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ABSTRACT: The hydrolytic depolymerization of polyethylene terephthalate (PET) with
alkaline hydroxides was investigated by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The reactions of the mixtures were conducted in
their solid states under nitrogen atmosphere. The experimental results showed that
potassium hydroxide possessed the hydrolytic activity of depolymerizing PET into
small molecules such as ethylene glycol; in contrast, sodium hydroxide did not. The
production rate of ethylene glycol was enhanced by increasing charge ratio of potassium
hydroxide to PET. The presence of water facilitated the alkaline hydrolysis of PET;
however, the presence of metal acetates decreased the hydrolysis rate. The activation
energy for alkaline hydrolysis of PET determined by the thermograms was in good
agreement with the value obtained from the experiments in a batch reactor. © 1998 John
Wiley & Sons, Inc. J Appl Polym Sci 70: 1939–1945, 1998
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INTRODUCTION

It has become important to reclaim polyethylene
terephthalate (PET) waste, which is extensively
recycled from bottles, films, and fibers.1,2 There
are several ways to process the PET waste,3 de-
pending on the end use of the reclaimed products.
The process of hydrolytic depolymerization with
water has been proposed to recover terephthalic
acid and ethylene glycol from the PET waste.4–7

The recovered products can be used as feedstocks
for the synthesis of virgin PET. However, the

hydrolysis of PET with water was operated under
high temperature and pressure. Sulfuric acid was
used as a catalyst to moderate the reaction con-
ditions,8,9 but this process also induced other
problems, such as corrosion of equipments and
difficult separation of liquid products from the
acid waste. In contrast to the disadvantages of
using strong acids, alkaline hydroxides can be
used as catalysts and reaction mediums for the
hydrolytic depolymerization of PET.10–12 In the
process of alkaline hydrolysis, PET was depoly-
merized to produce ethylene glycol and tereph-
thalic salts, instead of terephthalic acid at mild
temperatures and pressures. Terephthalic salts
can then be hydrolyzed easily to form terephthalic
acid. The alkaline hydrolysis of PET was usually
carried out using an aqueous solution of sodium
or potassium hydroxide. However, the activity of
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alkaline hydrolysis of PET in the solid state was
seldom studied. Benzaria et al. described an in-
teresting process, in which the depolymerization
was carried out in a mixer-extruder with the use
of solid sodium hydroxide at temperatures of
100–200°C.13 After the distillation of ethylene
glycol from the postreaction mixture under re-
duced pressure, a corresponding salt of tereph-
thalic acid in the form of a powder was obtained.

In this study, the hydrolytic depolymerization
of PET with alkaline hydroxides in solid state was
conducted in thermal analysis systems. Although
thermal analysis had been found to be a conve-
nient tool to characterize the thermal degradation
of polymeric materials, the technique has been
rarely applied to investigate the polymerization
or depolymerization of PET. Differential scanning
calorimetry (DSC) and thermogravimetric analy-
sis (TGA) were used to investigate the polycon-
densation of bis-hydroxyethyl terephthalate to
produce PET.14,15 In our previous work, the DSC
module equipped with a pressurized cell was em-
ployed for investigating the glycolysis of PET in
the presence of various metal acetate catalysts.16

In this article, DSC and TGA were used to inves-
tigate the alkaline hydrolysis of PET with metal
hydroxides in the solid state. The depolymeriza-
tion reactivity, characteristics, and the kinetic
characterization are presented.

EXPERIMENTAL

The PET sample with a particle size of 45/70
mesh used in the thermal analysis was prepared
by grinding chips of fiber grade, which were sup-
plied by Nan Ya Plastic Co., Taiwan. The intrinsic
viscosity (IV) of PET was measured in a 6:4 (w/w)
phenol/1,1,2,2- tetrachloroethane solution at
30°C. The IV value of 0.60 dL/g corresponding to
the average molecular weight (M) of 17,000 was
calculated from the equation of M 5 3.61 3 104 IV
1.46.17 The melting of this PET material yielded an
endotherm about 40 J/g over the temperature
range of 245 to 260°C, as determined by DSC at a
scanning rate of 10°C/min.

The mixture of PET and alkaline hydroxide
was prepared by impregnation to increase the
contacting surface area. Alkaline hydroxide was
dissolved in water, and the solution was mixed
with the PET powder. The mixed sample was
obtained after drying at 60°C. Alkaline hydrox-
ides can adsorb water when they are exposed to

humid environment. To avoid the hydration, sam-
ples were normally stored in an oven. These sam-
ples will also be refered to as dried samples in this
article. Samples that were not stored in the oven
and were subject to hydration will be called hy-
drated samples. The molar ratio of alkaline hy-
droxide to PET repeating unit in the mixed sam-
ple was 1, 2, 3, or 4. The preparation of mixed
sample containing metal acetates followed the
same procedures except that a metal acetate was
preliminarily mixed with PET powder by impreg-
nation. The metal loading of each sample was
controlled at the level of 0.10 mmol per gram
of PET.

In a normal DSC measurement, the sample
was usually held in a hermetically sealed pan. In
the alkaline hydrolysis of PET, liquid will be pro-
duced and evaporated. The endothermic peak
temperature of liquid evaporation would not be
easily predicted and controlled because of using a
hermetrically sealed sample pan, which would
cause the delay of evaporation under the sealed
pressure. Therefore, a sample pan with a small
opening was used for DSC analysis in this study.
DSC thermogram was measured using a differen-
tial scanning calorimeter (Du Pont 910) that was
connected to a thermal analyzer (TA 2200) under
a flow of nitrogen. A sample of 2.5 mg was placed
in an aluminum pan that was pierced with a hole
of 1 mm in diameter in the center of upper lid.
Another empty pan was used as the reference
during measurements. TGA analysis was carried
out using a thermogravimetric analyzer (TA
2950) under a flow of nitrogen. A sample of 15 mg
was placed in a platinum plate hanging from the
balance arm.

RESULTS AND DISCUSSION

DSC Thermograms of PET with Alkaline
Hydroxides

Figure 1 shows the DSC thermograms for the
hydrated sample of PET with sodium hydroxide
or potassium hydroxide. There was an endother-
mic band around 250°C during each first scan-
ning. In addition, there appeared endothermic
peaks around 100°C for the PET/sodium hydrox-
ide sample, and endothermic peaks at 125 and
165°C for the PET/potassium hydroxide sample.
After the first scanning, the samples were quickly
quenched by liquid nitrogen to room temperature
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and then heated again. In each case, only one
weak endothermic band around 250°C was found
during the second heating and scanning. The
range of the band was the same as the melting
temperatures of PET. Therefore, the band could
correspond to the melting endotherm of the unre-
acted PET. The endothermic bands below 200°C
disappeared at the second scanning.

The DSC thermograms for alkaline hydroxides
or the mixture of water and ethylene glycol were
examined as shown in Figure 2. It was found that
the scanning for sodium hydroxide and potassium
hydroxide showed endothermic bands around 100
and 120°C, respectively, which may represent the
evaporation of water from the hydrated alkaline
hydroxides. The DSC thermogram for the mixture

of water and ethylene glycol showed the evapo-
rating peaks at around 85 and 165–170°C. The
evaporating temperatures of water and ethylene
glycol were lower than their normal boiling points
of 100 and 198°C because of the carrying effect of
high rate of nitrogen flow. By comparing with the
positions of identified peaks in Figure 2, the ther
mograms in Figure1 showed that the low temper-
ature bands at about 100 and 125°C corresponded
to the evaporation of water from the hydrated
sodium hydroxide and potassium hydroxides, and
the band at 165°C corresponded to the evapora-
tion of ethytene glycol. It can be seen that potas-
sium hydroxide reacted with PET to produce eth-
ylene glycol, but sodium hydroxide did not. In a
separate study on the reaction of PET and potas-
sium hydroxide in a batch reactor, ethylene glycol
was also indentified as the liquid product by GC
analysis.18 Figure 1 also showed that little fur-
ther production of ethylene glycol occurred during
the second scanning. However, the melting endo-
therms of unreacted PET became weak and
shifted to low temperature range during the sec-
ond scanning. It may be because the original crys-
tallinity of PET was lowered by mixing with al-
kaline hydroxides or hydrolyzed products such as
TPA salts after the first scanning, or PET was
partially depolymerized so that its molecular
weight was decreased.

TGA Curves of PET with Alkaline Hydroxides

The thermogravimetric curves of hydrated sam-
ples are illustrated in Figure 3. The weight loss of
PET with sodium hydroxide occurred below

Figure 1. DSC thermograms for the mixture of PET
with sodium or potassium hydroxide (n/n 5 1:2). (a)
NaOH, first scanning; (b) KOH, first scanning; (c)
NaOH, second scanning; (d) KOH, second scanning.

Figure 2. DSC scanning for (a) mixture of water and
ethylene glycol (w/w 5 1:1); (b) sodium hydroxide; (c)
potassium hydroxide.

Figure 3. TGA thermograms for the mixture of PET
with (a) sodium hydroxide, or (b) potassium hydroxide
(n/n 5 1:2).
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100°C and was corresponded to the evaporation of
water. In addition to the evaporation of water, the
weight loss caused by the evaporation of ethylene
glycol was also observed in the range of 140 to
170°C for the sample of PET with potassium hy-
droxide. The weight loss in the thermogravimet-
ric curves was consistent with the endotherms in
the DSC thermograms.

Sodium hydroxide in aqueous solutions was
found to have high hydrolytic activity of depoly-
merizing PET at the temperatures below 150°C.10

In this study of thermal analysis, sodium hydrox-
ide in its solid state, however, showed no activity
during heating to 300°C. It indicates that solid
sodium hydroxide cannot be dissociated into hy-
droxyl ions to catalyze the hydrolysis of PET. On
the contrary, potassium hydroxide showed much
stronger activity in a solid state than sodium hy-
droxide. This may be because of their different
alkalinity.

Hydration Effect on Alkaline Hydrolysis
of PET with Potassium Hydroxide

The DSC thermogram for the well-dried sample of
PET with potassium hydroxide is illustrated in
Figure 4. The endothermic peaks corresponding
to the evaporation of ethylene glycol and the melt-
ing of unreacted PET were also observed. How-
ever, the production temperature of ethylene gly-
col was about 10°C higher than that from the
corresponding hydrated sample. Separate exper-
iments also showed that the weight loss in the
thermogravimetric curves for the well-dried sam-
ple also shifted to high temperatures. The results

suggest that water contained in the hydrated
sample promotes the alkaline hydrolysis of PET
with potassium hydroxide. In a study in our lab
on the hydrolysis of PET with water in the ab-
sence of alkaline hydroxides under pressure to
keep water in the liquid state, the hydrolysis did
not significantly occur until about 235°C.19 There-
fore, water should not directly participate in the
alkaline hydrolysis at lower temperatures. It is
noted that the peak shape of ethylene glycol for
the hydrated and dry samples (Fig. 4) was differ-
ent from that for the mixtures of ethylene glycol
and water (Fig. 2). The ethylene glycol peak in the
alkaline hydrolysis of PET may not be due to the
pure evaporation of ethylene glycol. Furthermore,
the temperature for the former was typically
higher than that for the latter. These results sug-
gest that the production temperature of ethylene
glycol was above the true evaporating tempera-
ture of ethylene glycol in the absence of reactions.
Furthermore, the evaporation of water in the hy-
drate occurred around 120°C, well below the pro-
duction temperature of ethylene glycol. There-
fore, the hydrolysis reaction of the hydrated sam-
ple actually occurred in the dry condition. The
results consistently pointed out that water in hy-
drates did not actually participate in the alkaline
hydrolysis reaction. It is likely that the promoting
effect by water is because that dispersion of po-
tassium hydroxide on the PET surface is in-
creased in the presence of water, which enhances

Figure 5. Effect of molar ratio on the DSC thermo-
grams for the mixture of PET and potassium hydrox-
ide. PET/KOH 5 (a) 1:1; (b) 1:2; (c) 1:3; (d) 1:4.

Figure 4. Water effect on the DSC scanning for the
mixture of PET and potassium hydroxide (n/n 5 1:2).
(a) hydrated sample; (b) dried sample.
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the contacting area for the alkaline hydrolysis
reaction.

Ratio of Potassium Hydroxide to PET

The DSC thermograms for the dry samples with
different ratios of potassium hydroxide to PET
are plotted in Figure 5. The peak area of ethylene
glycol increased with the concentration of potas-
sium hydroxide; in addition, the production of
ethylene glycol generally shifted to lower temper-
atures when the ratio of potassium hydroxide to
PET was increased.

In the progress of PET hydrolysis, the produc-
tion of ethylene glycol needs to break both ester
linkages. The reaction can be expressed as fol-
lows.

;R1OC6H4OCOOOOC2H4OOOCOOC6H4O

R2; 1 2 KOH3;R1OC6H4OCOOK

1 ;R2OC6H4OCOOK 1 HOOC2H4OOH (1)

The extent of PET hydrolysis is usually defined
as the percentage of ester linkages being broken
to produce the hydroxyl groups and the carboxyl
groups. The breakage of polymer chain linkages
may follow end-chain scission or random-chain
scission. In the latter case, monomers will not be
produced significantly until high extent of depo-
lymerization. For example, a pattern of random
scission for ester linkages was found in the hydro-
lytic depolymerization of PET melts,7 where the
yield of ethylene glycol was low as the extent of
PET hydrolysis was smaller than 50% and the
yield largely increased as the hydrolysis extent
reached 70%.

Figure 5 showed that the production tempera-
ture of ethylene glycol generally decreased with
the ratio of potassium hydroxide to PET. The
higher peak temperature of ethylene glycol in al-
kaline hydrolysis of PET, especially at the low
ratios of potassium hydroxide to PET than the
evaporation temperature of ethylene glycol shown
in Figure 2 indicated that ethylene glycol was
produced at temperatures higher than its evapo-
ration temperature. Ethylene glycol would be
evaporated once it was produced. It should be
noted that the initialization temperature for the
breakage of PET linkages should be independent
of the concentration of potasssium hydroxide. If
the reaction mechanism followed the end-chain

scission instead of random-chain scission, ethyl-
ene glycol would have been produced at the same
temperatures, independent of the KOH concen-
tration. If the reaction mechanism followed ran-
dom-chain scission as in the case of the hydrolytic
depolymerization of PET melts, ethylene glycol
would not be simultaneously produced with the
occurrence of the breakage of PET linkages. In-
creasing concentration of KOH increased the ex-
tent of alkaline 18 hydrolysis and, therefore, de-
creased the temperature at which ethylene glycol
was produced and evaporated (Fig. 5). At high
ratios of KOH to PET such as 3 or higher, the
peak temperature of ethylene glycol was close to
the evaporation temperature of ethylene glycol
shown in Figure 2 and would be limited by the
evaporation temperature.

Effect of Metal Acetates

The thermogravimetric curves for samples with
the addition of metal acetates are shown in Fig-
ure 6. The production of ethylene glycol shifted to
high temperatures and the yield decreased with
the presence of metal acetates. It indicates that
these acetates inhibit the alkaline hydrolysis of
PET. It may be because the hydroxide was par-
tially neutralized by the relatively acidic acetates.
Therefore, the actual amount of hydroxide capa-
ble of participating in the reaction decreased.

Kinetic Analysis

The basic kinetic equation used to describe a de-
composition reaction can be expressed as

Figure 6. TGA thermograms for the mixture of PET
and potassium hydroxide (n/n 5 1:1) in the presence of
metal acetates. (a) none; (b) zinc acetate; (c) manganese
acetate; (d) cobalt acetate.
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da/dt 5 q da/dT 5 k~T! f~a! (2)

where a is the degree of conversion, q is the heat-
ing rate, k(T) is the rate constant, and f(a) is a
functional relationship of conversion. The degree
of conversion may be defined as the ratio of actual
weight loss to total weight loss in the thermo-
gravimetric measurement of a decomposition pro-
cess:

a 5 ~Mo 2 Mt!/~M0 2 Mf!

where Mt is the sample weight at time t, and Mo
and Mf are the initial and final sample weights,
respectively.

The temperature dependence of the rate con-
stant, k(T), may be described by the Arrhenius
expression and f(a) may be assumed to be a nth-
order kinetic model. The rate expression can be
expressed as follows.

da/dt 5 q da/dT 5 A exp~ 2 E/RT!~1 2 a!n (4)

By the Kissinger’s method, the temperature
where the rate of weight loss is at maximum is
used to obtain the kinetic parameters. Because
the maximum rate occurs when d(d/dt)/dt is zero,
differentiating eq. (4) with respect to time and
setting the resulting equation equal to zero gives:

q/RTm
2 5 A/E n~1 2 am!n 2 1 exp~ 2 E/RTm! (5)

where Tm and am are the temperature and con-
version at maximum reaction rate, respectively.
The Kissinger’s method assumes that the value of
n(12am)n21 is independent of q. Therefore, a plot
of ln(q/Tm

2 ) vs. 1/Tm gives the activation energy.
It was shown that the production temperature

of ethylene glycol was close to the evaporating
temperature of ethylene glycol when the concen-
tration of potassium hydroxide in the sample was
high (Fig. 5). The result indicates that the true
production temperature of ethylene glycol may be
uncertain at high concentrations of KOH because
ethylene glycol may not be instantaneously de-
tected until reaching its evaporating tempera-
ture. In other words, the TGA thermogram for the
sample with high loading of potassium hydroxide
would not be appropriate for determining the ki-
netic parameter. Therefore, the kinetic study of
alkaline hydrolysis of PET was performed using
the lowest concentration of potassium hydroxide.

The effect of scanning rate on the thermogravi-
metric curves for the alkaline hydrolysis of PET is
shown in Figure 7. Differentiating the curves of
weight loss gave the peak temperature of maxi-
mum hydrolysis rate. The value of R-square for
the regression of ln(q/Tm

2 ) vs. 1/Tm was 0.998,
indicating the good linearity of the fitting. The
activation energy calculated by eq. (5) was 110
kJ/mol. The activation energy for alkaline hydro-
lysis of PET in the solid state was close to the
value determined by the conventional isothermal
kinetic data obtained in an autoclave. The de-
tailed discussion will be presented in the accom-
panying article.18

CONCLUSIONS

The techniques of thermal analysis (DSC and
TGA) were applied to study the alkaline hydro-
lysis of PET with metal hydroxides. The hydro-
lytic reaction was examined by the thermo-
grams, where the evaporating endotherm or
weight loss caused by the production of ethylene
glycol were illustrated. Potassium hydroxide
was found to be active in hydrolyzing PET in
the solid state; in contrast, sodium hydroxide
had no activity. The concentration of potassium
hydroxide affected the production temperature
of ethylene glycol. The phenomenon can be ex-
plained by a random-scission mechanism for the
hydrolysis of ester linkage. Water in hydrated
samples promoted the alkaline hydrolysis of
PET; however, the presence of acidic metal ac-

Figure 7. Effect of scanning rate on the TGA ther-
mograms for the mixture of PET and potassium hy-
droxide (n/n 5 1:1). (a) 2.5°C/min; (b) 5°C/min; (c) 10°C/
min.
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etates retarded the production of ethylene gly-
col. The activation energy for alkaline hydroly-
sis of PET determined by the Kissinger’s
method was consistent with the value tradition-
ally obtained from the experimental data in a
batch reactor. This study indicates that thermal
analysis is a simple and convenient alternative
for the depolymerization study.
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