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processes, enabling the calculation of polymerization kinetics. However, an equivalent distribution function for

Keywords:

De};::lymerization depolymerization processes remains elusive. In this study, we present a novel simulation-assisted kinetics model
Kinetics to investigate the depolymerization dynamics of polyhydroxybutyrate (PHB).

Simulation Our simulation replicates the random scission of a linear polymer chain and is calibrated against experimental
Polyhydroxyalkanoate data, yielding a conversion parameter that quantifies the extent of bond cleavage within the polymer. This
Polyhydroxybutyrate conversion was then incorporated into the established pseudo second-order reaction kinetics for PHB to describe

the temporal evolution of the depolymerization process.

A key assumption in the model is that oligomers with six or fewer repeating units are water-soluble and
constitute the measurable depolymerization yield. The simulation provides the proportion of these small olig-
omers, which were fitted as a function of conversion. This relationship was integrated into the kinetics model,
resulting in a predictive expression for the water-soluble yield over time.

To further simplify the application of the simulation results, we derived an analytical distribution function that
approximates the fragment length distribution resulting from random chain scission. This distribution reproduces
the simulation outcomes with high accuracy and enables easier application in analytical and modeling contexts.
Together, the kinetics model and distribution function offer a comprehensive and practical framework for un-
derstanding and predicting polymer degradation behavior.

1. Introduction

Polymeric materials are ubiquitous across modern industries, serving
critical roles in packaging, medicine, textiles, and engineering. In order
to approach these rising global plastic amounts, numerous approaches
for polymer recycling of commodity polymers have been developed and
assessed [1-3]. In parallel with rising demand of polymeric materials,
environmental concerns have prompted growing interest in biodegrad-
able and recyclable polymers [4,5]. Among these, polyhydroxybutyrate
(PHB), a member of the polyhydroxyalkanoate (PHA) family, has
emerged as a promising candidate due to its biocompatibility and
thermoplastic behavior [6-9]. Due to its ability of full conversion into its
monomers under specific conditions, PHB has gained attention within
the scope of circular economy due to ongoing research regarding its
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chemical recycling properties [10]. Furthermore, the PHA family is also
considered to be biodegradable under environmental conditions [11].

PHB is particularly notable for its potential in closed-loop material
cycles, where controlled degradation and chemical recycling can return
valuable monomers or intermediates. This is due to the intrinsic chem-
ical nature of ester bonds in PHB in contrast to commodity polyolefins,
where exclusively C—C bonds form the polymer chains [12]. Numerous
hydrolytic and solvolytic methods have been explored to selectively
cleave such ester bonds, including acid- and base-catalyzed hydrolysis
[7,13-15], methanolysis using ionic liquids [16,17], enzymatic hydro-
lysis [18] and aminolysis [19]. The structure of PHB, particularly its
crystallinity and molar mass, significantly affects degradation kinetics,
influencing both the rate and nature of hydrolysis products [6,20].

In recent years, chemical recycling approaches have gained
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attraction. For instance, ferric chloride, zinc complexes and Brgnsted
acid catalysts have been used to recover crotonic acid and hydroxy acids
from PHB with high yields [21-23]. These processes not only enable
circular material use but also open pathways to valuable platform
chemicals [12,24].

Despite this progress, the modeling of PHB degradation kinetics re-
mains relatively underdeveloped. Classical models often apply pseudo
first- or second-order reaction assumptions without capturing the un-
derlying molecular transformations or product distributions. This stands
in contrast to polymerization, where statistical distributions such as the
Flory-Schulz model effectively describe molar mass distributions from
first principles [25].

A notable challenge in depolymerization modeling is the stochastic
nature of random chain scission. As predominantly in aliphatic polyester
systems [20], polymer chains break at arbitrary positions within the
polymer chain and not exclusively at the sides, a complex and evolving
distribution of fragments emerges. Although some efforts have been
made to correlate degradation rates with average molar mass or solu-
bility thresholds [13,26], few studies have derived explicit fragment
length distributions or integrated such distributions into kinetic models.

To address this gap, we present a simulation-assisted framework for
modeling PHB depolymerization kinetics. Our approach involves cali-
brating a random scission simulation using experimental hydrolysis data
and extracting a conversion-dependent solubility yield. Additionally, we
derive an analytical distribution function that closely reproduces the
simulation results and allows generalization beyond specific experi-
mental conditions.

This dual contribution, a predictive kinetic model and a robust sta-
tistical distribution, lays the foundation for more accurate, transferable
analysis of polymer degradation. It also provides a flexible toolkit for
optimizing reaction conditions in chemical recycling workflows and
evaluating the degradability of polymer candidates in broader sustain-
ability efforts [27,28].

2. Experimental
2.1. Materials

PHB (ENMAT Y3000) was purchased from T&T Industry group ltd.
Guangdong, China. Crotonic acid (CA) and 3-hydroxybutyric acid (3HB)
were purchased from Sigma Aldrich. Formic acid and chloroform HPLC
grade were purchased from Honeywell. Acetonitrile for HPLC was pur-
chased from VWR Chemicals.

2.2. Hydrolysis in the melt

The experimental setup utilized three identical Hastelloy autoclave
reactors (315 bar, 350 °C) from Dr. Thiedig & Co KG, each equipped
with K-type thermocouples from TCDirect for precise temperature
monitoring and pressure transducers PTD.VB400 (0 to 400 bar) from
Parker Hannifin for online pressure monitoring. A Polytetrafluoro-
ethylene (PTFE) capsule was placed inside each reactor to enhance
reproducibility by minimizing metal contamination from the reactor.

2.4 g of PHB and 40 mL of water were added to the vessel, sealed with
PTFE thread seal. The autoclaves were heated to 200 °C with 750 W
heating jackets and temperature regulation was achieved using a
Eurotherm 2132 PID temperature controller. During the reaction, the
pressure and temperature data were processed via an ET7019Z module
from ICP DAS and transmitted through modbus TCP.

After the desired reaction time, the autoclaves were cooled in a water
bath to 40 °C, after which the PTFE capsules were removed, and the
reaction mixture was further cooled to room temperature. The resulting
mixture was filtered to separate water-soluble and insoluble products.
The insoluble fraction was air-dried, while the water-soluble fraction
was concentrated by rotary evaporation yielding a yellowish oil with
transparent, needle-like crystals.
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2.3. Characterization

The water-insoluble product fraction was analyzed via size exclusion
chromatography (SEC) on an Agilent Technologies 1200 Series GPC
system. Separation was achieved on 3 Phenogel columns (300x4.6 mm,
5 um, Linear(2), 10° ;\, and 50 f\) heated to 40 °C. As mobile phase
chloroform (CHCI53) was used with a flowrate of 0.35 mL min~L. 50 pL of
a 4 mg mL~! solution in CHCl3 were injected.

The water-soluble fraction was concentrated by rotary evaporation,
weighed and analyzed using a high-performance liquid chromatography
(HPLC) system. A Thermo Scientific Surveyor HPLC system equipped
with a ZORBAX SB-C18 reversed-phase column (250x4.6 mm, 5 pm)
heated to 40 °C and an Thermo Scientific Orbitrap Velos MS with at-
mospheric pressure chemical ionization were used. The sample injection
volume was 20 L. A solvent gradient of 0.2 mL min ™, using HyO with
0.1 % formic acid (A) and acetonitrile with 0.1 % formic acid (B) was
applied. The gradient starts with 95 % A for 2 min, gradually shifting to
95 % B over 23 min, held for three minutes.

For long-term experiments (>150 min reaction time) the autoclave
headspace gases were sampled into a closed glass vial. Gas samples were
manually taken with a gastight syringe and 1 mL injected into a gas
chromatography (GC) system (Thermo Scientific Trace GC Ultra)
equipped with a thermal conductivity detector (TCD). The separation is
performed using a Carboxen™-1000 packed column using helium at a
flow rate of 4.5 mL min~! as carrier gas. The following GC parameters
were used: inlet heater 150 °C, detector 230 °C, oven initial temperature
40 °C, hold for 5 min, raise temperature at a rate of 20 °C min~! to 225
°C, 10 min at final temperature.

In addition to GC-TCD, the gas samples were also analyzed using a
quadrupole mass spectrometer (HPR-20 R&D — Hiden Analytical), using
a 50 amu mass range option. Electron Impact ionisation was applied
with an electron energy of 70 eV. For the analysis, 20 scans of the sample
were performed and averaged.

2.4. Simulation

Fig. 1 provides a conceptual overview of the simulation process. The
molar mass distribution of the initial polymer is first characterized using
SEC, and the measured molar masses are converted into the corre-
sponding number of repeating units (RU). Based on the peak intensities
associated with each RU, the number of molecules (n) is estimated and
used as input for the simulation. Given n; simulated molecules composed
of RU; repeating units, the total number of ester bonds in the system can
then be calculated using Eq. (1).

Moonas = »_Mi-(RU; —1) @

Using this value in conjunction with the conversion factor X, which
represents the fraction of ester bonds that undergo scission, the total
number of scission events can be calculated as:

Nycissions = Mbonds X (2)

To simulate a random scission process where every ester bond has an
equal probability of breaking, a weighted random selection algorithm is
used. The algorithm first selects a molecule in which the scission occurs.
This selection is not uniform but follows a probability distribution that is
proportional to the number of ester bonds contributed by each molec-
ular species. This distribution is given by Eq. (3):

- Tli‘(RUi — 1)
Mponds

B; 3)
Here, P; denotes the probability of selecting a molecule with RU;
repeating units, present n; times in the system. Molecules with a larger
number of ester bonds, and thus more potential scission sites, are more
likely to be chosen.
Once a molecule is selected, the specific position of the bond break is
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Fig. 1. Conceptual image of the simulated random scission process on a linear polymer. The initial concept polymer is converted with a conversion of 40 %.

determined by a random integer generated between 1 and RU;-1, cor-
responding to a possible ester bond within the molecule. The molecule is
then cleaved into two fragments: the first with RUj repeating units
(where j is equal to the randomly chosen cleavage point), and the second
with RUy = RU; — RUj repeating units.

The simulation proceeds by adjusting the molecule count: the orig-
inal molecule count n; is decremented by one, and the counts for the two
resulting fragments, n; and ny, are each incremented by one. This entire
process including molecule selection, scission site determination, and
fragment update, is repeated iteratively for a total of ngjssion cycles.

This random scission algorithm ensures a statistically accurate rep-
resentation of the degradation process under the assumption of uniform
bond breakage probability across the polymer population. A graphical
illustration of such scission process on the initial GPC data can be found
in Fig. S1 in blue in the supporting information.

To estimate the amount of water-soluble monomers and oligomers
formed as a function of conversion X, it is assumed that all oligomers
containing up to six repeating units are water-soluble. Based on this
assumption, the simulation described above is used to determine the
yield of soluble species, specifically, monomers and oligomers with up to
six repeating units across a range of conversions.

It is important to note that yield, in this context, refers to the total
mass of water-soluble products, not merely their number. Therefore, to
convert the simulated distribution of oligomers (expressed as molecule
counts per repeating unit length) into a mass-based yield, each oligomer
class is weighted by its number of repeating units. In other words, the
contribution of a given oligomer to the overall yield is calculated as the
product of its molecule count and its chain length. This ensures that
longer oligomers, which contribute more to the total mass, are appro-
priately represented in the yield.

Fig. 2 displays the results of these simulations and a sigmoidal fit for
the total yield of water-soluble fragments. The cumulative yield of
water-soluble fragments up to six repeating units exhibits a sigmoidal
trend, which is well-described by the following empirical expression:
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Fig. 2. Mass yield of monomers and cumulative oligomers resulting from ester
bond conversion. The yield for the cumulative oligomers includes all species
with 4-6 repeating units or fewer. Simulation as described in Section 2.4,
‘Binom’-distribution as described in Section 3.1, including the sigmoidal fit
from (eq. (4)) in purple.

Here, Yys represents the total yield of water-soluble species as a
function of conversion X. This relationship arises purely from statistical
considerations based on the random scission of polymer chains. It re-
flects the increasing probability of forming small, soluble fragments as
more bonds are cleaved, which agrees with findings from literature,
even though they use a methodically different Monte-Carlo approach
[29,30].
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3. Theory and calculation
3.1. Distribution function

As already shown by Charlesby & Freeth [31] for the random scission
of polymers about five fractures per molecule are needed so that the
starting distribution is not important any more. Bearing that in mind and
building on the principles outlined in the simulation section above, a
distribution function was developed to describe the probability of
fragment lengths resulting from random scission. Specifically, a discrete
solution was derived for the special case of a single linear polymer chain
of length L undergoing n random cuts. A figurative description of this
issue is depicted in the supporting information in yellow in Fig. S1. The
resulting probability P, of obtaining a fragment of length x is given by
the expression based on binomial coefficients:

(fo> B <fo71)
n n
P,= 5
n I_1 )
n

Eq. (5) represents a special case: it describes the statistical outcome
of cutting a single chain of length L, n times at random positions. While
this idealized model involves only one chain, it can be used to approx-
imate real-world polymer degradation, where a broad molar mass dis-

tribution is typically present. To extend this model to practical systems,
one can relate the chain length L to experimental data by:

e Estimating the initial chain length L from the number-average mo-
lecular weight M, measured by SEC, using:
M,

L =3 (6)

Where M is the molar mass of the repeating unit, in case of PHB 86.09 g
mol 1.

e Determining the number of scission events n from the bond conver-
sion X, assuming a linear chain:

n=XL (7)

o Calculating the resulting fragment lengths x from the distribution Py,
which gives the probability of a fragment of length x being formed
after n random cuts to a chain of length L.

By comparing the single-chain distribution model with the simula-
tion connecting to experimental parameters, the derived probability
function serves as a useful approximation for simulating the fragment
length distributions in realistic polymer degradation scenarios, as
depicted in Fig. S1. This is also illustrated in the marginal differences of
the different approaches (red, green and purple line) in Fig. 2.

3.2. Kinetics

The depolymerization process under study in principle follows a
third order kinetics, where the concentrations of the ester bonds [E], the
acid groups [A] and water [H,O] as the nucleophile are considered. Due
to the use of water in excess, the present study considers the depoly-
merization as pseudo second-order reaction kinetics, as previously
described and derived by Antheunis et al. [32]. Specifically, the con-
centration of carboxylic acid end groups [A], formed as a result of ester
bond hydrolysis, evolves over time according to the following
expression:

Polymer Degradation and Stability 246 (2026) 111949

et —1
A=Al 8
A=Wy ®

The step-by-step derivation of this equation has been published by
Antheunis et al. [32] and in the respective supporting information. Here,
[A]y is the initial concentration of carboxylic acid groups and [E] is the
initial concentration of ester bonds. The term c; is defined as:

&1 = (Al + [Elo) ki ©)

Where ky is the rate coefficient for the hydrolysis of ester bonds.

Since each hydrolyzed ester bond leads to the formation of a car-
boxylic acid group, the concentration [A] can also be interpreted as the
number of converted ester bonds. Some literature assumes polymer
degradation to follow pseudo-first-order kinetics only depending on the
[E]. Nevertheless, this special case is only valid under excess of [H30],
low conversions, so that [A] is still negligibly small for non-catalytic
depolymerization reactions [33]. However, this relation between [A]
and conversion allows us to define the conversion of ester bonds,
denoted by X, as the fraction of ester bonds that have reacted:

x— Al _ Ay er'-1 10
[Ely [Elp Boeat 41
[Elo

This equation enables the calculation of the conversion X as a func-
tion of time, based on initial concentrations and the hydrolysis rate
coefficient. It serves as a key link between the reaction kinetics and the
simulation framework described in the previous sections.

3.3. Accounting for side reaction

In addition to ester bond hydrolysis, a side reaction namely the
decarboxylation of acid groups must be considered. This reaction has
been described by Li & Strathmann [34], and is depicted with the
following scheme 1:

As described in literature, 3-hydroxy butyric acid (3HB) and crotonic
acid (CA) are in an equilibrium at elevated temperatures via addition or
elimination of water. This side reaction is modeled here using first-order
kinetics with the rate of decarboxylation summarized given by:

dM]
rffﬁfky[M] an
Where [M] is the concentration of decarboxylation-prone monomers,
and ks is the rate coefficient for the side reaction. To estimate the car-
boxylic acid group concentration from the simulation, the concentration
of acid [A] is related to the conversion as:

[M] = [E],-X a2

This means, that regarding the side reaction a linear relationship
between conversion and yield of monomer [M] is assumed. Combining
Egs. (11) and (12) gives:

OH O -H0
M /\
OH
side
+H0 -H0 reaction +
O
— 0=C=0

MOH

Scheme 1. Chemical reaction of the decarboxylation reaction including the
equilibrium of 3HB and CA.
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M) _

dt

To connect this side reaction with the main hydrolysis pathway, the
total converted ester bonds [A] from Eq. (8) are used, leading to a
derived expression for the change in monomer concentration due to
decarboxylation:

In([E]y + [Alp-e™)
ki

ks [E]o-X (13)

A[M] =k [A]ykst + Cine 14
where the integration constant Cjy; is determined by the initial condition
att=0:

In((E], + [Al,)

Cine = _ks kH

1s)
The side reaction contribution to the overall yield is expressed as a
normalized conversion:
AM]
Xy — 16
side [E]o ( )
The final observable water-soluble yield Y is obtained by subtracting
this side reaction contribution from the water-soluble species predicted
by the main simulation:

Y = Yws — Xiige a7

Finally, a combined model for the full system accounting for both
main-chain hydrolysis and monomer degradation via decarboxylation is
given by:

ks In([E], + [A]y-e")-([A], + [E,)

N 1.2089 - o

— [A]O'ks't —
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experimental conditions. For a more detailed description of equation
(18)please refer to Scheme S1 in the supporting information.

4. Results and discussion

As described in Section 3.1, the first analysis approach was the
investigation of the solid residues after the melt hydrolysis experiments
via SEC. The displayed results in Fig. S2 of the supporting information
reveal no clear trend within the selected reaction time scales, but are in
good agreement with SEC data of recent work [35]. Here, even after one
hour of melt hydrolysis, the resulting M, is rather small (~1000 gmolfl)
which was expected from the mechanism of bulk erosion in contrast to
surface erosion processes [13,29]. In order to access degradation prod-
ucts with higher molar masses, significantly shorter reaction times
would be required. Due to the high thermal mass of our autoclave setup
used, these could not be achieved in a reliable way, which was a major
motivation for the development of the present simulation and kinetic
modelling.

In order to evaluate the experimental results from the melt hydrolysis
runs, the fraction of water-soluble products was collected and purified.
Exactly these yields were used as input data for the model and tool
derived in Section 3. Based on them as well as the initial molar mass
distribution, the conversion X, development of the Mj, Y,,s and the yield
for the side reaction X4, were fitted and calculated, as depicted in the
following Fig. 3:

Fig. 3 shows the fit achieved for the yield as well as the conversion of
the side reaction and the predicted number average molar mass. The
blue dots in Fig. 3 display the measured SEC data, which are in good
agreement with the modeled progress of M, from the simulation. As

k5~ln([E]0 + [A}o)
L as)

Bloe1i=1_4 1925 [El,

1+e 0.109

[Ely 141

This full model captures both the yield of water-soluble products due
to ester hydrolysis (main reaction) and the irreversible degradation of
monomers to gaseous products (side reaction), allowing for more ac-
curate prediction of water-soluble product formation under various

expected from literature reports [13] on such bulk degradation pro-
cesses, the major decrease in molar mass was predicted for the first 25
min of reaction time.

The red dots depict the experimental yield values of water-soluble
products. Again, they are in good agreement with the modeled

T T T T T T ]
16000 - My model 41,000
. M . /',— ]
14000 |- n. GPC - 40875
F Ymodel 4
12000 -} ® Y, . n a1 0,750

< i X 1

S 10000 | X 40,625

£ side 1 >

2 gooo 40,500 ¢

- I ]

Z 6000 |- 40,375
4000 | 40,250
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t/ min

Fig. 3. Comparison of the developed model with experimental data for the water-soluble yield during PHB hydrolysis in the melt. X represents the conversion of ester
bonds, Xsige accounts for the conversion of monomers into gaseous products via decarboxylation, and Y is the predicted water-soluble yield according to the full
model described in this work. The number-average molecular weight M,, was measured via SEC, and conversion was modeled using the autocatalytic equation

reported by Antheunis et al. [32].
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progress curve shown in red, which exhibits a maximum at 186 min. A
direct comparison to literature results is not possible, as in this work all
water-soluble monomers and oligomers are considered. The existence of
oligomeric species in addition to monomers was qualitatively proven via
HPLC, as depicted in Fig. S3 in the supporting information.

With an increase in the side reaction, shown as orange line in Fig. 3, a
decrease of the water-soluble yield after the maximum point was
observed. The side reaction (Scheme 1) is not only visible in the missing
yield of the water-soluble product but since two gas molecules per
decarboxylated monomer are produced, also a significant pressure in-
crease was observed during melt hydrolysis reactions. In addition to this
pressure increase, the relative headspace composition after the experi-
ments was analyzed and is depicted in the supporting information in
Fig. S4. A more detailed analysis of the datapoints recorded as triplicates
including relative errors in Table S1 revealed a decrease in air content,
which was accompanied by an increase in COy and propene content.
These two gases were detected nearly in a 1:1 ratio, as deduced from
Scheme 1. As a result of the solubility of CO5 in the aqueous reaction
medium, the concentrations of [CO;] were persistently smaller than
those of [propene], which was also reported in literature for degradation
studies of pure monomer [34]. Considering the sum of the products
analyzed revealed values close to 100 %.

In addition to the graphical illustration shown in Fig. 3, the devel-
oped model was evaluated by fitting for [Alg, kg and ks experimental
data on the hydrolytic degradation of PHB in the melt phase. Fitting Eq.
(18) through least square method to the measured yields of the experi-
ments gives:

[A], = 829107 M o, = +1.888:107*
ky = 0.783 M min~! 0k, = £0.053
ks =1.36:10° M o, = £7.38:10°°

As in addition to the simple fitting values, also a covariance matrix
was calculated, which enabled the estimation of standard deviations of
the results. From a view at Fig. 3, a good correlation can be deduced,
which is reflected by quite low relative errors for both rate coefficients of
around six percent. For the fit of the initial concentration of acid groups
[Alp a larger error was obtained.

The initial acid concentration calculated by this fit is two orders of
magnitude smaller than expected using the assumptions made in the
supporting information of Antheunis et al. [32] which was [A], =
9.03-10°2 mol L.

One reason for this difference is the approach of how the acidity of
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carboxylic acid groups is accounted. In our calculation based on
Antheunis, all carboxylic acid groups are counted. However, the value
from the simulation fit is accounting for the actual catalytically active
carboxylic acid groups, where the chemical activity and dissociation
constant of the acids is also considered. For example, Laycock et al. [29]
reports a kinetic model, where this degree of dissociation is also
considered.

In order to compare the result of the rate coefficient for the side
reaction kg with literature data, values from the following reports on
decarboxylation were chosen, although some assume a different reac-
tion mechanism. Gubatanga et al. [36] reported decarboxylation re-
actions of CA and butyric acid (BA), however at temperatures above 300
°C. Bigley & Clarke [37] performed detailed studies on CA and its
isomerization and decarboxylation reaction at 360 °C. As third literature
reference, the data for the decarboxylation of 3HB of Li & Strathmann
[34] was selected.

As depicted in Fig. 4, the literature values for decarboxylation of CA
and BA show significant deviation from the value derived in this work.
Comparing the reaction rate coefficient for the side reaction to Li &
Strathmann [34] who calculated the decarboxylation for 3HB resulted in
a close hit, with the results from the linear fit displayed in Table S2. This
indicated that the rate of the side reaction is close to the decarboxylation
of 3HB in terms of kinetics, which is expected as 3HB is reported in
literature to be the primary monomeric product under comparable
conditions.

Care has to be taken for a direct comparison of the reaction rate
coefficient for the hydrolysis to literature since our approach of using the
individual ester bonds in combination with the distribution function/
simulation for calculation is based on a novel model. However, as the
rate coefficient for the decarboxylation in Fig. 4 was in good agreement
to the work of Li & Strathmann [34], a similar comparison to their data
was done using the rate coefficient for the hydrolysis. In order to do so,
their data was re-calculated using Eq. (4) from the present work. As the
M,, in their case is unknown, the assumption of using the same value as in
our study was made. We are aware, that this assumption introduces a
significant uncertainty which has to be kept in mind interpreting the
following results:

The data points in squares in Fig. 5 were recalculated from the study
results of Li & Strathmann [34]. With the exception of the datapoint
recorded at 175° (marked in blue), their rate coefficients show a good
linear relationship in this Arrhenius plot. The results of this Arrhenius
analysis are shown in Table S3, which show however less linearity
compared to the analysis of the side reaction rate coefficient in Table S2.
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Fig. 4. Comparing the calculated reaction coefficient vs. rate coefficients of decarboxylation reactions from literature in an Arrhenius plot. CA and BA from
Gubatanga et al. [36], CA from Bigley & Clarke [37] and 3HB from Li & Strathmann [34].
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Fig. 5. Comparing the calculated reaction coefficient vs. rate coefficients of polyester hydrolysis reactions from literature of Li & Strathmann [34] in an Arrhenius
plot. the blue square reflects the literature data at 175 °C, which was not considered for the illustration of linearity in the purple line.

In comparison, the red point marks the rate coefficient for the hydrolysis
reaction obtained by the fit depicted in Fig. 3. Although a difference to
the literature data is observed, based on the standard deviation and the
assumptions made the relation shown in Fig. 5 can be interpreted as a
good match. In addition, the work by Saeki et al. [13] depicts a similar
Arrhenius plot for the hydrolytic degradation coefficients of PHB also.
Although the lack of data values complicates a quantitative comparison,
the graphs are in good agreement to our calculated data.

In a further attempt, our model was applied using the literature data
and regressions from Fig. 4 and Fig. 5 to predict the yields of monomers,
oligomers and overall water-soluble yield, as depicted in Fig. S5.
Regarding the water-soluble yield, a good agreement with the data from
Li & Strathmann was achieved, however larger deviations regarding the
monomer and oligomer yield were observed. Following this analysis
based on literature data, it appears that the monomer content was
underestimated while the oligomer content was overestimated. In order
to achieve a full model regarding temperature dependence in the future,
on the one hand further experimental data (using known M) and on the
other hand in-depth knowledge of the quantity and nature of the olig-
omeric fraction are required.

5. Conclusions

In this work, a novel kinetic approach for a random scission depo-
lymerization of linear polyesters via hydrolysis was derived. A detailed
knowledge of kinetic steps of depolymerization of polyhdroxybutyrate
(PHB) as a model case, including the decarboxylation reaction of the
monomers regarded as side reaction was the foundation for the experi-
mental studies performed. Using the validated assumption, that oligo-
mers up to six repeating units are water-soluble, the yield of water-
soluble products was chosen as key parameter for the present work.
Mathematical fitting of the kinetic model using our experimental data
yielded in a very good validation of the model and kinetic data of the
initial carboxylic acid concentration [A]p, the rate coefficient for the
hydrolysis ky and the rate coefficient for the side reaction ks. Thereby
the connection between kinetic formulae and reaction time was done via
the mathematical distribution function showing excellent fitting results,
rather than Monte Carlo methods frequently reported elsewhere in
literature. Especially our value of ks of 1.36x107 M is in excellent
agreement with literature data. Furthermore, the quantification of a
steadily increase in pressure upon reaction time caused by a decarbox-
ylation reaction yielding CO2 and propene in a 1:1 ratio was proven to
follow the mechanism according to literature.

Due to the novelity of our approach, a direct comparison of the ky

with literature is demanding. In an attempt using assumptions and re-
calculating literature data from Li & Strathmann a good validity of
our model was demonstrated. Upon further research on different rection
conditions and in-depth analysis of the exact composition of the
monomers and oligomers formed in the water-soluble hydrolysate will
pave the path for future application of our model in a broader context.
In-depth knowledge on chemical depolymerization routes of bio-
polymers like PHA, as demonstrated in this work, will contribute to the
accelerated development of circular economy routes.
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