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ABSTRACT: Degradation of polyvinylchloride (PVC) in
high-temperature and supercritical water was studied with
a hydrothermal diamond anvil cell to determine phase
change characteristics of the reacting polymer with respect
to water density. During the reaction period of 500 s, at
temperatures between 400 and 5008C and at water den-
sities from 0 to 930 kg/m3, PVC particles exhibited clearly
defined spreading on the anvil surface that was defined as
spread time, St. The spread times decreased with increas-
ing temperature and the values increased with increasing
water density. Analysis of the residues with infrared spec-
troscopy showed the presence of both polyenes and poly-
ols, whose formation was correlated with water density.

From the analyses, nucleophilic substitution of PVC in
water was found to be promoted at low temperatures
(� 4008C) and high water densities (>830 kg/m3), whereas
the ionic chain dechlorination was promoted at high tem-
peratures (> � 4508C) and low water densities (� 750 kg/
m3). A reaction pathway is proposed that shows ��OH
nucleophilic substitution in competition with ionic chain
reaction for dechlorination both of which vary with water
density. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 106:
1075–1086, 2007

Key words: PVC dechlorination; supercritical water; poly-
ene; polyol; batch microreactor

INTRODUCTION

The origin, growth, and future of polyvinylchloride
(PVC) has been summarized by Braun, who noted
that PVC will most likely have a steady growth rate
in the coming years.1,2 Indeed, production of PVC
has continued to show strong growth in the U.S. and
Canada, Europe, Japan, and South Korea, with total
production of PVC plastics among these countries
being 15.8, 16.4, and 17.1 million metric tons for the
years 2001, 2002, and 2003, respectively.3 Among the
plastics produced, PVC represents the second largest
product in volume, followed by polyethylene.4

Some of the attractive qualities of PVC are related
to its excellent low permeability to oxygen and other
small molecules, which makes it a suitable material
for preventing spoilage associated with food storage,
and for preventing the loss of food flavor com-
pounds.5 For example, the permeability coefficient
for PVC with O2 has a value of 0.034 3 10213 cm3/
(cm2 s Pa) at 258C, compared with values for high-
density and low-density polyethylenes that are

roughly 8.8 and 64.7 times higher, respectively, mak-
ing PVC highly desirable and unique among com-
modity plastics.6 Because of its utility and increased
usage, methods for PVC recycle will become increas-
ingly important in the future.

Braun4 has summarized some of the waste dis-
posal and recycle options for PVC that include incin-
eration, material recycle, and chemical recycle meth-
ods. Disposal of PVC by incineration is convenient
and allows for energy recovery, but has the possibil-
ity to introduce toxic dioxins or furans into the envi-
ronment, due to PVC’s high (up to 57 wt %) chlorine
content.3 Further, incineration as a waste disposal
method in itself carries with it a growing public re-
sistance.4 On the other hand, Bhaskar et al.7 have
proposed using a method based on staged tempera-
ture treatment to prevent the formation of chlori-
nated hydrocarbon compounds and have demon-
strated the technique by studying PVC mixed with
plastics such as polystyrene or polyethylene.

Development of chemical recycle methods, where
one breaks down polymeric materials into smaller
chemical compounds, is essential for recycling plas-
tics in the future. High-temperature water is espe-
cially attractive as a solvent for recycling PVC, since
PVC is weak towards both heat and water. In the
chemical recycle of PVC, it is generally accepted that
PVC must be dechlorinated before it is processed
further as polymeric units or other compounds. PVC
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dechlorinates in high-temperature water8 and also in
aqueous caustic solutions.9 Dechlorination of PVC in
concentrated aqueous caustic solutions has been
shown to readily occur and this has been demon-
strated for industrial grade PVC.9 Dechlorination of
PVC in high-temperature water with and without
catalysts or other additives has also been studied
and this is discussed next.

Table I summarizes some of the major solid, liq-
uid, and gaseous reaction products identified in the
treatment of PVC with water under catalytic and
noncatalytic conditions.10–16 Most of the experiments
performed on reaction of PVC in water have used
samples having molecular weights around 65,000 for
relatively long reaction times. In Table I, the den-
sities shown are either those determined from mass/
volume data given in the articles or those calculated
from the saturation properties of water.17 Many of
the research works shown in Table I focused on the
maximum dechlorination that could be achieved in
water. From the available results in Table I, it can be
said that for reaction temperatures greater than
3008C, gaseous hydrocarbons and CO2 are generated,
whereas for reaction densities greater than 700 kg/m3,
polyene structures are observed. Further, for the case
of liquid products, there seems to be a trend in the for-
mation of ring compounds with either water density
or temperature.

In the supercritical region, reaction rates, espe-
cially those in water, can be expected to be strong
functions of temperature or density, as noted in sev-
eral reviews.18–21 At the critical point of water, the
liquid density becomes equal to that of the vapor
density, or critical density (qc), which has a value of
322.00 kg/m3 at the critical temperature (Tc),
373.9468C, corresponding to the critical pressure (Pc),
22.064 MPa.17 As the temperature of water is raised
above its critical temperature, Tc, the water density
can be varied continuously without phase change
between low density (<50 kg/m3) and high density
(>500 kg/m3) states, as studied in this work. Over
these range of water densities, the chemical nature
of water changes from one that supports radical
reactions at low densities to one that supports ionic
reactions at high densities.22 Many of the interactions
of water with simple compounds has been summar-
ized in a review by Watanabe et al.,22 who point to
the properties of water such as density, diffusion
coefficient, viscosity, dielectric constant, and ion
product as strongly influencing reaction pathways.

Although reaction of PVC in high-temperature
water has been studied in a number of works as
shown in Table I, few conclusions can be drawn
regarding the effect of water density on the PVC
degradation process. Phase behavior and changes
during the reaction are essentially unknown, which
can probably be attributed to the lack of suitable

equipment for containing water at conditions of high
temperatures and high pressures in addition to prac-
tical aspects of reactor materials and corrosion due
to the potentially high HCl concentrations generated
during the dechlorination reaction. In this work, we
used a microreactor that was developed in geological
sciences,23 which has been applied by our group to
numerous organic-supercritical water and polymer-
supercritical water systems.24,25 Our objectives in
this work were: (i) to determine the phase changes
and characteristics of PVC during reaction in high
temperature water, (ii) to determine the effect of
water density on PVC during reaction, and (iii) to
analyze the reacted PVC at relatively short reaction
times and discuss possible differences in the reaction
pathways according to temperature and density of
the aqueous environment.

EXPERIMENTAL

Materials

The PVC used in the experiments was in powder
form and was obtained from Aldrich Chemical Co.
(St. Louis, MO). The PVC was additive-free and had
a molecular weight, Mw, of 62,000 and a number av-
erage molecular weight, Mn, of 35,000. The melting
temperature, Tm, of the polymer was � 2128C as
determined by differential scanning calorimetry. Ar-
gon (99.99%) used in the experiments for adjusting
the reaction chamber fill densities and argon 1 1%
hydrogen gas mixtures used for preventing diamond
oxidation during heating were obtained from Ta-
numa Sanso (Sendai, Japan). The water used was
double-distilled and had a resistivity greater than
18 MO. The diamond anvils used were type Ia, bril-
liant cut, and had 1-mm culets. AgI used for align-
ment checks was obtained as a gift from Professor
Bassett of Cornell University. Material used for the re-
actor chamber was Inconel-600 and was obtained
from Nilaco Corp. (Tokyo, Japan). Molybdenum oxide
wire (0.7 mm diameter) used in the construction of
the microheaters was obtained from Nilaco Corp.

Methods

A Bassett type hydrothermal diamond anvil cell23

was used with diamond type Ia anvils. Details on
the precise setup can be found in our previous
works.24,25 The hydrothermal diamond anvil cell
(HDAC) apparatus (Fig. 1) consisted of a gasket that
contained a small hole (� 0.5 mm) that served as the
reaction chamber. The reaction chamber was pressed
between two diamond anvils that formed the top
and bottom of the reactor and also the hydrostatic
seal. Each anvil was surrounded by hand-wound
MoO microheaters, each having a nominal 1-O
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resistance. The outer assembly of the HDAC allowed
the anvils to be pressed against the gasket. Initial
pressure in the chamber was adjusted by tightening
or loosening the torque on three screws on the
HDAC assembly.

The procedure used for alignment of the diamond
consisted of three steps as described next. First, the
anvils, without gasket, were adjusted using transla-
tion of the upper anvil to achieve the maximum area
according to light transmission of the microscope.
Then, the lower anvil was rotated until Newton
rings could be observed. Finally, the alignment was
checked by measuring the phase transition of solid
AgI, whose details are described in Ref. 26.

The gaskets used in the experiments were � 5
3 5 mm2 and cut from 0.2-mm thick inconel-600
sheet. The gaskets were preindented by applying
force from the anvils onto the gasket hole that did
not contain sample and this insured minimal change
of the gasket shape during the experiments.

Temperature was measured at three points with
bare-wire 0.2-mm K-type thermocouples (Omega)
with one point being measured on the lower anvil
and two points being measured on the upper anvil.
The output from one of the upper anvil thermocou-
ples was used for a high-speed temperature control-
ler (RKC Instrument, REX-G9 Series/A, Tokyo) that
had a 0.1-s sampling rate with a thyristor voltage of
nominally 10 V AC maximum. The output from the
other two thermocouples was measured with a data
logger (Agilent 34970A, Palo Alto) and computer at
a frequently of 2 Hz. Each experiment had associ-
ated with it, a heating profile that was kept as uni-
form as possible between the experimental runs.
However, heat up times had to be varied slightly for
different target temperatures. The heating profile
consisted of a heating segment (90–100 s), in which
the contents of the chamber were brought to reaction
temperature, a constant temperature segment (500 s),
in which contents of the chamber were allowed to
react at a given temperature, and a cooling segment
(10–20 s), in which electrical power to the heaters
was shut off and the contents of the chamber were
allowed to cool by convection. The reaction time for
the constant temperature segment was the same for
all runs. Reliability of the thermocouples was veri-
fied to be 60.58C according to the observation of
metal melting points of tin (231.98C) and zinc
(419.588C). Reported temperatures are nominal over
the reaction period due to control and drift.

In the experiments, two PVC particles were
always used to allow for material variability. PVC
particles were loaded into the sample chamber onto
the lower anvil while Ar gas was allowed to flow
over and around the sample chamber. Then, a drop-
let of water was placed on the upper anvil of the
cell and the two anvils were pressed together. Argon

gas trapped in the chamber during this procedure
allowed variation of the system density.

Pressures in the cell were estimated by the equa-
tion of state of Wagner and Pruss27 and densities
were obtained by using the homogeneous tempera-
ture as described in our previous works.24,25 Briefly,
an inert gas, argon, is loaded into the HDAC cham-
ber along with the reactants and water. When heat-
ing the materials at constant volume, disappearance
of the argon gas bubble provides the temperature
that is close to the saturation curve of water.24 The
state point on the saturation boundary provides the
overall system density and from this information,
the system pressure can be estimated from the equa-
tion of state of pure water27 using the measured
temperature and the saturation boundary density.

Direct observations of PVC and water in the
chamber during heating were viewed with a micro-
scope (Olympus SZX ZB12, Tokyo) at various magni-
fications up to 1003 and images were captured in
real-time with a CCD camera (Olympus CS230, To-
kyo). Infrared spectra of the PVC residues after com-
pletion of each experiment were performed with an
FTIR microscope (JASCO Irtron IRT-30, Tokyo) using
32 scans, 5-s exposure, at 4 cm21 resolution. It
should be noted that all analyses performed in this
work were for the solid residues.

Definition of spread time

During the initial experiments, we noticed a curious
phenomena in which the PVC polymer sample
would spread spontaneously within seconds across
the anvil according to the reaction time and condi-
tions. Since we found that this spread time seemed
to show a regular trend in the initial experiments,
we measured its value at all experimental condi-
tions.

The spread time, St, was defined as the time at
which the polymer particle began to initially wet the
lower anvil during under conditions of constant tem-
perature and subsequently spread over the anvil sur-
face. The period of the spreading varied from about
3 s at the highest temperature (5008C) to 15 s at the
lowest temperature (4008C) studied. The initial
spread times were recorded and these did not vary
by more than 610 s for similar temperature and
density conditions.

Since wetting of a high energy surface by a liquid
greatly depends on its physical properties, the
spread time, St, is related to dechlorination, oxygen-
ation, and cracking reactions occurring in the PVC
particles. In other words, the initial spread times
allow one to follow the reaction progress and this is
illustrated in the next section.
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RESULTS AND DISCUSSION

A summary of the 24 experiments performed is
given in Table II. In Table II, reaction temperature,
density, pressure, and spread times are listed.
Spread times are discussed in detail in a later sec-
tion. Pressures shown in Table II were estimated
from the system density as discussed previously.
One experiment was performed in the presence of
NaOH.

Visual appearance of PVC

Heating process

Figure 2 shows heating of PVC and water, in which
argon gas is also contained within the reaction
chamber to reduce the overall water density of the
constant volume system. For this case, the water
density was nominally 842 kg/m3 (Run 10, Table II)
and the reaction temperature was 4008C. Samples
heated in water all showed the general trends noted
here for Figure 2. Initially, two PVC particles could
be seen with the aqueous phase and argon gas [Fig.
2(a)]. After heating began, the argon gas disappeared
at roughly the saturation pressure of water [Fig.
2(b)] and this allowed estimation of the overall water
density from the measured temperature by the Wag-
ner equation of state.27 Subsequently, the PVC sam-
ple changed from solid to liquid at roughly its melt-
ing point and the particle swelled in volume [Fig.
2(c)]. Continuation of the heating caused the par-
ticles to shrink and the solution to turn yellow as the

system reached the beginning of the constant tem-
perature segment [Fig. 2(d)], where for the example
shown, the temperature was 4008C after 90 s heat up
time and 10 s at the reaction temperature. After a
given time at the reaction period, the PVC particles
wetted the anvil surface as described next.

TABLE II
Experimental Conditions and Observed Spread Times

and Phase Transition Phenomena

Run T (8C) q (kg/m3) P (MPa) Spread timea (s)

1 400 0 0.2 231
2 68 16 181
3 571 48 265
4 679 91 306
5 745 144 361
6 783 187 388
7 805 218 401
8 823 246 437
9 833 264 459

10 842 280 477
11 859 313 580
12 930 491 –
13 425 721 149 271
14 832 299 353
15 450 725 181 119
16 828 329 206
17 898 490 256
18 960 688 311
19 500 728 240 64
20 837 421 122
21 880 526 152
22 886 542 181
23 904 594 130
24b 400 730 129 550

Heat-up times to reaction temperature were 90, 95, and
100 s for the 400, 450, and 5008C experiments, respectively.
Samples remained at the specified reaction temperature for
500 s and were then cooled to room temperature in 10–
20 s by convection. Pressures shown were calculated from
an equation of state (Ref. 27) as explained in the text.

a Spread times are the times of initial wetting of the
polymer and surface that were reproducible to within 610 s.
Reacting polymer samples spread over a period of time
that was roughly from 3 s at 5008C to 15 s at 4008C and
also depended on the density.

b In presence of 4M NaOH.

Figure 2 Visual appearance of the chamber during heat-
ing (q 5 842 kg/m3). See Table II, Run 10 for details.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 1 Experimental apparatus. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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PVC spreading phenomena

Figure 3 shows the time evolution of the PVC par-
ticles during the reaction period. As heating contin-
ued from that shown at 100 s [Fig. 2(d)], the PVC
particles shrank [Fig. 3(a)] and then began to change
and clearly wet and spread along the anvil surface
[Fig. 3(b)]. Wetting of the surface by the polymer
continued [Fig. 3(b,d)] and then subsided after about
15 s [Fig. 3(e)]. The period during which spreading
occurred was a function of temperature and density
and the period tended to decrease with increasing
reaction temperature.

Figure 4 shows visual observation of PVC samples
being heated in water in which the density of water
in each sample chamber was roughly the same value
of 830 kg/m3 (Table II, Runs 10, 16, and 20). For

each reaction temperature, the sample is shown for a
heating time of 100 s, which is close to the beginning
of the reaction period as given in Table II. As the
chamber contents were maintained at the reaction
temperature, decomposition of the PVC occurred
and the sample spread out and wetted the anvil. Fig-
ure 4 shows the PVC samples at reaction tempera-
tures of 400, 450, and 5008C just after the spreading
occurred. The reaction proceeded as shown by the
images at 600 s (Fig. 4), where each mixture changed
color with the 4008C sample becoming lighter brown
in color and the other samples turning deeper brown
or black according to temperature. Gas bubbles
appeared during the reaction period for the sample
at 4008C, indicating that gas was indeed generated
over that of the argon gas added during loading.

Figure 3 Spread time and spreading phenomena during heating (q 5 842 kg/m3). See Table II, Run 10 for details. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Figure 4 Visual appearance of sample chamber (q 5 � 830 kg/m3). See Table II, Runs 10, 16, and 20 for details. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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After cooling, oil product appeared in each sample
and more gas seemed to be present for the sample
reacted at 4008C. Further, oil was visible in the sam-
ple at 4008C as shown by the arrows (Fig. 4).

The spread times (Table II, Fig. 4) differed consid-
erably among the experiments at the given tempera-
tures, although the phenomenon of the spreading in
itself was similar among the runs. The time in which
the wetting initially occurred was denoted as the
spread time, as explained in a previous section.

Figure 5 shows the variation of spread times with
temperature for experimental runs at approximately
the same density. With increasing reaction tempera-
ture, the values steadily decreased and seemed to
approach an asymptotic value at the highest temper-
ature. This trend can be discussed in terms of surfa-
ces energies, liquid spreading on surfaces, and the
underlying reactions that are proceeding.

From the point of view of physical chemistry, sur-
face wetting is related to the surface energy of the
contacting phases through the spreading tension,
rLSV, which is based on the Young coefficient for
describing contact angle28:

sLSV ¼ gSV � gLV � gLS (1)

where the g values refer to solid–vapor, liquid–
vapor, and solid–liquid contributions of the surface
tension. The necessary condition for spreading of a
liquid across a surface according to eq. (1) is that the
spreading tension be positive. Since diamond has a
high free surface energy, spreading of a pure liquid,
such as a hydrocarbon, onto a clean dry surface
would be expected to be spontaneous.29 However, in
the experiments of this work, the fluid phase con-
sists of supercritical water and this phase would be

expected to change the high surface energy of the
solid surface, since the state of water is like a dense
gas that has strong interactions with all phases. The
chemical character of supercritical water is slightly
polar, rather than strongly polar, and thus supercriti-
cal water is able to dissolve many nonpolar organics
including paraffinic hydrocarbons.30 Thus, although
one would not expect there to be strongly adsorbed
components onto the solid surface, the surface
would be expected to have some of the characteris-
tics of the supercritical water phase. Further, water
would be expected to dissolve into the polymer
phase.

The area of a spreading of liquid drop over a dry
surface depends on the equation for lubrication and
can be modeled in terms of Hamaker constant,
which describes molecular interactions, the liquid
surface tension, the velocity of the spreading liquid,
the liquid viscosity and the experimental spread
time.31 The dynamics of a liquid spreading on a
solid surface depends on the moving liquid front
and has been noted to scale algebraically with the
capillary number, Ca, for completely wetting fluids
and exponentially for partially wetting fluids.32 In
this work, it is not the intent to perform detailed
analyses of the spreading phenomena, since the
characteristics of the liquid, including composition,
were changing through chemical reaction. However,
it is important to point out key variables in the
spreading phenomena, with spreading area being
directly proportional to the liquid surface tension
and inversely proportional to the liquid viscosity.31

Consider the effect of the polymer molecular
weight on the properties, surface tension and viscos-
ity. For the case of polystyrene, in the range of mo-
lecular weights less than � 50,000 g/mol, surface
tension changes greatly with molecular weight and
shows a large increase with molecular weight,
whereas for molecular weights greater than this
value, the surface tension is a weak function of mo-
lecular weight.33 On the other hand, for the case of
polystyrene as well as many polymers, molecular
weight shows a log–log relationship with viscosity.34

From this information, the following conclusions can
be drawn. For a polymer with a moderately high
molecular weight (� 50,000 g/mol), changes in mo-
lecular weight will not affect the surface tension so
much, whereas there will be large changes in the vis-
cosity. As the molecular weight of a polymer
decreases, it should be much more likely to achieve
the conditions for spreading spontaneously on a
high energy surface. Further, chlorination in a com-
pound generally causes both the surface tension to
increase and viscosity to increase,29 and therefore,
dechlorination of PVC should cause both surface
tension and viscosity to decrease, making spreading
more likely to occur as the reaction proceeds.

Figure 5 Variation of spread time with reaction tempera-
ture for PVC 1 water mixtures (q 5 � 830 kg/m3).
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The PVC spreading can be understood as follows.
First, at the reaction temperature, PVC spreading
did not occur spontaneously but required some
time. In other words, chemical reaction had to occur
to decrease the molecular weight for the spreading
to become favorable according to eq. (1). This is true
for all cases, including the case for reaction of PVC
without water (Table II, Run 1). As the reaction pro-
ceeded (Fig. 4), alkene C¼¼C bonds, that is, polyenes,
were generated as dechlorination of the reactant
occurred. The color changes observed for the PVC
particles are indicative of the chlorine removal pro-
cess as noted by Gokcel et al.,35 who found that PVC
progressively undergoes color changes from yellow,
orange, red, brown, and black depending on the
number of conjugated double bonds formed during
dechlorination. Moreover, it is clear from the exam-
ple shown earlier [Fig. 2(d)] that the aqueous phase
changed into a yellow color, and that corrosion
products appeared around the periphery of the reac-
tor and grew as the reaction continued [Fig. 3(a–e)],
both of which are indicative of progress of the dech-
lorination. As the chlorine content of the PVC
decreased, the surface tension and viscosity would
also be expected to decrease. Cracking reactions also
would be expected to occur as has been shown for
water–polyethylene systems,36 and this would lower
the polymer molecular weight and reduce its viscos-
ity. As shown in Figure 5, spread times became
shorter as reaction temperature was increased and

this is clear evidence that both dechlorination and
cracking reactions were accelerated at high tempera-
tures at the given water density.

Water density as well as reaction temperature can
be expected to affect reaction rates and spread times.
Figure 6 shows the visual appearance of the sample
chamber at water densities of 745, 842, and 930 kg/m3

(Table II, Runs 5, 10, 12), where the reaction tem-
perature of each sample was 4008C. At 745 and
842 kg/cm3, spread times could be observed and
measured as expected and increased substantially
with increasing water density. At 930 kg/m3, the
PVC particle did not change and also did not spread
on the surface within the combined heat-up and
reaction time of 600 s. Smith et al.37 have noted for
nylon 6/6 that high hydrostatic pressures (� 900
MPa) on polymers can greatly change both the melt-
ing and reaction characteristics of the polymers due
to changes in both crystallinity of the polymer and
polymer–water interactions. For the case shown in
Figure 6, the calculated pressure was 491 MPa,
which can be considered high. Since the temperature
was well above the melting point of the polymer,
the lack of spread time within the reaction period
was probably due to the high density conditions that
suppressed both cracking and dechlorination reac-
tions. At supercritical temperatures, the properties of
water change from those that favor radical reaction
pathways at low density to those that favor ionic
reactions at high density, as discussed in Watanabe

Figure 6 Visual appearance of sample chamber (4008C). See Table II, Runs 5, 10, and 12 for details. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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et al.22 Since the PVC sample at the highest density
(Fig. 6) did not exhibit strong changes in shape or
color, this is probably a strong evidence that the
reaction pathways at high water densities were ionic
in nature. Further evidence for the lack of reactivity
of the PVC at the highest density (Fig. 6) can be seen
by the cooled samples, which showed only small
changes in appearance compared with the other
samples after cooling (Fig. 6).

The spread times measured at 4008C along with
all other runs in Table II were plotted versus water
density as shown in Figure 7. Considering the data
at 4008C (Fig. 7), spread times became longer with
increasing water density, which is evidence that
dechlorination and cracking reactions were inhibited.
Both dechlorination and cracking reactions were
most likely accelerated at low densities according to
visual observations and the variation in the spread-
ing times. At the lowest water density of 68 kg/m3

(Table II, Run 2), the spread time decreased to a low
value of 181 s, when compared with zero water den-
sity or high density values at 4008C reaction temper-
ature. For the reaction performed in the absence of
water (Table II, Run 1), the spread time was just at
the melting point of the polymer, as would be
expected according to eq. (1). Further, formation of
polyene structures can be followed with viscometry
as has been reported in the literature.38

At all temperatures, correlation of the spread time
with water density was found. From the observed
spread times, it can be concluded that dechlorination
and cracking reactions are promoted at low densities
and high temperatures, and conversely, these reac-
tions are inhibited at high densities and low temper-
atures.

One experiment was made in the presence of
NaOH, since it has been reported in the literature
that caustic solutions heated with PVC promote
dechlorination in high temperature water.8,9 As
shown in Figure 7, the spread time was high for this
run, which implies that although the dechlorination
rate of PVC with NaOH may be relatively high,
polymer degradation was inhibited. NaOH neutral-
izes the HCl generated and lowers catalytic effects
similar to that observed for other bases39 in the
supercritical water. Further, the neutralization gener-
ates salt, which may act to inhibit hydrolysis.

Another factor that should be considered when
interpreting the spread time data is the evolution of
HCl during the dechlorination reaction. Hjertberg
and Sorvik38 noted that for HCl concentrations less
than 10%, the rate of PVC dehydrochlorination is
mainly due to propagation rate, whereas for higher
HCl concentrations (� 10%), an increase in initiation
rate was proposed, which leads to an autoaccelera-
tion effect in PVC dehydrochlorination. In a related
work, Hjertberg et al.40 found that an increase in
HCl concentration not only increases the initiation
rate, but also can lead to shorter polyene segments.
In the presence of water, the effect of HCl on PVC
dechlorination can be expected to be much less than
for HCl vapor phase for several reasons. First, when
there is an aqueous phase present, the HCl gener-
ated during PVC dechlorination is rapidly removed
from the polymer phase as discussed by Endo and
Emori41 for high-temperature water. Second, as the
water to PVC ratio is relatively high, the concentra-
tions of HCl are estimated to be relatively low.
Third, the ionization of a strong acid can be expected
to be less than that in water at room tempera-
ture,42,43 since the dielectric constant of at supercriti-
cal temperatures and at pressures of this work range
from 14 to 20 as shown by data44 and correlations45

in the literature. Therefore, one can expect the cata-
lytic effect of HCl on the reaction to be lower than
that of HCl in the vapor phase. On the other hand,
due to the properties of water, one can expect strong
temperature and density effects on the reaction path-
ways and reaction rates.

IR spectra of solid product

Figure 8 shows infrared spectra of sample residues
at a water density of � 830 kg/m3. The following
spectra positions are noted: ��OH stretching vibra-
tions from 3200 to 3600 cm21, ¼¼C��H stretching
vibrations related to aromatics or unsaturated fatty
acids from 3000 to 3100 cm21, ��C��H stretching
vibrations related to a saturated fatty acid from 2800
to 3000 cm21, and C¼¼C stretching vibrations at
1610 cm21. Comparing the spectra of the residue at
4008C with that of standard PVC (Fig. 8), OH stretching

Figure 7 Effect of water density on spread time for all
experiments noted in Table II. Symbols: filled squares,
4008C; open squares, 4258C; filled triangles, 4508C; open
triangles, 5008C; single open circle, 4008C with 4M NaOH.
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appeared at 4008C and gradually decreased with
increasing temperature, whereas ¼¼C��H stretching
increased with increasing temperature. At all condi-
tions, C¼¼C bonds were generated.

Figure 9 shows infrared spectra of residues
obtained by reaction at 4008C (Fig. 6) with spectral
positions marked for the various contributions as in
Figure 8. As shown in Figure 9, OH bonds just
began to appear at the lowest water density of
750 kg/m3, and as the density increased, the OH
stretching became stronger. At the lowest density,
the ¼¼C��H stretching was strongest among the resi-
dues. Similar to the previous constant density case

(Fig. 8), C¼¼C bonds were generated at all conditions
(Fig. 9).

Reaction mechanism of PVC in supercritical water

The data in the previous sections on visual observa-
tions, spread times, and spectral analyses can now
be assembled to examine the reaction pathway for
PVC decomposition in supercritical water and its
variation with temperature and density. First,
aspects of the PVC dechlorination mechanism are
discussed with respect to thermal degradation in the
absence of water.

There is a fair amount of debate in the literature
on the dechlorination of PVC during thermal degra-
dation with respect to mechanistic aspects of dech-
lorination initiation, propagation, termination steps,
and subsequent polyene formation at lower tempera-
tures around 1808C.46,47 Starnes and Ge46 report on
the mechanism of autocatalysis in the thermal dehy-
drochlorination of PVC and show that the autocatal-
ysis is free-radical with respect to abstraction of
hydrogen and nonfree radical in the generation of
polyene sequences. Starnes also provides a compre-
hensive review on most of the current proposals for
the dehydrochlorination mechanism of PVC47 and
summarizes the main process of the thermal degra-
dation of PVC as being one of chain reaction with
initiation and propagation steps occurring exclu-
sively via ion pairs or transition states that are
highly polarized along with termination steps. As
discussed in the previous section, however, the effect
of the properties of water on the reaction is expected
to dominate the reaction paths.

Figure 10 shows a proposed reaction pathway for
PVC degradation in water that is estimated from
results in this work and discussed with respect to
temperature and density effects. At zero water den-
sity and at high temperatures (>4008C), PVC degra-
dation proceeds through 1 then 3 via ionic chain
reaction as discussed earlier and through cracking,
which generates aromatic and low molecular weight

Figure 9 Infrared spectra of solid products (4008C). See
Table II, Runs 5, 10, and 12 for details. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 10 Reaction pathway of polyvinylchloride decom-
position in high temperature and supercritical water.

Figure 8 Infrared spectra of solid products (q 5 � 830
kg/m3). See Table II, Runs 10, 14, and 20 for details. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

1084 NAGAI ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



compounds 4. As water is added to the system, OH
nucleophilic substitution occurs competitively with
ionic pair dechlorination to form polyol structures 2.
Cracking and hydrolysis occur, which lower the
spread time to its minimum value at water density
of 68 kg/m3 (Fig. 7) at 4008C. As water density is
increased to above its value at the critical point (qc
5 322 kg/m3), OH nucleophilic substitution reaction
is accelerated with increasing water density as
shown by the IR analyses in the previous section
(Fig. 9). At water densities greater than qc, increasing
temperature leads to a lower rate of polyol 2 for-
mation (Fig. 8) that can be attributed to (i)
increased reactivity of polyene structures formed,
(ii) dehydration of polyol structures 2 to yield pol-
yene structures 3, and (iii) probable decomposition
and hydrolysis of polyol structures 2 to lower mo-
lecular weight compounds 4, such as tri-, di-, pro-
pylene glycols that break down to hydroxyacetone
as reported by Dai et al.48 Considering the spread
time data and spectral analyses, the OH nucleo-
philic substitution reaction pathway was promoted
at low temperatures (ca. <4508C) and high water
densities (ca. >830 kg/m3).

In all runs, C¼¼C bond stretches associated with
polyene structures were observed and their absorb-
ance values were somewhat larger with increasing
temperature directly (Fig. 8). However, the amount
of polyene structures formed as judged by the ab-
sorbance values were lower than expected, which
can be attributed to formation of polyol structures 2
(Fig. 8) and increased reactivity of the polyene struc-
tures 3 formed along with cracking reactions that
generate gas products, especially at low water den-
sities.12,16 Considering the spread time data and
spectral analyses, the ionic chain reaction pathway
was promoted at high temperatures (> � 4508C) and
low water densities (< � 750 kg/m3).

CONCLUSIONS

In this work, we examined the degradation of PVC
in water at high temperatures and high pressures
with a HDAC. The following conclusions can be
reached. In the heating of PVC in water, the polymer
undergoes spreading that is clear and abrupt accord-
ing to reaction time, temperature, and solvent condi-
tions. The spread time of the degrading PVC corre-
lates with both temperature and water density. High
temperatures tend to lower spread time, while high
water densities increase spread time. The spread
time seems to be strongly related to the extent of
reaction and also to the degree of dechlorination.
Polyene structures are formed at all conditions stud-
ied for the range of reaction times (� 500 s), temper-
atures (4008C > T > 5008C), and water densities

(<930 kg/m3). At high temperatures (> � 4508C)
and low water densities (< � 750 kg/m3), ionic
chain reactions seem to be promoted, which lead to
polyene structures. At high water densities (> � 830
kg/m3), polyol structures are formed, which is prob-
ably due to OH nucleophilic substitution by water.
The polyol structures seem to be promoted at low
temperatures (< � 4508C) and at high densities (>
� 830 kg/m3). More gas seems to form at low tem-
perature (� 4008C) than at high temperature condi-
tions (5008C), which can probably be attributed to
the effect of the water density on the polyene
decomposition. A reaction pathway is proposed that
shows competitive formation of polyols and poly-
enes in water according to the temperature and den-
sity of water. Future work will examine the pathway
in more detail via in situ spectroscopic methods and
will study the effect of HCl concentration on the
polyol formation.
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