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Abstract: This work is concerned with polyethylene terephthalate (PET) saponification by different
potassium compounds in various polyols as well as biodiesel’s main by-product, crude glycerol.
It was established that reaction conditions (initial PET/K+ molar ratio, reaction time, etc.) could
control the molecular weight of obtained oligomeric products. In ethylene glycol, depolymerization
proceeds rapidly, and already at 10-30 min, PET is completely dissolved in the reaction mixture
with the formation of liquid oligomers. Then, these oligomers react with potassium compounds,
and after 200 min of the process, there are only solid, low-molecular-weight products (dipotassium
terephthalate, monomers, and dimers). At the same time, PET saponification in pure glycerol is less
effective, and solid polyether flakes could not fully decompose even after 200 min of the process.
Crude glycerol takes the middle position between pure polyols. Based on the obtained data, an
improved kinetic model was developed, and rate constants were estimated. This model takes into
account PET saponification by potassium salts as well as direct PET glycolysis. Ethylene glycol is
formed in situ by transesterification between fatty acid ethylene glycol esters and glycerol in the case
of pure and crude glycerol.

Keywords: depolymerization; waste PET; saponification; intercalation; glycolysis; crude glycerol;
ethylene glycol; kinetics

1. Introduction

The accumulation of PET waste is one of the most important problems of the 21st
century. Due to its structure, PET waste practically does not decompose in the environment,
but at the same time, it is physically crushed into microplastics. Due to their extremely
small size, microplastics transfer into water, minerals, and the human body [1-4]. To solve
this problem, it is necessary to create effective technologies for recycling PET waste. To
date, physico-mechanical methods of depolymerization are the most used methods because
of their relative simplicity of design. On the other hand, depolymerization via physico-
mechanical methods reduces the quality of the resulting secondary PET due to the processes
of thermal and hydrolytic destruction, which limit the usage of such materials [5,6]. From
the point of view of the quality of the obtained products, the methods of chemical PET
recycling are the most promising. These methods make it possible to produce a chemically
pure product from waste materials. The majority of the processes involve the synthesis
of monomers (terephthalic acid (TPA), bis(2-hydroxyethyl) terephthalate (BHET), and
dimethylterephthalate) [7-9]. Only a few studies have looked into the depolymerization
of waste PET into oligomers [10]. At the same time, the polymer composites market is
rapidly growing because it is used in construction and building; by 2027, it is expected to
increase almost twice as much by volume and value [11], and polyurethane materials are
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an essential part of it. Polyols with terminated hydroxyl groups in their composition define
the elastomeric properties of the compounds [12]. Therefore, there are several processes
for the production of polyurethanes from BHET obtained from post-consumer PET [13,14].
Using hydroxyl-terminated polyols with long carbon chains makes it possible to provide
polyurethanes with unique properties [15,16]. Additionally, terephthalic oligomers have
great potency in this field, but their production from pure TPA and ethylene glycol is
quite complicated [17]. On the other hand, waste PET saponification is one of the simplest
methods of polyether treatment [7,18]. Their main disadvantage is the production of a
large amount of wastewater that contains a lot of salt. There are two popular models for
describing the PET depolymerization process: the “first-order reaction” model [17] and
the “shrinking core” model [18]. Despite the fact that the second is more complicated,
most studies only determine kinetic parameters by varying the amount of polyester. In our
previous work [19], we studied the patterns of PET waste decomposition by the potassium
compounds contained in crude glycerol. It was found that PET depolymerization occurs
both through the outer surface of the solid-liquid phase contact and through the inner one
due to the formation of stable intercalates [20]. The proposed model described experimental
data with high accuracy at low PET/potassium soap molar ratios and with less accuracy
at high ratios of reacting compounds. This may be explained by PET depolymerization
not only by potassium compounds but also by the direct glycolysis of polyester by polyols
contained in the reaction mixture.

The goal of this work is to investigate the effect of compounds found in crude glycerol
(fatty acids, methyl esters, potassium soaps) on PET depolymerization, compare process
patterns in different polyols, and improve the kinetic description of the processes by
accounting for possible PET interactions with polyols.

2. Materials and Methods
2.1. Materials

As a major feedstock, crude glycerol (purchased from “AVK-HIM” Ltd.) was used.
It contains almost equal amounts of glycerol and potassium soaps (Table 1). PET bottles
from soft drinks were used as waste products. After double flushing with distilled water,
they were cut into square flakes with a side length of 3-5 mm. Pure glycerol (GOST
6824-96), ethylene glycol (GOST 10164-75), and potassium stearate (KSt) (Huzhou City
LinghuXinwang Chemical Co., Ltd., Huzhou, China) were used as feedstocks without any
preparation. Ethanol (GOST 5962-2013) was used for product mixture separation.

Table 1. Composition of crude glycerol.

Compound Content, % wt. Composition of FAMEs Fraction
Cieopalmitic 10.2
Fatty acid methyl 45 Cig.0+15tearic + oleic 67.4
ethers (FAMEs) Cygalinoleic 21.9
Cig3linolenic 0.5

Glycerol 50.4

Potassium salts of
fatty acids * (KSt)

*—as potassium stearate.

45.1

2.2. Method of PET Depolymerization

Measured amounts of polyol and KSt were placed in a 100 mL three-necked glass
reactor equipped with a magnetic PTFE stirrer, a condenser, and a thermometer. An empty
neck was used for waste PET addition into the reaction mixture after heating it up to the
required temperature. The depolymerization was performed at 170 °C or 190 °C with a
stirring rate of 200-250 rpm.
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2.3. Method of Product Mixture Separation

Before the separation process, the reaction kettle was cooled to 40-50 °C, and afterward,
excess ethanol was added to form the suspension of unreacted polyester particles and
form oligomers in alcohol. All other components of the reaction mixture were dissolved
in ethanol and were isolated after two-stage filtration and ethanol removal by vacuum
distillation. The obtained precipitate was twice washed with ethanol and then dried in an
oven. At the last stage, the precipitate was mixed with distilled water for unreacted PET
isolation. The molecular mass of PET was calculated from its repeating unit (192 g/mol)
and was considered for further calculations. The weight of the formed oligomeric products
was determined according to Equation (1):

Moligo = Mprecipitate — MPET 1)

where mge, represents the weight of the formed oligomers, g; Mppecipitate TEPTEsents the
weight of precipitate obtained after filtration; and mpgr represents the weight of the resid-
ual PET.

2.4. Methods of Products Analysis

Potentiometric titration was carried out on a titrator of the model Metrohm 794. To
determine the potassium salt content of liquid products, BasicTitrino was used. Isopropanol
was used as a titration solvent. Equation (2) was used for the calculation of the remaining
potassium soaps in the liquid phase after the reaction (rngg;):

Vucr X Cher X Miiguid
msamplg * 1000

2

ngst =

where Vi and Cpycp represent the volume and concentration of HCl used at titration,
respectively; igqpj, represents the weight of the titrated sample; and Miiquig- represents the
weight of the remaining liquid products.

The amount of dissolved PET was measured by gravimetry as the difference between
the initial PET weight and the residual PET weight after the process.

The ester number (EN) was measured as follows: a sample (0.5-0.7 g) was placed in
a conical flask with a volume of 100 mL, and then 20 mL of a 0.1 M alcoholic solution of
potassium hydroxide was added. Then, the sample, along with a blank sample containing
only KOH solution, was placed in a water bath for 60 min. The samples were then titrated
with an HCI solution. The EN was calculated according to Equation (3):

I
ey - 201X (Vhank — v P x Che

®)

Msample

where 56.1 is the molar mass of potassium hydroxide; V}f}g’f" and Vf?gllp te represent the
volumes of aqueous hydrogen chloride solution for the titration of the blank and studied
samples, respectively; Cpc; represents the concentration of hydrogen chloride solution; and
Msample TEpresents the weight of the studied sample.

3. Results
3.1. General Patterns of PET Depolymerization Process

In our previous work, we reported that at 170 °C, PET decomposition in crude glycerol
began after decreasing a sufficient amount of potassium ions, and only increasing the
temperature up to 190 °C leads to a parallel reaction of both reagents [17]. However, at
the same temperature, the situation in pure ethylene glycol is the opposite: initially, there
was an increase in the amount of reacted PET. When it reached its limit, the potassium ion
concentration in the remaining liquid mixture began to fall (Figure 1). Simultaneously, the
amount of reacted KSt weight in the solid oligomer increases (Figure 2). Obviously, it can
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be said that at the beginning, PET dissolution proceeds with the formation of potassium-
containing liquid oligomers, so potassium ions are still present in the liquid mixture and
can still be determined by titration. With an increase in reaction time, these oligomers
start reacting with potassium compounds, resulting in the formation of solid products
(dipotassium terephthalate (DPT), BHET, dimers, and trimers) that lead to the transfer
of potassium ions to the solid phase, and they become unavailable for determination by
titration of the reaction mixture.
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Figure 1. Waste PET dissolves in ethylene glycol for different initial molar ratios of PET/KSt at
190 °C. Horizontal lines are total amounts of PET; vertical lines are total amounts of KSt.
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Figure 2. The precipitate formation in ethylene glycol for different initial molar ratios PET/KSt at
190 °C. Horizontal lines are total amounts of PET; vertical line is total amount of KSt.

At the initial molar ratio of PET/ KSt of 1.5, the weight of oligomers begins to exceed
the initial weight of waste PET. This fact can be explained by changing the composition
of the formed products. At these conditions, it begins to include fragments of stearic acid,
having a significantly higher molecular weight. This is also confirmed by an increase in the
values of the ether number of the precipitate. Thus, with an initial PET/KSt ratio of 0.3, the
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ether number is 30 mg KOH/g, and with an increase in the reagent ratio to 1.5, the ether
number increases to 327 mg KOH/g (Figure 3).
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Figure 3. The change in the ether number of the formed oligomers after 300 min of the PET depoly-
merization by KSt in ethylene glycol at 170 °C and a different PET /KSt ratio.

At the same time, PET depolymerization in chemically pure glycerol is slower than in
ethylene glycol, and significant polyether conversion cannot be achieved even after 200 min
of the process (Figure 4). This fact can be explained by the lower solubility of polyester
chains in glycerol [18]. As a result, at all ratios of reagents, a large excess of potassium
equivalents is maintained in the solution, which leads to the complete decomposition of
polyester chains to monomeric units (dipotassium terephthalate). This is confirmed by a
linear increase in the weight of the precipitate with an increase in the mass of dissolved
PET (Figure 5). The ester number of precipitate is close to 0 mg KOH/g and practically
does not change.
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Amount of reacted KSt, mole

Figure 4. There is a correlation between the decrease in determined potassium ions and the amount
of PET dissolved in pure glycerol for different initial molar ratios of PET/KSt at 170 °C. Horizontal
lines are total amounts of PET; vertical lines are total amounts of KSt.
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Figure 5. There is a correlation between the weight of the obtained oligomers and the weight of PET
dissolved in pure glycerol for different initial molar ratios of PET/KSt at 170 °C. Horizontal lines are
total amounts of PET; vertical lines are total amounts of KSt.

After cooling the reaction mixture obtained at PET depolymerization in glycerol at
190 °C, its viscosity becomes very high, and it cannot be separate completely. More likely,
the reason for that is the formation of oligomers, which are liquid at the depolymerization
temperature and semi-solid at room temperature.

Moreover, it was noticed that the basic regularities of PET depolymerization by crude
glycerol at 190 °C and a low PET/K" molar ratio described in our previous work [17]
do not suit the process at the same temperature and a high PET/KSt molar ratio. With
increasing initial PET/KSt molar ratios up to 1.0 and 1.5, the regularities of the process take
on features at 170 °C in ethylene glycol (Figure 6). Precipitation formation occurs when
a significant amount of potassium ions in the reaction mixture are reacted and generally
coincides with the time of complete PET dissolution (Figure 7).

0.25

0.2

0.15 ——PET/KSt=0.3

—#—PET/KSt=0.5
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Amount of dissolved PET, mole

0 0.05 0.1 0.15

Amount of reacted KSt, mole

Figure 6. For different initial molar ratios of PET/KSt at 190 °C, there is a correlation between the
decreasing amount of determined potassium ions (as potassium stearate equivalents) and the amount
of dissolved PET. An initial amount of KSt—0.156 mole. Horizontal lines are total amounts of PET;
vertical lines are total amounts of KSt.
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Figure 7. The mass of the precipitate formed at 190 °C with an initial amount of KSt = 0.156 mole
correlates with the decreasing amount of determined potassium ions (as potassium stearate equiva-
lents). The vertical line is the total number of potassium ions, the horizontal lines are the total mass
of PET for each series of experiments, and the experimental points from left to right corresponded to

an increase in reaction time from 10 to 200 min.

Fatty acid ethylene glycol esters (FAEGESs) are a by-product of PET saponification by
potassium soaps that remain in the liquid mixture after product separation, leading to an
increase in ester number (Figure 8). At first, the EN of crude glycerol is 11 mg KOH/g.
Its value is determined by the content of FAMEs. At the low PET/KSt initial molar ratio
(0.3), PET dissolution proceeds rather quickly with the formation of mainly dipotassium
terephthalate [19], as a result of which no liquid oligomers remain in the reaction mass
and the increase in the ether number is due only to the accumulation of FAEGEs. The
amount of FAEGEs formed increases as the PET /KSt initial molar ratio of 1.5 increases.
At the same time, several PET fragments remain in the liquid phase in the form of liquid
oligomers. Therefore, it leads to EN increasing up to 126 mg KOH/g. The presence of
FAEGEs in the reaction mixture confirms the theory of their transesterification with glycerol
with the formation of ethylene glycol, which we proposed in our early work [21]. The
increase in the initial amount of PET leads to the accumulation of ethylene glycol, which is
a highly effective PET depolymerizing agent, so PET glycolysis cannot be ignored in the
kinetic model.
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Figure 8. The change in the ether number of the reaction mass over time during the depolymerization
of crude glycerol at 190 °C and a different PET /KSt ratio.
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3.2. Kinetic Patterns of PET Depolymerization Process

According to the difference in ethylene glycol and glycerol activities described above
and the confirmed presence of FAEGEs in the reaction mixture, the improved general

scheme of the process (Figure 9) consists of four general stages:

(1) PET saponification by potassium compounds through intercalate formation;
(2) PET saponification by potassium compounds through the outer surface;

(38) Transesterification of FAEGEs with glycerol with the formation of ethylene glycol

(EG) and fatty acid glycerol esters (FAGEs);
(4) PET glycolysis via in situ forming ethylene glycol.

0,0
~ "0 0.0 OH
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Figure 9. General scheme of the PET saponification process.

The first two stages were fully described in our previous work [19]. They can be

described by a system of Equations (4)—(11):

d[KOH]
dt

— —k;-[KOH]-[PET]

d[Int]
dt
d[Oligol]
dt

= ky-[KOH]-[PET] — kyy-[Int]

= ky1-[Int] — k1p-[KSt]-[Oligo1]

d[KSH]
at

% — ky-[KSt]-[PET] — ky-[Oligo 2] — ky-[EG]-[Oligo2]

= —ky-[KSt]-[PET] — kap-[Oligo 3]-[KSt] — k1-[KSt]-[Oligo1]

d[Oligo 3]
dt
d[DPT]
dt
d[PET)
dt
where [KOH]—amount of active part of potassium soaps;

= kzl'[OligO 2] — kzz'[OligO 3]'[I<St]

= kyp-[KSt]-[Oligol] + kop-[Oligo 3]-[KSt]

— —k;-[PET]-[KOH] — k- [PET]-[KSt]

(4)

©)

(6)

@)

®)

)

(10)

(11)
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[PET]—amount of initial PET;

[Int]—amount of formed potassium intercalates;

[Oligo1]—amount of formed oligomer fraction with low molecular weight;

[KSt]—amount of potassium soaps;

[Oligo 2] and [Oligo 3] —-amount of formed intermediate oligomer fractions;

[EG]—amount of formed ethylene glycol;

[DPT]—amount of formed DPT,;

ki1, k11, k12, ko, k21, k2o, ky—rate constants of the corresponding reactions.

The third stage includes the interaction of FAEGEs with glycerol and can be described
by Equations (12)—(14). Because the reaction mixture contains a huge excess of glycerol com-
parable to FAEGEs and ethylene glycol, it was accepted that transesterification is irreversible.

@ — kpy[KSH]-[Oligol] + knn-[Oligo 3] [KSH] — kx-[Gly]- [FAEGEs]  (12)
d[;;tly] — —ks[Gly]-[FAEGEs] (13)

where [FAEGEs]—amount of formed fatty acids ethylene glycol esters;

[Gly]—amount of glycerol;

ks—the rate constant of the corresponding reaction.

The fourth stage is the glycolysis of polyester to form ethylene glycol. The initial PET
reacts rapidly with potassium compounds to form high-molecular-weight intermediates
(intercalates and Oligo2), but the intercalates are located inside the layered structure of
plastic and, therefore, are inaccessible to polyol. Thus, it was accepted that an intermediate
product located on the surface of solid particles (oligo2) interacts with ethylene glycol. This
stage can be described by Equation (15).

d[BHET]

5 = ka[EG]-[Oligo2] (15)

where [BHET] represents the amount of formed bis-2 hydroxyethylene terephthalate.

Basic principles of experimental data processing were presented in previous work [17].
As a result of this procedure, the values of all the observed rate constants of the differential
system of Equations (4)—(15) were obtained (Tables 2 and 3).

Table 2. Parameters of Equations (4)-(15) for PET depolymerization by KSt in pure polyols.

k2

Polyol " k1 ki k12 1 k21 k2 ks ks
» Type [PETL/[K" 1o mol-*min-1  min—1 mol-1*min—1 *nn?i’rlrl min—1 mol-*min-1 mol-"*min-1 mol-1*min-1
1 0.3 0.210 0.090 6.000 9.500 0.080 7.000 - 0.300
—, Ethylene
2 glycol 0.5 0.140 0.090 5.500 7.000 0.080 5.000 - 0.250
3 1.5 0.030 0.090 0.600 0.850 0.080 0.310 - 0.025
4 0.3 0.75 0.022 2.8 0.99 0.0001 0.65 15 0.0005
5 Glycerol 05 0.68 0.022 2.5 0.92 0.0001 0.5 15 0.001
6 15 0.14 0.022 15 0.71 0.0001 0 15 0.022
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Table 3. Parameters of Equations (4)-(15) for PET depolymerization by crude glycerol.

k
e °t(,1 [PETIo/[K* o [Kn?(:-lI b [Elsotllo molk*11 *min—1 mlicl%llf1 mol*{(’}:nin*1 *ﬁ(f;—ll mli?\l*1 molﬁzimin*1 m()l*k13’*min*1 mol*{f:lmin*1
1 0.3 0.047 0.11 0.11 0.03 0.040 1.2 0.035 0.05 0.0105 0.65
7 0.5 0.047 0.11 0.11 0.03 0.008 0.2 0.035 0.008 0.0085 0.53
73 170 1.0 0.047 0.11 0.114 0.03 0.006 0.12 0.035 0.005 0.0065 0.36
7 1.5 0.047 0.11 0.015 0.03 0 0.042 0.035 0 0.0045 0.25
5 0.4 0.049 0.117 15 0.06 1.9 7.5 0.07 15 0.95 2
T 0.5 0.049 0.117 1.35 0.06 0.5 3.1 0.07 0.55 0.55 1.7
77 190 1.0 0.047 0.11 0.185 0.06 0 0.45 0.07 0 0.085 0.5
78 15 0.047 0.11 0.068 0.06 0 0.12 0.07 0 0.0105 0.4

As a result of the optimization, a mathematical description of the kinetics of the PET
depolymerization was obtained (Figures 10a—c and 11a—d). At the same time, a novel
model presented a better description of the process, which can be proved by the accuracy
of the approximation (R?) for the correlation of experimental and calculated values of the
amounts of PET and total determined potassium ions according to typical curves presented
in Figure 12a,b.
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Figure 10. Experimental (dots) and calculated amounts of PET in different polyols according to
previous (dotted) and new (solid) models at different reaction conditions: (a): 170 °C PET/KSt = 0.3;
(b): 170 °C PET/KSt = 0.5; (c): 170 °C PET/KSt = 1.5.

The data show that at low initial PET/KSt molar ratios (Figures 10a,b and 11a,b),
the amount of obtained FAEGEs is low due to the low amount of dissolved PET, and the
transesterification reaction proceeds to a minor extent. There is almost no ethylene glycol
in the reaction mixture under these conditions. At the same time, there is a huge excess
of potassium compounds that degrade PET into dipotassium terephthalate, which cannot
react with polyols. The amount of FAEGEs obtained increases as the initial amount of
PET molar weights of the formed oligomers increases. This leads to in situ ethylene glycol
formation with further interactions between the formed polyol and high-molecular-weight
oligomers. It should be noted that the real process is more complicated than the presented
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kinetic scheme. Ethylene glycol can react with different PET oligomers, not only Oligo 2.
However, due to the high accuracy of the description, it was decided to simplify the model.

Amount, mole
Amount, mole

*PET * PET

A KSt AKSt

Amount, mole
Amount, mole

Time, min Time, min

¢ d

Figure 11. Experimental (dots) and calculated amounts of PET and potassium compounds in crude
glycerol according to the previous (dotted) and new (solid) models at different reaction condi-
tions: (a) 190 °C PET/KSt = 0.4; (b) 190 °C PET/KSt = 0.5; (c) 190 °C PET/KSt = 1.0; (d) 190 °C

PET/KSt=1.5.
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Figure 12. Correlation between calculated and experimental amounts of PET and total potassium
ions at PET/KSt = 1.5 molar ratio and different reaction conditions: (a) in different polyols at 170 °C;
(b) in crude glycerol at 190 °C.

3.3. Influence of Crude Glycerol Composition on the Process Kinetics

Crude glycerol is a by-product, and its composition can vary widely. Therefore, it was
extremely important to study its influence on the PET depolymerization process. For the
analysis of the influence of different potassium compound contents, 0.072 mol of potassium
hydroxide was added to the reaction mixture (Figure 13 experiment 1), or 50 g of pure
glycerol was added to the 87 g of crude glycerol (Figure 13 experiment 3). The parameters
of the kinetic model are presented in Table 4. These values of observed rate constants
provide a good match between the model and the experimental data (Figure 14).
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Figure 13. Experimental (dots) and calculated (lines) amounts of potassium compounds (a) and
PET (b) at 170 °C, and the initial amount of PET of 0.156 mol: Experiment 1: with the addition of
KOH; Experiment 2: standard experiment with crude glycerol; Experiment 3: with the addition of
pure glycerol.
Table 4. Parameters of Equations (3)—(14) for different initial potassium amounts.
k2
t, [KOH], [KStly k1 k1 ki 1 k21 k2 ks ky
e °C [PETly mol mol mol - 1*min-1 min-1 mol-1*min—1 *11?1?111*1 min—1 mol - 1*min-! mol *min-1 mol *min-1
1 0.119 0.11 0.317 0.03 0.016 0.12 0.035 0.011 0.0065 0.58
2 170 0.156 0.047 0.11 0.114 0.03 0.006 0.12 0.035 0.005 0.0065 0.36
3 0.029 0.073 0.076 0.03 0.011 0.08 0.035 0.007 0.0043 0.05
0.25
R2=0.9468

0.2

0.15

0.1

Calculated amount, mole

0.05

0 0.05 0.1 0.15 0.2 0.25
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Figure 14. Correlation between calculated and experimental values.

From the presented data, it can be seen that, regardless of the initial amount of
potassium compounds, their complete conversion cannot be achieved. At the same time,
the rate of PET depolymerization increases significantly with an increase in the content of
potassium ions. This could be because in the absence of PET, its complete decomposition to
dipotassium terephthalate (DPT) occurs, leaving an excess of potassium soaps in solution.
At high PET/KSt ratios, due to the kinetic features of the reactions, the main products
are oligomers with a large molecular weight (dimers, etc.), which are poorly soluble in
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the reaction medium. As a result, during depolymerization, they precipitate and become
inaccessible to potassium compounds dissolved in crude glycerol. Whichever is more
important, it should be noted that the intercalate formation constant increases significantly
when potassium hydroxide is added to the reaction mass, while the remaining constants
practically do not change. Therefore, this confirms the theory about the partial hydrolysis
of potassium soaps in crude glycerol into potassium hydroxide.

Based on the obtained data, for each PET /K+ ratio, the values of the rate constants
can be found by using Equations (16)-(22):

k1
!/
k' = om], (16)
ki1 = ki (17)
; ki
klz - [KSt]O (18)
ko
r_
k2 [KSt], (19)
ko' = ko (20)
; ko
k3
r_
' = Kt 22)

where ki, k11, k12, k2, k21, k22, k3, kas—observed rate constants of the corresponding reactions;
ki, k11', k12!, ko', k1!, ko', ks, ka'—rate constants of the corresponding reactions;
[KOH]p—initial amount of potassium hydroxide;
[KSt]p—initial amount of potassium soaps.
The values found for the rate constants are presented in Table 5.

Table 5. Parameters of Equations (3)—(14) according to Equations (15)-(21) for different initial
potassium amounts.

k/
N t, [PETI, [KOH], [KStlo k1 K'n k' m012*1 k'n Ky K3 ka
°C mol mol mol-1*min—1 min-1 mol-1*min—1 *min-1 min—1! mol-1*min-! mol-1*min-! mol-1*min-1
1 0.119 0.11 2.646 0.030 0.150 1.089 0.035 0.101 0.059 2.646
2 170 0.156 0.047 0.11 2.654 0.030 0.145 1.091 0.035 0.100 0.059 2.654
3 0.029 0.073 2.651 0.030 0.055 1.091 0.035 0.045 0.059 2.651

The presented data confirm that the constants of the reactions of high-molecular-
weight intermediate compounds decomposing into low-molecular-weight compounds (ki1
and kj;) do not depend on the initial concentration of potassium compounds. At the same
time, the reaction constant of intercalate formation (k1) strongly depends on the number
of active potassium ions to which the potassium hydroxide belongs. The initial content of
less active potassium soaps also influences the remaining decomposition reactions of PET
and high-molecularweight oligomers to low-molecular-weight monomers (ky, k12, k27), as
well as the transesterification constant (k3). It should also be noted that the constancy of
constants with a different PET/K+ ratio and a constant initial amount of plastic confirms
the theory that the PET depolymerization rate is limited by the phase contact surface.
Theoretically, depolymerization at a temperature higher than the melting point of PET
(245 °C) can solve this problem. However, it is impossible to carry out such a process
in crude glycerol since the polycondensation of glycerol begins at temperatures above
200 °C [20].
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Thus, taking into account Equations (16)—(22), the parameters of the system of
Equations (4)—(15) describing the process of depolymerization with crude glycerol at differ-
ent amounts of PET will have the values presented in Table 6.

Table 6. Parameters of Equations (3)—(14) according to Equations (15)—(21) for different temperatures
and PET/KSt molar ratioss.

K>

t, +1. [KOH], [KStlo k1 K'n k' 1 k'n K K3 ka
e °C [PETIo/[K* o mol mol mol-1*min—1 min-1 mol-1*min—1 *E(i)rlrl min—1 mol-1*min-! mol-1*min-! mol-1*min-1
1 0.3 0.047 011 3.953 0.03 0.025 1.229 0.035 0.049 0.095 0.65
2 0.5 0.047 011 2.558 0.03 0.010 0.255 0.035 0.010 0.077 0.53
170
3 1.0 0.047 011 2.651 0.03 0.008 0.169 0.035 0.007 0.059 0.36
4 15 0.047 0.11 0.349 0.03 0.000 0.065 0.035 0.000 0.041 0.25
5 0.4 0.049 0117 30.612 0.06 2.236 8.825 0.07 1.765 8.120 2.00
6 0.5 0.049 0117 27551 0.06 0.602 3.734 0.07 0.663 4701 1.70
19
7 0 1.0 0.043 011 4302 0.06 0.000 0.634 0.07 0.000 0.773 0.70
8 15 0.043 0.11 1.581 0.06 0.000 0.185 0.07 0.000 0.095 0.40
FAMEs are another important group of impurities in crude glycerol. For the study
of their influence on PET depolymerization, different amounts of FAMEs were added to
the reaction mixture while maintaining its constant volume. The initial PET/KSt molar
ratio was 1.0, and the temperature of the process was 170 °C. As a result, it was determined
that the amount of FAMEs does not affect the PET depolymerization (Figure 15), and the
process can be described with parameters from Table 5 under the corresponding conditions.
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Figure 15. Experimental (dots) and calculated (lines) amounts of potassium compounds (a) and PET
(b) at 170 °C and the initial amount of PET 0.156 mol: Experiment 1—an initial amount of FAMEs of
0.04 mole; Experiment 2—an initial amount of FAMEs of 0.07 mole; Experiment 3—an initial amount
of FAME:s of 0.11 mole.

4. Conclusions

In this work, it was determined that the rate of PET saponification highly depends
on the type of polyol. The ethylene glycol-crude glycerol-pure glycerol PET conversion
decreases for the second time in a row. The first one is the most effective, and PET can be
fully decomposed after 30 min of reaction; in glycerol, 100% conversion of PET could not
be achieved. The PET depolymerization by potassium soaps in polyols is a complicated
process. It includes not only polyester’s interaction with potassium compounds but its
direct glycolysis via polyols. The first direction leads to the formation of dipotassium
terephthalate and fatty acid ethylene glycol ethers. Due to the alkaline environment and
high glycerol content in the reaction mixture, the transesterification reaction proceeds with
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the in situ formation of ethylene glycol, which further reacts with solid PET oligomers
with the formation of low-molecular-weight oligomers with functional groups. At low
initial PET/KSt molar ratios, excess potassium compounds fully dissolve polyester into
dipotassium terephthalate, and the importance of transesterification and glycolysis is low.
However, as the initial PET/KSt molar ratio increases, so does the molecular weight of the
formed oligomers, and the PET depolymerization process cannot be described without
the involvement of ethylene glycol. Because of the surface nature of the process, the rate
constants of transesterification and glycolysis decrease with increasing initial amounts
of PET. The FAME content in the crude glycerol composition has almost no effect on the
process. At the same time, increasing the potassium soap content in crude glycerol leads to
an increase in the decomposition rate of PET.

5. Patents

Based on the principles of this work, a patent of the Russian Federation RU Ne 2 754
972 (2021) was received [22].
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