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Ti–BA efficiently for the catalytic
alcoholysis of waste PET using response surface
methodology

Ruiyang Wen, Guoliang Shen, * Yang Yu, Shijie Xu, Jie Wei, Yue Huo and Sijin Jiang

A titanium benzoate (Ti–BA) catalyst was prepared by hydrothermal method, which has an ordered eight-

face structure, and was used for polyethylene terephthalate (PET) depolymerization. With bis(2-

hydroxyethyl)terephthalate (BHET) as the target molecule and ethylene glycol (EG) as the solvent, the

best reaction conditions for catalytic alcoholysis via a PET alcoholic solution were investigated via

response surface experiments and found to be a EG/PET mass ratio of 3.59, temperature of 217 °C and

reaction time of 3.3 h. Under these conditions, the amount of the catalyst required was only 2% of the

mass of the PET, and the yield of BHET reached 90.01% and under the same conditions, the yield of

BHET could still reach 80.1%. Based on the experimental results, the mechanism of alcoholysis, Ti–BA

catalyst activated ethylene glycol deprotonation to achieve the progressive degradation of polymers. This

experiment provides a reference for the degradation of polymer waste and other transesterification

reactions.
1. Introduction

Polyethylene terephthalate (PET) is a major product in poly-
esters with the advantages of non-toxicity, odorlessness, trans-
parency, stability, and easy processing, and it is widely used in
various aspects of life, such as food packaging, clothing, elec-
trical and electronic products, automobiles, machinery, and
fast-moving consumer goods.1,2 PET is undoubtedly one of the
most widely used plastics in China and the world.3 At present,
the output of PET continues to grow, and it is estimated that the
global output will exceed 72 × 106 t/a in 2050, but the recycling
efficiency is less than 10%.4 The good stability of PET makes it
difficult to degrade in nature, so it is of great signicance to
develop efficient recycling technology for waste PET to alleviate
environmental pressure and resource circulation. According to
the different ways of the recycling and reuse of waste PET at
present, it can be divided into three categories: (1) chemical
recycling.5,6 This process has high efficiency, under the added
reagent, PET can be depolymerized into monomers at high
temperatures, and the performance of PET polymerized by
monomers is good. Chemical recycling is an effective way to
achieve the sustainable use of the plastic cycle. (2) Physical
recycling,7,8 this process recycles PET for the second time aer
extrusion using amachine, but the quality index of recycled PET
will decrease, so the number of recycling is limited. (3) Biolog-
ical recycling,9,10 this is similar to chemical recycling, which
depolymerizes PET into monomers, but the cost of the
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biological enzyme catalyst used is high and the efficiency is
poor, so it is restricted from industrial applications.

The chemical recycling process of PET can be further sub-
divided into hydrolysis,11 transesterication,12,13 pyrolysis,14,15

biodegradation,16,17 saccharication,18 amination,19 and hydro-
genolysis,20 and the majority of the depolymerization products
are terephthalic acid esters or terephthalic acid and ethylene
glycol. Transesterication is the addition of alcohol solvents to
the reaction system, which does not require high temperature
and high pressure and generates no waste liquid compared with
other depolymerization methods. EG as a transesterication
solvent has been widely studied, and PET can be depolymerized
into BHET monomers.21,22 The mechanism of EG trans-
esterication of PET is shown in Fig. 1, catalysts for PET glycol
degradation including ionic liquids, metal oxides, and metal
salts. As for the current status of PET is concerned depolymer-
ization, in terms of catalysts, ionic liquids are expensive, and
the preparation process of metal oxide catalysts requires high
temperatures, increasing input costs. Zinc acetate is
a commonly used depolymerization catalyst, although it has
a better effect than the rst two types of catalysts. The corrosion
of the equipment is more serious, and storage needs dry
conditions to waterproof hydrolysis and be technically and
economically viable. Currently, reported using ethylene glycol
as a solvent for the degradation of PET, BHET yield is mostly 50–
80%, rarely more than 90%. According to the type of catalyst,
the alcohololysis mechanism is mainly divided into two types
but the same point is that under the cooperation of alcohol, the
active centers of the catalyst attack the carbonyl group to realize
the degradation of PET.23–26
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PET glycolysis mechanism.
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Response surface methodology (RSM) is an effective tool and
means to optimize a chemical process, which is the combina-
tion of designing experiments, establishing experimental
models, and evaluating the inuence of variables and their
interactions.27,28 The main advantage of RSM is that it reduces
the number of experiments, so it requires fewer levels and can
evaluate independent variables and their interactions.29–31 The
Box–Behnken design (BBD) is one of the many RSMs that have
been widely used by researchers in PET depolymerization
experiments to optimize variables while further analyzing the
interactions between different variables. In addition, this
method can effectively estimate the factors of the quadratic
model and avoid combination processing within the extreme
range.32–35

To nd a catalyst with better comprehensive cost perfor-
mance, in this study, we introduce a homemade Ti–BA catalyst
for EG depolymerization of waste PET bottles at atmospheric
pressure to obtain BHET, this has not been reported in the
current catalytic degradation reaction system, compared with
other catalysts for degrading PET, Ti–BA catalyst with titanium
as the active center, harmless to organisms, and has no heavy
metal effect, is the best choice as the metal activity center in the
catalyst. The Ti–BA catalyst prepared in this study has high
catalytic activity, low input cost, and is not easy to hydrolyze,
which is suitable for catalyzing polyester depolymerization.
Design Expert soware was used to optimize the reaction
parameters such as the solvent amount, depolymerization
temperature, and depolymerization time through the response
surface methodology, which maximized the BHET yield. This
study introduces a fast and simple method for PET
depolymerization.36–38
Fig. 2 Schematic diagram of synthesizing Ti–BA.
2. Experiment and methods
2.1 Materials and instruments

2.1.1 Materials. Waste PET akes (polyester beverage
bottles), benzoic acid (BA), ethanol, titanium ester, and other
chemicals were analytically pure, deionized water was used.
© 2023 The Author(s). Published by the Royal Society of Chemistry
2.1.2 Instruments. The infrared spectrometer (IR, Tensor
II), Bruker Co., Germany, scanning electron microscope (SEM,
TM-3000), Hitachi Co., Japan, laser particle size distributor (BT-
800), Bettersize, China, nuclear magnetic resonance hydrogen
spectrometer (1H-NMR, NEO-400), Bruker Co., Germany,
differential Scanning Calorimeter (DSC, DSC-822e), Mettler
Toledo, Switzerland, specic surface area and pore size analyzer
(BET, JT-2000), Beijing Jiaxinrui Technology Co., China.

2.2 Methods

2.2.1 Synthesis of Ti–BA catalyst. A certain amount of BA
and titanium ester were placed in a polytetrauoroethylene
bottle, stirred evenly, and then the polytetrauoroethylene
bottle containing the raw material was transferred to a water
bath at 130 °C and reacted for 24 h. The solid product in the
reaction bottle was washed with anhydrous ethanol several
times and dried under vacuum at 80 °C for 12 h to obtain
a white powdered product, which was the prepared catalyst and
called Ti–BA. The schematic diagram is shown in Fig. 2.

2.2.2 Depolymerization procedures. First, PET akes (5.0 g)
were washed and dried and a certain amount of catalyst, and EG
were added to the reaction ask, and the reaction was carried
out by magnetic stirring and reux condensation. The reaction
conditions for PET catalytic alcoholic cleavage were: reaction
temperature of 180, 200, and 220 °C, catalyst was activated for
a certain period before use, with an amount of 2% PETmass, EG
amount of 3, 4, 5 times of PET mass, the reaction time of 2, 3,
RSC Adv., 2023, 13, 17166–17178 | 17167
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Table 1 Experimental range and level of independent variables

Symbol Factor

Range and level

−1 0 1

A m(EG)/m(PET) 3.0 4.0 5.0
B Depolymerization temperature (°C) 180 200 220
C Depolymerization time (h) 2 3 4
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4 h (the time when the reaction system reaches the set
temperature as the reaction starting time). Aer the reaction,
the reaction mixture was ltered into deionized water, placed in
the refrigerator for 24 h, and nally, the product was ltered,
dried in a vacuum at 100 °C, and then weighed.

2.2.3 Analytical procedures. Aer the degradation experi-
ment, a certain amount of deionized water was added and
washed, and ltered; the lter cake was undepolymerized PET
oligomer, the undepolymerized PET oligomer was dried,
weighed, and recorded; the ltrate was a mixture of ethylene
glycol, deionized water, and BHET, put in the refrigerator and
refrigerated (5 °C) for 24 h. Finally, the product was ltered,
dried under vacuum at 100 °C and weighed, the BHET yield was
calculated using the formula:

Yield (%) = mc/ma × 100 (1)

ma = Ma × mb/Mb (2)

ma – the theoretical mass of BHET, g; mb – the mass of the
reacted PET, g;mc – the actual mass of BHET, g;Ma – the relative
molecular mass of BHET; Mb – the relative molecular mass of
the PET repeating unit.

2.2.4 Response surface optimization experiments. Using
the Design Expert 13.0 soware, the Box–Behnken central
composite design was adopted and the mass ratio of EG/PET
(A), reaction temperature (B), and reaction time (C) were
selected as independent variables, and the yield of BHET ob-
tained by catalytic degradation of PET was taken as response
value. The coding values of factors and levels for response
surface analysis are shown in Table 1.
Fig. 3 SEM of Ti–BA (a) and particle size (b).

17168 | RSC Adv., 2023, 13, 17166–17178
The data tting formulas used in this work are as follows.

RSS ¼
Xn

i¼1

�
xa;i � xp;i

�2
(3)

R2 ¼ 1�
Pn

i¼1

�
xa;i � xp;i

�2

Pn

i¼1

�
xp;i � xa;ave

�2 (4)

MSE ¼ 1

n

Xn

i¼1

�
xa;i � xp;i

�2
(5)

xa,i – true value; xp,i – predicted value; xa,ave – the average of the
true values.
2.3 Product characterization

Scanning electron microscopy (SEM) was used to characterize
the surface morphology of the catalyst. The particle size of the
catalyst was measured using a nanoparticle potentiometer. The
pore structure and specic surface area of the catalyst were
determined by a specic surface area and pore size analyzer,
and the gas used was N2, The functional groups in the catalyst
and BHET product were detected by infrared spectroscopy (IR),
and the test conditions were as follows, potassium bromide
plate method, wave number test range 400–4000 cm−1, The
structure of the product was determined by 1H-NMR, using
chloroform as a solvent; The melting point and enthalpy value
of the product were determined using DSC.
3. Results and discussion
3.1 Characterization of Ti–BA

3.1.1 Topography analysis of Ti–BA. The morphology and
particle size of the Ti–BA catalyst are shown in Fig. 3.

From Fig. 3a, it can be seen that Ti–BA is a regular octahedral
crystal with uniform size. To obtain the overall particle size
distribution of the particles, the particle size distribution of Ti–
BA was measured using a laser particle size distributor and is
shown in Fig. 3b; it showed uniform particle size distribution
between 20 and 100 mm, and the particle size of 50 mm has the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 IR spectrum of Ti–BA.
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widest distribution, accounting for about 75%. It can be
concluded from the SEM combined with the particle size
distribution that Ti–BA material is overall an ordered material,
uniform in size.

3.1.2 IR analysis. The IR spectrum of the Ti–BA catalyst is
shown in Fig. 4.

The vibration peaks at 3056.1 cm−1 and 1398.0 cm−1 in the
gure are the stretching vibrations of unsaturated C–H in the
benzene ring, and the vibration peaks at 1597.1 cm−1 and
1530.2 cm−1 are attributed to the breathing vibration of C]C in
the benzene ring, 651.9 cm−1 is the vibration of Ti–O bond, and
no carboxyl vibration peak was found in the range of 3300–
2500 cm−1, which proved that the carboxyl of benzene acid was
completely formed by coordination with the central Ti atom,
thus proving the successful preparation of Ti–BA from the
structure.

3.1.3 BET analysis. To determine the specic surface area
of the Ti–BA catalyst, we used the BETmethod for measurement
at 77 K. Fig. 5 shows the N2 adsorption–desorption isotherms of
Fig. 5 N2 adsorption–desorption isotherms of Ti–BA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the Ti–BA catalyst, and the specic surface area of the Ti–BA
catalyst was determined to be 313.9 m2 g−1, the catalyst has
a pore volume of 0.32 cm3 g−1 and a pore size of 4.1 nm, indi-
cating that it is a mesoporous material. The results of the
adsorption–desorption curve also indicate that the prepared Ti–
BA catalyst has a mesoporous structure. The high specic
surface area is benecial for the dispersion of active compo-
nents, thereby improving the catalytic activity of the catalyst.
3.2 Analysis and characterization of PET degradation
products

3.2.1 IR analysis. The IR spectrum of the PET degradation
product is shown in Fig. 6.

From Fig. 6, it can be seen that the absorption peak at
3274.6 cm−1 corresponds to the stretching vibration of the
BHET terminal hydroxy O–H, the strong absorption peak at
1718.5 cm−1 corresponds to the stretching vibration of the ester
C]O, the vibration peak of the aromatic C–H at 1411.3 cm−1,
the C–O vibration peaks at 1264.4 cm−1 and 1116.8 cm−1, and
the bending vibration in the aromatic ring at 892.6 cm−1. The
2944.2 cm−1 and 2866 cm−1 are the C–H vibration peaks of the
methylene in the EG chain. The infrared spectrum of the
product is consistent with the infrared spectrum of BHET,
which conrmed that the copolymer product was BHET.

3.2.2 1H-NMR analysis. The 1H-NMR spectral characteris-
tics of the PET degradation product are shown in Fig. 7.

1H-NMR analysis of PET alcoholysis product using chloro-
form as a deuterated reagent, 1H-NMR (400 MHz; CDCl3): d 8.11
(s, 4H), 4.52–4.46 (m, 4H), 4.01–3.95 (m, 4H), 2.16 (s, 2H).

3.2.3 DSC analysis. The following Fig. 8 shows the DSC
temperature rise curve of the PET degradation product, raising
the temperature from 25 °C to 200 °C at a rate of 15 °C in an N2

atmosphere.
The melting point of the BHET monomer is about 110 °C, so

DSC testing can be performed on the alcoholysis products
separated and puried from the depolymerization products to
preliminarily determine the presence of BHET in the products.
Fig. 6 IR spectrum of BHET.

RSC Adv., 2023, 13, 17166–17178 | 17169
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Fig. 7 1H-NMR of the PET degradation products in CDCl3.

Fig. 8 DSC temperature rise curve of the PET degradation product.

Fig. 9 Hydrolysis stability test of Ti–BA.
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Fig. 8 shows the DSC curve of a white needle-shaped crystal aer
separation and purication of the alcoholysis product, with an
obvious melting peak near 111 °C, consistent with the theo-
retical value of BHET. The enthalpy value of BHET was 139.38 J
g−1.

3.2.4 Hydrolysis stability test of Ti–BA catalyst. The
hydrolysis resistance of the Ti–BA catalyst was tested, Ti–BA was
placed in deionized water for hydrolysis, heated to boiling to
start timing, and samples with a heating time of 2, 4, 6, 8, and
10 h were taken for FT-IR analysis, as shown in Fig. 9. Compared
with the FT-IR at 0–10 h, it can be seen that the Ti–BA catalyst
still maintained the original structure that was not changed,
indicating that the Ti–BA catalyst had good hydrolysis resis-
tance. This showed that during the process of washing the
degradation products with deionized water, the catalyst will not
undergo hydrolysis and cause structural changes, which is
conducive to the recovery of the catalyst.

3.3 Response surface experiment results

3.3.1 Experimental results. According to the coding values
of the levels of each factor in Table 1 and the Box–Behnken
model, 17 groups of experiments were designed. Design-Expert
17170 | RSC Adv., 2023, 13, 17166–17178
13.0 soware was used for analysis, and a response surface
model was established. The design and experimental results of
the response surface curves are shown in Table 2.

3.3.2 Analysis of the ANOVAmodel. One of the RSM is BBD,
which is used to analyze various independent variables and
their interactions. In this research, we chose BBD because it is
easy and can decrease the number of experiments so it requires
fewer levels. Experiments were conducted as many as 17 times,
in which these experiments were used to approximate the
response surface and obtain the optimum yield of BHET.
Regression analysis of the BHET recovery rate and the numer-
ical values of the three factors A, B, and C, shown in Table 2, was
carried out by Design-Expert 13.0 soware, yielding a regression
model variance analysis table (Table 3) and a regression eqn (6).
The signicance of each variable to the BHET yield (response
value) in the regression variance was determined by the F test,
and the larger the F value, the greater the inuence on the
model. According to the F value of the three factors in the model
and the BHET yield, the main and secondary order of the three
inuencing factors on the catalytic activity is B > A > C. The
signicance level of the corresponding variable was judged by
the probability P value. The smaller the P value, the higher the
signicance level of the corresponding variable. From the
gure, it can be seen that the P values of the model, B, and AC
are all less than 0.01, indicating that the difference is extremely
signicant, and thus the selected model is meaningful.

The regression equation is as follows:

R = 85.20 − 2.15A + 5.90B + 1.60C − 0.5500AB

− 5.45AC − 3.20BC − 3.85A2 − 1.60B2 − 3.50C2 (6)

The R2 = 0.9279 and adj R2 = 0.8351, indicating that the
model has a good t with the experiment and the experimental
mist is small, so the regression equation can be used to replace
the real experiment points to analyze the experimental results.

“Adequate precision” was used to gauge the signal ratio
toward the noise, where the desired value was higher than 4.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Design and results of Box–Behnken

Run A B C Conversion/% Selectivity/%

BHET yield/%
Residual
(%)Actual Predicted

1 0 0 0 100 85.60 85.60 85.20 0.40
2 0 0 0 100 85.60 85.60 85.20 0.40
3 0 0 0 100 85.60 85.60 85.20 0.40
4 −1 −1 0 100 73.00 73.00 75.45 −2.45
5 −1 0 1 100 89.40 89.40 87.05 2.35
6 1 1 0 100 85.40 85.40 82.95 2.45
7 0 0 0 100 85.60 85.60 85.20 0.40
8 −1 0 −1 100 75.40 75.40 72.95 2.45
9 −1 1 0 100 86.00 86.00 88.35 −2.35
10 0 −1 −1 100 69.40 69.40 69.40 0.00
11 0 −1 1 100 79.10 79.10 79.00 0.10
12 1 0 −1 100 77.20 77.20 79.55 −2.35
13 0 0 0 100 83.60 83.60 85.20 −1.60
14 1 −1 0 100 74.60 74.60 72.25 2.35
15 0 1 1 100 84.40 84.40 84.40 0.00
16 0 1 −1 100 87.50 87.50 87.60 −0.10
17 1 0 1 100 69.40 69.40 71.85 −2.45

Table 3 Results of the analysis of variance

Source Sum of squares Degrees of freedom Mean square F value P value Signicanta

Model 634.3 9 70.48 10 0.0031 **

A 36.98 1 36.98 5.25 0.0557
B 278.48 1 278.48 39.52 0.0004 **

C 20.48 1 20.48 2.91 0.132
AB 1.21 1 1.21 0.1717 0.691
AC 118.81 1 118.81 16.86 0.0045 **

BC 40.96 1 40.96 5.81 0.0467 *

A2 62.41 1 62.41 8.86 0.0206 *

B2 10.78 1 10.78 1.53 0.256
C2 51.58 1 51.58 7.32 0.0304 *

Residual 49.32 7 7.05
Lack of t 46.12 3 15.37 19.22 0.0077
Pure error 3.2 4 0.8
Totalb 683.62 16

a * P < 0. 05, signicant difference; ** P < 0. 01, very signicant difference. b Total = model + residual R2 = 0.9279, adj R2 = 0.8351, predicted R2 =
−0.0867, std dev. = 2.65, mean = 80.99, CV% = 3.28, adequate precision = 9.3083.
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Whereas, the Adeq-Prec value of the model was 9.3083, where
this value denotes an adequate signal so that this model can be
used for navigating the design chamber. Besides, the relatively
low coefficient of variation (3.28) indicates a higher level of
precision and gives better reproducibility in conducting exper-
iments. The standard deviation of the model was 2.65, which
showed a good correlation between the experimental data and
prediction models. Thus, the established model provides
accurate and satisfying results for biodiesel production through
the transesterication process.

Fig. 10 represents the standardized Pareto chart for the Box–
Behnken model. This chart indicates that the B term (depoly-
merization temperature) is the most signicant and has a posi-
tive inuence on the yield. The other term that is most
signicant but has a negative inuence is AC.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.3.3 Response surface analysis. The response surface
contour plot is the best means to express the effect of several
parameters on the experimental results being investigated. In
order to more intuitively reect the inuence of the interaction
between each factor on the yield, the response surface and
contour map were made by taking each two of the variables EG/
PET quality ratio, reaction temperature, and reaction time as
independent variables.

Fig. 11 shows the 3-D and 2-D response surface graphs that
were established to show the effect of the interaction between
the EG/PET quality ratio and reaction temperature on BHET
yield, while the xed reaction time was 3 h.

As shown in Fig. 11, when the EG/PET quality ratio was xed,
the BHET yield increased with the increase of the reaction
temperature. When the yield of BHET was xed, the reaction
temperature required was lower than that under other quality
RSC Adv., 2023, 13, 17166–17178 | 17171
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Fig. 10 Standardized Pareto chart for the Box–Behnken method.
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ratios when the quality ratio was between 3.5 and 4.0. Therefore,
a proper increase in the reaction temperature can increase the
yield of BHET. This further proved that the inuence of the
Fig. 11 Effect of EG/PET mass ratio and reaction temperature on BHET

Fig. 12 Effect of EG/PET mass ratio and reaction time on BHET yield.

17172 | RSC Adv., 2023, 13, 17166–17178
reaction temperature on the BHET yield is greater than that of
the EG/PET quality ratio, which is consistent with the conclu-
sion obtained from the variance analysis of the regression
equation in Table 3. The highest yield of BHET was obtained
when the EG/PET quality ratio was 3.59 and the reaction
temperature was 217 °C.

Fig. 12 shows the 3-D and 2-D response surface graphs that
were established to show the effect of the interaction between
the EG/PET quality ratio and reaction time on the BHET yield,
while the reaction temperature was 200 °C.

As shown in Fig. 12, when the EG/PET quality ratio was xed,
the yield of BHET increased gradually with the increase of the
reaction time, and the highest yield of BHET was at 4 h reaction
time. When the reaction time exceeded 2.5 h, the yield of BHET
rst increased and then gradually decreased when the amount
of solvent EG was appropriately increased. The highest yield of
BHET was obtained when the EG/PET quality ratio was 3.59 and
the reaction time was 3.3 h.

Fig. 13 shows the 3-D and 2-D response surface graphs that
were established to show the effect of the interaction between
yield.

© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01460f


Fig. 13 The effect of the reaction temperature and reaction time on BHET yield.
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the reaction temperature and the reaction time on BHET yield,
while the EG/PET quality ratio was 4.

From Fig. 13, it can be seen that when the reaction time was
xed, the yield of BHET increased with the increase in the
reaction temperature. When the reaction temperature was xed,
prolonging the reaction time does not signicantly increase the
BHET yield, which further proved that the inuence of reaction
temperature on BHET yield is greater than that of the reaction
time, which is consistent with the conclusion obtained from the
Fig. 14 Fitted curve and error analysis, (a) 0-order (b) 1-order (c) 2-orde

© 2023 The Author(s). Published by the Royal Society of Chemistry
variance analysis of the regression equation in Table 3. The
highest yield of BHET was obtained when the reaction
temperature was 217 °C and the reaction time was 3.3 h.

Therefore, combining response surface analysis and regres-
sion equation prediction, the optimal process conditions for Ti–
BA catalyzed EG depolymerization of waste PET were the EG/
PET mass ratio of 3.59, reaction temperature of 217 °C and
reaction time of 3.3 h, the model predicted BHET yield was
89.51%. The experimental BHET yield of the above model
r (d) applicability of the BBD model to predicted response values.

RSC Adv., 2023, 13, 17166–17178 | 17173
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Fig. 15 Diagnostic plots for the Box–Behnken model adequacy.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

30
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
optimal reaction conditions was 90.01%, which is close to the
model predicted value, indicating that the model is reliable.

3.3.4 Depolymerization kinetic analysis. To study the
kinetic analysis of the depolymerization process, the tted
curves were obtained and R2, MSE, and RSS were calculated
based on the 0, 1 and 2-order reaction modeling (Fig. 14a–c). It
is not difficult to see that from the R2 value, the 2-order reaction
(R2 = 0.9826) can better reect the depolymerization process,
but from the RSS and MSE values, the 0-order reaction (MSE =

1.9926 × 10−8, RSS = 4.8780 × 10−8) can better reect the
depolymerization process. Fig. 14d shows the applicability of
17174 | RSC Adv., 2023, 13, 17166–17178
the Box–Behnken model to predict other response values, and it
can be seen that the predicted value has a good t with the
actual value (R2 = 0.9279), so the model has good applicability
and can be used to predict the response value under different
conditions.

3.3.5 Adequacy checking of the Box–Behnken model.
Generally, model adequacy testing is essential as part of model
validation when verifying the accuracy of models and verifying
the analysis of experimental data. An effective and accurate
mathematical model will provide a sufficient method for the
actual process.39,40 The diagnostic diagram of the adequacy of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Reusability of Ti–BA catalyst. Reaction conditions: 5.0 g PET,
2% Ti–BA catalyst, 3.3 h, 217 °C.
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the Box–Behnken model in the production of biodiesel by
transesterication is shown in Fig. 15. In Fig. 15a, the testing of
the normality hypothesis was studied using a graph of the
relationship between the normal% probability and the studied
residual. The experimental results showed that the experi-
mental values approach along a straight line, and the response
presents a normal distribution without variance. The graph of
the actual value and predicted value of BHET yield is shown in
Fig. 15b. It can be seen that there are data points near the
straight line, indicating that the model is relatively close to the
actual predicted value and has high reliability. This proves that
the model can improve the good relationship between response
variables and can be applied to optimization. At the same time,
the excellent tting of the model is analyzed through the rela-
tionship diagram between the experimental operation and
research residual (Fig. 15c). Fig. 15c shows that all data points
are still within the limit range of 0 ± 6. In Fig. 15d, since the
values of all leverage points are still in the range of 0 to 1, there
are no unforeseen errors in the obtainedmodel. In addition, the
distance value of Cook is still within the specied range
(Fig. 15e). The results shown in Fig. 15 are satisfactory, indi-
cating that the empirical model for calculating the yield of
BHET using the response surface method is sufficient.41
Table 4 Effect of catalyst on depolymerization of PET

Catalyst
Dosage of catalyst (w/w =

cat/PET); temperature; time; dosag

[deim][Zn(OAc)3] 16.7; 180 °C; 150 min; 7.33
ZnMn2O4 1%; 260 °C; 60 min; 17.2
Oyster shell-derived catalyst 1%; 195 °C; 45 min; 5
Zn(OAc)2-[Bmim][OAc] 33.3%; 190 °C; 180 min; 6.67
e-MON 0.01%; 200 °C; 30 min; 18.5
Zn(ac)2 0.2%; 190 °C; 150 min; 6
g-Fe2O3 5%; 300 °C; 60 min; 3.3
Co/RZnO 1%; 196 °C; 120 min; 8
(dimim)2[Fe2Cl4(m-ox)] 20%; 170 °C; 180 min; 6
Orange peel ash (OPA) 10.4%; 190 °C; 90 min; 5.2
Ti–BA 2%; 217 °C; 198 min; 3.59

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 The reuse performance of the Ti–BA catalyst

For reasons of economic and environmental suitability, we
examined the reusability of Ti–BA catalysts under our optimized
conditions to further depolymerize PET. Aer ltration, the
catalyst was washed with deionized water and then dried at 80 °
C for 6 h. Noting that this process typically loses 10% of the
catalyst, we supplement it with a fresh catalyst. Aer the catalyst
was cycled, the conversion rate of PET could still reach 100%,
but the decrease in selectivity led to a decrease in yield, which
could still reach 80.1% aer 3 cycles (Fig. 16).
3.5 Preliminary techno-economic calculation

We reviewed the depolymerization efficiency of some repre-
sentative catalysts, including ILs, acetates, metal oxides, and
biomass catalysts (Table 4). From the perspective of the effi-
ciency of the catalytic reaction, ZnMn2O4, e-MON, and Ti–BA as
catalysts for ethylene glycol decomposition of PET could obtain
better BHET yield, of which e-MON catalyzed BHET was the
highest, but the amount of EG required 18.5 times the mass of
PET, and the dosage of ionic liquid catalytic depolymerization
process was higher, up to 33.3%, but the BHET yield was still
very low (45.6%), and the BHET yield of this work was 90.01%.
Zn(AC)2, ZnMn2O4 catalyst depolymerization BHET products
with color, oyster shell-derived catalyst, and orange peel ash
(OPA) use biomass catalyst, undoubtedly the most benecial to
the environment, but BHET yield was still not high, the color of
BHET in this work was white. The depolymerization speed of
ZnMn2O4 and g-Fe2O3 is fast, but the depolymerization
temperature is high, the amount of IL catalyst is extremely high
and the amount of EG is large, which undoubtedly increases the
economic cost in the process of polymerization. In summary, it
can be seen that Ti–BA is a kind of depolymerization catalyst
with high catalytic activity, and high-efficiency depolymeriza-
tion can be achieved with less Ti–BA and EG.

We performed a preliminary techno-economic calculation of
the raw materials in the depolymerization process (taking 1 ton
of waste PET as an example), as shown in Fig. 17, compared with
the ethylene glycol depolymerized PET of other catalysts
because the raw materials for its depolymerization are the
same, only there are differences in the catalyst, and the amount
of EG in this scheme is less than the amount of EG reported in
e of EG (w/w = EG/PET)
Yield of BHET
(%) Reference

69.55 42
92.2 43
64.98 27
45.6 44

100 45
86.82 46

>90 47
80 24
89 48
79 49
90.01 This work
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Fig. 17 Preliminary techno-economic calculation during Ti–BA
depolymerization.
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other studies; in addition, the material of the synthesis catalyst
is cheap, the synthesis method is simple, and the catalyst cost is
lower than that reported for ILs and nanometal oxides. There-
fore, in this scenario, it is technically economically feasible and
a net prot of 455.8 RMB per ton of waste PET can be estimated
by calculation.

3.6 Analysis of Ti–BA alcoholysis mechanism

Based on the experimental results of this study, the experi-
mental mechanism of Ti–BA-catalyzed EG depolymerization of
waste PET is as follows. The depolymerization process was
carried out in two steps, as shown in Fig. 18. First is the acti-
vation process of the catalyst, the titanium atom in Ti–BA forms
a coordination structure with the hydroxyl group of ethylene
glycol, which is a reversible reaction. Secondly, in the EG
depolymerization of PET, aer the catalyst is activated, the Ti–
Fig. 18 Ti–BA-catalyzed PET alcoholysis reaction mechanism.

17176 | RSC Adv., 2023, 13, 17166–17178
BA with an empty orbital structure can attack the ester group in
the PET molecular chain to undergo nucleophilic substitution,
and the titanium atom and oxygen atom cooperate to break the
carbonyl double bond into a single bond, thus realizing the
break of the PET main chain into low-molecular-weight PET,
and the PET oligomer can repeat the above-mentioned breakage
process to obtain the BHET monomer.
4. Conclusions

Ti–BA catalyst was prepared from BA and titanium ester by
a hydrothermal method, with the optimal conditions as follows,
reaction temperature of 130 °C and reaction time of 24 h. The
prepared Ti–BA material had a regular morphology structure,
uniform size, and particle size distribution between 20–100 mm,
the specic surface area was determined to be 313.9 m2 g−1,
pore volume was 0.32 cm3 g−1 and pore size was 4.1 nm.

Ti–BA catalyst was used to catalyze the EG depolymerization
of PET. The response surface method was used to optimize the
depolymerization conditions of PET. For the Ti–BA catalyst, it
was observed that the m(EG)/m(PET) (A), depolymerization
temperature (B), and depolymerization time (C) coded param-
eters positively affected the depolymerization process according
to the approximation functions obtained from RSM. It was
determined that the most effective independent variable among
the approximation function coefficients was depolymerization
temperature. The optimal process conditions were obtained:
EG/PET mass ratio of 3.59, reaction temperature of 217 °C and
reaction time of 3.3 h, under which the catalyst dosage was 2%,
the PET mass and the BHET yield were 90.01%, which was close
to 89.51%, predicted by the model.

The prepared Ti–BA catalyst had a good catalytic effect in the
EG depolymerization of PET. The highest yield of BHET could
reach 90.01%, and the yield of the catalyst could still reach
80.1% aer three cycles. The high-efficiency EG depolymeriza-
tion of PET was attributed to the synergistic effect of titanium
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ions and deprotonated ethylene glycol, which could greatly
increase the catalytic activity of Ti–BA. This study can provide
certain references for the degradation of PET waste and other
ester exchange reactions.
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