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Selective chemical recycling of
polyhydroxybutyrate into high-value hydroxy acid
using the taurine organocatalysty
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Daniel Andrés-Sanz, ©° Vicent Moliner, © ¢ Luis Cabedo,® Andrea H. Westlie,®
Eugene Y.-X. Chen, © ¢ Daniel Alonso Cerrén-Infantes,” Miriam M. Unterlass, "
Fernando Lépez-Gallego, © P Agustin Etxeberria® and Haritz Sardon @ *2

Polyhydroxyalkanoates (PHAs) are receiving significant attention due to their biobased origin,
biodegradability, and excellent barrier properties. However, their high cost compared to traditional
plastics necessitates the development of recycling technologies to retain their value post-use. Despite
being thermoplastics, PHAs are difficult to recycle mechanically due to their narrow processing window,
particularly for polyhydroxybutyrate (PHB), and conventional chemical recycling routes often lead to
non-selective degradation and dehydration to crotonic acid, yielding complex product mixtures with
limited valorization potential. In contrast, this study presents a selective chemical recycling method for
PHB that suppresses dehydration pathways by using naturally occurring taurine as an organocatalyst.
Taurine outperforms other catalyst families, such as Bronsted acids and bases, in terms of
depolymerization yield and selectivity, achieving 98% enantiomerically pure 3-hydroxybutyric acid (HBA)
in the optimized process. Density functional theory (DFT) calculations provided insights into the pH-
dependent HBA elimination mechanisms demonstrating that taurine does not play a role in this process
under very basic nor acidic conditions. A liquid-liquid extraction technique was developed to separate
HBA from by-product crotonic acid, successfully maintaining the R-enantiomeric form of the recovered
HBA. This method is applicable to both synthetic PHB and biological PHB samples, including copolymers
and blends. Overall, this taurine-catalyzed PHB depolymerization approach inhibits the formation of
dehydrated by-products and offers a promising solution for selective recycling of PHB into valuable

chiral building blocks.

Introduction

Polyhydroxyalkanoates (PHAs) are a broad class of polyesters
produced naturally, biologically, or chemically. They possess
diverse properties and show great promise as partial substitutes
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for conventional non-degradable plastics.”> Among them, pol-
yhydroxybutyrate (PHB) is the most prominent member and is
notable for its excellent barrier properties, outperforming
polyethylene terephthalate (PET) in resisting water, oxygen, and
carbon dioxide permeation.** Therefore, they are considered
promising candidates for packaging applications. Moreover,
like most aliphatic polyesters, PHB is biodegradable in soil and
water, which is crucial if the polymer material accidentally ends
up in environments.>”

PHAs have traditionally been biosynthesized intracellularly
as granules via polymerization of 3-hydroxy fatty acid mono-
mers by PHA synthase, yielding an enantiomerically pure
polymer, with the (R)-isomer being the only one reported in
nature.® They serve as intracellular reserves of carbon and
energy in PHA-producing microorganisms.®** PHAs can also be
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synthesized chemically through copolymerization of epoxides
and carbon monoxide or ring-opening polymerization (ROP) of
cyclic lactones or diolides.”>™* However, it should be noted that
these synthetic routes often rely on fossil-derived feedstocks
and may involve energy-intensive steps, potentially reducing
their overall sustainability. The main limitation of PHB is its
high production cost compared to conventional petroleum-
based polymers, underscoring the necessity of developing an
efficient recycling process to retain material value and enhance
sustainability.*®

As PHB is a thermoplastic polyester, several different
approaches have been investigated to recycle PHB and PHA-
based plastics.”” In fact, although PHB is a thermoplastic
material, mechanical recycling is typically hindered by its
narrow processing window. Given that PHA is a polyester,
another feasible approach is chemical recycling via solvolysis
and hydrolysis."®" While several different chemical recycling
mechanisms could be implemented into polyesters, such as
methanolysis, hydrolysis, glycolysis, and alcoholysis, hydrolysis
is preferred because B-hydroxy acids can potentially be obtained
in a single step.>*>

Chiral B-hydroxy acids are important chiral building blocks,
used mainly in the pharmaceutical industry, as precursors for
the synthesis of specific chemicals, such as antibiotics, vita-
mins, flavors, fragrances, and pheromones.”** Specifically, 3-
hydroxybutyric acid (HBA) has been used to treat traumatic
injuries, including skin burns, myocarditis, cerebral hypoxia,
ischemia, and anoxia.>**” Additionally, it has positive effects on
the growth of osteoblasts in vitro and contributes to osteopo-
rosis reduction in vivo.*®

The chemical transformation of PHB into HBA has been
investigated by using different catalysts such as acids, bases, or
enzymes. Prieto et al. developed an interesting approach to
directly synthesize hydroxy acids by controlling the metabolic
states in Pseudomonas putida bacteria. This biocatalyst synthe-
sizes PHAs in the cell, however, by deleting the phaZ gene and
generating differential phaZ expression, it can hydrolyze the
polymer to obtain hydroxy acids.* Besides enzymatic catalysis,
different acids and bases have been investigated for depoly-
merizing PHB into HBA.

When an acidic medium was used (concentrated sulfuric
acid, for 5 h at 70 °C), PHB was completely depolymerized,
yielding 98% crotonic acid (CA) and 2% HBA (Fig. 1a).*° In
acidic media, the elimination of HBA into CA occurs via
a unimolecular elimination (E1) mechanism, which takes place
in a two-step process. In this reaction the alcohol gets proton-
ated, leading to the release of a water molecule and the
formation of a double bond. Yu et al. studied the hydrolytic
depolymerization of PHB in basic media at 70 °C, adjusting the
alkaline concentration to evaluate its effect.*® It was observed
that at low alkaline concentrations, the depolymerization rate of
PHB was low; a solution of 4 M NaOH was required to achieve
approximately 75% depolymerization after 4 h. The character-
ization of the hydrolysis products confirmed the presence of
approximately 47% HBA and 27% CA (Fig. 1b).

In basic media, the elimination of HBA follows the E1cB
(elimination unimolecular conjugate base) mechanism, where
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Fig. 1 Outlined three approaches to depolymerize PHB, with the
zwitterionic depolymerization described in this work giving the highest
(near quantitative) selectivity for the production of HBA.

a carbanion intermediate is formed, eventually leading to the
production of CA. While moderate yields have been achieved in
some cases, separating HBA and CA is challenging, as HBA
readily undergoes elimination at high temperatures. To our
knowledge, an efficient separation route has not been reported
in the open literature.

The aim of this work is to investigate different depolymer-
ization conditions to maximize the HBA content from PHB
depolymerization (Fig. 1c). Different catalysts, temperatures,
pH levels, and water/PHB ratios have been evaluated, and we
found that the HBA content is highly dependent on both the
catalyst and temperature. Indeed, we demonstrate that taurine
is a highly efficient catalyst for the depolymerization while also
providing high yields of HBA. Moreover, an extraction method
to eliminate the undesired CA has been developed. Finally, the
suitability of the depolymerization method has been expanded
to include some commercial samples and chemically synthe-
sized PHAs, resulting in excellent depolymerization yields.

Results and discussion
Chemical depolymerization of PHB

The hydrolytic depolymerization reaction of PHB was carried
out at 180 °C using different catalysts at 10 mol% loadings
relative to the monomer repeating unit, and with 15 water
equivalents at pH of 5.5 for 12 hours (Fig. 2a). We investigated
several catalysts, including organic and inorganic acids, p-tol-
uenesulfonic acid (pTSA), methanesulfonic acid (MSA), benzoic
acid (BA), hydrochloric acid (HCl), sulfuric acid (H,SO,4) and
acetic acid (AcOH). Additionally, an inorganic base, sodium
hydroxide (NaOH), and some naturally occurring catalysts,
creatine and taurine that contain both acid and base moieties in
their structure were tested (Fig. 2b).

The depolymerization process was followed by the visual
disappearance of PHB powder. As observed in the results, the

© 2025 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/d5sc02196k

Open Access Article. Published on 04 July 2025. Downloaded on 3/2/2026 3:48:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
a) O 9 a c)
catalyst N
HOMO}H H,0 HOMOH * Ho)v\ 100 %gg
PHB 12 h, 180 °C HBA CA

——————————————————————————————————————————————— = 80+
b) NH <

= o %° (EJ\N o S 60-
NaOH HNTRy 3 '/\[or 2]
) )

HCI k creatine Z 404
S
o 0O o ©

Y Il o 204

Sson  —§OH on M,
pTSA MSA BA AcOH 0- & 5
¥ <X oYX x O & &
GRS 2 ONPICLEN S ORI
& LY N4 ,@& O@'Z’
Fig. 2 (a) PHB hydrolytic depolymerization to give HBA and CA. (b) Catalysts employed in the screening process. (c) Conversion of PHB and

relative selectivity for HBA and CA formation.

depolymerization reactions were highly dependent on the
catalyst (Fig. 2c). If we evaluate the depolymerization rate, AcCOH
and taurine were able to depolymerize PHB completely in 12
hours, while the other catalysts achieved PHB conversions
between 70 and 90% within this timeframe (Table S17).

Besides the depolymerization degree, we also evaluated the
selectivity of the process. As previously mentioned, two main
products can be obtained from the depolymerization of PHB:
the kinetically favored HBA or the thermodynamically more
stable CA. The depolymerization products were monitored by
tracking the disappearance of PHB in the reaction medium, and
the final products were characterized by "H NMR in D,O (Fig.
S1t).

The presence of HBA was determined by the signals at 4.1,
2.4, and 1.1 ppm and CA by the signals at 6.9, 5.8, and 1.8 ppm.
We found that highly acidic and highly basic catalysts, such as
NaOH, pTSA, and MSA, produced more CA than HBA. As enolate
formation predominantly occurs under strongly acidic and
basic conditions, the presence of these catalysts substantially
favored the elimination reaction. In the case of HCI and crea-
tine, a slightly more HBA content was observed.

Carboxylic acids such as BA and AcOH showed significantly
higher selectivity compared to other catalysts. Indeed, in the
case of BA, up to 90% HBA was achieved. Surprisingly, taurine,
a naturally occurring amino acid containing sulfonic acid,
showed an outstanding HBA selectivity (98%), along with
excellent performance in terms of depolymerization rate.

As taurine is shown to be the best catalyst for the depoly-
merization of PHB in aqueous media, we studied its structure—
property relationship in aqueous media because it contains
both an acid and a base site. To do so, the structure of the
catalyst was analyzed by "H NMR at different pH levels, using
a basic medium (in the presence of NaOH), a neutral medium,
and an acidic medium (in the presence of HCI) (Fig. S27).

In basic media (Fig. S2,T red), the main product is the
deprotonated taurine, where both amine and sulfonic acid
groups exist in their deprotonated forms. In neutral media, the
equilibrium is shifted to the structure of the salt, where the
amine is protonated and the sulfonic acid is deprotonated (Fig.

© 2025 The Author(s). Published by the Royal Society of Chemistry

S2,t black). Lastly, in acidic media (Fig. S2,T blue), taurine is
mainly protonated. In this last case, a stable peak was observed
ataround 7.7 ppm, which corresponds to the protonated amine.

The relative acidity of the medium also affects the equilib-
rium: the more acidic the medium, the more protonated the
taurine is (Fig. 3a). It was determined that when more equiva-
lents of HCl were added relative to taurine, the signal at 7.7 ppm
became more stable, confirming that the equilibrium of taurine
was more shifted toward the protonated amine.

After understanding the influence of pH on the taurine
structure, we investigated the impact of pH on the depolymer-
ization process in the presence of taurine.

Three pH buffer solutions at pH = 3, 7, and 10 were prepared
and compared to the previous sample at pH 5.5 (Fig. S37). In all
cases, the depolymerization rate was similar, achieving 100%
conversion. However, pH had a significant impact on the HBA/
CA ratio (Fig. 3b and S3}). Among all analyzed pH values, the
best result was obtained at pH = 5.5, as it yielded 98% HBA,
meaning that almost no elimination reaction occurred. In
acidic media, the elimination of the hydroxy group led to CA via
the E1 mechanism, where the alcohol protonates, leading to
water being released (Fig. 3¢). In basic media, the formation of
CA also occurred, but in this case, the reaction proceeded via
the E1cB mechanism, where an intermediate carbanion was
formed (Fig. 3c).

Computational studies

Computational studies were conducted at the Density Func-
tional Theory (DFT) level, to shed some light on the pH
dependence of the elimination reaction of HBA and the role of
taurine. As experimental findings suggest, both the mecha-
nisms and the formation of products should be closely linked to
the protonation state of the hydroxy acid and taurine. There-
fore, multiple reaction pathways were investigated computa-
tionally to better understand the elimination mechanism under
various pH conditions. In addition, the mechanism for the
depolymerization of PHB catalyzed by taurine was also
explored.

Chem. Sci., 2025, 16, 14509-14517 | 14511
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Regarding the role of taurine in the elimination reaction of
HBA, initial relevant models of the reactive complexes were
prepared and optimized at the DFT level, employing the global
hybrid functional using M06-2X,** with 54% HF exchange.
Then, according to the experimentally determined pK, values of
the functional groups of HBA (4.41 for the carboxyl group and
13.1 for the hydroxyl group)®* and taurine (8.4 for the amino
group and 1.0 for the sulfonic acid group),* different proton-
ation states of both species were set up (see Table S2+).

First, the possible reaction pathways were explored in the
absence of taurine, confirming the feasibility of stepwise
mechanisms under both acidic and basic conditions, as shown
in Fig. 4a and b. The energy barriers support CA formation
within the selected experimental conditions, although through
different reaction mechanisms (Fig. 4b and c), as anticipated
above (Fig. 3).

Thus, according to computational findings, under acidic
conditions, the abstraction of HBA's hydrogen by a water
molecule is accompanied by the transfer of a proton from the
hydronium ion to the oxygen of HBA's carboxyl group. This
transformation is followed by proton transfer to the hydroxyl
group, leading to the departure of a water molecule and CA
formation. This second step becomes the rate-determining step
(rds) with an energy barrier of 22.8 kcal mol~" (Fig. 4c). Inter-
estingly, despite the energy barriers can be just slightly modi-
fied after adding thermal corrections at 180 °C, which is the
temperature used in the experiments, the shape of the energy
profiles is not qualitatively modified. In contrast, rate constants
are highly sensitive to temperature—a behavior quantitatively
captured by the exponential dependence on temperature in the
Eyring equation. For example, the energy barrier of 22.8 kcal
mol " leads to rate constant values of 1.18 x 10~ * s at 25 °C
and 3.75 x 10> s~ " at 180 °C, as estimated using transition state

14512 | Chem. Sci,, 2025, 16, 14509-14517

theory. When the model simulates basic conditions, the reac-
tion proceeds via the E1cB mechanism discussed earlier: HBA's
hydrogen is initially abstracted by hydroxide, and a carbanion
intermediate is formed. In the second step, the intermediate is
converted into CA through the departure of the hydroxide
group. The reaction pathway under basic conditions presents
a slightly higher energetic barrier (27.3 keal mol '), which may
explain the lower conversion to CA observed in this experiment
(Fig. 3b) as well as previously by Yu et al.*

As expected, under neutral pH conditions, the elimination
process would occur much slower, with an rds energy barrier of
42.3 keal mol™" (see ESIT for details).

Next, several scenarios were considered with taurine actively
involved in the elimination process (Table S21). Similar to HBA,
different protonation states were assigned based on taurine's
experimentally determined pK, values. Specifically, the sulfonic
group was assumed to be protonated below pH 1, while the
amine group was considered protonated below pH 8.8.** To
construct the molecular models, these protonation states of
taurine were combined with the appropriate protonation states
of CA at different pH levels. Consequently, the potential reac-
tion mechanisms for taurine-catalyzed elimination were
explored under four possible pH ranges: basic (pH > 8.4),
moderate (4.41 < pH < 8.4), acidic (1 < pH < 4.41), and highly
acidic conditions (pH < 1): @, ®, ® and @, respectively, as
shown in Fig. 4d.

As schematically summarized in Fig. 4d, among the various
possibilities (concerted or stepwise, as detailed in the ESIt), the
most favorable mechanism under highly acidic conditions
resulted in an activation-free energy significantly higher than
that of the previously studied reaction in the absence of taurine
(32.8 vs. 22.8 kecal mol™", respectively). This finding indicates
that the protonated form of taurine does not participate in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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computationally for the elimination process taking place in the absence of taurine under basic @ and very acidic ® conditions. (c) Energy profile
for the elimination reaction of HBA under basic @ and acidic ® conditions. All reported energy values for products, intermediates, and transition
state structures are referenced to the reactant complex. (d) Energy barriers of the rds computed for all explored elimination mechanisms without
(w/0) and with (w/) the participation of taurine under basic @, neutral @, acidic ®, and highly acidic @ conditions: basic (pH > 8.4), moderate (pH
4.1 < pH < 8.4), acidic (pH 1 < pH < 4.41), and highly acidic conditions (pH < 1), respectively. Energies in panels c and d represent potential energy

plus zero-point vibrational energy and thermal corrections at 180 °C.

HBA elimination under very highly acidic conditions, since the
presence of H;0" molecules can act as a better catalyst than the
fully protonated taurine. Similarly, exploration of the process
under very basic conditions, with deprotonated sulfonic and
ammonia groups of taurine, provided a reaction mechanism
with an activation-free energy barrier higher than the corre-
sponding process in solution when the concentration of OH™
species can act as a basic catalyst (38.3 vs. 27.3 kcal mol*,
respectively). The results suggest a residual participation of
taurine in the elimination mechanism of HBA under very basic
or very acid conditions, when the reaction appears to be cata-
lyzed by H;0" or OH~ from the medium.

Under moderately acidic conditions, where taurine is
present in its zwitterionic form, computational studies for the
elimination reaction of protonated and unprotonated HBA
variants resulted in a slow process with rds barriers of 44.0 and
34.1 keal mol ', respectively (see ESIT for details). Interestingly,
the latter value is lower than the one obtained for the reaction in
the absence of taurine (42.3 kcal mol ™). Overall, after exploring
all possible mechanistic scenarios, both with and without
taurine's active participation in the elimination process, it was
found that taurine does not play a role under very basic or acidic
conditions. However, the activation energy barriers in the pH
range between 4.41 and 8.4, where taurine exists in its zwitter-
ionic form and the hydroxy acid molecule is deprotonated, are
slower than those in the absence of taurine (34.1 vs. 42.3 kcal
mol ', respectively). However, considering these high values, it

© 2025 The Author(s). Published by the Royal Society of Chemistry

cannot be assured that taurine can promote elimination at this
pH range.

With respect to the involvement of taurine in PHB depoly-
merization, a detailed reaction profile was computed under
neutral conditions, assuming the zwitterionic form of taurine—
its predominant form at physiological pH, where it is expected
to act as a catalyst (Tables S14, S15 and Fig. S177). According to
the results, the PHB depolymerization catalyzed by taurine
proceeds via a two-step mechanism, with active participation of
a water molecule. In the first step, a solvent water molecule
attacks the carbonyl carbon of the ester bond, accompanied by
two proton transfers: one from the water molecule to the
sulfonic oxygen of taurine, and another from the amino group
of taurine to the carbonyl oxygen of PHB. In the second step, the
C-O ester bond is cleaved, facilitated by a double proton
transfer: from the protonated sulfonic group of taurine to the
scissile oxygen atom of PHB, and from the protonated carbonyl
group of PHB to the amino group of taurine, thereby restoring
the initial protonation state of the catalyst. The rate-
determining step (TS1) of the computed free energy profile
shows a moderate activation barrier (~18.7 kcal mol™"), while
the second step features a negligible barrier from the interme-
diate (Fig. S171).

Overall, the computational results confirms that taurine
plays an active catalytic role in the depolymerization of PHB but
it is not responsible for the elimination reaction of HBA.

Chem. Sci., 2025, 16, 14509-14517 | 14513
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Optimization of depolymerization conditions

As taurine was confirmed to be the best catalyst for this process
among the ones investigated, we evaluated the depolymeriza-
tion process in more detail. Since the hydrolysis of PHB yields
HBA and CA, we aimed at determining whether both products
formed simultaneously at the initial stage of depolymerization
or whether CA formation could be avoided. For this purpose,
depolymerization kinetics were followed by "H NMR analyzing
the formation of HBA and CA as a function of time, using 10
mol% of taurine, 15 equivalents of water, 180 °C and pH of 5.5
(Fig. S4t). Up to six hours into the depolymerization reaction,
HBA was the only product detected; however, beyond this point,
HBA began converting into CA. Indeed, the production of CA
seems to increase gradually, more probably due to an increase
in the acidity of the medium.

Once the depolymerization of PHB was successfully ach-
ieved, additional reaction conditions were examined to maxi-
mize HBA formation while reducing depolymerization time and
temperature, thereby preventing the formation of thermody-
namically favored CA. Initially, the reaction was performed at
160 °C, while maintaining the other conditions (Fig. S5at). No
depolymerization was observed by "H NMR, likely due to the T},
value of PHB (168.5 °C), and its high crystallinity (melting
enthalpy (AH,,,) = 86 J g~ '). Under these conditions, the catalyst
was unable to interact effectively with PHB to initiate the
depolymerization (Fig. S5b¥).

When increasing the temperature from 180 to 200 °C, the
depolymerization rate was enhanced but at the same time, the
amount of CA increased considerably (Fig. S5af). Moreover,
insoluble species were observed in the reaction medium, sug-
gesting other side reactions. It is noteworthy that thermogra-
vimetric analysis of PHB indicates degradation in a single-step
weight-loss process under a nitrogen atmosphere at approxi-
mately 200 °C so it could be that the polymer is suffering some
chemical decomposition together with hydrolytic depolymer-
ization (Fig. S5ct).

Different catalyst loadings were also investigated using 5,
7.5,10, 15, and 20 mol% of taurine relative to the repeating unit
of PHB (Fig. S61). Results indicate that catalyst concentration
significantly impacts the HBA content. Optimal HBA yield was
achieved with 10 mol% taurine. Higher catalyst concentrations
decreased the PHB depolymerization and also increased the CA
formation.

Besides investigating the impact of the catalyst content and
temperature, we also investigated the effect of concentration on
the depolymerization process. To determine the optimal
quantity of water for depolymerization reactions, several
different conditions were investigated, employing 5, 10, 15, 20,
and 30 equivalents relative to PHB's repeating unit (Fig. S77).
While a minimum amount of water was necessary for complete
depolymerization, excessive water content significantly reduced
the HBA yield, from 98% to 40%, when increasing the water
content from 15 to 30 equivalents.

After identifying the best conditions for maximizing the yield
of HBA, we addressed its purification. Separating HBA from CA
is not a facile process as they have similar physical properties.
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Initially, when ethanol was added to the mixture, taurine
precipitated and could be removed completely from the reac-
tion media.

Once the catalyst was removed, different approaches were
tried for the separation of HBA and CA. Neither crystallization
nor distillation provided efficient purification, as harsh condi-
tions favored HBA elimination, leading to CA formation (Fig.
S8t). After several attempts, we found that liquid-liquid
extraction with diethyl ether successfully separated HBA from
CA. HBA remained in the aqueous phase, while CA migrated to
the organic phase (diethyl ether). The aqueous phase was then
subjected to rotary evaporation to remove all water and obtain
pure HBA.

The "H NMR analysis (Fig. S91) and MALDI-TOF spectros-
copy of the pure HBA revealed a small amount of the dimer
(4%), suggesting that some monomer converted into the dimer
during the evaporation process (Fig. S10t). MALDI-TOF spec-
troscopy confirmed the presence of HBA with an exact mass of
104.05 g mol ™", along with another species corresponding to
the dimer, 190.08 g mol .

More significantly, the enantiopurity of the obtained HBA
from the depolymerization of (R)-PHB was measured by GC-FID
chromatographic analysis, comparing the purified sample with
R and S standards (Fig. S117). The hydrolytic depolymerization
process preserved the R nature of the repeating unit, obtaining
100% (R)-HBA. This result validates the depolymerization
process as an effective method for obtaining chiral HBA.

Extending the scope of the depolymerization process

Although PHB is naturally produced by bacteria, PHB with high
crystallinity and molecular weight can also be obtained
synthetically.** To explore the full potential of this process, we
investigated the depolymerization of PHB synthesized via ROP
of an eight-membered cyclic diolide."** One of the advantages
of this process in comparison to the PHB prepared from
bacteria is its ability to prepare polymers with narrow dis-
persities and excellent stereochemical control. After 12 h of
depolymerization reaction of the synthetic PHB, 90% of the
polymer was depolymerized and the "H NMR spectrum indi-
cated the formation of 99% HBA, with the rest 1% being CA (Fig.
S127).

Homopolymer PHB exhibits high crystallinity, which results
in poor mechanical properties (being extremely brittle). To
address this limitation, PHB is often copolymerized with other
monomers to reduce crystallinity and improve ductility. One of
the most common PHA copolymers is PHBV (poly-
hydroxybutyrate-co-hydroxyvalerate), which contains low
percentages of hydroxyvalerate. The addition of hydroxyvalerate
significantly enhances the mechanical properties of PHBV,
making it more suitable for various applications.

The optimized reaction conditions were applied in all cases,
including 10 mol% taurine, pH 5.5, 15 equivalents of water, 180
°C, and 12 h of reaction time. For the PHBV sample (Fig. 5a), "H
NMR results determined that the depolymerization process was
successful, yielding HBA (88%) and CA (10%), with minor

© 2025 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/d5sc02196k

Open Access Article. Published on 04 July 2025. Downloaded on 3/2/2026 3:48:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
taurine
AL 1%
PHBV 130 °c

Plastics employed Mixed polymer

yield
a)
Commercial pellets
b)
PBSA
100%
Blended film
PHBV/PBSA
c)
TPU
100%

Commercial pellets
PHBV/TPU

M

View Article Online

Chemical Science

JK/\

) P
HO™ OH
HVA

Yield Yield
Determined by 'H-NMR spectroscopy

Yield

10 %

88 % 2%
54 % 46 % <1%
81% <1%

Fig. 5 Depolymerization process of commercial PHB-based samples (a) PHBV, (b) PHBV + PBSA and (c) PHBV + TPU.

amounts of hydroxyvaleric acid (HVA), which constituted only
2% of the polymer (Fig. S137).

Another approach to tune the properties and make suitable
materials out of PHB is to blend it with other polymers. PHBV is
often blended with other commodity polymers, such as poly(-
butylene succinate-co-adipate) (PBSA) and thermoplastic poly-
urethanes (TPU) to enhance their performance. To assess the
versatility of taurine as a catalyst for depolymerizing different
PHB-based commercial samples, PHBV, PHBV + PBSA and
PHBV + TPU have been tested (Fig. 5). When the polymer
mixture PHBV + PBSA was subjected to the depolymerization
process (Fig. 5b), only PHBV underwent depolymerization into
HBA and CA, while PBSA remained unchanged. This selective
depolymerization of PHBV was confirmed by "H NMR results,
which showed that PHBV was completely depolymerized,
whereas PBSA remained unaltered before and after the process
(Fig. S14t). Similarly, in the case of the polymer mixture PHBV +
TPU (Fig. 5¢), selective depolymerization was observed, yielding
HBA, CA and intact TPU (Fig. S157). These results demonstrate
the suitability and selectivity of taurine as a catalyst for depo-
lymerizing PHB-based commercial copolymers or blends.

Conclusion

This study presents a promising method for the production of
high-value HBA from chemical recycling of biological or
synthetic PHB via hydrolytic depolymerization. Screening of
different types of catalysts was performed to determine their
efficiency and selectivity in the depolymerization reaction and

© 2025 The Author(s). Published by the Royal Society of Chemistry

optimize the HBA-to-CA ratio. The results concluded that
taurine is the most effective catalyst, fully depolymerizing PHB
to HBA in 98% selectivity.

Both pH and temperature were found to be critical factors in
the depolymerization reaction. pH 5.5 was identified as the
ideal condition, as it minimized elimination reactions and thus
suppressed the side-product (CA) formation; lower or higher pH
values promoted E1 or ElcB eliminations, respectively. Addi-
tionally, the depolymerization reaction needs to be performed
above the Ty, (180 °C) of PHB, as no reaction was observed below
this temperature. Computational studies further supported that
taurine, in its natural zwitterionic form, does not promote
elimination but effectively catalyzes the depolymerization
process.

Finally, this selective depolymerization method was
successfully extended to PHB-based commercial copolymers
and blends, achieving promising results in all cases. To the best
of our knowledge, this perhaps is the first study to achieve
selective depolymerization of PHB into HBA in near quantitive
(98%) selectivity, accompanied by only a very small amount of
CA formation. Overall, the simplicity of this one-step process
makes it a feasible method for producing HBA in large
quantities.

Data availability

The data that support the findings of this study are available
from the corresponding author H. S. upon reasonable request.
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