lem for the poultry industry.* Several approaches
are in vogue for disposing of bulk feather waste,
including landfilling, burning, natural gas produc-
tion, and treatment for animal feed;>° these are all
environmentally unsound and, therefore, undesir-
able in a tide of increasingly restrictive environmen-
tal regulations.” With regard to the aforementioned
difficulties, using these wastes as potential substi-
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tutes for synthetic polymers provides an ecofriendly
alternative to their disposal methods.

Nevertheless, FK by itself has serious limitations
because of its poor mechanical properties and brittle-
ness compared to those of synthetic polymers.*” To
overcome these deficiencies, many attempts have
been directed toward modification of the FK chemi-
cal structure.®'* For example, Schrooyen et al.” found
that a controlled interaction of cysteine residues of
the FK structure with iodoacetic acid not only pro-
vided more stable FK solutions for film casting but
also left the remaining cysteines free to form disul-
fide crosslinks during film formation; this, in turn,
resulted in enhanced mechanical properties of the
modified FK. Moreover, Tanabe et al.'’ reported that
the keratin films crosslinked by ethylene glycol digly-
cidyl ether had a higher mechanical strength and
elongation at break compared to pure keratin films.

Another approach in this regard, however, is FK
blending with other synthetic polymers. The resultant
blends would be more environmentally friendly than
completely synthetic products because of the biode-
gradation properties provided by FK. Furthermore,
synthetic polymers/FK blends would have superior
mechanical properties compared to products devel-
oped solely from FK.

In recent years, many research works have been
devoted to the study of the blends and composites
of synthetic polymers and FK. For instance, Barone
and Schmidt'*'* studied various polyethylene-based



PVC/FEATHER KERATIN BLENDS

composites containing keratin fibers from chicken
feathers. The results showed that the elastic modulus
and yield stress of the composites increased over
those of the virgin polymer. Also, Huda and Yang'®
reported that composites from ground chicken quill
and polypropylene had superior flexural moduli,
tensile properties, and noise reduction coefficients
compared to polypropylene/jute composites because
of the significantly lower aspect ratio and length of
ground quill over jute. In addition, Martinez-Hernan-
dez et al.'® observed that the thermal stability, glass-
transition temperature (T,), and storage modulus of
poly(methyl methacrylate) increased with chicken
feather fibers addition. Recently, Cheng et al.'” stud-
ied chicken feather fiber/poly(lactic acid) green com-
posites and noticed that the storage modulus of the
composites increased and the mechanical loss factor
decreased with respect to the pure polymer. More-
over, Mishra et al.'® studied epoxy- and alkali-treated
FK composites and showed that the composites’ ten-
sile and flexural strengths were enhanced over the
pure epoxy resin. Furthermore, Barone and Gre-
goire'” characterized fiber/polymer interactions in
short keratin fiber/polypropylene composite. They
pointed out increased interaction between polypro-
pylene and FK fibers as a result of a coupling agent,
maleic anhydride grafted polypropylene, introduced
to the composites. The interaction enhancement and
the resultant mechanical properties improvement was
attributed to a distinct increase in the amount of trans-
crystallinity in the composites.

Nevertheless, even though the miscibility of the
blend constituents plays a vital role in the manife-
station of superior properties of a blend at the molec-
ular scale, one can acknowledge that investigations
concerning synthetic polymer/FK miscibility are lack-
ing in the open literature. A fundamental under-
standing of the extent of the miscibility between the
FK and synthetic polymers would enhance the capa-
bility for modifying the properties of this natural
polymer by its blending with other polymers.

Therefore, this work is concerned with the exami-
nation of the miscibility of poly(vinyl chloride)
(PVC), one of the most consumed plastics in the
world, with FK with various techniques. To do so,
various PVC/FK mixtures were prepared by a solu-
tion blending method. Dilute solution viscometry
(DSV), Fourier transform infrared (FTIR) spectros-
copy, differential scanning calorimetry (DSC), refrac-
tometry, and atomic force microscopy (AFM) were
used to gather the miscibility data. When these data
were analyzed, the PVC/FK blend could be referred
to as miscible if the blend components formed a
homogeneous single-phase mixture.”” In addition,
the thermal stability of the prepared blends was
studied with thermogravimetric analysis (TGA).
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EXPERIMENTAL
Materials

PVC, with a k-value (a measure of molecular weight)
of 65, was obtained from Bandar Imam Petrochemi-
cal Co. (Mahshahr, Iran). Poultry feather was pur-
chased from Zarbal Co. (Amol, Iran). FK fibers, 3-4
cm in length, were manually cut from the feather
shaft, thoroughly washed with ethanol, and then
dried. Furthermore, N,N-dimethylformamide (DMF;
Merck) was used as received.

Sample preparation

Various PVC/FK blends were prepared via a solu-
tion blending method. At first, each of the blend
components was dissolved separately in its common
solvent, DMF, to create master solutions. It should
be noted that a homogeneous solution of the FK in
DMF was obtained by continuous stirring of the
FK/DMF mixture at 80°C for 5 days. Then, the mas-
ter solutions were mixed together in such ratios that
various mixtures with 20, 40, 50, and 60 wt % FK
were obtained. Finally, the mixed solutions were
cast on Petri dishes, and the solvent was removed
by evaporation in a vacuum oven at 80°C for 48 h.
The resultant PVC/FK blend films, about 90 pm in
thickness, were used for later analysis.

Characterization methods
DSV

Equations of the blend viscosity versus concentration. The
viscosities of the parent polymer and blend dilute
solutions in DMF were measured with an Ubbe-
lohde capillary viscometer (Schott, Mainz, Germany)
immersed in a constant-temperature bath at 25.0 =
0.1°C. According to Krigbaum and Wall*' and Cragg
and Bigelow,” the reduced viscosity of a polymer
(nsp/C) in a solution follows the Huggins equation:

(Nep/C); = [nl; + biiCi ey

where
2
bii = kii[n]; )

where (ngp)i, Ni, Cj, bij, and k;; are the specific viscos-
ity, intrinsic viscosity, polymer concentration, visco-
metric interaction parameter, and Huggins constant
of polymer i, respectively. For nonelectrolyte dilute
solutions, a plot of (ng,/C); versus C; should yield a
straight line with intercept and slope equal to 1; and
bi;, respectively. Theoretically, the parameter n;
measures the effective hydrodynamic specific vol-
ume of a single polymer, whereas the quantity b;
returns to the binary interactions between polymer
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segments.” Equation (1) can be readily adapted to a
ternary system containing a polzlmer (1), a polymer
(2), and a solvent (3), as follows:*°

(nsp/c)m = [n}m =+ mem (3)
by setting
bm = bllw% + bzzwg + 2b12W1W2 (4)

where [n],, and by, is the experimental intrinsic viscos-
ity and viscometric interaction parameter of a ternary
solution, C,, is the total concentration of polymers 1
and 2 (C,, = C; + (), and w; designates the normal-
ized weight fraction of polymer i (ie., w; = C;/C,,
where i = 1 and 2). Also, by, is the experimental visco-
metric interaction parameter between the two poly-
meric species.

Criteria of blend miscibility. According to Williamson
and Wrigh’c,23 in blends with ideal behavior, the inter-
specific interaction coefficient (b'%) can be expressed as

by = (byy + b2)/2 ®)

According to this approach, intermolecular inter-
actions between two polymers can be evaluated on
the basis of the difference between the experimental
(b1p) and theoretical (bi%) values of the interaction
parameter:

Ab = by, - blidz (6)

The values of by and b¥% are obtained from a com-
bination of egs. (1)-(4) and Eq. (5), respectively. If
Ab > 0 or by, > blidz, there exist attractive intermolec-
ular interactions and miscibility in the system,
whereas Ab < 0 or by, < bi% implies the tendency of
the system to go toward phase separation.

Using these values, Chee** introduced another
parameter (i) to predict polymer—polymer miscibil-
ity, as follows:

p=Ab/([n]; - [Tﬂz)Z @)

where p > 0 indicates blend miscibility and p < 0
indicates immiscibility. Garcia et al.*® also proposed
a miscibility criterion, which was based on the dif-
ference between n,, and the ideal value of the solu-
tion intrinsic viscosity ([n]):

Aln] = [n],, — ] ®)
where
Ml = w1 + [lyws )
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The value of [n],, is determined from the intercept
of the plot according to Eq. (3), whereas [n]ir‘j is cal-
culated from Eq. (9). When A[n] < 0, then the two
polymers are miscible.

FTIR measurements

The infrared spectra were acquired with a Bruker
Equinox55 FTIR spectrophotometer (Karlsruhe, Ger-
many) equipped with deuterated triglycine sulfate
detector. The scans were taken at 4-cm ™' resolution.
All of the blend films were sufficiently thin to be
within a range where the Beer-Lambert law is
obeyed.

Refractometry measurements

Refractive indices of the blend solutions were meas-
ured with an Abbe’s refractometer (Erma Optical
Words Ltd., Tokyo, Japan) with a thermostat water-
circulation system at 30°C. The accuracy of the re-
fractive index measurements was +0.02%.

DSC measurements

DSC measurements were performed on a Polymer
Laboratory PL-DSC instrument (Church Stretton,
England). The temperature was ramped at 10°C/
min from 30 to 350°C under a nitrogen atmosphere.
Tg was determined by the intersection method, and
the melting temperature (T,,) was taken as the maxi-
mum in the endothermic peak. Also, the heat of
fusion per gram of sample (AH;) was determined by
measurement of the melting peak area for each
sample.

TGA measurements

The TGA curves were recorded on a Polymer Labo-
ratories TGA-Polymer Laboratory PL instrument
(Church Stretton, England). All the experiments
were carried out at a heating rate of 10°C/min from
30 to 600°C under a nitrogen atmosphere.

AFM

Tapping-mode AFM was performed with a Dual-
scope/Rasterscope C26 Danish Micro Engineering
(DME) with alternating Current (AC) (Copenhagen,
Denmark) probe equipped with an aluminum coating
cantilever. All measurements were made at ambient
temperature, and intermediate to hard tapping was
employed to reveal good contrast in both height and
phase images.
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Figure 1 m,,/C versus concentration for the pure PVC, FK, and various PVC/FK solutions.

RESULTS AND DISCUSSION

Figure 1 illustrates the variation of ny,/C of the par-
ent polymers and various PVC/FK blend solutions
as a function of their concentrations. A linear rela-
tionship was observed for all of the blends over the
studied composition range. The values of b,, and n,,
were attained from the slopes and intercepts of the
experimental lines in Figure 1, respectively. As can
be seen, the blends” mn,, values increased with
increasing PVC content; this could be interpreted
by the higher m, value of neat PVC over that of
the pure FK. Accordingly, the values of Ab and p
were computed with egs. (6) and (7) and are given
in Table L

It should be noted that the values of by; and by,
were derived from the ny,/C versus C curves of
pure FK and PVC (Fig. 1). As can be seen from
Table I, the parameters Ab and p were positive.
Hence, the PVC/FK blends could be classified as
miscible at all the studied compositions on the basis
of the criteria introduced previously in the Experi-
mental section.

Moreover, in all the PVC/FK blends, n,, values

(Fig. 2). Therefore, according to the A[n] criterion
proposed by Garcia, all the studied PVC/FK blends
were miscible (Table I). Also, it can be seen from Ta-
ble I that the system containing the highest FK
weight percentage, PVC/FK 40/60, had the greatest
deviation from the mixing rule. This observation
may point to the fact that interaction between the
blend components increased as the FK weight per-
centage increased. For the sake of clarity, the most
abundant chemical structures that are found in FK
are shown in Figure 3. Proline, serine, valine, cyste-
ine, and glycine amino acids of FK can serve arrays
of polar side groups, such as amino, hydroxyl, sulf-
hydryl, and carboxyl, which may act as potential
sites for increasing its interactions with PVC chains.
This finding runs in harmony with the conclusion
derived by Lizymol and Thomas®® and Walsh et al.,*
who stated that blends of two components with dif-
ferent polarities show more compatibility when the
fraction of the more polar component increases.

The FTIR spectra of solid FK, soluted FK, PVC,
and PVC/FK 50/50 blend are shown in Figure 4.
The most important spectral features in the 600-700-

revealed a negative deviation from the mixing rule  cm ' region were those of sulfur-sulfur (5—S) bonds
TABLE I
Compatibility Parameters for the Blends
Sample Ab (L/g) n A[n] (L/g)
PVC/FK 40/60 5.1555 = 0.02 3.2725 £ 0.15 —0.2491 = 0.002
PVC/FK 50/50 5.0176 = 0.021 24630 = 0.22 —0.1848 = 0.003
PVC/FK 60/40 43154 = 0.05 1.9946 = 0.072 —0.1172 = 0.002

PVC/FK 80/20 4.4628 = 0.044

1.6957 = 0.084 —0.0699 = 0.004

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Intrinsic viscosity versus weight fraction of FK in the samples: (- - -) prediction in accordance with the mixing

rule and (@) experimental data.

in the solid FK. It has been reported that the FK
stability in the solid state is typically due to the
crosslinking produced by the formation of cysteine
disulfide bonds.?® Therefore, the reduction of the
S—S peak intensity and the appearance of a new
peak at 1238 cm™' corresponding to a symmetric
SO, band® in the soluted FK FTIR spectrum com-
pared to that of the solid FK indicated the disulfide
linkages cleaving during the dissolving process. In
other words, it seems that the FK was dissolved and
formed a molecular dispersion in DMF. All the sam-
ples containing FK showed the same vibrational
modes in the 3100-3500- and 1500-1550-cm ' ranges,
which corresponded to the N—H bands of the FK
amides I, II, and IIL.*° In addition, the most intense
bands in the 1550-1700-cm™' region could be
assigned to the C=O stretching vibration of amide
1> There were no vibrational transitions in the
C=0 and N—H peak positions of the soluted FK
compared to their original positions in the solid FK
FTIR spectrum. This observation revealed that no
chain scissioning occurred in the FK chains during
the dissolving process in DMF. Also, the characteris-

b) OH d) (@]
HoN °
OH
c)
Hsﬁ//\\F‘?
(0]

Figure 3 Chemical structures of the most common amino
acids in FK.
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tic absorption peaks of PVC emerged at 700-750
ecm ' (corresponding to C—Cl stretching), 958 cm ™"
(related to C—C stretching vibrations), 1300-1400

cm ! (corresponding to C—H stretching of CH,

Solute:d FK
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Transmittance (%)
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Figure 4 FTIR spectra of the solid FK, soluted FK, PVC,
and PVC/FK 50/50.
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Figure 5 DSC curve of the pure PVC.

band), and 2930 cm ' (attributed to C—H vibrations
of the C—H—Cl band).*" In addition, the absorption
peak appearing at 1637 cm ™' in the neat PVC spec-
trum corresponded to dioctyl phthalate, commonly
used as a plasticizer for PVC.*?

The observed shifts in the peak positions of both
the N—H, C=0 and C—H—Cl bands in PVC/FK
50/50 could be attributed to a specific interaction
between FK and PVC. Also, a new peak appearing
at 1724 cm™' in the PVC/FK 50/50 spectrum was
ascribed to the formation of carbonyl groups related
to chloroketone. This feature implied that the misci-
bility of the PVC/FK blend, as revealed by DSV,
was due to the hydrogen bonding between the car-
bonyl groups of FK and hydrogen atoms attached to
the chlorine-containing carbons of PVC.*?

Furthermore, the medium-strong intensity peak at
2963 cm ™, ascribed to the FK methyl (CH3) groups’
vibrations,™ shifted to 2910 cm ™" in PVC/FK 50/50.
According to Schmidt et al,** the changes in the
CHj; groups’ stretching frequencies in polymers con-
taining water, such as FK,'® can be related to the
amount of water molecules surrounding these CHj
groups in the polymer structure. In other words, the
lower the number of water molecules is in interac-
tion with CHj; groups, the larger the wave-number
downshifts are on the CHj; vibration.>* Therefore, we
concluded that PVC addition to the FK decreased
the water molecules within the FK structure. It is
worth mentioning that there was no reduction in the
CHj; band absorbance in the soluted FK spectrum
compared to that of the solid FK; this suggests that
the FK molecular weight remained unchanged dur-
ing the FK dissolution in DMF.

The DSC curve of the PVC is shown in Figure 5.
The T, value was found to be around 80°C in accord-

ance with reports in the literature.”* Also, Figure 6
shows the DSC curves of the pure FK and various
PVC/FK blends. The low-temperature peak around

PVC/FK
80/20

PVC/FK
60/40

PVC/FK
50/50

Heat Flow (mW) exo —>

|
0 50 100 150 200 250 300 350 400
Temperature (°C)

Figure 6 DSC curves of the pure FK and its various blends
with PVC (the curves were shifted vertically for clarity).
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TABLE I1
T,, T,., and AH; of Pure FK and PVC
and Their Various Blends
Sample T, (°C) T, (°C) AH,, (J/8)

FK — 258 11.86
PVC/FK 50/50 162 251 19.31
PVC/FK 60/40 131 243 31.44
PVC/FK 80/20 117 238 49.54
PVC 80 — —

60°C in the pure FK DSC curve corresponded to a
loss of the so-called chemically bound water or non-
freezing water, which was related to several water
layers placed between the FK polypeptidic chains.’”
These free water molecules, which contributed to the
conformational stability of the FK, did not have the
common water properties and froze at higher tem-
peratures than bulk water.”®> However, the peak men-
tioned previously disappeared in the PVC/FK blend
thermograms. This finding, along with the observa-
tion of only one T, on the thermograms of all the
blend samples (Fig. 6), lent credence to the hypothe-
sis that PVC chains entered the amorphous region
between the two FK crystallites and confirmed the
miscibility of the PVC/FK system. It seemed that the
entered PVC chains created new hydrogen bonds
with appropriate FK chemical groups, which in turn,
led to the decrement of water molecules in the FK
structure, as discussed earlier on the basis of FTIR
findings. On the other hand, the observed high-tem-
perature transitions in the pure FK and the blends’
DSC curves could be attributed to the melting of the
FK crystals.'>?%%

The most interesting point concerning the results
obtained from DSC measurements was the shift of
the T, values of the PVC and the blends under influ-
ence of the FK. Table II shows that the PVC T, was
increased by the addition of the FK. The observed
increase in the T, values could have been related to
the interactions between the PVC and FK compo-
nents, which impeded the PVC chain mobility and
caused the glass transition to occur at higher temper-
atures. Furthermore, T,, and AH of the FK gradually
decreased with the addition of the PVC (Table II).
These features are typical characteristics of miscible
blends, in which T,, and AH; of the crystalline com-
ponent are usually lowered with respect to the pure
polymer because of both the diluent effect of the non-
crystallizable component and exothermic interaction
between the crystalline and amorphous polymers.***!

Figure 7 illustrates the measured values of the blend
solutions’ refractive indices as a function of their FK
content. On the basis of the results reported by various
researchers,” ™ a linear relationship between a blend
refractive index and composition can be regarded as a
criterion for the blend miscibility. On the other hand,

Journal of Applied Polymer Science DOI 10.1002/app
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immiscible blends are expected to present a sigmoidal
type curve with two plateaus. As can be observed
from Figure 7, these blends’ refractive indices obvi-
ously had a linear relationship with the FK content
(R*> = 0.987). Therefore, we conclude here that the
PVC/FK blends were miscible over the studied com-
positions as well. It is interesting to note that refrac-
tometry, which is a simple, low-cost, and rapid
method in comparison with viscometry, DSC, and
FTIR, could be used as a preliminary test to give an
overall view of the polymer blends’ miscibility.
Representative AFM height and phase images of
PVC/FK 60/40 and PVC/FK 80/20 blends are
shown in Figures 8 and 9. Tapping-mode AFM
applied here had the advantage of being nondestruc-
tive to the polymer film surface compared to con-
tact-mode AFM.*® Furthermore, tapping-mode AFM
is sensitive enough to detect small modulus differen-
ces between two phases in a blend film and, hence,
can be used to investigate the blends” phase behav-
ior.***” Therefore, the miscibility of the PVC/FK
blends was also evaluated on the basis of their AFM
phase and height images (Figs. 8 and 9). As can be
observed from Figure 8(A,C), FK discreet phases
(dark spots) were quite regularly distributed in the
continuous PVC phase. Also, in Figure 9(A,C), bright
spots of FK are regularly distributed in the PVC ma-
trix. Quantitatively, the dispersed phase domain
sizes could be estimated on the basis of the AFM
height image.*® The FK domain sizes were measured
as 43.8 and 59.8 nm in the PVC/FK 60/40 and
PVC/FK 80/20 blends, respectively. Therefore, simi-
lar to the conclusions drawn by Stephens et al.*’
during their studies on polyethylene blends, in both
the PVC/FK 60/40 and PVC/FK 80/20 blends, the
dispersed phases were distributed molecularly (in
nanometer scales) within the matrix phases, and the
blends could be regarded as miscible. Also, the
mean horizontal distances between the PVC and FK
phases increased from 32 to 264 nm, and the mean
vertical distances increased from 180 to 286 nm in
the PVC/FK 60/40 and PVC/FK 80/20 blends,
respectively. Accordingly, the markedly reduced FK
domain size and PVC and FK phase distances in the

0.4280 2_oo%
®

04275

0.4270

0.4265

0.4260 .

Refractive Index

0.4255

10 20 30 40 S50 60 70 8 90 100
FK (%)

Figure 7 PVC/FK solutions’ refractive indices as a func-
tion of FK content.
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Figure 8 AFM image of the PVC/FK 60/40 blend: (A) 500-nm phase image, (B) 500-nm height image, (C) 10-um phase

image, and (D) 10-um height image.

PVC/FK 60/40 blend could be attributed to their
enhanced miscibility clegree,'49 this was in accord-
ance with our previous findings in this work. Fur-
thermore, the texture in the height images of the
PVC/FK 60/40 [Fig. 8(B,D)], which was caused by
surface roughness,” was smoother than that of the
PVC/FK 80/20 blend [Fig. 9(B,D)]; this, again,
pointed to the higher degree of miscibility in the for-
mer. Upon close examination of the PVC/FK 60/40
blend AFM image (Fig. 8), one can observe a nano-
phase separation within the domains, indicated by
the FK phase with the dark contrast within the
brighter PVC domains. However, the colors of the
dispersed and matrix phases appeared to be changed
in the PVC/FK 80/20 blend image (Fig. 9). Accord-
ing to Raghavan et al.,*® this color flipping may be
related to the competition between AFM tip—sample
attractive and repulsive interaction forces. As was
shown earlier, FK has many polar groups (Fig. 3),
whereas PVC is essentially nonpolar in nature.

Hence, the flip in phase contrast from the PVC/FK
60/40 blend, containing 40 wt % of the polar compo-
nent, to PVC/FK 80/20, including 80 wt % of the
nonpolar component, was caused by the switch from
the tip—sample attractive interaction to repulsive
interaction, respectively.

In addition, because of the crucial role of thermal
stability in the final performance of the biobased poly-
mer blends, the thermal behavior of the prepared
samples was investigated by TGA. Figures 10 and 11
show the differential thermogravimetry (DTG) and
TGA curves of pure PVC, FK, and their different
blends, respectively. Pure FK revealed a weight loss in
three stages, which appeared as three distinct peaks in
its DTG curve (Fig. 10). The first stage in the low-tem-
perature range was due to the removal of its structural
water. On the other hand, the second one, between
250 and 280°C, was related to the FK helix structure
degradation followed by the thermal pyrolysis of
peptide bridges. The third peak, around 300°C, was

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 9 AFM image of the PVC/FK 80/20 blend: (A) 500-nm phase image, (B) 500-nm height image, (C)10-pm phase

image, and (D) 10-um height image.

attributed to the FK backbone cleavage and final
decomposition.’” Also, the one-step degradation of
PVC (Fig. 10) was a result of its side—group elimination
followed by main-chain scissioning.’

The thermal behavior of the PVC/FK blends can
be discussed in two distinct temperature regions. In
the temperature range below 250°C, increasing the
amount of the PVC component in the blends
increased their thermal stabilities, as inferred from
the higher onset degradation temperatures of the
PVC-rich blends compared to the FK-rich ones.

5,)\ a2 A e FK

. —PVC

< 10 —-- PVC/FK 40/60
2 03 ——PVC/FK 50/50
© ---PVC/FK 80/20
2 0.6

K]

£-04

([

=02

0 100 200 300 400 500 600

Temperature (°C)

Figure 10 DTG curves of the pure PVC, FK, and their
various blends.

Journal of Applied Polymer Science DOI 10.1002/app

However, as can be seen from Figure 11, such a
trend was not followed in the temperature range
above 250°C. Indeed, at temperatures higher than
250°C, increasing the FK content of the blends
increased their thermal stabilities. It seemed that the
byproducts of the initial thermal degradation of the
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S 60
=
=
§ 40
) -
0 100 200 300 400 500 600
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Figure 11 TGA curves of the pure PVC, FK, and their
various blends.
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blends” FK component contributed to the formation
of a char layer on the material surface. Such a pro-
tective barrier not only impeded the heat transfer to
the system but also decelerated the escape of volatile
small molecules, such as HCl, CO,, H,O, HCN,
and H,S, resulting from the PVC or the remaining
FK degradation.!” Interestingly, this protective mech-
anism of the FK is similar to nitrogen-containing
flame retardants in various systems.”'

CONCLUSIONS

In this work, DSV, FTIR spectroscopy, DSC, refrac-
tometry, and AFM methods were performed to
investigate the miscibility of PVC/FK blends.
According to all the aforementioned methods, PVC
and FK formed miscible blends. The miscibility was
found to be a result of specific interactions between
carbonyl groups of the FK structure with hydrogen
from CHCI groups of the PVC. Also, it was demon-
strated that blends with a higher amount of FK
showed a higher degree of miscibility. Furthermore,
the efficiency of the simple refractometry method as
an alternative for DSV, FTIR spectroscopy, DSC, and
AFM methods to investigate the polymer blends
miscibility was confirmed. Finally, TGA results
show that FK could play a role as a flame retardant
for the studied blends. Hopefully, the results of this
work can pave the way for subsequent investiga-
tions on the design and development of ecofriendly
polymeric products.
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