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The kinetics of the alkaline hydrolysis of PET in an aqueous slurry assisted by tributylhexadecylphos-
phonium bromide as suitable phase transfer catalyst was studied at temperatures ranging from 60 to
80°C. The results were adequately described by an unreacted shrinking core model that was first order
with respect to sodium hydroxide concentration, quaternary salt concentration, and particle surface area
and, hence, to the remaining particle mass raised to the 2/3 power. Temperature effects for both catalytic
and non-catalytic steps were modelled with an Arrhenius equation resulting in activation energy values of
61-63 k] mol~!, thereby suggesting a similar mechanism for the alkaline hydrolysis with or without phase
transfer catalyst. Hence, the notable enhancement in reaction rate observed when using the selected qua-
ternary salt was mainly attributed to an increase in the concentration of the reactive hydroxide anion in
the liquid-solid boundary layer.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Plastics are the main sources of non-biodegradable solid wastes,
disposal of which is a major problem, although they make up
only 6-7% by weight of the total solid waste. Furthermore, they
occupy large amounts of space thus reducing the capacity of landfill
areas and causing environmental pollution. Although incineration
of waste polymers including PET aiming at the recovery of energy
is currently the most effective strategy to reduce the volume of
organic plastics, this method should be considered as ecologically
unacceptable. In contrast chemical recycling is more appropri-
ate according the principles of Sustainable Development. In this
way the environment is not surcharged and there is no need for
extra resources (monomers) for polymer production [1]. Over the
last several decades, the process of recycling polymer waste has
attracted the attention of many scientists working on this issue.
Polymer recycling is very important for at least two main reasons:
firstly, to reduce the ever increasing volumes of polymer waste
coming from many sources (from daily life packaging materials and
disposables) and secondly, to generate value-added materials from
low cost sources by converting them into valuable materials similar,
to some extent, to virgin materials.
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Poly(ethylene terephthalate) (PET) is a thermoplastic saturated
polyester produced by reacting monoethylene glycol (EG) with
terephthalic acid (TPA) (or dimethyl terephthalate), which is widely
used for manufacturing mainly textiles and bottles for packaging.
PET is one of the polymers with the most growing market with an
estimated expansion rate of 4-8% [2], so that the recycling of this
material is an interesting field. PET indeed occupies the top of the
list of polymers to be recycled due to its easy recycling by differ-
ent ways, which, in accordance, give variable products that can be
introduced as starting ingredients for the synthesis of virgin PET
and many other polymers [3,4]. In this case the term ‘depolymeri-
sation’ is used. PET can be chemically recycled or depolymerised
by glycolysis, methanolysis, hydrolysis, aminolysis or ammonoly-
sis [5]. Nowadays there is a growing interest in hydrolysis for the
chemical recycling of PET, since it is the only method that leads to
terephthalic acid and ethylene glycol. This recycling process meets
the criteria of simplicity, low energy consumption, relatively low
environmental impact, and recovery of materials that can be read-
ily assimilated into the polymerisation technology. Hydrolysis can
be carried out under (a) alkaline, (b) acid and (c) neutral conditions
[6].

A recent study [7] has shown that certain quaternary salts (QX)
acting as efficient phase transfer catalysts (PTCs) can markedly
accelerate the reaction rate of the process under alkaline con-
ditions, allowing the reaction to be carried out under milder
conditions, especially in terms of temperature (lower than 100°C).
The role of these agents is to efficiently transport the hydroxide


http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:ruben.lopez@ehu.es
dx.doi.org/10.1016/j.cej.2008.09.039

288 R. Lopez-Fonseca et al. / Chemical Engineering Journal 146 (2009) 287-294

Nomenclature
c integration parameter
Cnaon  concentration of sodium hydroxide (mol m—3)

CpETo initial concentration of PET repeating units
(molm~3)

CpeT concentration of PET repeating units (molm—3)

Cox concentration of the quaternary salt (mol m—3)

DSC differential scanning calorimetry

Eamno-gx) activation energy of the non-catalytic reaction
(kmol-1)

Eaqx) activation energy of the QX-catalysed reaction
(kjmol~1)

EG monoethylene glycol

k pseudo-first order reaction rate constant (h~1)

Kapp. apparent rate constant (mh-1)

kno-qx,0 pre-exponential factor of the kyo-qx rate constant
(mh-1)

kno-qx  intrinsic non-catalytic depolymerisation rate con-

stant (mh=1)
kax.0 pre-exponential factor of the kgx rate constant
(m*mol-1h-1)

kax intrinsic catalysed depolymerisation rate constant
(m*mol~1h-1)
M NaOH:PET initial molar ratio

Na,-TPA disodium terephthalate

NMR nuclear magnetic resonance

NpeT number of moles of PET repeating unit (mol)

PET poly(ethylene terephthalate)

PTC phase transfer catalyst

Qr tributylhexadecylphosphonium cation

QOH tributylhexadecylphosphonium hydroxide

QX quaternary salt (tributylhexadecylphosphonium
bromide)

—I'PET overall reaction rate of PET alkaline hydrolysis
(molm2h-1)

R radius of the unreacted PET particles (m)

Ro initial radius of PET particles (m)

t time (h)

T temperature (°C, except in Arrhenius plots, K)

TPA terephthalic acid

Whpero  initial weight (kg)

WhpET weight of unconverted PET particles at a specific
reaction time (kg)

X fractional conversion of PET at a specific reaction
time

z integration parameter

Greek symbols
PPET molar density of PET (mol m~3)
v stoichiometric coefficient of NaOH in the reaction

anion from the aqueous phase to the organic phase (external sur-
face of solid PET particles), thereby increasing the conversion. The
most active quaternary salt was found to be tributylhexadecylphos-
phonium bromide. Other remarkably active quaternary salts have
been reported elsewhere [8,9].

The phase transfer-catalysed hydrolysis of PET under alka-
line conditions is a heterogeneous liquid (PTC)-liquid (aqueous
alkali)-solid (PET particles) reaction. Taking into account that PET
particles are virtually insoluble in the aqueous sodium hydroxide
solution, the solid particles are nonporous and the depolymerised
products are readily soluble, the relatively simple shrinking core

model should capture the essence of the reaction mechanism
[10,11]. Accordingly, the objective of this study reported herein is
to develop an approximate model for the reaction kinetics of the
alkaline hydrolysis in the presence of a soluble quaternary salt
(tributylhexadecylphosphonium bromide).

2. Experimental

Uncoloured virgin PET granules (Aldrich Chemical Co.) with a
mean particle size of 2 x 10-3 m were used. Granules were pre-
viously cut with a cryogenic rotary cutter (Retsch ZM 2000) to
reduce the particle radius to 2.5 x 10~% m. The experimental set-up
for reaction experiments consisted of a 3 x 10~4-m?3 capacity stain-
less steel batch reactor (Autoclave Engineers) [12]. The tank was
equipped with a cooling coil, a thermometer pocket, a disk turbine
impeller, an electric heating mantle, a digital temperature control
system and a manometer. A nitrogen purge was used to create an
inert atmosphere inside the vessel.

PET particles, aqueous sodium hydroxide solution, and the
quaternary phosphonium salt (tributylhexadecylphosphonium
bromide, supplied by the Aldrich Chemical Co.) were charged
into the reactor at room temperature and then heated to the
selected temperature. The selected operating conditions for alka-
line hydrolytic experiments were stirring rate 6.7 Hz, particle
radius 2.5 x 10~4 m, inert atmosphere 200 x 103 PaN,, temperature
60-80°C, NaOH concentration 1666.7 mol m~3, PET concentration
292.1 molm~3, and QX concentration 0-73 mol m~—3. The mixture
was allowed to react for 1.5 (catalytic experiments) and 4 h (non-
catalytic experiments). After the required time interval for reaction
was reached, the vessel was quickly removed from the heating man-
tle and immersed in an ice bath so as to interrupt the progress
of hydrolysis. Details of the experimental procedure for separa-
tion and quantitative analysis of the reaction products are given
elsewhere [7], and schematically depicted in Fig. 1. Briefly, the
reaction mixture was first filtrated to separate unconverted solid
PET particles. Next, excess hydrochloric acid (1 x 10* mol m~3) was
added into the filtrate in order to provoke the precipitation of
the terephthalic acid. After acidification the remaining liquid was
essentially composed of ethylene glycol, the quaternary salt and
water.

3. Results and discussion

PET particles were hydrolysed with sodium hydroxide in the
presence of tributylhexadecylphosphonium bromide as phase
transfer catalyst to yield the disodium salt (Na,-TPA) and ethylene
glycol according to the following liquid-solid chemical reaction:

PET(s) + 2NaOH(1)-Z5 Na,-TPA(1) + EG(1) (1)

Fig. 2 shows the influence of QX concentration (18, 36.5 and
73molm~3) and reaction temperature (60, 70 and 80°C) on
PET conversion. For 1 x 10~2kg of PET particles depolymerised
in 1.5x 1074 m3 of a 6.7% aqueous sodium hydroxide solution
(NaOH:PET:QX molar ratio=22.8:4:1 for Cox =73 mol m~3) it was
found, as expected, that conversion was promoted with increasing
catalyst concentration and temperature. For example, at 80 °Cabout
95% conversion could be attained only after 1.5h with a QX con-
centration as low as 73 molm~3 (Cqx:Cpgro = 0.25). It was observed
that the reaction also proceeded in the absence of phase transfer
catalyst. Hence, 23% conversion was achieved for the non-catalysed
reaction although the time required for complete hydrolysis would
be about 10h. In contrast, Kosmidis et al. [13] found a very low
PET conversion (<2%) at this temperature. This difference could
be probably attributed to different factors such as a lower NaOH
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Fig. 1. Schematic diagram of the reaction and analytical procedure for the alkaline hydrolysis of PET.

concentration (5 wt%) and a larger size of the PET particles (about
1x 103 m).

Pure and partially converted PET particles were characterised
by differential scanning calorimetry (Mettler Toledo DSC 822e) at
a heating rate of 10°Cmin~". The results are presented in Fig. 3. In
the DSC curve of PET before the reaction it was observed that the
heating scan showed a glass transition temperature at 75 °C, a crys-
tallization exotherm at around 115 °C, and a melting endotherm at
about 250°C [14]. As for residual PET particles large endothermic
bands were also evident. The results of Figs. 2 and 3 suggested that
the process of hydrolysis in sodium hydroxide solution occurred
on the external surface of the particles, and these were lamel-
larly depolymerised with increasing reaction time. Apparently no
endothermic bands below 200 °C were noticeable which could be
related to the oligomers produced on the surface of PET particles
during reaction [15]. Further, a decrease in the crystallization peak
area was noted, and was related to the polymer exposition for
increasing times at temperatures above the glass transition tem-
perature during the reaction. These results were also consistent
with the observed decrease in PET particle size with increasing
conversion as revealed by laser scattering (Malvern Mastersizer X).

On the other hand, after the removal of the unreacted particles
by filtration and subsequent neutralisation of the liquid phase and
filtration again, the liquid obtained was analysed by gas chromatog-
raphy (Agilent Technologies 6890N Network GC System) for organic
products. Only ethylene glycol was found. This was further con-
firmed by 13C NMR (Bruker AC-250). On the other hand, results from
titration and 'H NMR (Bruker AC-250) revealed that high purity TPA
was the major solid product obtained after neutralisation.

Fig. 4 illustrates the basic premises of the mechanism of the
phase transfer-catalysed reaction. It is hypothesised that an ion pair
between the reaction anion (OH~) and the onium cation (Q*) is nec-
essary to be formed (step 1). Next the cationic part of the catalyst
(alkyl groups) carries the hydroxide anion into the surface of the
organic phase by means an interfacial mechanism (step 2). In this
way the PET macromolecules on the surface of the particles can be

easily attacked by the OH~ group and subsequently depolymerised
(step 3). The terephthalate anion produced returns into the aque-
ous phase and forms the disodium terephthalate salt with the Na*
cation. The reaction proceeds until complete depolymerisation of
PET to Na,-TPA and ethylene glycol, while the catalyst remains in
the aqueous phase (step 4). The PTC is regenerated in its added
form and the PTC cycle continues [13]. The overall reaction scheme
is summarised by Egs. (2) and (3).

NaOH + QBr = QOH + NaBr (2)
2QOH + PET + 2NaBr — EG + Na,-TPA + 2QBr (3)

In order to describe the moving boundary process of PET depoly-
merisation kinetics with a depleting soluble product layer in the
presence of a quaternary salt, the following assumptions and sim-
plifications were used:

a) The depolymerisation of PET under alkaline conditions is a slow,
isothermal process and overall hydrolysis is kinetically con-
trolled.

b) The PET particles consist of isotropic spherical particles of equal
shrinking diameter. Further these are considered as a homo-
geneous phase for mathematical treatment. This assumption
deserves an explanation. It is true that after cryogenic milling
the size of the resulting particles may be certainly irregular
and resembling more to a rectangular and not a sphere. How-
ever, since the particle size used in this study is quite small
(2.5 x 10~% m) it can be reasonably assumed that PET particles
are spherical in shape.

c) The PET particles undergo negligible swelling during depoly-
merisation. The number of particles stays constant during
hydrolysis.

d) Net reaction volume is constant throughout the depolymerisa-
tion process.

e) Reversible reaction of PET decomposition is neglected due to the
formation of the soluble salt of terephthalic acid and monoethy-
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Fig.2. Comparison of experimental conversion-time curves at several reaction tem-

peratures ((a)60°C,(b)70°C,(c)80°C)with varying QX concentration and unreacted
shrinking core model simulations (solid lines, equations (8-10)).
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Fig. 3. DSC thermograms for partially converted PET particles submitted to alkaline
hydrolysis (T=80°C, Cox =18.25mol m~3).

lene glycol. Since the TPA produced as the reaction proceeds is
dissolved in the solution as Na,-TPA, the terephthalic salt will
be inactive in an eventual nucleophilic substitution for the ester-
ification (the reverse reaction for the alkaline hydrolysis) [16].
In addition, the concentration of the hydrolysis reagent is about
six times greater than that of PET. Therefore, the reaction of PET
hydrolysis under alkaline conditions can be considered as an
irreversible reaction.

f) The phase transfer-catalysed reaction sequence involves ion
exchange, interphase mass transfer steps and heterogeneous
reaction between the anion ferried across and the PET repeat-
ing units. For modelling purposes the kinetics of ion exchange
and external diffusion of the QOH catalytic entity from the liquid
phase to the external surface of the solid reactant are considered
to be very fast, thereby the global reactivity being controlled by
the reaction at the solid (organic)-liquid (aqueous) interfacial
moving boundary (rate controlling step) [17]. The concentration
of the phase transfer catalyst in this layer is very high and so is
the concentration of activated hydroxide ions.

g) The reaction rate is proportional to the particle surface area, the
OH~ ion concentration and the QX concentration.

h) As noticeable PET conversion in the absence of QX is observed in
the 60-80°Crange, as evidenced by Fig. 2, the reaction rate equa-
tion accounts for both reaction steps, namely the non-catalytic
and QX-catalytic.

According to these suppositions the overall reaction rate of alka-
line hydrolysis of PET (—rpgr), expressed as moles of PET repeating
unit consumed per unit time, per unit area by the surface chemical
reaction going to completion, in the presence of tributylhexade-
cylphosphonium bromide is

_ 1 dNeer
47R?2  dt

= vkapp.CNaoH (4)

~TPET = = vCnaon (kno-ox + koxCox)

where Npgr is the number of moles of PET repeating unit, CnaoH iS
the molar concentration of aqueous sodium hydroxide solution, R
is the radius of the unreacted PET particles, kno-qgx is the intrinsic
non-catalytic depolymerisation rate constant, kqx is the intrinsic
catalysed depolymerisation rate constant, kapp. is the apparent rate
constant, Cqx is the molar concentration of the quaternary salt, ¢
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MOVING BOUNDARY

Fig. 4. Schematic representation of the probable mechanism.

is the time and v is the stoichiometric coefficient of NaOH in the
reaction (equal to 2). Writing Eq. (4) in terms of the shrinking core
radius (R) and the molar density of PET ( ppgr) gives

1 d(peer(4/3)7R3 dr
) ( i ) = —pper g = Vkapp Caon (5)

where Cnaon and R can be accordingly substituted by these expres-
sions as function of conversion,

Cnaot = [Cper,o(M — 2X))] (6)

R=Ro(1-X)" (7)

By combining Eqgs. (5)-(7) the following expression (Eq. (8)) for
determining the evolution of conversion of PET particles can be
obtained, where k is a modified first order depolymerisation rate
constant, Cpgrp is the molar concentration of PET repeating units
at the start of the batch, Ry is the initial radius of the particles, X is
the fractional conversion of PET, and M is the initial molar ratio of
sodium hydroxide to PET repeating units.
‘% = k(M —2X)(1 — X)* (8)
K= 3vkape Crer,0 _ 3VCreT,0
prETRO

perRo (kno-qx + kprcCax) 9

Eq. (8) can be integrated for M >2 with the appropriate initial
conditions (i.e., t=0 when X=0) to yield the following analytical

Table 1

solution [18]:

1 (c+2) V3 (22—6)
X)=-— In|———= — arct.
f) 22 " {c3 +z3] * g arctan V3
1 c+1?] V3 (2—c)
= —Kt+ — In | ——=— —— arct —_— 10
Jr4c2 n{(:3-1-1 +262 arctan V3 (10)
where
= [Lzﬂ (11)
z=(1-X)"3 (12)

Eq. (10) represents the conversion of PET particles as a function
of time at any given value of the molar ratio. It is worth men-
tioning that other reported kinetic models based on the shrinking
core model concept may be limited by its inability to account for
a non-negligible change in alkali or acid concentration (when the
concentration of these reactants is comparable to that of PET, and
thusis notin excess)and the contribution of the non-catalysed reac-
tion rate to the overall process [19-21]. Besides, from an economical
point of view the use a limited amount of solvolytic reactant is
preferable and, consequently proposed kinetics must account for
this technical requirement.

The usefulness of the proposed shrinking core model was vali-
dated by evaluating the left hand side of Eq. (10), which is a function
of PET conversion f{X), and subsequent plotting against the reaction
time for three different temperatures and varying concentration of

Kinetic parameters of the alkaline hydrolysis of PET in the absence and presence of tributylhexadecylphosphonium at different temperatures.

60°C 70°C 80°C

k(x102h-1)

Cox=0molm—3
kNO-QX (><107 mh! )

Cox =18.25mol m3 k(x102h-1)

Kapp. (x107 mh-1)
Cox =36.5mol m3 k(x102h-1)

kapp, (x107 mh=1)
Cox =73 molm— k(x102h-1)

kape, (x107 mh-1)

kox (x10® m* mol-' h-1)

0.78+3.2x 1073
0.86+3.5x 103

2.90+6.6 x 102
3.18+7.2x 1072

479+11x 107!
526+12x10"!

8.19+3.3 x 10!
8.99+3.6x 10!

111441 x 1072

2.81+4.5x 1072
3.08+5.0 x 102

1.54+2.0 x 102
1.69+£2.2x 102

10.57 +£5.1 x 10!
11.60+5.6 x 10!

5.86+2.5x 10!
6.43+2.7 x 107!

18.56 +1.2
20.37+13

9.47+£2.9x 107!
10.324+3.2x 10!

28.36+5.4 x 107!
31.13+6.0 x 10!

15.04+6.0 x 10!
16.51£6.6 x 10!

2.00+1.5x%x 107! 3.82+3.5x 107"
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Table 2
Arrhenius parameters of the intrinsic catalysed and non-catalytic depolymerisation
rate constants.

Eagox (kJmol=1) 60.6 + 2.6
ll’l(kavg) 3.5 £ 0.90
Eao-qx) (kJmol~1) 62.6 + 1.2
In(kno-qx.0) 6.4 + 0.41

the quaternary phosphonium salt. The slope of the corresponding
linear plot gave the value of the kinetic parameter k. The results
are shown in Fig. 5 and indicated that this kinetic model provided
good linear relationships with correlation factors (r?) higher than
0.99in all cases. The values of this kinetic parameter are included in
Table 1. Substituting appropriate values for Ry (2.5 x 10~4m), Cpgr
(292.1 molm~3), v(2),and ppgr (76.4 mol m~3)in Eq. (9), individual
values for the apparent reaction rate constant kapp, could be deter-
mined for all three temperatures and four QX concentration values.
Note that kapp, is equivalent to knyo-qgx When the QX is not present
in the reaction mixture. Values of kyo-qx were thus obtained inde-
pendently from reaction runs without the phase transfer catalyst.

On the other hand, Fig. 6 shows statistically reasonable
(r2>0.98) linear relationships between the values of the appar-
ent constant rate (kapp,) and the concentration of the quaternary
salt at 60, 70 and 80°C. Hence, this observation clearly evidenced
that the reaction behaves as first order with respect to QX. Fur-
ther, the reaction rate related to the catalysed reaction (kqx) could
be determined from the slope of this plot. These are shown in
Table 1 for all three temperatures. The comparable values of kqx
and kno-qx indicated that the non-catalytic reaction is of relevant
significance. In other words, under these operating conditions the
measured conversion (or reaction rate) is dependent partly on the
phase transfer-catalysed hydrolysis and partly on the non-catalytic
depolymerisation.

Temperature effects on the hydrolysis rate constants (kno-qx
and kgx) were also investigated. According to the relationship of
the rate constants with the reaction temperature, the Arrhenius
plots are shown in Fig. 7. Data fell on straight lines with lin-
ear correlation factors (r2) higher than 0.99, and this lines were
practically parallel. The activation energy for the phase transfer-
catalysed reaction calculated from the slope was 61+ 2kJmol-1.
This value is relatively close to that found by Dayte and Palan with
alkyl(C1,—C14)-dimethylbenzylammonium chloride (63 kjmol-1)
[22] and significantly lower than 83kJmol-! reported by Kos-
midis et al. using trioctylmethylammonium bromide [13]. On the
other hand, the activation energy for the QX-free reaction is
63+ 1kJmol~!, comparatively similar to that reported by Wan et
al. [15] and Ramsden and Phillips [23] (69 k] mol~!) and Grancaric
and Kallay [24] (66k]Jmol-1). Note that the activation energy
of the process under acid (100-110kJmol-1) [20,25], neutral
(90-123 k] mol~1) [26,27] and nonaqueous alkaline (172 k] mol-1)
[28] conditions is much higher.

Comparing the values of the activation energies of the cat-
alytic and non-catalytic reaction steps (Table 2), it was seen that
the activation energy was slightly lower in the presence of the
quaternary salt. This result was in conformity with earlier find-
ings by Glatzer and Doraiswamy [29]. These authors reported
nearly identical values of the activation energy for the alkaline
hydrolysis of hexyl acetate and octyl acetate in the presence (44.3
and 48.8 k] mol~1, respectively) or absence (48.8 and 47.0 k] mol~!,
respectively) of benzyltributylammonium chloride. Taking into
account the relatively close proximity and the intrinsic deviations
due to experimental error of the activation energy values calcu-
lated for both non-catalysed and catalysed processes, it could be
reasonably considered that the alkaline hydrolysis of PET followed
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Fig. 5. Fitting of kinetic data according to Eq. (8) at different temperatures ((a) 60°C,
(b) 70°C, (c) 80°C) and QX concentration.
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Fig. 6. Plot of the apparent rate constant (kapp ) vs. the QX concentration.

the same intrinsic mechanism in the presence or absence of the
phase transfer catalyst in the reaction mixture. Therefore, the posi-
tive effect of the presence of the quaternary salt could not be related
to a change of the activation energy of the reaction.

The reaction rate with QX evaluated as the term kqx x Cox is
between 2.3 and 9 times greater than that observed in the absence
of the quaternary salt (kno-qx). Further, it was noted that this
increase, expressed as the kqox x Cqx/kno-qx ratio, was proportional
to the concentration of the phase transfer catalystirrespective of the
reaction temperature (Fig. 8). Thus, it is thought that the observed
difference in the reaction rate was a result of a difference in the
number of effective collisions resulting in PET hydrolysis, which
were remarkably promoted by the presence of the QX. Numerically
this can be demonstrated if the contribution of temperature to both
reaction rates is assumed to be of the same magnitude (due to the
almost identical value of the activation energy) and the value of
the pre-exponential factor of kno-qx having units m h~! (indicative
of the number of collisions leading to reaction) is compared with
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-16.0 ¢ kNO-Qx
-16.5 1
-16.0 1
-16.5 1
A7.0 ¢

A7.5 1

In (reaction rate constant)

-18.0 1

-18.5 1

27 238 29 3.0 3.1
1UT(x10%), K1

Fig. 7. Comparison of Arrhenius plots for the alkaline hydrolysis of PET in the pres-
ence and absence of tributylhexadecylphosphonium bromide.
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Fig. 8. Influence of QX concentration on the reaction rate of the alkaline hydrolysis
of PET.

the term kqyx o x Cox also having units mh~! (related to the num-
ber of collisions leading to reaction in the presence of QX). It was
noticed that the latter was about 2-9 times greater depending on
the concentration of QX and reaction temperature.

Hence, the catalytic role of the quaternary salts is to favour the
transport of the reactive OH™ anion from the NaOH/H, O mixture to
the external surface of the organic particle where hydrolytic reac-
tion takes place. In other words, the concentration of this reactant
in the liquid-solid interphase is greatly increased by the presence
of the phase transfer catalyst. Finally, the profiles corresponding
to the evolution of PET conversion with reaction time deduced
by applying the kinetic parameters estimated from the proposed
shrinking core model are shown in Fig. 2. It was noticed that the
theoretical prediction values were in reasonable agreement with
the experimental data.

4. Conclusions

The kinetics of the chemical recycling of PET by means of alka-
line hydrolysis in the presence of tributylhexadecylphosphonium
bromide was analysed. To model the reaction several simplifica-
tions were made and the utility of the unreacted shrinking core
model was considered. The analysis based on this kinetic model
showed a reaction-controlled regime at temperatures varying from
60 to 80°C and concentrations of the quaternary salt in the range
0-73 molm~3. A good correlation was obtained when the proposed
kinetic approach was applied to virtually all experimental data for
predictive and quantitative evaluations.

The reaction rate was a linear function of the concentra-
tion of the quaternary salt. As revealed by the parallel nature
of the Arrhenius plots both non-catalysed and phase transfer-
catalysed processes presented roughly the same activation energy
(63kJmol~1! in the absence of the quaternary salt and 61 k] mol-!
with tributylhexadecylphosphonium bromide). Note that the dif-
ference lies within the limits of experimental error, suggesting that
the quaternary salt has no effect on the intrinsic hydrolysis mech-
anism. The rate of alkaline hydrolysis was between 2.3 and 9 times
faster using this quaternary salt. It is believed that this quaternary
phosphonium salt acts as a shuttling agent by extracting the OH~
anion from the aqueous phase into the organic interfacial region
(the surface of solid PET particles) where the anion can freely react
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with the organic reactant. As a result, the concentration of this reac-
tant in the liquid-solid boundary layer is greatly increased with a
consequent enhancement of the reaction rate.
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