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ABSTRACT:

The early stages of thermal degradation below 1% dehydrochlorination poly(vinylidene chloride) (PVDC),

can be divided into an induction period, period with conversion below 0.1% dehydrochlorination, and that with conversion
ranging from 0.1 to 1%. The time of induction period increases with oxygen concentration due to retardation effect. The
second and third stages of degradation follow the apparent zero-order reaction and rates of dehydrochlorination of both stages
increase linearly with oxygen concentration. The melting points of samples with different degrees of degradation show a
decreasing trend with degrading time regardless of annealing effect. By combination with our differential scanning calorimetry
(DSC) thermograms and wide-angle X-ray diffraction (WAXD) patterns, in the presence of pure oxygen which first reacts
with the PVDC dangling chains outside the crystalline, and cuts through the degraded crystalline along the backbones resulting
in many pieces of small crystallite. A polarity change of PVDC characterized by solid-state nuclear magnetic resonance (NMR)

due to degradation can be observed.
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Due to excellent gas impermeability, oxidation resis-
tance and resistance of biodegradation,’? poly(vinyli-
dene chloride) (PVDC) is an important material for
preparation of fiber, latex, and film. However, dis-
coloration, crosslinking, and reduction of the mechanical
properties because of the poor thermal stability,® 3 that
easily occur when exposed to heat or light, turn out to
be the main problems for storage and processing of the
PVDC solid. A great amount of literature® 32 con-
cerning the thermal dehydrochlorination of PVDC was
performed at higher degree of dehydrochlorination with
inert gas as the carrier medium. Little attention was
paid to correlate the degradation at the early stage of
conversion, below 1%, to the effect of oxygen. Dolezel*
claimed the reaction rate of the dehydrochlorination of
PVDC up to 10% conversion, is larger in oxygen than
that in air or nitrogen. However, the relationship of the
early degradation polymer structure and atmosphere was
not carefully studied. Consequently, an understanding
of the effects of oxygen on initial thermal degradation
of PVDC is extremely important for processing control
or stabilization mechanism studies.

PVDC solid starts to degrade at about 120°C and
hydrochloride is the only gas product below 190°C.5 7
Therefore, measuring the amount of evolved hydro-
chloric gas within this temperature range (120—190°C)
is an effective way of studying the early stage of deg-
radation of PVDC.3! The rate of dehydrochlorination
can be accurately measured to a conversion of 10~*
%3931 by measuring change in pH of the absorbing
potassium hydroxide aqueous solution. Using intrinsic
viscosity data,>3* DSC thermograms,** X-ray pat-
terns,* and solid-state nuclear magnetic resonance
(NMR) spectra, the effects of oxygen on change of
molecular structure and crystalline morphology during
degradation below 1 % conversion can also be studied.
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EXPERIMENTAL
Materials
Name Source Grade
Vinylidene chloride Merck Extra pure
Ammonium persulfate Hayashi Extra pure
Sodium bisulfite Wako Extra pure
Sodium lauryl sulfate Hayashi Extra pure
Potassium chloride Shimatsu  Extra pure
Hexamethylene phosphor- Aldrich Extra pure

amide (HMPA)

Preparation of Poly(vinylidene chloride )3

A three-necked flask with mechanical stirrer, con-
denser and inlet of adapter connected to nitrogen gas
was used as a reactor. 100g vinylidene chloride were
added to a 100 mL water solution with 1 g sodium lauryl
sulfate followed by addition of 0.5g of ammonium
persulfate and 0.5 g sodium bisulfite.

The mixture was turned into an emulsion by stirring
and polymerized at a speed of 250 rpm at 26°C. The
polymerization continued for 6 h followed by addition
of 100—150mL saturated sodium chloride aqueous
solution to precipitate the polymers. The white powders
of PVDC were isolated by filtration, purified by washing
with distilled water and dried in vacuum oven at 40°C
for more than 24h. The obtained PVDC powder was
characterized by an eclementary analyzer, Heraeus
CHN-rapid and Tacussel Coulomax 78. The results are
listed in Table I. Particle size of the samples was con-
trolled by passing through a 250 mesh sieve.

Purification of the Atmosphere®®

The atmosphere with various oxygen concentrations
was prepared from mixing the needed amount of pure
oxygen and nitrogen together. The mixture gas was first
bubbled through a carbon dioxide absorber of a 50%
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Table 1. Elementary analysis of emulsion
polymerized PVDC

C H cl
(CH,CCL,),(97), Caled 25.19 2.68 72.15
Found 25.13 2.59 72.14

Figure 1. Apparatus for thermal degradation. a, compressor (gas
bomb); b, buffer; c, needle valve; d, CO, absorbers; e, silica gel column;
f, dust catcher; g, needle valve; h, flow meter; i, thermostat; j, glass
heating coil; k, reaction vessel; I, pH measuring cell; m, cooling unit;
n, magnetic stirrer; o, pH meter; p, EPR pre-box; q, recorder; s, sample.

aqueous solution of potassium hydroxide. The gas was
then dried and dust removed in a dust collector and
preheated to the reaction temperature before going into
the reaction vessel. The thermal degradation apparatus
is shown in Figure 1.

Oxygen free nitrogen gas was obtained by purging the
neat nitrogen gas through pyragallol hydroxide aqueous
solution before going into the carbon dioxide absorber.
Different oxygen concentration mixtures can be obtained
by mixing necessary amounts of purified nitrogen with
carbon dioxide free oxygen gas.

Measurement of the Degree of Dehydrochlorination of

PVDc30,31,37

The heating coil and reaction vessel for thermal
degradation studies is shown in Figure 2. 0.2g PVDC
powder was added to the reactor kept at constant
temperature (170, 180, and 190°C) in a silicone oil bath.
A purified gas with different oxygen concentration was
purged through the reactor at 6.28 Lh ™! and the result-
ing HCI gas was purged by the atmosphere and placed
in a stirred 60mL 0.1 N KOH aqueous solution. pH of
the KOH aqueous solution was measured with time.

Preparation of Samples with Different Conversion

When pH reached the given conversion, the reactor
was taken from the oil bath and quenched in a dry ice
bathin order to stop further degradation. Cooled samples
with different conversions were isolated and dried in a
vacuum oven controlled at room temperature.
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Figure 2. Heating coil and reaction vessel for thermal degradation.

Intrinsic Viscosity [n]*3

The purified and dried samples were dissolved in
HMPA. [n] was measured by an Ubbelohde viscometer
ina water bath keptat 25+ 0.1°C and an average viscosity
molecular weight of 4.3x 10* was obtained by the
equation [#]=2.58 x 10”4 M55,

Differential Scanning Calorimetry (DSC) Thermogram

DSC thermograms of the samples were performed by
a Perkin-Elmer-7 series at a heating rate of 40°C min~*
from 100 to 250°C. At this heating rate temperature
range, the rate of dehydrochlorination of samples may
be negligible. The peak position of the heat absorption
region is defined here as melting point. The purging gas
was nitrogen at a flow rate of 10mL min~'. Calibra-
tion of the calorimeter was conducted for this heating
rate using indium standard.

X-Ray Diffraction Patterns

The X-ray diffraction patterns of samples were ob-
tained from exposure to a Siemen D5000 X-ray source
with Cu-K, (1.542A) as target. The diffraction angles
(20) ranged from 2 to 40 degree with a power of 40kV
and 30 mA.

Solid-State NMR (Nuclear Magnetic Resonance)

The degraded PVDC powder was analyzed by a Bruker
DSX 400 NMR with CP/MAS probe and magnetic field
source of 400 MHz.
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Table II. Time of each stage at 180°C at various
percentages of oxygen

Period of time

0% 21% 50% 100%
min (Nitrogen) (Air) (Oxygen)
Ist 0—11 0—18 0—24 0—39
2nd 11—13 18—19 2425 39—40
3rd 13—18 19—27 2531 40—44

Table III. Time of each stage at 190°C at various
percentages of oxygen

Period of time

0% 21% 50% 100%
min (Nitrogen) (Air) (Oxygen)
st 0—10.2 0—11 0—11.2 0—12
2nd 10.2—11.2  11—11.8 11.2—12.2 12—13
3rd 11.2—14.6 11.8—15.5 12.2—16 13—16.6
1.2
L i Aty il iainbe bl Sebieinty ----
—n— 0%
0.8f —e— 21%
—a— 50%
g 0.6 FL—— 100%
v 3rd stage
" 04k
rff |
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.0
0 10 20 30 40 50 60 7

1st stage

Figure 3. Diagram of conversion vs. degradation time at various
oxygen concentrations at 170°C.

RESULTS AND DISCUSSION

Kinetic Studies

The early stages of thermal degradation below 1%
dehydrochlorination of PVDC may be divided into an
induction period, period below 0.1% dehydrochlorina-
tion and conversion ranging from 0.1 to 1%. The di-
agrams of dehydrochlorination reaction below 1%
subject to different oxygen concentration are shown in
Figure 3. The time period consumed at each stage at
various concentrations of oxygen at a given temperature
is illustrated in Tables II to III. In Figure 3 and Tables
II to III, the period time of the first stage is dependent
on type of environment gas and degradation temperature.
Thermal degradation in oxygen environment has the
longest induction period. The shortest period is de-
gradation under nitrogen gas at higher temperature.
Two possible mechanisms contribute to increase of the
induction period when degradation is performed in pure
oxygen.>” One is the formation of peroxide radical
resulting from the reaction of alkyl radical with oxygen
to retard dehydrochlorination, as shown in Scheme 1 (cf.
type 1). Another retardation effect is the formation of
the chlorinated epoxide groups originated from opening
the insertion into the double bonds by oxidation at the
chain ends. The oxirane groups break later on and
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produce the alkoxy radicals, which initiate thermal
degradation, as demonstrated in Scheme 1 (¢f. type 2).
Until enough evolved hydrochloride gas is produced, the
thermal degradation goes to the second stage, and we
can detect the presence HCI gas by the change of the pH
of KOH aqueous solution. At high temperature (190°C),
these oxygen retardation effects from pure oxygen
decrease rapidly and reduce induction time. This implies
that peroxide groups break more easily and quickly at
higher temperature, to compensate for the retardation
effect of oxygen and shortens the induction time.
However, in an air stream, only 21% oxygen, the effect
of oxygen is not significant compared to pure oxygen. A
nitrogen environment, which has no oxygen, demon-
strates the least oxygen retardation effect. The quan-
titative effects of oxygen concentration on the rate of
dehydrochlorination is given in Figure 4.

As shown in Figure 4, good linear relationship between
oxygen concentration and rate of dehydrochlorination
at the second stage is observable. Similar dehydro-
chlorination behavior was found for the third stage. The
rate of dehydrochlorination increases linearly with ox-
ygen concentration and is expressed as:

R,=B+CY (1)

Where R, is the rate of dehydrochlorination, B and C
are constants, and Y is the volume fraction of oxygen in
the mixed atmosphere. Band C obtained from at different
degradation temperatures are listed in Table IV that
illustrates increase with temperature, revealing that
degradation temperature has significant effect on initial
degradation. For the third stage of degradation, however,
this tendency is more significant.

The rate of early degradation of PVDC can be ex-
pressed as:

Ry=dX/dt=kf(X)=Aexp(—E,/RT)f(x) (2

Where X is the conversion defined as the ratio of the
produced HCI to that of the theoretical HCl amount at
100% dehydrochlorination, k is the rate constant, f(x)
is function of conversion, 4 is the frequency factor, E,
is the apparent activation energy, R is the gas constant,
and T is absolute temperature. ’
For an nth-order reaction, i.e., f(X)=(1—X)", where
n is the reaction order. Equation 2 can be rewritten as:

Ry=Aexp(—E,/RT)(1-X)" A3)

If the thermal dehydrochloranation follow a zero order
reaction. Equation 3 becomes:

Ry=Aexp(—E,/RT) 4)

As illustrated in Figure 5, good linear relationship be-
tween In R, and reciprocal temperature is observed.
The apparent activation energy of the second and third
stages can be obtained from the slopes of the curves in
Figure 5. E, are given in Table V showing the increasing
apparent activation energy of the second stage with
oxygen concentration and slight decrease for the third
one. These results are consistent with the previous
study,?” that derived a zero order reaction for dehy-
drochlorination in the second and third stages.
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Scheme 1. Retardation effect of oxygen.
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Figure 4. Diagram of rate of dehydrochlorination vs. oxygen
concentration for PVDC at the second stage.

Differential Scanning Calorimetry

Figure 6 shows the melting point depression of PYDC
solid with increasing oxygen concentration by DSC
thermograms. The presence of oxygen gas accelerates the
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Table IV. Values of B and C obtained from eq 1

Stage number

Second Third
Temperature/°C  Bx10"%2 Cx 1072 Bx1072 Cx107?
170 3.24 7.99 7.92 26.31
180 5.39 28.89 13.62 45.96
190 9.26 47.48 22.12 47.95

degradation at the crystalline region.®> The degraded
crystalline region creates a low barrier since most of the
gas cannot penetrate denser neat crystalline region of
PVDC. The degradation causes melting point depression
as seen in Table VI at various oxygen concentrations.
However, the melting point, which related to the de-
graded or non-degraded crystalline region, depends on
competition between degradation and annealing effects.
If degradation is not present at such high temperature,
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Table V. Apparent activation energy of second and
third stages of dehydrochlorination reaction
at different oxygen percentages

Oxygen 0 21 50 100
concentration/%
Stage number 2nd 3rd 2nd 3rd 2nd 3rd 2nd 3rd
Apparent

activation 216 219 226 21.6 242 214 254 169

energy

E,/kcalmol !

\u\

\

2.14 216 218 220 222 224 226 228

351

1000/T (K'')

Figure 5. Arrhenius diagrams for second and third stages of thermal
degradation of PVDC at various oxygen concentrations. Second stage:
(M), 0% ; (@), 20%; (&), 50% ; (@), 100%. Third stage: ((1), 0% ;
(0), 20% ; (A), 50% ; (), 100%.

—

Endothermic

80 100 120 140 160 180 200 220 240 260
Temperature ("C)

Figure 6. DSC thermograms of PVDC treated in various atmo-
spheres. (—), Ny (---), Air; (...), O,

the melting point goes higher due to the annealing effect
and increase the lamella thickness, which would make
the sample become denser and improves the capacity as
a gas barrier.

The viscosity increases much faster than the depression
of melting point with oxygen concentration according to
Table VI. This implies the thermal degradation results
in more crosslinking and less chain-scission of the
backbones. The melting point is depressed after cross-
linking due to reduce the ability to crystallize.

Wide-Angle X-Ray Diffraction Patterns

Wide-angle X-ray diffraction (WAXD) patterns were
used to analyze the degradation of PVDC solid in
different purging gas containing various oxygen con-
centrations. In the beginning, PVDC annealed at 170°C
in nitrogen environment is exposed to X-ray and the
diffraction patterns at various annealing times are
shown in Figure 7. Even though, there is already 0.1%
dehydrochlorination which takes 21 min as shown in
Figure 3, no significant change of crystalline lattice as
seen in Figure 7 due to the inertness of nitrogen gas.

When air is used as the environment gas, the WAXD
data show a similar pattern with that in nitrogen as seen
in Figure 8. The incorporation of 21% oxygen in the
purging gas does not show a different diffraction pat-
tern with that in pure nitrogen.

A different WAXD pattern is found when PVDC solid
is subjected to pure oxygen gas during degradation.
Figure 9 shows a large peak at about 12° for 60 min
annealing in pure oxygen. The big domain appearing at
the smaller angle is considered the product obtained from
oxidation and dehydrochlorination. Dehydrochlorina-
tion proceeds through the crystalline region would
happen if the crystal surface is undergoing degradation.®
Oxygen gas first reacts with dangling unsaturated chain
ends outside the crystal then follow the unzipping
dehydrochlorination reaction into the crystals and cut
the crystalline into many pieces. These pieces of crystals
create an absorption peak at the lower angle in longer
annealing time as shown in Figure 9, which is similar
to the formation of mosaic structure.38

Less degraded or non-degraded crystalline grows due
to annealing, which can be confirmed form the shaper
peaks at higher angles. At higher temperature, the
cleavage of crystalline region from dehydrochlorination
is accelerated due to the presence of more active oxygen
molecules as seen from Figure 10. For 180 and 190°C,

Table VI. Effects of oxygen concentration on melting point and intrinsic viscosity of PVDC at 170°C
Oxygen 0 21 50 100
concentration/%
T [n] T [n] T, [n] T, [n7]
Conversion/%
°C dLg™! °C dLg™! °C dLg™? °C dLg™ !
0 200 0.26 200 0.26 200 0.26 200 0.26
0.025 199 0.37 199 0.55 199 0.56 199 0.69
0.05 198 0.47 198 0.56 198 0.70 197 0.72
0.10 198 0.5 198 0.63 197 0.73 196 0.75
1.00 196 — 196 — 195 Lt 195 —*
#Insoluble.
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T=170°C in N,
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Figure 7. X-Ray diffraction patterns of PVDC solid taken in N, at
170°C.
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Figure 8. X-Ray diffraction patterns of PVDC takeninairat 170°C.
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Figure 9. X-Ray diffraction patterns of PVDC solid annealed in pure
0, at 170°C.

(a) neat
(b) 170°C 40 min

(c) 180°C 30 min
(d) 190°C 10 min
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Figure 10. X-Ray diffraction patterns at various temperatures and
annealing time.
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Figure 11. '3C solid-state NMR spectra of PVDC annealing for
various times at 170°C in air.

the lower angle peak appears earlier at the same angles
as that at 170°C and the size is about the same that at
170°C (6.6 A). The presence of the big domain is believ-
ed to be caused from oxidation and degradation.38

Solid-State NMR Spectra

Figure 11 shows same NMR spectra for various
annealing times at 170°C when degradation occurs in
air. The '3C solid state NMR spectra show that no
degradation induced change of the absorption peaks of
methylene or dichloro-carbons for different annealing
time, as in Figure 8. However, structural change dem-
onstrates different spectra when degradation occurs
in pure oxygen as seen from Figure 12. The absorption
peak of the methylene carbon shifts to higher ppm and
becomes rougher and smaller compared to that of
dichloro carbon with increasing annealing time at the
first 40 min. Methylene carbon peak goes back to the
original position and become smooth after S0 min. The
rough spectra and peak shifting might come from chang-
ing polarity after degradation and change of the num-
bers of methylene and dichloro carbons in the presence
of oxygen.

CONCLUSION

Oxygen concentration in purging gas significantly
influences the behavior of thermal degradation of PYDC
solid. It increases the period of time of each degraded
stage. It increases the rate of dehydrochlorination pro-
portionally. The increase of viscosity, due to cross-
linking, is also accelerated by oxidation. Activation en-
ergy decreases when degradation occurs in pure oxygen
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Figure 12. !3Csolid-state NMR spectra of methylene group of PVDC

annealing for various times at 170°C in pure oxygen.

due to more radicals produced from the cleavage of
peroxide groups created during oxidation.

The oxygen can go into the degraded crystalline region
through the unzipping dehydrochlorization reaction and
subsequent oxidation causes the melting point depression
of the crystalline region.

WAXD patterns show a big domain during degrada-
tion in pure oxygen. Pure oxygen behaves like a cut-
ter, which can cut the degraded crystalline region into
many smaller pieces of crystals, which then remelt and
become part of the amorphous region.

The solid-state NMR spectra show no change of PVDC
in air at 170°C. In pure oxygen, a polarity change can
be found in the earlier stage. The spectra are back to
the same position as neat PVDC at later stage.

A thorough vibration spectra study is necessary to
understand early stage thermal degradation mechanism
of PVDC solid, which will be discussed in a future
work.
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