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KINETICS, CATALYSIS, AND REACTION ENGINEERING

Kinetics of Depolymerization of Poly(ethylene terephthalate) in a

Potassium Hydroxide Solution

Ben-Zu Wan,*! Chih-Yu Kao," and Wu-Hsun Cheng?*

Department of Chemical Engineering, National Taiwan University, Taipei, Taiwan, and Department of
Chemical Engineering, Chang Gung University, Kweishan, Taoyuan, Taiwan

The depolymerization of poly(ethylene terephthalate) (PET) flakes in a potassium hydroxide
solution was carried out in a stirred batch reactor at 120, 140, and 160 °C, below its melting
point and under pressures of about 1.7, 2.9, and 4.6 atm, respectively. After the reactions, the
residual solids almost remained in flake shape and their molecular weights were close to that
of PET before the reaction. The products composed of ethylene glycol and terephthalic potassium
salt were in the liquid phase. They were separated by acidification (to obtain solid terephthalic
acid) and filtration processes and subsequently were analyzed quantitatively by potentiometric
titration, elementary analysis, and gas chromatography. The results of kinetic analysis showed
that the depolymerization reaction rate was first order to potassium hydroxide and first order
to the PET concentration. This indicates that the ester linkages on the surface of the solid PET
flakes sequentially reacted with potassium hydroxide in the solution to produce ethylene glycol
and terephthalic potassium salt. A mechanism for the major reaction occurring on the polymer
chain end section on the solid PET surface was proposed in this research. The dependence of
the rate constant on the reaction temperature was correlated by the Arrhenius plot, which shows
an activation energy of 69 kJ/mol and an Arrhenius constant of 419 L/min/cm?.

Introduction

Poly(ethylene terephthalate) (PET) is a thermoplastic
polyester, which is largely consumed in packaging
bottles. The interest in PET recycling is continuously
growing because of ecological and economic consider-
ations.?2 Among the methods of polymer recycling,
chemical recycling, which applied in the case of post-
consumer condensation polymers, draws great interest.
The chemical recycling of postconsumer PET has re-
cently been paid much attention, and a review paper
concerning the subject has been published.® The pro-
cesses for chemical recycling of waste PET are mainly
divided into (i) methanolysis, (ii) glycolysis, and (iii)
hydrolysis. The application of these recycling processes
is dependent on the end use of recovered products. A
growing interest is thus focused on the process develop-
ment of hydrolysis of PET in which terephthalic acid
(TPA) and ethylene glycol (EG) are recovered and can
be directly used in the synthesis of virgin PET.4~6

The hydrolytic depolymerization of PET was usually
conducted at temperatures above the melting point of
the resins to obtain reaction rates applicable in the
industrial process.”~® Zinc acetate was used to catalyze
the reactions; however, the catalytic effect was still
limited.® Traditionally, strong acids or bases are effec-
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tive catalysts for the hydrolysis of esters. Sulfuric acid
had been used to catalyze the hydrolysis of PET at
temperatures below 150 °C,1%11 put the corrosion of the
equipment and the separation of ethylene glycol from
the waste acid were critical problems in the process.
There have been patented several processes of hydrolyz-
ing PET in aqueous solutions of alkaline hydroxides.1213
In the processes, the depolymerization reactions were
carried out under moderate conditions, and ethylene
glycol and terephthalic salts (instead of TPA) were
recovered. Moreover, the processes of alkaline hydrolysis
of PET in the organic solvents have been reported.14-17
Nevertheless, although alkaline hydroxides were found
to possess high activity for the depolymerization of PET,
very few reaction kinetics studies have been conducted.
Zeronian and co-workers extensively investigated the
depolymerization reactions that occurred on the surface
of PET with sodium hydroxide;81° however, their
experiments were performed at ambient temperature,
and the reaction rates were rather low. The result of
their studies did not reach the requirements for the
industrial depolymerizing process. Therefore, in the past
there were no detailed data available about product
characterization and reaction kinetics, which were
necessary for developing the process of depolymerization
of PET in alkaline solutions.

In our previous work,?° the depolymerization of PET
with alkaline hydroxides in the solid state was inves-
tigated by the techniques of thermal analysis. The
characterization of the products and the kinetic analysis
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of isoconversion were performed. It was concluded in
this study that potassium hydroxide possessed better
activity than sodium hydroxide for the depolymerization
of PET. Therefore, the detailed reaction kinetics of the
PET depolymerization in a potassium hydroxide solu-
tion was investigated using a pressurized autoclave in
the present study. The kinetic data under the reaction
temperatures below the PET melting point were ob-
tained. Furthermore, the reaction kinetic models were
discriminated, and the possible reaction mechanism was
proposed.

Experimental Section

The commercially recycled PET flakes (thickness =
0.39 mm and density = 1.18 g/cm?) from beverage
bottles were used in the experiments of depolymeriza-
tion in a potassium hydroxide solution. 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 0.72 dL/g, corresponding to the average
molecular weight (M) of 22 400, was calculated from the
equation M = 3.61 x 1041V146.21 The experiments of
PET depolymerization were carried out in a Parr 4560
minireactor equipped with a bomb of 300 mL and a
motor for stirring. The reactants of PET flakes, potas-
sium hydroxide, and water were charged into the reactor
at room temperature and then heated directly to the
temperatures specified for conducting hydrolytic reac-
tions. After the required time interval for the depolym-
erization reaction was reached, the vessel was quickly
removed from the heating mantle and immersed in an
ice bath. The temperature of the vessel was quenched
to ambient conditions so as to interrupt the progress of
the PET hydrolysis. The residual flakes and the alkaline
solution were removed from the bomb and were sepa-
rated by filtration. The flakes were further washed,
dried, and weighed. The melting thermogram of the
residual PET was investigated by a differential scanning
calorimeter (Du Pont 910 DSC) at a heating rate of 10
°C/min. The IV and M of the residual PET were
determined.

After the depolymerization reactions, the products of
terephthalic potassium salt and ethylene glycol, besides
the unreacted potassium hydroxide, were dissolved in
the solution liquid phase. The liquids were separated
from the solution by filtration. Sulfuric acid was added
into the filtrate to neutralize the potassium hydroxide.
The solid TPA was precipitated and was separated
again by filtration. The solid product was further
washed by deionized water, dried at 80 °C, and ground
until a fine powder was obtained. The remaining liquid,
mainly composed of water and ethylene glycol, was
directly used for analysis.

The carboxylic acid concentration in the solid products
was determined by potential titration.” A total of 25 mL
of DMSO was used as the solvent, in which 0.1-0.2 g
of solid product was dissolved. The solution was titrated
with a 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 for
carbon and hydrogen was measured using an elemental
analyzer (Perkin-Elmer 2400).

The concentrations of the organic products in the
remaining liquid were quantitatively analyzed by gas
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Figure 1. DSC thermograms for the residual PET flakes after
the alkaline hydrolysis of PET (PET:KOH = 1:4) for 30 min at
different temperatures: (a) original flakes; (b) 120 °C; (c) 140 °C;
(d) 160 °C.

chromatography. 1-Propanol was used as an internal
standard. The mixed solution was injected into a gas
chromatograph and separated by a 2 m stainless steel
column packed with DEGS 60/80 chromosorb WAW
DMCS. The components were carried by a nitrogen flow
and detected by a flame ionization detector.

Results and Discussion

PET Depolymerization in Potassium Hydroxide
Solutions. For 15 g of PET flakes depolymerized in 90
mL of a potassium hydroxide solution (mole ratio of PET
repeating units to KOH = 1:4) for 30 min at 120, 140,
or 160 °C, it was found that the amount of PET flakes
decomposed increased with the reaction temperatures.
Especially for the case at 160 °C, most of the charged
flakes had been completely depolymerized and only a
few small pieces remained. After removal of the remain-
ing flakes by filtration and carrying out of the processes
of neutralization of the solution liquid phase and filtra-
tion again, the liquid (filtrate) obtained was analyzed
by gas chromatography for organic products. Only
ethylene glycol was found. The solid products were
analyzed by elemental analysis. All of the element
compositions were found to be the same as those of TPA
within experimental errors (0.1% for hydrogen and 0.2%
for carbon); moreover, the titration for these solid
products showed that the acid concentrations of solid
products were close to the value of TPA, 12.1 mmol/g of
TPA. These results indicate that TPA was the solid
product obtained after neutralization.

The DSC thermograms for the melting endotherms
of the fresh PET flakes and the remaining flakes, after
the above experiments, are presented in Figure 1. For
the cases of the remaining flakes, large endothermic
bands at about 250 °C and a few small endothermic
bands below 200 °C can be observed. The large bands
were similar to that of PET melting of the fresh flakes
except that the endothermic bands of the remaining
PET were narrower and slightly shifted toward the
region of high temperatures. The results suggest that
most of the remaining flakes still maintained their
original PET structure. However, a few small endot-
hermic bands below 200 °C should correspond to the
oligomers with low molecular weights produced on the
surface of PET flakes during depolymerization reactions.
Table 1 lists the results of 1V and M for the remaining
PET flakes after the reactions. The molecular weight
of unreacted flakes was large and slightly decreased
with an increase of the reaction temperatures; however,



Table 1. Intrinsic Viscosity (1V) and Average Molecular
Weight (M) of the Residual PET Flakes after Alkaline
Hydrolysis?

PET 1V (dL/g) Mmb
unreacted 0.72 22 400
A (120°C) 0.72 22 400
B (140°C) 0.70 21500
C (160°C) 0.67 20100

a In each batch of the feed, the weight of PET flakes was 15 g;
mole ratio of PET:KOH = 1:4; reaction time = 30 min; temperature
= 120, 140, or 160 °C; total volume = 90 mL.?M = 3.61 x
1041\V/146 21

Table 2. Temperature Effect on PET Conversions and
TPA Yields for Depolymerization of PET in a Potassium
Hydroxide Solution2

temp (°C) PET conv (%) TPA yield® (%)
120 17.8 17.7
140 47.8 47.4
160 92.2 90.9

a The weight of PET flakes was 15 g; mole ratio of PET:KOH =
1:4; reaction time = 30 min; total volume = 90 mL. P TPA yield =
(no. of moles of TPA produced)/(no. of moles of PET charged).

Table 3. Effect of the Molar Ratio of PET to Potassium
Hydroxide on the PET Conversions and TPA Yields of
the PET Depolymerizaton?

hydroxide molar ratioP PET conv (%) TPA yield (%)
KOH 11 3.6 3.7
KOH 1:2 8.6 9.1
KOH 1:4 17.8 17.7

a Temperature = 120 °C; reaction time = 30 min; total volume
=90 mL; 15 g of fresh PET flakes charged. P PET repeating units
to potassium hydroxide.

for the case of the highest temperature (i.e., 160 °C), M
of the remaining PET was still higher than 20 000.
Therefore, the bulk phase of the remaining flakes after
the reactions was close to the fresh PET of long chains.
This suggests that the depolymerization of PET in
potassium hydroxide solutions occurred on the external
surface of the PET flakes, and the flakes were lamellarly
depolymerized.

Because the remaining flakes after the depolymeri-
zation reaction in a potassium hydroxide solution were
similar to the fresh PET, the conversion of PET can be
calculated from the weight difference between the fresh
PET flakes before the reactions and the remaining
flakes after the reactions. The yields of TPA can be
calculated from the moles of TPA solids collected after
the reaction and the neutralization processes, divided
by the moles of the PET repeating units charged before
the reaction. Table 2 lists the conversions of PET and
the yields of TPA after the depolymerization in a
potassium hydroxide solution for 30 min at different
temperatures. Table 3 lists those at 120 °C for 30 min
at different potassium hydroxide concentrations. It can
be observed that the conversion of PET apparently
increased with the reaction temperature and with the
concentration of potassium hydroxide. The yields of TPA
were approximately equal to the conversions of PET.
The results indicate that the solid PET depolymerized
in the potassium hydroxide solutions at different con-
centrations and at different temperatures produced
almost only terephthalic salt and ethylene glycol in the
solution. Although the products of oligomers were
observed on the remaining PET solid flakes from DSC
studies, they did not exist in the solution during
reactions.
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Figure 2. PET conversion of alkaline hydrolysis (PET:KOH =
1:4) as a function of reaction time at (O) 120, (O) 140, or (A) 160
°C and under pressures at 1.7, 2.9, and 4.6 atm, respectively.
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Figure 3. PET conversion of alkaline hydrolysis at 120 °C as a
function of reaction time with charge ratios PET:KOH of (O) 1:4,
(O) 1:2, or (») 1:1.

Kinetics Data. The PET conversions as a function
of reaction time at different reaction temperatures (PET:
KOH = 1:4) are depicted in Figure 2. In the case of 160
°C, the initial conversion reached 45%, which was
caused by the reaction extent accumulated during the
period of heating from room temperature to the set
reaction temperature. In the other cases with low
reaction temperatures, the initial conversions were
below 20%. Figure 3 shows the increase of the PET
conversion with reaction time in the variation of the
charge ratio (at 120 °C). The initial conversions were
smaller than 5%. Increasing with the reaction time, the
difference of PET conversions in the three cases in-
creased. The reaction rate, the slope of the curve, was
found to be roughly proportional to the concentration
of potassium hydroxide. Furthermore, the effect of the
PET concentration on the PET conversion was examined
at 120 °C, while in the experiments the concentrations
of KOH were maintained constant (1.73 mol/L) and 5,
10, 15, and 25 g of PET were used in 90 mL of solution
at the initial reaction time. It was found that nearly the
same PET conversions (8%) were obtained for different
charges of PET for a 0.5 h initial reaction period. The
results clearly indicate that the initial reaction rates
are exactly proportional to the concentrations of PET,;
therefore, the reaction of the PET conversion in the
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potassium hydroxide solution is first order to the PET
concentration.

(a) Kinetic Model. The experimental results showed
that the conversions of PET were consistent with the
yields of monomeric products. The reaction rate (—ra;
in mol/L/min) of alkaline hydrolysis of PET (or the
production rate either of ethylene glycol or of tereph-
thalic potassium salt) can thus be defined by the mole
consumption rate of the PET repeating unit per unit
reaction volume. Because the product of TPA produced
in the alkaline hydrolysis of PET was dissolved in the
solution and became of its salt form, the terephthalic
salt would be inactive to a nucleophilic substitution for
the esterification (the reverse reaction for the alkaline
hydrolysis). Therefore, the reaction of PET hydrolysis
in a potassium hydroxide solution is an irreversible
reaction. The reaction rate equation can be simply
expressed as the following power form:

—Ta = (N&/V) (dX/dt) = KC,Ce (1)

where Na;j represents moles of PET repeating units
charged in the solution, V (L) represents the total
reaction volume, Xa represents the PET conversion, t
represents the reaction time, Ca represents the concen-
tration of PET, Cg (mol/L) represents the concentration
of potassium hydroxide, k is the rate constant, and b is
the reaction order with respect to potassium hydroxide.
Note that, because only the surface of the PET solid is
available for the reaction, Cp is defined as the PET
surface area (cm?) divided by the total reaction volume
(L). Moreover, because the PET solid used in this
research is in flake shape and the thickness of the flake
is 0.039 cm, a constant surface area of the PET solid
and constant Cp are assumed during the course of the
reaction. If a constant volume for the reactions is
assumed, the balance equation in terms of the PET
conversion (Xa) can be expressed as

dX/dt = KNV N2 LM — 2X,)° €

where Nas (cm?) represents the surface area of the PET
flakes, which can be calculated from the initial weight
(9) of PET divided by 1.18 g/cm? of PET density and by
the 0.039 cm flake thickness used in this study and Ng;
represents moles of KOH charged in the solution. M is
the charge ratio, which is defined by M = Ngi/Nai.

In this study, we proposed two different kinetic
models in regard to rate order b = 1 and 2 and derived
their integration forms for different values of the charge
ratio (M). The equations for the relationship between
the PET conversion and reaction time are as follows:

2kN V= In[(M — 2X,)((M — 2X,)]  forb=1

®3)

2KN, V2Nt = 1/(M — 2X,) — 1/(M — 2X,0)
forb=2 (4)

Xao represents the PET conversion at zero reaction time.
These kinetic models were examined by fitting them to
the experimental data listed in Table 4, where the
concentrations of PET (NasV™1) and the total reaction
volume (V) were treated as constants and three different
charge ratios (M) were used at 120 °C reaction temper-
ature. In the case where the models fit the reaction
tendency well, the relation of reaction time versus In-

Table 4. Reaction Kinetic Data at 120 °C Used in
Modeling?

M=1 M=2 M =4
t (min) Xa t (min) Xa t (min) Xa
0 0.011 0 0.017 0 0.033
30 0.037 30 0.086 10 0.084
60 0.065 60 0.138 20 0.126
90 0.083 90 0.183 30 0.178
120 0.102 120 0.221 40 0.209

a M = charge ratio. Xo = PET conversion.

[(M — 2Xa0)/(M — 2Xa)] from eq 3 and the relation of
reaction time versus 1/(M — 2Xa) — 1/(M — 2Xap) from
eq 4 should be linear and the slopes should be constants
(independent of the charge ratios, M). From the fitting
results, it is found that both models provide a good
linear relationship; the linear correlation factors (R?)
of the fittings from eq 3 are above 0.989 for different
charge ratios, and those from eq 4 are above 0.996.
Nevertheless, according to eq 4, the slopes from the
fittings with different charge ratios were in a wide
range. The average value with a standard deviation of
(1.2 £ 0.7) x 1073 was calculated. According to eq 3,
the slopes from different charge ratios were in a much
narrower range. The average value with a standard
deviation of (2.1 £ 0.3) x 1073 was calculated. Appar-
ently, eq 3, in which the reaction rate is first order to
the PET concentration and first order to the KOH
concentration, is the better model to describe the
reaction kinetics of the solid PET depolymerization in
the potassium hydroxide solution. The slight difference
in the value of 2kNasV~! (the slope) from this model
when the charge ratio was changed might be possibly
for two reasons. One was, because the ideal solutions
were assumed in this research, the actual reaction
volumes were not correctly estimated. The other was,
because the actual surface area of the PET flakes per
reaction volume was not easily controlled to be equal
during the reaction, the assumption of constant NasV 1
may contribute some errors in the model analysis.

The fitting results of the model in eq 3 to the
experimental data at different temperatures are shown
in Figure 4. In the case of 140 °C, the fitting was pretty
good; however, in the case of 160 °C, the fitting for the
low conversions was good, but the model did not fit to
the data with conversions higher than 90%. Estimated
from the slopes in the plot, the rate constants are listed
in Table 5. According to the relationship of the rate
constant with the reaction temperature, the Arrhenius
plot is shown in Figure 5. The activation energy for the
alkaline hydrolysis of PET calculated from the slope was
69 kJ/mol, and the Arrhenius constant calculated from
the intercept was 419 L/min/cm?.

(b) Reaction Mechanism. For the depolymerization
of PET in a potassium hydroxide solution, 1 mol of PET
repeating unit should react with 2 mol of alkaline
hydroxides to produce 1 mol each of terephthalic salt
and ethylene glycol. However, the result of kinetic
analysis showed that the reaction rate was first order
to PET and first order (not second order) to the potas-
sium hydroxide concentration. This suggests that the
molecules of potassium hydroxide react one by one with
the ester linkage on the surface of the PET flakes to
produce ethylene glycol or terephthalic potassium salt
rather than react with two ester linkages of PET
repeating units at the same time; moreover, the first
reaction step should be the reaction rate-limiting step.
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Figure 4. Fitting of kinetic data by the model of eq 3 for the
alkaline hydrolysis of PET (PET:KOH = 1:4) at (O) 120, (O) 140,
or () 160 °C and under pressures at 1.7, 2.9, and 4.6 atm,
respectively.
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Figure 5. Arrhenius plot for the alkaline hydrolysis of PET (PET:
KOH = 1:4).

Table 5. Reaction Rate Constants of PET
Depolymerization in a Potassium Hydroxide Solution at
Different Temperatures

temp (°C) rate constant [x10~7 (L/min/cm?)]
120 3.32
140 8.31
160 22.4

Because from DSC studies the oligomers were found on
the solid PET surface after the reaction, the random
scissions of ester linkage on the PET surface may have
occurred in the reaction. However, the reaction occur-
ring on the polymer chain end section should be the
major reaction. Otherwise, each molecule of potassium
hydroxide that reacts with the ester linkage on the solid
surface of PET would not possibly only produce either
a ethylene glycol or a terephthalic potassium salt in the
solution. The reaction rate defined in this research is
not possibly first order to the potassium hydroxide
concentration. The reaction rate in the potassium
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hydroxide solution is close to first order with respect to
the potassium hydroxide concentration. Therefore, the
major reaction steps of alkaline hydrolysis of PET can
be expressed as follows: Equation 5 is the rate limiting

~CgH,~C0O—0C,H,0—CO—C,H,~CO—~OC,H,OH +
KOH — ~C4H,~CO—0C,H,0—0C—C,H,~COOK +
HOC,H,OH (5)

~CgH,~CO—0C,H,0-0C—C4H,~COOK +
KOH — ~CgH,—CO—-0C,H,OH + KOOC—CgH,—
COOK (6)

step. This reaction mechanism is different from that for
the hydrolysis of melt PET in neutral water, where a
random scission model fully contributes to the breaking
ofester linkages and subsequently produces the products.’—°
Nevertheless, the PET depolymerization reaction rate
in the neutral water solution is much slower than that
in the potassium hydroxide solution. Therefore, to
enhance the reaction rate, reaction temperatures higher
than 230 °C are required for reactions in the neutral
water solution, in contrast to those at about 150 °C for
the reactions in the potassium hydroxide solutions.

Conclusions

The hydrolytic depolymerization of PET in the agi-
tated potassium hydroxide solution was investigated.
It was found that the depolymerization reaction rate in
a potassium hydroxide solution is much faster than that
in a neutral water solution. The correlation between the
yield of product and the conversion of PET showed that
the major alkaline hydrolysis of PET linkages was
through a mechanism of chain-end scission. The result
of Kinetic analysis showed that the reaction rate was
first order each to the concentration of potassium
hydroxide and to the concentration of PET solids,
respectively. This suggests that the ester linkages in
PET were hydrolyzed sequentially. The activation en-
ergy for the depolymerization of solid PET in a potas-
sium hydroxide solution was 69 kJ/mol, and the Arrhe-
nius constant was 419 L/min/cm?2,
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Nomenclature

b = reaction rate order to the potassium hydroxide con-
centration

Ca = concentration of PET, surface area of solid PET
divided by the reaction volume, cm?/L

Cg = concentration of potassium hydroxide, mol/L

k = reaction rate constant, L/cm?/min

M = Ngi/Naj

Nai = moles of PET repeating units charged in the reactor
before the reaction

Ngi = moles of KOH charged in the reactor before the
reaction

Nas = surface area of the PET flakes, cm?

—ra = reaction rate of the PET depolymerization, moles of
PET repeating units depolymerized per unit reaction
volume per unit time, mol/L/min
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t = reaction time, min

V = reaction volume, L

Xa = PET conversion, disappearing weight of PET divided
by the initial weight of PET

Xao = PET conversion whent =0
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