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hylene furanoate-co-ethylene
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Stylianos Exarhopoulos,bc Dimitrios G. Papageorgioud and George Z. Papageorgiou*b

Poly(ethylene furanoate) (PEF) is a fully bio-based polyester with unique gas barrier properties, considered

an alternative to poly(ethylene terephthalate) (PET) in food packaging applications. However, it is not

biodegradable. For this reason, copolymerization with an aliphatic succinic acid monomer was

investigated. The respective poly(ethylene furanoate-co-ethylene succinate) (PEFSu) copolymers were

prepared via melt polycondensation from 2,5-dimethylfuran-dicarboxylate, succinic acid and ethylene

glycol at different ratios. 1HNMR spectroscopy showed the copolymers are random. The crystallization

and melting of the copolymers were thoroughly evaluated. Isodimorphic cocrystallization was concluded

from both the WAXD patterns and the minimum in the plots of melting temperature versus composition.

The pseudo-eutectic melting point corresponded to an ethylene succinate content of about 30 mol%.

The enzymatic hydrolysis tests using Rhizopus delemar and Pseudomonas cepacia lipase revealed that

the copolymers with up to 50 mol% ES units show measurable weight loss rates. For higher ES content,

the copolymers showed fast hydrolysis.
1. Introduction

The global ecological problems which include limited fossil
fuels and the disadvantages that come with the widespread use
of them (limited recyclability, relatively high cost and environ-
mental impact) have led governments, academia and (to a lesser
extent) industry to look for eco-friendly, alternative solutions.
Bioplastics represent one of the most ambitious projects, since
a lot of products have been developed over the last years and are
focused on the use of renewable resources. Furanoate-based
polyesters based on 2,5-furandicarboxylic acid are a viable
candidate for the replacement of their naphthalate and tere-
phthalate counterparts, since they originate from monomers
derived straight from renewable resources like furfural and
hydroxymethylfurfural. For this reason, several works have been
dedicated on the detailed study of their production and prop-
erties for the use in a wide variety of applications.1–22 Of special
importance are the unique barrier properties of PEF and
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furanoates in general which enable uses as green food pack-
aging materials.11,12,19

Poly(ethylene succinate) (PESu) is a semi-crystalline
aliphatic polyester, which has been attracting attention since
it exhibits excellent biodegrability due to its hydrolysable ester
bonds, stability and favorable mechanical properties.23–26 It can
be synthesized by either ring-opening polymerization of suc-
cinic anhydride or by polycondensation of succinic acid and
ethylene glycol.27 PESu has been successfully blended with
a number of polymers in an attempt to improve its physical
properties and increase its biodegradation rates, such as
poly(3-caprolactone),28 poly(butylene succinate),29,30 poly(octa-
methylene succinate),31 poly(decamethylene succinate),32,33

poly(ethylene oxide),34 poly(ethylene terephthalate),35 poly(L-
lactide),26 poly(diethylene glycol succinate),36 poly(ethylene
adipate)37 and others. The majority of those materials exhibit
good compatibility in blends and improved biodegradation
rates. That is the main reason why the specic polyester was
carefully chosen in our attempts to prepare copolymers with
PEF. In a similar work by Dubois and coworkers38 involving
a member of the furanoates family that was copolymerized, the
authors successfully prepared poly(butylene succinate-co-
butylene furandicarboxylate) (PBSF) copolyesters with high
thermal stability and adequate mechanical properties, dis-
playing a potential for replacement of commodity thermo-
plastics or elastomers.

Basic research on the relationship between structure,
morphology, and properties as well efforts to understand the
RSC Adv., 2016, 6, 84003–84015 | 84003
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Table 1 Intrinsic viscosity values, feeding ratios, calculated compo-
sitions, degree of randomness (R) and average block length for
succinate (LnS) and furanoate (LnF) blocks of the prepared copolymers

Sample
IV
(dL g�1)

PEFSu feed
ratios PEFSu 1HNMR R LnS LnF

1 0.38 5/95 2/98 0.99 50 1.02
2 0.39 10/90 11/89 1.00 9.09 1.12
3 0.36 15/85 17/83 1.02 5.88 1.20
4 0.41 30/70 35/65 0.99 2.85 1.53
5 0.38 40/60 37/63 1.01 2.70 1.58
6 0.34 50/50 49/51 1.02 2.04 1.96
7 0.36 60/40 61/39 0.99 1.63 2.56
8 0.42 80/20 81/19 0.99 1.23 5.26
9 0.40 90/10 87/13 1.00 1.14 7.69
10 0.36 95/5 92/8 1.01 1.08 12.5
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biodegradation mechanism will enable us to design and
synthesize a great variety of biodegradable polymers to fulll
the demands in practical applications.39 Biodegradation rate is
undoubtedly one of the most important properties of aliphatic
polyesters, since the widespread use of those materials in
packaging applications (amongst others) has already caused
various environmental problems. The enzymatic degradation
of polyesters is sensitive to their chemical structure, the
hydrophilic/hydrophobic balance within the main chain,
molecular weight, the specic solid-state morphology, crys-
tallinity, and so forth. As for crystalline structure and
morphology the spherulite size and the lamellar structure can
greatly inuence the rate of biodegradation.39

Higher degradation rates can be achieved by copolymers
compared to the homopolymers, and this is basically attrib-
uted to the limited crystallinity.40 In most of the copolymers
where both components are crystallizable, the degree of crys-
tallinity decreases as the minor component content increases,
due to incompatibility in crystal lattices of the two
components.41–43

On the contrary, if the two crystallizable units are compatible
in each crystal lattice, cocrystallization can take place. Two
cases of cocrystallization behavior have been reported.41 For
components with similar chemical structure isomorphism may
occur meaning that only one crystalline phase containing both
comonomer units is observed at all compositions.44–46 In isodi-
morphism two crystalline phases and pseudo-eutectic behavior
are observed. Isodimorphism has been observed in most cases
of random copolymers.47–49

In terms of the thermodynamic parameters and the coc-
rystallization of copolymers, various models have been
proposed, among them those of Flory,50,51 Sanchez–Eby,52

Baur53 as well as that of Wendling and Suter.54,55 Several of
them have been applied to the experimental results of this
work.

Based on the above mentioned facts, a series of copolymers
based on poly(ethylene furanoate) (PEF) and poly(ethylene
succinate) (PESu) have been prepared by the melt poly-
condensation method. The studies on the crystalline structure
and crystallization kinetics of the copolymers are very impor-
tant on a practical viewpoint since they determine the perfor-
mance and biodegrability of end products. For this reason
a variety of techniques and measurement methods were
applied on the produced materials, in order to export solid
conclusions and evaluate the performance of those materials
on packaging applications.

2. Experimental
2.1. Materials

2,5-Furan dicarboxylic acid (2,5-FDCA, purum 97%), succinic
acid (purum 99%), ethylene glycol and tetrabutyl titanate
(TBT) catalyst of analytical grade were purchased from Aldrich
Co. 2,5-Dimethylfuran-dicarboxylate (DMFD) was synthesized
from 2,5-FDCA and methanol as described in our previous
work.56 All other materials and solvents used were of analytical
grade.
84004 | RSC Adv., 2016, 6, 84003–84015
2.2. Copolymer synthesis

Neat PEF and PESu polyesters were prepared by the two-stage
melt polycondensation method (esterication and poly-
condensation) in a glass batch reactor as described in our
previous works.57 The copolymers under study have been
synthesized with the same procedure using different DMFD/
succinic acid feeding ratios (Table 1) and ethylene glycol from
the beginning of esterication procedure. Aer the poly-
condensation reaction was completed, the polyesters were
easily removed, milled and washed with methanol.
2.3. Polyester characterization

2.3.1. Intrinsic viscosity measurement. Intrinsic viscosity
[h] measurements were performed using an Ubbelohde viscom-
eter at 30 �C in a mixture of phenol/1,1,2,2-tetrachloroethane (60/
40, w/w).

2.3.2. Wide angle X-ray diffraction patterns (WAXD). X-ray
diffraction measurements of the samples were performed using
a MiniFlex II XRD system from Rigaku Co, with CuKa radiation
(l ¼ 0.154 nm) in the angle (2q) range from 5 to 65 degrees.

2.3.3. Differential scanning calorimetry (DSC). A TA
Instruments TMDSC (TA Q2000) combined with a cooling
accessory was used for thermal analysis. The instrument was
calibrated with indium for the heat ow and temperature, while
the heat capacity was evaluated using a sapphire standard.
Nitrogen gas ow of 50 ml min�1 was purged into the DSC cell.
The sample mass was kept around 5 mg. The Al sample and
reference pans were of identical mass with an error of�0.01mg.
The TMDSC scans were performed at a heating rate of 5 �C
min�1, with temperature modulation amplitude of 1 �C and
period of 60 s. The samples were initially cooled to 0 �C and
then heated at a rate of 20 �C min�1 at temperatures 40 �C
higher than the melting temperature. In order to obtain amor-
phousmaterials, the samples were held there for 5 min, in order
to erase any thermal history, before cooling in the DSC with the
highest achievable rate.

Isothermal crystallization experiments of the polymers at
various temperatures below the melting point were performed
aer self-nucleation of the polyester sample. Self-nucleation
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Chemical structures and 1H NMR spectra of PEF, PESu and the
PEFSu 50/50 copolymer.
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measurements were performed in analogy to the procedure
described by Fillon et al.58 The protocol used is a modication
of that described by Müller et al.59 and can be summarized as
follows: (a) melting of the sample at 40 �C above the observed
melting point for 5 min to erase any previous thermal history;
(b) cooling at 20 �C min�1 to room temperature and crystalli-
zation; (c) cold-crystallization to create a ‘‘standard’’ thermal
history and partial melting by heating at 5 �C min�1 up to
a “self-nucleation temperature”, Ts which was 224 �C for PEF
and properly decreased for the rest polymers; (d) thermal
conditioning at Ts for 1 min. Depending on Ts, the crystalline
polyester will be completely molten, only self-nucleated or self-
nucleated and annealed. If Ts is sufficiently high, no self-
nuclei or crystal fragments can remain (Ts domain I –

complete melting domain). At intermediate Ts values, the
sample is almost completely molten, but some small crystal
fragments or crystal memory effects remain, which can act as
self-nuclei during a subsequent cooling from Ts, (Ts domain II-
self – nucleation domain). Finally, if Ts is too low, the crystals
will only be partially molten, and the remaining crystals will
undergo annealing during the 5 min at Ts, while the molten
crystals will be self-nucleated during the later cooling, (Ts
domain III – self-nucleation and annealing domain); (e) cool-
ing scan from Ts at 20 �C min�1 to the crystallization
temperature (Tc), where the effects of the previous thermal
treatment will be reected on isothermal crystallization; (f)
heating scan at 20 �Cmin�1 for standard DSC scans, or heating
at an underlying rate 5 �C min�1 in case of TMDSC studies, to
40 �C above the melting point, where the effects of the thermal
history will be apparent on the melting signals. Experiments
were performed to check that the sample did not crystallize
during the cooling to Tc and that a full crystallization
exothermic peak was recorded at Tc. In case that some other
method was applied, this will be discussed in the corre-
sponding part.

2.3.4. Enzymatic hydrolysis. Polyesters in the form of lms
with 5 � 5 cm in size and approximately 2 mm thickness,
prepared by melt-pressing in a hydraulic press at 30 �C higher
than the melting point of each copolymer, were placed in
petries containing phosphate buffer solution (pH 7.2) with 0.1
mg mL�1 Rhizopus delemar lipase and 0.01 mg mL�1 of Pseu-
domonas cepacia lipase. The petries were then incubated at 50 �
1 �C in an oven for several days while the media were replaced
every 5 days. Aer a specic period of incubation (every 5 days),
the lms were removed from the Petri, washed with distilled
water, dried under vacuum and weighted until constant weight.
The degree of enzymatic hydrolysis was estimated from the
mass loss of the samples.

2.3.5. Scanning electron microscopy (SEM). The
morphology of the prepared lms before and aer enzymatic
hydrolysis was examined in a scanning electron microscopy
system (SEM) type Jeol (JMS-840). The lms were covered with
a carbon coating. Operating conditions included accelerating
voltage 20 kV, probe current 45 nA and counting time 60 seconds.

2.3.6. Polarizing light optical microscopy (PLOM). A
polarizing optical microscope (Nikon, Optiphot-2) equipped
with a Linkam THMS 600 heating stage, a Linkam TP 91 control
This journal is © The Royal Society of Chemistry 2016
unit and also a Jenoptic ProgRes C10plus camera were used for
PLOM observations.

3. Results and discussion
3.1. Synthesis and molecular characterization of the PEFS
copolymers

The PEF and PESu homopolymers along with the PEFSu
copolymers were synthesized following the two-step melt poly-
condensation method. The feeding ratios between PEF/PESu
monomers can be seen in Table 1 with the measured intrinsic
viscosity values. All synthesized copolymers exhibit very similar
molecular weights since their IVs differ very slightly between
each other. The chemical structures of PEF, PESu and the
copolymers are shown in Fig. 1.

The 1HNMR spectra of the copolymers were used to elucidate
their structure (Fig. 1). The protons of the furanoate ring are the
most deprotected in the macromolecules due to the carbonyl
groups and the p electron system of the ring and they appear at
about 7.45 ppm, (the a and c protons of PEF and PEFSu 50/50,
respectively). On the other hand, the protons of the succinic
moiety appear at 3.02 ppm (e and g protons), i.e. at lower values
compared to the protons of the ethylene part which appear at
4.7 ppm giving the characteristic pattern which was used to
calculate the real sequence of each comonomer in the macro-
molecular chain (d and f protons).

The degree of randomness (R) in the PEFSu copolyesters was
calculated using the resonance peaks of the ethylene units'
aliphatic protons (a). The degree of randomness is dened as:60

R ¼ PFS + PSF (1)

PFS ¼
ð fFS þ fSFÞ

2
ðfFS þ fSFÞ

2
þ fFF

¼ 1

LnF

(2)
RSC Adv., 2016, 6, 84003–84015 | 84005
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PSF ¼
ð fFS þ fSFÞ

2
ð fFS þ fSFÞ

2
þ fSS

¼ 1

LnS

(3)

where PFS and PSF are the probability of nding a furanoate (F)
unit next to a succinate (S) unit and the probability of nding
a succinate unit next to a furanoate unit, respectively. Also fFF,
fFS, fSF, fSS represent the dyads fraction, calculated from the
integral intensities of the resonance signals FF, FS, SF and SS,
correspondingly.61 LnS and LnF stand for the number average
sequence length, the so-called block length, of the S and F units,
respectively. For random copolymers the degree of randomness
R should be equal to 1, while for alternate copolymers equal to 2
and for block copolymers close to zero. Table 1 shows the
calculated values for the degree of randomness. Practically
these were equal to 1, indicating that the PEFS copolymers in
this work were essentially random.

The number average sequence length or block length for
furanoate (LnF) and succinate (LnS) units was calculated using
eqn (2) and (3) respectively, according to Yamadera and Mur-
ano.62 Table 1 summarizes the corresponding values and it can
be seen that by increasing the EF ratio in copolymers, the cor-
responding block length is also increased and the same appears
for ES blocks when the ES ratio was higher.

Fig. 2a and b show the DSC traces for the as received samples
of ES rich copolymers and EF rich copolymers, respectively.
Most of the copolymers crystallized aer the solvent treatment.
The copolymers with intermediate composition showed broad
or multiple melting peaks on heating scans. However, the traces
for PEFSu 35/65 and 37/63 samples were characterized by
complete absence of melting, indicating their amorphous
nature. The phase behavior is highly dependent on the como-
nomer content and the intense melting peaks decrease with
Fig. 2 DSC traces of semicrystalline (a) PESu and ES rich copolymers an

84006 | RSC Adv., 2016, 6, 84003–84015
increasing comonomer unit content as was expected. The
samples with high EF content (>81 mol%) display peaks which
represent the melting of PEF crystals from 185–220 �C, while the
peaks of respective ones with high ES content (>83mol%) reect
the melting of the PESu crystals at 90–107 �C.

Fig. 3 shows the DSC traces for the quenched copolymer
samples. In these curves a single glass transition can be seen for
the copolymers. The presence of a single glass transition is
another indication of random copolymers, which is in agree-
ment with the results from 1HNMR. However, a single Tg can
also be caused by miscible polymers and can be an indication of
the state of miscibility of the blend ratios. The PESu sample and
the 2/98 copolymer displayed cold crystallization during the
heating scan at 20 �C min�1. The rest of the samples could not
crystallize upon heating at that rate, because of their relatively
slow crystallization rates.

Melting temperature (Tm) and glass transition temperature
(Tg) vs. composition plots were constructed (Fig. 4). A minimum
was observed in the plot of the melting temperature vs.
composition showing that the copolymers followed a pseudo-
eutectic behavior at a EF/ES molar ratio of 35/65. On the one
side of the pseudo-eutectic point the crystalline lattice is the one
of EF, while on the other side it is the one of ES. Therefore, the
crystalline system under study is isodimorphic, implying coc-
rystallization as will be also discussed in the WAXD study
section.

Glass transition temperatures (Tg) of the quenched samples
decreased monotonically with ES content between the two
values for the neat polymers, which were found to be 87 �C for
PEF and �8 �C for PESu. As expected, the EF-rich copolymers
present higher rigidity, as a result of their higher glass transi-
tion temperatures. Tg is usually a monotonic function of
composition in amorphous random copolymers. The most
d (b) PEF and EF rich copolymers.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Variation of the melting temperature (Tm) and glass transition
temperature (Tg) of the PEFSu copolymers with composition.

Fig. 3 DSC traces of quenched PEF, PESu and PEFSu copolymers.
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common relationship for the prediction of the Tg as a function
of comonomer content is the equation of Fox:63

1

Tg

¼ w1

Tg1

þ w2

Tg2

(4)

where w1 and w2 are the weight fractions of the comonomers
and Tg1 and Tg2 the glass transition temperatures of the
respective homopolymers. As it can be seen in Fig. 4, the
equation of Fox did not t adequately the experimental values of
the glass transition temperatures of the copolymers.

The Couchman–Karasz equation was also tested for the case
of the Tg variation for the PEFSu copolymers. The Couchman–
Karasz (C–K) equation is given by:64

ln Tg ¼ wIDCpI ln TgI þ wIIDCpII ln TgII

wIDCpI þ wIIDCpII

(5)

where wI and wII are the weight fractions of the comonomers
and TgI and TgII the glass transition temperatures of the
This journal is © The Royal Society of Chemistry 2016
respective homopolymers. DCpI and DCpII represent the values
for the increase in heat capacity associated with the glass
transition of the two homopolymers, respectively. The DCp

values were experimentally measured at the glass transition
temperatures of the polymers, and they were found 0.46 J g�1

�C�1 and 0.67 J g�1 �C�1 for neat PEF (DCpI) and neat PESu
(DCpII), respectively. As it can be seen in Fig. 4, the C–K
prediction did not t very well the experimental values, with R2 <
0.8.

Finally, the Gordon-Taylor equation was elaborated:65

Tg ¼ w1Tg1 þ kw2T2

w1 þ kw2

(6)

where Tg1 and Tg2 are the Tg for the two homopolymers, w1 and
w2 are the weight fractions and k is the ratio of the heat capacity
change of PEF over PESu.66 The Gordon Taylor model seemed to
t better the experimental data than all the applied models,
since the regression coefficient was high (R2 � 0.999).

In general, PESu and especially PEF proved to be slowly
crystallizing. The low crystallization rates of PEF originate from
the nonlinear character of FDCA and the increased structural
rigidity which inhibits the crystallization procedure and leads to
slow rates.10 As was expected, the related copolymers showed
even slower crystallization rates. Therefore, a self-nucleation
scheme was applied prior to accelerate the phenomena and
test the isothermal crystallization of the copolymers within
a reasonable experimental time-scale. Self-nucleated crystalli-
zation of several polymers has been studied recently. In fact,
Müller and co-workers, as well as others, proved that measuring
isothermal crystallization rates aer self-nucleation with DSC,
is a reliable method for evaluating crystallization rates even for
the application of the Lauritzen–Hoffman analysis.67

Fig. 5a shows the crystallization half-times for PEF and EF
rich copolymers. The corresponding plots for PESu and ES rich
copolymers are shown in Fig. 5b. From the corresponding plots
it is obvious that there is an increase of the crystallization half-
times with increasing comonomer unit content, showing
retardation in the phenomenon. Also, the temperature window
for crystallization shis to lower temperatures and it becomes
narrower. This is caused by two factors. On the one hand, the
melting temperatures of the copolymers were reduced with
increasing content so, for given crystallization temperature, the
degree of supercooling was reduced. On the other hand,
incorporation of comonomer units in the macromolecular
chain reduces symmetry which in turn causes restrictions in
crystallizability.
3.2. Multiple melting behavior

Polyesters most commonly show multiple melting in subse-
quent heating scans aer isothermal crystallization. For PEF it
was found that the appearance of multiple melting depends on
the crystallization temperature.56,68,69 Sbirrazzuoli and
coworkers have reported that the multiple melting of PEF
occurs due to recrystallization during heating and not due to the
different distributions of lamellar thickness of the material.70

Fig. 6a shows the DSC heating scans of PEFSu 92/8 samples
RSC Adv., 2016, 6, 84003–84015 | 84007
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Fig. 5 Isothermal crystallization half-times as a function of tempera-
ture: (a) for PEF and EF rich copolymers and (b) for PESu and ES rich
copolymers.

Fig. 6 DSC traces of (a) PEFSu 92/8, (b) PEFSu 17/83 and (c) neat PESu
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aer isothermal crystallizations at different temperatures. The
specic copolymer showed mainly double melting. Samples
crystallized at lower temperatures (150–165 �C) exhibited also
a recrystallization peak in between the twomelting peaks. In the
traces of the samples crystallized at in the high Tcs region, above
180 �C, a continuous shi of the melting temperature towards
higher temperatures could be observed with increasing Tc. This
should be attributed to the higher degree of perfection of the
generated crystals and to lamellar thickening. Moreover, in the
DSC traces shown in Fig. 6b, the melting behavior of the PEFSu
17/83 copolymer aer isothermal crystallization at various
temperatures can be also seen. Two things should be pointed
out in these curves. Firstly, the melting temperature is
substantially reduced compared to the neat PESu (Fig. 6c).
Secondly, there was a more pronounced multiple melting
behavior in the case of the copolymer, but unlike neat PESu, the
ultimate melting temperature was not dependent on the crys-
tallization temperature. This should be associated with a much
more pronounced crystal perfection and thickening in case of
the neat PESu homopolymer. The presence of the comonomer
84008 | RSC Adv., 2016, 6, 84003–84015
units along the macromolecular chains seemed to restrict not
only the crystallization rates but also the crystal stability.
samples crystallized at different temperatures.

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) WAXD patterns of the PEFSu copolymers and the PEF and
PESu homopolymers, (b) variation of the interplanar distances (d-
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3.3. Cocrystallization behavior

As was reported before, in copolyesters where the two crystal-
lizable components A and B, are also compatible in each crystal
lattice, cocrystallization can be observed, which can be classi-
ed as isomorphism or isodimorphism.41 Isomorphism is met
when the two components occupy about the same volume, so
the chain conformations of both corresponding homopolymers
are compatible with either crystal lattice and only one crystal-
line phase which contains both comonomer units is observed at
all compositions. The phenomenon is evidenced by a clear
melting temperature, or by the appearance of crystallinity over
the entire copolymer composition.

In isodimorphism two crystalline phases are observed.71 Two
sub cases are met in isodimorphism: (a) each crystalline phase
contains comonomer units; that is incorporation of B units in A
crystal lattice can occur and vice versa and in (b) case the A units
can cocrystallize with the incorporation of the B comonomeric
units, whereas B crystallizes with the complete rejection of the A
units. Isodimorphism is associated with a minimum melting
temperature in the plot of melting temperature versus copol-
ymer composition (pseudo-eutectic behavior) and also with
lowering in the degree of crystallinity.

For PEF, the crystal structure was estimated in an early study
by Kazaryan and Medvedeva.72 According to them the PEF
a crystal modication has a triclinic unit cell, with dimensions
a ¼ 0.575 nm, b ¼ 0.535 nm, c ¼ 2.010 nm, a ¼ 133.3�, b ¼ 90�

and g ¼ 112�, comprising two repeating units and crystal
density of 1.565 g cm�3. The density of the amorphous phase is
1.4299 g cm�3.10 In a previous work it was shown that when PEF
crystallizes from solution or aer solvent treatment it shows
a different crystal modication, called b modication.69

The crystal structure of PESu was rst studied by Fuller and
Erickson.73 They proposed a monoclinic unit cell with dimen-
sions a ¼ 0.905 nm, b ¼ 1.109 nm and c ¼ 0.832 nm (c being the
ber axis), and b ¼ 102.8�. Later, Ueda et al. determined the
crystal andmolecular structures of PESu and they proposed slight
modication of the crystallographic data.74 Thus, PESu was found
to crystallize as a Pbnb-D2b

10 space group with unit cell parameters
a ¼ 0.760 nm, b ¼ 1.075 nm and c ¼ 0.833 nm (c being the ber
axis), and four macromolecular chains pass through the unit cell.
Ichikawa et al. reported the crystal modication of strained PESu
ber.75 This modication was recognized as b form having a 0.95
nm ber repeat period. In our case, neat PESu showed two strong
peaks at 20.1� and 23.3� which correspond to reections from
(120) and (200) planes, respectively.74

The crystalline structure of the PEFSu copolymers was
studied by means of WAXD. The comonomer concentration in
crystal lattice of the copolymers is strongly dependent on the
copolymer composition in both bulk and crystallization condi-
tions, however crystalline reection peaks were observed for
most compositions. The reections for the EF rich copolymers
(EF content higher than 83 mol%) are associated with the PEF b-
crystalline form, which is usually observed aer solution crys-
tallization. Moreover, for the EF-rich copolymers, the peaks
became broader with increasing EF-content, indicating the
presence of smaller crystalline size and decreasing crystallinity.
This journal is © The Royal Society of Chemistry 2016
In addition, a shi of the peaks towards higher angles can be
observed, as a result of the distortion of the a-form PEF unit cell,
caused by the presence of the ES co-unit. The PEFSu 35/65 and
37/63 copolymers did not crystallize even from solution since
they exhibited the amorphous halo on their diffractograms while
crystalline peaks were not clearly evidenced. The results are in
agreement with DSC study, where the pseudo-eutectic point was
observed on the melting temperatures of the specic samples.
On the other hand, the copolymers with ES content higher than
81 mol% preferentially crystallize in the PESu a-crystal structure.
The peak positions did not seem to be affected by the presence of
the EF co-unit. Interestingly, the PEFSu 49/51 and 61/39 copol-
ymers showed weak crystal reection peaks at positions consis-
tent with those of both PEF and PESu. In intermediate
compositions short comonomer block lengths are expected to
lead in comonomer inclusion. This is also associated with lower
degree of crystallinity and defective crystal structures. It should
be noticed here that these two copolymers showed a broad
melting temperature range, with the ultimate melting tempera-
ture to be higher than that of pure PESu.
spacing) with the composition of PEFSu copolymers.

RSC Adv., 2016, 6, 84003–84015 | 84009
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The interplanar spacing was calculated for all copolymers
based on the main reections of the diffractograms presented in
Fig. 7a. As it can be seen in Fig. 7b, an increase in the d-spacing
and subsequently to the cell unit dimensions, is recorded for
most reection angles with decreasing EF content, as a result of
the increasing ES comonomer, which is bulkier than the one of
EF. The specic behavior is associated with isodimorphic coc-
rystallization, as was expected from the study of the melting
point and the appearance of a pseudo-eutectic behavior.
3.4. Thermodynamics of melting point depression

The melting point depression can be used for the thermody-
namic analysis of cocrystallization in random copolymers.
Several theories have been introduced for the study of the
copolymer crystallization. There is distinction between those
which assume comonomer exclusion like those of Flory50,51 or
Baur53 and those which assume comonomer inclusion in the
crystal such as those of Inoue,76 Helfand–Lauritzen77 and San-
chez–Eby.52

In the equation of Flory:50

1

To
m

� 1

TmðXBÞ ¼
R

DHo
m

lnð1� XBÞ (7)

XB is the concentration of the minor comonomer B units in the
polymer and ln(1 � XB) equals the collective activities of A
sequences in the limit of the upper bound of the melting
temperature. Tom and DHo

m are the homopolymer equilibrium
melting temperature and heat of fusion and R is the gas
constant.

The Sanchez–Eby model assumes that B comonomer units
are included into the crystals of A forming defects. The corre-
sponding equation is:52

1

To
m

� 1

TmðXBÞ ¼
R

DHo
m

ln
�
1� XB þ XB e�3=RT

�
(8)
Fig. 8 Experimental and predicted melting point as a function of the
succinate molar fraction.

84010 | RSC Adv., 2016, 6, 84003–84015
where, XBe
�3/RT is the equilibrium fraction of repeat units B that

are able to crystallize, and 3 is the excess free energy of a defect
created by the incorporation of one B unit into the crystal.

The basic concept in the theory of Baur, is that homopolymer
sequences of length x may be included into crystals of lamellar
thickness corresponding to that length:53

1

To
m

� 1

TmðXBÞ ¼
R

DHo
m

h
lnð1� XBÞ � hxi�1

i
(9)

where
Fig. 9 PLOM photos of (a) PEF at 160 �C, 10 min, (b) PEF at 180 �C, 15
min, (c) PEF at 200 �C, 20min, (d) PEF at 210 �C, 30min, (e) PEFSu 92/8
at 150 �C, 20 min, (f) PEFSu 92/8 at 160 �C, 20 min, (g) PEFSu 87/13 at
140 �C, 20 min, (h) PEFSu 87/13 at 160 �C, 20 min, (i) PEFSu 81/19 at
130 �C, 20 min and (j) PEFSu 81/19 at 140 �C, 20 min.

This journal is © The Royal Society of Chemistry 2016
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hxi ¼ [2XB(1 � XB)]
�1 (10)

is the average length of homopolymer sequences in the melt.
Wendling and Suter combined both inclusion and exclusion

models to arrive to the following equation:54,78,79

1

To
m

� 1

TmðXBÞ ¼
R

DHo
m

�
3XCB

RT
þ ð1� XCBÞln 1� XCB

1� XB

þ XCB ln
XCB

XB

þ �
~x
��1

�
(11)
Fig. 10 PLOM photos of (a) PESu at 50 �C, 5 min, (b) PESu at 60 �C, 5
min, (c) PESu at 70 �C, 5 min, (d) PESu at 80 �C, 5 min, (e) PEFSu 2/98 at
50 �C, 5 min, (f) PEFSu 2/98 at 60 �C, 7 min (g) PEFSu 11/89 at 60 �C, 7
min, (h) PEFSu 11/89 cooled to room temperature after crystallization
at 60 �C for 7 min, (i) PEFSu 11/89 cooled to room temperature after
crystallization at 60 �C for 7 min and (j) PEFSu 17/83 at 50 �C, 10 min.

This journal is © The Royal Society of Chemistry 2016
where XCB is the concentration of the B units in the crystal. In
the equilibrium comonomer inclusion, the concentration of B
units in the crystal is given by:

X
eq
CB ¼ XB e�3=RT

1� XB þ XB e�3=RT
(12)

Substitution of XCB in eqn (8) by (12), gives a simplied
equation following equilibrium inclusion model:

1

To
m

� 1

TmðXBÞ ¼
R

DHo
m

n
ln
�
1� XB þ XB e�3=RT

�� �
~x
��1

o
(13)

where

h~xi�1 ¼ 2(XB � XB e�3/RT)(1 � XB + XB e�3/RT) (14)

Uniform inclusion is reached if XCB ¼ XB while for XCB ¼
0 eqn (8) is reduced to the exclusion model.

Various thermodynamic models were tested for the melting
point depression of PEFSu. The temperature corresponding to
the end of the melting peak was used, as an approach of the
equilibrium melting temperature. Also, in our calculations, the
equilibrium melting enthalpy was taken to be 25 kJ mol�1 for
PEF56 and 26 kJ mol�1 for PESu.57

As can be seen in Fig. 8 the Wendling–Suter model showed
the best t to the experimental data in the range of low como-
nomer content, since the regression coefficient was R2 > 0.99.
The value of the function 3/RT is determined as an adjustable
parameter. A constant 3/RT value is given by the model regard-
less of the comonomer composition. For PEF best t was found
for 3/RT ¼ 1.8 which results in a value 3 ¼ 7.6 kJ mol�1 for the
average defect free energy in case of incorporation of ES unit
into the PEF crystal, in the limiting case of XES ¼ 0. In the
opposite case of incorporation of EF units in the PESu crystal
a value 3/RT¼ 2.5 was needed for best t, giving 3¼ 8.1 kJ mol�1

for the average defect free energy. The 3 in this case is slightly
higher than in case of incorporation of ES units in the PEF
crystal.
Fig. 11 Weight loss plots during enzymatic hydrolysis.

RSC Adv., 2016, 6, 84003–84015 | 84011
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3.5. PLOM observations during melt crystallization

Polarized light optical microscopy was utilized for the obser-
vation of the spherulitic structure of the copolymers aer
isothermal crystallization at various temperatures. As it can be
seen in Fig. 9a–d, PEF exhibited the characteristic small
spherulites with a very high density at all crystallization
Fig. 12 SEM micrographs of the copolyesters after enzymatic hydrolysis

84012 | RSC Adv., 2016, 6, 84003–84015
temperatures.56 On the other hand, PESu displayed signicantly
larger spherulites with the characteristic maltese cross, while
there is a gradual increase in the size with increasing crystalli-
zation temperature (Fig. 10a–d). The presence of PESu even at
a small percentage on the PEFSu 92/8 sample, increased slightly
the sizes of the spherulites, while the nucleation density of the
materials remained very high (Fig. 9e and f). On the contrary, as
for 15 and 30 days.

This journal is © The Royal Society of Chemistry 2016
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it was expected, the presence of a small amount of PEF on the ES
rich samples, affected marginally the spherulitic morphology of
the materials, since the nucleation density and the size of the
spherulites decreased.
3.6. Enzymatic hydrolysis

As the amount of plastic waste continually grows, the use of
biodegradable polymers is becoming more and more essential.
2,5-FDCA-based polyesters can be prepared from monomers
derived from renewable resources but these polyesters are not
biodegradable materials. However, from soil-burial tests along
with enzymatic degradation experiments, it was proposed that
these polyesters could be potentially biodegradable.80 In
a recent study, PEF powders of various molecular weights (6, 10
and 40 kDa) were synthesized and their susceptibility to enzy-
matic hydrolysis was investigated.81 According to LC/TOF-MS
analysis, it was found that cutinase 1 from Thermobida cellu-
losilytica liberated both 2,5-furandicarboxylic acid and oligo-
mers of up to DP4. The enzyme preferentially hydrolyzed PEF
with higher molecular weights but was active on all tested
substrates. However, this is not a proof the PEF is a biodegrad-
able polyester. On the other hand, while aliphatic polyesters
such as PESu are easily hydrolysed, their mechanical properties
are poor. Therefore copolymerizing it with aromatic moieties
can result in both better properties and acceptable enzymatic
hydrolysis rates.82 Commercial aliphatic–aromatic copolyesters
are available in the market, for example Ecoex® which is
a product of BASF. Aromatic polyesters such as PET or PEF are
regarded as non-biodegradable, so the copolymerization of
FDCA with aliphatic acids is expected to induce biodegrad-
ability. Enzymatic hydrolysis rate is known to depend on the
hydrophilicity, the chemical structure, the mobility of the
amorphous phase and also the crystallinity.83,84

The weight loss% of the copolyesters during enzymatic
hydrolysis over a course of 30 days is presented in Fig. 11. While
PESu lost 30% of its initial weight aer a month, copolymers
containing furanoate units showed negligible hydrolysis rates.
As the content in succinate increases, the enzymatic hydrolysis
rate is also increased. In succinate contents up to 50%, weight
loss is relatively small (maximum 6%) but measureable within
the rst month. Signicant hydrolysis can be induced it higher
contents. PEFSu 17/3 and PEFSu 11/89 lost 15% and 12.5% of
their initial weights in 1 month. The furan ring makes the
access of enzymes to the ester group more difficult, because it
causes the macromolecular chain of PEF to be rigid since ring-
ipping is hindered by the nonlinear axis of furan ring rotation
coupled with the ring polarity. Additionally, melting tempera-
ture and glass transition temperature of the copolymers
increase with increasing the furanoate content, so the mobility
of the macromolecular chains is decreased, further reducing
the hydrolysis rates. Similar results were obtained in our
previous work with aliphatic–aromatic copolymers,61 as also by
other researchers.82,85 In the case of furanoate copolymers it was
found that copolymerization of PEF with lactic acid enhanced
its hydrolysis rate,86,87 as also the presence of butylene adipate in
poly(butylene furanoate) polyester resulted in accelerated
This journal is © The Royal Society of Chemistry 2016
hydrolysis by lipase.88 This behavior is attributed to the higher
hydrophobicity of the furanoate units and the increased rigidity
they provide, therefore less mobility of the macromolecular
chains.

Besides weight loss measurements, SEM micrographs were
also obtained aer enzymatic hydrolysis of the polyesters for 15
and 30 days, and are presented in Fig. 12. They are in agreement
with mass loss, as more abnormalities, gaps and holes are
observed in copolyesters with high succinate contents, while
surfaces of the polyesters with more furanoate units are not
altered signicantly. The roughness of surfaces becomes more
prominent over the course of enzymatic hydrolysis time.

4. Conclusions

Random poly(ethylene furanoate-co-ethylene succinate) copoly-
mers with several fuaranoate/succinate molar ratios have been
successfully prepared by melt polycondansation procedure. The
inuence of the increasing EF (or ES) content on themelting and
crystallization behavior, crystalline structure and enzymatic
hydrolysis were studied in detail. Most of the produced copoly-
mers are semicrystalline materials with thermal properties
depending directly on the composition. The melting and glass
transition temperatures were found to decrease with increasing
ES content, while increase in the EF content caused a slight
decrease in the cell dimensions of the copolymers. Moreover,
from the study of the melting point of the copolymers, a pseudo-
eutectic behavior was observed at ED/ES fraction of 30/70, which
was further conrmed by WAXD. The specic behavior is asso-
ciated with isodimorphic cocrystallization. From the enzymatic
hydrolysis study, the copolymers with high succinic acid
amounts are hydrolysable materials with the help of Rhizopus
delemar lipase and Pseudomonas cepacia lipase. However, up to
a 50 mol% PEF content, measurable losses in weight were
shown. Thus, these copolymers are excellent biodegradable
materials, which along with the fact that they can be prepared
directly from monomers derived from renewable resources, they
can be considered quite attractive for various applications and
uses.
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