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Rapid dissolution of high concentration
poly(3-hydroxybutyrate) using neoteric
biosolvents: experiment and molecular
dynamics simulationt
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Nature, especially in hot environments, triggers the phase change of the abundant metabolites in plants
from solid to liquid as a survival mechanism. Therefore, taking cues from nature, these metabolites could
have potential as green solvents for the dissolution of biopolymers. Because of their green credentials,
plant-derived aromatic monoterpenoids have gained considerable attention for the extraction of bioactive
compounds to replace toxic halogenated solvents. In this work, we report for the first time the fast dis-
solution of high concentration poly(3-hydroxybutyrate) (PHB) using carvacrol (5-isopropyl-2-methyl-
phenol) - a plant metabolite — as a solvent. Remarkably, 20 wt% PHB was completely dissolved within
30 min at 100 °C, whereas a 10 wt% PHB dissolved in 21 min, and even faster dissolution for 1 wt%, 3 wt%
and 5 wt% PHB. The carvacrol/PHB solution exhibited stability characterized by rheology measurements
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and the atomistic molecular dynamics (MD) simulations elucidate the mechanism behind carvacrol's rapid
dissolution of PHB. Most importantly, the carvacrol solvent can be fully recovered by adding anti-solvents.
Furthermore, the resultant highly viscous carvacrol/PHB solution could find applications in coating formu-
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Introduction

Plastic — an oil-based material - has transformed human life
in social, industrial, and environmental facets." These oil-
based polymers have dominated the plastic industry over time,
and their dominance is entrenched by the fact that oil-based
plastics are durable and exhibit exceptional mechanical per-
formance.? Unfortunately, populations have morphed over the
years into a ‘use and throw-away’ society that has clogged the
environment due to plastic pollution.® This pollution problem
has roused researchers into an unprecedented search for eco-
friendly alternatives. This search has identified some exciting
biopolymers, such as poly(hydroxyalkanoates) (PHA), which
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lations, adhesives, and consumer care additives.

are processed by microbes under a nutrient famine-phase and
excess carbon substrate glut-phase as carbon and energy
storage granules.”® The extracted polymers from these gran-
ules exhibit good biocompatibility and biodegradability fea-
tures with potential applications in medical and sustainable
packaging industries.®

PHAs, such as poly(hydroxybutyrate) (PHB) or poly(3-hydro-
xybutyrate-co-3-hydroxyvalerate) (PHBV), are ultimately two
leaps ahead of other biopolymers as alternatives to petroleum-
based polymers.”® However, several challenges exist in produ-
cing PHA, including high production cost, energy consump-
tion, and use of non-green toxic chemicals for extraction and
dissolution processes.” These challenges affect the upscaling
and technological uptake of PHA en masse, coupled with the
variability of the properties of PHA from different producers.
To address the challenge of dissolution, a strong uptrend in
demand for new greener solvents as substitutes for haloge-
nated organic solvents such as dichloromethane and chloro-
form has been reported.” These halogenated solvents are
efficient in PHA dissolution but are toxic and hazardous to
biotic and abiotic ecosystems."’

As such, dimethyl carbonate (DMC), acetic acid, ionic
liquids (ILs), eutectic solvents, ethyl acetate, butyl acetate,
ethyl lactate, switchable solvents, etc."'** have been fronted as

This journal is © The Royal Society of Chemistry 2023
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less toxic alternative solvents notwithstanding their low dis-
solution power, high-temperature requirements, and low
benefit-cost ratio (BCR). For instance, Zhang and Cran dis-
solved only 0.5% PHBV in glacial acetic acid (98-99%) at
110 °C.* Other studies have reported that acetic acid is not
the ideal solvent for PHB dissolution in terms of compatibil-
ity."> Other interesting solvents are ionic liquids (ILs), with
some ILs having exceptional properties such as non-toxicity,
high dissolution power, low VOC (volatile organic compounds),
and vapor pressure combined with high thermal stability. For
instance, Sequeira et al. synthesized various ammonium-based
ILs and employed them in PHB dissolution.'® The authors
reported maximum solubility of 3% PHB at 70 °C using dietha-
nol ammonium acetate. Compared to chloroform as the gold
standard, whose PHB solubility is more than 3-fold at 60 °C,
the reported maximum solubility of ILs is considered low.
Interestingly, the recovered IL with a high nitrogen content
was applied as a biostimulant for liquid fertilizers. In another
1" extracted PHB from the bacterial biomass

hydrothermalis  using  1-ethyl-3-methyl-
imidazolium diethyl phosphate and prepared a bioplastic film
by solvent casting of the recovered PHB using chloroform.
Although IL approaches have been considered green and sus-
tainable, they are not as green as construed because of the
complexities in their synthesis and biodegradability chal-
lenges.'® In line with green chemistry principles and sustain-
ability requirements, the search for ‘truly’ green solvents for
the dissolution of biopolymers such as PHAs is essential.'® To
provide such green dissolution media, Abbott et al.?® discov-
ered deep eutectic solvents (DESs) in 2003 and their appli-
cations have grown by leaps and bounds in about two
decades.” A DES is a eutectic mixture of a hydrogen-bond
donor (HBD) and a quaternary ammonium or phosphonium
salt resulting in a liquid with a melting point below that of its
individual components. The individual components of DESs
are usually non-toxic and biodegradable compounds making
them suitable for green solvent formulation.*” In the green
solvent technology landscape, solvents are evaluated in terms
of application conditions such as time, temperature, and con-
centration; therefore, mild conditions are preferable.*
Notably, low toxicity DESs such as natural DESs (NADESs), e.g.
polyphenol eutectic mixtures discovered by Verpoorte et al.,
have found applications as biosolvents in extraction, dis-
solution, polymer synthesis, biocatalysis, and biomedicine.>***
For instance, p-limonene extracted from essential oils (EOs)
has been employed as a suitable biosolvent to extract bioactive
compounds to replace oil-based solvents.?® On the other hand,
natural terpenes have been reported as plasticizers for biopo-
lyesters such as PHB.”” In this regard, naturally derived liquids
below 100 °C could be applied as biosolvents for the dis-
solution of biopolyesters.

Carvacrol (5-isopropyl-2-methylphenol) - an isomer of
thymol - is a good example of a model biochemical platform
with unique attributes for application as a biobased solvent.>®
Additionally, carvacrol, being hydrophobic with a free hydroxyl
group and a phenol moiety, boasts higher antimicrobial
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activity compared to other volatile compounds or essential
oils.*® These properties limit the widespread industrial appli-
cation of carvacrol except in oil-in-water (O/W) emulsions or
nanoemulsions through an encapsulation technique.’® The
encapsulated oils are dispersible in water and are easily applied
in food and beverage industries.”* On the other hand, carvacrol
has found applications in agri-food industries such as animal
feed and bactericide production.*” Because carvacrol is highly
preferred for hydrophobic phases, it could be a green solvent
for hydrophobic biopolyesters such as PHBV to replace haloge-
nated solvents.*® The resultant polymer solutions with a high
solid content could find applications in functional adhesives
and coating formulations due to their intrinsic stickiness.

In this work, we report the solubility performance, rheol-
ogy, and thermal, chemical, and structural integrity of carva-
crol/PHB solutions and regenerated PHB, as well as theoretical
predictions of the polymer-solvent interactions using atomis-
tic molecular dynamics (MD) simulations using GROMACS
software. To show the potential applicability of the high PHB
content in biosolvents as a base material for adhesives, proto-
type pressure-sensitive adhesive (PSA) was formulated with
other biobased additives. Performance such as rheology for
viscosity measurements as well as FTIR and NMR for chemical
studies was evaluated. WAXD was employed to ascertain
changes in the regenerated PHB’s structural properties. After
regeneration using isopropyl alcohol, the carvacrol biosolvent
was recovered in a closed-loop process and characterized by 'H
NMR. The prototype contact adhesive was characterized using
the Dahlquist rheological criterion for tack. Herein, we report
the rapid dissolution of high viscosity 20 wt% PHB in carvacrol
in a record 30 min at 100 °C not reported or studied so far.
Moreover, 1 wt% PHB dissolve even faster within 10 min. Such
exceptional conditions of PHB dissolution in a sustainable
green medium, which also is intrinsically antibacterial and
antioxidant, open potential avenues for PHA applications in
coatings, adhesives and packaging with high throughput,
short processing time and quality products.

Experimental
Chemical reagents and materials

Carvacrol (purity >98%) was purchased from Sigma-Aldrich.
Commercial grade poly(3-hydroxybutyrate) (P3HB) ENMAT™
Y3000 (powder form) was purchased from Tianan Biopolymer
(China). Gum rosin (GR, softening point of 76 °C and acid
number 167) and beeswax were supplied by Sigma-Aldrich.
Isopropyl alcohol (IPA) was supplied by Fisher Scientific. All
chemicals were used as received.

Preparation and dissolution of PHB samples in carvacrol

The dissolution of PHB in carvacrol was carried out by heating
a known weight of PHB in predetermined amounts of carvacrol
solvent, as shown in Table 1. The samples were serialized (A1-
A5) and the sample ID was coded as Carv-PHBx, where x is the
concentration of PHB in carvacrol.
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Table 1 Carvacrol/PHB samples and conditions for dissolution at
100 °C

Biopolymer/solvent Sample ID Carvacrol wt% PHB wt%

Carvacrol/PHB Carv-PHB1 99 1
Carv-PHB3 97 3
Carv-PHB5 95 5
Carv-PHB10 90 10
Carv-PHB20 80 20

Fresh carvacrol/PHB samples were placed in 20 mL glass
scintillation vials at room temperature and then gradually
heated to 100 °C with stirring until an amber to clear homo-
geneous solution was obtained. The dissolution time method
was employed by visualizing the elapsed time for each dissolved
sample using a stopwatch by manual timing. The dissolution
time was roughly estimated from when the PHB powder was dis-
solved entirely in carvacrol and formed a transparent amber
solution. On the other hand, a visual inspection-optical tech-
nique was also employed using an Olympus BX53M optical
microscope to observe the Carv-PHBx aliquots. The Carv-PHBx
aliquots were placed between a microscope slide and a cover
glass slide forming a circular layer between the glasses. The
polymer solution layer was observed perpendicularly to the cover
glass, and digital images were captured using a digital camera.

Additionally, PHB was regenerated from Carv-PHBx ali-
quots using isopropyl alcohol (IPA) to obtain PHB particles,
and the carvacrol/IPA mixture was recovered by decanting in a
closed-loop process. Because of the significant difference in
boiling points of IPA and carvacrol, after regeneration of PHB
the spent IPA phase (bp: 82.5 °C) was evaporated from the
mixture with carvacrol (bp: 236.8 °C) in a rotary vacuum evap-
orator. The obtained separate phases of IPA and carvacrol
could be reused in another cycle thus closing the loop in PHB
processing and applications. Both pure carvacrol and recov-
ered carvacrol were characterized using NMR and WAXD to
ascertain the purity of the recovered carvacrol.

Rheological properties

The rheological properties of the carvacrol/PHB solutions at
different concentrations were measured using a TA
Instruments DHR3 rheometer with a 40 mm circular plate geo-
metry. Temperature gradient tests were performed at a con-
stant shear rate of 4 Hz in the range of 20-100 °C with a temp-
erature ramp rate of 5 °C min~'. On the other hand, steady-
state flow rheological measurements were performed at con-
stant room temperature (ca. 25 °C) in the shear rate range of
0.1-100 s~ . Furthermore, to test the applicability of the Carv-
PHB20 and Carv-PHB_Adh as potential adhesives, room temp-
erature rheological properties of the samples at 2% strain and
0.01, 0.1, and 1.0 Hz frequencies were analyzed and fitted to
the Dahlquist rheological criterion for tack.

Thermal properties

The thermal properties of the pristine PHB and the regener-
ated PHB were analyzed by thermogravimetric analysis (TGA)
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and differential scanning calorimetry (DSC). For TGA analysis,
TA Instruments Q500 equipment was used. Samples of about
10 mg were heated in a clean alumina cup from 25 to 600 °C at
a heating rate of 20 °C min~" and under ambient atmosphere.
The temperature at onset was determined at 5% weight loss
(Tonset) and the temperature at maximal decomposition rate
(Tq4) was determined as the temperature at the main peak of
the derivative weight loss curve. Differential scanning calori-
metry (DSC) measurements were performed using a DSC
instrument (TA Instruments Q100) under a nitrogen atmo-
sphere. The samples were equilibrated at 25 °C, then heated
from 25 to 200 °C, cooled to —80 °C, and reheated to 200 °C
using a ramping rate of 20 °C min~'. Second-run heating
cycles were conducted and further used to investigate the
phase transition behavior of all samples. Glass transition
temperature (Ty) was obtained from the midpoint of the slope
due to a change in heat capacity, and melting temperature
(Tm) and crystallization temperature (T.) were obtained from
the enthalpy peaks along the curve. We calculated the melting
enthalpy as well as heat of crystallization for pristine PHB and
regenerated PHB to calculate the crystallinity.

The crystallinity index (ypsc) was estimated as shown in eqn (1)

Zose (%) = —=2m__ 100 (1)

A
AH; X w
where AH,, is the PHB melting enthalpy in the sample, AH, is
the melting enthalpy for 100% crystalline PHB (AH, =
146Jg~1) and w; = 1.0 is the weight fraction of the regenerated
PHB under test.

Fourier transform infrared (FTIR) spectroscopy. The func-
tional groups were determined by FTIR spectroscopy (Bruker
Vertex 80V). The FTIR spectra were recorded at a resolution of
2 em ™" and 64 scans, in the range of 4000 to 400 cm ™.

Nuclear magnetic resonance (NMR) spectroscopy. Nuclear
magnetic resonance (1H NMR) spectroscopy was performed
using a Bruker 400 MHz spectrometer using CDCl; as a
solvent and internal standard (6 = 7.26 ppm) at room tempera-
ture to characterize the chemical structures of carvacrol and
recovered carvacrol.

Gel permeation chromatography (GPC). The molecular
weight of commercial PHB Y3000 was obtained using an
Alliance Waters 2695 GPC equipped with an Alliance Waters
2414 refractive index detector. HPLC-grade chloroform was
used as the eluent at a flow rate of 1.0 mL min™" at 40 °C. A set
of polystyrene standards with a molecular weight range from
500 to 7 x 10° Da was used to calibrate the gel permeation
chromatography equipment and analyses were carried out
using Empower 3 software. The number-average (M,) and
weight-average molecular weight (M,,) of commercial PHB were
estimated.

Wide angle X-ray diffraction (WAXD) analysis. To gain
insights into the crystallographic structure of PHB after dis-
solution and regeneration, WAXD patterns were recorded using
a Bruker GADDS diffractometer (D8 Discover pMR). The operat-
ing voltage was 50 kV for the area detector and a current of

This journal is © The Royal Society of Chemistry 2023
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800 pA, with Cu Ka radiation (1 = 1.5418 A) at room tempera-
ture. The WAXD diffractograms were obtained as a function of
20 in the range of 5-60°.

Dissolution mechanism: atomistic molecular dynamics
simulation study

In this study, the force field used is the general amber force
field (GAFF)** which has been successfully used to describe
PHB and carvacrol in previous research.*>>® The initial struc-
tures of PHB (containing 20 repeating units) and carvacrol
were built using Avogadro software.®” Four simulation boxes
were built with a side length of 10 nm. Each simulation box
contained 1146 carvacrol molecules with a varying number of
PHB molecules to account for the correct mass fraction: 3 for
0.03, 5 for 0.05, 11 for 0.10, and 25 for 0.20. PHB and carvacrol
molecules were randomly packed into the simulation box
using Packmol®® software for the four different systems. All the
systems were first energy minimized and then equilibrated in
the constant temperature, constant volume (NVT) ensemble at
a temperature of 293.15 K for 1 ns and 20 ns in the constant
temperature, constant pressure (NPT) ensemble (temperature
of 293.15 K and pressure of 1 bar). Finally, 20 ns runs were per-
formed in the NPT ensemble with a temperature of 373.15 K
and a pressure of 1 bar. All the above simulations were per-
formed within the GROMACS®® software package under peri-
odic boundary conditions. The time step used in the simu-
lation was 1 fs. For long-range electrostatics, the Particle-Mesh
Ewald (PME) method was used.
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Results and discussion
Dissolution of PHB in carvacrol

Due to sustainability concerns, the search for biosolvents for
application in the processing of biopolyesters has grown tre-
mendously over the years.” In these endeavors, phenolic com-
pounds from plants have been successfully used in the prepa-
ration of natural deep eutectic solvents (NADESs) and in the
synthesis of biobased adhesives.*® However, deep eutectic
solvent mixtures are composed of at least two components.
Herein, we employ one component consisting of a plant-
derived biosolvent called carvacrol to dissolve the bioplastic
PHB. Interestingly, carvacrol biosolvent rapidly dissolved PHB
of different concentrations ranging from 1 to 20 wt%. As seen
in Fig. 1A, Carv-PHB20 completely dissolves within half an
hour, whereas Carv-PHB1 dissolves in a record 10 min. The
other intermediate samples dissolved within the timeline of
10-30 min. This can be ascribed to the small molecule of car-
vacrol diffusing into the PHB structure and rapidly disrupting
the intermolecular bonding, thus disintegrating the bio-
polymer.** It has been reported that the dissolution of poly-
mers occurs in 2 stages of transport processes, i.e., solvent
diffusion and chain disentanglement. There are many tech-
niques that have been reported to study polymer dissolution
such as differential refractometry, optical microscopy, inter-
ferometry, ellipsometry, steady-state fluorescence, nuclear
magnetic resonance (NMR) and FT-IR imaging, but all these
methods do not have real-time measurements to indicate the
time taken for complete dissolution of the polymers.** The dis-
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Fig. 1

Carv—PHB20 sample before dissolution and (C) after complete dissolution.
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(A) Dissolution times of PHB using a biosolvent (carvacrol) with the inset showing pictures of solutions labelled 1, 3, 5, 10 and 20 wt%; (B)
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solution clock approach discovered by Peppas et al.** remains
the preferred method to estimate the time taken for dis-
solution. In this approach, the clock is initially set to zero and
after a period equal to the reptation time, the polymer dis-
solves. Although this method is subjective, the obtained solu-
tion can be ascertained whether it is fully dissolved using
other techniques. Repeated cycles of dissolution by the clock
method help to obtain the average time of dissolution of the
polymer at different concentrations and we have included
error bars to allow for deviations from the average time. It is
worth noting that the solutions exhibited stability with no
apparent signs of visible residues even for the highly concen-
trated Carv-PHB20 sample shown in Fig. 1(B and C) after dis-
solution. To qualitatively ascertain PHB dissolution, visual and
optical observations were made on selected samples before
and after dissolution. As shown in Fig. 1C, no residues were
observed for the Carv-PHB20 sample after dissolution com-
pared to the visible residues on the glass plates before dis-
solution (Fig. 1B). The results confirm that carvacrol is poten-
tially a suitable solvent for biopolyesters, especially PHAs.
Moreover, the rapid dissolution in polymer processing
undoubtedly increases productivity and throughput and leads
to improved profits. It is worth noting that carvacrol has also
been reported to possess antibacterial and antifungal pro-
perties, which would be useful in producing PHB-based anti-
bacterial adhesives and green coatings.*> To compare the pro-
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perties and capabilities of green solvents, we have summarized
selected green solvents used in the PHB processing value
chain. This work shows the comparative advantages over other
green solvents as depicted in Table 2. This is because compara-
tively the commercial PHB (Y3000) had number average (M,, =
1.62 x 10° Da), GPC and weight average (M,, = 2.06 x 10° Da)
molecular weights and PDI (M,/M,: ~1.28) as determined
using GPC.

Thermal properties of pristine PHB and the regenerated PHB

The thermal properties of the PHB samples were deter-
mined by TGA and DSC. Fig. 2A shows the DSC curve of
the pristine PHB and the regenerated PHB during the first
cooling and second heating cycles. As seen in Fig. 2A, the
crystallization temperatures during the cooling cycle are
similar for both the pristine PHB and the regenerated
PHB. The regenerated PHB exhibited a sharper peak denot-
ing faster crystallization ability. This phenomenon could be
ascribed to complex interactions with PHB resulting in the
enhancement of cold crystallization (7..) compared with
pristine PHB. This complex interaction is manifested by
the pronounced cold crystallization peak of regenerated
PHB compared with pristine PHB which appears somehow
flat and broadened. Carvacrol has been reported to serve
many roles such as a plasticizer, nucleator, etc.*>>® During
the heating process, both PHBs exhibited relatively similar

Table 2 Selected green solvents in the PHA value chain in processing and applications

Dissolved

polymer

molecular

weight and Dissolution

Green solvent Features Source method Conditions  capacity Value chain Ref.

Acetic acid Corrosive By-product of 1.9 x 10° Da; Boiling, 5% wiv Application Elias et al.”®

fermentation GPC 40-60 min

Ammonium-based ionic  Non-toxic and Synthesis 1.71 x 10° Da; 70 °C 3% wiv Application Sequeira

liquids (ILs) non-corrosive Ostwald et al.'®
viscometer

1,3-Dioxolane Non-toxic, non- Synthesis 1.82 x 10° Da 100°C/4h 5% (83.9% Extraction Yabueng &

carcinogenic, and (PDI = 4.79); efficiency) (downstream)  Napathorn®*
miscible in water GPC

2-Methyltetrahydrofuran ~Non-irritating Renewable 1.82 x 10° Da; 100°C/4h  2.5% (30%  Extraction Yabueng &

(2-MTHF) resources GPC efficiency) (downstream)  Napathorn®*

(corncobs,
bagasse)

Butyl acetate Medium toxicity Synthesis 1.2 x 10° Da; 100°C/1h 7% (97% Extraction Aramvash
Ubbelohde efficiency) (downstream) et al.*®
dilution
viscometer

Dimethyl carbonate Low toxicity, non-  Synthesis 1x10° Da; GPC  90°C/1.5h  2.5% (69%  Extraction Schuur

irritating and non- efficiency) (downstream) et al.*®
mutagenic and Beatrice
et al”’

Ethyl acetate Low toxicity Synthesis 1.2 x 10° Da; 100°C/1h 7% (97% Extraction Aramvash
Ubbelohde efficiency) (downstream) et al.*® and
dilution Martinelli
viscometer et al.*®

Carvacrol Non-toxic, Renewable M, =1.62x10° 100 °C/ 20% w/v Application This work

biodegradable, resources and Da, M, =2.06 X 30 min
and non- synthesis 10° Da (M,/My:
carcinogenic ~1.27); GPC
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Fig. 2 DSC (A) first cooling curve and (B) second heating curves and TGA heating curves of (C) weight loss, and (D) derivative weight of pristine PHB

and regenerated PHB.

glass transition temperatures (T,) at —2.58 and 0.81 °C,
respectively. Similarly, the melting temperatures (7,,s) were
around 171.77 °C and 166.61 °C, respectively, as shown in
Fig. 2B. However, the crystallinity of the pristine PHB was
calculated and found to be around 63.1%, slightly higher
than that of the regenerated PHB at 55.9%. The depression
in the melting behavior is related to the segmental motion
of polymer chains, in this case, possibly due to the pres-
ence of impurities (or remnant carvacrol) that disrupted
the crystallization process.”® In addition, thermal stability
was investigated using TGA, as shown in Fig. 2(C and D).
It can be observed that the pristine PHB displayed a single
degradation profile with a T,ns¢ value of 293.14 °C with
5% mass loss and a decomposition temperature of
316.13 °C. In contrast, the regenerated PHB showed slightly
lower thermal stability, with a T,nge¢ value of 270.61 °C
with 5% mass loss and a decomposition temperature of
311.07 °C. The mass loss is ascribed to the polymeric
random -chain scission of the -C=0 and C-O bonds in
the ester.'®>">?

FTIR of PHB and regenerated PHB

The FTIR spectra of both the PHB and the regenerated PHB
are displayed in Fig. 3, showing great similarities at various
peaks. Typically, PHB’s functional groups and moieties are -C-
0, -C=0, and -CH.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Fourier transform infrared (FTIR) spectra of pristine PHB and
regenerated PHB in IPA.

As can be seen, the characteristic band observed at 1054 to
1289 cm™" corresponds to the C-O bonding, while the band
observed at 1727 to 1734 cm™' corresponds to the strong
1(C=0) (carbonyl) and -COO (ester) groups. The band at 2930
to 2975 cm™' represents the presence of -CH (alkane)
bonding, which is in good agreement with the literature.'®>
In terms of peaks, the bands of the regenerated PHB samples
show significant similarity with and a substantial degree of
purity to those of the pristine PHB.
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Wide angle X-ray diffraction (WAXD) analysis

Because PHB is biogenic, its configuration is near perfect, with
very high crystallinity arising from only one optically active
form.>® Typically, the 3, helix a-form of PHB crystals with a
2-fold screw axis is dominant but the zigzag conformed p-form
crystals also do coexist.>” Fig. 4(A and B) show 2D images and
X-ray diffraction peaks of both the pristine PHB and the regen-
erated PHB, respectively. These WAXD patterns of the regener-
ated PHB in IPA can ascertain the retention of the original
PHB structural integrity.

As can be seen, the WAXD diffractogram of the pristine
PHB in the 26 range 5-55° shows seven prominent peaks at 26
=13.5, 16.9, 22.5, 25.5, 27.3, 30.2 and 36.7°, corresponding to
the Miller indices of the (020), (110), (111), (121), (040), (002)
and (122) planes.”” Other much smaller peaks are observed at
26 values of 40.7°, 44.2°, and 49° representing the (151), (222),
and (103) indices.”* However, there exist small amounts of
p-form crystals at around 20 = 20.1° which agrees with earlier
studies on PHB crystallography and other studies have
reported a peak between 26 = 10-12° like our pristine PHB.>>>°
Although the regenerated PHB in IPA only depicts a shoulder
at 20 = 15° compared to a noticeable peak for the pristine
PHB, other peaks remain practically unchanged for the regen-
erated PHB in IPA (Fig. 4B). This observation suggests that the
structural information of the pristine PHB is not appreciably
lost through regeneration.

The choice of IPA as a non-solvent was crucial for the ease
of recovery of the carvacrol biosolvent through distillation after
separating the precipitate with a yield of 94%. To further
characterize the regenerated PHB’s purity, proton NMR was
conducted, as shown in Fig. 5. The regenerated PHB presents
the characteristic signals of the backbone containing (-CH),
which has a resonance at 2.5 ppm (labeled red as b) and
5.3 ppm (labeled red as c), while the methyl group (-CH3) has
a resonance at 1.3 ppm (labeled red as d). These peaks are
similar to those of the reference purified PHB. Notably, the
regenerated PHB exhibits characteristic signals similar to
those of carvacrol attributed to the residual trace of carvacrol.
The peaks associated with the methyl protons (-CH) of the
cyclic compound of carvacrol were identified at 6.8 ppm
(labeled blue as peaks a and d) and 7.1 ppm (labeled blue as
peak e). The methyl proton (-CH) of the aliphatic chain was

—— Pristine PHB

(020) (111)
. —— Regenerated PHB

1o11)

Intensity (a.u.)
-3
=
8
-8
==
- 8
5

40 50

Fig. 4 (A) GADDS images corresponding to (B) WAXD plots of intensity
versus 26 for the pristine PHB and the regenerated PHB in IPA.
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Fig. 5 'H NMR spectra of pristine PHB (Y3000), regenerated PHB,
purified PHB (as reference) and pristine carvacrol in CDCls.

identified at 2.8 ppm (peak b) together with the three methyl
end groups (-CHj) at 1.2 ppm (labeled blue as peak c) and
2.2 ppm (labeled blue as peak f). In comparison, the pristine
PHB (Y3000), a commercially available PHB, has characteristic
signals of PHB and other signals at the resonance of 3.6 ppm
and 4.4 ppm that correspond to the additives. It is worth
noting that the regenerated PHB does not contain the addi-
tives as the extra peaks are not present, further showing the
possibility of the dissolution of PHB in carvacrol as a green
solvent and the removal of impurities for further downstream
processes.

Through the distillation method, the carvacrol biosolvent
and IPA can be recovered and reused in similar regeneration
cycles. Furthermore, the chemical structure of the recovered
carvacrol biosolvent is like the pristine carvacrol, as seen in "H
NMR analysis in Fig. S1 (ESIf), albeit a slightly deep color is
observed by visual inspection. As observed in Fig. S1,T the
peaks associated with the methyl protons (-CH) of the cyclic
compound of carvacrol were identified at § = 6.8 (peaks a and
d) and 7.1 ppm (peak e). The methyl proton (-CH) of the ali-
phatic chain was identified at 2.8 ppm (peak b) together with
the two methyl end groups (-CHj3) at 1.2 ppm (peak c) and
2.2 ppm (peak f), similar to the reported literature.”” Clearly,
the recovered carvacrol has a highly resembling peak of the
pristine carvacrol, demonstrating success in the solvent recov-
ery process. More importantly, this dissolution and regener-
ation of the PHB process could also suggest the applicability of
the carvacrol biosolvent in the biorefinery processing of PHAs,
thus replacing toxic halogenated chemicals.

Rheological properties

The flow or non-flow of polymer systems denotes the viscosity
values of materials. The rheological studies of such systems
provide insights into the viscoelastic properties of materials.
These properties are particularly important in liquid polymer
systems such as adhesives, sealants, and coatings in terms of

This journal is © The Royal Society of Chemistry 2023
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temperature dependence and the shear rate during formu-
lation and application.’® In this regard, temperature-depen-
dent viscosity tests were performed on selected carvacrol/PHB
samples from 25 °C to 100 °C within 15 min (5 °C min™"). On
the other hand, the viscosity of the selected carvacrol/PHB
solutions was determined at a constant temperature (25 °C)
and at varying shear rates between 0.1 s~ and 100 s™'. Under
varied temperature viscosity measurements, all the samples
markedly depict the Arrhenius consistent viscosity decrease
with temperature, as shown in Fig. 6A, with samples Carv-
PHB3 and Carv-PHB5. However, Carv-PHB20 shows viscosity
perturbations at a low temperature (20-40 °C), but above this
point the viscosity decreases smoothly with a temperature
increase.

Apparently, this is ascribed to the loss of cohesiveness
because of the decrease in the activation energy barrier as
temperature weakens the major attractive forces and enhances
the mobility of the molecular chains in the polymer system.
Additionally, the decreased energy needed for the flow leads to
a decrease in the interference of the hydrodynamic domains,
reduced inter-chain liaisons and increased polymer solubility.>®

Furthermore, a decrease in the viscosity of the selected car-
vacrol/PHB samples with temperature, and the activation
energy barrier dependence on temperature can be described
by the Arrhenius law and computed by a plot of logarithmic
viscosity versus reciprocal absolute temperature as shown in

eqn (2).
1= o e F/RD (2)

where 7 is the viscosity in mPa s, 7, is the zero-shear viscosity
in mPa s, E, is the activation energy of flow in kJ mol™, R is
the ideal gas constant in k] mol™" K™%, and T is the tempera-
ture in Kelvin (K). In plotting the Iny against 7' (K™"), the
activation energy barriers of the samples can be obtained as
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Paper

the slope of the graph. Fig. 6B depicts the logarithmic plots of
viscosity and reciprocal temperature in Kelvin. In all the cases,
the activation energy barrier increases with concentration as
depicted by the gradients of the graphs in Fig. 6B, and calcu-
lated to be 35.63, 35.82, 36.58, and 27.26 k] mol™" for Carv-
PHB3, Carv-PHB5, Carv-PHB10 and Carv-PHB20, respectively,
as in Table S1.7 These activation energies closely agree with
previously reported figures of 37-40 k] mol™" for pure PHB.*
The observed high activation energy barrier for samples Carv—-
PHB3, Carv-PHB5, and Carv-PHB10 show that viscosity is
highly temperature-sensitive with the stronger polymer chain
interactions in the solvent and correspondingly more restricted
chain mobility. Moreover, thermal motion of the molecules is
a primary factor affecting the viscosity-temperature relation-
ship for low concentration samples.*

Typically, for the viscous flow of polymer solution, the acti-
vation energy monotonically increases with an increase in
polymer concentration. Contrarily, the more viscous Carv-
PHB20 sample depicts a sudden reduction in the activation
energy barrier (E,), which suggests a change in molecular
associations such as hydrogen bonding, or physical crosslinks
of n—m interactions and the limiting viscosity number is highly
temperature dependent.®' More importantly, molecular inter-
action dynamics (described in detail in the Dissolution mecha-
nism section) offer an opportunity to decipher these changes
in molecular associations.®> Furthermore, shear dependence
on viscosity is important as it may affect the material’s proces-
sability and applicability. This is because shearing forces
induce microstructural rearrangements in polymer solutions,
gels, or suspensions. In this regard, Fig. 7 shows the rheologi-
cal profiles (viscosity vs. shear rate) of Carv-PHBx samples at
room temperature.

As can be seen in Fig. 7, low concentration samples (Carv-
PHB3, Carv-PHB5) depict a near Newtonian behavior at low
and high frequencies and the viscosity is nearly independent

—&—Carv-PHB3 —e@— Carv-PHB5
Carv-PHB10 Carv-PHB20

0.1

—a—Carv-PHB3 —e— Carv-PHB5
7 Carv-PHB10 —¢— Carv-PHB20

2 4

LI N N N N NN B N N SN B NN B N N N R |

20 30 40 50 60 70 80 90 100
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. ! ! | ’ ! ! !
0.0026 0.0028 0.0030 0.0032 0.0034

1T (K

Fig. 6 (A) Temperature effects on viscosity and (B) Iny plotted against inverse temperature 1/T (K™%) for selected Carv—PHBx samples.
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Fig. 7 Rheological profiles (viscosity—shear rate) for selected Carv—
PHBx samples.

of the frequency. This characteristic is ascribed to the near
non-existent interactive structure of the polymer solutions and
is exacerbated by the low concentration of the polymer chains
in the solvent. Contrarily, Carv-PHB10 and Carv-PHB20,
which are higher concentration PHB samples, display shear
thinning characteristics. These samples have high viscosity in
the low shear region (non-Newtonian behavior) and shear thin-
ning characteristics towards the mid and high shear regions.
This ‘double life’ viscosity behavior of the polymer systems is
interesting because it dictates the handling of formulated pro-
ducts such as adhesives or coatings from blending, pumping,
and storage. In addition, molecular movements and the flow
behavior of a polymer system are better understood by compar-
ing the storage modulus (G’) and loss modulus (G") plots
against temperature. G' is equal to G" are inversely pro-
portional to temperature with no crossover point for samples
Carv-PHB3, Carv-PHB5, and Carv-PHB10 (Fig. S2t). This be-
havior indicates the non-existence of solid/liquid or liquid/
solid transition, which is usually marked (x) by the crossover
modulus and crossover temperature (Fig. S21). This phenom-
enon is probably due to the low polymer concentration; there-
fore, the solution is in liquid form even at room temperature.
However, a crossover temperature of about 28 °C exists for the
Carv-PHB20 sample and a corresponding crossover modulus
of about 1.326 kPa. Below the crossover point, G’ slightly domi-
nates G" which indicates a solid-like behavior due to the likely
presence of physical crosslinks. Conversely, above the cross-
over point, G” significantly dominates over G' which clearly
denotes the liquid-like behavior due to permanent defor-
mation of the liquid polymer solution.

Potential application: PHB-carvacrol renewable bioadhesive

A polymer solution qualifies as sticky or tacky if under very
light pressure it possesses the ability to adhere instantaneously
to a solid surface.®® Qualitatively, the stickiness or tackiness of
a formulated solution can be evaluated by placing it between
two solids and analyzing its resistance which must be over-
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come to separate the jointed solids.°* In this regard, the
observed tackiness of Carv-PHB20 suggests that it has poten-
tial as a base formulation for bioadhesive applications, albeit
it needs additives (tackifiers, waxes, plasticizers) to improve
the adhesive properties and performance. In this work, we ana-
lyzed the rheological properties of the Carv-PHB20 sample as
a base formula for adhesives because of its high enough con-
centration of a sticky ingredient. Using the Dahlquist criterion
discovered by Carl A. Dahlquist, we studied the rheological
control and mechanism of Carv-PHB20 and the additive-modi-
fied Carv-PHB20 (denoted as Carv-PHB_Adh) as a prototype
bioadhesive (composition shown in Table S2).

Dahlquist, in his rheological criterion for tackiness/sticki-
ness, unearthed that tackiness does not occur when the
storage modulus of the adhesive formulation is greater than 3
x 10° Pa at a frequency of 1 Hz for wetting the surface instan-
taneously.> This criterion helps induce and gain initial
insights into the relationship between the tackiness and linear
viscoelasticity properties of the selected Carv-PHB20 sample
and Carv-PHB_Adh. Fig. 8 shows the frequency dependency of
shear modulus (G', G") for Carv-PHB20 and Carv-PHB_Adh,
respectively. As can be seen, Carv-PHB20 possesses adhesive
properties but has too low G’ compared to the Dahlquist
requirement (G’ < 3 x 10° Pa) at the bonding frequency (1 Hz)
and therefore can only be applied as a standard adhesive as it
lacks shear resistance (low cohesive strength).®®

However, Carv-PHB20 could be enhanced with additives
such as tackifiers (gum rosin, natural beeswax, etc.) to obtain a
higher G’ at 1 Hz to meet the Dahlquist criterion. As seen in
Fig. 8, Carv-PHB_Adh possesses a G’ value of about 2 x 10° Pa
at a bonding frequency of 1 Hz and therefore sufficiently
meets the Dahlquist criterion for high tack adhesive
applications.

On the other hand, the G” value of about 1 x 10° Pa for
Carv-PHB_Adh at the same frequency (1 Hz) is still within the
Dahlquist criterion range, and this supports the concept of
potential application as removable pressure sensitive adhesive
and could be positioned in the type 2/central region of
Chang’s viscoelastic window.”® Notably, the maximum tack

1E+06 o Dahlquist criterion (3x10° Pa)
E R R A A=
A x
1E+04
T L
- 3
= o
o 3 -
= 1E+02 x .
- 2
I m ® G'(Carv-PHB20)
1E+00 3 G"(Carv-PHB20)
- A G'(Carv-PHB_Adh)
3 G"(Carv-PHB_Adh)
1E-02 II| T T IIlIII| T T IIIIII|
0.01 0.1 1
Freq (Hz)

Fig. 8 Storage and loss modulus vs. frequency plot for Carv—PHB20
and Carv—-PHB_Adh.
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energy is obtained from the maximum tané (G"/G'), which
corresponds to a higher viscous flow.®” Deplace, F., et al. noted
that the value of tan§/G' > 5 MPa™" is ideal for high surface
energy materials (e.g., steel).®® In this regard, the tan §/G’ value
of the Carv-PHB_Adh bioadhesive at a bonding frequency of 1
Hz is about 1 MPa™", probably because of the lack of extensive
entanglements and will likely fail due to interfacial cracks.*

Dissolution mechanism: molecular interaction analysis

Although experiments can provide real-time data on the solu-
bility of polymers and other interactions, atomistic molecular
dynamics (MD) simulations complement tests on the labora-
tory bench as a modern tool for efficient and cost-effective pro-
cesses. MD simulations not only provide theoretical data but
also supply detailed information relating to the strength and
interactions at the atomic level. To understand the inter-
actions, especially the remarkable decrease in activation
energy for the highly viscous Carv-PHB20 solution, we
employed GROMACS software in our work. By employing ato-
mistic simulations, the change in the total hydrogen bonds,
and bond formation and breaking for polymer-solvent,
solvent-solvent, and polymer-polymer interactions could be
decrypted.

In this study, the force field used is the general amber force
field (GAFF)** which has been successfully used to describe
PHB and carvacrol in previous research.*>>® The initial struc-
tures of PHB (containing 20 repeating units) and carvacrol
were built using Avogadro software’” and the dissolution
mechanism MD simulation study followed was as described in
the Methods section. Fig. 9 depicts snapshots of equilibrated

¢J

Carvacrol molecule

PHB molecule
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simulation cells containing PHB/carvacrol molecules at
different concentrations of (A) 3%, (B) 5%, (C) 10% and (D)
20%, and the detailed simulation data are presented in
Table S3.7

The snapshots show that at low concentrations (dilute and
semi-dilute) the PHB molecules are well surrounded by the car-
vacrol molecules with possibly greater interactions that lead to
the rapid dissolution of PHB. The results suggest that carvacrol
molecules diffuse easily into the interior of the PHB molecules
to destroy the inter- (C-H---O=C) hydrogen bonds of PHB.”® It
is worth noting that different solvents exhibit diverse mecha-
nisms in the dissolution of polymer chains.

Typically, PHB has a 3;-helix configuration and, on dis-
solution, this helical structure is maintained in solutions, but
helix—coil transition is observed by varying the temperature or
solvent composition.”* Therefore, in terms of helix-coil tran-
sition theory, the low concentration samples below the overlap
concentration (c*) are coiled with the breaking of many hydro-
gen bonds. This hydrogen bond breaking increases with a con-
centration of up to 0.1 mass fraction. When the hydrogen
bonds break, the chains can assume randomly coiled configur-
ations typical to chain polymers. In this regard, the simulation
data (Table S2t) on hydrogen bond analysis show that Carv—
Carv H-bonds are dominant compared with PHB-Carv
H-bonds for all the samples except Carv-PHB20 at 373.15 K
and the diffusion coefficient decreases with concentration.
However, at higher concentrations above the overlap concen-
tration (c*), especially Carv-PHB20, the PHB chain segments
exist both as helical and coiled in the solvent (carvacrol) and
therefore H-bond breaking (~179) is less compared with the

Fig. 9 Snapshots of equilibrated simulation cells containing PHB/carvacrol molecules at different concentrations of (A) 3%, (B) 5%, (C) 10% and (D)

20%. Red corresponds to O atoms, cyan to C atoms, and white to H atoms.
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low concentration samples (202-209). The existence of both
helical and randomly coiled chain segments of PHB possibly
explains the high viscosity and low diffusion (3.7 x 10* cm?
s~') of the sample. Although the activation energy (E,) of the
Carv-PHB20 sample (27.3 k] mol ™) is expected to be higher
than that of the low concentration samples, the coexistence of
helical and randomly coiled PHB segments lowers the acti-
vation energy as calculated using the Arrhenius formula
reported in the Rheological properties section presented
earlier. Moreover, the results suggest that although H-bonding
interactions are paramount in the dissolution mechanism of
polymers, other parameters do affect the efficiency of dis-
solution.”® For instance, carvacrol has been used as a thermal
plasticizer and therefore could play the dual role of plasticiza-
tion and dissolution.®*

Conclusions

This work successfully used carvacrol - a natural terpenoid -
to rapidly dissolve PHB within 30 min for concentrations of up
to 20%. Furthermore, Carv-PHB aliquots were precipitated in
isopropyl alcohol (IPA) to regenerate PHB and recover the
solvent (carvacrol) for recycling. The pristine PHB and the
regenerated PHB were similar as characterized by FTIR and
WAXD. On the other hand, the recovered carvacrol from IPA
had a similar structure as characterized by 'H NMR.
Interestingly, the Carv-PHB20 solution was sticky and demon-
strated potential for use as a base polymer for bioadhesives.
Although rheological studies showed that Carv-PHB20 satis-
fied the Dahlquist criterion for tack (G’ < 3 x 10° Pa) at the
bonding frequency (1 Hz), its G’ value (<3 x 10*> Pa) was too
low. After modulation using a tackifier and natural beeswax,
the resultant G’ was acceptable with a value of < 2 x 10° Pa. On
the other hand, the dissolution mechanism was elucidated by
molecular dynamics (MD) simulations using GROMACS soft-
ware. Interestingly, a high concentration sample (Carv-PHB20)
depicted a lower density of hydrogen bond breaking which
suggests the existence of both helical and coiled PHB seg-
ments in the solvent using helix-coil transition theory.
Contrarily, low concentration samples have a high density of
hydrogen bond breaking and likely, most of the PHB segments
are coiled entrapping the solvent which affects the diffusion
coefficient values with an increase in concentration. This work
undoubtedly opens the frontier of dissolution of biopolyesters
using carvacrol and possibly other monoterpenoids for poten-
tial applications in adhesive, coating and sealant industries.
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