
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 6
:3

2:
53

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Unexpected perf
aLaboratory of Applied Chemistry, Institute

Institute of Technology (KIT), Straße am

E-mail: m.a.r.meier@kit.edu
bLaboratory of Applied Chemistry, Institu

Functional Molecular Systems (IBCS-FMS),

Hermann-von-Helmholtz-Platz 1, 76344 Egg

† Electronic supplementary informa
https://doi.org/10.1039/d3su00388d

Cite this: RSC Sustainability, 2024, 2,
435

Received 27th October 2023
Accepted 20th December 2023

DOI: 10.1039/d3su00388d

rsc.li/rscsus

© 2024 The Author(s). Published by
ormance of iron(III)chloride in the
polymerization of renewable 2,3-butanediol and
the depolymerization of poly(ethylene
terephthalate)†

Anja Kirchberg,a Sandra Wegelin, a Leonie Grutkea and Michael A. R. Meier *ab

In this study, 2,3-butanediol (BDO), which can be obtained by fermentation, was used in a polycondensation

reaction with renewable 2,5-furandicarboxylic acid (FDCA) to obtain a fully renewable polyester. Catalyst

screening based on a deconvolution method was performed. 16 different, randomly chosen Lewis acids

were screened with the aim to identify the most active catalyst. With iron(III)chloride, the most active

catalyst also offering sustainability benefits, further investigations of a polycondensation in melt are

presented. Further renewable dicarboxylic acids were (co)polymerized with BDO and FDCA to yield

polyesters and copolyesters and to investigate whether FeCl3 was also a suitable catalyst for other

polycondensations. Full characterization of all polymers is provided, including 1H NMR and IR

spectroscopy as well as differential scanning calorimetry (DSC), size-exclusion chromatography (SEC),

and thermogravimetric analysis (TGA). Furthermore, depolymerization reactions of poly(ethylene

terephthalate) (PET) materials are performed using the identified catalyst, iron(III)chloride, further

demonstrating its versatility.
Sustainability spotlight

Biobased and recyclable polymers show potential in reducing both the carbon footprint and the end of life environmental impact of polymeric materials. If
additional principles of Green Chemistry can be addressed, as herein shown the usemore benign catalysts, overall sustainability can be further improved. In this
context, iron(III)chloride was identied as an abundant, less toxic and cheap catalyst alternative to polyester synthesis as well as polyester recycling by depo-
lymerization to monomer. The catalyst performed comparably well and was used to produce a set of renewable polyesters based on 2,3-butanediol (BDO),
a seldomly studied diol for polycondensation, with improved properties such as higher molecular weights and better thermal stability. Iron(III)chloride could
also be applied to the depolymerization of commercial PET materials, demonstrating its use in a circular economy concept.
Introduction

The society of the 21st century must deal with inherent chal-
lenges, like global warming and depleting fossil resources.1

Virtually all (∼98.5% in 2021) of the 390 million tons of
commercial plastics produced annually are derived from fossil
fuels, of which less than 9% are currently recycled.2,3 Global
plastic pollution is rising tremendously, accompanied by
accumulation in landlls as well as natural environments like
the oceans. Thus, the world must rapidly change from a fossil-
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based economy to a plant-based economy by implementing
sustainable routes to biobased polymers using renewable
feedstock.4

Sustainable chemistry was dened as chemistry in which
resources, including energy, should be used “at a rate at which
they can be replaced naturally, and the generation of wastes
cannot be faster than the rate of their remediation.”5 It has been
widely recognized that the manufacture of polymers poses
hazards, which can be reduced by applying the 12 principles of
Green Chemistry. These principles were designed as guideline
for scientists to tune their strategies on a molecular level in
order to achieve the goal of improved sustainability.6–8 Renew-
able feedstocks are a promising alternative to petroleum,
catalysis can be used to decrease the use of toxic substances as
well as the energy consumption and continuous process
monitoring can be used to eliminate the generation of waste.9–11

As an alternative to our petroleum-based economy, the bio-
renery concept was developed to use renewable resources to
produce required commodity chemicals.12–14 Important for this
RSC Sustainability, 2024, 2, 435–444 | 435
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study, short-chain diols and diacids, such as 2,3-butanediol
(BDO), 1,4-butanediol, 1,3-propanediol (PG), succinic acid (SA),
and adipic acid (AA) can be obtained by fermentation of ligno-
cellulosic biomass.15 BDO represents an interesting diol, which
is used in the manufacture of perfumes, moistening agents, and
the cosmetic industry, but is not yet widely studied for polymer
synthesis.16 The two methyl groups in the BDO structure make
this renewable diol interesting for the development of novel
polymers, for instance to restrain the crystallization of biobased
polyesters.17,18

Polyesters, achievable from various different monomer
structures, are manufactured for numerous applications such
as beverage bottles, molded plastics parts, and synthetic bres
and lms.19,20 The typical route to polyesters is a step-growth
polymerization, starting with the reaction of diols with diacids
or dimethyl esters to oligomers and secondly, a poly-
condensation in melt at high temperatures (>200 °C) as well as
low pressure (<1 mbar) to obtain the desired high molecular
weight polymer.21,22 Poly(ethylene terephthalate) (PET) is the
most widely used polyester, mainly known in form of plastic
bottles.23,24Much effort has been taken to produce biobased PET
by using bio-EG and bio-terephthalic acid (TPA) as mono-
mers.25,26 The aromatic diacid 2,5-furandicarboxylic acid
(FDCA), derived from lignocellulose, shows structural similari-
ties to TPA.27 FDCA was identied by the U.S. Department of
Energy as one of the twelve most promising sugar-based
building blocks to be used in the development of biobased
polymers.28 Biobased poly(ethylene furanoate) (PEF) generally
shows similar properties to PET, but PEF has a higher glass
transition temperature (Tg) of 86 °C (PET: Tg = 74 °C) and
a lower melting temperature (Tm) of 235 °C (PET: Tm = 265 °
C).29,30 The novel polymer can be used for the manufacture of
biobased bottles, while reducing greenhouse gas emissions.31,32

Despite the already adopted PEF, a large number of further
research on FDCA, “the sleeping giant”, in polyester syntheses
was reported in literature.33,34 For instance, Zhou et al. reported
the synthesis of furan-based polyesters using PG, 1,4-butane-
diol, 1,6-hexanediol, and 1,8-octanediol in direct poly-
condensation reactions, revealing a tunable Tg of 21 °C up to
89 °C and Tm of 148 °C up to 210 °C.35 Bikiaris et al. investigated
polyesters based on FDCA and longer chain diols (C8 to C10 and
C12), leading to ductile polyesters with even lower Tg (<0 °C) and
inferior mechanical properties.36 With 1,20-eicosanediol and
FDCA, a mainly aliphatic polyester was introduced by Sousa
et al. showing a Tm of 107 °C and Tg around 7 °C, with biode-
gradable properties.37

Furthermore, much effort was taken to tune the properties of
PEF through copolymerization with a third renewable dicar-
boxylic acid. The castor oil derived sebacic acid (SBA) was
studied for tuning polyester properties in terms of exibility,
hydrophobicity, durability, and low Tm, which was proven in the
introduction of SBA into PEF.38,39 Moreover, the U.S Department
of Energy also listed succinic acid (SA) as a future platform
chemical derived from renewable resources.28 In a poly-
condensation reaction with 1,4-butanediol, SA was successfully
used for the development of a novel biobased polymer named
poly(butylene succinate) (PBS).40,41 The crystalline polyester
436 | RSC Sustainability, 2024, 2, 435–444
shows a Tm of 100 °C and a Tg of −32 °C. This increased the
interest of the packaging industry to use PBS as biobased and
biodegradable alternative to non-biodegradable polyethylene
(PE).42,43 Copolymerization with adipic acid (AA) was screened
for tuning polyester properties.41,44 AA represents one of the
largest commodity chemicals used as pivotal building block for
a range of processes in the chemical, pharmaceutical, and food
industry, primarily utilized in the polymerization to Nylon
6,6.45–47 Poly(butylene succinate-co-butylene adipate) was inves-
tigated by Djonlagic et al. including its enzymatic degradation
behavior, showing that the degree of polymer crystallinity had
an effect on the degradation rate.48 Furthermore, Sobkowicz
et al. investigated copolyesters of PBS, identifying promising
candidates for coatings with regards to potential biodegradable
paper packaging applications.49

In addition to the research on renewable feedstock for the
development of biobased polymers, also catalysis plays an
important role in the eld of Green Chemistry.6,50 Step-growth
polycondensation reactions to polyesters are usually per-
formed under harsh conditions.19 By optimizing the catalytic
activity in a process through choosing more efficient, cheap,
and environmentally friendlier catalysts, thus by replacing
nite elements or toxic catalysts, the sustainability of a process
can increase.51 To identify new catalysts faster, Moran et al.
developed a catalyst screening method termed deconvolution
method.52,53

Here, the deconvolution method was used for the screening
of several different Lewis acids in a melt polycondensation
reaction of renewable BDO and FDCA, yielding a highmolecular
weight polyester. FeCl3 was identied as sustainable and cheap
catalyst and further studied in copolymerization reactions to
tune the properties of the polyester. All polymers were fully
characterized. Furthermore, depolymerization reactions of
polymeric PET materials, such as beverage bottles, was
successfully performed with the identied catalyst FeCl3.

Experimental section
Chemicals

Unless otherwise noted, all listed solvents and reagents were
used as received without further purication.

Adipic acid (99%, Acros Organics), aluminium(III) chloride
(98.5%, Acros Organics), bismuth(III) triuoromethanesulfonate
(99%, Alfa Aesar), boron triuoride diethyl etherate (technical
grade, Sigma-Aldrich), 2,3-butanediol (98%, Sigma-Aldrich),
2,3-butanediol (98%, mixture of racemic and meso forms,
Thermo Fisher), cerium(IV)sulfate anhydrous (99.0%, Chem-
Pur), CDCl3 (99.8%, stabilized with silver foils, Eurisotop®),
copper(I) chloride (97%, Sigma-Aldrich), dimethyl formamide
(VWR Chemicals), DMSO-d6 (99.80%, Eurisotop®), ethanol
(HPLC grade, VWR Chemicals), ethyl acetate (HPLC grade),
ethylene glycol ($99.5%, Riedel-de Haën®), furan-2,5-
dicarboxylic acid (98%, BLD Pharmatech), 1,1,1,3,3,3-
hexauoro-2-propanol (uorochem), indium(III) chloride (99
999%, Sigma-Aldrich), indium(III) triuoromethanesulfonate
(Sigma-Aldrich), iron(III) chloride anhydrous (>97.0%, Fluka),
lithium bromide (98%, Fluka), magnesium chloride
© 2024 The Author(s). Published by the Royal Society of Chemistry
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hexahydrate (99%, Sigma-Aldrich), methanol (VWR Chemicals),
1,2-octanediol (99.91%, BLD Pharmatech Ltd.), phosphomo-
lybdic acid hydrate (Sigma-Aldrich), potassium ferrocyanide
trihydrate (98.5%, ThermoFisher), potassium triuoroacetate
(98%, Sigma-Aldrich), propylene glycol (>99.0%, TCI Chem-
icals), scandium(III) triuoromethanesulfonate (99.995%,
Sigma-Aldrich), sebacic acid (for synthesis, Sigma-Aldrich),
silver triuoromethanesulfonate ($99%, Sigma-Aldrich),
sodium bisulte (Sigma-Aldrich), succinic acid (99%, Acros
Chemicals), therephthalic acid (>99%, Thermo Fisher) THF
with 250 ppm butylated hydroxytoluene ($99.9%, Sigma-
Aldrich), tin(II) chloride (98%, Acros Organics), tin(II) 2-ethyl-
hexanoate (95%, Alfa Aesar), titanium(IV) isopropoxide (98%,
Acros Chemicals), titanium(IV) n-butoxide (>99%, Alfa Aesar),
ytterbium(III) triuoromethanesulfonate (99,9%, Acros
Organics), zinc bromide (>98%, Sigma-Aldrich), zinc(II) tri-
uoromethanesulfonate (98%, Sigma-Aldrich).
Methods

Carousel reactor with temperature range of 0 to 310 °C and
vortexing speed of 0 to 1500 rpm purchased from RADLEYS.

Differential scanning calorimetry (DSC) of polyesters was
performed with the following method and instrument using
∼7 mg of the respective sample: Mettler Toledo DSC stare
system. The DSC experiments were carried out under nitrogen
atmosphere using 100 mL aluminium crucibles. First, heating
from 25 °C to 150 °C (rate 20 °C min−1), then cooling from 150 °
C to −10 °C (−20 °C min−1) and subsequently heating from
−10 °C to 150 °C (20 °Cmin−1) per cycle, using 50 mLmin−1 N2.

Inductively coupled plasma optical emission spectroscopy
(ICP-OES) was used for the measurement of the iron content in
the antisolvent used for precipitation of polyesters. Agilent, ICP-
OES SVDV 5100 G6010A with CCD-Detector, Autosampler SPS3,
G8480 A and cooling system G8481A. For PET materials, rst an
acid digestion was performed using 104 mg sample in 1 mL
water, 1 mL hydrogen peroxide and 6 mL ammonium oxide.
Microwave of Ethos.lab MWS Mikrowellensystem-Vertriebs-
GmbH. MW-Digestion KöWa: DIN EN 16174, Antimon, Titan:
DIN EN ISO 11885.

Infrared (IR) spectroscopy was performed using a Bruker
Alpha-p instrument with ATR technology. All spectra were
recorded in a frequency range of ṽ = 400–4000 cm−1 with 24
scans per measurement. IR (type of measurement) ṽ/cm−1 =

wave number (signal intensity, molecular oscillator assignment).
Nuclear magnetic resonance (NMR) spectroscopy was per-

formed on a Bruker Avance 400 NMR instrument at 400 MHz
with 16 scans for 1H NMR and at 101 MHz with 1024 scans for
13C NMR. The chemical shis are reported in parts per million
(ppm) and referenced to the solvent signal of partly deuterated
DMSO-d6 at 2.50 ppm (1H NMR) or 39.5 ppm (13C NMR) and of
CDCl3 at 7.26 ppm (1H NMR) or 77.2 ppm (13C NMR), respec-
tively. The spin multiplicity and corresponding signal patterns
were abbreviated as follows: s = singlet, d = doublet, t = triplet,
m = multiplet. Coupling constants (J) were noted in Hertz (Hz).
If isomers of a substance were observed, all species which could
be assigned were clearly labelled.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Size exclusion chromatography (SEC) of polyesters was per-
formed in 1,1,1,3,3,3-hexauoro-2-propanol (HFIP) containing
0.10 wt% potassium triuoroacetate on a Tosoh EcoSEC HLC-
8320 SEC system, with a solvent ow of 0.40 mL min−1 at 35 °
C and a sample concentration of 1mgmL−1 injecting 50 mL. The
analysis was performed on a two-column system: PSS PFGMicro
column (8.00 × 55.0 mm, 50 000 Å) and PSS PFG Linear S
column (8.00 × 300 mm, 50 000 Å). The system was calibrated
with linear poly(methyl methacrylate) standards (Polymer
Standard Service, Mp: 800 Da-1600 kDa).

Solubility tests of polyesters were performed by using 5 mL
glass vials with ∼2 mg of sample, adding the respective solvent.
Mixing by hand was carried out at room temperature. Solubility
was checked visually.

Thermogravimetric analysis (TGA) of all samples was per-
formed on a TA instrument TGA 5500 under nitrogen atmo-
sphere using platinum TGA sample pans. A heating rate of 10
K min−1 in a temperature range from 25 °C to 600 °C was
applied.

Results and discussion
Catalyst screening

Lewis acids are typically used in polycondensation reactions to
make polyesters, as they ease the nucleophilic attack of alcohol
groups.54 For polycondensation reactions, titanium(IV) butoxide
(TBO) and titanium(IV) isopropoxide (TTIP) were previously
identied as catalysts leading to high Mn polyesters.18,21 The so-
called deconvolutionmethod was investigated by Moran et al. to
screen catalysts in an efficient and fast way.52 Here, a two-step
polycondensation reaction was screened with 16 typical,
randomly chosen Lewis acids. The screening conditions were
set with the reaction of BDO and FDCA to oligomers at 180 °C,
followed by a polycondensation in melt at 200 °C under reduced
pressure (see Scheme 1). In each batch, 1.00 mol% of each
catalyst was used, the layout of the experiment is shown in Fig. 1
and general considerations regarding this screening method
are provided by the developers of the deconvolution method.52

For this screening, an excess of BDO (3 : 1 BDO to FDCA) was
applied at the start of the reaction to guarantee a mixing of the
reactants, a typical approach similar polycondensations. Aer
applying vacuum at a later stage of the polymerization, the
excess BDO was continuously removed from the system, leading
to the later described high molecule weight polyesters.

16 Lewis acids were split randomly into batches Ba1 to Ba4.
The respective precipitated polyesters 3 from these batches were
then analyzed by SEC to screen for the highest Mn polymer, i.e.,
for the best performing catalyst or catalyst-mixture. Ba1 and Ba3
showed Mn values of ∼9 kDa, whereas polymers obtained from
Ba2 and Ba4 were black solids, which were not soluble for any
workup or characterization. As the results of Ba2 and Ba4
indicated side reactions, only Ba1 and Ba3 were further
deconvoluted into smaller batches, i.e., Ba5 to Ba8, containing
two catalysts each (see Fig. 1). Using AlCl3 and MgCl2$6H2O
(Ba5) led to the desired polyester with improved Mn of 12 kDa.
For Ba6, with InCl3 and CuCl, as well as for Ba8, containing
SnCl2 and ZnBr2, a polyester with Mn of 10 kDa was observed.
RSC Sustainability, 2024, 2, 435–444 | 437
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Scheme 1 Reaction scheme of the polycondensation of BDO and FDCA to form polyester 3.

Fig. 1 Overview of the batches and splitting during the deconvolution method with 16 randomly chosen Lews acids, catalyzing the two-step
polycondensation reaction of FDCA and BDO. In short, the deconvolution method randomly splits the investigated catalyst into batches, which
are further deconvoluted based on the results obtained during the screening, here the molecular weights of 3. Conditions: 3 equiv. BDO and 1
equiv. FDCA with 1.00 mol% FDCA, starting at 180 °C for 23 h, then 200 °C for 23 h and vacuum (<1 mbar).
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The combination of TTIP and FeCl3 (Ba7) led to a polyester with
Mn of 16 kDa.

As Ba7 showed the highest molecular weight, FeCl3 and TTIP
were investigated individually as last step of the deconvolution
method, revealing FeCl3 as highly potent catalyst. FeCl3 is
known to catalyze various reactions, for instance, oxidations,
reductions, or cyclizations, with the advantage of a high effi-
ciency, stability, and low cost.55 Here, the comparably non-toxic
catalyst FeCl3 was identied to successfully catalyze a poly-
condensation reaction of BDO and FDCA to the desired poly-
ester with Mn of 18 kDa. The well-known polycondensation
catalyst TTIP led to Mn of 15 kDa under these screening
conditions, slightly lower than FeCl3. Furthermore, in the study
of Thiyagarajan et al., FDCA was polymerized with BDO using
438 | RSC Sustainability, 2024, 2, 435–444
TTIP as catalyst, resulting in a Mn of 8 kDa.56 Thus, FeCl3 was
identied as a cheaper and more active alternative to TTIP.

All polyesters based on FDCA and BDO catalyzed by FeCl3
exhibited a brownish discoloration, but this was also the case
for, i.e., TTIP. This discoloration is reported in the literature for
polyesters based on FDCA. A reason for the brown color might
be related to side reactions, such as decarboxylation, leovers
of catalyst, or sugar-based impurities, originating from FDCA.18

Therefore, we investigated if the discoloration can be
decreased using different reaction conditions. Temperature
and time of the esterication reaction between FDCA and BDO
were thus changed from 180 °C for 23 h, to 160 °C for 17 h. The
reaction time of the subsequent polycondensation reaction in
melt was shortened from 23 h at 200 °C (<1 mbar), to 7 h at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of Mn of the precipitated polyester PBF poly-
merized in different conditions, with catalyst FeCl3 compared to TTIP
and the comparison of FDCA to purified FDCA (1) and FDCA dimethyl
ester (2). Measurements were performed in SEC-HFIP

Catalyst Monomer A Monomer B Mn in kDa Đ

FeCl3 BDO FDCA 18a 1.55
TTIP BDO FDCA 14a 1.95
FeCl3 BDO 1 19a 1.85
FeCl3 BDO 2 17a 1.53
FeCl3 BDO FDCA 17b 1.95

a Condition a: 30.0 mmol of monomer A, 10.0 mmol of monomer B,
1.25 mol% catalyst, 160 °C for 17 h, followed by 215 °C and low
pressure (<1 mbar) for 7 h. Precipitation in 1 : 1 (v/v) ethanol to water.
b Condition b: 30.0 mmol of monomer A, 10.0 mmol of monomer B,
1.00 mol% catalyst, 140 to 180 °C within 4 h, followed by 190 °C for
19 h, followed by 200 °C and low pressure (<1 mbar) for 23 h.
Precipitation in methanol.

Fig. 3 Chemical structure of obtained copolyesters 9–15.
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215 °C (<1 mbar). Furthermore, the catalyst loading was
increased from 1.00 mol% to 1.25 mol% FeCl3. The reduced
reaction time paired with increased catalyst loading did not
inuence theMn or the color of the desired polyester (see Table
1). Thus, prepuried FDCA (1) and FDCA dimethyl ester (2)
were investigated to observe if the discoloration is a result of
impurities of FDCA. However, SEC measurements showed
a similar Mn of the obtained polymers and similar discolor-
ation was observed in all cases.
Fig. 2 (I) Polyester 3 precipitated in a mixture of ethanol and water (1 :
solvent mixture (ethanol and water) after each precipitation step, of a
mixture of 1 : 1 (v/v) ethanol and water for three times, depicted as 1, 2,

© 2024 The Author(s). Published by the Royal Society of Chemistry
Thus, different antisolvents were tested for purication. For
PBF based on a reaction catalyzed by TTIP, ice-cold methanol
seemed to be a suitable anti-solvent, as reported in literature.56

For 3, a mixture of ice-cold water and ethanol (1 : 1, v/v) yielded
a less brownish polyester solid, compared to using methanol
(see Fig. 2). Furthermore, a threefold dissolution and precipi-
tation decreased the discoloration of 3 even further, as depicted
in Fig. 3. The multiple precipitation steps did not change theMn

of the polymer. To check if the catalyst FeCl3 was washed out by
precipitation in water and ethanol, the antisolvent mixture was
analyzed by Prussian blue staining aer each precipitation step,
depicted in Fig. 2.57

Prussian blue staining showed that FeCl3 was washed out in
the rst precipitation step, using ethanol and water as anti-
solvent mixture. To analyze the amount of washed out FeCl3,
and to get an idea if the discoloration occurred because of
catalyst leovers in the polyester solid, inductively coupled
plasma-optical emission spectroscopy (ICP-OES) was used. In
the rst precipitation step, 6 to 10 wt% of the used amount of
FeCl3 was washed out. The second precipitation step only
1, v/v) compared to using methanol. (II) Prussian blue staining of anti-
total of three times. (III) PBF solid after precipitation in an antisolvent
3, iron content in antisolvent measured in ICP-OES.
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Table 2 Polyesters based on a polycondensation reaction with BDO
and FDCA (3), or BDO with SA (6), AA (7), or SBA (8), listed with
respective molecular weight (Mn), dispersity (Đ) and degree of poly-
merization (DP), measured in SEC-HFIP. Degradation temperature (Td)
measured in TGAa

Polymer Mn (kDa) Đ DP Td,5% (°C) Appearance

3 18 1.55 74.3 303 Brittle solid
6 5 1.47 26.6 280 Viscous liquid
7 8 1.44 36.9 326 Viscous liquid
8 10 1.47 36.7 358 Viscous liquid

a Conditions: 30.0 mmol of BDO, 10.0 mmol of the dicarboxylic acid,
1.25 mol% FeCl3, 160 °C for 17 h, followed by 215 °C and low
pressure (<1 mbar) for 7 h. Precipitation in 1 : 1 (v/v) ethanol to water.
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removed <0.2 wt% and the third precipitation step less than
0.05 wt% (see Fig. 2). ICP-OES measurements thus revealed that
most of the used catalyst remained in the polyester solid, yet its
color improved signicantly, leading to the conclusion that the
discoloration was likely caused by other impurities, maybe due
to side-reaction of sugar-residues of FDCA, which were removed
by precipitation.

The precipitated polyester 3 showed no melting temperature
(Tm) or crystallization temperature (Tc) in differential scanning
calorimetry (DSC), according to literature.56 However, 3 showed
a glass transition temperature (Tg) of 106 °C and a degradation
temperature (Td,5%) of 303 °C. Compared to literature, in the
report of Thiyagarajan et al., PBF, based on FDCA and BDO, was
isolated with a lower Tg of 90 °C and lower Td,5% of 279 °C,
compared to the here presented study. Thiyagarajan et al. used
reaction temperatures of 260 °C for 4 hours during polymeri-
zation in melt and TTIP as catalyst.56 The literature described
lower molecular weights might be the reason for the differences
observed in thermal properties, further pointing to the benets
of FeCl3 as catalyst. Polyester 3 was soluble in acetone,
dichloromethane, HFIP, THF, cyclohexane, and ethyl acetate,
whereas being insoluble in water, methanol, and ethanol.
Polyester synthesis

The improved reaction conditions of the polycondensation
reaction, as described above, were used in all following reac-
tions. Always, 30.0 mmol of BDO were mixed with 10.0 mmol of
a dicarboxylic acid, using 1.25 mol% FeCl3, heating to 160 °C for
17 h, subsequently followed by 215 °C at <1 mbar for 7 h. In
addition to FDCA, also SA, SBA, and AA are interesting renew-
able dicarboxylic acids for the research on novel biobased
polymers. SA gained great attention when introducing the
dicarboxylic acid to polymerizations with 1,4-butanediol,
yielding PBS, which is already implemented in industry.42 While
copolymerizing PBS with AA, the obtained polymer showed an
increased tensile strength.41 SBA is known for its good exibility
when polymerizing to polyesters.39 However, it is literature
known that the Tg decreases with increasing SBA content.38

To investigate if the identied catalyst, FeCl3, is also suitable
for other polycondensation reactions, further polyesters were
Scheme 2 Polyester syntheses of BDO with renewable dicarboxylic acid
acid, 1.25 mol% FeCl3, heated to 160 °C for 17 h, followed by 215 °C and lo
dried under vacuum (<1 mbar).

440 | RSC Sustainability, 2024, 2, 435–444
thus synthesized using each of the mentioned dicarboxylic
acids in polycondensation reactions with BDO, following the
same reaction procedure as for 3 (see Scheme 2). The addi-
tionally obtained polyesters 6–8 were precipitated in an ice-cold
antisolvent mixture of water and ethanol (1 : 1, v/v) and dried
under vacuum (<1 mbar) before SEC and TGA analysis (see
Table 2).

Comparing the properties of the four polyesters, 3 showed
the highest Mn with 18 kDa, whereas 6 showed the lowest Mn

with 5 kDa, compared to 7 with 8 kDa and 8 with 10 kDa. The
degradation temperature of the polyesters increased from 3
with 303 °C (Td,5%) to 358 °C (Td,5%) for 8. Thus, an increasing
carbon chain length in the polymer backbone led to an
increased thermal stability. The main difference between the
obtained polyesters was that 3 was precipitated in form of
a polyester solid, whereas 6–8 were isolated as highly viscous
liquids.
Copolymerization reactions

As 3 was isolated as solid, but was brittle, we used FDCA and
BDO as monomers for copolymerization reactions with a third
monomer. We exemplarily chose AA as third monomer and
copolymerized it in varying contents. 30mmol of BDO were thus
polymerized with 10 mmol of a dicarboxylic acid mixture, con-
taining FDCA and AA in varying contents, resulting in the
s SA, AA, and SBA. 30.0 mmol of BDO with 10.0 mmol of dicarboxylic
w pressure (<1 mbar) for 7 h. Precipitation in 1 : 1 (v/v) ethanol to water,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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following copolyesters 9–15 (see Fig. 3). The copolyesters 9–13
were isolated as slightly brownish solids. A further increase of
the AA content to 40% and 60% AA (copolyesters 21 and 22)
resulted highly viscous liquids.

All copolyesters were characterized using DSC, TGA, and
SEC. TheMn and Đ as well as the weight loss of 5% and 15% are
listed for each copolyester in Table 3. DSC measurements were
performed for all copolyesters, which were obtained as solids,
Table 3 List of synthesized copolyesters with BDO, varying contents
of FDCA and AA given in %. Mn and Đ of all copolyesters measured in
SEC-HFIP and calculated DPa

Copolyester
FDCA content
(%)

AA content
(%) Mn (kDa) Đ DP

9 94 6 15 1.62 33.9
10 88 12 21 1.80 47.5
11 82 18 16 1.84 36.2
12 76 24 14 1.68 31.6
13 70 30 10 1.73 22.6
14 60 40 12 1.67 27.1
15 40 60 6 1.48 13.6

a Conditions: 30.0 mmol of BDO, 10.0 mmol of a mixture of FCDA and
AA, 1.25 mol% FeCl3, 160 °C for 17 h, followed by 215 °C and low
pressure (<1 mbar) for 7 h. Precipitation in 1 : 1 (v/v) ethanol to water.

Fig. 4 Heating curves of copolyesters 9–13 measured in DSC from
−10 to 150 °C in the second scan, showing the glass transition
temperature.

Scheme 3 Depolymerization reaction of PET materials using ethylene g

© 2024 The Author(s). Published by the Royal Society of Chemistry
showing no Tm or Tc, which was to be expected according to
literature, showing that an increasing content of BDO led to
a decreased crystallinity of the polymer.56 A clear trend was
observed for Tg (see Fig. 4).

For copolyesters 9–13, the Tg varied between 40 °C and 84 °C.
The Tg decreased continuously with increasing content of AA.
Aer copolymerization with AA, the obtained copolyesters were,
compared to 3, not soluble in cyclohexane anymore, and the
introduction of AA reduced the Tg and Td.

Depolymerization of PET using FeCl3

As FeCl3 showed good performance for the synthesis of various
polyesters and copolyesters, we were interested if it would also
be suitable for the chemical recycling of PET. Typically,
a depolymerization of PET is performed via glycolysis, a trans-
esterication with ethylene glycol (EG) at high temperature
(180–250 °C).58,59 Thus, PET is transferred into its monomer,
bis(hydroxy ethyl)terephthalate (BHET). The efficiency of
depolymerization can be compared by dividing the actual
amount of isolated BHET compared to the expected amount of
BHET upon complete depolymerization.58 Pingale, Palekar, and
Shukla identied zinc chloride giving the highest BHET yield
with ∼74% aer depolymerization of PET bottles with molec-
ular weights varying from 18 up to 20 kDa.60 Here, we performed
depolymerization reactions as depicted in Scheme 3.

The depolymerization reaction conditions of PET were
screened by using different temperatures, different amounts of
ethylene glycol as well as different catalyst loadings to nd the
optimal conditions for a high BHET yield. These screenings
were performed by using synthesized PET, following the
procedure of polyester 3, showing that FeCl3 can also be used
for PET synthesis.
lycol, catalyzed by FeCl3 to obtain BHET.

Table 4 Screening of different catalyst loadings and different amounts
of ethylene glycol in the depolymerization reaction of PET within 3
hours reaction time at 190 °Ca

Screening 1 using 15 equiv. EG
Screening 2 using 2 mol%
FeCl3

FeCl3 (mol%)
Yield of BHET
(%) EG/equiv.

Yield of BHET
(%)

1 22 15 31
2 30 23 22
5 21 31 19
12 12 — —

a Conditions: 3 hours reaction time at 190 °C.
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Fig. 5 1H NMR spectrum of BHET obtained by depolymerization reaction of PET with FeCl3.
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Table 4 gives an overview of two sets of screened depoly-
merization conditions. For both screenings, the reaction
temperature was set to 190 °C and the yield of BHET was
measured (by weighing the precipitated crystals, see Fig. 5) aer
a short reaction time of only 3 hours. Different catalyst loadings
Fig. 6 (a) PET bottle purchased from the Coca-Cola Company, (b) PET
package from ALDI-Süd Dienstleistungs-SE & Co. oHG used for orang
purchased from Decathlon.

442 | RSC Sustainability, 2024, 2, 435–444
(1 mol% to 12 mol%) were investigated, using 15 equiv. of EG.
Subsequently, the catalyst loading was set to 2 mol% and the
equivalents of EG were varied while screening for the highest
BHET yield.
bottle purchased from DM-Drogerie Markt GmbH+Co. KG, (c) plastic
es, (d) fleece pullover purchased from Decathlon, (e) bathing shorts

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Using 2 mol% FeCl3 in the depolymerization reaction with 1
equiv. PET and 15 equiv. EG led to highest yield of 31% BHET.
Fig. 5 shows the 1H NMR spectrum as well as a picture of the
obtained BHET solid. Decreasing the reaction temperature from
190 °C to 100 °C also decreased the yield of BHET from 31% to
14%. Thus, the reaction temperature inuences the depoly-
merization of PET as expected, but temperature was not further
optimized.

Antimony or titanium catalysts, such as TTIP or titanium(IV)
butoxide (TBO), are typically used in the industrial synthesis of
PET. Therefore, antimony(III)oxide as well as TBO were tested in
the depolymerization of PET for comparison. Using 2 mol% of
antimony(III)oxide in the reaction of Scheme 3, a yield of ∼26%
BHET was obtained aer 3 hours. Using 2 mol% of titanium(IV)
butoxide led to a similar yield of ∼26% BHET. Thus, FeCl3
resulted in slightly increased yields of BHET, further conrming
its good activity.

Furthermore, commercially available PET materials were
tested in the depolymerization reaction with FeCl3. Using this
catalyst, a more sustainable and cheap alternative for PET
recycling would be provided, as FeCl3 is abundant and the
catalyst can furthermore be considered comparably non-toxic.
Fig. 6 depicts the investigated materials. Before the depoly-
merization reaction was performed, these materials were cut
into akes (Fig. 6, bottom).

500 mg of these akes were used per depolymerization
reaction, mixed with 15 equiv. EG and 2 mol% FeCl3, then
heated to 190 °C for 3 hours. All materials were successfully
depolymerized, resulting in a similar yield of BHET ranging
from 65% to 68%. The increased yields of BHET compared to
the yields of synthesized PET (with 31% BHET yield, see Table 3)
might be caused due to catalyst leovers from the synthesis in
the used materials, as proven by ICP-OES measurements
(251 mg kg−1 of antimony were found in the akes of a coca cola
bottle).

Compared to results obtained by of Pingale, Palekar, and
Shukla60 a similar mixture of 1 : 14 equiv. PET to EG was used,
whereas we used a ratio of 1 : 15. The reaction time was
decreased from 8 hours to 3 hours in the here presented
depolymerization, both leading to yields >65% BHET. Thus, in
the overall process, FeCl3 gives a sufficient, cheap, and envi-
ronmentally friendly and cheap catalyst to depolymerize PET
materials successfully.

Conclusion

The deconvolution method was successfully used for the two-
step polycondensation reaction of FDCA and BDO, revealing
FeCl3 as an active, environmentally friendlier, and cheaper
catalyst compared to commonly used TTIP. Aer polymeriza-
tion, a solid polyester was obtained with Mn of 18 kDa and
a high Tg of 106 °C. Copolymerization reactions were performed
to tune the properties of this polyester. The introduction of AA
led to a decrease in Tg. Interestingly and importantly, the
identied comparably non-toxic and cheap catalyst FeCl3 was
further investigated in depolymerization reactions of PET. Here,
materials such as PET bottles, bathing shorts and eece were
© 2024 The Author(s). Published by the Royal Society of Chemistry
successfully depolymerized. Thus, FeCl3 was identied as cheap
andmore sustainable catalyst for polycondensation reactions to
polyesters and as well as for depolymerizations, closing the
cycle of a circular economy approach.
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