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ABSTRACT: Polystyrene (PS) decomposition in supercritical water (SCW) and in air was
studied with the diamond anvil cell (DAC) technique coupled with microscopy and
FTIR. Apparent concentrations were calculated by using digital imaging analysis.
When PS 1 water systems (11.8–22.6 wt % PS) were rapidly heated at a rate of 2.3°C/s,
the PS particle melted at 279.8–320.2°C. After formation of a globule at 409.3–452.5°C,
the globule started to dissolve in color to yellow at 496.1°C. At 570.3°C and 742.5 MPa,
solubility reached the maximum of 91.5 wt % (11.8 wt % PS). The soluble material was
a styrenelike liquid, which was identified by IR after cooling. In isothermal runs at 400
and 450°C, two heterogeneous liquid phases consisting of water and decomposed PS
were found. Styrenelike liquid products were identified after the reactions. PS decom-
position stages in air consisted of melting, gas generation, liquid ring configuration, and
finally yellow volatile products formation at 583.2°C. The results show conclusively that
PS can be dissolved in SCW above 496.1°C and homogenous reaction is likely to occur
above 570.3°C. Reactions in SCW at 400 and 450°C take place in heterogeneous liquid
phases, while in the PS 1 air system, a formed liquid ring undergoes depolymerization.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81: 3565–3577, 2001
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INTRODUCTION

Recovery of styrene monomer from polystyrene
(PS) via pyrolysis was studied extensively. The
techniques included pyrolysis in a fluidized-bed
reactor,1,2in a batch reactor,3–5 in steam,6 in
vacuum,7and in the presence of a catalyst.8 A
method based on supercritical water (SCW) is a
relatively new and effective technique used to
recycle or decompose polymers.9–16 Water near its

supercritical point (374°C, 22.1 MPa) behaves
like a perfect organic solvent with acidlike prop-
erties. Thus, it has potential as an extractive
agent and a medium for chemical reaction pro-
cesses. Bertini et al.17 found that the presence of
water increases the yield of volatile products with
a higher monomer selectivity from PS in subcriti-
cal water (300–320°C, 1–24 h). It has also been
reported that 97 wt % liquid without residue was
obtained from PS in SCW at 400°C, 0.5 g/cm3

water density, and 10-min residence time.10 How-
ever, only 92 wt % liquid with 7 wt % solid was
converted under pyrolytic conditions in a nitrogen
atmosphere at 401°C and 21 min.3

Even though an effective conversion of solid PS
to liquid was achieved, little is known about the
phase changes during the PS depolymerization
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process in SCW. In fact, it is not known whether
the reactions occur in a homogeneous or a heter-
ogeneous environment. Recently, Fang et al.,18,19

Smith et al.,20 Fang and Kozinski,21 and Arai and
Adschiri22 applied a diamond anvil cell (DAC)
technique to the study of phase behavior and re-
action phenomenon of polymer 1 water systems.
In their work, a homogenous phase was found for
condensation polymers (such as polyethylene
terephthalate and nylon) and cellulose in subcriti-
cal water, whereas polyethylene (paraffin-like
polymer) could dissolve in SCW only after it de-
composed above 565°C.

In this work, a hydrothermal DAC technique
coupled with digital image analysis and FTIR
spectroscopy was applied to study the phase
changes and reaction of PS in supercritical water
and in air at temperatures up to 583.2°C and
pressures up to 742.5 MPa.

EXPERIMENTAL

Materials

The PS powder used was from Aldrich (Milwau-
kee, WI). The PS had a density of 1047 kg/m3;
melting point (Tm) of 237.5°C; glass point (Tg) of
100°C; and average molecular weight (Mw, Ca,
GPC) of 280,000.

Hydrothermal DAC

A hydrothermal DAC developed by Bassett et
al.23,24 was used for phase-change observations of
a PS 1 H2O system up to supercritical regions or
visual observations of a PS 1 air system. The
experimental setup, in which tests can be con-
ducted in fluids at pressures up to 2.5 GPa and
temperatures up to 1200°C, is shown in Figure 1.
Pressure is produced by two opposing diamond
anvils inside a 50-nL chamber hole (ID 5 508 mm,
thickness 5 250 mm) made of an inconel gasket.
After being pressed by the two diamond anvils,
the actual chamber volume decreases to 30–40
nL, corresponding to the chamber height of 150–
200 mm. If a 50 vol % sample is loaded, the quan-
tities of the sample and water are 15 and 20 nL,
respectively. The pressure can be adjusted by
turning screw nuts of the DAC. A PS sample was
loaded by placing a droplet of water onto the
gasket hole with a microsyringe.

The DAC chamber was heated by two individ-
ual microheaters that transfer heat to the dia-

mond anvils. Argon gas with 1% H2 was intro-
duced into the cell to protect the diamond anvils
from oxidization and to increase the cooling rates
at the end of the experiment (see Fig. 1).

Temperature

Temperature was measured by two K-type ther-
mocouples attached to each of the diamond anvils
by a ceramic cement (Fig. 1) and was recorded
every 0.1 s by a data shuttle (Strawberry Tree,
Model DS-12-8-TC, Sunnyvale, CA). The thermo-
couples were previously calibrated18 by loading
powder form samples contained in a gasket of
reference metals tin (Tm 5 232.00°C) and zinc (Tm
5 419.58°C) and observing their melting points
with a slow (,5°C/min) heating rate. The accu-
racy of the temperature measurement is esti-
mated to be 60.5°C for temperatures up to 400°C,
and 61.0°C for temperatures above 400°C. The
temperature difference between the anvils was
generally below 10°C. Temperatures reported are
the average of the both anvils.

Pressure

Pressure was determined from the equation of
state (EOS) of water25 on the basis of the negligi-
ble changes of chamber volume. The isochore
chamber was confirmed through the observation
of the interference fringes (chamber thickness)
between anvil faces radiated by a green light (l
5 532 nm).24 When the sample and water were
loaded into the DAC chamber, air bubbles would
appear. Heating the chamber caused the liquid to
expand and the air bubbles to shrink until it
disappeared, at which point the chamber was

Figure 1 Bassett-type DAC and experimental setup.
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filled with the expanded liquid at the homogeni-
zation temperature (Th). The pressure at this
point (Ph) was the vapor pressure along the two-
phase (liquid-vapor) curve of water at Th, and the
bulk specific volume (yh) or density (rh 5 1/yh) of
the water was that of the liquid water along the
liquid-vapor curve at Th. If heated further, pres-
sure would increase according to the pressure-
temperature path of the isochore (y 5 yh). Assum-
ing that only water contributed to the pressure, it
could be calculated knowing the temperature and
yh. In the runs in air atmosphere, pressure was
calculated by the ideal gas EOS at an isochore.

For all runs, pressures only at Th and maxi-
mum reaction temperatures were calculated. The
DAC screw nuts were adjusted prior to experi-
ments obtaining the initial pressure desired.

Procedure

The experimental sequence was as follows. First,
the hole of the gasket was centered and fixed by
tape on the low anvil diamond. A PS particle and
water were loaded into the gasket hole. After
that, the DAC was closed. The DAC screw nuts
were tightened and adjusted to obtain the proper
size of the air bubbles, allowing for the achieve-
ment of the desired homogenous temperature (Th)
or pressure (Ph). Finally, the heaters and thermo-
couples were connected in preparation for heating
while the samples were observed at 1103 magni-
fication by a microscope (Olympus SZ11) and the
images recorded by a Panasonic 3CCD camera
(AW-E300). For pyrolytic runs, only PS without
water was loaded.

The PS 1 H2O or PS 1 air system was heated
for a predetermined time. The sample was subse-
quently rapidly cooled by cutting the power to the
heaters while maintaining Ar gas flow. After the
experiment was completed, the DAC was disas-
sembled and the residues remaining on the dia-
mond anvil faces or inside the chamber were an-
alyzed by FTIR spectroscopy coupled with infra-
red microscope (Bio-Rad Excalibur FTS3000 and
UMA 500 Shadow, MA). The IR analysis was
conducted under reflection mode due to IR ab-
sorption by diamonds. Details of the experimental
setup and procedure can be seen elsewhere.18,21

Digital Image Analysis

Recorded images were changed to 24-bit RGB bit-
map files via a video capture board and analyzed
with digital imaging software (scion image, Scion

Corp., MD) to calculate the apparent concentra-
tion of the sample and to obtain phase transition
rates. The areas of the sample and the chamber
were determined by counting the number of pix-
els of the corresponding defined zone. The appar-
ent area concentration was obtained from the
sample : chamber area ratio by normalizing to
water area in the chamber at room temperature
(Tr) with the densities of water at Th (rh) and Tr.
The mass concentration can be calculated by
knowing the area concentration along with the PS
and water densities. The solubility was defined as
the difference between the initial and the instant
concentration divided by the initial concentration.
Because the image analysis is two-dimensional,
the calculated results are semiquantitative.

RESULTS

Experiments of PS decomposition in air atmo-
sphere and reaction in supercritical water were
conducted. Experimental conditions, visual obser-
vations, image analyses, and reaction products
are summarized in Table I. Decomposition of PS
in air was studied in runs 1–3. Reaction of PS in
supercritical water was studied in runs 4–9. Vi-
sual observations are given in Figures 2-10. Re-
action temperature profiles are illustrated in Fig-
ure 11. FTIR spectra of the residues are given in
Figure 12. Digital imaging analyses are presented
in Figure 13.

Decomposition in Air (Run 1–3)

Figure 2 shows a sequence of images of the PS 1
air system in the closed chamber of DAC at 0.1
MPa (run 1). As the temperature was increased at
a rate of 2.9°C/s [temperature profile, Fig. 11(a)],
the PS particle started to melt at its melting point
of 237.5°C [Fig. 2(b)]. The liquid PS started flow-
ing to the wall of the chamber along with the
appearance of a gas bubble at 397.2°C [Fig. 2(c)].
A circular liquid ring with several gas bubbles
was formed at the maximum temperature and
pressure of 479.8°C and 0.25 MPa, respectively
[Fig. 2(d)]. The sample was rapidly cooled to room
temperature at a maximum rate of 224.5°C/s.
The liquid ring expanded and most of the bubbles
disappeared [Fig. 2(e)]. After the DAC was
opened, the waxlike liquid ring was still present
on the diamond [Fig. 2(f)]. Figure 12(a) (run 1)
indicates that the liquid residue [Fig. 2(f), A] was
a mixture of styrene and its oligomers (mainly
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dimer and trimer); styrene COH bands at 2858,
2933, 3028, 3061, and 3082 cm21; and several PS
peaks from 200 to 2000 cm21 (such as at 1208 and
1948 cm21) are present as compared to the stan-
dard styrene and PS spectra. However, the liquid
had stronger absorption at 3028 cm21 than that of
styrene.

In run 2 (Fig. 3), the PS 1 air system was
heated to the maximum temperature and pres-
sure of 583.2°C and 0.29 MPa, respectively. After
melting of the PS at 237.5°C [Fig. 3(b)] and the
appearance of a gas bubble at 413.9°C [Fig. 3(c)],

a circular liquid ring with several gas bubbles was
formed at 485°C [Fig. 3(d)]. The liquid ring dis-
appeared and the chamber was filled with yellow
volatile compounds at the maximum temperature
of 583.2°C [Fig. 3(e)]. Upon cooling, the volatile
products were condensed and a yellow globule
formed at 562.1°C in the center of the chamber
[Fig. 3(f)]. The liquid ring, however, was visible
again at room temperature [Fig. 3(g)]. After the
DAC was opened, a yellow liquidlike product had
flown to the border of the diamond [Fig. 3(h)]. The
IR spectrum [Fig. 12(a), run 2] of liquid A reveals

Figure 2 Evolution of PS during heating to 479.8°C and 0.25 MPa in an air atmo-
sphere at an initial pressure of 0.1 MPa. (run 1).

Figure 3 Evolution of PS during heating to 583.2°C and 0.29 MPa in an air atmo-
sphere at an initial pressure of 0.1 MPa. (run 2).
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that it was decomposed and had more styrenelike
characters than that in run 1 because of two sty-
rene COH bands exhibited at 3028 and 3061
cm21, but no PS peaks at 1948 cm21. The styrene
peaks at 2858 and 2933 cm21 were not detected
because of a too small IR analytical area.

In run 3 (Fig. 4), the PS 1 air was heated to
400°C and held for 20 min. After PS melting, gas
bubbles appeared at 400°C and 0.23 MPa [Fig.
4(b)]. During the isothermal reaction at 400°C for
20 min, a liquid ring together with a large gas
bubble and light yellow volatile compound outside
the ring was seen at 2.73 min [Fig. 4(c)]. The
volatile materials changed to yellow at 4.45 min,

to orange at 10 min, and finally to red at 20 min,
whereas the liquid ring underwent little change
[Fig. 4(d–f)]. After cooling, the liquid ring ex-
panded while the color of the volatile still stayed
red at room temperature [Fig. 4(g)]. The liquid
residue A with yellow and white colors on the
diamond [Fig. 4(h)] was analyzed with FTIR. Fig-
ure 12(a) (run 3) shows that the oil has a similar
spectrum to that in run 1, with an absence of a PS
peak at 1948 cm21.

Reactions in Supercritical Water (Runs 4–9)

In run 4 (Fig. 5), 22.6 wt % PS 1 water with air
bubbles [Fig. 5(a)] were heated at a heating rate

Figure 4 Evolution of PS during heating to 400°C and 0.23 MPa for 20 min in an air
atmosphere at an initial pressure of 0.1 MPa. (run 3).

Figure 5 Images of PS evolution during heating of 22.6 wt % PS 1 water to 464.4°C
and 681 MPa. Homogeneous conditions are 0.15 MPa and 110.9°C (run 4).
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of 2.3°C/s to a maximum temperature and pres-
sure of 464.4°C and 681 MPa, respectively. At
110.9°C (Th), the air bubble disappeared [Fig.
5(b)]. The pressure at Th was calculated as 0.15
MPa. As the sample was isochorically heated, the
PS particle started to melt at 320.2°C [Fig. 5(c)]
above its normal melting point of 237.5°C. At
452.5°C, a globule formed [Fig. 5(e)[ and ex-
panded until the maximum temperature of
464.4°C was reached [Fig. 5(f)]. After cooling, the
globule expanded and resolidified with numerous
liquidlike particles precipitating at room temper-
ature [Fig. 5(g)]. When DAC was opened, most of
the liquid precipitates evaporated while the solid-

ified globule stayed on the diamond, as shown in
Figure 5(h). IR analysis of solid A was conducted;
the spectrum is given in Figure 12(a) (run 4).
Little reaction occurred because of the spectrum
similarities between 2800 and 3200 cm21 and 400
and 2000 cm21, as compared to that of the stan-
dard styrene.

In run 5 (Fig. 6), 11.8 wt % PS 1 water system
was heated to a higher maximum temperature and
pressure of 570.3°C and 742.5 MPa, respectively.
After melting and formation of the globule [Fig.
6(b–c)], the liquid PS started dissolving at 496.1°C,
yielding a yellow-colored substance [Fig. 6(d)]. At
512.5°C, the globule became smaller and changed to

Figure 6 Images of PS evolution during heating of 11.8 wt % PS 1 water to 570.3°C
and 742.5 MPa. Homogeneous conditions are 0.56 MPa and 154.8°C (run 5).

Figure 7 Images of PS evolution during heating of 35.5 wt % PS 1 water to 400°C and
435.3 MPa for 10 min. Homogeneous conditions are 0.37 MPa and 157.1°C (run 6).
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red [Fig. 6(e)]. The solubility reached the maximum
of 91.5 wt % at 570.3°C [Fig. 6(f)]. Figure 13 shows
the change in PS particle area and its derivative
with the temperature. The curve for run 5 encom-
passes the PS particle shape-change (25–279.8°C),
melting (279.8–496.1°C), and dissolution (496.1–
570.3°C) process. After cooling, numerous liquid
particles precipitated [Fig. 6(g)]. The IR spectrum
[Fig. 12(b), run 5] shows that liquid A [Fig. 6(h)] has
similar chemical structure with lower styrenelike
character, as compared with that in run 2.

In run 6 (Fig. 7), 35.3 wt % PS was used, heated
to 400°C, and held for 10 min. After melting, a
globule formed at 400°C and 435.3 MPa, respec-
tively [Fig. 7(b)]. During the isothermal reaction

at 400°C for 10 min, gas bubbles appeared on the
surface of the globule at 2 min [Fig. 7(c)]. The
bubbles grew larger and the globule expanded
along with the color change from light yellow at 5
min to yellow at 8.58 min [Fig. 7(d–e)]. At 10 min,
the yellow globule reached the maximum area
while numerous liquid particles precipitated [Fig.
7(f)]. The two phases of liquid globule and water
were always present during 10-min reaction runs.
These phases are not clearly visible because they
constitute a transparent part of the chamber. The
development of the bubbles [Fig. 7(c–f)] indicated
the release of the volatiles during the PS decom-
position. The globule expanded and the bubbles
reappeared because pressure had dropped [, 0.6

Figure 8 Images of PS evolution during heating of 29.4 wt % PS 1 water to 400°C and
374.6 MPa for 20 min. Homogeneous conditions are 1.01 MPa and 180.5°C (run 7).

Figure 9 Images of PS evolution during heating of 23.3 wt % PS 1 water to 450°C and
681.2 MPa for 10 min. Homogeneous conditions are 0.10 MPa and 100.2°C (run 8).
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MPa in Fig. 7(a)] after cooling to room tempera-
ture [Fig. 7(g)]. After the DAC was opened, liquid
products were covered on the lower diamond [Fig.
7(h)]. IR spectrum of liquid A in Figure 12(b) (run
6) indicates styrenelike chemical structure simi-
lar to that in run 3 (decomposition in air, 20 min
at 400°C).

In run 7 (Fig. 8), a longer reaction time of 20
min was applied at 400°C to depolymerize PS
(29.4 wt % concentration). After the formation of
the globule, gas bubbles appeared and grew,
while the globule expanded and changed to a yel-
low color between 0 and 10 min [Fig. 8(b–d)]. The
globule changed to orange liquidlike compounds
along with larger gas bubbles present for the rest
of the 10-min time [Fig. 8(e–f)]. The spectrum
[Fig. 12(b), run 7] reveals that liquid A [Fig. 8(h)]
is a styrenelike material. However, it has weaker
absorption at 2858 and 2933 cm21, as compared
to the spectra of the standard styrene and the
liquid residue in run 6.

In run 8 (Fig. 9), 23.3 wt % PS was heated to
450°C and held for 10 min. When a temperature
of 450°C and pressure of 681.2 MPa were reached,
a yellow globule was formed [Fig. 9(b)]. As the
reaction time at 450°C was increased to 10 min,
the globule changed gradually to red while color-
less liquid compounds started precipitating from
the solution [Fig. 9(c–f)]. After cooling and open-
ing the DAC, the colorless liquid remained on the
diamond while the red globule had evaporated
[Fig. 9(h)]. The colorless liquid shows some sty-
renelike character with its spectrum similar to
that in run 2.

In run 9 (Fig. 10), 24 wt % PS was heated to
450°C and held for 20 min. After a temperature of
450°C and pressure of 476 MPa were achieved, an
orange-colored liquid was formed along with an
appearance of gas bubbles and particles precipi-
tating from solution at 5 min [Fig. 10(c)]. There
was little change as the sample was depolymer-
ized after 20 min of reaction [Fig. 10(d–f)]. After
cooling to room temperature, the orange-colored
liquid still remained [Fig. 10(g)]. When the DAC
was opened, only yellow liquid was present at the
edge of the diamond [Fig. 10(h)]. The liquid had
similar chemical character as that in run 8 [Fig.
12(b), runs 8 and 9].

DISCUSSION

It was reported7 that rapid decomposition of PS
mainly to styrene monomer and partly to dimer
takes place at a temperature of 400–500°C at
atmospheric pyrolysis. At 310 to 350°C, slow de-
composition occurs with the formation mostly of
the monomer, a good deal of the dimer, and some
trimer. In our fast pyrolysis runs (2.9–3°C/s), for-
mation of gas bubbles began at 397–413.9°C (Ta-
ble I, runs 1–3), which indicated the beginning of
decomposition process.

Liu et al.1 recovered styrene and other mono-
aromatics (boiling point , 200°C) by using a flu-
idized bed reactor (heating rate of 6.6°C/s to
600°C), with the yield increased from 70 to 86.6
wt % as the temperature rose from 450 to 600°C,
respectively. The styrene yield reached a maxi-

Figure 10 Images of PS evolution during heating of 24.0 wt % PS 1 water to 450°C
and 476.0 MPa for 20 min. Homogeneous conditions are 0.88 MPa and 174.7°C (run 9).
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mum of 78.7 wt % at 600°C. At 500°C, about 78%
monomer, 7% dimer, and 6% trimer were ob-
tained. In run 1 (480°C), the liquid residue [Fig.
2(f), A] was a mixture of styrene and its oligomers
(mainly dimer and trimer), which was also con-
firmed by FTIR. The observed homogenous yellow
volatile gas at the maximum temperature of
583.2°C (heating rate of 3.0°C/s) in run 2 [Fig.
3(e)] consists mainly of styrene and partly of other
monoaromatic compounds. The IR spectrum
showed that the liquid residue after cooling had
styrenelike chemistry.

In the experiments of Simard et al.,3 81 wt %
styrene was achieved at 401°C and 21 min

(these conditions are similar to those in run 3).
Our IR spectra [Fig. 12(a)] showed that all py-
rolytic liquid residues (runs 1–3) have the PS
character because of the PS peak present at
1028 cm21, the height and area of which are
comparative or greater to those at 2933 cm21,
representing a characteristic band of styrene.
The PS peak at 1028 cm21 is due to the vibra-
tion of the PS or the oligomers. Thus, most of
the styrene (yield up to 81 wt %, boiling point of
145.4°C) produced in runs 1–3 evaporated or
was lost, whereas most of the high-boiling frac-
tion (dimer, trimer, and other oligomers) stayed
on the diamonds.

Figure 11 Reaction temperature profiles for (a) short run time (runs 1, 2, 4, 5); (b)
long reaction time (10 min: runs 6, 8; 20 min: runs 3, 7, 9).

3574 FANG AND KOZIŃSKI



Park et al.26 studied oxidation of PS from 400
to 750°C at 2–5 residue time with 0.07–0.13 PS
equivalence ratio (mole ratio of PS to oxygen di-
vided by the stoichiometric ratio for the overall
reaction: C8H8 1 10 O2 3 8 CO2 1 4 H2O). The
major product below 600°C was a monomer (up to
46 carbon mol %). In addition, 19 species (e.g.,
benzaldehyde ' 10 carbon mol % at 550–600°C,
acrolein ' 1% at 600–680°C) were identified by
GC and gas chromatography-mass spectroscopy.
In our experiments, the presence of air in the

chamber could not be avoided during the loading
of the PS. It was calculated, however, that the PS
equivalence ratio in run 3 was about 11,800 at the
highest air concentration (50 vol %, Table I, in the
SCW runs; air volume was less than 33%). There-
fore, oxidation caused by the air could be ne-
glected.

In the SCW runs 4–9, the PS dissolution
started at 496.1°C and reached the maximum at
570.3°C (run 5). The temperature for the maxi-
mum solubility is close to 600°C, at which a max-

Figure 12 IR spectra of the residues for (a) pyrolysis (runs 1–3), supercritical reaction
(run 4); (b) supercritical reaction (runs 5–9).
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imum liquid yield of 98.7 wt % occurs (86.6%
styrene, 10% dimer, and other medium boiling
compounds; 200–350°C).1 Thus, one may suggest
that the dissolution phenomenon consists of the
initial PS decomposition to styrenelike liquid,
which subsequently dissolves in water above
496.1°C. The IR spectrum from the liquid precip-
itates in run 5 after cooling also confirmed this
suggestion. However, the styrenelike liquid dis-
solves little in SCW at 400°C (runs 6–7, 10–20
min) and 450°C (runs 8–9, 10–20 min). PS could
not dissolve in SCW below 464°C (run 4).

Fang et al.,18 Smith et al.,20 and Fang and
Kozinski21 have found that some condensation
polymers and cellulose could be completely dis-
solved even in subcritical water (polyethylene
terephthalate at 297–318°C; nylon 6/6 at 323–
353°C; cellulose at 330°C). One of the reasons for
high solubility is their simultaneous hydrolysis
and dissolution due to more acidlike character in
subcritical water than in SCW.27 In the case of
PS, no hydrolysis took place because no ether,
ester, and acid-amide bonds are present in its
chemical structure. PS dissolution occurred at a
high temperature above 496.1°C because of the
isochorically increased temperature to the super-
critical water region; the solubility of water in-
creased due to the decrease in dielectric constant
(e) of water.27

From our visual observation, the PS reactions
in SCW at 400 and 450°C took place in a hetero-

geneous environment consisting of water and liq-
uid compounds. In the experiments in supercriti-
cal water (10 min at 400°C)10 or in subcritical
water (1–24 h at 300–320°C),17 more liquid prod-
ucts or volatile products were obtained than at
pyrolytic conditions. Bertini et al.17 suggested
that the presence of water, as a hydrogen donor,
depressed the inter- and intramolecular hydrogen
transfers between or along the macromolecules,
thus decreasing the occurrence of the secondary
reactions. Moriya and Enomoto16 also found, by
using 2H2

16O and 1H2
18O as tracers, that during

liquefaction of polyethylene in SCW, hydrogen
atoms from water are donated to produce cracked
oils, and the oxygen atoms are donated to the
gases and aqueous phase products. However, if
the reaction temperature was increased to
570.3°C, a homogenous reaction condition could
be achieved. The homogenous reaction might re-
sult in a different product distribution and reac-
tion mechanism. However, we were unable to
identify individual products with FTIR.

CONCLUSION

A white waxlike residue was obtained by rapid
heating (2.9°C/s) of PS at 0.1 MPa in an air atmo-
sphere to 479.8°C and 0.25 MPa. The residue
presents a styrenelike chemistry. Upon further

Figure 13 Digital image analysis of the area ratio profiles of sample to chamber and
its derivative for supercritical water reaction (run 5: 570.3°C).
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heating, all samples evolved into yellow volatile
compounds at 583.2°C, which also revealed sty-
renelike character. For the isothermal pyrolysis
at 400°C, after melting and forming a liquid ring,
the volatile material changed from yellow to red
in a 20-min reaction time. The liquid residue after
cooling also exhibited the styrene character. In all
the pyrolytic runs, gas bubbles appeared at
397.2–413.9°C.

PS can dissolve in supercritical water above
496.1°C after it is decomposed to liquid styrenelike
products. Upon rapid heating of 11.8 wt % PS 1
water mixture, a 91.5 wt % PS dissolved in water at
570.3°C. Little reaction and dissolution occurred
when the PS was rapidly heated (2.9°C/s) to super-
critical water region of 464.4°C and 681 MPa. In all
the supercritical runs, the PS melted at
271.7–320.2°C, above its melting point of 237.5°C.

In the long SCW reaction experiments (10–20
min) at 400 or 450°C, little sample was dissolved.
The process revealed a globule formation with gas
production, the globule color changes, and its ex-
pansion. Two heterogeneous liquid phases of wa-
ter and molten PS/liquid compounds were always
present throughout the entire decomposition pro-
cess. The reacted liquid products on the diamond
also showed styrene chemistry.
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