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In the last few decades, the interest in the synthesis and development of novel biobased polymers with
interesting properties, able to compete with the existing petroleum-based polymers, has grown exponen-
tially. 2,5-Furandicarboxylic acid (FDCA) is among the most studied biobased monomers and is currently
the only aromatic one, when aromaticity is mandatory to obtain polymers with superior properties.
However, furan-based polyesters are mainly prepared from 2,5-dimethyl furandicarboxylate (DMFD), by
transesterification, adding a supplementary step in the synthesis and an extra barrier towards industrializ-
ation. Herein, we present the study of the polymerization of high-purity FDCA with EG using two different
antimony catalysts (antimony oxide, Sb,0Os, and antimony acetate, Sb(CHzCOO)z) and different esterifica-
tion and polycondensation temperatures by the traditional two-step polycondensation method. Each step
was monitored by suitable characterization techniques, such as intrinsic viscosity measurements, car-
boxylic acid end-group analysis, nuclear magnetic resonance spectroscopy, infra-red spectroscopy and
differential scanning calorimetry. Additionally, for the first time, liquid chromatography (LC) coupled with
high resolution mass spectrometry (HRMS) was used in the study of FDCA polymerization. PEF oligomers
produced during the esterification step were precisely identified by HRMS, providing new insights into the
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1. Introduction

The 21st century is characterized by a continuous strive of
societies towards a greener, i.e. more sustainable, lifestyle. In
polymer chemistry, this concern is implemented by the inten-
sive research in the field of biobased polymers, i.e. polymers
synthesized from monomers produced from renewable
sources.™ Besides environmental concerns, this trend was
further motivated by the progressive depletion of fossil fuels,
the high oil price and its unpredictable fluctuations.® In this
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context, 2,5-furandicarboxylic acid (FDCA) has emerged as a
versatile monomer, attracting the interest of both the academic
and industrial communities.” FDCA, which has been charac-
terized as one of the twelve most important biobased mono-
mers by the US Department of Energy,® is considered an
alternative to terephthalic acid due to their structural
similarity.

Polymerization of FDCA with ethylene glycol (EG) affords
poly(ethylene furanoate) (PEF).”'° Compared to polyethylene
terephthalate (PET), PEF exhibits superior thermal stability, a
lower melting temperature, and significantly lower O, and CO,
permeability, combined with excellent mechanical properties
and good processability.""'* PEF production is expected to
reduce the non-renewable energy use by 40-50% and the
greenhouse gas emissions by 45-55%." It has been estimated
that, when produced at the same scale, FDCA and PEF pro-
duction will be competitive with the production of terephthalic
acid" and PET," respectively. As a result of its biobased
nature and superior physicochemical properties, there are real
expectations that PEF will indeed replace PET in some appli-
cations. PEF is the spearhead of this new family of biobased
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polyesters;'®>' however, a wide variety of promising polymers
and copolymers have been obtained from FDCA.>**° For
example, poly(propylene furanoate) (PPF) and poly(butylene
furanoate) (PBF) also exhibit a high gas barrier and mechani-
cal properties.*®™>?

The extended research on furan-based polyesters has
resulted in a variety of starting monomers and polymerization
techniques that can be employed for their synthesis.'*?*%37¢
Nevertheless, until now, the most popular strategy is utilizing
dimethyl 2,5-furandicarboxylate (DMFD) in traditional melt
polycondensations. Several catalytic systems have been
screened for the polycondensation of DMFD by different
research groups, and titanium catalysts exhibited the highest
catalytic activity.°®®® This is why recent publications from aca-
demia are dominated by titanium catalysts. While this
approach certainly offers some advantages (milder conditions
and lower coloration when DMFD is the starting material),”® it
is not favored by the industry that would rather use FDCA as a
starting monomer. Indeed, in this case, the esterification of
FDCA to DMFD is bypassed. The atom efficiency for the
polymerization of FDCA to PEF is higher compared to that for
DMFD and water is produced instead of toxic methanol.
Moreover, it demands a minimal adaptation of the existing
PET production plants, where terephthalic acid, and not
dimethyl terephthalate, is the starting monomer.”" Despite
their efficiency, titanium-based catalysts result in higher color-
ation, compared to other metal-based catalysts, and faster
degradation, while there are also some concerns regarding tox-
icity issues.®®®*”? Therefore, it is clear that more fundamental
research needs to be conducted on the direct esterification of
FDCA for the synthesis of PEF. Only a few kinetic studies have
been conducted specifically on the esterification and polycon-
densation of FDCA.”*””> Among them, Brandio et al. studied
the step-growth polymerization of PEF.”* The apparent acti-
vation energies of the polymerization steps were calculated,
and it was demonstrated that the esterification step is depen-
dent on mass transfer, while the polycondensation is more
affected by kinetic effects.

Herein, we present the kinetic study of the direct polymeriz-
ation of high-purity FDCA with ethylene glycol (EG) with two
different catalysts and at three different temperatures. We
chose to study two antimony catalysts, antimony oxide, Sb,0s3,
and antimony acetate Sb(CH3COO);, which are often neglected
in PEF research in favor of titanate catalysts, despite their
established suitability for food packaging applications. The
polymerization of FDCA with ethylene glycol was monitored by
traditional methods (intrinsic viscosity measurements, end-
group analysis, nuclear magnetic resonance spectroscopy,
infra-red spectroscopy, and differential scanning calorimetry).
For the first time, to the best of our knowledge, further insight
into the FDCA esterification at the molecular level was given by
liquid chromatography coupled to high resolution mass spec-
trometry (LC-HRMS). The intermediate PEF oligomers that are
formed during the esterification step of the polymerization
were formally identified by HRMS providing a better under-
standing of the mechanism of polymerization. Finally, theore-
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tical studies were conducted to estimate the kinetic constants
of the reactions involved in PEF synthesis by FDCA
polymerization.

2. Materials and methods

2.1. Materials

2,5-Furandicarboxylic acid (FDCA, 99.2%, Sunshine Limited,
China), ethylene glycol (anhydrous 99.8%), and antimony
acetate (Sb(CH3;COO);) and antimony trioxide (Sb,03) catalysts
were purchased from Aldrich Co (Chemie GmbH, Steinheim,
Germany). Phenol and 1,1,2,2-tetrachloroethane were pur-
chased from Alfa Aesar (Kandel, Germany).

2.2. Synthesis

2.2.1. Esterification. 30.0 g (0.19 mol) of FDCA, 35.8 g of
ethylene glycol (0.58 mol, 3 equiv.) and the appropriate catalyst
(Sb(CH3COO0); or Sb,0O3 (400 ppm based on Sb metal)) were
introduced into a polymerization reactor. The apparatus was
evacuated and filled with nitrogen three times (in order to
remove the existing oxygen). The reagents were heated at 160,
170 or 190 °C under nitrogen flow (50 mL min™") for 4 hours.
At 30 minutes intervals, samples were taken from the polymer-
ization reacting mixture for further analysis.

2.2.2. Polycondensation. 15.0 g of PEF oligomers prepared
at 190 °C for 4 hours with each catalyst (Sb(CH3;COO); or
Sb,0;) were introduced into the polymerization reactor. The
apparatus was evacuated and filled with nitrogen three times.
The oligomers were heated at 220, 230 or 240 °C under high
vacuum (5.0 Pa) for 3 hours. Samples were retrieved from the
reaction mixture after 0.5, 1, 2 and 3 hours and characterized.

2.3. Characterization

2.3.1. Acid value (AV) measurements. The carboxyl end-
group content was determined by titration using a methanolic
solution of potassium hydroxide (1 M) and phenol red as an
indicator. For each sample, the titration was repeated three
times and the mean volume was further used.

The acid value (AV) is proportional to the unreacted acid
groups and it is defined as the milligrams of potassium
hydroxide required to neutralize one gram of sample. The AV
was calculated according to the following equation (the con-
centration of the KOH solution is 1 M):

_ 56.11 X V
B m

AV (1)
where V is the volume of KOH solution used (in mL) and m is
the mass of the sample (in g).

The conversion was calculated according to the following
equation:

AV, x AV,

Conversion =
AV,

(2)

where AV, is the initial AV and AV, is the AV value at each
sampling interval.

This journal is © The Royal Society of Chemistry 2021
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2.3.2. Intrinsic viscosity (IV). Intrinsic viscosity [n] was
measured with an Ubbelohde viscometer (Schott Gerate
GMBH, Hofheim, Germany) at 25 °C in a mixture of phenol
and 1,1,2,2-tetrachloroethane (60/40, w/w). When the samples
could not be dissolved at room temperature, they were slightly
heated at 60 °C until complete dissolution. The intrinsic vis-
cosity of polyester was calculated using the Solomon-Ciuta
equation (eqn (3)) of a single point measurement:

pen

c

(3)

where ¢ is the concentration of the solution; ¢ is the flow time
of solution and ¢, is the flow time of pure solvent. For each
sample, three measurements were conducted, and the average
value was calculated. The number average molecular weight
(M,)) was calculated from the IV values applying the modified
Berkowitz equation:®°

M, =3.29 x 10* []"**. (4)

2.3.3. Fourier transform-infrared spectroscopy (FTIR). FTIR
spectra were obtained using a Cary670 Agilent FTIR spectro-
meter, ATR unit: GladiATR Pike (diamond crystal) or a
PerkinElmer FTIR spectrometer (PerkinElmer, Waltham, MA,
USA), model Spectrum One, in absorbance mode and in the
spectral region of 500-4000 cm™"' using a resolution of 4 cm™
and 64 co-added scans.

2.3.4. Nuclear magnetic resonance (NMR). NMR spectra
were recorded in deuterated dimethylsulfoxide (DMSO-ds) on
an Agilent 500 spectrometer (Agilent Technologies, Santa
Clara, CA, USA), at room temperature. Spectra were calibrated
using the residual solvent peaks.

2.3.5. Differential scanning calorimetry (DSC). Thermal
analysis studies were carried out using a PerkinElmer
Diamond DSC (PerkinElmer Corporation, Waltham MA, USA)
updated to the DSC 8500 level, combined with an Intracooler
IIP cooling system. For DSC analysis, the samples were briefly
triturated with methanol to remove the excess EG. Samples of
about 5 mg were used. In general, heating scans of the
samples were conducted at 20 °C min~'. T, was recorded in
the second heating run.

2.3.6. Liquid chromatography-high resolution mass spec-
trometry (LC-HRMS). HRMS was employed in order to achieve
comprehensive structural characterization of the esterification
reaction mixture. All analyses were performed on a Q Exactive
Focus Orbitrap mass spectrometer, coupled with ultra-high-
performance liquid chromatography (UHPLC), both from
Thermo Scientific. The samples were dissolved in acetonitrile,
filtered through PTFE syringe driven filters (0.22 pm) and
injected into the LC Orbitrap MS/MS system. The separation of
the oligomers was achieved on a Hypersil GOLD™ aQ column
with dimensions 50 x 2.1 mm and a pore size of 1.9 pm
(Thermo Scientific, MA, USA) at 40 °C. The mobile phase con-
sisted of solvent A (water with 0.1% formic acid) and solvent B
(methanol with 0.1% formic acid) at a flow rate of 200 pL
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min~". The gradient elution program was set as follows: from
90% A (initial conditions) which stayed stable for 1.5 min to
40% in 4 min and then to 30% until 8 min. Afterwards, the
mobile phase A turned to 0% within 3 min and stayed for
additional 2 min, before returning to the initial conditions
after 2 min with the re-equilibration of the column set at
1 min. The injection volume was set to 5 pL. The parameters
of the heated electron-spray ion source (HESI) were: capillary
temperature, 320 °C; S-lens RF level, 50; spray voltage, 3.5 kV;
and the flow rate for the sheath, auxiliary and sweep gas, 45,
10 and 2 (au), respectively. All HESI parameters were optimized
in the source auto-default option of the instrument after
setting the LC flow rate at 200 pL min™".

All samples were analyzed in both positive and negative
ionization modes. Full scan mass spectrum (FS-MS) data acqui-
sition was performed in order to obtain the exact mass of each
oligomer, setting the resolution to 70 000 FWHM, over a mass
range of 60-900 m/z, and the mass error (A) below 5 ppm.
Simultaneously, a data-dependent MS2 experiment was per-
formed with the resolution set at 17500 FWHM and the iso-
lation width for the parent ion of interest at 1.0 m/z to obtain
the fragmentation patterns of the formed oligomers and to
confirm the findings of FS-MS. Technically, the molecular for-
mulas of the expected oligomers were imported in an inclusion
list that automatically generates the theoretical accurate mass,
corresponding to their pseudo-molecular (protonated or depro-
tonated) ions. To induce the fragmentation, the collision energy
(CE) in the high dissociation cell (HCD) was stepped at 20, 35
and 40 eV. All data and analyses were acquired and performed,
respectively, using Thermo Xcalibur™ software (version 4.1).

3. Results and discussion

In the two-step polycondensation polymerization of FDCA with
ethylene glycol, in the first step, FDCA is esterified using EG
while in the second step transesterification processes (poly-
condensation) take place, according to Scheme 1. Besides the
catalyst used, the polymerization temperature is a crucial para-
meter that affects not only the extent of the reaction, but also
the color of the final PEF polymer. It has been evidenced that
FDCA decomposes at high temperature via decarboxylation
processes, which is one of the causes of the coloration of PEF.
Our group has previously studied the thermal stability of FDCA
by thermogravimetric analysis (TGA) and pyrolysis-gas chrom-
atography/mass spectroscopy (Py-GC/MS).”® It was found that
the decomposition of FDCA starts at temperatures higher than
200 °C; however, mass losses were recorded at temperatures as
low as 160 °C after 4 hours of isothermal heating. Therefore,
we favored low temperatures (160, 170 and 190 °C) for the
esterification step. Besides, it has recently been demonstrated
that FDCA is satisfyingly soluble in EG above 140 °C.””

3.1. Esterification

Esterification was performed in the presence of Sb,O; or
Sb(CH;3COO0);, at 160, 170 or 190 °C and samples were taken

Green Chem., 2021, 23, 2507-2524 | 2509
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Scheme 1 Polymerization of 2,5-furandicarboxylic acid with ethylene glycol. The first step, the esterification, affords oligomers. The second step,

the polycondensation, yields poly(ethylene furanoate).
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Fig. 1 'H NMR spectra of the crude reaction mixture of the esterification conducted at 160 °C, in the presence of Sb,Os.

every 30 minutes to monitor the progress of the reaction. The
consumption of the -COOH groups of FDCA was evaluated by
titration and 'H NMR and the conversion was accordingly cal-
culated. IR and DSC were also used to observe the evolution of
the reacting mixture. Additionally, the monomers, dimers and
trimers present in the reacting mixture were identified and
quantified by LC-HRMS spectroscopy. Finally, based on these
measurements, theoretical modelling was performed.

NMR spectra were recorded in DMSO-dg. A representative
example of spectra of the crude reaction mixture is shown in
Fig. 1. The aromatic region is appropriate to follow the pro-
gress of the reaction as the aromatic protons of the furanic
unit are easily distinguishable. The aromatic protons of FDCA
appear as a single peak at 7.27 ppm (protons a), while the
corresponding protons of the di-esterified furanic ring appear
at 7.42 ppm (protons c¢). The aromatic ring where only one
COOH moiety has been esterified is detected by the two
double peaks (one for each proton) at 7.31 and 7.39 ppm
(protons b). As the reaction progressed, the peak at 7.27 ppm
diminished. The peaks of the mono-ester initially increased,
but, after a while, the mono-ester peaks tended to remain con-
stant in favor of the peak of the di-ester which progressively
dominated the spectrum. The conversion was calculated by

2510 | Green Chem., 2021, 23, 2507-2524

comparing the aromatic protons of the mono- and di-ester
with the total amount of aromatic protons, according to eqn (5):

b
2t ¢

conversion = ————
a+b+c

(5)

where a is the integral of the FDCA protons, b are the protons
of the mono-ester and ¢ are the protons of the di-ester.

The calculated conversions for each catalyst and each temp-
erature are presented in Fig. 2 and in Tables S1 and S2.f The
results obtained by titrimetry and NMR were in good agree-
ment. At 160 °C Sb,0; seemed to be slightly more active than
Sb(CH3;CO0);; however the catalytic activity of the two catalysts
is comparable at higher temperatures. We could say that, for
the esterification step of the polymerization, the temperature,
rather than the catalyst, has a higher impact on the conversion
and that, within the studied timeframe (4 hours), a high temp-
erature was necessary to achieve the complete conversion of
FDCA. This is reasonable since this reaction is an autocata-
lyzed one (esterification reactions are catalyzed by acids) and
EG is present in a large excess.”®’® The following characteriz-
ation studies are indicatively illustrated by the polymerizations
catalyzed by Sb,Os;.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Conversions calculated with Sb,Oz (up) and Sb(CH3zCOO);
(down).

The FTIR spectra of neat FDCA along with the spectra from
various stages of the reaction are presented in Fig. 3. In the
spectrum of FDCA, a broad absorption band, attributed to the
OH stretching vibration of the carboxylic acid group of FDCA,
is easily noticeable at 2500-3000 cm™'. As the reaction pro-
gresses, the intensity of the peak decreases, confirming the
conversion of the end groups. Simultaneously, a new absorp-
tion band can be observed around 3360 cm™'. This band
corresponds to the -OH end groups of the esterified intermedi-
ates. These results are in accordance with the titration and "H
NMR trends shown above.

The peak that corresponds to the carbonyl groups is the
second notable feature of these spectra. For FDCA, the peak
that correlates with the C=O stretching vibration of the car-
boxylic acid is observed at 1665 cm™". After half an hour, two
overlapping peaks are clearly visible in the carbonyl region of
the spectrum: at 1690 cm™' (COOH) and at 1727 cm™" (COOR),
reflecting the conversion calculated by NMR and end-group
analysis. As the reaction proceeds, the peak at 1690 cm™"
further decreases and the peak of the ester carbonyl groups at
1727 cm™" dominates.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 FTIR spectra of the crude reaction mixture of the esterification
catalyzed by Sb,O3 at 190 °C, at different reaction times.

The DSC thermographs are complementing the 'H NMR
data and acid value measurements. Indicatively, the DSC
curves obtained at 170 and 190 °C with the Sb,0; catalyst are
shown in Fig. 4. In all thermographs, at both reaction tempera-
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Fig. 4 DSC thermograms of the reaction samples of the esterification
step, catalyzed by Sb,O3 at 170 °C (up) and 190 °C (down), at different
reaction times.
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tures (170 and 190 °C), two main peaks can be seen. At 190 °C,
in the early stages of esterification, a low intensity peak
appears around 140 °C and, as the reaction progresses, its
intensity decreases. We believe that this peak corresponds to
5-((2-hydroxyethoxy)carbonyl)furan-2-carboxylic acid, i.e. FDCA
mono-ester with EG, monomer M1 in Scheme 2. Indeed, it is
the first esterification product that is formed, and thus its
presence is probable in the early stages of the reaction.
Conversely, in the latest stages, as the conversion of the
-COOH end groups tends to 100%, its concentration is drop-
ping. The melting temperature depression compared with
FDCA is rather big (m.p. 342 °C for FDCA); but comparing it
with similar findings in the literature, mainly terephthalic acid
(TA) and its mono-ester 4-((2-hydroxyethoxy)carbonyl)benzoic
acid (m.p. 427 °C for TA, 180 °C for the ester)*® and isophthalic
acid (IA) and its mono-ester 3-((2-hydroxyethoxy)carbonyl)
benzoic acid (m.p. 341 °C for IA, 132 °C for the ester),®! the T},
value seems reasonable. The melting peak at 120 °C could be
attributed to the diester, bis(2-hydroxyethyl) furan-2,5-dicar-
boxylate (M2 in Scheme 2); however the reported m.p. in the
literature is significantly lower (91 °C).®* Therefore, it probably
corresponds to a dimer or trimer which is formed in the later
stages of the esterification. Similar trends can be observed at
170 °C. The thermograms of the reaction at 160 °C (not
shown) are dominated by a very broad peak around 140 °C,
probably encompassing the peak at 120 °C. These results are
in good agreement with the XRD patterns of the collected
samples (please see Fig. S1 in the ESI}). At short reaction
time, the recorded patterns indicate that almost amorphous
materials are obtained, while their crystalline peaks are
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increasing with time, as the esterification progresses. The pat-
terns are almost identical for both catalysts.

To complement the results obtained by NMR and titrimetry,
and to distinguish among the different structures that are pro-
gressively formed as the esterification proceeds, LC-HRMS ana-
lysis was performed. The structures of the oligomers that have
been identified are depicted in Scheme 2. They have been divided
into three groups (monomers, dimers and trimers) according to
the number of furanic rings they bear. It is noteworthy that no
traces of diethylene glycol by-products were detected.

Despite the unavailability of reference standards, LC-HRMS
provided an array of key features to carry out a confident
identification of the expected oligomers, namely, the accurate
mass measurements (4 decimals, mass error <5 ppm), isotopic
patterns, and characteristic fragments for each compound. For
the comprehensive investigation of the obtained total ion chro-
matograms (TICs, please see ESI Fig. S21) of the injected
samples corresponding to various time intervals and different
temperatures, in both positive and negative modes (ESI), mass
filters were applied. Thus, the extrapolation of critical infor-
mation was enabled with the aid of the generated extracted ion
chromatograms (XICs). Table 1 summarizes the retention
times, and the MS and MS2 data for the tentative identification
of the oligomers.

Among the injected samples, those obtained at 190 °C
exhibit more distinctive peaks, implying that higher amounts
of the oligomers are formed compared to the lower tempera-
tures. This is in good agreement with the findings of the rest
of the instrumental analyses also indicating that the tempera-
ture plays a major role in the conversion of FDCA (Fig. 5).
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Table 1 Retention times, elemental composition, experimental and theoretical mass information, mass error deviation and double bond and ring

equivalent number (RDB) of the detected oligomers

m/z (accurate mass)

FTMS +p ESIFullms

Formula tr (min) Elemental composition Theor. Exp. RDBE A (ppm)
FDCA
C¢H,05 5.43 C¢H;05" 157.0131 157.0132 4.5 0.3127
CsH,0, CsH,0," 95.0128 95.0132 4.5 4.4212
Monomers
CgHgOg 5.46 CgHoOg" 201.0394 201.0403 4.5 —2.800
CsH,0, CsH,0," 95.0128 95.0133 4.5 5.5454
C¢H,0, C¢H,0," 139.0026 139.0026 5.5 —0.1555
C10H;,0, 5.43 C10H130," 245.0656 245.0653 10 —1.1493
C¢H,0, C¢H,0," 139.0026 139.0025 5.5 —0.3750
CsH,0, CsH,0," 95.0128 95.0133 4.5 5.3045
Dimers
C16H14041 6.46 C16H13041 381.0463 381.0470 10.5 3.265
CsH,0; CsH;0s, 111.0077 111.0076 4.5 —0.2327
CoH,03 CoH;503 161.0233 161.0236 7.5 1.5791
C15H15045 6.56 C1sH19015" 427.0871 427.0867 9.5 —2.296
C¢H,0, C¢H,0," 139.0026 139.0025 5.5 —0.5946
C16H1,010 7.23 C16H130410" 365.0503 365.0503 10.5 —1.593
Trimers
C4H50016 7.08 CpH16046~ 563.0679 563.0687 15.5 2.399
C,6H,40,5 7.17 C6H,50,," 609.1086 609.1075 14.5 —2.863
Precursor ions in bold.
RT:000-1501 SM: 11G
RT:543 NL: 1.05E6
Base Peak m/z= 157.0129-157.0135 F:
FTMS + p ESIFullms
[60.0000-900.0000] MS Genesis
RT:5.46 190_120min
INL: 4 67E5
Base Peak m/z= 201.0390-201.0398 F
IFTMS + p ESIFullms
RT:543 [60.0000-900.0000] MS Genesis
190_120min
INL: 7.76E5
Base Peak m/z= 245.0651-245.0661 F
RT: 6.4 FDCA FTMS + p ESIFullms
l 4 [60.0000-900.0000] MS Genesis
190_120min
NL: 1.02E5
RT: ? 56 ﬂ jl) l CBHBOG E?’r?ﬂes?%alégl/ﬁﬁﬁ‘s 0455-381.0471 F:
r [60.0000-900.0000] MS Genesis
‘ 190_120min
NL: 1.95E5
RE; 7_2;%//\/\/\\1 C10H1207 Base Peak m/z= 427 0862-427 .0880 F

C16H 14011

[60.0000-900.0000] MS Genesis
190_120min
NL: 470E3

3

‘ L CysH1501,
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| J Eiyy
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Fig. 5

According to the data presented in Fig. 5, FDCA is eluted at
tr 5.43 min, when its protonated ion [C¢H;0s5]" with a m/z of
157.0132 is detected, with a mass error of 0.3127 ppm. It is
remarkable that for every positive finding of FDCA in the

This journal is © The Royal Society of Chemistry 2021

Extracted ion chromatograms for FDCA and oligomers detected at a sample corresponding to 190 °C (3D depiction).

recorded chromatograms from all injections, a subsequent
fragmentation of the molecule has been induced, leading to
the formation of the characteristic fragments [CsH;0,]" with
m/z 95.0134, pronouncing the tentative identification of FDCA.

Green Chem., 2021, 23, 2507-2524 | 2513
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In addition, two monomers, with formulas of the protonated
ions [CgHoO4]" and [CyoH;30,]", were eluted at similar reten-
tion times (5.46 and 5.43 min, respectively) in positive ioniza-
tion mode, exhibiting a mass error below 3 ppm and at least
two fragments each, a fact that increases the confidence level
of the measurements. Despite the similarity of the retention
times between the two monomers, HRMS facilitates the dis-
tinction and unambiguous identification, thereby proving its
strength for such applications, thanks to the accurate mass
measurement at a high resolution as well as the presence of
different fragments. As seen in Table 1, the fragment ions of
both monomers are the same, due to the similar structure and
nature of the precursor molecules yet formed in different
abundance and accompanied by different mass errors.
Regarding the dimers, two out of three detected molecules
were acquired in positive EST (C13H;904,", C16H1301,') and one
in negative ESI (C16H,304; "), at tg 6.56, 7.23 and 6.53, respect-
ively. As the tg increases, compounds with higher molecular
weight are identified; hence two trimers were identified later

RT:0.00 -1501
100

Relative Abundance
B 8 8 8 83 3 8 8

3

View Article Online

Green Chemistry

in the chromatograms; more specifically, one trimer with m/z
[C24H16016]” and one with [CyeH,504,]" at ¢ 7.08 and 7.17,
respectively. Both trimers were found at a slightly lower abun-
dance compared to the other oligomers and as a result, the
intensity threshold was not enough to induce fragmentation. A
typical example of the process followed from the chromato-
gram to the spectrum of the fragment ions is given in Fig. 6.
The mass spectra for all the investigated compounds are
included in the ESL.}

In order to construct the kinetic profiles of monomers,
dimers and trimers along with FDCA, their relative abundance
expressed as the peak area was employed. The concentration
profiles with time, based on the LC-HRMS analysis, are pre-
sented in Fig. 7. These results are in complete agreement with
the ones reported until now. The amount of FDCA steadily
decreases as the esterification progresses; FDCA is consumed
significantly faster at 190 °C than at lower temperatures. As
FDCA decreases, other species appear. Monomers, which
include the mono- and di-ester of FDCA, are the first com-

NL 1.35E6

Base Pesk miz=
245.0849-2450663 F:
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Fig. 6 Process followed from the extracted ion chromatogram to the spectrum of the fragment ions.
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(M), dimers (D) and trimers (T) during the esterification reaction.

pounds to be formed. At 160 and 170 °C, the concentration of
monomers increases rapidly initially and more slowly towards
the end of the esterification step. The same trend is observed
at 190 °C for the first two hours, while in the last couple of
hours the monomer concentration decreases. This is expected
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since monomers react with each other or with FDCA to yield
longer oligomers. According to these results, monomers, and
especially the bis(2-hydroxyethyl)furan-2,5-dicarboxylate, domi-
nate the reacting mixture throughout the esterification step.

Progressively, as esterification takes place, dimers and
trimers are formed. Their concentration increases steadily
throughout the esterification step. The higher the temperature,
the sooner the production of these oligomers is initiated. For
example, at 190 °C trimers are detected in the reacting mixture
from the first 30 minutes, while at 160° they are formed only
after the first two hours. Similar remarks can also be made for
dimers, though, not surprisingly, they form earlier and faster
than trimers.

3.2. Transesterification - polycondensation

Once the esterification step of FDCA was studied, we investi-
gated the second step of the polymerization where the mole-
cular weight is being progressively built up. Since a higher con-
version was achieved and longer oligomers were formed at
190 °C, this temperature was chosen to prepare two oligomer
batches catalyzed by Sb,O; and Sb(CH3;COO);, respectively.
These oligomers were further subjected to transesterification
at 3 different temperatures: 220, 230 and 240 °C. Samples were
retrieved from the polymerization reactor at 30, 60, 120 and
180 minutes. Intrinsic viscosity (IV) was measured and the
samples were further characterized by DSC and IR.

The IV of the samples was measured in a phenol/1,1,2,2-tet-
rachloroethane mixture as indicated in the experimental part
and the results are presented in Fig. 8. It is obvious that at all
temperatures and regardless of the catalyst, IV increases with
time. The higher the temperature, the higher the values of IV
achieved. When comparing the two catalysts, we can see that
the IV values obtained in the presence of Sb,O; are much
more important than the ones obtained when using
Sb(CH3COO0);. Therefore, according to IV measurements, Sb,03
has a higher catalytic activity compared to Sb(CH3;COO);.
Overall, one could argue that the obtained IV values are not
very high; however the aim of the present study was not to
obtain high molecular weight PEF and additionally, the
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0.05 T T T T T
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Increase of intrinsic viscosity with time at different temperatures, catalyzed by Sb,O5 (left) and Sb(CH3zCOO)s (right).
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Fig. 9 FTIR spectra of the polycondensation catalyzed by Sb,Os, at
190 °C, at different reaction times.

polymerization procedure was interrupted each time a sample
was retrieved from the reacting mixture. Despite their brevity,
those interruptions affected the overall procedure resulting in
a lower molecular weight.

Besides IV measurements, all samples were characterized
by IR. The trends observed in all spectra are similar and one of
them is indicatively presented in Fig. 9. The band corres-
ponding to the carbonyl of the furan ring, at ca. 1720 ecm™", is
not affected by the polycondensation reaction, while the band
around 3500 cm™" is progressively decreasing. This is expected
since most of the oligomers formed at the end of the esterifica-
tion step are esters with hydroxyl-ended chains. The ester car-
bonyl groups are not affected by the transesterification reac-
tion, while the concentration of hydroxyl groups decreases pro-
gressively as oligomers react to form polymers and EG is
released (since the polycondensation takes place under
vacuum, EG is immediately removed from the reacting
mixture).

Finally, these
measurements, Fig. 10. As the polycondensation progresses
and the length and molecular weight of the polymeric chains
increase, T, and Ty, progressively shift to higher temperatures.
When the reaction is catalyzed by Sb(CH3;COO)3, at 220 °C and
at short reaction time (0.5 h) T, is around 54 °C. By increasing
reaction time and temperature T, reaches approximately 76 °C
(3 h, 240 °C). Similarly, T, increases from 185 °C to 195 °C. A
corresponding trend is observed when the polycondensation is
catalyzed by Sb,03, though higher temperatures were recorded.
After 3 h at 240 °C, PEF with a T, at 85 °C and a Ty, at 203 °C
is obtained. The higher T, and T;, obtained with Sb,O; indi-
cate a higher molecular weight. These data are in accordance
with the IV results, where PEF of higher molecular weight is
obtained when the reaction is catalyzed by Sb,O; compared to
Sb(CH3;COO0);, suggesting the superior catalytic performance
of Sb,0;.

results were complemented with DSC

2516 | Green Chem., 2021, 23, 2507-2524
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4. Kinetic modeling of the processes

There is a whole hierarchy of methods for modeling the pair of
esterification and transesterification reactions. The simplest
approach is to assume a global reaction with an n-th order
kinetics of disappearance of ~-COOH.”® However, the majority
of the modeling efforts attempts to model separately the two
reactions, so this is the approach that has been adopted in the
present study.

4.1. Esterification reaction

There are three general approaches for modeling the esterifica-
tion reaction in the literature. They are (in order of decreasing
complexity and detail):* (i) the molecular species model
which gives the exact concentration for all species produced
during the reaction; (ii) the functional group model which
gives information only on the global degree of oligomerization;
and (iii) the overall effective reaction model which describes
only the consumption of the reactants. The fact that the esteri-
fication products have been identified allows to write down the
exact set of reactions occurring during esterification. Let us
designate as F and A the two reactants (FDCA and EG respect-
ively), while M, D, and T will stand for the products, mono-
mers, dimers and trimers, respectively. Finally, the subscript
under the letter denotes the specific type of the i-mers (see the
description in Scheme 2). There is a system of 9 reactions that
gives the evolution of all the identified components. A category
(i) approach implies the direct solution of the 9 ordinary differ-
ential equations that describe the reaction set. This means
that 9 kinetic constants must be estimated from a limited set
of data (underspecified problem). The standard approach to
overcome this difficulty in reaction engineering is the model
reduction (called lumping) in order to ensure compatibility
with the experimental data, allowing the extraction of kinetic
parameters.

Another complication in modeling esterification regards
the removal of water and A due to evaporation during the reac-
tion. The removal model may be quite complicated, involving
thermodynamic equilibrium and mass transfer consider-
ations.”” This may be very important in the case of removal of
A. However, in the present experimental set-up only water is
removed and since there is no direct measurement of it, the
removal process is included in the lumping procedure. In
other words, approach (iii) will be followed in this study. It was
found, employing the conversion degree data, that the single
reaction model used for different esterification reactions is not
appropriate to describe the present data. A two-step lumped
model is thus proposed here:

F+A—-M +W (6a)

M; +A— M, +W (6b)

This model reflects the finding that -COOH reacts at a
different rate in a molecule with two -COOH (F) compared to a
molecule with one ~-COOH (M,). In the following discussion,
all the concentrations are normalized by the initial concen-

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 DSC thermograms of the condensation step at different reaction times and temperatures, catalyzed by Sb,Os (left) and Sb(CH3COO)s
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Fration of F (denotgd.a}s [Flo) in ord.er to render the. analysis d[M;] — Ky [FJ[A] — Ko [M4][A] (7¢)
independent from initial concentrations. The equations that de
describe the evolution of the concentrations are:
dF) P _ o )
-k [F][A] (7a)
The fractional conversion of COOH is computed as 1 — [F]
— [M;]/2 since each M; molecule has half COOH groups than
# = —K [F][A] (7b) each F molecule. The pseudo-first order reaction constants K;
t

and K, are related to the intrinsic second order reaction con-
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Fig. 11 Comparison between model (solid lines) and experimental (symbols) conversions of esterification reaction with (a) Sb,Os and (b) Sb

(CH3COO)s.

stants K;, and K, by K; = Ky [Flo, K, = K, _[F|o. The above
system of ordinary differential equations has initial conditions
(at ¢t = 0) [F] = 1, [A] = 3, [M4] = [M5] = 0 and is solved numeri-
cally using the explicit Euler method. The coefficients K; and
K, are chosen (fitted in a general sense since no exact objective
function can be constructed) in order to give a qualitative
agreement to the conversion data derived by the two experi-
mental techniques. The comparison between model results
and experimental data appears in Fig. 11. The selected values
are K, = 0.2, 0.7, 2.1 h™" and K, = 0.15, 0.2 and 0.6 h™" for
temperature 7 equal to 160, 170 and 190 °C, respectively. The
same values were found for the second catalyst except K; at
160 °C which is 0.3 instead of 0.2. It is clear that the second
reaction is a few times slower than the first one. Assuming a
mean (for the two catalysts) value of K; at 160 °C equal to 0.25,
the Arrhenius plots (appearing in Fig. 12) were constructed
and the two constants K; and K, were found to exhibit an
Arrhenius temperature dependence K; = K; exp(—E;/R,T) (i = 1,
2) with E;/R, = 13 844 K, E,/R, = 9520 K (R, is the gas constant).

1.0
= In(K)
°
0.5 In(K,)
— linear fit In(K)
0.0
- -0.5-
<
£
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| |
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°
2.0 e
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Fig. 12 Arrhenius plot for the constants K; and K, of esterification
reaction.

2518 | Green Chem., 2021, 23, 2507-2524

It appears that the first reaction is more sensitive to tempera-
ture than the second one. The resulting Arrhenius temperature
dependence confirms that the selected reaction scheme is not
an empirical one and has a physical basis (i.e. it accounts for
the dominant steps of the complete reaction scheme). It is
noted that the employed reaction scheme is the same as the
one employed in ref. 77. However, the choice there was to
assume that K, = K; and to use as additional fitting parameters
the mass transfer coefficients of A and W from liquid to gas
phase. The fact that the (resulting from fitting) mass transfer
coefficient of W was found to be independent of experimental
conditions while the mass transfer coefficient of A differs up
to 30 times among the experiments raises questions about the
validity of the approach in.””

The above global reaction scheme cannot predict the evol-
ution of the concentration of the identified oligomers. This
could be done in principle by the detailed reaction system for
oligomers. However, the experimental information is still not
enough to allow simultaneous determination of the 9 kinetic
coefficients. Instead a different lumped reaction scheme
focused on oligomer evolution is employed, with a smaller
number of kinetic constants to make their determination from
the experimental data feasible. The following reaction scheme
is considered (produced water does not appear in the follow-
ing scheme because it does not participate in the kinetic
equations and due to lumping its exact stoichiometric coeffi-
cient is unknown):

F+A—M (8a)
M+M—D (8b)
D+M—T (8c)

where M refers to M; + M,, D refers to D; + D, + D; and T
refers to T; + T,. The evolution of concentrations can be found
from the following system of ordinary differential equations.

d

W kim

F
i (9a)

This journal is © The Royal Society of Chemistry 2021
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g = hlFlA (9b)
% = K [F][A] — ka[M]” (9¢)
% — kM — &[D]M] (9d)

W~ oy (9€)

where the concentrations are once more normalized to [F],
and the coefficients k; (inverse time units) are equal to the
intrinsic second order reaction coefficients multiplied by [F],.
The initial conditions for the above system (at ¢ = 0) are [F] = 1,
[A] = 3, [M] = [D] = [T] = 0. It is solved numerically using the
explicit Euler method. The normalized concentrations can be
used to find the molar fractions in the reaction mixture (divid-
ing each of them with their sum).

In order to compare the experimentally determined weight
fractions with the model results, they must be transformed to
molar fractions. This is done by using the average molecular
weight of the different types of monomers, dimers and trimers
appearing in Scheme 2. This is only an approximation since
the exact concentration of each species is not known but the
error is not appreciable since the molecular weights do not
vary a lot among the different forms of i-mers. The parameters
ki, ko, and k; were extracted by fitting the model to the data.
The comparison between experimental and model molar frac-
tions is shown in Fig. 13 for the three temperatures. The com-
parison for the trimers is not shown due to their small frac-
tions but it is stated that there is an agreement up to a molar
fraction of 0.01. The deviation is somewhat larger only for the
highest temperature and time and the model overpredicts the
trimer concentration by not taking into account the possibility
of (a small amount) of larger molecules. The values of the
extracted constants are for 160 °C: k; = 0.19, k, = 1.3, k3 =
0.105 h™'; for 170 °C: k, = 0.29, k, = 1.5, k3 = 0.12 h™"; for
190 °C: k; = 0.6, k, = 3.45, ks = 0.24 h™*. We calculated the
index R* to quantify the quality of fitting. Its average value for
the three curves of each temperature is R* = 0.92, 0.94, 0.92 for
T =190 °C, 170 °C and 160 °C respectively. By observing the
experimental data in Fig. 13 it can be argued that the larger
part of deviation of R* from unity is due to the data uncertainty
(scatter) rather than to the performance of the model.

The kinetic constants increase with temperature, so they
were placed in an Arrhenius plot and it was found that an
Arrhenius temperature dependence is closely followed. These
plots are shown in Fig. 14. The corresponding activation ener-
gies found for the three reactions constants are E;/R, = 6780 K,
E,/Ry = 7655 K, and E5/R, = 5726 K respectively. Summarizing a
consistent set of 5 reaction constants following Arrhenius
dependence was derived from the existing experimental data
by constructing two properly lumped reaction schemes. Such
an achievement would not be possible using the detailed reac-
tion scheme due to a large number of undetermined para-

This journal is © The Royal Society of Chemistry 2021
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Fig. 15 Evolution of average molecular weight during the transesterification step at different temperatures, catalyzed by Sb,Os (left) and Sb
(CH3COO)5 (right). Comparison between model (solid lines) and experimental data (symbols).

meters. The successful modelling and parameter estimation
using experimental data for the i-mer evolution of the esterifi-
cation reaction of FDCA with EG is an essential innovation of
the present work.

4.2. Transesterification — polycondensation reaction

In the present case of reactants there is only one functional
group that reacts, so the functional group and the empirical
global reaction approaches coincide. Typically, a second order
global reaction is assumed.’® As an example, in ref. 74 a
second order reaction is employed combined to a thermo-
dynamic-mass transfer model for EG (necessary for the experi-
mental setup therein). The fact that the fit leads to the initial
mass transfer coefficient varying up to 12 orders of magnitude
among the employed experimental conditions suggests that a
more general reaction kinetic model must be considered. The
transesterification reaction is a linear chain polymerization
reaction and the second order implies that the reaction con-
stants do not depend on the chain length of the reactant mole-
cules. This assumption was relaxed by assuming a rate con-
stant decreasing with the chain length of reactants as follows
K;j = Ko(i™* + j~*) where 7 and j are the chain lengths of the
reacting molecules. The coagulation population balance
with the above rate was derived, and the monodisperse
method of moments was applied in order to end up with the
following equation for the evolution of the average molecular
weight X,,.%°

X _

KpX*
dt REw

(10)
where Kr = KoCoM,,, My, is the monomer molecular weight
and C, is the initial monomer concentration. In order to
compare the model results to the experimental ones, the mole-
cular weight X, at time ¢ = ¢, (equal to 0.5 h in the present
case) is considered known and equal to the experimental one.
Its subsequent evolution must be described by eqn (9) in
which equation can be integrated from ¢, to ¢ to give:

Xy = (X3 + (1 + DK (t — to)) /O (11)

2520 | Green Chem., 2021, 23, 2507-2524

The above expression is fitted to the experimental mole-
cular weight evolution curves (comparison between the model
and experimental data appears in Fig. 15). The averaged fitting
coefficient R* for the three temperatures is 0.96 and 0.92 for
Sb,0; and Sb(CH3;COO)s, respectively, which are rather accep-
table values. The results for antimony oxide are quite expected.
A temperature independent value of 1 = 1 (typical of this type
of reaction®) is found with values of Ky increasing with temp-
erature as follows: Kg = 1.5 x 10° h™, 8 x 10° h™* and 12 x 10°
h™' for T = 220, 230 and 240 °C, respectively. This exponent
denotes the decrease of the mobility of the molecules as their
molecular weight increases. A quite strange behavior is
observed for antimony acetate. The reaction proceeds very
slowly (and quite similarly) for 220 °C and 230 °C. In this case
the small extent of the reaction and scatter of the data allows
fitting using any value of A (ill-posed problem). The simplest
choice is to assume A = 0. Surprisingly the reaction becomes
accelerated (like a self-catalyzed one) at 240 °C leading to a
quite unusual value of 1 = —0.9. The second catalyst appears to
have not only small yield but also uncontrollable behavior and
for these reasons it is not appropriate for the present process.

5. Conclusions

In the present work, the catalytic activity of two industrial, safe
for food packaging applications, antimony catalysts, antimony
trioxide, Sb,03, and antimony acetate, Sb(CH3;COO);, in the
two-step polymerization of FDCA with EG for the production of
PEF was investigated. The progress of the esterification step
was monitored by end-group analysis (titration of -COOH
groups), as well as NMR and FTIR spectroscopy. Based on the
obtained conversions, it was deduced that, for the first step of
the polymerization, i.e. the esterification of FDCA with EG to
afford PEF oligomers, Sb,O; seems more active than Sb
(CH;CO0); at lower temperatures (160 °C). Increasing the
temperature smoothens the differences between the catalysts
and at 190 °C satisfactory conversions are obtained. For the
first time the structure of the PEF oligomers formed during

This journal is © The Royal Society of Chemistry 2021
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the first step of the polymerization was identified by LC-HRMS
and the evolution of their concentrations with reaction time
was determined. HRMS investigations demonstrated that at
190 °C, in the presence of Sb,0;, dimers and trimers had
already formed within the first 30 minutes. In the second step
of the polymerization, the difference between the two catalysts
is much more pronounced, with Sb,O; exhibiting the highest
activity. Not surprisingly, a higher temperature also contrib-
utes to the formation of higher molecular weight polymers.
These experimental observations were complemented by
theoretical kinetic investigations and the rate constants for the
different reactions taking place during the polymerization were
calculated.
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