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Introduction

Sustainable, highly selective, and metal-free
thermal depolymerization of poly-(3-
hydroxybutyrate) to crotonic acid in recoverable
ionic liquidst

Piotr Jablonski, @ @ Dariush Nikjoo, € ° Johan Warna,® Knut Irgum,?
Jyri-Pekka Mikkola®< and Santosh Govind Khokarale (2 *2

Valorization of renewable and biodegradable biopolymers to value added chemicals and green fuels is
currently considered as an important research topic aiming at reducing the dependency on fossil derived
feedstocks as well as their negative consequences on the environment. In this report, we are introducing
an ionic liquid (IL) mediated, sustainable, and green synthesis of crotonic acid (CA) from poly-(3-hydroxy-
butyrate, PHB), a biopolymer derived from microbial fermentation. In this actual case, imidazolium cation
comprising ILs have been used in the synthesis, where the influence of various reaction parameters such
as reaction temperature and types of ILs as well as the amount of polymer, water, and IL in the reaction
mixture were examined. The conversion of PHB to CA in IL took place by a base catalyzed depolymeriza-
tion with formation of crotonyl terminated polymeric entities as intermediates, a mechanism that was
confirmed by NMR analysis of the reaction mixtures sampled when the reactions were carried out at
various temperatures. The rate of CA formation via the IL mediated base catalyzed depolymerization
increased with increasing temperature in the tested interval, and 97% yield of CA was obtained after
90 min at 140 °C. The [EMIM][AcO] IL applied as solvent and catalyst is capable of completely depolymer-
izing PHB to CAin 5 h at 120 °C up to a polymer loading of 40 wt%. At higher loadings the depolymeriza-
tion became incomplete, which is attributed to a deactivation of the IL due to hydrogen bonding inter-
actions with the in situ formed CA, confirmed by NMR and DSC techniques. Since the depolymerization is
base catalyzed, the only tested ILs that were able to form CA were based on acetate anions, whereas the
less basic or neutral [EMIM][CI] IL was found to be inactive. Finally, more than 90% of CA as well as
[EMIM][AcO] IL were recovered in high purity by solvent extraction with brine (saturated aqueous NaCl)
and 2-methyl tetrahydrofuran (2-Me-THF). Most importantly, here we introduce a sustainable, metal free,
and single solvent based reaction approach for selective depolymerization of PHB to industrially valuable
CA in basic and recoverable ILs.

renewable nature. Biopolymers have therefore emerged as sus-
tainable alternatives to petroleum derived materials and hence

Biopolymers are highly valued and sustainable sources for pro- have an ability to reduce imminent environmental problems

duction of plastic materials, synthetic chemicals, and green such as global warming and resultant climate change.

@b poly

fuels considering their biodegradable, biocompatible, and (hydroxyalkanoate) (PHA) is a newly emerged bio-plastic that
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genic fermentation of organic carbon in wastewater as well as
microbial transformation of CO, in biogas with methano-
trophic bacteria.**? Recently, bioconversions of sugarcane
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bagasse as well as methane into PHA have also been successful
using microbial processing.**?

Poly-(3-hydroxybutyrate), PHB, is a well-studied and abun-
dantly available bacterial polyester from the polyhydroxy-
alkanoate (PHA) family which has many industrial applications
similar to conventional plastics and polymers such as poly-
propylene.>*? Moreover, PHB can be valorized upon synthesis
of industrially important and low molecular weight carboxylic
acids such as 3-hydroxybutyric acid (3-HBA) as well as crotonic
acid (CA) through hydrothermal or chemical treatments.’
Amongst these two carboxylic acids, CA is an industrially
important unsaturated carboxylic acid with a wide range of
applications and can be considered as a potential alternative
to acrylic acid in polymer synthesis. Crotonic acid is also
widely used in the synthesis of hydrophilic plastic materials
for a variety of biomedical applications,®® and polymeric
derivatives of CA are used in paints, insecticides, and as plasti-
cizers, as well as softening agents in synthesis of synthetic
rubber.®” Copolymers of CA and vinyl acetate, commercially
known as Cevian, Gelva, Mowilith, and Vinac, are also used in
cosmetics and hair styling products. Further, CA is also used
as a precursor in the synthesis of acrylic acid, propene,
n-butanol, maleic anhydride, and fumaric acid through
various organic transformations.®® Recently, Strathmann et al.
demonstrated that CA prepared from PHB via hydrothermal
treatment can be directly converted to propene by a de-
carboxylation route.”®

Both pure PHB as well as its copolymers have been used in
solvent-less and catalyst-free thermal conversion, i.e., pyrolysis,
with the aim to synthesize CA. Zhu et al. proposed that thermal
depolymerization ~ of  poly(3-hydroxybutyrate-co-3-hydroxy-
valerate) (PHBV) to CA and isopropyl-2-CA, initially proceeds
through a six-membered f-elimination and o-deprotonation
mechanism leading to random scission of the polymer.”*” This
further leads to the formation polymeric entities of low mole-
cular weight having a crotonyl group at the terminal, producing
CA and isopropyl-2-CA through repeated B-elimination and
a-deprotonation. Recently, Iwata et al. also proposed a similar
depolymerization mechanism for the thermal conversion of
poly (3-hydroxybutyrate-co-4-hydroxybutyrate), PHB-copolymer,
where the formation of cis- and trans-CA, 3-butenoic acid, and
y-valerolactone, as well as low molecular weight dimers and
trimers, proceeds through the unzipping p-elimination route.®
Samori et al. synthesized CA from pure PHB as well as PHB-rich
bacteria, whereby 92% selectivity for CA was achieved in the
mixture of products after thermal distillation.>* Additionally,
Ariffin et al. reported both catalytic and non-catalytic thermal
conversion of PHB-homo-polymer in separate studies, where the
formation of CA proceeds through repetitive p-elimination in
both processes.”®” In this case the authors also reported that
the MgO and Mg(OH), used as catalysts reduced both the acti-
vation energy and conversion temperature (by 40-50 °C) com-
pared to the non-catalyzed thermal conversion approach, and
increased the selectivity towards trans-CA.

In contrast to solvent-less pyrolysis, hydrothermal depoly-
merization of PHB is less selective towards CA, as it also
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involves a hydrolysis mechanism. Strathmann et al. hence
showed that hydrothermal processing of PHB produces both
CA and 3-HBA, where the ratio of these compounds formed in
the reaction were significantly influenced by the pH of the
reaction medium.’* Also in hydrothermal processing, the
authors proposed that the carboxylate anion acted as a catalyst
to facilitate the highly selective formation of CA through
a-deprotonation and p-elimination. Similarly, Yu et al. also
found that depolymerization of PHB in aqueous NaOH pro-
duces both CA and 3-HBA in ratios that vary with the pH and
the duration of the reaction.’ Pyrolytic or hydrothermal conver-
sion of PHB is therefore considered as potential future alterna-
tives to current commercial routes of CA production starting
with ethylene.

Ionic liquids (ILs) have emerged as a new solvent class due
to their special properties such as thermal stability, low vapor
pressure, and liquid state over wide temperature ranges. ILs
can therefore be considered as “green” reaction media com-
pared to volatile and often toxic conventional organic sol-
vents.'® ILs are successfully applied as solvents in processing
of lingocellulosic biomasses*'* and are also used as catalysts
in various organic synthesis approaches, where both basic as
well as acidic ILs have been successfully applied.'*?™ Recently,
ILs have been also applied for depolymerization of poly(ethyl-
ene terephthalate).“ﬁg In this report, we demonstrate for the
first time a highly selective and versatile process for depoly-
merization of PHB to CA in basic ILs with imidazolium cations
under mild reaction conditions. The influence of key para-
meters such as the reaction temperature, ratio of PHB to IL,
and types of ILs were examined. The reaction progress as well
as the purities of the produced CA and the recovered ILs were
confirmed by nuclear magnetic resonance (NMR) analysis of
samples taken during the reaction. NMR analysis was also
used to understand the reactions mechanisms of thermal
treatment in ILs. The recovery of both CA and IL followed by a
solvent extraction process, and it was found that the recover-
able basic ILs performing the roles as solvent and catalyst were
highly efficient in promoting complete conversion of PHB into
CA selectively and under mild reaction conditions.

Experimental
Materials and methods

Reagents and chemicals. Poly-(3-hydroxybutyrate) was pur-
chased in powder form as PHI 003 from NaturPlast (Ifs,
France) and used without further processing. The 1-ethyl-3-
methyl imidazolium acetate (>95%), 1-ethyl-3-methyl imidazo-
lium chloride (98%), 1-butyl-3-methyl imidazolium chloride
(>98%), 1,2-dimethyl imidazole (97%), 2-methyl-tetrahydro-
furan (>99%, anhydrous), crotonic acid (98%), sodium acetate
(>299.0%, anhydrous, ReagentPlus), ion exchange resin
Amberlite IRN78 OH hydroxide form, D,0 (99.9 atom% D) and
CDCl; (99.96 atom% D) were purchased from Sigma Aldrich
(St Louis, MO, USA), while methanol, acetone (AnalR
Normapur) and 2-methyl-tetrahydrofuran (2-Me-THF) were
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purchased from VWR Chemicals (Radnor, PA, USA). All chemi-
cals were used without additional purification.

NMR analysis. The progress of the depolymerization of PHB
and formation of CA in the reaction mixtures under varying
reaction parameters were monitored by 'H and *C NMR.
Spectra were acquired at 298 K with a Bruker (Billerica, MA,
USA) DRX-400 spectrometer with a 9.4 T magnet, corres-
ponding to Larmor precession frequencies of 400.2 MHz for
"H and 100.6 MHz for "*C. Samples (~ 0.25 mg) were dissolved
in 0.5 mL CDCl; (99.8 atom% D, Acros) and data were further
processed with the TopSpin 4.0.7 software from Bruker.

Synthesis and characterization of [EMIM][AcO] ionic liquid
and crotonic acid (CA) mixtures. Physical mixtures of
[EMIM][AcO] IL and crotonic acid were prepared with CA to
IL molar ratios set to 0.5, 1, 1.5, and 2, respectively, by mixing
the two components in appropriate quantities and heating
under stirring at 80 °C for 30 min. The transparent reaction
mixtures thus obtained in liquid form were cooled to room
temperature and analyzed by NMR and differential scanning
calorimetry (DSC). The NMR analyses were carried out on
neat reaction mixtures with a capillary filled with D,O as
internal standard. The reaction mixtures were kept at room
temperature to observe the changes in their physical appear-
ance for next 72 h.

Differential scanning calorimetric analysis (DSC) of
[EMIM][AcO] IL and crotonic acid mixtures. A Mettler DSC
821e differential scanning calorimeter (Mettler Toledo,
Columbus, OH, USA) was used to investigate the enthalpy
changes associated with thermal transition of the mixtures.
Samples of 5-10 mg, sealed in ME-27331 aluminum crucibles
with pierced lids, were subjected to a thermal profile under
nitrogen (gas flow 80 mL min~"). This thermal profile con-
sisted of first cooling to —100 °C at a rate of —20 °C min™"
using liquid nitrogen, keeping isothermal conditions for
5 min, and then heating at 10 °C min™" from —100 to +90 °C.

Synthesis of CA from poly-(3-hydroxy butyrate), PHB and
recovery of IL and CA. In the initial experiment PHB powder
(0.4 g) was mixed with 1.6 g of [EMIM][AcO] IL in a 5 mL
glass vial provided with a magnetic stir-bar to form a 20 wt%
solution. The reaction mixture was placed in a heating block
set at 120 °C and stirred at 500 rpm for 5 h, with samples
from the reaction mixture collected periodically and analyzed
by NMR. In order to investigate the influence of the reaction
temperature, reaction mixtures with 0.4 g (20 wt%) of PHB in
IL were reacted at 80, 100, 120, or 140 °C for 3 h, whereas the
influence of PHB loading was studied by varying the amount
of polymer from 10 to 60 wt% and allowing the reaction to
proceed at 120 °C for 3 h. The influence of water on the reac-
tion of 20 wt% PHB was also investigated by adding 0.05, 0.5,
or 1 g of water along with the IL and running the reaction at
120 °C for 3 h. In addition to [EMIM][AcO], other ILs such as
1-ethyl-3-methyl imidazolium chloride [EMIM][CI], 1,2-
dimethyl-3-ethyl imidazolium acetate [DMEIM][AcO], and
1-butyl-3-methyl imidazolium acetate [BMIM][AcO] were also
tested in the CA synthesis. The syntheses of the ILs
[DMEIM][AcO] and [BMIM][AcO] are summarized in ESI
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(tables and figures prefixed by “S” are found in the ESI}). The
reaction conditions for testing different ILs were carried out
with 20 wt% of PHB for 30 min and at 120 °C. The progress
of the reactions in terms of amounts of CA and PHB found in
the reaction mixtures was confirmed by using the NMR tech-
nique (S1).

Kinetic study of the synthesis of CA from poly-(3-hydroxy-
butyrate) in ILs. A kinetic study of the conversion of PHB to
CA in IL media was also carried out. Prior to this study, a cali-
bration curve to calculate the amount of CA was established
by 'H NMR in CDCl; with methanol as internal standard. A
stock solution of methanol (50 pL) in CDCl; (10 mL) was
initially prepared and used in the NMR analyses for cali-
bration and in the actual reaction mixtures. The required
amounts of CA were mixed with 0.5 mL of this stock solution
and the mixtures were analyzed by "H NMR. The ratios of the
integrated signals for the CH;- groups of CA and methanol
were used to establish a calibration curve (Fig. S21). Reaction
mixtures with 20 wt% of PHB in IL were treated at varying
temperature (80, 100, 120, and 140 °C) and reaction times
(30, 90, and 180 min). At predetermined time intervals,
25 mg of the reaction mixture was collected, mixed with
0.5 mL of stock solution, and analyzed by NMR to determine
the yield of CA.

Kinetic models for the synthesis of CA from PHB, with and
without catalysts deactivation parameter, were developed using
the modelling and optimization software ModEst, where the
kinetic parameters such as reaction rate constants (k), acti-
vation energy (E,) and deactivation parameter (k;) were esti-
mated by nonlinear regression using the Simplex and
Levenberg-Marquardt methods.">*” This software solves the
system of ordinary differential equations forming the batch
reactor model with the backward difference method. The mass
balances for the starting material (PHB as moles of monomer
units) and the product (CA) in a batch reactor are defined by
the following differential equations, where mc,, ¢, and a are
the catalyst mass, concentration, and catalyst activity, respect-
ively while ¢ is time.

d[PHB]

Fra —k[PHB|mcacx (1)
@ = k[CA]mcar (2)

The rate constants were presumed to obey the Arrhenius
law where the modified Arrhenius eqn (3) was used to sup-
press the correlation between the pre-exponential factor and
the activation energy,

k= Ae (F(mem)) (3)

Here k, A, E,, R, T, and Ty,ean represent the reaction rate con-
stant, the frequency factor at the mean temperature (105 °C),
activation energy of the reaction, the universal gas constant,
the temperature, and the mean temperature of the experi-
ments, respectively. The activity of the catalyst was described

This journal is © The Royal Society of Chemistry 2022
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as a function of time by eqn (4), where k4 is the catalyst de-
activation parameter.

b — e (i) (4)

The objective function (Q) was set to minimize the degree
of explanation between the experimental (Ceyp) and calculated
(Cest) values of concentrations (eqn (5)).

Q= Z(CexP - Cest)2 (5)

The degree of explanation (R?) is defined with following
equation,

R = (1 - 7((05"? = Cew)” ) x 100% (6)

2
Cexp - Cav,est)

where C,, o represents the mean value of all the data points.
Additionally, a statistical analysis was conducted using the
Monte Carlo Markov Chain (MCMC) method. In this method,
the samples are drawn randomly to approximate the prob-
ability distribution of parameters. The MCMC method is
usually designed on the basis of a Bayesian approach and
incorporated in the optimization software ModEst,'**? and
provides a tool to estimate the reliability of the model para-
meters by treating all the uncertainties in the data and the
modelling as statistical distributions.

Recovery of CA and IL. Recovery of the CA as well as the IL
was done by solvent extraction, whereby the reaction mixture
of 20 wt% of PHB in [EMIM][AcO] IL, treated at 140 °C for
90 min, was used. After complete conversion of PHB (con-
firmed by NMR analysis), 2 g of the reaction mixture was
diluted with 5 mL of brine (saturated aqueous NaCl) followed
by extraction of the CA with three 10 mL aliquots of
2-Me-THF using a separation funnel. The 2-Me-THF in the
combined extracts was removed from the organic phase by
rotary evaporation and the purity of the recovered CA was con-
firmed by NMR. In order to recover the IL, water was initially
removed by rotary evaporation and the obtained mixture of IL
and NaCl was further mixed with 50 mL of dry methanol and
filtered to separate NaCl. The filtrate was subjected to rotary
evaporation to remove the methanol from the IL. The purity
of the recovered IL was analyzed by NMR. The recovery levels
of both CA and IL were determined according to eqn (7) and
(8), based on the amount of polymer and IL, respectively, that
was loaded in the reaction mixture. The theoretical yield of
CA used in the calculation for the recovery of CA was set to
reflect the number of monomer units in the PHB used in the
process.>?

% recovery of crotonicacid =
Amount of crotonic acid reovered (g) x 100 (7)
Theoretical amount of crotonic acid (g)

% recovery of [EMIM][AcOJIL =
recovery [EMIM][AcOIIL (g) x 100 (8)
Theoretical amount of [EMIM][AcO]IL (g)

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

Synthesis of CA through depolymerization of poly-(3-hydroxy
butyric acid) in ILs. The synthesis of CA was carried out in
ionic liquid media by thermal depolymerization of commer-
cially available PHB, where the influence of key reaction para-
meters such as the IL type, reaction temperature and time,
polymer:IL ratio, and addition of water were studied. An
initial experiment was carried out by reacting 20 wt% of PHB
in [EMIM][AcO] IL at 120 °C for 5 h, monitoring changes in
the composition of the reaction mixtures periodically by NMR
spectroscopy. The 'H NMR and *C NMR spectra after
different reaction times are shown in Fig. 1 and S3,7
respectively.

The '"H NMR spectra reveal that the amount of PHB in the
reaction mixture gradually decreased with time and was com-
pletely reacted after 5 h under the applied conditions. This
was accompanied by a steady signal increase for the desired
CA. Hence, according to these preliminary observations based
on NMR analysis as well as the base catalyzed mechanism
described previously, it can be concluded that the basic IL pro-
moted depolymerization of PHB to CA.”® The mild conditions
required for practically quantitative depolymerization and con-
version of PHA into CA in [EMIM][AcO] IL corroborates a pre-
vious report, which demonstrates that carboxylate anions can
promote depolymerization of PHA by acting as base catalysts.>

Alongside the signals for the protons in PHB and CA, un-
identified proton signals emerged at 1.68, 5.61, and 6.76 ppm
(marked by turquoise asterisks in Fig. 1 and 2), which gradu-
ally decreased as the reaction progressed. In order to identify
the cause of these new signals and to further confirm the exist-
ence of PHB and CA, two-dimensional (2D) correlation NMR
analyses were made of the reaction mixture after 30 min.
Representative heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond correlation (HMBC)
2D NMR spectra are shown in Fig. S41 and Fig. 2, respectively.
The proton-carbon correlation peaks for both CA and PHB
were all found in the HSQC NMR spectra in Fig. S4.1 Besides
that, the correlation peaks at chemicals shifts 1.68/17.72, 5.61/
123.3, and 6.78/143.78 ppm, were also observed for the
protons of the unknown chemical entities. The HMBC analysis
in Fig. 2 showed that the protons associated with the unknown
transient chemical entities producing 'H shifts 5.61 and
6.78 ppm correlated with the signals from the carbon atom in

I
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ﬂ in it ') iniL )

.t ML
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LY I T LT e
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Fig. 1 Relevant regions of *H NMR spectra for the conversion of PHB to
CA in [EMIM][AcO] IL at 120 °C for (a) 30 min, (b) 90 min (c) 3 h, (d) 5 h,

PHB loading = 20 wt% in IL.
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Fig. 2 H-'C HMBC 2D NMR spectra for the conversion of PHB to
crotonic acid in [EMIM][AcO] IL at 120 °C for 30 min, PHB = 20 wt% in IL.

the carbonyl group at 165.9 ppm. The same carbonyl group is
also in correlation with the proton of the -CH group
(5.18 ppm) in PHB. This confirms that the unknown entities
are not independent, but chemically bonded to the PHB.
Furthermore, the "H signals obtained with chemical shifts at
1.68, 5.61 and 6.78 ppm, respectively, are identical to the
chemical shifts of the protons of the pure CA produced in the
reaction. Considering these observations, it indicates that the
"H signals appearing at chemicals shifts 5.18, 2.23-2.53, and
1.14 ppm did not belong to PHB, but to the backbone in the
crotonyl terminated oligomers. Hence, as reported previously
in hydrothermal conversion of PHB>® a base catalyzed mecha-
nism seemed to govern the depolymerization of PHB to CA in
the basic IL, where random chain scissions caused by
p-elimination and o-deprotonation’*? initially led to a fast
decrease in degree of polymerization with formation of croto-
nyl terminated oligomers as intermediates (Fig. 3b), followed
by conversion to CA.®

After successful thermal depolymerization of PHB to CA in
[EMIM][AcO] IL had been confirmed at 120 °C, the same
process was studied at reaction temperatures 80, 100, and
140 °C with the PHB loading kept at 20 wt%. The 'H NMR
spectra in Fig. 4 and S51 show that the rate of CA formation
increased steadily with temperature from 80 to 140 °C.

H o o[ cH; 0 of CH; O o
k LK
H3C)\HJ\OH cH Y o o~ Ho o o OH
i H “Hln H Hn
a) b) c)

Fig. 3 Possible chemical entities formed in the depolymerization of
PHB in [EMIM][AcO] IL (a) crotonic acid, (b) crotonyl group terminated
polymer and (c) poly(3-hydroxybutyrate). Colour coding of the protons
in (a) and (b) correspond to markings in the *H NMR spectra.
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Fig. 4 'H NMR spectra of samples taken from the conversion of PHB to
CA in [EMIM][AcO] IL at (a) 80 and (b) 100 °C, PHB = 20 wt% in IL.

Complete utilization of the polymer had taken place in 90 min
at 140 °C, whereas a substantial amount of polymeric matter
remained unconverted in the reaction mixture after 90 min at
80 °C. Similarly, after 3 h of reaction, the rate of formation of
CA was found to be higher at 120 °C compared to 100 °C. As
observed at 120 °C, CA and oligomeric chemical entities with
terminal crotonyl groups were also observed at 80, 100, and
140 °C, respectively.

However, according to the NMR analysis of the reaction
carried out at 80 °C, signals from new unknown chemical enti-
ties appeared at 1.1, 2.30, 2.43, and 5.48 ppm (Fig. 4a, denoted
by a filled star), in addition to the signals for the CA and croto-
nyl terminated oligomeric entities. As the reaction progressed,
the signals from these unknown chemical entities decreased
continuously with a concomitant increase in the signals of
both CA and crotonyl group terminated oligomeric entities.
However, these unidentified signals were not observed at
higher temperatures, except at 100 °C and only after 30 min
reaction time.

In order to confirm the chemical entities observed at 80 °C,
HSQC and HMBC NMR analyses of the reaction mixture after
3 h were carried out, with corresponding correlation NMR
spectra shown in Fig. S6 and S7,t respectively. As in the HSQC
NMR analysis discussed above for the reaction at 120 °C for
30 min, correlation signals for the proton and carbon in CA
and crotonyl group terminated oligomeric entities were also
observed in the mixture reacted at 80 °C for 3 h. In addition,
correlation signals for new unknown chemical entities were
observed at 1.1/20.14, 2.30/40.5, 2.43/40.7, and 5.08/67.4 ppm
(Fig. S61). The HMBC NMR analysis featured similar corre-
lation signals for CA, crotonyl terminated oligomers, and an
unknown chemical entity (represented by a filled star,
Fig. S71). Unlike the 5.18 ppm proton in the crotonyl termi-
nated oligomers, the protons at 2.30, 2.43, and 5.08 ppm
belonging to the unknown entity, all showed independent cor-
relation signals with the carbonyl carbon atom at 169.05 ppm.
The signals from these unknown chemical entities are identi-
cal to pure PHB. This means that the unknown chemical enti-
ties observed at 80 °C must belong either to unreacted PHB,
or, more likely, to oligomers thereof. The NMR data from this
temperature study thus showed that the PHB was initially con-
verted to its low molecular weight forms and crotonyl termi-
nated oligomeric entities via a base catalyzed mechanism, i.e.,
B-elimination in a basic IL (Scheme 1). Further, these low
molecular weight PHB entities followed a scheme with repeti-

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Schematic representation of the base catalyzed conversion
of poly(3-hydroxybutyrate) to crotonic acid.

tive p-elimination and depolymerization to yield more crotonyl
terminated oligomers, eventually resulting in transformation
of all the PHB to monomeric CA.

The quantification study for the formation of CA at varying
temperature showed that the rate of formation of CA from PHB
was significantly influenced by the reaction temperature. As
the temperature was increased from 80 °C to 100 and 120 °C,
the yield of CA after 3 h of reaction also increased from 15 to
39 and 73 wt%, respectively, while at 140 °C, it reached
97 wt% in 90 min (Fig. 5a, shown by circle). In this case,
besides the important role as catalyst, the IL also acted as a
thermally stable solvent medium, which facilitated the syn-
thesis of CA at higher temperatures to achieve a high yield.

In Fig. 5, the estimated and observed data for the concen-
tration of CA are shown, with the kinetic curves represented
without and with consideration of the catalysts deactivation
parameter, kq in the calculations. In Fig. 5a, the calculated
amount of CA (moles) deviated from the experimental data as
a result of omitting the catalysts deactivation parameter in the
calculation, and the degree of explanation, R* reached 93.0%.
However, as shown in Fig. 5b, after the catalyst deactivation
parameter was introduced, the deviation between the calcu-
lated and the experimental values decreased significantly and
the R® value improved to 98.8%. The good correspondence
between calculated and experimental data shows that the
applied kinetic model is suitable for this study. The correlation
matrix shows low correlation between parameters except for
the frequency factor and the deactivation parameter, but the
MCMC sensitivity calculation allowed us to conclude that cor-

T

%0 20 40 60 80 100 120 140 160 180 20 40 60 80 100 120 140 160 180
time (min) time (min)

Fig. 5 Yield of CAvs. time for experimental (circle) and calculated (line)

data from depolymerization of PHB to CA in [EMIM][AcO] IL at varying

temperature and time, fitted (a) without and (b) with the catalysts de-

activation parameter. Color coding: 80 °C, blue; 100 °C, red; 120 °C,

green; 140 °C, black.
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relation still remains at an acceptable level since all para-
meters arrive at clear optima (Fig. 6). The estimated kinetic
parameters before and after taking catalyst deactivation into
consideration are presented in Tables 1 and 2, respectively.

Further, as the applied kinetic model demonstrated high
degree of explanation after introducing the catalysts de-
activation parameter, this means that the catalyst, ie.,
[EMIM][AcO] IL, is deactivated during the course of the reac-
tion under applied reaction conditions, as explained in the
next section.

After having confirmed the reaction pathway for the for-
mation of CA in [EMIM][AcO] IL, and in view of the kinetic
study, we also examined the influence of the amount of PHB
loaded in the reaction mixture on the reaction progress. The
amount of crotonyl terminated oligomeric entities remaining
unreacted in the reaction mixture after 30 min of reaction time
increased as the PHB loading was increased from 10 to 40 wt%
(Fig. S8t). Moreover, in the reaction mixtures where the PHB
loading was 50 and 60 wt%, unreacted PHB was also observed
along with unreacted crotonyl terminated polymer. This was
further confirmed by HMBC NMR analysis of the reaction
mixture with 60 wt% PHB loading, where a substantial
amount of the polymer was found to remain unreacted after
reaction for 30 min (Fig. S91). When the reaction time was
extended to 5 h, the complete conversion was achieved up to
40 wt% of PHB in the reaction mixture. In case of 50 and
60 wt%. PHB loading, the conversion of PHB was still not com-
plete and detectable amounts of polymer remained uncon-
verted in the reaction mixture (Fig. S9F).

The CA which is gradually formed in the reaction mixture
will likely deactivate the [EMIM][AcO] IL through acid-base
interaction between the basic [AcO™] anion in the IL and the
acidic proton of the carboxylate group of CA (Fig. 7), which
have essentially the same aqueous pK,. This interaction is
possibly equivalent to the hydrogen bonding interactions
between hydrogen bond donor (HBD, CA) and hydrogen bond

«10* k1

0.04
0.03

°

*0.02

0.01

0.005 001 0015 0.02 - 6 8

Fig. 6 The correlation matrix of the parameters using the MCMC
method.
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Table 1 Estimated kinetic parameters and their relative standard errors without catalysts deactivation

Parameters Value + standard error

Estimated std. error Relative std. error (%)

0.48 x 1072 + 0.050 x 102
0.70 x 10° + 0.062 x 10°

k; (mol min™" g™%)
Ea1 (K mol™)

10.3 9.7
8.9 11.3

Table 2 Estimated kinetic parameters and their relative standard errors with catalysts deactivation

Parameters Value + standard error

Estimated std. error Relative std. error (%)

0.97 x 107> £ 0.097 x 10~
0.57 x 10° + 0.028 x 10°
0.13x107" £0.022 x 107"

k; (mol min™" g™)
Ea1 (K mol™)
kq (mol min~" g7)

Fig. 7 Possible hydrogen bonding interaction between crotonic acid
and [EMIM][AcO] IL.

I I a) Crotonic acid b)
CAL 2:1 | [ .|
| CAJIL 1.5:1 J “ [ gl zc
CAIL 14 1 |, |Els¥c  camis:
2
calLost | H i 82°C  canL0.5:1
-80°C )
_ [EMIMACO]IL | [[ rrrrrr 72°C
14 12 10 [ lppm] 100 80 erdture pcf® 100

Fig. 8 (a) *H NMR and (b) DSC study of the mixtures of crotonic acid
(CA) and [EMIM][AcQ] IL at varying CA/IL molar ratios 0.5:1, 1:1, 1.5:1
and 2:1.

acceptor (HBA, IL) which usually form deep eutectic solvents
(DESs)."?

The 'H NMR spectra of the physical mixtures of CA and IL
at varying CA/IL molar ratio in Fig. 8a show changes in the
chemicals shifts of protons of both CA and IL with molar ratio
in the mixtures. It was observed, that an increase in the CA/IL
ratio resulted in the decrease in chemical shift of the C2
proton of the imidazolium cation. Moreover, the distance
between the signals of the C4 and C5 imidazolium protons
decreased with increased loading of CA. The complete
H-bonds of acetate anion with the acidic proton of crotonic
acid at 1.5:1 and 2:1 CA/IL ratios provide weaker anion-
cation interactions in IL. This reduces the H-bonding ability of
most acidic C2 protons with the acetate anions. This weaker
H-bonding of C2 protons occurs because of the weaker ion
pair interactions which further induce a shielding of the C2
proton and smaller gap of C4 and C5 protons.'* Hence, the
NMR analysis showed that strong chemical interactions were
established between the CA and the IL, which led to changes
in the chemical environment of both molecules.

4136 | Green Chem., 2022, 24, 4130-4139
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The DSC curves for the CA and [EMIM][AcO] IL mixtures at
varying compositions are shown in Fig. 8b. The [EMIM][AcO]
IL showed a glass transition temperature (T,) at =72 °C, in
agreement with a previous report.'> Additionally, in the case of
pure CA, a sharp and intense signal was observed at its
melting point at 72 °C. Along with an increase in the CA/IL
molar ratio from 0.5:1 to 2:1, the T, values for the combi-
nations shifted below —80 °C whereas the distinct melting
point signal for the of CA disappeared, in spite of its concen-
tration being increased to twice the concentration of IL. Based
on the DSC study, mixing of CA and IL appeared to result in
the formation of a low temperature transition mixture (LTTM),
since no intense signals for the individual components were
seen, especially for CA, which again is a characteristic feature
of deep eutectic mixtures."

The NMR and DSC analyses hence confirmed that strong
hydrogen bonding interactions were established between the
CA and the IL, which led to the formation of a LTTM. The cata-
Iytic depolymerization of PHB to CA in [EMIM]AcO] IL
appears to be a base catalyzed process, and since hydrogen
bonding interactions can be established between the IL and
CA, the presence of CA can reduce the catalytic activity of IL.
Loadings from 10 to 60 wt% of PHB in IL were tested in steps
of 10 wt%, and assuming complete conversion, the theoretical,
CA/IL molar ratios in the reaction mixtures will be 0.22, 0.49,
0.84, 1.31, 1.98, and 2.96, respectively. Hence, at a PHB
loading approaching 35 wt%, complete conversion will
produce CA at an amount that is equivalent the [AcO™] in the
IL, which could potentially lead to complete deactivation of
the catalytic activity by hydrogen bonding interaction.
However, as shown in Fig. S8,7 complete conversion of PHB
still took place. A significant fraction of the PHB was further-
more converted to CA in 5 h when the PHB loadings were 50
and 60 wt%. Hence, this demonstrates that the acetate ion is
capable of catalyzing the depolymerization and conversion of
PHB into CA, even when more than one monomer equivalent
of PHB is present in the reaction mixture per mole of IL.

In order to confirm that excess CA reduced the catalytic
activity of the IL, reaction media were prepared where CA was
added to the IL at CA/IL molar ratios of 1:1, 2:1, and 4:1.
These were used in attempts to react PHB at 20 wt% loading.

This journal is © The Royal Society of Chemistry 2022
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This addition of the CA product to the IL before the reaction
reduced the catalytic ability of the IL, and when the CA/
IL molar ratio was higher than 1:1 a substantial amount of
PHB remained unreacted after reaction at 120 °C for 3 h
(Fig. S10%).

After the influence of the temperature and the amount of
PHB on the rate of CA formation had been examined, we con-
tinued to investigate the influence of water in the reaction
mixture. In this case, the reaction was carried out at 120 °C
for 3 h with 20 wt% PHB loading, varying the weight percen-
tage of water in the IL while keeping the total solvent
amount in the reaction composition at 2 g. The rate of con-
version of PHB to CA remained unchanged with 2.5 wt% of
water in the solvent mixture, which indicates that the
process does not require anhydrous conditions (Fig. S117).
However, with higher water content (25 and 50 wt%) the con-
version of PHB was reduced significantly. This is likely
because addition of water reduces the basicity of acetate
anion of the IL, therefore its overall ability to depolymerize
PHB decreases.'®”

Various ILs based on imidazolium cations with different
functional groups and acetate anion were also tested, as was
[EMIM][CI] IL to evaluate the influence of different IL anions
on the reaction progress. Fig. 9 shows the types of ILs used
and the NMR spectra for the progress of CA synthesis in these
ILs.

As shown in Fig. 9, all three tested ILs comprised of acetate
as anion with imidazolium cations carrying different alkyl-
ation, [EMIM][AcO], [DMEIM][AcO], and [BMIM]AcO], were
capable of depolymerizing PHB with accompanying formation
of CA. On the other hand, although [EMIM][C]] IL dissolved
PHB, neither depolymerization nor formation of CA were
observed. As described previously, synthesis of CA from PHB
proceeds through a base catalyzed p-elimination mechanism.
Hence, as seen in Fig. 9, all three tested ILs based on acetate
anions appear to be sufficiently basic to act as catalyst in depo-
lymerizing PHB and forming CA, whereas the [EMIM][CI] IL
fails in both these tasks due to its considerably less basic
chloride anion.'®*? This further confirms that the depolymeri-
zation of PHB to CA is a base catalyzed process.

Recovery of CA and IL was performed by using reaction
mixture with 20 wt% PHB treated with IL at 140 °C for 90 min.

'} [EMIrCJIA][i::OJ w 3 N'j\N/ ka .,N":'r.l;./c',
J “ Ll 19 | s tatil
' )| acetate [EMIM){ACO] chloride [EMIM][CI)
i il fhu, S| a)
b)
| J ) B ",]'\u % o | o
A H 7 woo |H H w o a) 'ANT!‘\/ o7 M\?:‘\/\/ﬂ:)k
) _,___,4-.\.1_J‘(\L— A | S 1,2-dimethyl- 1-butyl-
1 o le acetate [DMEIM][AcO] acetate [BMIM][AcO]
70 6.5 60 55  [peml

Fig. 9 Types of ILs used and 1H NMR spectra for the attempted conver-
sion of 0.4 g PHB to crotonic acid in 1.2 g of each of these ILs at 120 °C
for 30 min; (a) [EMIM][AcO], (b) [EMIMIICL], (c) [IDMEIM][AcO] and, (d)
[BMIM][AcOL.
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The separation of [EMIM][AcO] IL and CA was carried out with
biorenewable 2-Me-THF and water as extracting solvents,
where the purpose of adding 2-Me-THF was to extract CA from
the aqueous reaction mixture. When the extraction was carried
out without use of brine, CA was not effectively extracted by
2-Me-THF. A possible explanation could be formation of a
LTTM through hydrogen bonding interactions, preventing sep-
aration of IL and CA from each other. However, by adding
brine, any hydrogen bonding interactions between IL and CA
should be broken, facilitating the transfer of CA from the
aqueous phase into the organic 2-Me-THF phase. After recov-
ery of the IL and the CA, NMR and gravimetric measurements
were used to reveal their purity and recovery percentage,
respectively. Both the IL and CA were recovered in a high
purity using this solvent extraction technique. Recovery levels
of CA and [EMIM][AcO] IL were 89-91 and 92-95 wt%, respect-
ively, when the recovery experiments were carried out three
times with different reaction mixtures of identical compo-
sitions (Fig. S127).

The reported study describes all important aspects of the
depolymerization of bacterial polyester, PHB to CA in basic
ILs. Without use of metal-dependent catalysts or co-catalysts,
this applied IL mediated process is capable of producing CA
with higher selectivity (>99%), yield, and purity under mild
reaction conditions compared to previously reported schemes.
Since the applied method for the depolymerization of PHB to
CA in IL is highly selective and efficient under mild reaction
conditions, it should also be useful for chemical recycling of
PHA containing materials. Moreover, the method can be
applied to produce CA directly from pellets of microorganisms
containing intracellular PHB granules. This is the subject of a
current study, which includes biomass from a variety of micro-
organisms containing variable amounts of PHB in the dry cell
matter.

Conclusions

Basic ILs with imidazolium cations and acetate anions have
for the first time been used for efficient and highly selective
depolymerization of PHB to CA under mild conditions, con-
verting 20 wt% PHB in IL to CA with 97% yield in 90 min at
140 °C. NMR analysis revealed that the reaction proceeded by
repeated a-deprotonation and f-elimination under base cataly-
sis mediated by the acetate anion of the IL, with crotonyl ter-
minated oligomeric PHB entities as intermediates. Conversion
of PHB was complete up to 40 wt% PHB loading, while small
quantities of PHB remained unreacted under otherwise identi-
cal conditions if >40 wt% of PHB was loaded. NMR and DSC
analyses revealed, when combined with a kinetic parameter
study, that partial deactivation of the IL was caused by product
inhibition due to hydrogen bond interactions between the
acetate anion of the IL and the carboxylate proton of the CA
product. Presence of elevated levels of water was detrimental
in terms of yield, likely due to decreased solubility of PHB at
higher water admixture. Base catalysis mediated by the acetate
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ion of the IL is crucial for this process, evident from the
absence of PHB depolymerization when [EMIM][CI] was used
as solvent/catalyst instead of [EMIM][AcO]. Finally, extraction
with biorenewable 2-Me-THF as solvent assisted by brine
allowed efficient separation of CA and [EMIM][AcO] IL with
>90 wt% of both the IL and the CA recovered at high purity.
This single solvent process based on metal free catalysis is sus-
tainable and greener compared to previously reported
methods.
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