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SYNOPSIS 

The hydrolytic depolymerization of molten PET in excess water was studied using a 2 L 
stirred pressure reactor at temperatures of 250,265, and 280°C. Rate constants for hydrolysis 
are calculated from the initial rate data. At initial water : PET charge ratios (w/w) exceeding 
5.1, essentially complete depolymerization to monomer is possible at 265°C. At lower water: 
PET initial charges, an equilibrium is established. The equilibrium constants are calculated 
for 2 g water/g PET at three temperatures. A kinetic model is proposed to describe the 
hydrolysis reaction. The model is shown to fit experimental data and to yield good predictions 
for the equilibrium concentration of carboxyl groups. Carboxyl-group concentrations are 
measured using an end-group analysis technique. Potentiometric titrations are carried out 
in one of two solvent systems, dimethylpheno1:chloroform or dimethylsulfoxide, depending 
on the extent of hydrolysis. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

The chemical recycling of waste polymers has been 
gaining greater attention in recent years as a means 
of obtaining valuable products from waste plastics.' 
In chemical recycling, plastic waste is treated chem- 
ically to recover low-molecular-weight fractions of 
monomers or other useful oligomers. Because of the 
wide variety of polymers commercially available, 
several different types of chemical treatment are 
necessary. 

Condensation polymers, such as polyesters and 
polyamides, can be treated by hydrolysis, alcoholysis, 
and transesterification. For polyethylene tere- 
phthalate ( PET)  alcoholysis, 293 glycoly~is~-~ and 
hydrolysis8-10 have all been proposed as chemical 
recovery techniques. Most of the hydrolytic tech- 
niques found in the literature rely on strongly acidic 
or basic conditions and temperatures below 200°C. 
One process has recently been outlined that uses 
high-temperature hydrolysis of molten PET in wa- 
ter.8 The kinetics of PET hydrolysis in water have 
been studied at temperatures below the melting 
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PET melts has also been recently e~amined. '~  How- 
ever, little effort has been made to investigate the 
kinetics of the high temperature, hydrolytic depo- 
lymerization of PET. In this study, the kinetics of 
PET hydrolysis are studied using a high tempera- 
ture, high pressure batch reactor. 

ANALYTICAL TECHNIQUES 

The major difficulty to be overcome in studying the 
hydrolytic depolymerization of PET is a method for 
quantifying the hydrolysis extent as a function of 
reaction time. Methods outlined in the literature 
that have been used to measure the extent of hy- 
drolysis include intrinsic viscosity, infrared spec- 
troscopy, end group analysis, and gel permeation 
chromatography. These methods have been shown 
to be satisfactory for quantifying hydrolytic reac- 
tions in PET films below the melting In 
the case of complete hydrolytic depolymerization, 
however, a method is required that would be capable 
of determining depolymerization extent for samples 
ranging from unreacted polymer to the final mono- 
mers. Infrared spectroscopy was found to be inad- 
equate over this broad range of molecular weights. 
It is difficult, for example, to measure changes of 
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carbonyl to carboxyl groups from the infrared spec- 
tra alone. The other known techniques all require 
suitable solvents. Unfortunately, solvent systems 
that solubilize the polymer are predominantly non- 
polar organic ones.16-22 These solvents do not solu- 
bilize the polar monomer, terephthalic acid, nor 
other small oligomers. Therefore none of the sol- 

vents commonly used for PET analysis are satis- 
factory over the entire range of interest. Multiple 
solvent systems were thus examined. 

End-group analysis was chosen to follow the hy- 
drolysis reaction because it yields results that can 
be directly related to reaction kinetics. The hydro- 
lysis of PET involves the chemical scission of an 
ester linkage by a water molecule as shown below: 

Each chain scission uses up one water molecule and 
creates one carboxyl end group. Hence, the extent 
of reaction can be followed by measuring the number 
of carboxyl ends present after various reaction times. 
The number of free carboxyl ends was determined 
by titrating solutions of hydrolysed sample with 
ethanolic KOH in appropriate solvent systems. It 
was found that two solvent systems were required 
because of the differences in the solubilities of the 
macromolecule, oligomers, and monomers of PET 
outlined above. The first solvent system used was a 
mixture of dimethylphenol : chloroform, as outlined 
by Garmon." This system forms a metastable so- 
lution capable of solubilizing the polymer as well as 
degraded samples containing up to 0.8 meq carboxyl 
groups/g polymer. The second solvent used was di- 
methylsulfoxide (DMSO ) . This solvent was found 
to dissolve oligomers as well as pure terephthalic 
acid. 

Before analysis of carboxyl groups could begin, it 
was necessary to relate the equivalence points en- 
countered in each system. Stearic acid was found to 
be soluble in both solvent systems. Hence potentio- 
metric titrations of stearic acid were carried out in 
both systems (Fig. 1). The equivalence points in 
each system were determined from Figure 1. These 
results were used to correct all titrations in dimeth- 
ylpheno1:chloroform to their DMSO equivalents. It 
was also necessary to determine whether hydrolysis 
of the sample would continue during the actual ti- 
trations. Titrations performed after hydrolysed 
samples had been in solution for 30 min showed no 
measurable increases in carboxyl group content in 
either system. A typical titration was performed in 
20 min. 

The data obtained from titrations in the described 
method cannot be used for kinetic analysis without 
first choosing a standard-weight basis. Initially, vir- 
gin PET contains 2 mol of ester linkages per mol of 
repeat unit (whose molar mass is 192 g/mol), or 

0.0104 mol/g PET. Terephthalic acid monomer 
contains 2 mol of carboxyl groups per mole of acid 
(molar mass is 166 g/mol), or 0.01205 mol/g acid. 
The difference in these numbers is due to the eth- 
ylene glycol component that is originally present in 
the polymer. When ethylene glycol monomer is 
formed in the hydrolysis reaction, it is drawn into 
the aqueous phase. Hence, as the depolymerization 
proceeds, the fraction of glycol-based units will be- 
come lower in the solid phase. As described in the 
next section, it is only necessary to titrate the solid 
phase. Therefore, the weight basis of titration 
changes with reaction time. It is thus necessary to 
account for the ethylene glycol present in the 
aqueous phase, in order to express the equivalence 
point as moles of carboxyl groups per gram of PET. 
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Figure 1 The titration of stearic acid in two different 
solvent systems. (0) dimethylphenol/chloroform; ( A )  
DMSO. 
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Ethylene glycol concentration was therefore ob- 
tained as a function of reaction time for an initial 
charge of 2 g water/g PET at 265°C. It will be shown 
in the Results and Discussion section that large 
quantities of ethylene glycol are formed only late in 
the reaction. This information can be used to correct 
all titrations performed on hydrolysed samples for 
the ethylene glycol present in the aqueous phase at  
that reaction time. In this way, all final values ob- 
tained from the titrations denote carboxyl group 
concentration based on weight of original polymer, 
and are expressed in units of mol COOH/g PET. 

EXPERIMENTAL 

300 r--l 

The PET used in all experiments was blow-moulding 
grade Eastman Kodak 9921 natural resin (IV = 0.80 
as measured in 60% phenol/40% tetrachloroeth- 
ane) . The water used was high purity HPLC grade. 
Before being fed to the reactor, the PET pellets were 
pressed into 0.010'' sheet on a Carver laboratory 
press a t  250°C. The sheet was then cut into 0.5" 
X 0.5" flakes in order to create maximum surface 
area for heat and mass transfer in the reactor. 

A 2-L capacity Parr pressure reactor was used for 
all hydrolysis experiments. The reactor was 
equipped with rotors to ensure proper mixing. It was 
also equipped with high-power heaters in order to 
reach the reaction temperature as quickly as pos- 
sible. To further minimize the polymer-water heat- 
up time, the reactor vessel and water were preheated 
to between 80 and 85°C prior to the addition of the 
PET flakes. The vessel was then heated to a pre- 
determined reaction temperature. All reaction tem- 
peratures investigated were above the melting range 
of the virgin PET. The melting range of the resin 
was determined to be from 230-245°C by differential 
scanning calorimetry. The time required for the 
polymer to melt completely in the reaction vessel 
depends on the initial water : PET charge ratio, and 
varies between 25 and 35 min as shown in Figure 2. 
After a specified time interval at the reaction tem- 
perature, the reactor vessel was removed from the 
heating collar and quenched quickly in an ice bath. 
The temperature of the product mixture dropped to 
under 100°C within a minute of quenching. The 
vessel was subsequently opened, and the product re- 
moved. 

The product was separated into solid and aqueous 
phases using a sintered glass filter. The solid phase 
was further washed with cold water to remove any 
residual water-soluble components, such as ethylene 
glycol monomer. The solids were then dried at 40- 
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Figure 2 The temperature profile in the Parr pressure 
reactor for various charge ratios. ( A )  2 g water/g PET; 
(0) 5.1 g water/g PET (0 )  10 g water/g PET. 

50°C under vacuum to constant weight. After drying, 
the solids were ground up into a fine powder using 
a mortar and pestle. Representative samples of this 
powder were used for analysis. The aqueous phase 
from the reactor was retained for testing in a Varian 
ultraviolet spectrophotometer. 

The titration procedure was as follows. A carefully 
measured amount of dry powder (1-2 g in dimeth- 
ylphenol : chloroform, 0.1-0.2 g in DMSO) was 
added to 25 mL of solvent in a stirred beaker. The 
KOH solution (0.1N standardized against potassium 
hydrogen phthalate) was then added with a buret 
after the powder had dissolved completely. The end 
point was determined potentiometrically with a pH/ 
mV meter. In the case of monomer and some highly 
hydrolysed oligomers, precipitates were evident in 
the beaker a t  the end of the titration. However, this 
did not seem to affect the excellent reproducibility 
of the results, nor did it affect the analysis of car- 
boxyl groups. Figure 3 shows typical titration curves 
of hydrolysed samples. In all cases, the equivalence 
points are characterized by dramatic potential 
breaks. The largest standard deviation encountered 
in the end points obtained by titration was 2.7%. 

The titrations described were carried out solely 
on the solid phase recovered from the reactor. Some 
small oligomers and terephthalic acid monomer were 
found to be present in the aqueous phase. Their 
concentrations were quantified by determining the 
UV absorbance at 240 nm. It was found that the 
phthalate groups were only sparingly soluble in the 
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Figure 3 The titration in DMSO of PET samples hy- 
drolysed a t  265"C, a t  an  initial charge ratio of 2 g water/ 
g PET. ( A )  sample A, hydrolysed for 15 min; (0) sample 
B, hydrolysed for 65 min, (0) sample C, terephthalic acid. 

water phase, and did not need to be accounted for 
in subsequent titrations. 

RESULTS AND DISCUSSION 

Hydrolysis Rate Data 

Figure 4 presents the data for carboxyl group con- 
centration as a function of reaction time at 265°C. 
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Figure 4 Increase in carboxyl group concentration with 
time a t  265"C, for three initial charge ratios. ( A )  2 g water/ 
g PET; (0) 5.1 g water/g PET (0) 10 g water/g PET. 

It is evident that the data for initial reactor charges 
of 5.1 and 10 g water/g PET fall on the same rate 
curve at 265°C. There would therefore appear to 
exist a water concentration, C W A T E ~ ,  above which 
the extent of depolymerization remains effectively 
constant. Experiments were carried out at 265°C to 
show that corresponds to an initial reactor 
loading of 0.283 mol water/g PET, or 5.1 g water/ 
g PET, as summarized in Figure 5. This initial load- 
ing gives a carboxyl group concentration that falls 
within the 95% confidence limit of 10.4 mmol 
COOH / g PET, yielding essentially complete de- 
polymerization. 

At an initial charge of 2 g water/g PET, an equi- 
librium state is reached when Coo, = 0.00868 mol/ 
g PET, and complete depolymerization is not pos- 
sible. This equilibrium value was verified by ap- 
proaching it from an initial monomer state as well. 
Water, terephthalic acid, and ethylene glycol were 
loaded into the reactor vessel in the right propor- 
tions, taking into account the water present in the 
acid and diol, to give the same initial charge of 2 g 
water/g PET. The reactor was then run at 265°C 
for 5 h. The product was removed and filtered to 
separate the solids. The solids were washed, dried, 
and titrated as described previously. The carboxyl 
group content was again found to be 0.00868 mol/ 
g PET. Since the equilibrium value can be ap- 
proached from both polymer and monomer starting 
points, it can be concluded that any impurities pres- 
ent in the commercial resin, such as residual poly- 
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Figure 5 Equilibrium values of carboxyl group concen- 
tration as a function of initial water concentration at 
265°C. 
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condensation catalyst, do not have a measurable ef- 
fect on the equilibrium point. 

In order to determine the nature of the hydrolysis 
mechanism, the concentration of ethylene glycol in 
the aqueous phase was monitored using gas chro- 
matography for an initial charge ratio of 2 g water/ 
g PET. The results are summarized in Figure 6. The 
bulk of the ethylene glycol monomer is seen to ap- 
pear relatively late in the reaction, after 35 min. 
This time corresponds to a carboxyl-group concen- 
tration of 0.00610 mol/g PET. Lower reaction times 
show very little glycol present. The smooth increase 
noted in Figure 4 for C c o o H  is not evident. The data 
in Figure 6 are therefore consistent with a random 
chain scission mechanism. 

Determination of Rate and Equilibrium Constants 

Equation (1) shows the chemical reaction for the 
hydrolysis of PET. The rate of appearance of car- 
boxyl groups can be expressed as follows: 

where CEL represents the concentration of ester 
linkages at any reaction time, and k and k' refer to 
the reaction-rate constants for the hydrolysis and 
condensation reactions, respectively. 

For small reaction times, C c o o H C O H  4 C E L C W A m R .  

Therefore, the second term in eq. ( 2 )  can be ne- 
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Y 

P 
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Figure 6 Increase in ethylene glycol concentration in 
the aqueous phase (as a percentage of the total recovery). 
Initial charge ratio is 2 g water/g PET, and the reaction 
temperature is 265OC. 

glected. In all experiments performed CWATER % CEL 
by at  least an order of magnitude for small reaction 
times. CWATER can thus be considered constant. It 
must be noted that CWATER refers specifically to the 
concentration of liquid water in the reactor at a 
specified temperature. Liquid-water concentrations 
were calculated by assuming that the only contri- 
butions to pressure in the reactor vessel were due 
to saturated water vapour and to air. For small t ,  
eq. ( 2 )  becomes: 

Since one carboxyl group breaks one ester linkage, 
CEL can be expressed as follows: 

where C E L p  is the initial concentration of ester link- 
ages in the polymer. 

Substituting for CE, in eq. (3)  and integrating 
from time 0 to t,  and from carboxyl group content 
CCOOHo to CCOOH Y gives: 

In all kinetic studies, reaction time zero is taken to 
be the time at which the reactor vessel temperature 
is 245"C, that is, when all the PET is molten. 

Equation (5)  can be simplified by introducing the 
reaction extent, e ,  as defined below: 

When e = 0, the carboxyl group concentration is the 
concentration at time t = 0. Similarly, when e = 1, 
the carboxyl group concentration is the concentra- 
tion of all hydrolysable ester linkages. Substituting 
into eq. (5) gives: 

The rate constant, k ,  can therefore be determined 
from a plot of C G A T E R  x l n [ l / ( l  - e ) ]  versus t. 
Figure 7 shows experimental data gathered at 265°C 
for three water concentrations at  reaction times 
lower than 10 min. For the case of 10 g water/g 
P E T  initial charge, C W A T E R ~  is used in place of 
CWATER in eq. ( 7 ) .  As predicted by eq. ( 7), the data 
fall on a straight line, giving a value of 0.360 g PET 
mol-' min-' for k.  
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Figure 7 First order model, eq. ( 7 ) ,  fit to initial rate 
data at  265°C. ( A )  2 g water/g PET; (0) 5.1 g water/g 
PET; ( 0 )  10 g water/g PET. 

The condensation reaction constant, k', can be 
calculated from the equilibrium constant, K .  At 
equilibrium, the following equation can be written: 

Since each hydrolytic chain scission forms one 
carboxyl and one hydroxyl group, CCOOH = COH. 
Equation (8) can therefore be simplified to yield 

Equilibrium concentrations were obtained for the 
case of 2 g water/g PET initial charge at tempera- 
tures of 250, 265, and 280°C. The results are sum- 
marized in Table I. At 265"C, K = 0.664, and k' is 
therefore calculated to be 0.544 g PET mol-' min-' . 

Table I 
and Reactants for an Initial Reactor 
Charge Ratio of 2 g Water/g PET 

Equilibrium Concentrations of Products 

Concentrations 
(mmol/g PET) 

Temperature 
("C) CCOOH CEL CWATER K 

250 9.54 0.86 73.9 1.43 
265 8.68 1.72 66.0 0.664 
280 7.58 2.82 53.0 0.384 

Equilibrium constants have been previously cal- 
culated for the polycondensation reactions of a va- 
riety of polyesters. Vancso-Szmercsanyi et aLZ3 
found that the equilibrium constant is independent 
of the acid used in the polycondensation, and only 
weakly dependent on temperature. Between 140 and 
180°C, they found the equilibrium constant to be 
approximately 1.4 for ethylene glycol polyesters. 
This value can be inverted to 0.71 in order to give 
the ratio of hydrolysis rate constant to polyconden- 
sation rate constant. 

The equilibrium constants presented in Table I 
are seen to be of the same magnitude as the poly- 
condensation equilibrium constant. However, the K 
values in Table I are quite sensitive to temperature, 
which is not the case in polycondensation reactions. 
This would indicate that the polycondensation 
equilibrium state is different from the equilibrium 
encountered for hydrolysis. In fact, the rate con- 
stants upon which the polycondensation equilibrium 
is based are valid for high conversions of monomer 
to polymer. The rate constants upon which the hy- 
drolysis equilibrium is based, on the other hand, are 
valid for low conversions, when only monomers, di- 
mers, and short-chain oligomers are present. It is 
therefore not surprising that the equilibrium con- 
stants for polycondensation do not correspond with 
those for hydrolytic depolymerization. 

Temperature effects on the hydrolysis rate con- 
stant, k ,  were also investigated. The k values were 
calculated from initial rate data using eq. (7 )  at three 
different temperatures. An initial charge ratio of 10 
g water/g PET was used in all cases to make sure 
that C w A T E R  remained greater than C W A T E b .  In this 
way, CWATERc  could be used in eq. ( 7 )  for all three 
temperatures. The results are listed in Table 11. 

The data in Table I1 are fitted to the Arrhenius 
equation in Figure 8. An activation energy for hy- 
drolysis of 55.7 kJ/mol is obtained. Researchers 
working below the melting range of PET have pre- 
viously studied the hydrolysis of PET films in water. 

Table I1 Hydrolysis Rate Constants From Initial 
Rate Data for a Reactor Charge Ratio of 
10 g Water/g PET 

Liquid Water 
Temperature Concentration k 

("C) (mol/g PET) ( g  PET mol-' min-') 

250 0.524 
265 0.515 
280 0.505 

0.242 
0.352 
0.487 
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Arrhenius plot for an initial charge ratio of 

A t  1OO"C, Zimmerman and Kim'2 found that a first- 
order model approximated the hydrolysis in the ini- 
tial period, yielding a rate constant of 3.0 X 
min-' for a PET sample containing initially 0.021 
meq COOH/g polymer. For further comparison, a 
first-order model was found to fit the data of Ravens 
and Ward13 in the initial period of hydrolysis at 
186°C. This model yields an initial rate constant of 
2.0 X min-'. Since PET hydrolysis below the 
melting range is limited by physical factors such as 
diffusion and crystallinity, these rate constants are 
much lower than the values reported here for melt 
hydrolysis with excess water. It is possible to obtain 
a rough estimate about the influence of physical fac- 
tors on the hydrolysis reaction at  100 and 186°C by 
using the Arrhenius equation to extrapolate the rate 
constants calculated here. At 186"C, the quantity 
k C W A T E &  can be extrapolated to give a first order 
initial rate of 9.4 X lop3  min-'; while at lOO"C, the 
extrapolated value of k C W A T E &  is 3.3 x 10-~ min-' . 
These extrapolated values are orders of magnitude 
greater than the experimental values given. Hence, 
it is clear that physical considerations easily dom- 
inate kinetic ones in solid PET hydrolysis. Hydro- 
lysis above the melting range renders physical fac- 
tors much less important, and is therefore a more 
effective means of hydrolysing PET. 

A Kinetic Model for Melt Hydrolysis 

In seeking a model for the complete hydrolysis re- 
action, it is necessary to retain the second term in 

eq. ( 2 )  , since the reverse reaction will ultimately 
determine the equilibrium. A simplification of this 
term can be made, however. As the reaction pro- 
ceeds, = CoH. Equation (2)  therefore becomes: 

By stoichiometry, it is possible to express both water 
and ester linkage concentrations in terms of CCOOH: 

dCcooH / dt = k ( C E L ~  - CCOOH 1 ( CWATER~ - CCOOH 1 

where CELp is the initial concentration of ester link- 
ages; and CWATERo is the liquid water concentration 
at reaction time zero. If CWATERo is greater than 
CWATERc,  then CWATERc is used in eq. ( 11). 

Equation (11) can be solved analytically for 
CCOOH: 

(12)  
ICCOOHO + A - BI 
ICCOOH~ + A  + BI 

= -2B(k' - k ) t  + In 

where 

I 1 I I L I 
I." 

0 10 20 30 40 50 60 70 

Time 

Figure 9 Proposed kinetic model, eq. ( 12 ) , compared 
to the rate data obtained for an initial charge ratio of 2 g 
water/g PET at 265°C. 
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The data in Figure 4 are compared to eq. (12) in 
Figure 9, for an initial charge ratio of 2 g water/g 

and k' = 0.542. In this case, eq. (12) becomes: 
PET, with CELp = 0.0104, CWATE, = 0.066, k = 0.360, 

= 0.0306t + 3.00. (15) 

According to eq. (15), CcooH cannot exceed 
0.00851 mol/g PET. This value differs from the ex- 
perimentally determined equilibrium concentration 
of 0.00868 mol/g PET by 2%. 

In Figure 10, the data for initial reactor charges 
of 5.1 and 10 g water/g PET are compared to eq. 
( 12) using CWATERo = CWATERc to give: 

-In [ (0.00977 - C c o o H )  / (0.4972 + CCOOH) ] 

= 0.0923t + 4.00. ( 16) 

In this case, the equilibrium concentration of 
carboxyl groups is predicted to be 0.00977 mol/g 
PET, which is 6% lower than the value for initial 
concentration of ester linkages, suggesting effec- 
tively complete hydrolysis. 

Hence the proposed model is seen to provide good 
agreement with experimental results, The model also 
gives a satisfactory estimate of the equilibrium car- 
boxyl-group concentration. The only parameters 
whose values are required a priori are the forward 
and reverse rate constants, the initial concentration 
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Figure 10 Proposed kinetic model, eq. (12) ,  compared 
to rate data obtained at 265°C. (0) 5.1 g water/g PET; 
( 0 )  10 g water/g PET. 

of ester linkages in the polymer, and the liquid water 
concentration at the reaction temperature. 

CONCLUSIONS 

The hydrolytic depolymerization of PET above the 
melting range was studied in a batch reactor. Rate 
constants were calculated for the forward reaction 
using initial rate data. It was shown that essentially 
complete depolymerization could be achieved for 
initial water/PET (w/w) ratios of 5.1 or greater. 
Smaller charge ratios resulted in the establishment 
of an equilibrium. Equilibrium constants were cal- 
culated from equilibrium concentrations, and used 
to obtain rate constants for the reverse, or conden- 
sation reaction. A model was proposed for the hy- 
drolytic depolymerization. This model was found to 
fit the experimental data and to provide satisfactory 
predictions of the equilibrium concentrations of 
carboxyl groups for three different initial-charge ra- 
tios. Carboxyl group concentrations were determined 
using end-group titration in two solvent systems. 

The authors would like to thank the Natural Sciences and 
Engineering Research Council of Canada, and the 
MESST, Gouvernement du Quebec, for financial support. 
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carboxyl group concentration at reaction 
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time, mol/g polymer 

initial ester linkage concentration in the 
polymer, mol/g polymer 

liquid water concentration at any time, 
mol / g polymer 

minimum liquid water concentration re- 
quired for essentially complete depo- 
lymerization, mol/g polymer 

liquid water concentration at reaction 
time zero, mol/g polymer 

hydrolysis reaction extent, defined in 

hydrolysis rate constant, g PET mo1-l 
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