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( )Degradation of polyethylene terephthalate PET in supercritical methanol was in®es-
tigated to de®elop a chemical recycling process for waste plastics. Continuous kinetics
analysis was applied to the experimental data. A batch reactor was used at 573 K under
the estimated pressure of 20 MPa for a reaction time of 2 ] 120 min. PET decomposed

( ) ( )to its monomers, dimethyl terephthalate DMT , and ethylene glycol EG , by
methanolysis in supercritical methanol. PET with a weight-a®erage molecular weight of
about 47,000 was con®erted to oligomer with that of 3,000 in 300 s and with that of
1,000 in 600 s. The largest yield of DMT was 80 mol % at 7,200 s and that of EG was
60 mol % at 3,600 s. Reaction products were analyzed with size exclusion chromatogra-
phy, gas chromatography-mass spectrometry, and re®ersed phase liquid chromatogra-

( )phy. The molecular-weight distribution MWD of the products was obtained as a func-
tion of reaction time. The yields of monomer components of the decomposition prod-
ucts, including byproducts, were measured. Continuous kinetics theory was de®eloped to
analyze the decomposition beha®ior. The theory includes MWD change of polymer by
random and specific scissions and secondary reactions for monomer components.
Change of MWD and monomers as a function of time was simulated by the continuous
kinetics.

Introduction

Disposal and recycling of waste plastics have become a se-
rious problem and it has become important to develop effi-
cient treatment technology. The chemical recycling by de-

Ž .polymerization of polyethylene terephthalate PET , which is
a condensation polymer abundantly used, is necessary. Vari-
ous chemical recycling methods for PET, such as methanoly-

Ž .sis in liquid methanol Grunschke et al., 1968 , glycolysis in
Ž .liquid ethylene glycol Baliga and Wong, 1989 , ester ex-

Ž .change Delattre et al., 1979 , and hydrolysis using an alkali
Ž .Datye and Vaidya, 1984 , have been developed on commer-
cial and pilot scales. These methods have problems, however,
such as the use of catalyst and slow reaction. The reaction

Ž .time for these methods are more than 5 h Sako et al., 1998 .

Correspondence concerning this article should be addressed to M. Goto.

Supercritical fluids have been focused on for decomposi-
tion of plastics, because of the environmentally friendly na-
ture of the fluids. Above its critical point, the supercritical
fluid has large density like a liquid and high kinetic energy
like a gas molecule, and the reaction rate is therefore ex-
pected to increase compared with the reaction under liquid
conditions. Plastics are quickly decomposed in supercritical

Ž .fluids by solvolysis such as hydrolysis, alcoholysis or pyroly-
sis. Condensation polymers with ether, ester, or acid amide
linkages are easily decomposed to their monomers by solvoly-
sis in supercritical water or supercritical methanol. Hydroly-

Ž .sis in supercritical water Tcs647.3 K, Pcs 22.0 MPa
Ž .Yamamoto et al., 1996; Adschiri et al., 1997 or methanolysis

Ž . Žin supercritical methanol Tcs512.6 K, Pcs8.09 MPa Sako
.et al., 1997, 1998, 2000; Goto et al., 1998, 1999 has been

studied for PET decomposition. In hydrolysis in supercritical
Ž .water, the monomer products are terephthalic acid TPA and
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Ž .ethylene glycol EG . Although TPA was recovered in a 90%
yield, the yield of EG was only 10%, because of the sec-

Žondary reaction catalyzed by reaction product TPA Adschiri
. Ž .et al., 1997 . Sako et al. 1997 reported that the methanolysis

in supercritical methanol produced both monomers, dimethyl
Ž .terephthalate DMT , and EG with almost a 100% yield in 30

min without catalyst.
In this work, we investigated the depolymerization of PET

to its monomers in supercritical methanol. From size exclu-
Ž .sion chromatography SEC , the evolution of the molecular

Ž .weight-distribution MWD of polymer and oligomer was ob-
tained. Concentrations of the monomers and byproducts pro-
duced in the reaction were measured as a function of reac-
tion time.

Distribution kinetics is a procedure for analyzing the dy-
namics of systems that are distributed in a property, such as
MW. Polymer decomposition is such a dynamic system, as
the molecular-weight distribution changes with time owing to
chain cleavage. The governing equations for the MWD are
population balance equations that can be solved by moment

Ž .methods. Wang et al. 1995 studied polymer degradation by
examining the random and the chain-end scission of

Ž .poly styrene-allyl alcohol in solution. Rate parameters were
determined from the polymer MWD, which was modeled as
a continuous distribution evolving in time. Kodera and Mc-

Ž .Coy 1997 showed that radical mechanisms for polymer
degradation could be interpreted by writing the population
balance equations for the radical and nonradical species, and
that overall rate coefficients were composites of rate coeffi-
cients in the detailed mechanism. Since then, several other
polymer systems, including mixtures, have been investigated
by the distribution kinetics approach. The effects of addi-

Ž .tives, such as hydrogen donors or strong oxidizers peroxide ,
have also been studied.

PET methanolysis involves both random and chain-end
scission, and is interesting from a theoretical point of view
because of the secondary reactions of the chain-end scission
products. A chemical reaction engineering theory combining
continuous-distribution kinetics with specific-product chemi-
cal reactions has never been reported. In the current work,
we present the population balance equation that governs the
PET MWD, and solve with the moment method. Specific
products of chain-end scission are governed by separate rate
equations that are combined with secondary reaction kinetics
of these specific species. The resulting system of ordinary dif-
ferential equation for the batch reactor are solved and com-
pared with experimental data to determine individual rate
coefficients. The work demonstrates that conventional kinet-
ics can be combined with distribution kinetics to analyze
complex macromolecular reactions.

Mechanism
The reaction of PET in methanol at high temperature and

high pressure involves degradation to oligomers and
monomers by methanolysis and some secondary reactions. In
the degradation of polymers, two reaction paths may repre-
sent the reactions to produce monomeric species from the
polymer. One is pure random degradation, represented by
binary scission of bonds at any position along the chain. The

Based on our experimental results, described later, the whole
reaction can be represented by the reaction scheme shown in
Figure 1. The reactions consist of the following

PETqMeOH ™Oligomer 2Ž .
OligomerqMeOH™MHET 3Ž .

OligomerqMeOH™DMTqEG 4Ž .
OligomerqH O™TAMMEqEG 5Ž .2

MHETqMeOH™DMTqEG 6Ž .
MHETqH O™TAMMEqEG 7Ž .2

EGqMeOH™MEqH O 8Ž .2

2 EG ™DEGqH O. 9Ž .2

Here, MHET, DMT, EG, TAMME, ME, and DEG are
methyl 2-hydroxyethyl terephthalate, dimethyl terephthalate,
ethylene glycol, terephthalic acid monomethyl ester, 2-
methoxyethanol, and diethylene glycol, respectively.

Theoretical Model
Continuous kinetics for polymer degradation

Ž .In the continuous-mixture model, the polymer, A x , is
considered to be a mixture with a large number of different-
size molecules, with MW or x, as a continuous variable. Poly-
mer degradation can be written as a combination of random
chain scission

A xX
™ A x q A xX y x 10Ž . Ž . Ž . Ž .

Figure 1. Reaction scheme for decomposition of PET in
methanol.
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and chain-end scission

A xX
™ A x q A xX y x , 11Ž . Ž . Ž . Ž .i i

where x is the molecular weight of the specific product. Thei
Žcontinuous kinetics has been developed McCoy and Wang,

.1994; Wang et al., 1994, 1995 . The time-dependent MWD of
Ž . Ž .A x is defined based on molar concentration by p x, t . Let

Ž . Ž .the rate coefficient for degradation of A x be k x and de-
Ž X. Ž X. Ž .fine V x, x as the fraction of A x that cracks to A x .

Ž .The parallel reactions for degradation of A x are assumed
to be first order. The general rate equation for random scis-
sion can be written as

dp x , t `Ž . X X X Xsy k x p x , t q2 k x p x , t V x , x dx .Ž . Ž . Ž . Ž . Ž .Hdt x

12Ž .

For specific scission, two rate equations are required to de-
Ž . Ž X . Ž X .scribe A x and A x y x . For A x y xi i i

dp x , t `Ž . X X X Xsy k x p x , t q k x p x , t V xy x , x dx ;Ž . Ž . Ž . Ž . Ž .H idt x

13Ž .

Ž .for A xi

dq x , t `Ž .i i X X X Xs k x p x , t V x , x dx , 14Ž . Ž . Ž . Ž .H idt x

Ž .where q x , t is the MWD of the specific product i. Thei i
Ž X.stoichiometric term V x, x represents a reaction in which a

molecule fragments into two product molecules whose sizes,
x and xX y x, sum to the reactant size, xX G x. A detailed dis-

Ž X.cussion for the stoichiometric term V x, x was given by
Ž .Wang et al. 1995 .

Model formulation
By applying continuous kinetics concepts to PET degrada-

tion, we make the following assumptions:
1. The reactions for both specific and random degradation

are irreversible and all rate coefficients are independent of
the MW. Reaction 1 was assumed to be a first-order reaction
and Reaction 9 was assumed to be a second-order reaction.
Although Reactions 2]8 are second-order reactions, they are
described by first-order kinetics by assuming methanol and
water are present in excess.

2. The MWDs of the reaction mixtures can be described
by a gamma distribution whose parameters depend on resi-
dence time, and therefore are different from those for the
feed polymer.

3. The reactant and products are dissolved in the solvent
phase, which indicates no distinction between the polymer
phase and the solvent phase under reacting conditions.

4. The reaction occurs in a well-mixed batch reactor.

The PET degradation and the secondary reaction are de-
scribed in the following equations. Random scission

krX XP x ™ P x q P x y x . 15Ž . Ž . Ž . Ž .

Specific scission:

k1X XP x ™ Q x q P x y x production of MHET 16Ž . Ž . Ž . Ž .1 1 1

k2X XP x ™ Q x q P x y x production of DMT 17Ž . Ž . Ž . Ž .2 2 2

k3X XP x ™ Q x q P x y x production of TAMMEŽ . Ž . Ž .3 3 3

18Ž .

k4X XP x ™ Q x q P x y x production of EG. 19Ž . Ž . Ž . Ž .4 4 4

Based on Reactions 2]5, the production of a molecule of
DMT accompanies the production of a molecule of EG, and
the production of a molecule of TAMME accompanies the
production of a molecule of EG. Thus, k s k q k .4 2 3

Secondary Reactions 6]9

k5
Q x ™ Q x qQ x production of DMTqEGŽ . Ž . Ž .1 1 2 2 4 4

20Ž .

k6
Q x ™ Q x qQ x production of TAMMEqEGŽ . Ž . Ž .1 1 3 3 4 4

21Ž .

k7
Q x ™ Q x production of ME from EG 22Ž . Ž . Ž .4 4 5 5

k8
2Q x ™ 1r2 Q x dimerization of EG to DEGŽ . Ž . Ž .4 4 6 6

23Ž .

For these reactions, the following governing equations can be
written based on the continuous kinetics. For the reaction
mixture, we include effects of random degradation and spe-
cific degradation

dp x , t `Ž . X X X Xsy k p x , t q2 k x , t p x , t V x , x dxŽ . Ž . Ž . Ž .Hr rdt x

4 `
X X Xy k p x , t y k p x , t V xy x , x dx . 24Ž . Ž . Ž . Ž .HÝ i i i

xis1

For the specific products

dq x , t `Ž .i i X X Xs k p x , t V x , x dx q R t , 25Ž . Ž . Ž . Ž .H i i idt x

Ž .where q x , t are MWDs for the specific products, and is1,i i
2, 3, and 4 represents MHET, DMT, TAMME, and EG, re-
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spectively. R is a monomer reaction term written asi

R t sy k q k q 26Ž . Ž .Ž .1 5 6 1

R t s k q 27Ž . Ž .2 5 1

R t s k q 28Ž . Ž .3 6 1

R t s k q k q y k q k q 29Ž . Ž .Ž . Ž .4 5 6 1 7 8 4

The initial conditions are

p x , ts0 s p x 30Ž . Ž . Ž .0

q x , ts0 s0, is1, 2, 3, 4 31Ž .Ž .i i

For the species produced by the secondary reaction,

dq tŽ .s5
s k q 32Ž .7 4dt

dq t 1Ž .s6 2s k q , 33Ž .8 4dt 2

where subscripts 5 and 6 represent ME and DEG, respec-
tively. The initial conditions are

q x , ts0 s0, is5 and 6. 34Ž .Ž .si i

Moment operations
The moments of the MWDs are defined as the integrals

over the MW or x,

`
Žn. np t s x p x , t dx. 35Ž . Ž . Ž .H

0

Ž0.Ž .The zero moment, p t is the time-dependent total molar
Ž .concentration molrvol of the polymer. The first moment,

Ž1.Ž . Ž .p t , is the mass concentration massrvolume . The normal-
ized first moment gives the average MW, xavg s pŽ1.rpŽ0., and
the second central moment gives the variance of the MWD,

var Ž2. Ž0. w avg x2 Ž0. avgx s p rp y x . The three moments, p , x , and
xvar, provide the shape characteristics of the MWD. The

Ž .polydispersity is defined as the ratio of the mass or weight
Ž2. Ž1. Ž .average MW, M s p r p , to the molar or number av-W

avg Ž2. Ž0. w Ž1. x2erage MW, M s x , that is, Ds p p r p .n
The moment operation, applied to Eq. 24, is interchanged

with the time derivative, yielding ordinary differential equa-
tions for moments

Žn. 4dp t ` `Ž . XŽn. nsy k q k p t q2 x dx k p x , tŽ . Ž .H HÝr i rž /dt 0 xis1

4 ` `
X X X X XnV x , x dx q x dx k p x , t V xyx , x dx . 36Ž . Ž . Ž . Ž .H HÝ i i

0 xis1

Ž X. XFor totally random distribution, V x, x s1rx . For specific
Ž X. Ž .scission, V x , x sd xy x . Substitution of these kernelsi i

into Eq. 36 yields the following ordinary differential equation

Žn. 4dp tŽ .
Žn. Žn.sy k q k p t q2k Z p tŽ . Ž .Ýr i r n0ž /dt is1

n 4n jŽny j. jq p t y1 k x , 37Ž .Ž . Ž .Ý Ý i iž /j
js 0 is1

Žn . Ž .where s n!r n-j ! j! is the binomial expansion coefficient,j
and Z is a special case of Z discussed in detail by Mc-n0 nm

Ž .Coy and Wang 1994 . For ns0, 1, and 2, Z is equal to 1,n0
1r2, and 1r3, respectively. The initial condition is

`
Žn. np 0 s x p x dx. 38Ž . Ž . Ž .H 0

0

For ns0, Eqs. 37 and 38 are simplified to

dpŽ0. tŽ .
Ž0.s k p t , 39Ž . Ž .rdt

with

pŽ0. ts0 s pŽ0. . 40Ž . Ž .0

Solving Eq. 39 yields

pŽ0. tŽ .
sexp k t . 41Ž .Ž .rŽ0.p0

For ns1, simplifying Eqs. 37 and 38 leads to

Ž1. 4dp tŽ .
Ž0.sy k x p t , 42Ž . Ž .Ý i idt is1

and

pŽ1. ts0 s pŽ1. . 43Ž . Ž .0

Solving Eq. 42 gives

41
Ž1. Ž1. Ž0.p t s p y k x exp k t y1 p . 44w xŽ . Ž .Ž .Ý0 i i r 0kr is1

For ns2, Eqs. 37 and 39 lead to

dpŽ2. t 1Ž .
Ž2. Ž1. Ž0.

2sy k p t y2k p t q k p t , 45Ž . Ž . Ž . Ž .r x xdt 3

and

pŽ2. ts0 s pŽ2. , 46Ž . Ž .0
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where

4

k s k x 47Ž .Ýx i i
is1

and

4
2

2k s k x . 48Ž .Ýx i i
is1

Substituting Eq. 41 and Eq. 44 into Eq. 45 gives a first-order
linear nonhomogeneous differential equation

dpŽ2. t 1Ž .
Ž2.q k p t s f t , 49Ž . Ž . Ž .rdt 3

where

k xŽ0. Ž1. Ž0.
2f t s k p exp k t y2k p y p exp k t y1 .� 4Ž . Ž . Ž .x 0 r x 0 0 rkr

50Ž .

Solving the differential equation gives

2
21 3 k kx xŽ2. Ž2. Ž0.p t sp exp y k t q p q2 exp k t�Ž . Ž .0 r 0 r½ 5 ½ 5ž /3 4 k kr r

1 k k 1x xŽ1. Ž0.yexp y k t y6 p q p 1yexp y k t .r 0 0 r5 ½ 5ž / ž /ž /3 k k 3r r

51Ž .

The average MW and the variance for the reaction mixtures
Ž0.Ž . Ž1.Ž . Ž2.Ž .can be obtained from p t , p t , and p t . The results

will depend on temperature and time

k xavg avgx t s x exp y k t y 1yexp y k t 52� 4Ž . Ž .Ž . Ž .0 r rkr

4 4 42var var avgx t s x exp y k t q x exp y k t qŽ . Ž .0 r 0 rž / ž /3 3 3

2
2k k 4 k kx x x xavg= q2 1yexp y k t y6 x qr 0½ 5ž /½ 5ž / ž / ž /k k 3 k kr r r r

4 2avgexp y k t yexp y k t y x t . 53� 4Ž . Ž .Ž .r r½ 5ž /3

Moment equation for the specific degradation product is
given by

dqŽn. tŽ .i n Ž0. n Ž0.s k x p t q x R t , is1, 2, 3, 4 54Ž . Ž . Ž .i i i idt

where

RŽ0. t sy k q k qŽ0. t 55Ž . Ž . Ž .Ž .1 5 6 1

RŽ0. t s k qŽ0. t 56Ž . Ž . Ž .2 5 1

RŽ0. t s k qŽ0. t 57Ž . Ž . Ž .3 6 1

RŽ0. t s k q k qŽ0. t y k q k qŽ0. t . 58Ž . Ž . Ž . Ž .Ž . Ž .4 5 6 1 7 8 4

For ns0, substitution of Eq. 41 gives

dqŽ0. t rpŽ0. RŽ0. tŽ . Ž .i 0 i
q s k exp k t . 59Ž .Ž .i rŽ0.dt p0

For the component of MHET, is1, the preceding equation
is a linear differential equation, which gives the solution as

qŽ0.t k1 1
s yexp y k q k t qexp k t .w x� 4Ž . Ž .5 6 rŽ0. k q k q kp 5 6 r0

60Ž .

For ns1, the righthand side of Eq. 60 is multiplied by the
monomer MW

qŽ1. t k xŽ .1 1 1
s yexp y k q k t qexp k t . 61w x� 4 Ž .Ž . Ž .5 6 rŽ0. k q k q kp 5 6 r0

For ns2, the solution is given by

qŽ2. t k x2Ž .1 1 1
s yexp y k q k t qexp k t .w x� 4Ž . Ž .5 6 rŽ0. k q k q kp 5 6 r0

62Ž .

For the other components, differential equations, Eq. 59, have
Ž0.Ž .to be solved simultaneously. The zero moments, q t , rep-i

resent the molar concentrations of specific products, MHET,
DMT, TAMME, and EG.

For the species produced by the secondary reaction, ME
and DEG, the molar concentrations are given by solving the
following differential equations

dqŽ0. tŽ .s5 Ž0.s k q t 63Ž . Ž .7 4dt

dqŽ0. t 1Ž .s6 Ž0.s k q t . 64Ž . Ž .8 4dt 2

Final time conditions
In the degradation of polymer to convert to its monomer

Ž .Figure 1 , the molecular weight of the polymer approaches
the monomer molecular weight, x , after sufficientmonomer
degradation, if there is no secondary reaction of the monomer.
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We require that number-average MW must always be greater
than monomer MW

pŽ1. tŽ .
M s G x . 65Ž .n monomerŽ0.p tŽ .

For methanolysis of PET, the monomer MHET subtracted
by MeOH can be considered to be the monomeric unit of
PET. Then, the polymerization degree is given by
Ž1. Ž . Ž1. Ž .p r x y x or p r x q x y2 x . Thus,0 MHET MeOH 0 DMT EG MEOH

M must be greater than the MW of MHET minus the MWn
of MeOH, because in our continuous kinetics we neglect the
contribution of MeOH. The final time, t , defined by the timef
when M s x , is then given by substituting Eqs. 41 and 44n s
into M s xn s

1 M qÝk x rkno i i r
t s ln , 66Ž .f k x qÝk x rkr 1 i i r

where M s pŽ1.rpŽ0..n0 0 0

MWDs for polymers
To represent the MWD of the feed polymer, we employ a

Ž .gamma Pearson type III distribution, which is a versatile
Žrepresentation of the naturally distributed systems Cotter-

.man et al., 1985; Wang et al., 1994 . The molar fraction
Ž .gamma distribution is defined for ys xy x rb ass

Ž0. ay1 w xp xG x s p exp y y y r b G a 67Ž . Ž . Ž . Ž .s

p xF x s0. 68Ž . Ž .s

The weight-fraction gamma distribution is

p x s xp x . 69Ž . Ž . Ž .w

The average position, xavg, and width of a peak, xvar, which
are related to the first and second moments of the gamma

Ž .distribution, are given by Abramowitz and Stegun 1968 as

xavg s x q ab 70Ž .s

and

xvars ab 2. 71Ž .

The zero moment, pŽ0., is the total molar concentration of
the polymer mixture. The position of the peak maximum, x ,p

Ž .is determined by dp x rdxs0, which yields

x s x q a y1 b . 72Ž . Ž .p s

The parameters in gamma distribution can be obtained by
fitting the experimental MWD data.

Experiments
A batch reactor made of a stainless-steel tube sealed with

Ž 3 .Swagelok caps about 5.4 cm in volume was used. PET of
Žabout 0.3 g and an adequate amount of methanol 0.98]1.41

.g to attain the desired pressure were charged into the reac-
tor and the air in the reactor was replaced with N gas. The2
amount of methanol charged was calculated by using the
Peng-Robinson equation of state to get the desired pressure.
The experiments were carried out at a reaction temperature
of 573 K and an estimated pressure of 20 MPa for a reaction
time of 2 to 120 min. The reaction was started by immersing
the reactor in a molten salt bath that was preheated to the
reaction temperature. After a certain time, the reactor was
cooled quickly in a water bath to quench the reaction. The
reaction products consisted of a liquid phase and a solid
phase, and was analyzed by the following procedures. All the
decomposition products were dissolved in hexafluoro iso-

Ž . Žpropanol HFIP and analyzed by SEC Tosoh, TSKgel Super
.HM-M using HFIP as a mobile phase with a UV detector.

Based on the SEC analysis, the evolution of MWD of poly-
mers and oligomers was obtained. The yields of the compo-
nents related with DMT were also obtained. GC-MS was used
to identify and quantify low molecular-weight components.
On the other hand, the decomposition products were filtered
by adding water and then analyzed for EG related compo-

Ž .nents by reversed-phase liquid chromatography RPLC
Ž .Waters, 5C18-MS using water as the mobile phase with the
RI detector.

ŽThe PET used was DIANITE PA-500 Mitsubishi Rayon
. Ž .Co., Ltd., Japan and its melting point mp was 528 K at

atmospheric pressure, and its intrinsic viscosity was 0.76. De-
Žhydrated methanol Wako Pure Chemical Industries Ltd.,

.Japan with a purity higher than 99.8 % was used as a sol-
vent.

Results and Discussion
The SEC elution curves of decomposition products at vari-

ous reaction times were measured. The SEC curves were
converted to MWD, as shown in Figure 2, by using a calibra-

Ž . Žtion curve obtained with polystyrene PS and poly methyl
. Ž .methacrylate PMMA in the following manner. A calibra-

tion curve for PS in the THF solvent was prepared by mea-
suring the SEC of PS in the THF. The calibration curve for
PS in THF was converted to PMMA in the THF by using a

0.918 Ž .correlation, MW s1.967 MW Mori, 1989 . ThePMMA PS
SEC for a PMMA standard with MW distribution was mea-
sured and the integrated MWD for PMMA in the THF was
obtained by using the calibration curve for PMMA in the
THF. The SEC for the PMMA standard was measured in the
HFIP solvent, and the integrated MWD for PMMA in the
HFIP was obtained. A calibration curve for PMMA in the
HFIP was prepared from these integrated MWDs for PMMA
in the THF and HFIP. The SEC curves for PET and the
decomposition products were then converted to the MWD by
using the calibration curve for PMMA in the HFIP.

For comparison with the MWD for the decomposition
products, the MWD of the original PET is also shown in Fig-
ure 2. As the reaction time was longer, the molecular weight
of the polymer was decreased. PET with a weight-average

Žmolecular weight of about 47,000 polymerization degree: n
.s240 to 250 was decomposed to an oligomer with that of
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Figure 2. Molecular-weight distribution for the decom-
position products

Ž .3,000 polymerization degree: ns15 in 300 s and with that
Ž .of 1,000 polymerization degree : ns5 in 600 s in supercriti-

cal methanol. The main three peaks observed after the 1,200
s reaction were MHET, DMT, and TAMME, whose MWs
are 224, 194, and 180, respectively. The MW of these peaks
in Figure 2 is smaller than their real MW, because SEC was
calibrated for a polymer with an MW much larger than the
monomer components, and thus an MW for smaller molecules
is inaccurate. MHET is a 1:1 monomer of DMT and EG, and
TAMME is a byproduct produced in the side reaction. After
the 1200 s reaction time, PET decomposed to the compo-
nents of monomer size, and the DMT peak gradually became
larger.

The reaction scheme of PET decomposition in supercriti-
cal methanol is shown in Figure 1. PET is degraded by ran-
dom scission to a polymer with a smaller MW. Then it is
continuously depolymerized to yield MHET, DMT, and EG
by end scission. Produced MHET reacts further with
methanol to produce DMT and EG. The following reactions
can occur as side reactions. Dimerization of EG produces
DEG. ME is produced by the reaction of EG and methanol.
TAMME is also produced from a polymer, oligomer, or
MHET in the presence of water, which is produced in the
reactions yielding DEG and ME.

Figure 3 shows the yields of each component as a function
of reaction time. The yields of each component were evalu-
ated by the following equation

Moles of specific products
w xYield mol % s =100. 73Ž .

Moles of PET units

The yields of DMT and EG increased with time, and the
MHET yield increased at up to a 1800 s reaction, after which
it decreased gradually. This tendency agrees with the mecha-
nism in which MHET decomposes to DMT and EG. The
largest yield of DMT was 80 mol % at 7,200 s, and that of
EG was 60 mol % at 3,600 s. TAMME and ME were pro-
duced about 10 mol % in 7,200 s. A small amount of DEG
dimerized from EG was also observed up to 2.5 mol %. Al-
though another byproduct related to EG was observed in an
amount comparable to DEG, it was not identified. There-
fore, when PET was decomposed in supercritical methanol,

Figure 3. Yield of monomer products.

both monomers, DMT and EG, were obtained efficiently
without catalyst, and with fewer of byproducts, TAMME and
ME. The yield of EG was much higher than that for the reac-

Žtion in supercritical water Yamamoto et al., 1996; Adschiri
.et al., 1997 .

The rate constants for specific degradation-producing
monomers were determined by the zero moments for specific
products at different reaction times. At a short reaction time,

Ž .the rate equations are approximated by using exp k t f1qr
k tr

pŽ0. t rpŽ0.f1q k t 74Ž . Ž .0 r

qŽ0. t rpŽ0.f k t 75Ž . Ž .1 0 1

qŽ0. t r pŽ0. t f k y k k r2 t 76Ž . Ž .Ž .Ž .2 0 2 1 5

qŽ0. t r pŽ0. t f k y k k r2 t 77Ž . Ž .Ž .Ž .3 0 3 1 6

qŽ0. t rpŽ0.f k t . 78Ž . Ž .4 0 4

These equations indicate that the parameters could be
roughly estimated from the plots by the following procedure.
A plot of pŽ0.rpŽ0. vs. t gives a straight line with a slope of k .0 r
A plot of qŽ0.rpŽ0. vs. t gives a straight line with a slope of k .1 0 1

Ž0.Ž . Ž Ž0. . Ž0.Ž . Ž Ž0. .Plots of q t r p t vs. t and q t r p t vs. t give k ,2 0 3 0 2
k , k , and k . A plot of qŽ0.rpŽ0. vs. t gives a straight line3 5 6 4 0
with a slope of k . The parameters obtained in this manner4
with linear optimization were used as initial-guess values to
optimize the parameters nonlinearly by fitting with experi-
mental data.

The MWD of PET was represented by gamma distribution
with parameters a s2.24, b s2.49=104, xavg s4.84=104,
xvars1.39=109. As shown in Figure 2, an SEC of the reac-
tion products gave the MWD for a mixture of polymer,
oligomer, and monomers. Since even for monomers there is a
distribution in SEC due to the dispersion and mass-transfer
process in chromatography, we have expressed the monomer
elution curves in SEC by gaussian distributions. The parame-
ters in the gaussian distribution were obtained from the MWD
for the reaction at 3,600 s, where large monomer peaks were
observed. The concentration of monomers was determined
by GC analysis. The MWD for a product mixture was then
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Figure 4. Comparison between measured MWD and
simulated MWD.

expressed by combining the gamma distribution for polymer
and the monomer peaks expressed as gauss distributions. Fig-
ure 4 shows a comparison of estimated MWD and experi-
mental MWD obtained by SEC. The experimental MWDs
were simulated by superimposing gamma distributions for

polymer and gaussian distributions for monomers. The
monomer yield changes were also calculated and compared
in Figure 3 as a function of reaction time. The parameters
used in the calculation are 1rk s518 s, 1rk s415 s, 1rk sr 1 2
529 s, 1rk s595 s, 1rk s485 s, 1rk s980 s, 1rk s407 s,3 4 5 6
1rk s25,000 s, and k s1.0=10y6 m3?moly1? sy1.7 8

As Figure 4 indicates, the fit of the reaction kinetics model
Žwith data was excellent correlation coefficient s

.0.990]0.998 .

Conclusion
Decomposition of PET in supercritical methanol was car-

ried out in a batch reactor. The decomposition behavior of
PET in supercritical methanol was observed in terms of the
evolution of the MWD, and yields for monomer products.
The reaction scheme of the decomposition of PET was esti-
mated from the monomer products. Continuous kinetics, in-
cluding random and specific scissions and secondary reac-
tions for monomer components, was developed and applied
to the analysis of the decomposition behavior. Changes in the
MWD and monomers as a function of time were simulated
by the continuous kinetics.
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Notation
Ž .A x spolymer molecule having molecular weight x

Dspolydispersity
k srate coefficients for specific degradationi
k srate coefficient for random degradationr
Ž .k x srate coefficient for polymer degradation
M smolar average molecular weightn
M smass average molecular weightw
Ž .P x spolymer

Ž .p x,t sMWDs of the reaction mixtures based on molar fraction
Ž .p x sMWD for the feed polymer0
pŽn.snth-order MW moments of the reaction mixture
Ž .Q x sspecific productsi i

Ž .q x , t smolar concentration of the specific productsi i
Ž .q x , t smolar concentration of the secondary reaction productss i i

qŽn.snth-order MW moments of the specific productsi
xsmolecular weight

x smolecular weights for the specific productsi
x smolecular weight at the peak maximum for a gamma dis-p

tribution
x slowest molecular weight for a gamma distributions

xavg snumber-average molecular weight for the reaction mix-
tures

xavg snumber-average molecular weight for the feed polymer0
xvar svariance

ysdimensionless molecular weight

Greek Letters
a sparameter in a gamma distribution
b sparameter in a gamma distribution
Gsgamma function
Vsstoichiometric kernel
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