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ABSTRACT: The purpose of this study was to investigate the effects of reaction media,
composition, and temperature on the rate of the alkaline depolymerization of poly(tri-
methylene terephthalate) (PTT). The alkaline depolymerization of PTT was carried out
at 160-190°C in ethylene glycol (EG), diethylene glycol (DEG), triethylene glycol
(TEG), ethylene glycol monobutyl ether (EGMBE), diethylene glycol monoethyl ether
(DEGMEE), and a mixture of these solvents. During the reaction, PTT was quantita-
tively converted to disodium terephthalate and 1,3-propanediol. The alkaline depoly-
merization reaction rate constants were calculated based on the concentration of
sodium carboxylate, which was equivalent to the molar amount of sodium hydroxide.
The depolymerization rate of PTT was increased by increasing the reaction tempera-
ture and by adding ethereal solvents. Moreover, the depolymerization rate was signif-
icantly accelerated in the order of EG < DEG < TEG < EGMBE < DEGMEE. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 82: 99-107, 2001
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INTRODUCTION

Poly(trimethylene terephthalate) (PTT) is an al-
kylaryl polyester made by the polycondensation of
trimethylene glycol with terephthalic acid (TPA)
or dimethyl terephthalate. Although the polymer
was first synthesized by Whinfield and Dickson in
1941, it was never commercialized because of the
lack of an economical source of trimethylene gly-
col monomer. Recently, Shell Chemical Co. an-
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nounced the development of technology to make
trimethylene glycol economically via the hydro-
formylation of ethylene oxide. With a cheap mono-
mer source, it is now possible to commercialize
PTT at a competitive price.l™

PTT has an odd number of methylene units
between the terephthalates moieties compared to
poly(ethylene terephthalate) (PET) and poly(bu-
tylene terephthalate), which have even numbers
of methylene units. PET molecules are more fully
extended. Two carboxyl groups of each terephtha-
loyl group are situated in opposite directions.
Also, all bonds are in the trans conformation, with
successive phenylene groups at the same inclina-
tion along the chain.*~" PTT differs from this
conformation with bonds of the —O—(CH,);—
O— unit having the sequence trans—gauche—
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gauche—trans, leading to the contraction of the
repeating unit and, because of the opposite incli-
nations of successive phenylene groups along the
chain, the molecule takes on an extended zigzag
shape.®'' Because of this chemical structure,
PTT has special characteristics as a fiber. It is
particularly interesting in carpet fibers, where it
has shown outstanding resiliency and chemical
resistance.'?7¢ Also, this polymer shows poten-
tial in the field of engineering thermoplastic poly-
mers and fabrics. It is especially important to
improve tactility of fabrics. Just like PET, PTT
fabrics would require alkaline finishing to im-
prove fabric softness. PTT is a relatively new
polymeric material, and only limited information
is available. Currently, the alkaline finishing of
PTT fiber has not been reported.

Global commercial interest in PTT will expand
capacity and end uses. An increase in the uses of
PTT products will result in a greater amount of
waste materials. In recent years, chemical recycling
of waste polymers has mainly focused on obtaining
valuable products from waste materials.!”1°
High-quality TPA, which can be used for the syn-
thesis of other polymer resins, can be obtained
through the alkaline depolymerization of PTT.

In this study, we investigated the effects of
reaction media, composition, and temperature on
the rate of depolymerization of PTT based on
studies of the alkaline depolymerization of
PET.2°25 The results of this study confirmed that
PTT waste can be successfully converted into use-
ful products.

EXPERIMENTAL

Materials

Instead of PTT wastes, pure PTT chips (intrinsic
viscosity (IV) = 0.92, Shell Co., Houston, TX)
were used as the standard substrate. Commer-
cially available reagent-grade sodium hydroxide
(NaOH; 96% purity), ethylene glycol (EG), diethyl-
ene glycol (DEQG), triethylene glycol (TEG), ethylene
glycol monobutyl ether (EGMBE), and diethylene
glycol monoethyl ether (DEGMEE) were used
without purification. A standard 0.1N HCI solu-
tion was used for the titration of NaOH in the
solutions. Other extra-pure-grade reagents were
used without further purification.

Alkaline Depolymerization Reaction

PTT chips (3.1 g, 15 mmol on the basis of the
repeating unit of monomers), NaOH (1.4 g, 35

HTO(CH,),00C—_)—CO{=OH + 2NaOH
—> HTO(CH,),00C—_)—CO—|-OH +

NaOOC—_)—COONa + HO(CH,),0l
Scheme 1 Alkaline hydrolysis of PTT.

mmol), and reaction media (40 mL) were placed in
a four-necked flask reactor equipped with a reflux
condenser, stirrer, and thermocouple. Under a
nitrogen atmosphere, PTT was hydrolyzed while
stirring for a specified period at a certain temper-
ature in this solid/liquid reaction system. After a
specified time of treatment, the reaction mixture
was cooled quickly by immersing the flask in ice
water and quenched by pouring into 200 mL of
distilled water.

Characterization

The unreacted NaOH was titrated with a stan-
dard 0.1N HCI solution up to pH 7 to measure the
amount of NaOH consumed, which was equiva-
lent to the molar amount of sodium carboxylate
formed. In a preliminary experiment, the titra-
tion values for the filtrates, which were obtained
after removing both precipitated disodium tere-
phthalate (DST) and unreacted chips, were found
to be the same as those for unfiltered mixtures.
Thereafter, all titrations were carried out with
unfiltered mixtures. After titration, the mixture
was filtered to remove undecomposed PTT solids,
and weight loss was determined. The filtrate was
acidified with concentrated hydrochloric acid to
produce TPA. Both TPA and the remaining chips
were dried to measure their weights. The surface
morphology of PTT chips was examined with a
scanning electron microscope (Hitachi S4200, Hita-
chinaka, Japan) with a magnification of 30,000X.

RESULTS AND DISCUSSION

Weight Decrease of PTT Chips and Yields of TPA

The final products of the alkali depolymerization
are EG and DST, which precipitate quantitatively
in the reaction solution (Scheme 1). The rate of
weight decrease in chips is equal to the formation
rate of DST. This reaction mixture was acidified



NaOOC—_)—COONa + 2 HCI

—> HOOC—_)—COOH + 2 NaCl

Scheme 2 TPA regeneration: acidolysis of DST.

with the excess HCI to separate TPA from the
aqueous solution (Scheme 2).

The weight change of PTT chips during the
reaction is shown in Figure 1. Hydroxide ions
attack the molecular chain simultaneously, caus-
ing the short chain to be stripped into the liquid
phase; weight loss thus results. The depolymer-
ization rate was accelerated by increasing the
temperature. At 190°C, complete depolymeriza-
tion was attained in about 60 min. The yields of
isolated TPA corresponded exactly to the decrease
in the molar amount of the PTT chips.

Kinetics of Alkaline Depolymerization

The rate of alkaline depolymerization, being
equivalent to the rate of DST formation, can be
expressed with eq. (1) on the basis of Scheme 1:22

d[—COONal/dt = k'[—ROOC(C¢H,)—][NaOH]
— k'[—COONa][HO(CH,);OH] (1)
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Based on the assumption that the reaction pro-
ceeds on the chips surface, [[—ROOC(CzH,)—] is
the concentration of ester function on the surface,
which can be considered roughly constant for a
certain period of time. The concentration of DST
can be considered as zero because it is insoluble
and precipitates. The amount of NaOH consumed
is equivalent to a double mole of DST; therefore,
eq. (1) is transformed to eq. (2), as follows:

d[—COONaJ/dt = k[NaOH]
— k(C, — [—COONa]) (2)

where & = k'[ROOC(CzH,)—] and C, is the
initial concentration of NaOH. The integration of
this equation leads to eq. (3), as follows:

In(Cy/(Cy — [—COONa]))) = kt (3)

Figure 2 represents the plot of formation of DST
as a function of time, with an initial concentration
of PTT (1 mol/L.) and NaOH (2 mol/L). Kinetic
data from Figures 2 and 3 were introduced into
eq. (3) to calculate the rate constant.

In view of the experimental results, the reac-
tion seemed to be composed of two stages, a slow
initial stage (rate constant %,) and a fast second
stage (rate constant k5). PTT had superior resis-
tance to alkaline depolymerization and heat sta-
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Figure 1 Plot of PTT weight loss versus reaction time.
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Figure 2 Plot of [~COONa] versus reaction time.

bility, which may have been due to a twisted
chain conformation. Mark?® used rotational iso-
meric state theory to calculate the values of the
conformational partition function (Z) and entropy
(S) for polyoxide chains with repeating units
[(CHy)y—O—I. Z had a maximum value that cor-
responded to maximum equilibrium flexibility of

the chain at y = 3, whereas the characteristic
ratio (r*),/nl? (unperturbed dimensions relative to
the number of skeletal bonds and the average
square of their length) was at the minimum. This
also suggests that amorphous PTT chains may
have a crumpled conformation. The crumpled
conformation of the glycol residue may interfere
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Figure 3 Plot of In[C_/(C, — [-COONa])] versus reaction time.



Table I Reaction Rate Constants for the
Alkaline Depolymerization of PTT in
Ethylene Glycol

Reaction
Temperature (°C) ky (min™ 1) ko (min~1)
160 0.0085 0.0140
170 0.0108 0.0262
180 0.0294 0.0541
190 0.0450 0.1203

with the diffusion of hydroxide ions. Accordingly,
we regarded the initial stage as an induction pe-
riod. As the reaction temperature was increased,
the induction period was gradually shortened.
The rate constants k2, and k5, shown in Table I,
were calculated from the data in Figure 3.

Effect of Adding Ethers

The addition of ethereal solvents, such as DEG,
TEG, EGMBE, and DEGMEE, to EG slightly ac-
celerated the rate of the alkaline depolymeriza-
tion of PTT (Fig. 4). We expected ethereal solvents
to open the structure of solid PTT, accelerate the
diffusion of hydroxide ions, and increase the ion
strength of hydroxide ions.?* Contrary to our ex-
pectations, mixing ethereal solvents with a ratio
up to 20 vol % did not affect the acceleration of the
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depolymerization reaction much. Thus, we sought
the proper mixing ratio of ethereal solvents in
EG. The results are shown in Figure 5. In all
cases, the rate of depolymerization increased by
order of 1 with an increase in the ethereal sol-
vents and in the order DEG < EGMBE < DEG-
MEE. The rate constants in Table II, depicted in
Figure 6 for the reaction in ethereal solvents
(100%), show that the second stage was 2-14
times faster than in EG.

Relation Between Solubility Parameters and
Reaction Rate

Solubility parameters are extensively applied and
highly valued by the polymer chemist confronted
with specific practical problems. Introduced by
Hildebrand, the total solubility parameter (8) is
given by the square root of the cohesive energy
density and, thus, is taken as a measure of the
energy required to disrupt the intermolecular
forces that hold molecules in the condensed
state.?® The solubility of a given polymer in vari-
ous solvents is largely determined by its chemical
structure. As a general rule, structural similarity
favors solubility. These facts described previously
indicated that the solubility of a given polymer in
a given solvent is favored if the solubility param-
eters of polymer and solvent are equal.

The thermodynamic criteria of solubility are
based on the free energy of mixing (AG,,):
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Figure 4 Effect of added ethereal solvent on the formation of —COONa at 160°C.
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Figure 5 Effect of mixed medium on the formation of —COONa at 160°C.

where AH,, and AS,, are the enthalpy and en-
tropy of mixing, respectively. Because AS,, is gen-
erally positive, there is a certain limiting positive
value of AH,, below which dissolution is possible.
According to Hildebrand, the enthalpy of mixing
can be calculated from

AHyy = ¢1¢2(81 - 52)2 (5)

where AH, is the enthalpy of mixing per unit
volume; ¢, and ¢, are the volume fractions of
components 1 and 2; and §; and &, are the solu-
bility parameters of components 1 and 2, respec-
tively. If 6; = &5, AH,;y = 0 from eq. (5). So, two
substances with equal solubility parameters
should be mutually soluble because of the nega-

Table II Alkaline Depolymerization Reaction
Rate Constants for PTT in Various Solvents

Reaction Medium ky (min™1) ko (min~1)
EG 0.0102 0.0140
DEG 0.0195 0.0271
TEG 0.0326 0.0407
EGMBE 0.0482 0.0908
DEGMEE 0.0524 0.1927

tive entropy factor.?” This is in accordance with
the general rule that chemical and structural sim-
ilarity favor solubility.

In contrast to low-molecular-weight com-
pounds, where solubility parameters can be di-
rectly calculated from heat of vaporization mea-
surements, the solubility parameters of polymer
specimens must be determined indirectly by
swelling measurements of a slightly crosslinked
polymer in a series of solvents of known solubility
parameters or by calculation from molar attrac-
tion constants. A common method used to esti-
mate polymer solubility parameters involves cal-
culation with group molar attraction constants.?®
At first glance, it appears a trivial task to calcu-
late the solubility parameter of a polymer. One
only has to consider the groups present in the
repeating unit of the polymer; refer to tables of
molar attraction constants (F) attributed to either
Small,?® Hoy,?° or van Krevelen;?” and use the
relationship:

5= F/V (6)

where F; is the molar attractive constant of the
atomic and structural groups forming the residue
and V is the molar volume of the residue. Table
III shows the results of such a calculation for PTT

(8ppr) compared with the solubility parameters of
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Figure 6 Plot of In[C /(C, — [-COONa])] versus reaction time for the alkaline
depolymerization of PTT in ethereal medium at 160°C.

reaction solvents (5,). As the difference between
dppr and 8, decreased in the order EG > DEG
> TEG > EGMBE > DEGMEE, the reaction rate
increased.

Morphological Changes by Alkaline
Depolymerization

The smooth surface of a PTT chip not treated with
alkali solution became markedly pitted as alkali
treatment proceeded (Fig. 7). Generally, the de-
polymerization rate of esters is proportional to

Table III Calculated Solubility Parameters of
the Reaction Solvents and PTT?!

Solubility Parameter [(cal/cc)'/?]

Solvent 8, Spb 5,° 5,4
EG 8.31 5.38 12.71 16.08
DEG 7.92 7.18 10.02 14.60
TEG 7.82 6.11 9.09 13.44
EGMBE 7.82 2.49 6.01 10.17
DEGMEE 7.92 4.50 9.01 10.90
PTT 11.37

2 Dispersion component of solubility parameter.

b Polar component of solubility parameter.

¢ Hydrogen bonding component of solubility parameter.
4 Total solubility parameter.

the product of the ester. In this system, the ester
concentration was equivalent to the surface area
of the PTT chip. Consequently, the acceleration of
degradation could be brought about because of an
increase in the specific surface area of PTT by the
formation and growth of pits.

CONCLUSIONS

By investigating the alkaline depolymerization be-
havior of PTT in EG and various ethereal solvents,
we were able to draw the following conclusions:

1. A higher reaction temperature and longer
reaction time yielded a faster depolymer-
ization rate.

2. The depolymerization reaction appeared
composed of two stages. The first stage was
an induction period. In the second stage,
the weight loss of the chips increased lin-
early with length of exposure to sodium
hydroxide.

3. The rate of depolymerization increased by
an order of 1 as the amounts of ethereal
solvents increased and in the order DEG
< EGMBE < DEGMEE. The reaction rate
increased with an increase in the mixing
ratio of ethereal solvents.
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Figure 7 Scanning electron micrographs of PTT
chips: (a) untreated, (b) treated for 15 min at 160°C
with NaOH/EG solution, and (c) treated for 60 min at
160°C with NaOH/EG solution.

4. As the difference of solubility parameters
between PTT and reaction solvents de-
creased in the order EG > DEG > TEG
> EGMBE > DEGMEE, the reaction rate
increased.

In the near future, we will investigate the pu-
rity of TPA obtained from the alkaline depolymer-
ization of PTT and the possibilities of generating
raw materials. Also, we will report on the alkaline
depolymerization of PTT fibrous materials such
as fiber and film.
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