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ABSTRACT: Poly(ethylene furanoate) (PEF) is widely advo- cross-linking & schain scission
cated as a renewable alternative to the fossil-based polyester
poly(ethylene terephthalate) (PET). Whereas the UV stability of
PET is well-studied, little is known for PEF. Here, we compare the
UV stability of both polyesters after S00 h of UV irradiation in a Q-
SUN xenon arc chamber. Both the virgin and irradiated polyesters
were characterized by FTIR, SEC, DSC, NMR, TGA, and MALDI-
TOF MS. PET showed only minor signs of degradation under the
applied test conditions, while PEF showed significant discoloration
as well as evidence of both cross linking/chain extension and chain
scission. Also, the thermal properties and the ability to crystallize of
PEF were severely impacted by UV irradiation. Although a detailed
study on the degradation mechanism is out of the scope of this
work, we found indications that Norrish type I and II degradation reactions play an important role in the UV degradation of PEF.

he increasing urgency to mitigate greenhouse gas (GHG) hand, an excellent UV stability will greatly enhance the

emission related climate change and the environmental application window of FDCA-based polymers, but on the other
burden of persistent waste streams has resulted in the desire to hand, a sensitivity toward UV could enhance the degradation
have a sustainable circular economy. Plastics in various of these materials when emitted into the environment. Here,
applications can contribute to a reduced GHG emission and we present an initial study into the UV stability of PEF,
carbon footprint. However, thus far the lack of effective benchmarked against fossil-based PET. Remarkably, we found
collection and recycling systems has limited the reuse of the significant differences in the UV stability of these two
carbon atoms in plastics like polyolefins in new, virgin polymers, which, in our opinion, could have a detrimental
polymers. In contrast, polyesters such as the ubiquitous impact on the application scope of FDCA-based polymers.
poly(ethylene terephthalate) (or PET) can be recycled The UV stability of both reactor grade and precipitated PEF
efficiently by chemical depolymerization to its constituent and PET was investigated by irradiating relatively low

building blocks ethylene glycol (EG) and terephthalic acid molecular weight powdery polymeric samples (PEF: number-
(TA).l ‘While this would make PET an ideal circular material, average molecular weight (M) ~ 6 kDa and PET: M, ~ 4
the sustainable production of the building block TA from kDa, particle size <500 ym) in a Q-SUN xenon arc chamber
renewable resources (such as biomass or CO,) remains very for 500 h at 65 °C and 60 W/m? between 300 and 400 nm.
challenging. In contrast, the renewable TA analogue furan-2,5- Low molecular weight powders were synthesized, as it was
dicarboxylic acid (FDCA) can already be produced from expected that UV-irradiation-induced degradation would be
abundantly available C6 sugars like glucose and fructose on more pronounced due to the high number of end groups and

(small? an. indus.trial scale, mftking this2 building block a large surface area. It is known that UV degradation of PET is
potentially ideal circular alternative to TA.” A vast number of mainly a surface phenomenon, with the most severe

reports over the past decades have shown that FDCA-based deoradati ine in th ¢ 0.5 frer 400 h
polymers, with an emphasis on poly(ethylene furanoate) CEraciation ocTuTTIng T the UPPErmOst - fim aver

) ) 11
(PEF), have interesting and industrially relevant properties.”~’ of exposure with a xenon arc light source. ™ Values up to 10
Yet, despite the long history of FDCA and its related
polymers, some properties have only recently attracted
attention. Examples are studies into the toxicity of FDCA
and its related diesters,” into the enzymatic hydrolysis of PEF,”
or into the (bio)degradability of PEF.'’ Surprisingly, to the
best of our knowledge, we could not find any investigation into
the weathering stability of FDCA-based polyesters. On one
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Figure 1. Pictures of (a) PEF and (b) PET before and after UV exposure for 500 h in the Q-SUN xenon arc chamber. The total color difference
AE is calculated from the CieLAB color L*a*b* values according to CIE76.

Table 1. Summary of the Most Important Characteristics of the Polymers before and after UV Exposure®

CIELAB color” molecular weight? thermal properties®

sample” AL* Aa* Ab* M, (kDa) M,, (kDa) Fo) T, (°C) T, (°C) AH,, (J/g) X
PEF-RG-v - - - 5.9 115 1.9 74 214 47 9
PEF-RG-UV —124 3.1 28.9 4.5 38.4 8.5 63 199 10
PEF-P-v - - - 6.3 115 1.8 69 213 45 28
PEF-P-UV —-8.8 0.6 232 & 19.8 & 26 h h h
PET-RG-v - - - 4.1 7.6 1.9 78 252 57 41
PET-RG-UV 0.7 —1.4 3.6 3.7 7.6 2.0 77 252 54 39
PET-P-v - - - 4.2 7.7 1.8 79 250 51 36
PET-P-UV 0.2 —0.4 0.3 4.1 7.8 19 78 248 54 39

“The results of the duplicate measurements, and more detailed characterization, can be found in the Supporting Information. YRG: reactor grade,

P: precipitated, v: virgin, UV: after UV irradiation; see Supportlng Information for experimental details.

“Change in L*, a*, and b* after UV

irradiation; absolute values can be found in Table S4. “Determined by size exclusion chromatography (SEC), the value is an average of two
measurements. Determmed by differential scanning calorimetry (DSC), data taken from the second heating.’Degree of crystallinity. *M,, could not

be calculated accurately. "No melting peak observed.

20 pm after 1600 h are reported using a high intensity UV
weathering facility (170 W/m? between 300 and 400 nm)."” In
this study, a xenon arc light source was used to provide a
realistic fit with actual solar exposure. The wavelength cutoft of
the xenon arc light source is around 295 nm,"* whereas the UV
absorption of PET has an onset at approximately 310 nm
(Figure S8). This overlap is mentioned as the reason for the
photodegradation of several polyesters.'*'® PEF, on the other
hand, has an onset of UV absorption at approximately 285 nm
(Figure S7), which is outside the range of the xenon arc light
source as well as the solar emission profile.

Already after a relatively short exposure time of 500 h in the
Q-Sun chamber, striking differences can be observed between
PEF and PET (Figure 1 and Figures S4 and SS), which is also
reflected in the CieLAB color L*a*b* values (Tables 1 and S4
and Figure S6). The reactor-grade PEF showed already distinct
yellowing after 48 h, which visually intensified over time
because more surface area of the particles got exposed after
manual mixing. The yellowing is also confirmed by the
significant decrease in L* (lightness) and the increase in a*
(toward red) and b* (toward yellow) values (Table S4).
Interestingly, the PEF discoloration did not visually progress
beyond a light brown shade.

The precipitated PEF did not show significant yellowing
during the UV irradiation; however, some days after finishing
the experiment (the samples were kept in the Q-SUN
apparatus at RT and in the dark), a significant yellowing was
observed, suggesting that possibly a dark reaction occurred.

Note that all characterizations were performed on the yellowed
sample. The L*a*b* color values showed similar development
as with the reactor grade PEF, albeit to a smaller extent. Both
reactor grade and precipitated PEF became very sticky and
showed agglomeration of the particles during and after UV
irradiation. In contrast, no visual differences between the virgin
and the irradiated material were observed for either reactor
grade or precipitated PET. L*a*b* color values showed no
significant differences in L* value, while a very minor decrease
in a* and an increase in b* were observed, mainly for the
reactor grade PET. The small AE values of 4.0 and 0.5,
respectively, confirm the minor color differences of PET upon
UV irradiation, whereas PEF displays significantly larger AE
values of 31.6 and 24.8, respectively.

The yellowing and sticky appearance of the PEF after UV
exposure indicates that chemical changes to the polymeric
structure have occurred. Figure 2a and 2b shows the calculated
molecular weight distribution curves for reactor grade and
precipitated PEF, respectively. Both show the formation of
higher molecular weight species as compared to the virgin
material, which is a strong indication for chain extension and/
or cross linking upon UV irradiation. Also, low molecular
weight species are formed upon UV irradiation, especially for
the precipitated PEF. The M, of the precipitated PEF after UV
irradiation could not be calculated accurately because the
eluting polymer signal overlaps with the solvent breakthrough
signal (Figure S11), most likely due to unwanted interactions
between degraded polymer fragments and the column material.
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Figure 2. Molecular weight distribution of (a) reactor grade PEF and
(b) precipitated PEF before and after UV irradiation. Molecular
weight fractions below 100 Da are not shown because we consider
them unrealistic. (c) DSC traces (second heating) of the virgin PEF
and PEF after UV irradiation.

In contrast to PEF, the PET reference samples showed little
to no decrease in molecular weight under the applied test
conditions (500 h, dry conditions), as shown in Table S5 and
Figure S10. Note that other studies that used alternating light
only and water spray cycles showed a decrease in the molecular
weight of PET already after 100—150 h, and after 500 h the
molecular weight had dropped to 70—80% of the initial
molecular weight.'®"” Based on those findings, we expect that
PEF will show even more severe degradation under high
moisture conditions, but this is part of ongoing research.

In addition, the thermal properties of PEF are severely
affected by UV irradiation. Reactor grade PEF shows a minor
reduction in glass transition temperature (T,) of ~10 °C and a
reduction in melting temperature (T,,) of ~15 °C. Also the
melting enthalpy (AH,) of the second heating run has
significantly decreased, indicating a decrease in the ability to
crystallize. Precipitated PEF shows an even more severe
reduction in T, (~45 °C) and was found to be completely
amorphous after the first DSC heating cycle following UV
irradiation.

The reduction in T, decrease in ability to crystallize, and
reduction of M, of (mainly the precipitated) PEF can, for
example, be related to the presence of low molecular weight
degradation products that act as a plasticizer for the polymer
matrix. Also, chemical changes to the polymeric structure, such
as change in end groups or the formation of hydrophilic groups
which increase the polarity and the ability to attract water, can
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Figure 3. (a,b) ATR-FTIR spectra of reactor grade PEF and precipitated PEF, respectively. All spectra are normalized relative to the absorption at
764 cm™. (c) Definition of protons in the PEF main chain, diethylene glycol group (DEG), and methyl ester and hydroxyl end groups. (d,f) 'H
NMR spectra of reactor grade PEF and precipitated PEF, respectively. (e,g) Zoomed-in spectra of (d) and (f), respectively (enlarged version can be
found in Figure $28). All NMR spectra are normalized to the signal at 4.71 ppm (protons b, ethylene glycol).
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have a significant effect on these properties. Although a full
chemical characterization of degraded polymers, and hence the
chemical pathway of degradation, falls outside the scope of this
communication, we have performed some initial character-
izations that act as a starting point for more detailed
mechanistic studies.

Figure 3a and 3b shows the ATR-FTIR spectra of the
reactor grade and precipitated PEF, respectively (full spectra
can be found in the Supporting Information). After UV
irradiation, a broad signal between 3700 and 2200 cm™! can be
observed, caused by the presence of hydroxyl groups. From the
FTIR spectra it cannot be distinguished whether this is caused
by either hydroxyl or carboxylic acid (end-) groups or
adsorbed water. However, FTIR measurements after extensive
drying (Figure S24) and TGA analyses (Figure S17) confirm
that both reactor grade and precipitated PEF contain newly
formed hydroxyl groups in the chemical structure after UV
irradiation.

The carbonyl region in the ATR-FTIR spectra of virgin PEF
shows a main absorption at ~1715 cm™ and a smaller
absorption at ~1745 cm™', which can be attributed to
amorphous and crystalline regions in the polymer, respec-
tively."®'? Also a minor shoulder is observed with an
absorption maximum at ~1660 cm™!, which is attributed to
carboxylic acid groups that can be formed by f-elimination or
ester hydrolysis during the polymer synthesis. After UV
irradiation, this right-hand shoulder increases significantly in
intensity. In addition, a second shoulder on the left of the main
carbonyl absorption (absorption maximum around ~1775
cm™!) is observed, which can be attributed to perester,
anhydride, or (aliphatic) aldehyde groups. The formation of
shoulders on both the left-hand and right-hand side of the
main carbonyl absorption after UV irradiation has also been
found for PET and other polyesters.'*'>*°~** However, under
the applied test conditions (500 h), we do not find any changes
in the ATR-FTIR spectra of PET (Figure S25).

PEF after UV exposure was found to be partially insoluble in
common solvents used for dissolving PEF and PET, such as
chloroform/trifluoroacetic acid (CHCl;/TFA) (Figure $26).2
"H NMR spectra of the soluble part (in CDCly/TFA) after UV
irradiation are shown in Figure 3d—g. These spectra reveal two
important differences compared to the virgin material: (1)
several very low intensity new signals appear, indicating the
formation of protons in a different chemical environment, and
(2) the shape and/or integral of the main polymer signals have
changed. The signals of the furan and ethylene glycol protons
broaden after UV irradiation, which can be explained by the
presence of fragments with a wide range in molecular weight or
macrostructures (cross linking), and both are in agreement
with the GPC data. Another explanation could be anisotropy in
the sample due to an increase in viscosity (the TMS signal
broadens for some samples as well). The relative integral of the
hydroxyl end groups increases upon UV irradiation (Figure
$28) for both the reactor grade and precipitated PEF, of which
the latter has the highest increase, which is again supporting
the apparent chain scission observed in the GPC data. The
integrals of the diethylene glycol (DEG) and methyl ester end
groups increase slightly as well. All integrals are taken relative
to the main furan signal; therefore, this slight increase is
attributed to the broadening of the main signals. New 'H
signals are detected in the aliphatic region (<3.5 ppm), as well
as in the aromatic region (6.5—8.0 ppm). The protons at 8.0
ppm could originate from a 2-substituted furan ring; a reaction

1619

product from Norrish type 1 degradation (Scheme S1). In
contrast, the 'H NMR spectra of PET show no significant
broadening, and also very few new signals with extremely low
intensities are observed after UV irradiation (Figure $32). An
increase in hydroxyl end groups is also observed, mainly for the
precipitated PEF, in MALDI-TOF analysis (Figure S35 and
Table S12). Moreover, a new fragment is found, which
corresponds to an end group mass of m/z 93. Also the signal of
end group mass m/z 17, assigned to carboxylic acid/hydroxyl
end groups, increases upon UV irradiation, which is in
agreement with the ATR-FTIR spectra.

Next to the striking differences between PET and PEF
during UV irradiation under the relatively mild applied
conditions (500 h, no moisture), the differences between
reactor grade and precipitated PEF are remarkable. A
comparison shows that the precipitated PEF is significantly
more affected by UV irradiation. As both PEF samples have a
similar molecular weight, this is not likely to play a role. The
type of end groups, on the other hand, can differ, but the effect
of this is part of ongoing research. Another possible
explanation can be found in the removal of the titanium
isopropoxide catalyst by precipitation. Slow hydrolysis of this
catalyst could lead to the formation of photochemically active
titanium dioxide (TiO,) species.”””> Note that for PET
addition of TiO, has also been shown to have a beneficial
effect on weathering stability.”*"*® It is widely believed that
polymer dissolution/precipitation results in removal of the
polymerization catalyst, and as such it was expected that the
precipitated PEF would be virtually free of residual titanium
species. However, ICP-MS analyses showed that there is no
significant difference in titanium concentration between the
reactor grade and precipitated PEF and PET (Table S3), and
thus an effect of residual titanium is unlikely. Furthermore, the
PEF contained three times less titanium as PET while showing
more severe degradation. Precipitation affects the crystallinity
of the virgin polymer, which could explain the differences
between reactor grade and precipitated PEF (y. = 9 or 28%,
respectively). Amorphous regions are more prone to UV
degradation; however, it is known for PET that chain scission
can also occur in the crystalline regions.”” A more detailed
study to show the effect of crystallinity in combination with the
effect of molecular weight and type of end groups for PEF will
be part of our ongoing investigations.

In summary, the present study reports on the UV stability of
PEF, compared to the benchmark PET. Remarkable differ-
ences are found, where PEF shows significant signs of
degradation (e.g,, discoloration, chain scission and cross
linking, reduction of T, and ability to crystallize), whereas
PET remains more or less unaffected under the applied mild
weathering conditions. A more in-depth study on the
degradation mechanisms and the factors causing degradation
is part of ongoing investigations.
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