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A B S T R A C T

Polyethylene terephthalate (PET) is a widely used thermoplastic polymer in the packaging and materials in
dustries, and is predicted to have continuous market growth in the future. Methods such as glycolysis and 
methanolysis of PET have been identified as promising approaches in sustainable chemical recycling of PET. The 
latter produces dimethyl terephthalate (DMT), which can be easily hydrolyzed to terephthalic acid (TPA) at 
elevated temperatures and pressures, and further reused for PET production. The aim of this study was to develop 
a kinetic model for the hydrolysis of dimethyl terephthalate, using the experimental data. Various reaction 
conditions (temperature, pressure, time) have been investigated and used to calculate the activation energies and 
reaction rate constants, while the variation in reactor setup with methanol (MeOH) removal was conducted to 
show its detrimental effect on the efficiency of the reaction and selectivity towards terephthalic acid. The first 
reaction step of DMT to monomethyl terephthalate (MMT) is relatively irreversible, while the second reaction 
step of MMT to TPA ceases, as soon as the equilibrium is reached. Highest yields of TPA (76.7 %) were obtained 
after 40 min at 265 ◦C, with MeOH removal, and the activation energy was calculated to be 95 and 64 kJ mol− 1 

for the first and second hydrolysis reaction step, respectively.

1. Introduction

Polyethylene terephthalate (PET) is a widely used thermoplastic 
polymer known for its transparency and semi-crystalline nature, and has 
extensive applications in the packaging industry, stretch blown 
moulding bottle manufacturing, and textile fibres (Pudack et al., 2020). 
The global market for recycled PET technologies is expected to grow 
from 11.0 billion USD in 2023 to 15.0 billion USD by 2028, propelled by 
compound annual growth rate of 6.5 %. Market growth is mainly driven 
by government regulations and new legislation, primarily promoting 
circular economy practices and the use of recycled materials, as a 
consequence of increasing global demand for sustainable and environ
mentally friendly packaging (Aashish Mehra, 2023; “Global Recycled 
PET Market - 2024–2031,” 2024).

Recycling of PET can be classified into four different categories, such 
es primary, secondary, tertiary and quaternary, which is well described 
elsewhere (López-Fonseca et al., 2010; Neale et al., 1983; Sinha et al., 
2010). Mechanical (secondary) recycling processes requires thorough 

pre-sorting and separation of the wastes, size reduction, melt filtration 
and reforming of the material (Benyathiar et al., 2022). However, the 
polymer material properties deteriorate with each cycle. On the other 
hand, chemical recycling includes depolymerization of PET material 
back to monomers, which can be purified by distillation and drying, and 
reused again for further polymers manufacturing (Pudack et al., 2020).

Chemical recycling of PET involves various methods, such as hy
drolysis (Čolnik et al., 2021; Liu et al., 2012), glycolysis (Zhu et al., 
2012a, 2012b) and methanolysis (Genta et al., 2005; Kurokawa et al., 
2003); the appeal of these methods lies in their potential for large-scale 
implementation, which represents a significant step toward addressing 
the challenges of plastic waste management. From industrial point of 
view, glycolysis is the most cost - effective process for PET recycling 
(Baliga and Wong, 1989; Chen et al., 1991). The main advantage of 
glycolysis is a rather simple integration into a conventional PET pro
duction plant, where the recovered bis(2-hydroxyethyl) terephthalate 
(BHET) can be blended with fresh BHET. The reaction is usually per
formed under ambient pressures and temperatures in the range of 
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180–240 ◦C.
Contrary to glycolysis and BHET formation, methanolysis is the 

process, where either BHET or PET is mixed with methanol at temper
atures of 190–280 ◦C and pressures of 20-40barg (Gauge pressure) (Kim 
et al., 2001; Pudack et al., 2020). During the reaction, dimethyl tere
phthalate (DMT) and ethylene glycol (EG) are produced. Early PET 
polymerization process, dating back in 1941, actually utilizes DMT as 
starting material, since its purity is of high importance and its purifi
cation by distillation is rather easy. During 1960s, the purification of 
terephthalic acid (TPA) was made possible through re-crystallization, 
and ever since, more than 70 % of global PET production is based on 
TPA. The main advantage of the TPA route is its well-established in
dustrial processes and supply chains. Currently, PET production pri
marily uses TPA, causing a decline in DMT production and the shutdown 
of DMT-to-PET facilities. With the development of PET methanolysis 
routes, the market may become saturated with DMT, which has limited 
demand.(“Dimethyl Terephthalate (DMT) & Polyethylene Terephthalate 
(PET): Navigating Market Changes & Innovations,” 2024)

Another way to produce TPA is through hydrolysis of DMT. The 
latter, performed either in batches or continuously, results in a final 
reaction mixture consisting of TPA, methanol (MeOH), monomethyl 
terephthalate (MMT) and by-products from crude DMT (Pudack et al., 
2020). During the hydrolysis process, methyl esters are hydrolyzed, 
resulting in the formation of a methanol - water mixture. This mixture is 
further processed for MeOH recovery, where the recovered MeOH is fed 
to methanolysis, while water is recycled back to the hydrolysis process. 
The conversion of DMT involves two reactions: the rapid and irrevers
ible conversion of DMT to MMT and the subsequent reversible conver
sion of MMT to TPA, which has been kinetically described by Sim and 
coworkers (Sim and Han, 2006). Their study showed the irreversible 
nature of the first reaction and an established equilibrium between MMT 
and TPA, in the temperature range of 200–230 ◦C. The addition of zinc 
acetate as catalyst improved the final yield of TPA by 20 %. In addition, 
the reaction was autocatalyzed by TPA, since its proton also acts as an 
acid catalyst. However, one of the drawbacks of homogeneous catalysis 
is the separation of the catalyst from the final mixture. Guo et al. (2022)
hydrolyzed DMT with Nb-HZSM-5 zeolite, achieving 94 % yield of TPA 
at 200 ◦C. Their catalyst showed good stability and was successfully 
re-used for many cycles with a minor loss of activity. While catalysts 
enhance TPA’s yield, they do not affect the thermodynamics. Following 
Le Chatelier’s principle, the second reaction could be shifted towards 
TPA and MeOH, if one or both are removed from the reaction mixture, 
during the reaction.

In this study, the primary objective was to investigate the reaction 
kinetics of DMT hydrolysis without the addition of any catalyst, based on 
the experimental data. Our main objective was to investigate the effects 
of the presence of MeOH in the reaction mixture on the extent of TPA 
formation. This comparative analysis should reveal the crucial differ
ences and shed light on the underlying mechanisms. Significantly, this 
study represents the first attempt to determine the kinetics of this high- 
temperature PET recycling process in catalyst free conditions, providing 
valuable insight into its fundamental aspects.

2. Materials and methods

Materials and equipment used are described in this section, as well as 
methodology for kinetic modeling. Development of HPLC analysis 
technique, reactor system design and experimental procedure, TPA 
degradation tests and NMR measurements of the final solution are pre
sented in the supplementary material.

2.1. Materials

Dimethyl terephthalate was purchased from Sigma Aldrich, MMT 
was purchased from TCI, TPA was purchased from Sigma Aldrich. 
Methanol was purchased from Merck. All reaction experiments were 

performed with deionized water H2O (dH2O) (18.2 MΩ). Dimethyl 
sulfoxide (DMSO) was purchased from Honeywell, dimethyl formamide 
(DMF) was purchased from Supelco, acetonitrile was purchased from 
VWR Chemicals, formic acid was purchased from Sigma Aldrich. Teflon 
gaskets, used to seal the reactor, were purchased from Dastaflon.

2.2. Equipment

Experiments were performed in a high-pressure autoclave system 
with six parallel reactors (Amar Equipment Pvt. Ltd., Mumbai, India). 
Each batch system consists of a 250 mL vessel (inner diameter 67 mm 
and height 80 mm), with a magnetically driven Rushton turbine impeller 
(diameter 30 mm, 14 mm above the autoclave bottom). The autoclave 
system is equipped with a separate internal and external cooling system, 
which ensures adequate temperature control inside each autoclave and 
for the external parts (sampling lines, head of the impeller). Each 
autoclave can be operated under independent operating conditions 
(composition of the reaction mixture, reaction temperature, time and 
pressure), each in a batch mode. The gas outlet of the reactor was con
nected to a reflux condenser with independent thermostat (Julabo F25). 
The reflux condenser was connected to a solid particle trap, to prevent 
clogging of the gas lines at the outlet of the system. The system is shown 
in supplementary information in Figure SX (scheme and actual system, 
respectively). Development of analysis techniques, DMT hydrolysis ex
periments and TPA degradation and CO2 analysis of gaseous phase are 
described in detail in supplementary part of this paper.

2.3. Kinetic modelling

In order to develop a kinetic model, both reactions presented in Fig. 1
were included and concentrations of all three, the reactant, the inter
mediate and the product were considered. Based on low solubility of 
DMT, MMT and TPA and 25 ◦C, paper by Takebayashi and coworkers 
(Takebayashi et al., 2012) clearly shows that at 265 ◦C the TPA’s mass 
fraction is 0.17. However, in our experiments, the mass fraction of TPA 
in the solution is 0.12 at 265 ◦C, which would suggest that the TPA is 
completely dissolved. Unfortunately, there is no other study of solubility 
of DMT or MMT at 265 ◦C in pure water. Although solubilities of DMT 
and MMT are lower than of TPA at 265 ◦C, the kinetic model was 
simplified to account for all compounds being soluble in the whole 
temperature range. Furthermore, Zhang (Zhang et al., 2013) showed, 
that water-MeOH mixture improves DMT, MMT and TPA solubility, 
meaning that while hydrolysis is progressing, the remaining methanol in 
the liquid phase improves dissolution of DMT, MMT and TPA. In addi
tion, Pxy diagrams for vapour-liquid equilibrium (VLE) were calculated 
in Aspen Plus for the binary mixture of MeOH and water at all tem
peratures relevant in this study (235, 250 and 265 ◦C). The recorded 
pressures during the reaction were 34 ± 1 bara at 235 ◦C, 45 ± 1 bara at 
250 ◦C and 55 ± 1 bara at 265 ◦C. Fig. S3 shows the VLE diagrams 
derived from Aspen Plus, marked with red lines representing the 
experimentally measured pressure at each temperature. The data show 
that the content of the reactor is in a two-phase regime, while the hy
drolysis reactions predominantly take place in the liquid phase of the 
reactor. This was also assumed in the kinetic model.

The purpose of this model is to describe the equilibrium reactions 
that occur in the liquid phase of the reactor. The concentration of each 
compound was calculated by solving a set of ordinary differential 
equations (ODE) based on the reactions shown in Fig. 1.

The temperature data were automatically recorded during the entire 
length of the experiment and used to calculate the reaction rate con
stants and the corresponding activation energies at each time step dur
ing the simulation. The effect of temperature on the reaction rate 
constant was calculated using the Arrhenius law, as shown in Eq. (1), 

ki(T(t))= ki
(
Tref

)
• exp

(
Eai

R
•

(
1

Tref
−

1
T(t)

))

(1) 
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where ki stands for the reaction rate constant of a reaction i at given time 
and temperature and Eai for the corresponding activation energy. Tref is 
a reference temperature of 538 K at which the reaction rate constants are 
reported (in Table 2), R is the gas constant (8.314 J mol− 1 К− 1), T(t) is 
the recorded temperature at the time of sampling (t), while Cx in below 
equations (Eqs. (2)–(7)) is the concentration of compound x (DMT, 
MMT, TPA, or MeOH) obtained at time T(t).

The mass balance equations for DMT, MMT, TPA, and MeOH are 
presented below. Since water is the solvent and is present in excess, its 
concentration is omitted from the equation for the hydrolysis reaction 
rate: 

dCDMT

dt
= − kf

1 • CDMT + kb
1 • CMMT • CMeOH (2) 

dCMMT

dt
= kf

1 • CDMT − kb
1 • CMMT • CMeOH − kf

2•CMMT + kb
2 • CTPA • CMeOH

(3) 

dCTPA

dt
= + kf

2•CMMT − kb
2 • CTPA • CMeOH (4) 

Mass balance for MeOH in the simulation, where MeOH was not 
removed during the reaction is presented in Eq. (5): 

dCMeOH

dt
= kf

1CDMT + kf
2CMMT − kb

1 • CMMT • CMeOH − kb
2 • CTPA • CMeOH (5) 

The mass balance of MeOH for the experiments where MeOH was 
removed has an additional term where MeOH is removed from the re
action mixture. This allows its concentration curve to follow the 
experimentally determined concentration with analysis GC-MS: 

dCMeOH

dt
= kf

1CDMT + kf
2CMMT − kb

1 • CMMT • CMeOH − kb
2 • CTPA • CMeOH

− rMeOH flush (6) 

The last term in Eq. (6) represents a cumulative contribution of 
MeOH removal from the liquid phase of the reactor. The rate of MeOH 
removal from the gas phase is described with Eq. (7a), where V̇ repre
sents the volumetric flow rate, V is the volume of gas phase and CGas

MeOH 
the concentration of MeOH in gas phase. 

rMeOH flush =
V̇
V
• CGas

MeOH (7a) 

Similarly, Eq. (7b) represents MeOH mass transfer rate from liquid to 
gas phase. kGL represents the mass transfer coefficient, a is ratio between 
GL surface area and liquid phase volume, He is Henry’s constant, CMeOH- 

liquid is concentration of MeOH in the liquid phase. 

rMeOH L = kGL • a •
(
He • CMeOH− liquid − CGas

MeOH
)

(7b) 

Since this term is used only when MeOH is removed, CGas
MeOH is always 

lower than the concentration in the liquid phase, imposing the flux of 
MeOH from liquid to gas to reactor outlet. However, due to the difficult 
reaction conditions under which the reaction is carried out, it was 
impossible to determine the exact surface to volume ratio (a) or the 
exact flow rate of N2 in the system. Hence, rMeOH flush was simplified and 
used as Eq. (7c) in our model. 

rMeOH flush = kflush • CMeOH− liquid (7c) 

As can be seen from Eq. (7d), kflush is proportional to the mass 
transfer rate (kL) of MeOH at the gas–liquid interface and to Henry’s law 
of MeOH removal from the gas phase of the reactor. 

kflush∝kL • a • He •
V̇
V

(7d) 

Matlab R2021b software was used to numerically solve the formu
lated system. The concentration profiles were solved as a function of 
time using the ODE23tb solver, an implicit Runge-Kutta formula with 
trapezoidal rule step as the first stage and a second-order backward 
differentiation formula as the second stage. The initial concentrations of 
all compounds were set to zero, except for DMT, which was the starting 
compound of the reaction mixture.

3. Results

DMT hydrolysis has been devised into two subsections. Firstly, 
representative experiments are shown in subsection 3.1, with corre
sponding conversions and yields at various experimental conditions. The 
latter is followed by the kinetic evaluation of the experiments in sub
section 3.2, where experimental data were used to extract the relevant 
kinetic parameters.

3.1. DMT hydrolysis

The hydrolysis of DMT to TPA consists of two successive reactions, 
where the first reaction can be classified as highly irreversible and the 
second one as reversible. It can be seen from Fig. 1 that one molecule of 
MeOH is formed in each reaction step, which affects the reaction rate in 
the reversible direction. With this in mind, the objective was to perform 
experiments with and without MeOH removal to determine their effect 
on the extent of hydrolysis and the final yield of TPA. Table 1 shows the 
experiments performed during the DMT hydrolysis research.

Experiments 3, 4, and 5 were heated only to the target temperatures 
of 235 ◦C, 250 ◦C, and 265 ◦C, respectively. Experiments 6–11 were 
performed as a continuation of experiments 3, 4, and 5 once the target 
temperature was reached. No MeOH removal was initiated at this time. 
Experiments 12–16 were conducted at 265 ◦C, and MeOH removal was 
performed by introducing N2 into the gas phase of the reactor and 
simultaneously removing MeOH from the gas phase. That is, when the 
target temperature was reached (~30 min), the valves at the inlet of the 

Fig. 1. DMT and MMT hydrolysis reactions.
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gas phase were opened and the needle valve at the outlet was adjusted to 
ensure the blow-out of the system and the removal of MeOH.

In Fig. 2, conversion of DMT and yield of MMT and TPA is presented 
for experiments carried out at the temperature of 235 ◦C.

Fig. 2 shows that at a temperature of 235 ◦C, the conversion of DMT 
to MMT begins slowly. If the reaction is kept at 235 ◦C for 15 and 30 min, 
72.3 and 95.0% of DMT is converted, respectively. With longer reaction 
time, the TPA yield increases to 64.1 % and the MMT yield remains at 
32.7 %, indicating that either the reaction time needs to be prolonged or 
the temperature needs to be increased to increase the conversion and 
yield.

Fig. 3 shows the DMT conversion and MMT and TPA yields obtained 
from reactions carried out at a temperature of 250 ◦C. After 15 min of 
reaction at 250 ◦C, 94.2% of DMT has been converted.

Since heating the reaction mixture from 235 to 250 ◦C requires 
additional time, a comparison between run 7 and run 8 would be rele
vant because of the similar reaction time. It can be seen that a higher 

conversion is achieved at a higher temperature and the TPA yield is also 
higher (10 %).

To ensure a three-point calibration to determine the activation en
ergies of the reactions, another series of experiments was performed at 
265 ◦C. Fig. 4 shows obtained conversions and yields for these 
experiments.

At the highest temperature tested and the longest reaction time (run 

Table 1 
Overview of the experimental runs.

Exp No. m DMT [g] V H2O [L] T target [◦C] p init. N2 [barg] T reflux [◦C] T cond. [◦C] t heating [min] t reaction [min] N [min− 1]

Heating to 265 ◦C 3 10.0 0.06 235 10 90 2 23 0 600
4 10.0 0.06 250 10 90 2 26 0 600
5 10.0 0.06 265 10 90 2 30 0 600

No MeOH removal 6 10.0 0.06 235 10 90 2 19 15 600
7 10.0 0.06 235 10 90 2 19 30 600
8 10.0 0.06 250 10 90 2 27 15 600
9 10.0 0.06 250 10 90 2 27 30 600
10 10.0 0.06 265 10 90 2 31 15 600
11 10.0 0.06 265 10 90 2 31 30 600

MeOH removal 12 10.0 0.06 265 10 90 2 30 5 600
13 10.0 0.06 265 10 90 2 31 10 600
14 10.0 0.06 265 10 90 2 30 20 600
15 10.0 0.06 265 10 90 2 30 30 600
16 10.0 0.06 265 10 90 2 30 40 600

Table 2 
Kinetic parameters and their 95% confidence intervals determined by regression 
analysis.

Kinetic parameters

k1f 

(min− 1)
k1b 

(min− 1)
k2f 

(min− 1)
k2b 

(min− 1)
Ea1f (kJ 
mol− 1)

Ea2f (kJ 
mol− 1)

kflush 

(min− 1)

0.228 ± 
0.017

<10− 7 0.151 
± 009

(1.0 ±
0.1) •
10− 3

95 ± 3 64 ± 3 0.10 ±
0.01

Fig. 2. Conversion of DMT and yields of MMT and TPA for experimental runs 
at 235 ◦C.

Fig. 3. Conversion of DMT and yields of MMT and TPA for experimental runs 
at 250 ◦C.

Fig. 4. Conversion of DMT and yields of MMT and TPA for experimental runs 
at 265 ◦C.
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11), 99 % DMT is converted and the highest yield of TPA (75.4 %) is 
obtained among the experiments where MeOH was not removed from 
the reaction mixture. Therefore, the experiments with MeOH removal 
were carried out at a reaction temperature of 265 ◦C.

To test the effect of MeOH on the equilibrium of the second reaction, 
5 additional time points were performed at 265 ◦C, with continuous 
removal of the gas phase from the reactor. Fig. 5 shows the conversion 
and yield for the latter.

The final yield of TPA after 40 min of reaction at 265 ◦C is similar to 
run 11, but the yield of MMT decreased significantly. Thus, the removal 
of MeOH from the reaction mixture forces the equilibrium reaction to
wards TPA, but also TPA is removed from the system.

3.2. Kinetics of DMT hydrolyzation

Kinetic evaluation of DMT hydrolysis was performed using Matlab 
R2021b, with the experimental data used as a regression anchor for 
mathematical prediction of the concentration profile of each compound 
in the liquid reaction mixture.

As mentioned in Section 2.4, a different mass balance equation was 
used for the experiment, where MeOH removal was performed, by 
purging the gas phase of the reactor with N2. Fig. 6 shows the results of 
the kinetic regression evaluation.

The concentration profiles show that the reaction is initiated as soon 
as the temperature is above 200 ◦C. At 235 ◦C, both the first and second 
reactions proceed relatively slow. When the temperature is increased to 
250 ◦C, both reaction rates increase, and at 265 ◦C the second reaction 
reaches equilibrium. Table 2 shows the kinetic parameters obtained by 
regression analysis.

The reaction rate constants for the first and second forward reactions 
are 0.22 and 0.15 min− 1, respectively, indicating that the first reaction is 
faster than the second. Comparing the activation energies, the Ea of the 
first reaction is 95 ± 3 kJ mol− 1, which is higher than that of the second 
reaction (64 ± 3 kJ mol− 1). The contribution of temperature on reverse 
reactions were considered negligible. With this in mind, and considering 
the concentration vs. time profile for the reaction with the intermediate 
MMT, it could be concluded that the first reaction, from DMT to MMT, 
requires a higher temperature but is relatively fast and non-reversible, 
while the reaction from MMT to TPA is initiated at lower tempera
tures but the reversibility is more significant.

After reactions were carried out without MeOH removal, the yield of 
TPA was highest at a temperature of 265 ◦C, but it is clear from the 
concentration profile that the concentration of MMT and TPA is prac
tically the same at 47 and 60 min of reaction time. The results show that 
when MeOH was removed during the reaction, almost all of the DMT 

was converted to TPA. The rate of MeOH removal (kflush) was deter
mined to be 0.1 min− 1.

The differences between the two experimental set-ups are even more 
evident from Fig. 7, which shows predicted concentration profiles of 
compounds of interest, under various reaction conditions. Reaction rate 
constants and their corresponding activation energies were used to 
predict MMT, TPA and MeOH concentrations profiles.

The results presented in Fig. 7 clearly show the difference between 
the various experimental set-ups and the crucial influence of MeOH 
removal. If MeOH is not removed from the liquid phase, the equilibrium 
is reached. Extrapolating the reaction temperature and time beyond the 
experimental framework shows that the yield of MMT decreases from 
15.2 % to 8.9 % when the temperature is increased from 265 ◦C to 
290 ◦C. On the other hand, if MeOH is removed from the reaction, the 
yield of MMT at the end of the reaction at 265 or 290 ◦C is practically 
zero. In addition, the predicted yield at 230 ◦C, when MeOH is removed 
from the liquid phase, is actually lower (6.7 %) after 100 min of reaction 
time than at 290 ◦C without MeOH removal.

It is important to emphasize here that the concentration points were 
normalized for the kinetic evaluation. In reality, as it can also be seen in 
Fig. 6, the TPA yield is lower than expected, but the exact cause of the 
lower yield has not yet been determined and will be discussed below.

4. Discussion

As shown in the present study, the hydrolysis of DMT to TPA depends 
mainly on one parameter: the extent of removal of MeOH from the re
action mixture during the reaction. The results show that the final yield 
of TPA is higher when MeOH is removed during the reaction. However, 
there are still additional aspects that need to be considered in future 
research.

The bar chart in Fig. 5 shows a discrepancy where the sum of MMT 
and TPA yields is lower than the expected 99 % DMT conversion. 
Although the exact cause of this discrepancy is unknown, we suspect 
several possible scenarios. One possibility is that the carbon balance 
(CB) is 80–90 % because DMT, MMT, and TPA precipitate as the reactor 
cools to 50 ◦C. This results in the loss of each compound during sample 
preparation.

The CB loss can also be attributed to the sublimation of TPA during 
the reaction at 265 ◦C. Kimyonok et al. (Elmas Kimyonok and Ulutürk, 
2016) demonstrated that the sublimation of TPA starts to become sig
nificant at temperatures above 270 ◦C. It is important to consider the 
difficult conditions that prevailed during the experiment. First, the 
heating jacket temperature is increased to 450 ◦C and maintained above 
400 ◦C even after the target temperature of 265 ◦C is reached in the 
reactor. Due to these harsh conditions, it is possible that TPA sublimates 
at the same time when MeOH is removed from the reactor. To exclude 
TPA decompositions, we performed experiments with TPA as reactant at 
265 ◦C, operating in batch configuration, without purging of the re
actor’s headspace with N2 (experiment, where MeOH was removed). 
The results are shown in Fig. 8.

After the μGC analysis of the gas phase sample obtained after the 
reaction under 265 ◦C with TPA as reactant (Shown in Fig. 8b), it is 
evident that no CO2 was present. This not only excludes TPA decom
position at the investigated temperature, but also strengthens the above- 
mentioned sublimation of TPA into the gas phase and out of the system. 
Figs. 2–5 also support this claim, since the CB loss of TPA is higher at 
experiments, where MeOH was removed during the reaction.

Similarly, as Yang and coworkers (Yang et al., 2022), we tested our 
solutions with NMR, to confirm selectivity and purity of the produced 
TPA. We observed peaks at 13.5 ppm (carboxyl proton) and 8.4 ppm 
(aromatic protons), along with a DMSO peak at 3 ppm (NMR spectra are 
in supplementary part of this paper). To mitigate water interference, we 
added a small amount of water to the TPA standard, causing the 13.5 
ppm peak to vanish and a broad 5–6 ppm peak to emerge. MMT standard 
NMR mirrored TPA, with an additional 4.2 ppm peak, possibly from 

Fig. 5. Conversion of DMT and yields of MMT and TPA for experimental runs at 
265 ◦C, with continuous removal of MeOH from the gas phase of the reactor.
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MMT or DMT methyl group hydrogen.
Experimental sample NMR spectra confirmed aromatic ring presence 

(8.4 ppm) and absence of the 13.5 ppm peak due to water. Notably, 
MeOH removal lowered MMT concentration, evident in a lower height 
of the 4.2 ppm peak. DMT samples displayed a 3.8 ppm peak, likely from 
an impurity in the stock material.

Interestingly, Čolnik and coworkers (Čolnik et al., 2021; Liu et al., 
2012) discovered decarboxylation reaction of TPA to benzoic acid, when 
they performed hydrolysis of PET. In their kinetic analysis, the degra
dation constant for TPA was determined to be 0.00030 ± 0.00036 
min− 1 at 300 ◦C. Compared to our k2f, the degradation reaction is a 
500-fold slower reaction. In addition to that, the predicted concentra
tion profile of benzoic acid shows higher degradation, than experi
mentally determined values. To draw a conclusion, increasing the 

temperature promotes the degradation of TPA, but the temperatures in 
our experiments did not exceed 265 ◦C, so the degradation to benzoic 
acid could not be determined.

As for the kinetic evaluation, the literature for this reaction is sparse. 
Sim et al. (Sim and Han, 2006) performed DMT hydrolysis using zinc 
acetate in a temperature range of 200–230 ◦C. After 8 h of reaction time, 
a TPA yield of 80% was obtained. When they calculated Ea for each 
reaction step, Ea1 was surprisingly 93 kJ mol− 1 and Ea2 was 63 kJ 
mol− 1. Perhaps temperature has a greater effect on the hydrolysis of 
DMT and MMT than the addition of Zn acetate as a homogeneous 
catalyst. Another interesting study was carried out by Guo et al. (2022)
using a HZSM-5 catalyst modified with Nb. Again, a lower temperature 
range (160–230 ◦C)and a reaction time of 2 h resulted in over 90 % 
conversion of DMT and a slightly lower TPA yield.

Fig. 6. Results of kinetic evaluation analysis of experimental data. Volume of liquid phase was 60 mL and 10 g of DMT or 9.3 g when MMT was used as reactant.
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Furthermore, we computed the comprehensive yield, spanning from 
PET methanolysis to DMT and subsequent DMT hydrolysis to TPA, 
leveraging conversions and yields sourced from Pudack and coworkers 
(Pudack et al., 2020). For an initial 1000 kg of PET material, the 
methanolysis process, boasting a 90 % DMT yield, generates 900 kg of 
DMT. However, achieving bottle-grade purity for TPA necessitates 
further purification before hydrolysis. This purification step, through 
re-crystallization, operates at a 95 % DMT yield, resulting in 855 kg of 
DMT from the initial 1000 kg of PET.

Upon removal of impurities, our analysis revealed a 91 % TPA yield 
when methanol (MeOH) is extracted from the solution, compared to a 75 
% TPA yield when MeOH is retained (considering that yields, shown in 
Fig. 5, are lower due to inseparable TPA sublimation when MeOH is 
removed from the reaction mixture). Consequently, the overall yield 
from PET to TPA when MeOH is extracted stands at 78 %, contrasting 
with 64 % when MeOH is retained. Calculated per 1000 kg of initial PET 
material, the removal of MeOH yields an additional 140 kg of TPA. This 
is also presented in Table 3.

Considering the lower operating temperature at industrial scale, this 
would mean lower heating costs, while the costs for the catalytic ma
terial separation units and the separation itself need to be lower to 
compete with the uncatalyzed-high temperature process.

5. Conclusion

In summary, the present study involved a successful experimental 
and kinetic modelling campaign to investigate hydrolysis reactions 
under vigorous reaction conditions. The results provided a crucial 

Fig. 7. Predicted concentration profiles for MMT, TPA and MeOH at various temperatures. Batch experiments without MeOH removal (left), and experiments with 
MeOH removal (right). The colored arrows show the change of each compound’s concentration at different reaction temperatures.

Fig. 8. μGC analysis of gas phase products after the reaction at 265 ◦C with TPA as reactant. Fig. 8a shows a chromatogram of a standard mixture containing CO2 and 
various C2-C4 gaseous products, while Fig. 8b shows chromatogram of a gas phase sample obtained after the TPA reaction.

Table 3 
Simulated mass balance for alcoholysis, DMT downstream processing and sub
sequent hydrolysis with and without MeOH removal.

PET start mass 1000 
kg

PET alcoholysis conversion 90%

DMT mass after alcoholysis 900 kg
DMT stream cleaning from 97 to 99 % purity yield 95%
DMT mass after cleaning 855 kg

TPA yield hydrolysis with MeOH removal 91%
Produced mass of TPA 784 kg
Overall process yield 78%

TPA yield hydrolysis without MeOH removal 75%
Produced mass of TPA 644 kg
Overall process yield 64%

TPA mass difference between the two processes (with and without MeOH 
removal)

140 kg
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insight: the hydrolysis of DMT to TPA is enhanced when MeOH is 
removed from the reaction mixture. When MeOH is removed from the 
reaction mixture, the selectivity of TPA is 25 % higher compared to the 
experiment, where MeOH is retained inside the reactor. When MeOH is 
removed from the reaction mixture, the concentration of MMT is 
insignificantly small compared to batch experiment without MeOH 
removal. In addition, our results showed that the TPA yield is lower at 
longer reaction times when MeOH is removed, possibly due to the 
sublimation of TPA.

Although batch reactive distillation proved to be beneficial for 
selectivity of TPA in our study, there are some crucial limitations. 
Intensive heating is required to reach the working temperature of 
265 ◦C. This suggests a higher energy consumption, compared to a 
continuous production mode. The kinetic results from this study are 
beneficial to design a continuous process with steam stripping of MeOH 
from the reaction mixture, thereby improving the yield and final purity 
of produced TPA. Future work should include engineering of the sepa
ration unit, to improve water and MeOH separation and to prevent TPA 
sublimation. Furthermore, different reactor dimensions, purging gas 
inlet, the shape of impeller should be tested. Another important modi
fication of the system would also be the continuous addition of DMT- 
water suspension and removal of produced TPA from the reaction 
mixture.

This study is the first to use experimentally derived values to 
construct a numerical kinetic model for DMT hydrolysis under catalyst- 
free conditions. The implications of our results are particularly impor
tant also in the context of the circular economy, as they demonstrate the 
feasibility of the final step of PET depolymerization - the production of 
high-purity monomer TPA - and the simultaneous generation of a 
valuable by-product, MeOH, which can be effectively isolated and 
recovered in a single step.reason.
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