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A B S T R A C T

This work focuses on two fundamental aspects that make the use of plastics and, more recently, bioplastics 
sustainable and cyclical, namely their recycling and the valorization of the products resulting from this process. 
Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) was considered as substrate. A solventless partial 
chemical decomposition with concomitant branching was developed based on the use of reagents from renew
able sources, namely pentaerythritol as polyalcohol and zinc stearate as catalyst. 1H NMR, IR, and DSC mea
surements showed the formation of oligomers having a branched structure whose molecular weights and glass 
transition temperatures decreased with the increasing of the polyalcohol content in the reaction mixture. The 
oligomers were used as additives in the development of porous films based on the starting high molecular weight 
PHBH, exploiting a Non-Solvent Induced Phase Separation (NIPS) method using Cyrene®, a green solvent 
derived from cellulose. The ability of the films to retain a dye and the metal precursor palladium chloride was 
studied. In the latter case, the catalytic activity of the system consisting of Pd clusters formed on the porous 
substrate after the metal precursor reduction was demonstrated. Finally, the enzymatic hydrolysis of the films 
was evaluated using Humicola insolens Cutinase (HiC) at different concentrations and in different media.

1. Introduction

Polyhydroxyalkanoates (PHAs), a class of polyesters produced by 
bacteria as an intracellular carbon storage and energy source, are 
considered a viable alternative to oil-based plastics and have seen an 
exponential increase in their application in recent years [1] due to their 
biodegradability [2,3], biocompatibility [4], and low carbon footprint 
[5]. Among PHAs, poly(3-hydroxybutyrate) (PHB) is one of the most 
promising materials as it can be synthesized by microorganisms without 
further modification. However, due to the brittleness and low toughness 
of this homopolymer, copolymers of PHB additionally containing other 
hydroxy acids were developed to achieve better processability, higher 
ductility and better impact strength. In particular, copolymers such as 
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) and poly(3- 
hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) could be a potential 
alternative to PHB, due to their improved ductility and thermal stability, 
displaying lower melting temperatures and wider processability win
dows [6–9]. In order to expand the application of PHBH and make its use 
sustainable and scalable, recycling strategies need to be considered, the 

development of which is still in its infancy and only a few cases have 
been reported. In general, it can be stated that the mechanical recycling 
of PHBH still poses several issues related to the reduction of the mate
rials properties (i.e. molecular weight) and consequently of their 
performance.

Plozeau et al. [10] investigated for the first time the mechanical 
recycling of PHBH by five cycles of twin-screw extrusion. Despite the 
stability in terms of degradation temperature and chemical structure of 
the processed PHBH, size exclusion chromatography and melt flow 
index revealed a 24.3 % reduction in the molecular weight of the 
recycled materials, which were also characterized by a higher crystal
linity compared to the starting polymer. In this light, the chemical 
recycling of PHBH can be seen as an interesting alternative to me
chanical recycling, potentially generating a variety of small functional 
molecules. For example, Adachi et al. [11] investigated the pyrolysis of 
PHBH and some commonly used plastics, both alone and in mixtures. In 
particular, it was demonstrated that this biopolymer can be selectively 
pyrolyzed in a first separate step due to the lower degradation temper
ature (273–298 ◦C) compared to oil-based plastics (HDPE, PP, PS), 
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allowing the recovery of species derived from the degradation of its 
structure, such as propylene, isocrotonic acid, crotonic acid, 2-hexenoic 
acid, and their dimers. In a similar work, Shao et al. [12] studied the 
pyrolysis of PHBH at different temperatures (from 400 to 800 ◦C), with 
different concentrations of water vapor, evaluating the yield of pyroly
zate in the form of liquid and gaseous fractions. Indeed, it was found that 
the total recovery rate of the PHBH pyrolyzates ranged from 90.1 to 
99.0 wt%, with the gaseous fraction increasing with the increase of the 
pyrolysis temperature. Despite the encouraging results of pyrolysis, it is 
worth underlining that this method requires a high energy input and 
leads to mixtures of compounds with low molecular weight and poorly 
controlled structures. Recycling approaches that consume less energy, 
limit the formation of mixtures, and ensure a more precise control of the 
products are thus of great application interest.

With this in mind, an alcoholysis process for PHBH was developed 
considering environmentally friendly aspects, such as the use of bio- 
based reagents that allow the formation of branched compounds with 
a high number of functional end groups, using a green chemistry-aligned 
approach. Compared to other recycling processes, our approach allows 
the final properties of the waste polymer to be modified while largely 
preserving the structure of its macromolecular chains, thus saving en
ergy and reducing the number of steps required to obtain the desired 
functional materials. In addition, this approach will contribute to the 
development of new strategies for the circular economy by converting 
polymer waste directly into functional additives for new polymer ma
terials. In particular, solventless reaction conditions and a procedure 
that does not require extensive work-up were attempted by using pen
taerythritol (PE) as the polyol and zinc stearate (Zn(St)2) as the catalyst. 
The reaction, which has been widely applied in the chemical recyclying 
process of other bioplastics, such as polylactic acid (PLA) [13] and 
polycaprolactone (PCL) [14], involves the transesterification reaction 
between the hydroxyl groups of PE and the ester bonds of PHBH and 
thus the green formation of branched oligomers with hydroxyl end 
groups was achieved. It is worth mentioning that the use of the above 
catalyst, which is frequently applied in cosmetics, in the polymer field as 
a lubricant [15] and as a transfer catalyst for the saponification of fats 
[16], is a novelty in the alcoholysis reaction of PHA-based materials. To 
close the material loop, the application of the oligomers obtained from 
alcoholysis was also investigated, taking into account their specific 
properties, i.e., their chemical nature and their peculiar geometry. These 
compounds were used as additives in the formulations of PHBH-based 
films, taking advantage of their compatibility with the polymer matrix 
and the potential ability to make the porous material, characterized by a 
highly functional surface area.

It is relevant to underline that PHBH-based porous films have never 
been studied, although they may offer several potential applications, as 
has been highlighted with other bioplastics such as polylactic acid (PLA) 
[17] or polycaprolactone (PCL) [18]. In particular, due to the fully 
biodegradable and biocompatible nature of this polymer, PHBH-based 
porous films may have high application potential in various fields, 
such as in the biomedical and environmental sectors, for example in the 
development of porous scaffolds for drug delivery or in the bioremedi
ation of pollutants. To develop an easily scalable and environmentally 
friendly approach for the production of porous films, a simple Non- 
Solvent Induced Phase Separation (NIPS) method was applied using 
water as coagulant and Cyrene® (Cy) as solvent, a compound produced 
from renewable sources that has recently been effectively applied in the 
preparation of porous films based on PLA, polyethersulfone (PES), pol
yvinylidene fluoride (PVDF) and many other polymers [19–21]. In 
particular, the influence of the presence of oligomers prepared from 
different amounts of polyalcohol on the film properties in terms of 
morphology, thermal and mechanical properties, porosity and water 
uptake was investigated. In addition, the retention capacity of the films, 
which can be modified by the presence of the multifunctional additives, 
was investigated using an organic compound, namely pararosaniline 
hydrochloride (PR), a cationic triarylmethane dye [22] which mimics 

the behavior of amino-containing drugs and organic pollutants, and 
palladium chloride (PdCl2) as source of an inorganic cation. The aim of 
the latter study was to prove the possibility of using the developed films 
as adsorbers for homogeneous catalysts thus demonstrating a potential 
and impactful application of our material. In order to further extend the 
application possibilities of the developed systems, the catalytic activity 
of the Pd/PHBH-based films was also evaluated after the reduction of the 
adsorbed metal precursor. The novelty of the work thus relates to 
different aspects: i) the proposed new recycling process, ii) the valori
zation of the materials from PHBH recycling by developing of novel 
porous films based on PHBH enriched with the star-shaped oligomers 
from its recycling, and iii) the application of the developed films as 
absorbers and in the catalytic field. Finally, not only the valorization of 
the recycled products was investigated, but also their influence on the 
degradability of the materials containing them, i.e., the PHBH-based 
films to which star-shaped oligomers from the recycling process were 
added, by means of enzymatic depolymerization tests (Fig. 1). This 
closed-loop upcycling approach, based on the production and use of 
functional oligomers to tailor the final properties of the polymer from 
which they are derived, could lay the groundwork for the development 
of a new class of sustainable materials with highly tunable properties, 
produced not only from PHA, but also from other virgin or waste 
polyesters.

2. Experimental section

2.1. Materials

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBH) IamNa
ture B6 A15 C (melt mass flow rate (MFR) at 165 ◦C, 5 kg load = 6 g/10 
min) was purchased by Gruppo MAIP (Italy). Cyrene® (Cy) (≥98.5 %), 
Pentaerythritol (PE) (99 %), Palladium (II) chloride (≥99.9 %), Acetic 
acid (≥99.7 %), Sodium borohydride (≥98.0 %), Pararosaniline hy
drochloride (PR), KPO buffer salts (KH2PO4 and K2HPO4), and (R)-3- 
hydroxybutyric acid (≥98.0 %) were purchased from Sigma-Aldrich and 
used as received. Technical grade (Zn(St)2) was purchased from Faci S.p. 
A (Italy). Humicola insolens Cutinase (HiC) (Novozym 51032, product 
code: 06-3135) was purchased from STREM Chemicals.

2.2. Preparation of PHBH oligomers by alcoholysis

Branched PHBH oligomers were prepared from linear high molecular 
weight PHBH by an alcoholysis reaction. For this purpose, 10 g of PHBH 
pellets, previously dried in a vacuum oven at 30 ◦C for 3 days, were 
placed into a glass test tube reactor equipped with a stainless-steel 
stirrer, purged with Ar flow, and brought to 195 ◦C for 10 min to soft 
and mix the polymer. After this phase, PE was added in varying amounts 
(2, 5, or 10 wt%, based on the weight of the mixture composed of 
polymer, polyalcohol, and catalyst), depending on the desired molecular 
weight of the final branched additives. The system was then stirred at 
160 rpm for 90 min to facilitate the PE dissolution in the polymer. After 
complete incorporation of PE, Zn(St)2 (2 wt% based on the total weight 
of the mixture) was added as a catalyst to promote the transesterification 
reaction between PE hydroxyl groups and the ester bonds of PHBH. After 
the catalyst addition, the reaction was maintained for 60 min keeping 
the system under continuous stirring. Then, the molten additives were 
collected in a glass vial and stored in a desiccator before use. The sam
ples prepared by alcoholysis were named according to the different PE 
amounts used for their preparation, e.g. sPHBH_PE2 denotes a branched 
polymer obtained by alcoholysis of PHBH using 2 % PE.

2.3. PHBH-based porous film preparation

To develop PHBH films, different PHBH solutions were prepared by 
dissolving PHBH polymer pellets in 10 mL of Cyrene® at 100 ◦C under 
stirring to reach a final concentration of 20 % w/v (e.g. 2 g PHBH in 10 
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mL solvent). To prepare functionalized films, PHBH and branched PHBH 
additives obtained by alcoholysis were mixed in a ratio of 80/20 % w/w 
to obtain solutions with a final polymer concentration of 20 % w/v (e.g. 
1.6 g PHBH and 0.4 g additive in 10 mL solvent). Porous films were 
prepared by casting 10 mL of the hot PHBH/Cyrene® solutions, previ
ously left at room temperature for 60 s, onto a glass plate using a doctor 
blade (film thickness = 1.1 mm, film width = 40 mm) and then by 
placing them in a coagulation bath of 450 mL Milli-Q water at 25 ◦C for 
24 h after 30 s of additional air cooling. After this time, the films were 
detached from the glass plate and washed in water for 3 days, changing 
water several times a day and using the same amount of water as for the 
coagulation process. The as-prepared films were dried at room tem
perature for 72 h for three days and then in a vacuum oven at 30 ◦C for 
one week. The films were defined by specifying the type of the branched 
additive used in their preparation (e.g. mPHBH_PE2 indicates a film 
prepared from sPHBH_PE2 with a polymer concentration of 20 % w/v in 
Cy and a PHBH/sPHBH_PE2 ratio of 80/20).

2.4. Characterization measurements

2.4.1. FT-IR analysis
Fourier transform infrared spectroscopy was performed using a 

Bruker “Vertex 70®” in ATR mode, equipped with a diamond crystal, on 
powdered samples, at room temperature, from 400 to 4000 cm− 1 (128 
scan, resolution: 2 cm− 1).

2.4.2. NMR analysis
Proton NMR (1H NMR) analysis of samples was carried out by using 

Bruker Avance 500 MHz spectrometer (Bruker, Karlsruhe, Germany) at 
25 ◦C on 30 mg/mL polymer solutions prepared by dissolving the ma
terial in CDCl3. The mean numerical molecular weight of polymers was 
calculated by applying Eq. (1) while the amount of PE esterified hy
droxyl group was calculated using Eq. (2). 

MnNM[g/mol] =
(

A(b,e)

A(bʹ,é )

+1
)

⋅89.16 [g/mol] (1) 

where A(b,e) is the area of the signal at 5.25 ppm while A(b′e′) is the area of 
the signal at 4.15 ppm. 89.16 g/mol is the mean molecular weight of the 
repetition unit which was extrapolated from the mean comonomer 
composition of 89 % 3-oxobutyric units (m.w. = 86.08 g/mol) and 11 % 
3-oxohexanoic units (m.w. = 114.14 g/mol). 

Reacted OH groups respect total weight [%]

=
Aí

(Ai + Aí )
⋅pentaerythritol weight fraction [%] (2) 

where Ai′ is the area of the signal 4.06 ppm Ai is the area of the signal at 

3.60 ppm.

2.4.3. Thermal analysis
DSC of the polymers and the prepared films was performed with a 

Mettler Toledo DSC1 STARe System. The analysis was carried out using a 
three-step thermal program composed respectively by a first heating 
(− 50 ◦C to 200 ◦C), a cooling (200 ◦C to − 50 ◦C) and a second heating 
(− 50 ◦C to 200 ◦C). For all the steps, a heating/cooling rate of ±10 ◦C/ 
min and a N2 flow rate of 20 mL/min was used. TGA measurements were 
performed from 30 to 800 ◦C under a nitrogen flow of 80 mL/min using a 
heating rate of +20 ◦C/min.

2.4.4. GPC analysis
Gel permeation chromatography was carried out at 30 ◦C on an 

Agilent Technologies HPLC System (Agilent Technologies 1260 Infinity) 
connected to a 17,369 6.0 mm ID × 40 mm L HHR-H, 5 μm Guard 
column and an 18,055 7.8 mm ID × 300 mm L GMHHR-N, 5 μm TSK gel 
liquid chromatography column (Tosoh Bioscience, Tessenderlo, 
Belgium) using CHCl3 as mobile phase (flow rate 1 mL/min). An Agilent 
Technologies G1362A refractive index detector was employed for 
detection. The molecular weights of the polymers were calculated using 
linear polystyrene calibration standards (250–70,000 Da) purchased 
from Sigma-Aldrich. Polymer samples were dissolved in CHCl3, diluted 
to obtain a final concentration of 2 mg/mL, and filtered over cotton wool 
before analysis.

2.4.5. Viscosity analysis
The viscosities of the PHBH-based solutions used for film preparation 

were determined using a Lamy RM200 CP4000 plus® cone-plate 
rheometer with 40 mm spindle (CP40-20) at 100 ◦C, between 10 and 
100 s− 1, whereby the average of 5 viscosity values was measured.

2.4.6. Gravimetric porosity
The porosity of the prepared films was determined using a gravi

metrical technique, by applying Eq. (3). 

Porosity [%] =
Vm − Vp

Vm
×100 (3) 

where Vm is the sample volume calculated from the area and thickness of 
the film sample and Vp is the polymer volume within the film calculated 
by dividing the film sample weight by the polymer density (assuming 
that the density of PHBH and additives is identical, with ρPHBH = 1.22 g/ 
cm3).

2.4.7. SEM characterization
The morphological characterization of the porous films was per

formed using a Hitachi 3030 Scanning Electron Microscope (SEM). To 

Fig. 1. Scheme of the work related to the development of a new recycling loop for PHBH-based materials.

G. Damonte et al.                                                                                                                                                                                                                               International Journal of Biological Macromolecules 319 (2025) 145457 

3 



perform cross-section analysis, the film samples were fractured cryo
genically after immersion in liquid nitrogen. All micrographs were ac
quired after applying a 3 nm thick platinum coating using a Leica 
ACE600 sputter coater. The pore size analysis of the materials was 
performed using ImageJ® software. The pore diameter was calculated 
based on an average of 50 measurements for each sample. The Pd-loaded 
films were coated with a thin graphite layer using a Polaron E5100 
sputter coater and analyzed using a Zeiss Supra 40 VP field emission 
scanning electron microscope equipped with a backscattered electron 
detector. Pd cluster size was determined using the Feret's diameter 
function (the output is given as maximum Feret's diameter) of ImageJ® 
software.

2.5. Dye retention test

For the dye retention test, single film disks (diameter = 16 mm) were 
immersed in 5 mL PR solution (5 μg/mL), a dye that mimics the behavior 
of drugs and pollutants, in the dark at 22 ◦C for 48 h. After this time, the 
dye concentration in the leftover supernatant was quantified by UV–Vis 
spectrometry by measuring the absorbance at λ = 539 nm [23]. For PR 
quantification a calibration curve (Eq. (4)) was made using PR standards 
of different concentrations (0.5, 1, 2, 5, 10 μg/mL). The amount of dye 
retained at the time t was calculated using Eq. (5). 

Absorbance [a.u.] = 0.21758⋅Concentration [μg/mL] +0.02848 R2

= 0.9977 (4) 

Dye absorbed =

(
C0 − Cf

)
⋅V0

wdry
(5) 

where C0 is the initial dye concentration [μg/mL], V0 = 5 mL, Cf =

measured dye concentration [μg/mL], wdry = initial weight of the dried 
film disk (mg).

2.6. Water uptake measurements

The water uptake (WU) of porous PHBH films were measured by 
soaking single film disks (n = 3) in Milli-Q water at room temperature 
and weighing them at different time points. The amount of retained 
water at the time t was calculated using Eq. (6). 

WU [%] =
wt − w0

w0
• 100 (6) 

where wt and w0 are the weight of the soaked film after time t and the 
initial weight of the dry film, respectively.

2.7. Stress-strain test

Strain tests were performed with an Instron Mechanical Tester 
(Instron 5565) (speed 0.5 mm/min, initial gage length l0 = 20 mm, pre- 
strain 0.1 N) on 30x5x0.45 mm3 specimens cut perpendicular to the 
casting direction. All the samples were dried and stored in a desiccator 
over activated 4 Å molecular sieves at room temperature for 72 h before 
testing.

2.8. Palladium retention

Single film disks (diameter = 16 mm, mean thickness = 0.45 mm) 
were soaked for 48 h at room temperature in 3 mL of a 0.01 % w/v PdCl2 
solution in 0.5 % v/v acetic acid. After palladium absorption, the disks 
were washed three times with Milli-Q water, immersed in Milli-Q water 
for 10 min, and vacuum-dried until a constant weight was reached. After 
this phase, the loaded disks were immersed in 0.1 M aqueous NaBH4 for 
60 min to achieve the reduction and deposition of Pd2+ to Pd0. Then, the 
samples were washed extensively to remove the excess of the reducing 
agent and dried under vacuum to constant weight. The Pd content of the 

films was determined by flame absorption atom spectroscopy (FAAS). In 
detail, single film disks (diameter = 16 mm, mean thickness = 0.45 mm) 
were dissolved in 1.5 mL of warm aqua regia (70 ◦C, closed vessel) 
prepared by mixing concentrated nitric acid (65 % w/w) and hydro
chloric acid (37 % w/w) in a ratio of 1:3. After 24 h of digestion, the 
solutions were analyzed. The Pd concentration was determined using 
FAAS (Pd lamp, λ = 244.8 nm) preparing a calibration curve (Eq. (7)) 
using Pd standards at different concentrations (0, 1, 2, 5, 10, 20, and 50 
μg/mL Pd using PdCl2) in aqua regia. The amount of retained Pd was 
calculated by applying Eq. (8). 

Absorbance [a.u.] = 0.032⋅Concentration [μg/mL] − 3.333⋅10− 4 R2

= 0.9977 (7) 

Pd absorbed =
CPd⋅V0

wdry
(8) 

where CPd is the Pd concentration measured by FAAS (μg/mL), V0 = 5 
mL, wdry = weight of the dried film disk (mg).

2.9. Evaluation of the catalytic activity of Pd-loaded films

To evaluate the catalytic activity of Pd-loaded films and validate 
their use as catalytic supports, the materials were studied as heteroge
neous catalysts to promote the hydrogenation reaction of trans-stilbene 
and compared to Pd/C. In detail, a single film disk (Ø = 16 mm) of Pd- 
loaded film (or 1.6 mg of Pd/C, Pd content = 10 wt%) was inserted into a 
250-mL three-neck round-bottomed flask followed by a solution con
taining 375 mg of trans-stilbene dissolved in 8.3 mL of iPrOH, and the 
air present in the system was removed by carrying out three vacuum/ 
nitrogen cycles. The hydrogen was then introduced into the reactor 
through a rubber balloon, performing three vacuum/hydrogen cycles 
and the reaction continued for 24 h. The conversion of trans-stilbene to 
diphenylethane was determined using 1H NMR spectroscopy after sol
vent removal using a rotavapor and dissolution of the resulting solids in 
CDCl3. The catalytic activity of Pd-loaded films and Pd/C was deter
mined by using Eq. (9). 

Catalyst activity
[
mg− 1] =

Diphenylethane yield
Pd weight [mg]

(9) 

2.10. Enzymatic hydrolysis of films

Enzymatic hydrolysis of films was performed by placing single film 
specimens (5 × 10 mm2, mean weight 5.8 ± 0.7 mg, n = 3) in a 2 mL 
Eppendorf tube, followed by 2 mL of HiC solution (Novozym®) 51.032 
(1 or 5 μM) in Milli-Q water or 0.1 M KPO buffer, pH = 8.0. The films 
samples were then incubated for 1, 2, 5, and 10 days at 37 ◦C on an 
orbital shaker set to 150 rpm. At the specified time, the clear supernatant 
was collected after centrifugation at 5000 rpm for 5 min to remove 
suspended particles. The film residues were washed twice by immersion 
in 1 mL ultrapure water for 30 min each time and recovered by centri
fugation. The residues were then vacuum-dried at room temperature for 
3 days until constant weight was reached, before weight loss was 
determined gravimetrically on an analytical scale (±0.00001 g).

2.11. Quantification of hydrolysis products using RP-HPLC-RI

Hydrolysates (200 μL) were diluted to 980 μL using Milli-Q water and 
precipitated following the Carrez method [24] (10 μL potassium hex
acyanoferrate solution +10 μL zinc sulfate solution) to remove the 
remaining enzyme and filtered through 0.20 μm Nylon filters (GVS, 
Indianapolis, USA). The analytes were separated by high-performance 
liquid chromatography (HPLC) using refractive index detection (1100 
series, Agilent Technologies, Palo Alto, CA) coupled with an ICSep-ION- 
300 column (Transgenomic Organic, San Jose, CA) of 300 mm by 7.8 
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mm and 7 μm particle diameter. Column temperature was kept at 45 ◦C. 
Samples (40 μL) were injected and separated by isocratic elution for 110 
min at 0.325 mL/min in 0.01 M H2SO4 as the mobile phase. A (R)-3- 
hydroxybutyric acid (3-HBA) calibration curve going from 1 to 20 mM 
(Eq. (10)) was used for the quantitative determination of the released 3- 
HBA during enzymatic hydrolysis of films. 

Absorbance [a.u.] = 82, 986⋅Concentration [μg/mL] R2 = 0.9751 (10) 

3. Results and discussion

3.1. Study of the alcoholysis reaction

Alcoholysis of commercially available linear poly(3-hydrox
ybutyrate-co-3-hydroxyhexanoate) (PHBH) to obtain branched oligo
mers was carried out in the molten state under solventless conditions. 
Pentaerythritol (PE), a biobased polyalcohol, was combined with Zn 
(St)2 as a catalyst to promote the transesterification reaction between 
the hydroxyl groups of PE and the ester bonds of PHBH. To better evi
dence the influence of PE on the alcoholysis process, increasing amounts 
of this compound, namely 2, 5, and 10 wt% were used. In Fig. 2, the FT- 
IR spectrum of neat PHBH is compared with those of samples treated 
with different amounts of PE in the presence of Zn(St)2 as a catalyst. The 
spectrum of PHBH exhibits characteristic stretching signals at 2981 
cm− 1 and 2939 cm− 1, which can be attributed to symmetric and 
asymmetric CH2 stretching, respectively, and a prominent band at 1724 
cm− 1 corresponding to the C––O stretching. Additional peaks at 1457 
cm− 1 and 1382 cm− 1 are related to CH2 and CH3 vibrational motions, 
while signals at 1277 cm− 1 and 1181 cm− 1 can be ascribed to asym
metric C–O–C and C–O stretching [10]. The peaks in the region be
tween 1100 cm− 1 and 500 cm− 1 are attributed to C–O and C–C 
stretching in the amorphous phase [25].

All samples subjected to the alcoholysis process exhibited an addi
tional absorption band between 3600 cm− 1 and 3100 cm− 1, attributed 
to O–H stretching with the intensity of this band increasing with the PE 
content in the reaction mixture. Moreover, a detailed comparison of the 
spectra in the 4000 to 3000 cm− 1 range (Fig. S1) reveals that the O–H 
stretching band in the polymer samples subjected to alcoholysis 
appeared broadened and shifted towards higher wavenumbers when 
compared to crystalline PE, suggesting a different nature of the hydroxyl 
end groups. Indeed, this indicates a possible disruption of the hydrogen 
bonds between hydroxyl end groups in the polymer matrix, which, as 

already reported, proves the occurrence of the transesterification reac
tion [13,26].

1H NMR spectroscopy, reported in Fig. 3a and b, investigated the 
structural changes induced by the alcoholysis process in the resulting 
oligomers. In the spectrum of the starting linear PHBH, several signals 
can be recognized that can be assigned to the backbone protons of this 
polymer, namely at: 5.26 ppm (b, e), 2.61–2.49 ppm (a, d), 1.58 ppm (f, 
g), 1.28 ppm (c), and 0.91 ppm (h). Moreover, by comparing the areas of 
the signals c and h, which correspond to the methyl groups of the 3-oxo
butyric and 3-oxohexanoic units, respectively, it was found that the 
copolymer composition consists of approximately 89 % 3-oxobutyric 
units and 11 % 3-oxohexanoic units. Additionally, as reported by Tri
pathi et al. [27], the lack of separation in the signals corresponding to 
protons b and e, which are attributed to the methine protons of 3-oxobu
tyric and 3-oxohexanoic units, respectively, suggests a random copol
ymer structure for this polyester. Similarly, all the samples prepared by 
alcoholysis showed the typical pattern of signals previously observed for 
the PHBH backbone, at 5.28 ppm (b, e), 2.65–2.56 ppm (a, d), 1.60 ppm 
(f, g), 1.28 ppm (c), and 0.91 ppm (h). Additionally, new signals 
attributable to PE and new chain end groups resulting from the alco
holysis reaction of PHBH at 4.20 ppm (methine protons of 3-hydroxybu
tyric and 3-hydroxyhexanoic chain terminals, depicted as b′ and e′, 
respectively) can be observed in these samples. Other peaks can be 
attributed to the presence of PE at 4.12 ppm (i′), 3.63 ppm (i), and 3.22 
ppm (j). Moreover, other signals at 6.97 and 5.79 ppm, can be associated 
with the vinyl protons of 2-butenoic and 2-hexenoic units, respectively, 
with the peaks at 2.14 ppm and 1.88 ppm related to the methylene and 
methyl groups adjacent to the double bond of the 2-hexenoic (hex.) and 
2-butenoic (but.) systems. These signals show an intensity that depends 
on the amount of added polyol and consequently on the progress of the 
alcoholysis process. The formation of these species can be explained by 
considering a partial dehydration reaction of the hydroxy end groups, 
which can be favored by the high temperature and the presence of the 
Lewis acid catalyst used for the transesterification. However, the 

Fig. 2. FT-IR spectra of PHBH, PE, Zn(St)2, and PHBH-based branched oligo
mers prepared by alcoholysis using PE and Zn(St)2.

Fig. 3. Example of a possible structure of a trifunctional branched PHBH 
oligomer obtained from the alcoholysis reaction of linear PHBH using PE (a) 
and 1H NMR spectra of PHBH and PHBH branched oligomers prepared by 
alcoholysis using PE and Zn(St)2 (b).
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presence of these functionalities, derived from α,β-unsaturated com
pounds, are present in minor amounts compared to the hydroxyl chain 
terminals, which are the primary focus of this study.

The molecular weight of the branched PHBH oligomers (Table S1) 
was calculated by applying Eq. (1). The linear starting PHBH was 
characterized by a high molecular weight and had an MnNMR value of 
about 190,000 g/mol. After the alcoholysis reaction, a drastic decrease 
in molecular weight to 3700 g/mol, 1200 g/mol, and 500 g/mol was 
observed for the samples prepared by adding 2 %, 5 %, and 10 % PE, 
respectively, demonstrating the active role of the polyalcohol/catalyst 
system used in the transesterification.

Moreover, the area of (i) and (i′), i.e. the signals related to the 
methylene protons of free and esterified hydroxyl groups of PE, was 
dependent on the amount of PE added to the system, and was used to 
determine the number of hydroxyl groups involved in the reaction with 
PHBH chains during alcoholysis (Eq. (2)). When the proportion of 
esterified hydroxyl groups relative to the total weight of the system is 
considered, it is found that the values were 1.0 %, 3.0 %, and 3.4 % for 
sPHBH_PE2, sPHBH_PE5, and sPHBH_PE10, respectively. This indicates 
that a larger number of reacted hydroxyl groups are present in the sys
tems with increasing PE content. This result highlights that in the case of 
sPHBH_PE10, a higher content of esterified groups indicates a greater 
extent of the alcoholysis process of PHBH, which is consistent with the 
observation made due to the decrease in molecular weight of the 
branched systems. Based on the above results, it can be concluded that 
alcoholysis successfully leads to the formation of branched structures 
with terminal hydroxyl groups and offers the possibility to adjust the 
final properties of the materials by varying the PE content used in the 
process.

GPC analysis (Fig. S2 and Table 1) was performed to assess the effect 
of the alcoholysis reaction on the molecular weight of the synthesized 
oligomers. Indeed, the alcoholysis was found to produce a significant 
reduction in the mean numerical molecular weight (Mn) of the polymer 
which decreased from 126,800 g/mol for the neat PHBH to 2300 g/mol, 
1800 g/mol, and 1400 g/mol for sPHBH_PE2, sPHBH_PE5, sPHBH_PE10 
respectively.

This result is consistent with the previously described findings from 
1H NMR analysis and demonstrates the effective conditions applied to 
obtain low molecular weights systems from linear PHBH [13].

Furthermore, a bell-shaped trend in polydispersity index (Ð) was 
observed as a function of the PE content used in the reaction, similar to 
what was reported by other authors who investigated the alcoholysis of 
PHB under different conditions and attributed the result to a possible 
random scission of the polymer chains during the process [28–30].

The thermal properties of the branched oligomers prepared by 
alcoholysis were compared with those of the starting PHBH using DSC 
measurements (Fig. S3, Table S2 and Table 1). In detail, DSC charac
terization of the neat polymer revealed a semicrystalline behavior, 
consistent with the composition of the copolymer, as reported elsewhere 
[31,32]. However, as evidenced by the small ΔHc value of − 3 J/g, PHBH 
can crystallize only to a limited extent under the cooling conditions used 
for the analysis. Moreover, this sample showed a Tg of − 2 ◦C, a cold 
crystallization (ΔHcc), and a fusion enthalpy of − 33 J/g and 37 J/g, 
respectively, with low crystallinity (χc) of 3 %.

In contrast, all samples prepared through the alcoholysis did not 
crystallize under the same cooling/heating conditions. In particular, in 
the second heating, no cold crystallization event was observed. 
Furthermore, a significant reduction in Tg was observed in all these 
samples compared to the initial PHBH, decrease which is related to the 
PE content added to the reaction mixture. These results can be attributed 
to several effects, such as the extent of the alcoholysis process, the 
branched geometry, and the possible plasticizing effect of the catalyst 
and free PE moieties. Indeed, the physical appearance of the samples 
also supports these findings; while the neat PHBH is in the form of hard, 
solid pellets at room temperature, all the branched oligomers are waxy 
materials that can be easily scraped off with a spatula (Fig. S4).

TGA analysis (Fig. S5 and Table 1) further confirmed the effect of the 
alcoholysis process on the thermal stability of the oligomers. In partic
ular, PHBH exhibited an onset decomposition temperature (Tonset) of 
299 ◦C and a maximum decomposition temperature (Tmax) of 308 ◦C, 
reflecting the thermal stability determined for this polymer by other 
authors [33]. In contrast, the samples prepared by alcoholysis showed a 
slight reduction in thermal stability with Tonset of 288 ◦C, 287 ◦C, and 
287 ◦C for sPHBH_PE2, sPHBH_PE5, and sPHBH_PE10, respectively. The 
maximum degradation temperatures (Tmax) found for the oligomers, 
which were between 301 ◦C and 305 ◦C, showed a slight decrease 
compared to the 308 ◦C determined for the linear high molecular weight 
polymer.

The slight decrease in thermal stability observed in these samples 
was associated with the lower molecular weight compared to the neat 
polymer and the presence of the catalyst used to promote the trans
esterification process, which could favour earlier depolymerization and 
thus degradation of the material [34]. However, the thermal stability of 
the oligomers, although slightly lower, is still acceptable and compa
rable to that of the starting PHBH. Overall, these findings highlight the 
influence of the alcoholysis process on the final properties of the olig
omers and demonstrate how effectively the transesterification reaction 
promotes the cleavage of the macromolecular chains to generate 
branched structures characterized by terminal hydroxyl groups.

3.2. PHBH-based porous film development

To highlight a potential application, the compounds derived from the 
PHBH alcoholysis process were used as additives in the development of 
PHBH-based porous films, taking advantage of their compatibility with 
the polymer matrix and their high functionality, as already underlined. 
In the film development, both the neat PHBH and the mixture of PHBH 
and branched oligomers obtained by using different amounts of PE were 
dissolved in Cyrene® (Cy), a solvent produced from renewable sources. 
The choice of this compound compared to other solvents used for the 
production of porous films, such as dimethyl sulfoxide (DMSO) and 
dimethylformamide (DMF), is not only related to its bio-based nature, 
but also to its peculiar chemical-physical characteristics (high viscosity, 
miscibility with water, capacity to dissolve the polymer) which make Cy 
suitable for its application in a Non-Solvent Induced Phase Separation 
(NIPS) process.

The study of the development of such materials initially focused on 
analyzing the viscosity of the polymer solutions used to produce the 
films, as this parameter is of fundamental importance for the formation 
of the porous material in the method applied [35]. It is worth under
lining that Cy has never been used in the preparation of PHBH-based 
films, so it was not possible to compare the viscosities found with the 
values reported in the literature. As shown in Fig. S6, the η value of the 
solution characterized by a polymer concentration of 20 % w/v and 
measured at 100 ◦C, i.e., at the temperature applied to dissolve the 
polymer, decreased drastically after the addition of the branched olig
omers, from about 1200 mPa⋅s, for the PHBH solution to about 500 
mPa⋅s for those containing the additives. The reduction in viscosity 
caused by the presence of the oligomers in the systems can be attributed 
to their low molecular weight. In this context, it is relevant to underline 

Table 1 
Thermal properties of PHBH and branched PHBH oligomers.

Sample Tg 

[◦C]
Tonset 

[◦C]
Tmax 

[◦C]
Mn [g/ 
mol]

Mw [g/ 
mol]

Ð

PHBH − 2 299 308 126,700 245,900 1.94
sPHBH_PE2 − 9 288 301 2270 4690 2.06
sPHBH_PE5 − 13 287 303 1790 3120 1.74
sPHBH_PE10 − 16 287 305 1350 1960 1.44

Tg = glass transition temperature, *Tonset was extrapolated from TGA using the 
tangent method. Tmax was extrapolated from DTG curves as the points where the 
mass loss rate was at its maximum.
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that the addition of the low-molecular weight branched oligomers 
causes a reduction in the high molecular weight PHBH content since the 
total concentration of the polymer was maintained at 20 wt% in all the 
solutions studied. However, no significant changes in η value were 
observed because the difference in molecular weight between the three 
branched oligomers, sPHBH_PE2, sPHBH_PE5, and sPHBH_PE10, is not 
so relevant. Based on the above results, it is worth underlining that 
despite the decrease due to the presence of the branched oligomers, the 
viscosity of the prepared polymer solutions remains acceptable and 
within a range suitable for application in a NIPS process [36,37].

To evidence the influence of the viscosity of the starting solutions on 
the porosity of the films, the density of the materials was measured. In 
Fig. S6, the gravimetric porosity of the neat PHBH and that of PHBH/ 
branched oligomer films are shown. The porosity was found to be similar 
for all the studied systems, it being 73.4 ± 2.7, 78.8 ± 1.8, 79.6 ± 3.0, 
and 77.1 ± 1.2 for mPHBH, mPHBH_PE2, mPHBH_PE5, and 
mPHBH_PE10, respectively. This finding can be attributed to the fact 
that the differences in viscosity between the solution based on the neat 
PHBH and those with the PHBH/branched oligomer systems are not so 
great - almost half in the case of the latter - as to justify a significant 
change in porosity, as demonstrated in other works [38]. Nevertheless, it 
is relevant to underline that the use of the above solvent-polymer sys
tems allows the production of films with medium-high porosity values, 
which are optimal for their use as pollutant absorbers or porous supports 

for catalysts [39].
FE-SEM characterization of the cross sections of neat and composite 

PHBH-based porous films (Fig. 4) was carried out to evidence the in
fluence of the branched additives on the film morphologies. In partic
ular, a sponge-like porous morphology is observed along with a few tens 
of micrometers thick dense layer on the side directly exposed to water 
during the desolvation process (Fig. S7), which is formed because of a 
rapid spinodal demixing of the solution, as highlighted by other authors 
[40]. The analysis of the specimen prepared with neat polymer, mPHBH, 
revealed a mean pore area of 0.73 ± 0.21 μm. This value increased 
slightly to 0.93 ± 0.31, 0.94 ± 0.32 and 1.05 ± 0.37 μm for 
mPHBH_PE2, mPHBH_PE5, and mPHBH_PE10 respectively, with no 
statistically significant difference found for the addition of the oligomers 
characterized by different molecular weight. As previously demon
strated, the above results highlight the minor influence of the presence 
of the branched oligomers on both the film morphology and porosity.

The thermal properties of the prepared films were analyzed by DSC 
measurements (Fig. S8 and Table S3). During the cooling phase, none of 
the samples was able to crystallize effectively, as demonstrated by the 
low crystallization enthalpy (ΔHc) values, which ranged between − 4 J/g 
for the mPHBH film and − 1 J/g for the films containing the additive. 
Due to the small and broad crystallization peaks, the crystallization 
temperatures (Tc) of these samples were poorly defined and ranged 
between 43 and 55 ◦C, with the lowest value for mPHBH and the highest 

Fig. 4. SEM micrographs of PHBH-based film cross-sections at different magnifications.
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for mPHBH_PE10. Concerning the thermograms of the second heating, 
glass transition temperature (Tg) values were found between − 1 ◦C and 
− 4 ◦C, for mPHBH and mPHBH_PE10 respectively, demonstrating how 
the addition of oligomers can decrease the temperature of this transition 
according to the Flory-Fox equation. Moreover, during the second 
heating phase, well above Tg, cold crystallization and melting processes 
were observed for all the films. As expected, the enthalpies associated 
with cold crystallization (ΔHcc) and melting (ΔHm) were comparable, 
further confirming the inability of these materials to crystallize effi
ciently under the applied cooling conditions. In addition, the tempera
ture values for the cold crystallization and melting processes (Tcc and 
Tm) were almost the same for all the samples, demonstrating that the 
effect of the branched additives on these properties was relatively small.

The thermochemical stability of the films evaluated by TGA (Fig. S9 
and Table S3) also evidenced that the values for the onset degradation 
temperature (Tonset) and the maximum rate of degradation temperature 
(Tmax) were between 281–293 ◦C and 297–308 ◦C, respectively, indi
cating that the introduction of PHBH-based oligomers changes the 
thermal stability only slightly.

The mechanical properties of the neat PHBH films and those of the 
systems containing the branched oligomers were evaluated by stress- 
strain measurements; the results are shown in Table 2. In particular, 
Young's modulus, yield strength, and elongation at break of the sample 
mPHBH were found to be 43 ± 0.8 MPa, 1.09 ± 0.05 MPa, and 19.2 ±
2.9 % respectively, values well below those typically reported for dense 
PHBH specimens [3,41]. These results can be explained by considering 
the high porosity of the developed films, which limits the ability to 
transfer mechanical stresses across the material section. Characteriza
tion of the films containing branched additives yielded Young's 
modulus, tensile, and yield strength values comparable to those of high 
molecular weight mPHBH film. The most notable change observed in 
these materials was related to a reduction in elongation at break, which 
was approximately 6 % for all the films containing the oligomers. As 
reported by other authors, this effect can be attributed to a possible 
reduction in the entanglements between the polymer chains caused by 
the low molecular weight additives [42]. As demonstrated in the pho
tographs, shown in the Supporting Information (Fig. S10), the manip
ulability of the above films remains excellent despite the significant 
reduction in this property, making these porous materials suitable for 
use as scaffolds or absorbers.

3.3. Study of the film retention capacity

The retention capacity of the functional PHBH films was evaluated 
using an organic compound, namely pararosaniline hydrochloride (PR) 
and palladium chloride (PdCl2) as an inorganic cation. For the former 
compound, PR was selected based on previous studies showing that this 
molecule can be used to mimic the behavior of positively charged, 
amino-containing organic molecules, such as pharmaceuticals and pol
lutants [22,43]. To this end, the films were immersed in 5 μg/mL PR 
solution and the dye concentration in the supernatant was monitored 
after 24 and 48 h (Eq. (5) and Fig. 5). The dye adsorption of mPHBH and 
mPHBH_PE2 was relatively low after 24 h at 50 ± 36 μg/g and 46 ± 29 
μg/g respectively. After 48 h, it increased to 87 ± 67 μg/g and 89 ± 27 
μg/g, respectively. In contrast, mPHBH_PE5 and mPHBH_PE10 films 
showed significantly higher dye retention (Fig. S11), with values of 211 

± 67 μg/g and 331 ± 57 μg/g after 24 h, increasing to 330 ± 62 μg/g 
and 390 ± 70 μg/g after 48 h, respectively. The above findings highlight 
the low affinity of neat PHBH towards the dye, which is not even 
affected by the increase in the surface area of the support due to its 
porous structure in the film sample. To explain these results, the system 
functionalities, which can influence the affinity for the positively 
charged molecule as well as the water uptake (WU) must be taken into 
account. To better assess the latter aspect, gravimetric determination of 
WU over time was performed (Eq. (6) and Fig. 5). In particular, mPHBH 
showed a modest WU value, leveling off at 11 ± 3 % and 10 ± 1 % after 
24 and 48 h, respectively. The mPHBH_PE2 sample also exhibited 
comparable WU after the same time (14 ± 2 % and 17 ± 5 %). Indeed, 
the low retention capacity of mPHBH and mPHBH_PE2 for PR can be 
attributed to the limited amount of functional end groups available for 
interactions with the selected molecule and for water uptake, which may 
facilitate the diffusion of PR within the porous structure. In contrast, the 
mPHBH_PE5 sample showed higher WU values of 58 ± 7 % and 106 ± 6 
% over the time periods testes, which further increased to 226 ± 21 % 
and 218 ± 18 % in the mPHBH_PE10 sample, indicating a greater water 
absorption capacity (Fig. S12). The above variation cannot be related to 
the microstructure of the films, as the porosity as well as morphology, 
assessed by SEM micrographs, are the same for both samples.

It is difficult to compare the WU values found with existing literature 
data, due to the novelty of PHBH-based porous films. However, it is 
worth underlining that the WU value of mPHBH_PE10 is in the same 
order of magnitude as that of other PHA-based porous polymer systems 
prepared by different strategies [44–46]. Considering the results of 
water uptake and the dye retention tests (Fig. 5), it is clear that they 
follow a similar trend, showing that the functionalities introduced by the 
presence of the branched oligomers in the PHBH-based films by the two 
compounds sPHBH_PE5 and sPHBH_PE10, characterized by the highest 
number of functional groups, promote dye retention through specific 
interactions and the dye adsorption within the porous structure thanks 
to the improved water uptake. Overall, these results show that although 
the additives are not able to improve the mechanical behavior of the film 
and even reduce the elongation at break without limiting the manipu
lability of the film, they have a strong influence on the retention capacity 
of the systems thanks to the functionality they confer. Even if a direct 
comparison with literature is difficult because there are no studies on 
films prepared with the same polymer/solvent pair, these results are 
consistent with some works in which a correlation was found between 
the content of polar groups introduced by the additives and the effec
tiveness of the film as an absorber of polar species [38].

As already highlighted, the retention capacity of the developed films 
was also investigated considering an inorganic salt which is used both in 
homogeneous catalysis [47], where it is dissolved in a suitable solvent 
system, and in heterogeneous catalysis as a metal precursor [48]. In 
particular, the aim of these measurements was to verify the possibility of 
using our materials as adsorbers of homogeneous catalysts, since one of 
the most challenging aspects of this type of catalysis is related to the 
separation of the catalysts from the reaction mixture dissolved in the 
same solvent system.

On this basis, the development of absorbers, possibly bio-based, that 
can limit the separation/purification steps is an aspect of great scientific 
and application interest. Likewise, we envisioned that our films could be 
reused as catalytic support after retention of the metal precursor and its 
reduction to develop a recycling strategy that could improve the appli
cability of our material.

For this purpose, two films were considered: a sample based on neat 
PHBH, mPHBH, and a film containing the branched oligomer, namely 
mPHBH_PE10 that showed the best performance in terms of PR reten
tion compared to the other formulations analyzed. The analysis of the 
amount of Palladium retained revealed a clear difference between the 
two systems studied (Eq. (8)). Indeed, while the neat film was charac
terized by a negligible amount of retained Pd, mPHBH_PE10 showed a 

Table 2 
Stress-strain test of PHBH-based porous films.

Sample Young's modulus 
[MPa]

Yield strength 
[MPa]

Elongation at break 
[%]

mPHBH 43.3 ± 0.8 1.09 ± 0.05 19.2 ± 2.9
mPHBH_PE2 42.6 ± 1.7 0.93 ± 0.07 6.0 ± 1.0
mPHBH_PE5 38.3 ± 0.3 0.76 ± 0.02 6.0 ± 0.4
mPHBH_PE10 48.1 ± 2.6 0.99 ± 0.01 6.3 ± 0.1
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significant retention with an adsorbed amount of 1.48 μg Pd/mgdry film. 
Since only very small amounts of Pd are normally used in homogeneous 
catalysis (from 1 % to 4 % mol in relation to the reagents), this result 
shows the effectiveness of the developed materials as catalyst adsorbers.

In addition, it is worth underlining that the mPHBH_PE10 film 
(coded as mPHBH_PE10_Pd) appeared dark and had a homogeneous 
coloration after adsorption of the precursor, washing and reduction, 
while mPHBH was white and had the same initial coloration (Fig. S13). 
This difference cannot be attributed to the porosity of the films, as it was 
demonstrated that this property is not altered by the presence of the 
branched additive, but by the specific interactions that occur between 
the functional groups of the additive and the precursor. Furthermore, 
FE-SEM analysis of the dense and porous surfaces of the 

mPHBH_PE10_Pd sample (Fig. 6) shows the formation of metal clusters 
with dimensions of about 160 nm, measured as their maximum Feret's 
diameter. Again, a comparison with literature is difficult due to the 
novelty of the materials produced, but as with other polymer matrices, e. 
g. PLA or polyamides [49,50], the low ability to interact with catalytic 
precursors and the need to add organic or inorganic additives to the 
matrices, which can increase the affinity and retention of the polymer 
matrix towards these compounds, have been widely demonstrated.

To verify the reactivity of the mPHBH_PE10_Pd (Eq. (9)) system, its 
specific catalytic activity, calculated as conversion with respect to the 
amount of Pd, was compared with that of a commercial catalyst, Pd on 
carbon (Pd/C), in the hydrogenation reaction of a model compound, 
trans-stilbene (Fig. S14). Analysis of the reaction products after 24 h 

Fig. 5. WU and PR retention of PHBH-based porous films vs. time, at 22 ◦C of: mPHBH (red), mPHBH_PE2 (yellow), mPHBH_PE5 (green), and mPHBH_PE10 (blue).

Fig. 6. SEM micrographs in backscattering mode of porous (a) and dense (b) side of mPHBH_PE10_Pd. Particle size analysis (max. Feret's diameter) of Pd clusters on 
mPHBH_PE10_Pd dense side (c).
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showed a similar activity of 6.29 and 6.25 mg− 1 for mPHBH_PE10 Pd 
and Pd/C, respectively.

This result is remarkable because it clearly demonstrates an effective 
and sustainable upcycling of PHBH to a functional catalytic material.

3.4. Enzymatic hydrolysis of films

The degradability of the developed films and the specific influence of 
the branched additives on this property were evaluated by monitoring 
the enzymatic hydrolysis with Humicola insolens cutinase (HiC). It is 
worth underlining that this enzyme, which has been shown to be highly 
active in the depolymerization of many types of polyesters, from those 
characterized by a purely aliphatic structure, such as PLA, PCL, and PBS 
to mixed aliphatic-aromatic ones such as PBAT and PEF and even 
polyamide [51,52], has never been assessed for the hydrolysis of PHBH.

In detail, the enzymatic hydrolysis of mPHBH and PHBH-based 
porous films (mPHBH_PE2, mPHBH_PE5, and mPHBH_PE10) at 37 ◦C, 
i.e., the physiological temperature, was investigated under different 
conditions to determine the influence of media type and enzyme con
centration on their degradability. The experiments were carried out 
using Milli-Q water and KPO 0.1 M buffer at pH = 8.0 as the medium 
with HiC concentrations of 1 μM and 5 μM for 10 days. As shown in the 
histograms in Fig. 7, all materials exhibited minimal degradation in 
Milli-Q water with 1 μM HiC, reaching a mass loss of about 6 % for 
mPHBH, 6 % for mPHBH_PE2, 9 % for mPHBH_PE5, and 12 % for 
mPHBH_PE10 after 10 days of incubation. Increasing the enzyme con
centration to 5 μM in the same medium led to a significant increase in 
mass loss for all films, with the percentage degradation after 10 days 

being approximately 24 % for mPHBH, 18 % for mPHBH_PE2, 30 % for 
mPHBH_PE5, and 34 % for mPHBH_PE10.

When the medium was changed to KPO buffer at pH 8.0 with 1 μM 
HiC, there was a moderate increase in degradation in all samples 
compared to 1 and 5 μM HiC in Milli-Q water. In detail, the mass loss 
measured after 10 days was approximately 20 % for mPHBH, 30 % for 
mPHBH_PE2, 28 % for mPHBH_PE5, and 32 % for mPHBH_PE10. 
However, the best depolymerization conditions were found to be in KPO 
buffer at pH = 8.0 with 5 μM HiC, where mass loss after 10 days was 
almost 74 % for mPHBH, 95 % for mPHBH_PE2, 99 % for mPHBH_PE5, 
with mPHBH_PE10 being completely depolymerized under these con
ditions. Moreover, these results also indicate that the mass loss is related 
to the composition and molecular structure of the materials. Indeed, 
mPHBH, i.e., the film composed entirely of high molecular weight linear 
polymer, was the most resistant to enzymatic hydrolysis. In contrast, the 
films prepared by adding 20 % wt% of a branched additive derived from 
the alcoholysis of linear PHBH (mPHBH_PE2, mPHBH_PE5, and 
mPHBH_PE10) showed higher hydrolysis than the pristine PHBH film. 
These results can be explained by the fact that, as already shown, 
increasing the amount of PE during alcoholysis reduces the molecular 
weight of the resulting additive and increases the number of hydroxyl 
groups. It can be hypothesized that the low molecular weight of the 
introduced oligomers, taking into account their insolubility in water, 
could shorten the total time required for the hydrolysis process, accel
erating the mass loss of the oligomer-containing samples over time. As a 
direct consequence, mPHBH_PE10, i.e., the film with the highest PE 
content and the lowest molecular weight, consistently exhibited the 
highest susceptibility to enzymatic depolymerization of all the materials 

Fig. 7. Enzymatic hydrolysis of PHBH-based porous films using HiC in different concentrations and media, at 37 ◦C.
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tested, followed by mPHBH_PE5 and mPHBH_PE2, with mPHBH being 
the slowest to degrade due to its linear, high molecular weight structure.

These findings were further supported by FT-IR analysis of mPHBH 
and mPHBH_PE10 samples (Fig. S15) after 5 days of degradation under 
different conditions. Indeed, in the 3100–3700 cm− 1 range, mPHBH, 
showed an increase in absorbance compared to the starting film only 
when the material was subjected to hydrolysis with the HiC 5 μM KPO 
solution, i.e., under the strongest hydrolytic conditions. In contrast, in 
the case of the mPHBH_PE10 film, an increase in the absorbance was 
observed for both the samples treated with 1 and 5 μM HiC in KPO. As 
the above band can be associated with hydroxyl chain ends which can be 
formed during the enzymatic hydrolysis, the differences found are 
consistent with those previously observed from the mass loss data, 
highlighting the higher hydrolytic efficiency of enzymatic KPO buffer 
solutions and the greater susceptibility to hydrolysis of the additive- 
containing film. To better evidence the effect of enzymatic hydrolysis 
on film morphology, these samples were analyzed by SEM after 5 days of 
contact with the 5 μM HiC solution in KPO buffer at pH = 8.0 (Fig. 8). 
Under these conditions, mPHBH did not demonstrate significant 
changes in surface morphology on both the dense and porous sides, 
while mPHBH_PE10 exhibited some grooves along the surfaces, sug
gesting a possible collapse of the porous structure inside the film, which 
in turn indicates a higher degree of material erosion and hydrolysis.

RP-HPLC-MS analysis in positive ion mode of mPHBH and 
mPHBH_PE10 supernatants (Fig. S16 and Fig. S17), recovered after 10 
days of hydrolysis with 5 μM HiC solution in KPO, revealed the presence 
of species resulting from the enzymatic depolymerization process of 
films. Molecular ions were found in both samples that can be assigned to 
monomeric (3-HBA monomer (M)) and oligomeric (3-HBA dimer (D) 
and trimer (T); mixed 3-HBA/3-HHA dimer (Dmix) and trimer (Tmix)) 
species originated from PHBH chain hydrolysis. In addition, the for
mation of 3-HBA generated during this process was monitored by RP- 
HPLC-RI (Fig. 9, Fig. S18, and Fig. S19). As expected, the analysis of 
the supernatants obtained from the enzymatic hydrolysis of these ma
terials again showed the presence of this compound, which was previ
ously observed qualitatively by RP-HPLC-MS analysis. Since these 
materials consist mainly (~89 %) of 3-oxobutyric units, the presence of 
3-HBA could be detected for all degradation times and under all the 
conditions used for the hydrolysis of the films. In particular, the evo
lution of 3-HBA in the supernatants showed a good correlation with the 
mass loss measured during the enzymatic hydrolysis tests, with the 
concentration increasing with time. Furthermore, when examining the 
individual time points of each sample, an increase in 3-HBA 

concentration was observed as a function of the capacity of enzymatic 
solutions in promoting the hydrolytic process, in the following order: 1 
μM HiC Milli-Q < 1 μM HiC KPO < 5 μM HiC Milli-Q < 5 μM HiC KPO.

Remarkably, these results show that the enzymatic depolymerization 
process, for both 1 μM HiC solutions, does not occur under enzymatic 
saturation conditions, since the concentration of 3-HBA for each time 
point increases with the concentration of the enzyme in the transition to 
5 μM solutions. In the same way, an increase in the concentration of 3- 
HBA was observed by switching from hydrolysis in Milli-Q water to 
buffer KPO. This phenomenon can be attributed to the influence of pH 
on the stability and ability of the enzyme to interact with the polymer 
surface, as well as to the buffering effect that the KPO can exert on 3- 
HBA, allowing the enzyme to work in an optimal pH range. These re
sults are significant as they show for the first time that complete depo
lymerization of PHBH-based materials can be achieved in a reasonably 
short time (days) by using HiC and suggest that the degradation profile 
of films can be tuned by varying the type of branched oligomer used in 
their preparation or by modifying the conditions applied for hydrolysis 
in terms of enzyme concentration and medium. Moreover, these results 
can serve as potential indicators of the biodegradability of these mate
rials and are also crucial for paving the way to explore future opportu
nities to develop a chemo-enzymatic recycling method for these 
materials at the end of their life cycle.

4. Conclusions

In this work, an efficient upcycling process for the valorization of 
PHA-based copolymers, namely PHBH, was developed under environ
mentally friendly conditions. The novel approach developed for the 
recycling of PHBH under solventless conditions was based on a trans
esterification reaction using bio-based compounds, namely pentaery
thritol (PE) and zinc stearate, to promote the formation of oligomers 
with hydroxyl end groups and branched structure. The resulting 
branched PHBH oligomers exhibited a lower molecular weight and a 
lower Tg compared to the starting polymer, whereby the properties 
could be adjusted by changing the amount of PE in the reaction mixture. 
As for the valorization of the above compounds, they proved to be 
effective additives able to modify the properties and functionality of 
PHBH-based porous films - produced for the first time using a bio-based 
solvent, namely Cyrene® - thanks to their peculiar structure and 
compatibility with the polymer matrix. In particular, the oligomer- 
containing films, although characterized by a slightly reduced elonga
tion at break compared to the neat PHBH-based films, proved to be 

Fig. 8. SEM micrographs of dense and porous side of mPHBH and mPHBH_PE10 before and after 5 days of enzymatic hydrolysis using 5 μM in 0.1 M KPO buffer, pH 
= 8.
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efficient absorbers of a cationic dye, whose retention capacity reached 
the highest value in the films containing the additive produced from the 
greatest PE amount and thus characterized by the highest content of 
hydroxyl functionalities.

Moreover, the same formulation proved to be capable of retaining 
also a metal cation, namely Pd2+, which is generally used in homoge
neous catalysis. The activity of the system consisting of Pd clusters 
formed as a result of the reduction of the metal precursor on the porous 
substrate was detected in the hydrogenation reaction of a model com
pound, trans-stilbene, and showed activity comparable to that of a 
conventional supported catalyst, demonstrating the possibility of using 
the developed films both as a homogeneous catalyst absorber and as a 
heterogeneous catalyst support.

Finally, the oligomer-containing films exhibited better enzymatic 
degradability than those prepared using neat PHBH, with tunable 
degradation rates by varying the additive type or enzyme medium. 
Overall, the main advantage of this upcycling approach relies on the 
direct applicability of the produced branched PHBH oligomers without 
further purification steps, which is a significant improvement over the 
standard chemical recycling approaches where energy- and solvent- 
intensive processes could hinder their sustainability and scalability. 
These properties combined with the simple and scalable production 
process pave the way for an innovative recycling strategy, not only for 
PHBH, but also for other PHA and polyesters, making the developed 
approach interesting from both a scientific and an industrial point of 
view. Based on the encouraging results of the films containing the 
developed additives, further studies on biodegradation, cytotoxicity, 
and scaling of the process will be conducted in the future.
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