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Kinetics of Hydrolytic Depolymerization of Melt Poly(ethylene
terephthalate)

Chih-Yu Kao,† Ben-Zu Wan,*,† and Wu-Hsun Cheng‡

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan, Republic of China, and
Department of Chemical Engineering, Chang Gung College of Medicine and Technology, Kweishan, Taoyuan,
Taiwan, Republic of China

The hydrolytic depolymerization of poly(ethylene terephthalate) (PET) was carried out in a stirred
batch reactor at 235, 250, and 265 °C above its melting point and under autogenous pressure.
The solid products which were mainly composed of terephthalic acid were analyzed by
potentiometric titration and elemental analysis. The liquid products which were mainly
composed of ethylene glycol and a small amount of its dimer were analyzed by gas chromatrog-
raphy. A kinetic model consisting of forward and backward reactions for the PET hydrolysis
fitted well with the experimental data. Moreover, an autocatalytic mechanism was suggested,
which indicates that some of the hydrolytic depolymerization of PET was catalyzed by the
carboxyl groups produced during the reaction. The dependence of the rate constant on the
reaction temperature was correlated by the Arrhenius plot giving the activation energy of 123
kJ/mol for the PET hydrolysis.

Introduction

The recycling amount of poly(ethylene terephthalate)
(PET) from packaging containers is rising yearly (Nir
et al., 1993), and thus the reuse of PET waste draws
much industrial interests (Paszun and Spychaj, 1997).
The PET waste can be melted and then reformed into
different articles; however, the products possess inferior
properties and is limited to the application for nonfood
purposes (Nir et al., 1993). In contrast, the hydrolytic
depolymerizing PET waste into the original feedstocks
(i.e., terephthalic acid and ethylene glycol) from which
the virgin resins are regenerated shows potentially
commerical benefits (Culp, 1994).
Although the process for the hydrolytic depolymeri-

zation of PET at high temperatures has been revealed
in a number of patents (Mandoki, 1986; Rosen, 1992;
West, 1995), the studies on the reaction kinetics for the
process have been few. Several research studies were
conducted on the reaction kinetics for the hydrolytic
depolymerization of PET at low temperatures (i.e., less
than 200 °C) (Golike and Lasoski, 1960; Ravens and
Ward, 1961; Zimmerman and Kim, 1980; Ballara and
Verdu, 1989; Sao and Cloyd, 1991; Launay et al., 1994).
However, the effort of those authors was mainly focused
on measuring the degradable properties of the material
so that the conversions of PET hydrolysis were rather
low (<1%) and were not applicable to the practical
depolymerization process. The kinetic studies of PET
hydrolysis at high conversions were recently reported
by Campanelli et al. (1993). These authors proposed
an analytical method for the whole range of conversions,
by which the rate constants of PET hydrolysis were
obtained from the initial rate data. However, they
observed a low activation energy (56 kJ/mol), which was
inconsistent with activation energies (90-120 kJ/mol)

for PET hydrolysis found in the early studies (Golike
and Lasoski, 1960; Ravens and Ward, 1961). Further-
more, the kinetics of PET hydrolysis catalyzed by zinc
compounds was also investigated in their later work
(Campanelli et al., 1994). The catalytic effect was found
to be insignificant. These results imply that a signifi-
cant mass-transfer resistance may exist in their reaction
system, so that low activation energy and insignificance
of catalytic effect were observed. Therefore, the intrinsic
reaction kinetics for hydrolytic depolymerization of PET
may have not been clear yet.
To further investigate the hydrolytic depolymerization

of PET, we have carried out a series of experiments
under controlled reaction conditions to avoid mass-
transfer resistance. In this paper, the hydrolysis of PET
was studied at the temperatures above its melting point
using a pressurized reactor. The reaction kinetics was
investigated, and the plausible mechanisms were dis-
cussed. Furthermore, the effects of the type of PET
resins on the hydrolytic depolymerization were explored.

Experimental Section

PET resins used in this study were commerical fresh
chips of fiber grade with dimensions of 3.5 mm in its
diameter and length. The intrinsic viscosity (IV) of PET
was measured in a 6:4 (w/w) phenol/1,1,2,2-tetrachlo-
roethane solution at 30 °C. The average molecular
weight (M) was calculated from the equation ofM ) 3.61
× 104IV1.46 (Kamatani et al., 1980). The melting of the
resins is about in the temperature range of 235-265
°C, as determined by a differential scanning calorimetry
(DSC) at a heating rate of 10 °C/min. Actually, when
the PET resins with an excess amount of water were
heated in a pressurized reactor, an apparent endother-
mic phenomenon of the resins due to its melting
occurred at about 220 °C, while a hysteresis of melting
temperature was observed. Moreover, after heating to
220 °C and cooling to room temperature, the chips were
found to be in a block state. This shows that the PET
chips can melt at 220 °C in the presence of water
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under pressure. In this work, the hydrolysis of PET
melts was therefore conducted above the temperatures
of 220 °C in a pressurized reactor. Deionized water was
used as the reactant for the hydrolytic reaction.
The experiments of PET hydrolysis were carried out

in a Parr 4560 mini reactor equipped with a bomb of
300 mL and a variable speed motor for stirring. PET
chips and water were charged into the reactor at room
temperature and then heated directly to the tempera-
tures specified for conducting hydrolytic reactions. After
the required time interval for hydrolytic reaction was
reached, the vessel was quickly removed from the
heating mantle, immersed in an ice bath, and quenched
to ambient conditions. Then the mixture from the bomb
was separated by a sintered glass filter to obtain the
solid phase and the liquid phase. The liquid phase,
mainly composed of water, ethylene glycol, and dieth-
ylene glycol, was directly used for analysis. The solid
phase, mainly composed of unreacted PET, oligomers,
and terephthalic acid, was further washed by deionized
water, dried at 80 °C, and ground until a fine powder
was obtained.
The procedures of titration for the carboxylic acid

concentration in hydrolyzed solid products followed
those adopted by Campanelli et al. (1993). Two solvent
systems, dimethyl sulfoxide or the mixture of 2,6-
dimethylphenol and chloroform (1:4 by weight), for
dissolving the solid were used depending on the acid
concentration. If the acid concentration in solid prod-
ucts was larger than 0.8 mmol/g of solid, 25 mL of
DMSO was used as the solvent, in which 0.1-0.2 g of
solid product was dissolved. If the acid concentration
in the solid products was smaller than 0.8 mmol/g of
solid, the sample solution was prepared from the re-
fluxing of 1-2 g of solid product with 50 g of 2,6-
dimethylphenol/chloroform solvent at 130 °C. Each
resulted solution was titrated with 0.1 N potassium
hydroxide/ethanol solution at room temperature. The
potential of the solution versus the amount of the titrant
added was recorded, and the plot was then used to
determine the end point of titration. The experimental
error of the titration was about 1%. Moreover, the
elemental composition of carbon and hydrogen in the
solid products was measured by a Perkin-Elmer 2400
elemental analyzer.
The concentrations of the liquid products were ana-

lyzed by gas chromatrography. 1-Propanol was used as
an internal standard. The mixed solution was injected
into a gas chromatrograph and separated by a 2-m
stainless steel column packed with DEGS 60/80 Chro-
mosorb WAW DMCS. The components were carried by
a nitrogen flow and detected by a flame ionization
detector.
Calculation of Reaction Extent. The reaction

extent of PET hydrolysis for kinetic study is defined as
moles of carboxylic acid produced per gram of PET used,
which was also the definition in the work of Campanelli
et al. (1993). The acid concentration in the solid
products can be measured from the experiments; there-
fore, the relation between the weight of PET used and
the weight of solid products produced needs to be known
to obtain the reaction extent. However, it was difficult
to measure the accurate weight of the solid products
after each reaction because of inevitable weight loss
during the product treatments. In this research, the
weight of solid products was solved from the mass
balance equations derived from the following reactions

occurring in the reactor.

The first reaction represents the PET hydrolysis and
the second one represents the side reaction. Campanelli
et al. (1993) detected the oligomers and terephthalic acid
in the aqueous phase but found that the concentrations
of phthalate groups in the liquid phase were negligible.
Therefore, the amount of solid products dissolved in the
liquid phase was not accounted for doing mass balance
in our study. The balance equations for overall and
water masses in the reaction system can be written in
the following form:

W and P represent the weights of water and PET used
at the beginning of the reaction. X, Y, U, and V are the
weights of water, solid, ethylene glycol, and diethylene
glycol in the reactor after the hydrolytic reactions. â is
the carboxylic acid concentration based on the weight
of the solid product (mol/g of solid). The molecular
weights of water and diethylene glycol are 18 and 106,
respectively. With the known values ofW, P, U, V, and
â measured from experiments, eqs 3 and 4 can be solved
to obtain the values of X and Y. The reaction extent, R,
can be calculated by the equation of R ) âY/P.

Results

Hydrolytic Reactions of PET. The reaction ex-
tents, ethylene glycol (EG) yields, and diethylene glycol
(DEG) yields from PET hydrolysis at 265 °C for 10 min
with different charge ratios (water:PET) are listed in
Table 1. The concentrations of carboxylic acid in each
case was rather high. Especially, in the case of the
largest charge of water, the carboxylic acid concentra-
tion was very close to the value of complete depoly-
merization, 10.4 mmol/g of PET. The liquid products
were mostly ethylene glycol and a small amount of its
dimer. The high yields of ethylene glycol which also
corresponded to the high values of carboxylic acid
concentration were obtained from all three cases. The
production of diethylene glycol was observed in the case
of low water charge. In summary, the reaction extents
of PET hydrolysis slightly increased with the charge
ratios of water to PET, and the production of diethylene
glycol increased as the charge ratio decreased.

Table 1. Effect of Initial Charge Ratio on the Reaction
Extent of PET Hydrolysisa

water:PET
weight ratio

[COOH]b
(mmol/g of PET)

EG
yieldc (%)

DEG
yieldd (%)

10:1e 10.3 98.1 1.15
6:1f 10.0 92.5 2.47
2:1g 9.24 77.1 4.59

a Reaction temperature ) 265 °C, time ) 10 min, rpm ) 400.
b Reaction extent. c Moles of glycol-based unit produced divided
by those in PET initially in the reactor. d (DEG × 2)/(DEG × 2 +
EG) by molar basis. e Charge amount, water/PET ) 100 g/10 g.
f Charge amount, water/PET ) 90 g/15 g. g Charge amount, water/
PET ) 40 g/20 g.

∼C6H4-CO-O-C2H4-O∼ + H2O T

∼C6H4-COOH + HO-C2H4-O∼ (1)

2HO-C2H4-OH T HO-C2H4-O-C2H4-OH +
H2O (2)

total balance: W + P ) X + Y + U + V (3)

water balance: W ) X + 18âY - 18V/106 (4)
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Table 2 lists the results of elemental analysis for the
solid product from PET hydrolysis with a charge ratio
(water:PET) of 10:1 as well as the standard sample
terephthalic acid (TPA). Note, the experimental error
of these measurements for hydrogen was 0.1% and for
carbon was 0.2%. Therefore, the elemental composition
of the solid product listed in Table 2 was the same as
that of terephthalic acid within the experimental error.
The result confirms that the solid product at the nearly
complete conversion of PET was terephthalic acid.
Table 3 compares the results of PET hydrolysis at

three temperatures (235, 250, and 265 °C) for 10 min,
with a charge ratio (water:PET) of 6:1. The concentra-
tions of carboxylic acid and the yields of ethylene glycol
were found to increase with the increase of the reaction
temperatures. Particularly, there was marked elevation
of conversion between the temperatures of 235 and 250
°C. The production of diethylene glycol was not ob-
served at 235 and 250 °C due to only a small amount of
ethylene glycol produced.
Effect of Agitation Speed. To explore the influence

of mass transfer inside the reactor, the effect of different
agitation speeds (50-600 rpm) on the apparent rate of
PET hydrolysis at 250 °C for 10 min was investigated.
The charge ratio (water:PET) was 6:1. Figure 1 shows
the plot of the reaction extent versus the agitation
speed. It indicates that the reaction rate of PET

hydrolysis increased with the agitation speed and
approached a constant value when the agitation speed
was larger than 400 rpm. The results suggest that no
apparent resistance of mass transfer inside the reactor
existed while high agitation speeds were applied. There-
fore, our later experiments for reaction kinetics studies
were carried out at the agitation speed of 400 rpm.
Reaction Kinetics. When the charge ratio (water:

PET) was 6:1, the increases of carboxylic acid concen-
tration as a function of reaction time at reaction
temperatures ranging between 235 and 265 °C are
depicted in Figure 2. Because reaction also occurred
during temperatures increasing from room temperature
to the designed “reaction temperatures”, significant
conversions of PET hydrolysis at the initial time were
observed. The conversions achieved rather high values
in a short time interval, less than 10 min. The reaction
rates of PET hydrolysis were fast at temperatures
higher than 250 °C.
Kinetic Model. In the kinetic studies of PET hy-

drolysis by Golike and Lasoski (1960) and Campanelli
et al. (1993), a second-order reaction model was used
in the following form:

where [COOH] represents the carboxylic acid concen-
tration at time t. [EL] and [H2O] represent the concen-
trations of ester linkage and water. The rate constant
of hydrolysis is k1. In this model, only the forward
reaction was considered, and it thus was merely applied
in the kinetic analysis for the reaction at low hydrolytic
conversions. In the present work, the conversions of
PET hydrolysis, however, were rather high even in a
short time interval. Therefore, the backward reaction
as well as the forward reaction must be considered in
the rate equation. The second-order model examined
in this study is written in the following form:

or

where [OH] is the hydroxyl concentration and K is the
equilibrium constant of the reaction. [EL]i and [H2O]i
represent the initial charge concentrations of ester
linkage and water. Integrating eq 7 gives the following

Table 2. Elemental Analysis of Terephthalic Acid and
Hydrolyzed Products

element

C (%) H (%) O (%)a

TPA (theoretical) 57.84 3.64 38.52
TPA 57.52 3.64 38.84
solid productb 57.31 3.72 38.97
a O (%) ) 100 - C(%) - H(%). b Solid products from PET

hydrolysis while the charge ratio of water:PET ) 10:1, reaction
temperature ) 265 °C, time ) 10 min, rpm ) 400.

Table 3. Effect of Temperature on Reaction Extents of
PET Hydrolysisa

temp.
(°C)

[COOH]b
(mmol/g of PET)

EG
yield (%)

DEG
yield (%)

235 2.15 5.24 0.00
250 7.89 42.7 0.00
265 10.0 92.5 2.47

a From a charge ratio of water:PET ) 6:1 (charge amount,
water/PET ) 90 g/15 g), reaction time ) 10 min and rpm ) 400.
b Reaction extent.

Figure 1. Effect of agitation speed on reaction extent of PET
hydrolysis at 250 °C for 10 min while charge ratio (water:PET) )
6:1.

Figure 2. The reaction extent as a function of reaction time at
(O) 235 °C, (0) 250 °C, and (4) 265 °C, while the charge ratio of
water:PET ) 6:1.

d[COOH]/dt ) k1[EL][H2O] (5)

d[COOH]/dt ) k1{[EL][H2O] - [OH][COOH]/K} (6)

d[COOH]/dt ) k1{([EL]i - [COOH])([H2O]i -

[COOH]) - [COOH]2/K} (7)
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equation:

where Z ) ln|[COOH] + A - B|/|[COOH] + A + B|, Z )
Z0 at t ) 0, A ) -([EL]i + [H2O]i)/2(1 - 1/K), and B )
{A2 - [EL]i[H2O]i/(1 - 1/K)}1/2. It is noted that A and
B are constants for specific reaction conditions. The rate
constant of hydrolysis would thus be estimated by fitting
experimental data to eq 8, after the equilibrium con-
stant was obtained. The equlibrium constant for PET
hydrolysis, K, can be written as

where the subscript e represents the concentrations of
products or reactants at an equilibrium state. To
estimate the equilibrium constant, the hydrolytic reac-
tions were run for a long period of time to reach an
equilibrium state. Because the initial concentrations
of reactants were known, the equlibrium constants for
PET hydrolysis would thus be estimated after obtaining
the product concentrations. The values of equilibrium
constants for different temperatures calculated by eq 9
were listed in Table 4.
Figure 3 is the plot of (Z - Z0)/2B(1 - K) in eq 8

versus time at three different reaction temperatures.
In the figure, the data from the temperatures at 235
and 250 °C actually show upward curves instead of
straight lines passing through the origin. These results
indicate that the second-order model cannot describe the
reaction kinetics well. The upward curves suggest that
the reaction rate of PET hydrolysis increased with the
reaction time or the product concentrations. Moreover,
if the progress of PET hydrolysis obeyed a second-order
model, the reaction rate would monotonically decrease
as time increased. Nevertheless, the slope in Figure 2
(the reaction rate) has a maximum value for the case
of 235 °C. It means that the reaction rate of PET
hydrolysis was accelerated by increasing concentrations
of the products. Therefore, it may be reasonably
proposed that the hydrolysis reaction of PET possesses

an autocatalytic mechanism induced by the carboxyl
group. As shown below, we proposed two autocatalytic
models (first or half an order with respect to the
carboxyl concentration) to analyze the kinetics of PET
hydrolysis:

where k2 and k3 represent the rate constants of hydroly-
sis in the autocatalytic models. The integration of eq
10 gives the following relationship:

where Q ) ln[COOH]2/({[COOH] + A}2 - B2) - (A/B)
ln|[COOH] + A - B|/|[COOH] + A + B|, and Q ) Q0 at
t ) 0. The integration of eq 11 gives the following
equation:

where if K is larger than 1, S ) (-A + B)-1/2 ln|[COOH]1/2
- (A + B)1/2|/|[COOH]1/2 + (-A + B)1/2| - ln|[COOH]1/2
- (-A - B)1/2|/|[COOH]1/2 + (-A - B)1/2|, and if K is
smaller than 1, S ) (-A + B)-1/2 ln|[COOH]1/2 - (A +
B)1/2|/|[COOH]1/2 + (-A + B)1/2| - tan-1[COOH]1/2/(A +
B)1/2, S ) S0 at t ) 0.
Using linear regression (GLM program of SAS), we

calculated that the R-square, indicating the linearity
of fitting to the tested model, was 0.996 for eq 12 and
was 0.999 for eq 13, in contrast to being only 0.985 for
eq 8. Both autocatalytic models fit the experimental
data better than the second-order model; however, eq
13 fit the best. Therefore, the autocatalytic model with
1/2 order to the carboxylic acid concentration was chosen
for the description of reaction kinetics. (S - S0)/2B(1
- K) in eq 13 versus time was plotted in Figure 4. The
fitting of kinetic data gave nearly three straight lines
through the origin for the three reaction temperatures.
The rate constants were calculated from the slopes of
the lines and are shown in Table 5. It is noted that the
values of rate constants in Table 5 were functions of
initial charge ratio at the same reaction temperature,
which were not expected for the rate law of reaction
kinetics. Therefore, the kinetic data of concentrations

Table 4. Equilibrium Constants of PET Hydrolysis at
Different Reaction Temperatures

temp. (°C) equilibrium constant,a K

235 7.09
250 3.99
265 1.53

a From a charge ratio of water:PET ) 2:1.

Figure 3. Kinetic plots by a second-order model for reactions at
(O) 235 °C, (0) 250 °C, and (4) 265 °C.

(Z - Z0)/2B(1 - K) ) k1t (8)

K ) [COOH]e[OH]e/[EL]e[H2O]e (9)

Figure 4. Kinetic plots by a second-order model with autocatalytic
reaction for the PET hydrolysis at (O) 235° C, (0) 250 °C, and (4)
265 °C.

d[COOH]/dt ) k2{[EL][H2O][COOH] - [COOH]3/K}
(10)

d[COOH]/dt ) k3{[EL][H2O][COOH]
1/2 -

[COOH]5/2/K} (11)

(Q - Q0)/2(A
2 - B2)(1 - 1/K) ) k2t (12)

(S - S0)/2B(1 - K) ) k3t (13)
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based on the weight of PET, following the work of
Campanelli et al. (1993), may not be right. The rate
constants should be transformed into the values based
on volume. However, the reaction volume for PET
hydrolysis depends on the reaction temperature and
charge ratio. We assumed that an ideal solution, a
constant reaction volume, and water at vapor-liquid
equilibrium were in the reaction system. In Table 6,
the estimated reaction volumes per gram of PET as
functions of charge ratios and reaction temperatures are
listed. From the transformation, the rate constants of
PET hydrolysis based on the reaction volume were
calculated and summarized in Table 7. It shows that
the rate constants of PET hydrolysis were much closer
for different initial concentrations of reactants. From
the rate constant versus temperature data of the charge
ratio (water:PET) 6:1, the Arrhenius plot is depicted in
Figure 5. The activation energy for PET hydrolysis
calculated from the slope of this plot was 123 kJ/mol.

Discussion

The flow patterns of fluid in an agitated vessel are
complex; however, the mixing efficiency can be simply
correlated with Reynolds numbers (McCabe et al., 1985).
For the fluid in an agitated vessel, Reynolds number is
defined as Re ) D2NF/µ, where D and N represent the
diameter and peripheral speed of the impeller and F and
µ represent the density and viscosity of the fluid. Using
the correlation of viscosities with reduced temperatures
and pressures (Bird et al., 1960), we estimated that the
viscosity of water is about 0.46 cp at 250 °C with the
saturated pressure. Reynolds numbers in the reactor
at 250 °C were calculated to be 22 000 with the agitation
speed of 400 rpm and 2800 with the agitation speed of
50 rpm when the fluid was assumed to be composed of
pure water. However, the values of Reynolds number
for the reaction system should be much lower than those
estimated because the real solution included viscous
PET melts. It means that the fluid in the reactor with
low agitation speeds (<100 rpm) would not reach a
turbulent state because of low Reynolds numbers. In
other words, well-mixing would not be expected for the
reactants and products when the agitation speed was
low. It is consistent with that the hydrolysis rate
increased with the agitation speed when the agitation
speed was below 100 rpm (Figure 1), indicating that the
hydrolytic reaction with slow stirring was partly con-
trolled by mass transfer. When the agitation speed was
higher than about 200 rpm, the reaction rate was shown
to be independent of agitation speed. It indicates that
the mixing efficiency was enhanced with fast stirring
and the hydrolytic reaction was not limited by the mass
transfer.
From the results in Table 4, the equilibrium constant

decreased with the reaction temperature, indicating that
the hydrolytic depolymerization of PET melts is exo-
thermic. The heat release per ester linkage hydrolyzed
was calculated to be 115 kJ by the van’t Hoff equation
(Sandler, 1989). If there existed apparent resistance of
heat transfer inside the reactor at low agitation speeds,
the conversion of PET hydrolysis would have increased
due to the thermal effect. It was shown in Figure 1 that
the reaction extent at low agitation speed was lower
than that at high agitation speed. Therefore, it suggests
that the resistance of heat transfer in the reactor might
be much smaller than that of mass transfer.
In the examination of the above-mentioned kinetic

models, the side reaction, the dimerization of ethylene
glycol, was ignored. At the reaction conditions of high
water concentration, the conversion of the side reaction
was less than 3%. Therefore, the error for kinetic
analysis due to the neglect of the side reaction would
not be significant. In addition, the error for the estima-
tion of reactants and products concentrations in the
liquid phase was inevitable. It thus caused the slight
difference of the calculated rate constants for PET
hydrolysis from different charge ratios (Table 7).
In this study, the hydrolytic reaction of PET was

found to possess a kinetic model of autocatalysis by the
carboxyl group. In the early studies (Ravens and Ward,
1961; Zimmerman and Kim, 1980), similar kinetic
phenomena were also observed for PET hydrolysis with
low conversions at temperatures below the melting point
of PET. The rate expression in eq 11 or 13 was an
autocatalytic model with 1/2 order in carboxylic acid

Table 5. Reaction Rate Constants (Based on the Weight
of PET) of PET Hydrolysis with Different Charge Ratios
at Different Temperatures

rate constant ((g of PET/mol)3/2/min)charge ratio
water:PETa 235 °C 250 °C 265 °C

2:1 10.2
6:1 2.95 5.77 14.4
10:1 0.892 3.12

a Charge amounts were the same as those in Table 1.

Table 6. Reaction Volumes for the PET Hydrolysis with
Different Charge Ratios at Different Temperatures

reaction volume (mL/g of PET)charge ratio
water:PETa 235 °C 250 °C 265 °C

2:1 3.00 2.99 2.93
6:1 7.88 8.00 8.13
10:1 12.6 12.9 13.1

a Charge amounts were the same as those in Table 1.

Table 7. Reaction Rate Constants (Based on the
Reaction Volume) of PET Hydrolysis with Different
Charge Ratios at Different Temperatures

rate constant (10-5(L/mol)3/2/s)charge ratio
water:PETa 235 °C 250 °C 265 °C

2:1 2.80
6:1 3.44 6.88 17.6
10:1 2.67 7.59

a Charge amounts were the same as those in Table 1.

Figure 5. Arrhenius plot for the hydrolysis of PET.
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concentration. It suggests that the hydrolytic depoly-
merization of PET may be catalyzed by the hydrogen
ion formed by the diassociation of the carboxylic acid
because the carboxyl group of hydrolyzed products, such
as terephthalic acid (pK1 ) 3.51 and pK2 ) 4.82), can
be dissociated to a hydrogen ion in water. The dissocia-
tion can be expressed as follows:

The concentration of the hydrogen ion is proportional
to the square root of the carboxylic acid concentration.
It is in good agreement with the characteristics of the
autocatalytic model by the carboxyl group. Therefore,
it is reasonable to propose that PET hydrolysis follows
a typical mechanism of nucleophilic addition-elimina-
tion induced by the hydrogen ion as shown by the
following steps:

The conversions of PET hydrolysis in our study were
found to be higher than those in the work by Campanelli
et al. (1993) with similar reaction conditions. At the
same reaction conditions of 250 °C and 5 mmol/g of PET
of the carboxyl concentration, the hydrolysis rate ob-
served in this study was 1.7 times higher than that in
Campanelli’s study. It should be noted that there were
some different reaction conditions in these two inves-
tigations. For example, PET and water used in the
hydrolytic reaction were different between the two
studies. In their study, the PET resins of IV with 0.80
and the water of HPLC grade were used as the reac-
tants. To compare with their study, we have also
investigated the resins from the recycled bottle flakes,
whose intrinsic viscosities were 0.80 (transparent flakes)
and 0.70 (green flakes), respectively, as reactants of PET
hydrolysis. The reaction extents of hydrolysis at 250
°C for 10 min were summarized in Table 8. The
carboxylic acid concentration and the yield of ethylene
glycol over the resins with the highest IV value was
found close to those of the resin with the lowest IV
value. This suggests that the shape and the molecular

weight of PET resin should not influence the hydrolytic
reaction in its melting state at high temperatures.
However, the hydrolytic conversion of the green flakes
was lower than those of the other resins. It may be due
to the inhibition by some additives introduced during
the processing of green PET bottles. Moreover, we have
also compared the conversions for PET hydrolysis using
deionized water and HPLC-grade water as reactants.
The hydrolytic conversions for these two cases were
found to be similar, even though the pH values of the
two kinds of water were different. Therefore, the effect
of the reactants on the discrepancy of reaction efficiency
between these two studies can be excluded.
The main difference between these two studies might

be the reactor size and stirring efficiency. In the study
by Campanelli et al. (1993), a 2-L reactor was used, but
the effect of the mixing conditions in the vessel was not
well-investigated. In contrast, a reactor of small volume
(300 mL) was used in this study, and proper mixing of
products and reactants was provided by conducting the
agitation at high speed. Therefore, it is conceivable that
the discrepancy on the reaction rates of PET hydrolysis
was caused by the different mixing efficiency. In other
words, poor mixing could occur in their experiments as
suggested in the Introduction section. This would make
the hydrolysis rate controlled by the mass-transfer step
and lower the observed reaction rate. Furthermore, the
activation energy found by Campanelli et al. (1993) was
much lower than those obtained in early findings
(Golike and Lasoski, 1960; Ravens and Ward, 1961) and
this work. The result further suggests the existence of
mass-transfer limitations in their observations.

Conclusions

The hydrolytic depolymerization of PET melts was
investigated in a pressurized reactor. Terephthalic acid
and ethylene glycol were recovered from the hydrolyzed
products. High hydrolytic conversion of PET was
obtained by increasing the reaction temperature or
charge concentration of water. The powerful agitation
provided proper mixing so that no significant limitation
of mass transfer was found in the reactor system. The
kinetic models considering both forward and backward
reactions were proposed. An autocatalytic model with
a 1/2 order of carboxylic acid concentration was found
to best describe the kinetic characteristic of PET hy-
drolysis. This suggests a mechanism that the hydrolytic
depolymerization of PET might be catalyzed by the
hydrogen ion dissociated from the carboxyl group. The
activation energy for the PET hydrolysis, as estimated
from the Arrhenius plot, was 123 kJ/mol.
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Nomenclature

A ) constant, defined in eq 8
B ) constant, defined in eq 8
[COOH] ) concentration of carboxyl group, mmol/g of PET
[EL] ) concentration of ester linkage, mmol/g of PET
[H2O] ) concentration of water, mmol/g of PET
k ) rate constant
K ) equilibrium constant

Table 8. Reaction Extents of Hydrolysis for Different
PET Resinsa

PET
IV

(dL/g)

average
molecular
weightb

[COOH]c
(mmol/g
of PET)

EG
yield
(%)

fresh chips 0.54 15 000 7.89 42.7
recycled flakes
(transparent)

0.80 26 000 7.90 47.1

recycled flakes
(green)

0.70 22 000 7.41 39.6

a From charge ratio water:PET ) 6:1, reaction temperature )
250 °C, reaction time ) 10 min. b Calculated on the basis of the
relation presented in Kamatani et al. (1980). c Reaction extent.

∼C6H4-COOH T ∼C6H4-COO
- + H+ (14)

∼C6H4-CO-O-C2H4-O∼ + H+ T

∼C6H4-C(OH
+)-O-C2H4-O∼ (15)

∼C6H4-C(OH
+)-O-C2H4-O∼ + H2O T

∼C6H4-C(OH)2-(OH
+)-C2H4-O∼ (16)

∼C6H4-C(OH)2-(OH
+)-C2H4-O∼ T

∼C6H4-C(OH
+)-OH + HO-C2H4-O∼ (17)

∼C6H4-C(OH
+)-OH T ∼C6H4-COOH + H+ (18)
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[OH] ) concentration of hydroxyl group, mmol/g of PET
P ) charge weight of PET
Q ) reaction extent, defined in eq 12
S ) reaction extent, defined in eq 13
t ) reaction time
U ) weight of ethylene glycol after the reaction
V ) weight of diethylene glycol after the reaction
W ) charge weight of water
X ) weight of water after the reaction
Y ) weight of solid product after the reaction
Z ) reaction extent, defined in eq 8

Greek Letters

R ) carboxyl concentration based on the weight of polymer,
mol/g of PET

â ) carboxyl concentration based on the weight of solid
product, mol/g of solid

Subscripts

i ) at initial charge
0 ) at reaction time zero
e ) at equilibrium
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