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ABSTRACT: Furanic polymers, currently mainly represented by Polyurethanes Thetmosets ,2 @ 8
polyethylene 2,5-furandicarboxylate (PEF), also known as poly- NN [’>/‘,‘; =

’ N =57 1
ethylene furanoate, have a fantastic potential to replace fossil-based d /\7&\ bs \2 s Polyesters

polymers: for example, polyethylene terephthalate (PET). While N i
2,5-furandicarboxylic acid (FDCA), a precursor of PEF, and its ~3
derived polymers have been studied extensively, 2,5-bis-
(hydroxymethyl)furan (BHMF) has received relatively little
attention so far. Similarly to FDCA, BHMEF is a biobased platform
chemical derived from renewable sources such as sugars. This
review highlights different polymerization techniques for BHME-
based polyesters and addresses BHMF’s relative instability during R i S
the synthesis of BHMEF-derived polymers, including polycarbonates

and polyurethanes. Furthermore, the degradability of furanic polyesters is discussed and BHMF’s toxicity is briefly elaborated.

Biomass

B INTRODUCTION its versatile reactivity and role as a precursor in many possible
applications, e.g., the production of FDCA."'~"* Another less
highlighted monomer derived from HMF is 2,5-bis-
(hydroxymethyl)furan (BHMF). BHMF can be easily obtained
from HMEF in very high yields, up to 99%, via an enzymatic or
chemical reduction reaction.'”'*™'® Synthetic routes toward

Conventional polyethylene terephthalate (PET) is indispen-
sable in today’s society, since it is ubiquitously used in bottles,
packaging, fibers, and more applications due to its favorable
properties: high strength to weight ratio, light transmittance,
and low permeability.’ > Although PET is generally seen as

nonbiodegradable, a great deal of research has been performed BHMF have been discussed extensively in the literature,
on enzymatic degradation or catalytic depolymerization of including the recent and comprehensive review by Arico. "7
PET."™® PET is industrially produced from fossil-based Although BHMF is mainly studied as a monomer, it can also
ethylene and para-xylene, which are converted to ethylene act as a building block for plasticizers, biodiesel additives, flame
glycol and terephthalic acid or dimethyl terephthalate, which retardants, and surfactants.'”~>* Both FDCA and BHMF have
act as the monomers.” Although the production of 100% Bio- the advantage of a relatively higher thermal and chemical
PET has been achieved, a multitude of disadvantages are stability compared to HMF, which is susceptible to
present, including high feedstock costs, limited resources, and degradation to levulinic acid, humins, and other degradation
low yields.” products.'»'>?¥?° An example of a potential synthetic

Biobased polyethylene furanoate (PEF) may be a greener production pathway for BHMF from p-fructose is illustrated
alternative to PET due to its similarities in chemical structure in Figure 1, derived from the work of Cao et al. and
and enhanced properties, such as a higher Ty lower T),, higher Thananatthanachon and Rauchfuss.'#?® The latter converted
yield stress, and improved gas bargier properties, i.. lower D-fructose to HMF in DMSO with formic acid as a catalyst,
water, CO,, and O, permeability. ~'% However, PEF has yielding 99% HMF. On the other hand, Cao et al. used a low-
typically a lower elongation at break and a reduced crystallinity cost reusable Cu/SiO, catalyst for the HMF reduction to

and is still far from cost competitive with PET.>'" The Dutch BHMEF in a 97% yield. More than 30 synthetic production
company Avantium is one of the main drivers commercializing

PEF on a large scale by a novel catalytic process for the -
production of furanics.”” PEF can be synthesized from the Received: November 29, 2022
monomers ethylene glycol (EG) and 2,5-furandicarboxylic acid AccePted: February 8, 2023
(FDCA). EG can be obtained from bioethanol, and FDCA is Published: March 2, 2023
mostly produced from sugars through a multistep process.”””

S-Hydroxymethylfurfural (HMF) is typically derived from
sugars and is considered a renewable platform chemical due to
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Figure 1. Two step synthesis route for the production of BHMF from D-fructose, data obtained from refs. 14 and 26
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BHMF-based Poly(2,5-furandimethylene succinate) PFS

FDCA-based Poly(ethylene 2,5-furandicarboxylate) PEF

Figure 2. Structural representation of poly(2,5-furandimethylene succinate) (PFS) and poly(ethylene 2,5-furandicarboxylate) (PEF).

paths have been elaborated in the review by Arico, for example
from HMF or directly from fructose.'” A simple, cheap, and
effective route directly from a stable compound is preferred
over the use of unstable HMF as the starting material.
Furthermore, the isolation, scale-up, and purification of the
BHMEF reaction mixtures need special attention."

The extensively studied BHMF synthesis routes are
promising for large-scale production; thus, the valorization of
BHME to biobased polymers is worth highlighting. Although
BHMEF is difunctional, it usually requires a second difunctional
comonomer to produce a polymer. In the case of a polyester, a
diacid or a dimethyl ester is necessary in order to allow
polycondensation. Succinic acid and adipic acid are suitable
comonomers and are (potentially) obtained from biobased
resources, like carbohydrates, using micro-organisms like fungi
and bacteria.””*® This highlights that it is feasible to produce
fully biobased BHMEF-based polyesters.

BHMF is structurally very similar to FDCA, since both
monomers contain an aromatic furan ring and have short side
groups at positions 2 and S. A difference between BHMF- and
FDCA-based polyesters is the position of the ester group, as
illustrated in Figure 2. FDCA and BHMF possess significant
differences in their melting points, which are 342 and 7477
°C, respectively.””*° Typically, FDCA appears as a white
crystalline powder, while BHMF is more yellowish. However,
this difference in color needs to be carefully taken into account,
as this yellow color could also be caused by minor impurities,
since BHMF has also been reported to appear as a white
solid.”" While FDCA itself is acidic, when BHMF is exposed to
an acidic environment (e.g, the Brensted acid H,SO,) it
degrades to humins.”” Another physiochemical difference
between these two furan compounds is their thermal stability.
FDCA can withstand high temperatures, for example during
bulk polymerization at a temperature higher than 200 °C.** In
contrast, BHMF has limited thermal stability and its
degradation is already induced at 120—130 °C.”*>® These
differences might be explained by the difference in reactivity
and electronegativity of the carboxylic acid groups and the
hydroxy groups close to the furan ring. The carboxylic acid
groups of FDCA are already in the highest oxidation state,
while the hydroxyl groups of BHMF are still prone to
oxidation. HMF contains, similar to BHMF, a methoxy group
attached to the furan ring. It is known that this side of HMF is
able to react with water to open the ring structure and form
2,5-dioxo-6-hydroxyhexanal via a multistep process, which
turns subsequently into humins.***” A similar reaction might
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take place during thermal degradation of BHMF in the
presence of moisture. Detailed degradation pathways of both
FDCA and BHMF are an interesting topic to explore. Other
comparisons between them are their toxicity properties, since it
is expected that the different functional groups will influence
toxicity as well, which is briefly discussed later in this review.

Nevertheless, based on the chemical similarities it is
expected that BHMF-based polyesters will have properties
similar to those of their FDCA-based counterparts. Con-
sequently, polymers derived from renewable BHMF are very
interesting to study as sustainable alternatives for fossil-based
polymers.

The current status of literature covering BHMF-based
polymers is limited compared to that for other furanic
polyesters. This indicates that the promising precursor
BHMEF is still in the shadow of other biobased building blocks
and polymers. Four recent reviews by Lalanne et al,, Zhang et
al., Kashparova et al., and Chernyshev et al. focused mainly on
the synthesis of furanics and FDCA polymers and only shortly
elaborated on a few examples of BHMF-based poly-
mers."**~* To provide a comprehensive overview of the
field, this review highlights and summarizes the major peer-
reviewed articles on BHMEF-based polymers, thereby discussing
the synthesis routes and their potential. The topic is broadened
by including the (bio)degradability of furanic polyesters.

B BHMF-BASED POLYESTERS

While many articles have been published on the synthesis and
recyclability of FDCA-derived polyesters, not much research
has been conducted on polymers based on BHMF.'"*""** The
reason for this could be BHMF’s relative thermal instability
during high-temperature (bulk) polymerization.”> Therefore,
most aliphatic furanic copolyesters based on BHMF reported
in the literature are formed either by enzymatic polymerization
or by organo-catalyzed solution polymerization at low
temperature.”* In the following paragraphs, the current
literature on BHMF polyesters is highlighted by polymer-
ization method, i.e. solution polymerization, enzymatic
polymerization, and Diels—Alder cross-linking. An overview
of the products, including comonomers, polymerization
conditions, molecular weights, and thermal properties, is
displayed in Table 1.

Solution Polymerization. To the best of our knowledge,
the first reported BHMF-based polyester was reported by
Moore and Kelly in 1978.% Several polyesters, based on furan
or tetrahydrofuran monomers, were synthesized, including one

https://doi.org/10.1021/acsomega.2c07629
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Table 1. Synthesis of Furanic Polyesters Based on BHMF: Comonomers, Catalysts, Reaction Conditions, and Thermal

Transition Points

Comonomers Catalysts Conditions M, Tg Tm Source
(g/mol) (°c) (°C)
o o o Tetrabutyl-  NaOH (water)/ 3880 nd? nd. Gomes
ammonium  DCM (2011)%
ci \ / bromide RT, 1h
2,5-Furandicarbonyl chloride
o o DMAP, DIC®  RT, 24h, N, 5100 - 13 89 Zeng,
/lLMJI\ 5700 Ikezaki
HO h OH (2013,
Succinic acid: n =2 2014)%4
o o DMAP, DIC RT, 24h, N 4300 - -30- 91 Ikezaki
)1,(\/),u\ 7200 2 (2014)%*
HO OH
Succinic acid: n =2 1,4-butanediol: n =4
o o iCALB* 80°C, 2100 - -38-  43- Jiang
1) N2 2h 2400 4 86 (2014)*°
AN °)LM.:U\ 2) 350 mmHg 4h
Diacid ethyl esters: n=2,3,4,6, 8, 10 3) 2 mmHg 66h
o 9 DMAP, DIC PFS / PBS: 43 600 -25- 105-  Zhang
)LM,U\ RT,24 h/220°C2h 55300 -3 106 (2017)*
HO n OH n Polymerization:
Succinic acid: n =2 1,4-butanediol: n =4 130°C 1h
o o DMAP, DIC RT, 24h, N, 2700 n.d. 99 Upare
)LM,U\ (1-butanol) (2018)%7
HO! , OH
Succinic acid: n =2
o DMAP, DIC RT, 24h, N, 5000 - 16 - n.d. Cai
)J\( 14 600 34 (2019)%®
[
/kn/°
HOMOH )LMJI\
n HO n o
Ethylene glycol: n=2  Succinic acid: n = L-lactide
° 0 iCALB 80°C, 1400 - -2- 88- Maniar
° 1) N2 2h 16 050 15 142 (2019)**
~~o \ / 2) 2 mmHg 48h
95 °C,
DMFDCA Aliphatic diol: n =4, 6, 8, 10, 12 3) vacuum 24h
o iCALB 80°C, 600 - -19- 57- Maniar
0. o o 1) N2 2h 8900 -6 79 (2019)**
~o \ / o—" /\OMO/\ ;)SfcmmHg 48h
DMFDCA Diacid ethyl esters: n“= 2,4,6,8,10 3) va’cuum 24h
°\ DBU, RT, 16h, Ar 3100 60 181 Ragno
\—< :}-—\ Triazolium (2019)%
\o salt
Terephthalaldehyde
o o DBU, RT, 16h, Ar 7800 n.d. n.d. Ragno
| 0 J Triazolium (2019)%
\ / salt
2,5-diformylfuran
o o iCALB 85°C, 2800 - -22- 81 Pellis
/ILM,U\ 1) 1 bar 6h 3100 10 (2020)%2
HO W OH 2) 20 mbar 90h
Diacid: n=2,4,8
o o a iCALB 85°C, 600 - -1- 170-  Pellis
)L(\/),U\ 1) 1 bar 6h 1000 -39 189  (2020)%
HO W OH 2) 20 mbar 90h
Diacid: n=2,4,8
o o MgCl,, 30-80°C, N2 1800 - -23-  42- Guillaume
(TMP)MgCI-  15-115h 6400 -9 47 (2021)%
HOMOH Licl

Diacid: n=4,5

“Note that this polyester was based on 3,4-BHMF and not on 2,5-BHMF, like all others. ”N,N-Dimethyl-4-aminopyridine and N,N'-
diisopropylcarbodiimide are abbreviated DMAP and DIC, respectively. “All enzymatic polymerizations were catalyzed by immobilized Candida
antarctica Lipase B (iCALB). “The T, and T, values could not be determined for all polyesters; hence, only the reported values are reproduced.
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Figure 3. Glass transition temperature (T,), second heating curve, and degree of crystallinity (y.) versus the number of methylene units of
dicarboxylic acid comonomers in BHMF-based polyesters. Data are reprinted with permission from ref 50. Copyright 2014 American Chemical

Society.

with FDCA and BHMF units. To avoid thermal degradation
during synthesis, solution polymerization in chloroform was
preferred over melt polycondensation. A high-furan-content
polyester was produced from 2,5-furandicarbonyl chloride and
BHMF by using trimethylamine as an acid acceptor. The
polyester degraded to a black insoluble material at around 200
°C. More properties were unfortunately not reported.

Gomes et al. provided additional information by synthesiz-
ing several polyesters based on FDCA and various diols,
including BHMF, using three different polymerization
techniques: solution polymerization, interfacial polycondensa-
tion, and polytransesterification.*® Poly(2,5-furandimethylene
2,5-furandicarboxylate) was prepared via interfacial polymer-
ization of 2,5-furandicarbonyl chloride and BHMF under mild
conditions in a biphasic system. However, only a low-
molecular-weight polymer was obtained which had medium
thermal stability: Ty o = 205 °C and Ty, = 345 °C.

A different approach was taken by Upare and co-workers,
who focused on the synthesis of BHMF from fructose and
subsequently polymerized it with succinic acid.”’ Fructose was
converted to HMF in a high yield (95%) using Amberlyst-15,
which was then reduced to BHMF with a CuSiO, catalyst
under an H, atmosphere. However, due to its high solubility
and low thermal stability, BHMF could not be separated from
its solvent (1-butanol) by either crystallization or distillation.
To address this issue, BHMF was polymerized with succinic
acid to produce a solid, thermally stable polymer that could be
isolated and analyzed.

Usually, a polyester is synthesized via polycondensation
using a diol and a diacid or the corresponding dimethyl or
diethyl ester of the diacid. However, Ragno et al. used a Lewis
base organocatalyst (N-heterocyclic carbene (NHC)) in order
to polymerize a diol and a dialdehyde.”® Both fossil-based and
biobased monomers were used, including BHMF. Tereph-
thalaldehyde and 2,5-diformylfuran were independently
reacted with BHMF under oxidative conditions, using a
triazolium salt and DBU as catalysts and THF as a solvent. The
obtained polyesters, poly(2,5-furandimethylene terephthalate)
and poly(2,5-furandimethylene 2,5-furandicarboxylate),
showed medium and poor thermal stabilities (Tjopee = 247
and <200 °C, respectively).

Recently, Guillaume et al. described the synthesis of BHMF
from FDCA followed by polymerization with either adipic acid
or pimelic acid.*” FDCA was first converted to the dimethyl
ester with a Lewis acid (MgCl,) as a catalyst and dimethyl
dicarbonate (Moc,0) as a coupling agent. Following that,
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BHMEF was produced via hydrogenation with a Ru-based
catalyst (Gusev). The polymerization was successfully
performed under mild conditions using an Mg-based catalyst
and di-tert-butyl dicarbonate (Boc,O) as a coupling agent. In
addition, they showed that a one-pot synthesis of BHMF-based
polyester from FDCA as a starting material is possible under
similar conditions.

Enzymatic Polycondensation. The first report covering
enzymatic polymerization of BHMF with various diacid ethyl
esters, containing different numbers of methylene units (Figure
3), was published by Jiang et al. in 2014.° The immobilized
enzyme Candida antarctica Lipase B (iCALB), was used as a
biocatalyst in a three-stage process. Semicrystalline polymers
were obtained with a low molecular weight (M, < 2400),
which was explained by ether formation via dehydration
between the BHMEF hydroxyl groups. It was found that
increasing the number of methylene units in the chain resulted
in increased crystallinity, thermal stability, and generally a
higher melting temperature (T,). This is due to the improved
packing capability of the aliphatic units in the polymer chains.
The glass transition temperature (T,) of the obtained
polyesters reached a minimum for polyé,,S—furandimethylene
suberate), related to the equilibrium of chain flexibility and
crystallinity (Figure 3).

Another study by Maniar et al. covered the enzymatic
synthesis of aliphatic “aromatic” copolyesters, originating from
three different monomers.”’ These monomers included
dimethyl 2,5-furandicarboxylate (DMFDCA), BHMF, and an
aliphatic diol or diacid ethyl ester, with varying numbers of
methylene units. The copolyesters prepared from diols
demonstrated the highest degree of polymerization and a
higher thermal stability than diacid-ethyl-based polyesters. An
increased aliphatic diol chain length led to a reduction of both
Tg and T, The same held for the T, value of the diacid-ethyl-
based polyesters, but crystallization was not observed in all
cases.

Similarly, Pellis et al. reported the synthesis of aliphatic-
aromatic polyesters based on furan, benzene, and pyridine
derivatives using the same enzyme.”” The use of 3,4-
bis(hydroxymethyl)furan (3,4-BHMF) was novel, while 2,5-
BHMF was also used with succinic, adipic, or sebacic acid as
comonomer. The 3,4-BHMF-based polyester was obtained in
lower yield and significantly lower molecular weight compared
to 2,5-BHMEF. However, a TGA analysis showed a significantly
higher thermal stability for the 3,4-BHMF polyester compared
to 2,5-BHMF. For both polymer series, it was observed that a

https://doi.org/10.1021/acsomega.2c07629
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higher number of methylene units in the chain resulted in a
lower T, value, due to enhanced chain mobility and flexibility
of the aliphatic units.

Diels—Alder Cross-Linking. A Diels—Alders reaction
involves the cycloaddition of a conjugated diene and an alkene
to form dynamic covalent bonds. Furanic moieties in BHMF-
based polymers can act as the conjugated dienes and allow the
introduction of thermoreversible cross-links via Diels—Alder

chemistry (Figure 4).>
Endo
°§ 0

19

o

Exo
O§ ?

/ .

O - —

Figure 4. Schematic representation of the reaction between a furan
unit (red) and a maleimide (blue) to form dynamic covalent bonds
(green). Figure adapted and reproduced with permission from ref 53.
Copyright 2022 Macromolecular Rapid Communications.

This has been demonstrated by Yoshie’s research group,
which published numerous articles on self-healing polyesters
based on dynamic Diels—Alder cycloaddition between the
furan groups of BHMF and bismaleimides.****™>® This
included the synthesis of low-molecular-weight non-cross-
linked polyesters from the polycondensation of BHMEF,
succinic acid, and 1,4-butanediol to widen the properties. It
was discovered that increasing the aliphatic content with the
addition of 1,4-butanediol significantly reduced the T, value.”*
Subsequently, the resulting polymers were thermoreversibly
cross-linked with 1,8-bis(maleimido)triethylene glycol in
different ratios. This resulted in high-strength polymers with
a tensile strength of up to 50 MPa. Based on toughness, the
reversible network’s self-healing efficiency was reported to be
as much as 74%. The polymerization conditions and thermal
properties of the non-cross-linked BHMF-based polyesters are
presented in Table 1.

Zhang et al. reported a similar study in which they prepared
a multiblock polyester based on BHMEF, succinic acid, and 1,4-
butanediol.” Two different blocks were synthesized in solution
with N,N’-diisopropylcarbodiimide (DIC) and 4-dimethylami-
nopyridine (DMAP) as catalysts: a BHMF-succinic acid block
(PFS) and a 1,4-butanediol-succinic acid block (PBS). It was
found that high-molecular-weight multiblock polymers could
be prepared, the different segments of which were miscible in
the amorphous region. The T, value increased with higher
BHMF content in the polymer, while the thermal stability
(Tys4) decreased and T, remained relatively constant. The
tensile strength decreased with higher PFS content (13 to 30
MPa), while the elongation at break increased (420 to 720%).
In a follow-up study, the BHMF-based block polyesters were
used for the preparation of a thermoreversible network, created
by Diels—Alder cross-linking using a bismaleimide.>”

Finally, Cai et al. synthesized a shape-memory polymer with
self-healing properties based on BHMF, lactic acid, succinic
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acid, and ethylene glycol.”® Lactide and ethylene glycol were
used to prepare a hydroxyl-terminated polymer, which was
subsequently polymerized with BHMF and succinic acid. The
addition of BHMF and succinic acid lead to a reduced T, value
of the PLA-based polymer. Using the Diels—Alder reaction, the
obtained polymer was then cross-linked with varying amounts
of a bismaleimide. It was shown that increasing the cross-link
density resulted in a higher T, value. The thermal properties of
the non-cross-linked polymer are shown in Table 1.

Melt Polycondensation of BHMF. The use and potential
of BHMF are “largely underestimated”, as Guillaume et al.
asserted.”” Although the polymerization of BHMF has been
proven to be possible, only low molecular weights (M,) have
been obtained, up to a maximum of 16000 for high-BHMEF-
content polymers. Furthermore, enzymatic pathways, catalysis
under mild reaction conditions, or multiple polymerization
steps are time-consuming and cost-inefficient. Melt poly-
condensation would give a promising outcome but is thought
to be challenging due to the (thermal) instability of
BHME #350

However, Nasirudeen et al. reported a successful polymer-
ization of FDCA with several diols, including BHMEF.*’
Polymerization was performed at 160 °C for 6 h under a N,
atmosphere, and then the temperature was raised to 200 °C
and a vacuum was applied to remove excess diol, although it
remains unclear if this method was also applied for the FDCA-
BHMF polymer. Thermal and mechanical characterization of
poly(2,5-furandimethylene 2,5-furandicarboxylate) was not
reported in the article; only the water absorption and water
contact angle were measured. Other polymeric details, such as
the molecular weight and thermal stability of BHMF, were not
provided.

In addition, Gopalakrishnan et al. reported the synthesis of
FDCA-based polyesters, and mentioned the polymerization of
BHMF and adipic acid via direct polycondensation.”’ Syn-
thesis details for this polyester were not given; however, it
yielded an amorphous material with an onset decomposition
temperature of 300 °C. Prior to publication of the article,
similar information was revealed in a patent in which
Gopalakrishnan is one of the named inventors.®'

M SYNTHESIS OF OTHER BHMF-BASED POLYMERS

The potential of BHMF as a polymeric building block has also
been demonstrated for other types of polymers, like polyur-
ethanes and polycarbonates. Despite the fact that the thermal
stability of BHMF has been addressed in several articles,
various potential solutions have been reported.

Zhang et al. reported that BHMF undergoes side reactions
during the synthesis of polyurethanes at temperatures higher
than 140 °C.”” The authors overcame this problem by
prepolymerizing BHMF with an excess amount of dicarba-
mates at lower temperatures via “transurethanization”. Using a
bismaleimide, this resulted in reversible Diels—Alders cross-
linked polyurethanes (Figure S).

In order to address BHMF’s thermal stability, Oh and co-
workers used mechanochemical synthesis to create eco-friendly
polyurethanes.”” The polymers from methylene diphenyl
diisocyanate and BHMF were synthesized at room temperature
for 60 min in the presence of a catalyst. This resulted in
polyurethanes with a high molecular weight (M, 59000) and
moderate thermal stability (Ty5 = 201 °C).

Another solution was presented by Kieber et al., who initially
reported that polyurethane synthesis of BHMF and diisocya-
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nate-functionalized isohexides led to brown discoloration at a
temperature of 120 °C.>* This was attributed to BHMF
decomposition, which was then prevented by polymerizing at
30 °C for 24 h with a catalyst (dibutyltin dilaurate) under a
nitrogen atmosphere.

Choi et al. attempted to synthesize a BHMF-based
polycarbonate via a conventional synthetic pathway.’
However, BHMF could not withstand the high temperatures
(130—240 °C) and degraded into insoluble “hydrothermal
carbon”. To circumvent this, copolymerization with highly
reactive carbonyldiimidazole under mild conditions (40 °C)
was performed via a two-step process. The temperature control
was crucial and had a significant effect on the molecular
weight. Interestingly, the addition of N-substituted maleimide
units to the furanic units resulted in an enhanced T, value due
to increased torsional strains and reduced chain mobility.

BHMF was applied in a study by Lillie et al. as well. The
research team synthesized several polymers via acyclic diene
metathesis (ADMET) polymerlzatlon, including a BHMF/10-
undecenoic acid based polymer.®* Fisher esterification was not
possible for polyester synthesis from BMHF and 10-
undecenoyl chloride due to significant decomposition of
BHME. The polyester was successfully obtained via solution
polymerization in dichloromethane using 4-dimethylaminopyr-
idine and trimethylamine.

A special type of a BHMEF-based polymer was developed by
Vijjamarri et al., who synthesized various biobased poly(silyl
ethers).”” This unique class of polymers contains Si—O—C
units in the main chain, making them susceptible for

biodegradation. Various poly(silyl ethers) were produced
from BHMF and different hydrosilanes by using a manganese
catalyst and toluene as solvent. High-boiling-point solvents
were tried as well, but without success due to the low solubility
of BHMF and the formation of dark insoluble solids, which
were most likely BHMF degradation products. The BHMF-
derived polymer obtained had a T, value of 15.6 °C and a
decomposition temperature (Ty50,) of 453 °C. A hydrolysis
experiment at low pH demonstrated complete degradation in a
tew hours, which was attributed to the cleavage of the Si—O—
C bonds.

Another way of producing BHMF-based polymers is by
introducing epoxy groups by a reaction with reactive
epichlorohydrin under low-temperature conditions to form
2,5-bis[ (2-oxiranylmethoxy)methyl]furan (BOF) (Figure 6).
Cho et al. synthesized diepoxy compounds based on furanics,
including BHMF, which were studied as adhesives after
photocuring.”® BHMF was reacted with epichlorohydrin in a
biphasic system and a phase transfer catalyst. Curing was
performed using a cationic photoinitiator (IRGACURE 250)
by irradiating with UV light. After 5 min of curing, adhesive
shear stresses of up to 4.7 MPa were measured, although an
adhesive based on furfuryl alcohol was stronger.

In a follow-up study by the same group (Jeong et al.),
furfuryl alcohol and BHMF were converted to epoxy
compounds using epichlorohydrin and subsequently reacted
with methacrylic acid.”” Unfortunately, the observed adhesives
strengths were significantly lower compared to their previous
findings, i.e. less than 0.7 MPa.

A similar approach was taken by Hu et al, who prepared
thermosetting polymers based on aromatic diepoxies and
standard diamine curing agents.”® One of the monomers was
2,5-bis[ (2-oxiranylmethoxy)methyl Jfuran (BOF), which was
produced from BHMF and epichlorohydrin (Figure 6).
Subsequently, the epoxy monomers were mixed in various
ratios (0—1.0) with diglycidyl ether of bisphenol A (DGEBA)
and cured by using a diamine curing agent, PACM or
EPIKURE W. They observed improved thermomechanical
behavior of the BHMF-derived thermosets. This was assigned
to hydrogen bonding between the furanic oxygen and epoxy-
amine hydroxyl groups or due to hindered chain rotation of the
furan moieties.

Recently, Wang et al. used a cobaltic nitrogen-doped carbon
catalyst for the production of BHMF from HMF in high
conversion and yield, 99.3% and 91.5%, respectively.”’
Subsequently, BHMF was used for the production of a porous
hyper-cross-linked polymer (HCP) (Figure 7), meant for
CO,/H, storage. This was achieved via a Friedel—Crafts
alkylation reaction using ferric chloride as the catalyst and 1,2-
dichloroethane as the solvent. The BHMF-derived HCP
showed a superior CO, absorbability and similar H, absorption
compared to benzene-based HCP:s.

Figure 6. Reaction between BHMF and epichlorohydrin to form the diepoxide 2,5-bis[(2-oxiranylmethoxy)methyl]furan (BOF). Figure adapted

from ref 66. Copyright 2012 Taylor & Francis.
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Figure 7. Schematic representation of BHMF conversion to a hyper-
cross-linked polymer (HCP). Reproduced with permission from ref
69. Copyright 2022 Wiley-VCH GmbH.

B DEGRADABILITY OF FURANIC POLYESTERS

Biobased and (bio)degradable are not correlated; for example
PE, and nylon can be (partly) produced from biobased
resources but are not biodegradable, while commercially
available poly(butylene succinate) (PBS) is often fossil-based
and biodegradable.”” Biodegradability is a wide concept, since
a number of materials finally will degrade in nature after a very
long time. Therefore, polymers are usually referred to as
compostable polymers if they meet the requirements of the
standardized test ISO 17088 (2021). A compostable polymer/
plastic is therein defined as “a plastic that undergoes
degradation by biological processes during composting to
yield CO,, water, inorganic compounds and biomass at a rate
consistent with other known compostable materials and leave
no visible, distinguishable or toxic/hazardous residue”.”’

(Bio)degradability of polymers is often attempted to be
estimated in the literature via enzymatic hydrolysis or a simple
soil burial degradation test. While this is scientifically wrong
and by no means an estimate of biodegradability, various
literature sources are highlighted on the (bio)degradability of a
furanic aliphatic polyester in the following paragraphs to
provide a current overview of this field.

(Bio)degradation of PEF. To the best of the authors’
knowledge, the biodegradability of BHMF-based polyesters has
not been studied yet. However, there are several reports on the
degradability of other furanic polyesters, mainly PEF. For
example, the Dutch company Avantium proved that PEF could
be composted under industrial comzposition conditions (58 °C,
Organic Waste Systems (OWS)).”

Pellis et al. investigated the enzymatic hydrolysis of PEF
powders for various molecular weights.”> Surprisingly, a
higher-molecular-weight PEF hydrolyzed more quickly by a
cutinase 1 enzyme from Thermobifida ellulosilytica. This was
observed by measuring the FDCA concentrations; thus, PEF
can theoretically be completely depolymerized by this enzyme.
It is known that other factors, like the degree of crystallinity,
can have a major effect on the depolymerization rate as well,
but all PEF samples had low (<1%) and similar crystallinity.

The enzymatic hydrolysis of PEF powders was also studied
by Weinberger et al., who focused on the effect of crystallinity,
molecular weight, and particle size.”* The authors reported
PEF hydrolysis via cutinase 1 to be faster for smaller particle
sizes, amorphous structures, and lower molecular masses. In
addition, the enzymatic hydrolysis of PEF films was studied
and it was observed that a film was completely hydrolyzed to
FDCA and water-soluble oligomers after 72 h at 65 °C. Higher
temperatures were found to improve enzymatic degradation of
PEF, due to higher chain mobility close to the T, value. Higher
enzyme kinetics at higher temperatures are also expected to
play a role.
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In a follow-up study by the same authors, PEF and PET
films were prepared with different crystallinities and their
enzymatic hydrolysis was subsequently analyzed.”> Although
weight losses were still limited after 72 h, i.e. less than 10%, it
was discovered that PEF film degraded 1.7 times more quickly
than PET films. Furthermore, increased crystallinity obtained
through annealing near the T, value reduced the hydrolysis
rate; however, this effect was less significant for PEF.

Austin et al. developed a promising PET-digesting enzyme
(PETase).”® It was found that PETase and a double mutant
were able to degrade a bottle-grade PET with 15% crystallinity.
The same enzymes were also capable of degrading PEF, which
was visualized by a relative reduction in crystallinity (15.7%)
and a change in surface morphology. PETase was only active
for PEF and PET and not for the aliphatic polyesters PLA and
PBS. An engineered enzyme for polyester degradation would
be interesting for industrial recycling processes but is irrelevant
for biodegradation in the environment.

(Bio)degradation of Furanic Copolyesters. Findings
related to the enzymatic hydrolysis of other furanic
copolyesters were also previously reported. Okada et al
produced furanic polyesters based on isosorbide, isomannide,
difuranic esters, aliphatic segments, and combinations there-
of.”” They reported that spontaneous hydrolysis and enzymatic
degradation could be achieved, but degradation was limited. It
was observed that a higher aliphatic content favored enzymatic
degradation. This was due to the sterically hindered furanic
groups, which hindered the accessibility of the ester group by
enzymes. However, a higher aliphatic content increases the
hydrophobicity as well, which inhibits enzymatic degradation.
In soil burial degradation experiments, SEM revealed that
spores were situated on the polymer surface, while filamentous
fungi eroded the surface, implying that these polymers are
biodegradable.

The degradability of PEF was improved by the random
incorporation of lactic acid units by Matos et al.”® First,
bis(hydroxyethyl)-2,5-furandicarboxylate was prepared from
FDCA and ethylene glycol and subsequently copolymerized in
bulk with PLA oligomers. The degradation was simulated via
hydrolysis in a phosphate buffer solution at 37 °C. The
copolyester consisting of 73% PEF units lost 22% of its original
weight after 12 weeks. PEF/PLA copolyesters (PEF 2 wt %,
PLA 7 wt %) showed an enhanced degradation compared to
their homopolyesters. This was assigned to a reduced T, value,
lower crystallinity, and increased hydrophilicity, which was
indicated by increased water absorption.

A similar study was performed by Wu et al, who also
synthesized copolyesters from lactic acid oligomers and esters
of FDCA and ethylene glycol.”” They characterized the
thermal properties, molecular weight, and degradation
behavior of these copolyesters in a phosphate buffer solution
and garden soil. It was found that the incorporation of lactic
acid units in the aliphatic furanic copolyester improved the
degradation significantly, both in the phosphate buffer and in
garden soil. Mass losses of up to 67% after 55 days at 35 °C in
garden soil were observed for the copolyester containing 80%
lactic acid units, while the degradation was only 15% w/w for
the polyester consisting of 20% lactic acid. These results
indicated that the introduction of furanic moieties reduced
biodegradability. However, the cleavage of the ester bonds was
found to be random and the molecular weight (M,: 68000—
130000) and T, values (68—79 °C) were different for each
copolyester and increased with reducing lactic acid content.

https://doi.org/10.1021/acsomega.2c07629
ACS Omega 2023, 8, 8991-9003


https://pubs.acs.org/doi/10.1021/acsomega.2c07629?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07629?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07629?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07629?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Table 2. Influence of the Molecular Weight, Crystallinity, T, and T,, Polymer Structure, Particle Size, and Hydrophobicity on
the Enzymatic Degradability of Polyesters, Derived from Tokiwa et al.”’ and References Discussed in this Section

Properties Effect on degradability

Molecular weight

Crystallinity

Higher molecular weight generally lowers degradability

Enzymes prefer the loosely packed amorphous regions; crystallinity reduces biodegradation

Melting point and glass transition

temperature

Alower T increases degradability, due to weaker interactions between the polymer chains. A low Tg results

in higher chain mobility at relatively lower temperatures, hence, an enhanced degradation

Polymer structure
hand improves degradation

Particle size

Higher chain rigidity, due to aromatic structures, decreases degradability. Aliphatic structures on the other

Powders degrade faster compared to films due to higher specific surface area which favors degradation

Hydrophobicity

Increased hydrophobicity reduces water solubility and enzyme accessibility

Terzopoulou et al. reported the synthesis of poly(ethylene
furanoate-co-ethylene succinate), a polymer similar to PEF but
containing more aliphatic units."” The authors claimed that
FDCA-based polyesters (PEF) are not biodegradable but
copolymerization with biodegradable aliphatic poly(ethylene
succinate) could improve this. They found that the
copolyesters containing up to 50% PEF showed still some
enzymatic degradation in 1 month, ie. <6%. An increasing
ethylene succinate content significantly improved the enzy-
matic degradation. This was explained by reducing the
concentration of rigid furan structures, which hindered the
access of enzymes. In addition, higher PEF contents increased
the T, and T, values, which reduced chain mobility and
hydrolysis. Nevertheless, high aliphatic contents are usually
undesirable, since they lead generally to weaker mechanical
properties with respect to their aromatic counterparts.

The hydrolytic stability and enzymatic hydrolysis of
polyesters based on FDCA, sulfonated isophthalic acid, and
various diols were studied by Haernvall and co-workers.*' The
polyesters studied showed good hydrolytic stability under
neutral conditions at 50 °C, since only low amounts of FDCA
could be detected. The hydrolysis rate was higher when the
enzyme cutinase 1 from Thermobifida cellulosilytica was added
under similar conditions. An increased length of the aliphatic
diol reduced the enzymatic hydrolysis. Replacement of the diol
with an ether diol also improved the enzymatic degradation,
caused by the increased hydrophilicity. The incorporation of
ionic phthalic acid did not negatively affect the enzymatic
degradation.

Finally, Papadopoulos et al. synthesized copolyesters from
2,5-dimethylfuran dicarboxylate (DMFD), adipic acid (AA),
and ethylene glycol (EG) in different ratios.”> One of their
experiments used the enzymatic hydrolysis of copolyester films
via Rhizopus oryzae lipase and Pseudomonas cepacia lipase. It
was observed that copolyesters consisting of 5% to 10% PEF
and respectively 95% and 90% poly(ethylene adipate) (PEAd)
showed an enhanced enzymatic degradation compared to neat
aliphatic PEAd. This was explained by the reduced crystallinity
and lower melting points of these copolyesters, compared to
PEAd. A higher PEF content leads to higher T, and T, values,
if crystalline regions are present, resulting in lower biodegrad-
ability. A 50/50 PEF/PEAd copolymer showed practically no
hydrolysis and mass loss after 30 days.

Currently, no single standardized ISO/ASTM test exists for
biodegradability of polymers, as also recently outlined by the
SAPEA report “Biodegradability of plastics in the open
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environment”.*> Instead, multiple standardized tests are

available to evaluate a polymer’s degradability under various
circumstances, ranging from different aqueous systems to
slurry digestion systems, under solid conditions for aerobic or
anaerobic biodegradation. Examples are ISO 14851:2019
(aerobic degradability of plastic materials in an aqueous
medium), ISO 13975:2019 (anaerobic degradation of plastic
materials in controlled slurry digestion systems), and ISO
17556:2019 (aerobic degradability of plastic materials in
s0il).**7%® In addition, polymeric properties associated with
biodegradability include but are not limited to molecular
weight, crystallinity, T, and T, polymer structure, size, and
hydrophobicity. In addition, the enzyme type and environ-
mental conditions like temperature, moisture content, pH,
presence of oxygen, and nutrients are important factors as
well.”® Furthermore, aliphatic aromatic polyesters are not
produced in nature; thus, it is not surprising that enzymes like
cutinase, which has evolved for the degradation of natural cutin
polyester, work rather slow for these polyesters.”> The
influence of the main polymeric properties on (bio)-
degradability are given in Table 2. Enzymes catalyze a certain
specific reaction, and therefore enzymatic degradation results
usually only in depolymerization. None of the discussed
articles reported above showed the real biodegradation of
furanic polyesters, as the research was based on composting
tests or enzymatic depolymerizations.

In cases where furan-based polyesters are broken down to
their monomers, these should subsequently be converted to
CO, and H,O to complete the biodegradation. It is known that
the fungal biodegradation pathway of BHMF is a multistep
process. BHMF is first converted to HMF, then to HMFCA,
subsequently via FDCA and FCA, before it enters the
tricarboxylic acid cycle (TCA), also known as the Krebs
cycle, where CO, is released.®”

Based on a review of the literature on degradability and
enzymatic hydrolysis of furan-based polyesters, it is logical to
postulate that BHMF-based polyesters will be able to slowly
degrade to their monomers, possibly through biological
processes, similarly to PEF. The chemical structure and
physical properties, on the other hand, will have a significant
impact on the degradation rate.

B TOXICITY OF BHMF

Polymers should meet a multitude of requirements, like
thermal and physical properties, but a very important one is
safety. Safety is related here to the exposure of monomers to
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of Chemistry.

humans, animals, or the environment, which could happen
during production. In addition, exposure may occur if
monomers are released during chemical recycling, such as by
hydrolysis or pyrolysis, or biodegradation.'’

Ventura et al. did an extensive study on the toxicity of
furanic platform chemicals, including BHMF, FDCA, and
HMF, an intermediate in the production of BHMF and
FDCA.* The toxicity of these compounds was investigated
using marine bacteria,Vibrio fischeri, based on their bio-
luminescence response, known as the Microtox test. In a
very clear overview (Figure 8), BHMF and HMF were
classified as “practically harmless”, while FDCA was considered
to be “toxic”. The differences in toxicity between furanics were
explained by the differences in hydrophobicity and the
correlated penetration into cells. Furthermore, alcohol groups
were generally regarded as less toxic: for example, the toxicity
of furan-2,5-dicarbaldehyde was reduced by converting it to
HMF or BHMF.

Pan et al. reported that HMF derivatives, including FDCA
and BHMF, are less toxic to microorganisms.89

Although there is still a lack of information on the toxicity of
furanic monomers such as BHMF and FDCA, it is important
to have information on the potential toxic effects. Most furanic
polyesters are still in the development stage, and their toxicity
affects not only their production but also their recycling or
biodegradation.

B CONCLUSION

This article highlights the synthesis of BHMEF-based polymers
and the degradation of furanic polyesters. The synthesis of
BHMEF-based polymers has been demonstrated to be possible
via enzymatic polymerization and solution polymerization, but
only low molecular weights have been achieved to date. The
thermal stability issues of BHMF in polymer production was
reported and addressed in the synthesis of polyurethanes,
polycarbonates, and epoxy monomers. Recent studies have
shown that BHMF-based polymers showed good thermal
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stability. A wide range of thermal properties of these BHMF-
based polymers can be tuned by altering the number of
methylene units in the dicarboxylic acid comonomer.
Furthermore, the furanic moieties in the polymeric chains
can be used for thermoreversible cross-linking by Diels—Alder
chemistry using a bismaleimide. Considering the diverse
properties possessed by BHMF-based polymers, understanding
their property—application relationship becomes increasingly
important.

Several studies reported on the degradability and compost-
ability of furanic polyesters, but no real biodegradability tests
have yet been performed. However, promising results are
shown for the enzymatic degradation of these polymers.
Furthermore, the degradation rate of furanic polyesters is
dependent on multiple properties, including molecular weight,
crystallinity, thermal properties, polymeric structure, particle
size, and hydrophobicity. It is hypothesized that BHMF-based
polyesters degrade slowly, but this will be highly dependent on
the conditions and polymeric properties.

In summary, biobased BHMF-derived polymers show
interesting properties and have the potential to replace fossil-
based polymers. Understanding their production route and
properties will be critically important to reach the full potential
of BHMF as a renewable building block and will in turn
undoubtedly lead us to technological advancements in the
discipline of green polymer materials. The next step is the
production of BHMF-based polymers in higher amounts to
evaluate their macroscopic properties, such as mechanical and
gas barrier properties, in order to consider in which field these
polymers might be applicable. In addition, the development of
an industrial or straightforward synthesis route is key to bring
BHMEF-based polymers to the next stage.

B FUTURE PERSPECTIVES

To improve the sustainability of BHMF-based polymer
synthesis, several recommendations with technological read-
iness follow from this review. The greatest potential is
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attributed to the use of a melt polycondensation method that
allows elimination of the use of a solvent. Melt polycondensa-
tion is a straightforward synthesis route and is also preferred in
industrial processes. In addition, the molecular weight of the
yielded polymers is an important parameter, and higher values
are desired to obtain more insights into the macromolecular
properties. Polyesters derived from BHMF and aliphatic
comonomers have been reported to have limited thermal
properties, i.e, low T, and T, values. However, several studies
on BHMEF copolymerization with FDCA or its derivatives and
L-lactide have shown promising results to address this issue.
Therefore, the use of different comonomers with BHMF is
recommended, in order to gain a better understanding of the
structure—property relationship of BHMF-based polyesters
and reveal various possible attributes that can be produced.

A critical dimension in realizing many of the opportunities
mentioned here is that the synthesis of BHMEF-based
polyesters is challenging due to the nature of BHMF’s
instability in many systems. Also important to consider is the
necessity of the use of relatively cheap and commercially
available catalysts for scaling up the BHMF-based polymer
production. The (bio)degradability of BHMF-based polymers
is left untouched as an important unanswered question. The
position and orientation of the ester bond distinguish FDCA-
and BHMF-based polyesters structurally (Figure 2). This
disparity is expected to have a significant impact on the
accessibility of enzymes on the polymer chain and thus on the
(bio)degradability. Investigating the enzymatic degradation or
biodegradability of BHMF-based polyesters will leverage
assessments to incentivize a more effective approach in terms
of sustainability.

Although the development of BHMEF-based polymers is still
in its early stages, successful synthesis has been achieved for a
diverse range of polymers with distinct properties. However,
reported findings should be critically evaluated and more
knowledge has to be obtained to gain a better understanding of
this topic. Systematically implementing the recommendations
discussed here will increase the current state of the art in
BHMF-based polymer synthesis with an emphasis not only on
the production of versatile biobased materials but also on more
sustainable manufacturing routes.
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