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Abstract
In this study, poly(vinyl alcohol) (PVA) was crosslinked via catalyst-free solid-state esterification at 120 °C with 2,5-
furandicarboxylic acid (FDCA) at concentrations ranging from 1 to 10%. The structural characterization of the obtained
products was carried out by attenuated total reflection Fourier transform infrared spectroscopy. The effects of ester crosslinks
on the water absorption properties of the modified products were investigated through swelling degree analysis. The
improvement in thermal properties of the obtained products was confirmed by thermal gravimetric analysis/differential
thermal analysis, which showed that thermal stability was optimal for low concentrations of FDCA, i.e., 1 and 5%, where
degradation maximums occurred at 354 and 371 °C, respectively, compared to 267 °C for unmodified PVA. The mechanical
properties of the products were also studied via tensile testing, where the tensile strength of the crosslinked PVA using 5%
FDCA (48.2 ± 2.6 MPa), doubled when compared to untreated PVA (25.5 ± 1.2 MPa).

Introduction

The commercialization of biodegradable polymers and their
derived blends or composites is important for achieving a
sustainable environment in the near future [1–3]. The uti-
lization of biodegradable products has been a promising
approach for addressing plastic pollution and facilitating
waste management [2, 4–6], and it encourages the devel-
opment of clean technologies. An example of biodegradable
polymers is poly(vinyl alcohol) (PVA), which has attracted
significant attention [7–9]. PVA is a thermoplastic, semi-
crystalline, and cost-effective polymer. It is widely com-
mercialized in a variety of applications, such as fabric and
paper sizing, fiber coatings, adhesives, emulsion poly-
merization, packaging, and agricultural films [10, 11].
However, further expansion of PVA applications is
restricted by its high level of water absorption. Water acts as
a plasticizer, which drastically reduces the mechanical

properties of PVA. In addition, the mechanical strength of
PVA is relatively low compared to other popular but non-
biodegradable synthetic polymers [12–14].

To overcome PVA’s high level of water absorption,
crosslinking is widely applied. PVA’s crosslinked structure
can be created by covalent bonds between polymer chains.
This process can be influenced based on the choice of
crosslinking agents, such as glutaraldehyde [15–18],
glyoxal [19], trisodium trimetaphosphate [20], boric acid
[21], maleic acid [22], fumaric acid [23], citric acid
[12, 24, 25], tartaric acid [26, 27], and succinic acid [28].
Crosslinking has an effect on the water absorption,
separation ability and thermal and mechanical properties of
PVA. However, in recent literature, there are only a limited
number of references regarding the use of aromatic
[14, 29, 30] or bioderived crosslinkers [12, 24–27].

A potential crosslinker is 2,5-furandicarboxylic acid
(FDCA), a renewable organic compound consisting of two
carboxylic acid groups attached to a central furan ring. It is
synthesized from 5-hydroxylmethylfurfuran [31–34], a
biological precursor that can be synthesized directly from
biomass [35–38]. FDCA has recently received a great deal
of interest as an alternative to the very common petro-
chemical monomer terephthalic acid, and it can replace this
monomer to synthesize biobased polymers with comparable
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properties [39–42]. The barrier properties of these polymers
are even superior to those of their terephthalic acid-based
counterparts [43–45]. In addition, because it is a diacid,
FDCA can be employed as a crosslinking agent to enhance
the properties of PVA. The presence of furan rings in the
PVA structure is expected to have a remarkably positive
effect on the thermomechanical properties of the product.

Recently, PVA was crosslinked with maleic anhydride
(MA) and FDCA under conventional heating and micro-
wave irradiation to obtain different PVA/MA and PVA/
FDCA membranes. The optimal crosslinking agent con-
centration, reaction time, and activation method were
examined [30]. However, the thermal and mechanical
properties of the product modified by FDCA have not been
investigated thoroughly [30].

In this study, the objective was to synthesize and char-
acterize the structure and properties of PVA-crosslink-
FDCA materials. The films were prepared by the solution
casting method starting from solutions of PVA and FDCA
in dimethyl sulfoxide (DMSO). The crosslinking reaction
was carried out via catalyst-free solid-state esterification at
120 °C. The formation of ester crosslinks between PVA and
FDCA was confirmed by Fourier transform infrared spec-
troscopy (FTIR). A swelling study was utilized to examine
the water absorption of the crosslinked PVAs. Their thermal
properties were evaluated using thermogravimetric analysis
(TGA). The improvement in the mechanical properties of
PVA-crosslink-FDCA films compared to PVA was inves-
tigated by tensile measurements.

Experimental procedure

Materials

PVA (CAS: 9002-89-5) (degree of polymerization, 1750 ±
50; degree of hydrolysis, 99%) was purchased from Shanghai
Zhanyun Chemical Co., Ltd (China). The hydrolysis degree
of PVA was obtained from 1H NMR. FDCA (CAS: 3238-49-
2) was provided by Sigma–Aldrich (USA). DMSO (CAS: 67-
68-5) was obtained from Merck (Germany). Other chemical
products were also purchased from Sigma–Aldrich (USA).
All chemicals were used as received.

Methods

As seen in Fig. 1, PVA-crosslink-FDCA films were pre-
pared by solution casting method. The PVA solution (5%
w/w) was prepared by dissolving PVA in DMSO at 50 °C
for 6 h. The obtained solution was mixed with an FDCA/
DMSO solution, and continued to be stirred for 2 h at room
temperature. Different acid concentrations (0, 1, 5, and 10%
(w/w)) with respect to PVA were used. The solutions were

poured into a petri dish and dried for 72 h at 50 °C to obtain
PVA films containing dissolved FDCA. The completely
dried FDCA/PVA films were crosslinked by heating at
120 °C in an oven for 2 h to obtain the PVA-crosslink-
FDCA films. The reaction between PVA and FDCA is
displayed in Fig. 2.

These films were then stored in a desiccator at ambient
temperature to avoid moisture uptake. Except for the
swelling study, all samples were equilibrated at the condi-
tions of 25 °C and 50% relative humidity (RH) before the
measurements.

Characterization of films

Fourier transform infrared spectroscopy (FTIR)

Infrared spectra of the samples were recorded on a Nicolet
iS50 FTIR (Thermo Fisher Scientific) spectrometer in
attenuated total reflection (ATR) mode. The specimens were
measured directly with a scan range from 400 to 4000 cm–1.

Swelling study

The swelling behavior of PVA and crosslinked PVA films
in deionized water was investigated at 25 °C. The swelling
degree (SD) was evaluated by the gravimetric method using
the difference between the weights of the dried samples and
the equilibrated films in water. First, dry films were cut into
2 cm × 2 cm pieces, weighed and then immersed in deio-
nized water for 24 h. Afterward, the samples were removed
from the water, and the remaining water on the surface of
the sample was removed before weighing. The SD was
calculated using the following equation:

SD %ð Þ ¼ WS �WD

WD
� 100

where WS is the weight of swollen samples and WD is the
weight of dry samples.

Thermal gravimetric analysis (TGA)

The thermal properties of all specimens were analyzed
under a nitrogen atmosphere on a Linseis STA PT1600
analyzer. The temperature was increased from 25 to 600 °C,
with a heating rate of 10 °C/min.

Tensile testing

The samples in the form of a thin film were cut into a
dumbbell shape with dimensions according to ASTM D882.
Young’s modulus, stress at break, and elongation at break
were determined using a Zwick Tensiler Z 2.5 testing
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machine with a load cell of 5 kN. The speed of the cross-
head was 1 mm/min, and testing was conducted at 25 °C
and 50% RH.

Results and discussion

Confirmation of the structure of the PVA-crosslink-
FDCA films

The FTIR spectra of PVA and PVA-crosslink-FDCA 5%
are shown in Fig. 3.

In the FTIR spectrum of PVA, an observed broad band
ranging from 3200 to 3500 cm−1 was assigned to the
stretching vibration of hydroxyl –OH groups. This finding
indicates the existence of intra- and intermolecular hydro-
gen bonding among the –OH groups of the PVA chains.
The stretching vibration of Csp3–H bonds was recorded at
2932 cm–1, including –CH and –CH2 stretching of PVA. A

peak at 1088 cm–1 was the C–O stretching vibration, while
an absorption signal at 1655 cm–1 was attributed to carbonyl
C=O stretching vibration. The slight absorption of C=O
corresponded to residual acetate groups, which remained
after the incomplete hydrolysis of poly(vinyl acetate)
[12, 25, 27].

Similarly, these signals were also detected in the FTIR
spectra of PVA-crosslink-FDCA 5% samples. However,
a decrease in the intensity of the O–H signal was
observed, and the maximum of this absorption band also
shifted slightly toward shorter wavelengths (3305 cm–1

compared to 3272 cm–1 of PVA), indicating that the
intensity of the hydrogen bonds between –OH groups was
reduced. A sharp peak appearing at 3442 cm–1 could be
due to the stretching vibration of –OH in the remaining
unreacted carboxyl groups. In addition, the intensity of
the characteristic signal of C=O groups at 1655 cm–1

increased in comparison to the corresponding signal of
PVA. Thus, the changes in intensities and positions of the

PVA/DMSO 5% solutions

PVA-FDCA x%/DMSO solutions

PVA-FDCA x% films

FDCA/DMSO solution

50oC, 72h, drying oven
Casting solutions into petri dish

PVA-crosslinked-FDCA x% film

120oC, 2 h, drying oven

x = 0, 1, 5, 10

PVA + DMSO

50oC, 6h, magnetic stirrer

Room temperature, 2h, magnetic stirrer

Fig. 1 Schematic overview of
PVA-crosslink-FDCA
preparation

PVA

FDCA

+

Fig. 2 Scheme of the crosslinking reaction between PVA and FDCA
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absorption signals of the O–H and C=O groups in the IR
spectra confirmed the formation of ester crosslinks
between the hydroxyl groups of PVA and carboxyl
groups of FDCA. In addition, characteristic signals of
furan rings were observed, such as Cfuran–H vibration at
approximately 2932 cm–1 and bending motions of furan at
963, 827, 784 cm–1. These signals demonstrated the pre-
sence of furan rings in the modified materials.

At different concentrations of FDCA, the PVA-
crosslink-FDCA samples exhibited noticeable variation
in the IR spectra (Fig. 4). The spectrum for the 1% FDCA
sample was identical to that for PVA. The absence of the
sharp peak at approximately 3400 cm–1 indicated com-
plete esterification. Meanwhile, a very broad band
between 2300 and 3600 cm–1 was observed in the spec-
trum for the 10% FDCA sample. This absorption band
was attributed to the absorption of carboxyl groups in the
carboxylic acid dimers, which could be explained by the
low solubility of FDCA in PVA [30]. At high con-
centrations, FDCA could aggregate to form its own phase
and not participate in the crosslinking reaction. The
existence of FCDA aggregates resulted in the appearance
of a broad absorption band between 2300 and 3600 cm–1.

The intensity ratios between the carbonyl band at
1655 cm–1 and the hydroxyl band at 3272 cm–1 increased
with the FDCA concentrations in the crosslinked PVA
samples. The ratio in PVA was 0.216. The ratios in PVA-
crosslink-FDCA 1%, PVA-crosslink-FDCA 5%, and
PVA-crosslink-FDCA 10% were 0.300, 1.088, and 5.500,
respectively. Thus, this result also confirmed the forma-
tion of crosslinking ester bonds between the hydroxyl
group of PVA and the carboxyl group of FDCA, as the
number of –OH groups decreased and the number of
C=O ester groups increased at higher FDCA concentra-
tions [12, 14, 25, 26].

Swelling properties in water

Table 1 shows the SD in water for samples with different
concentrations of FDCA and crosslinking times. Before
crosslinking, the SD of the unmodified film was 98.46%.
After 2 h of crosslinking, the SD decreased to 71.40% (1%
FDCA), 52.10% (5% FDCA), and 35.57% (10% FDCA). In
general, the SD decreased with increasing FDCA
concentration.

The high tendency for swelling of PVA in water is
linked to the large number of hydroxyl groups present and
the mobility of the PVA chains. The hydroxyl groups
easily form hydrogen bonds with water molecules, and the
absorbed water molecules lead to the movements of
polymer chains, causing an increase in dimensions and
hence swelling of polymer films. Meanwhile, the
mechanical properties also deteriorate. Crosslinking not
only reduces the number of hydroxyl groups on PVA but
also restricts the mobility of PVA chains relative to each
other by covalently bonding them and hence restricts the
absorption of water to fill in the space between PVA
chains. In summary, crosslinking plays a dual role in
controlling water absorption by limiting the movement of
the PVA chains and by reducing the number of hydroxyl
groups present.

On the other hand, from the swelling data, the crosslink
density (n) of crosslinked PVA can be evaluated by using
the Flory–Rehner equation [14, 27, 46]:

n ¼ � ln 1� vp
� �þ vp þ χv2p

Vo v
1
3
p � vp

2

� � ð1Þ

where vp is the volume fraction of the polymer in swollen
mass, χ is the Flory–Huggins polymer-solvent

Fig. 3 ATR-FTIR spectra of
PVA and PVA-crosslink-
FDCA 5%
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dimensionless interaction term (the value of χ is 0.49 taken
from the literature for this PVA-water system [47]), and Vo

is the molar volume of the solvent (18 ml/mol for water). vp
is related to the density of the solvent do (0.997 g/ml for
water), the density of the polymer dp (1.19 g/cm

3 for PVA),
and the SD:

vp ¼
1
dp

SD
do
þ 1

dp

ð2Þ

The results of these calculations are presented in Table 1.
Increasing FDCA concentrations were followed by a
respective increase in the crosslink densities. Furthermore,
the changes in SDs and crosslink densities with the
variation of FDCA concentrations were also indications of
the formation of ester crosslinks between PVA and FDCA.

Thermal properties

The thermal stability of PVA and the crosslinked PVA-
FDCA films heat-treated at 120 °C for 2 h was analyzed
using TGA measurements. TGA and derivative thermo-
gravimetric (DTGA) curves are presented in Figs. 5
and 6.

The thermal decomposition of PVA occurs in three main
stages [12, 14, 26]. The first stage occurring from 50 to
150 °C corresponds to the evaporation of bound and non-
bound water molecules. In fact, the water content in PVA
varies depending on several factors (humidity, temperature,

and storage conditions), which can explain the absence in
this region in the presented figures. The second intense peak
at 267 °C was attributed to dehydration, the elimination of
residual acetate groups, and chain scissions at these unhy-
drolyzed sites of PVA [48, 49]. The third decomposition
step was observed with a maximum at 420 °C and was
associated with chain scissions of polyenes and intramole-
cular cyclization [48, 49].

In the case of 1% and 5% FDCA concentrations, these
three distinct degradation steps can be observed as well. In
addition, there was an additional decomposition peak
between the previously described second and third stages.
This additional step was associated with the loss of most of
the products’ weights.

Similar to the degradation pattern of PVA, the first slight
weight loss was observed between 100 and 200 °C due to the
removal of water molecules. The peak in the 200–300 °C
region corresponded to dehydration, deacetylation, and chain
scissions. As crosslinking led to structures with a higher
thermal stability in this range, chain scissions and the release
of low-molecular-weight polyenes were observed to a lesser
extent. The main decomposition of PVA-crosslink-FDCA
occurred in the region of 300–400 °C. Thus, this decom-
position stage was likely due to the cleavage of FDCA
crosslinks [50] and C–C bonds of the main chains, which
resulted in the conversion of most of the crosslinked polymer
into gaseous products. Maximum decomposition for this stage
was observed at higher temperatures for higher concentrations
of FDCA (354 °C for 1% FDCA and 371 °C for 5% FDCA).

Fig. 4 ATR-FTIR spectra of (I)
PVA and the prepared films, (II)
PVA-crosslink-FDCA 1%, (III)
5%, and (IV) 10%

Table 1 Dependence of swelling
degree and crosslink density on
FDCA concentrations

FDCA concentration (%) 0 1 5 10

Swelling degree (%) 98.46 ± 1.84 71.40 ± 1.39 52.10 ± 3.70 35.57 ± 0.67

Crosslink density (10–3 mol/cm3) 9.55 15.94 27.38
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The final step between 400 and 500 °C resulted from the
complete decomposition of any remaining residues.

The decomposition pattern of PVA-crosslink-FDCA 10%
differed from the other two concentrations. Hardly any
additional degradation steps were observed when compared
to PVA, and more weight was lost in the 200–350 °C
regions when compared to the 1 and 5% FDCA samples.
The higher density of crosslinks with very rigid FDCA
molecules could lead to PVA chains being constrained in
unstable conformations after crosslinking. These chains were
then already susceptible to chain scission at the early stage
of degradation, which generated free radicals and initiated
further propagating chain cleavage. However, the decom-
position maximum of the second stage shifted to a higher
temperature than that of PVA; therefore, an improvement in
the thermal stability of PVA was still observed in this case.

Mechanical properties

The mechanical properties, such as Young’s modulus, stress
at break, and elongation at break, were investigated at 25 °C
and 50% RH. Typical strain–stress curves of PVA and
crosslinked PVAs are shown in Fig. 7. In Table 2 and
Fig. 7, we can see that the elongation at break of PVA and
PVA-crosslink-FDCA was quite similar. This implies that
crosslinking using FDCA concentrations lower than 10%
does not exert a noticeable effect on the elongation at break
of PVA. These samples also exhibited quite similar
strain–stress behaviors, which were typical for ductile and
tough plastics. On the other hand, Young’s modulus of the
PVA films increased with the addition of FDCA, thus
implying that the stiffness of the samples increased.

Similarly, at low FDCA concentrations (1% and 5%), the
stress at break of PVA-crosslink-FDCA samples was found
to significantly improve compared to that of PVA, which
was attributed to the effect of crosslinks present in the
sample. However, the response between the stresses at
break and the higher FDCA concentration became some-
what less notable. There was no significant increase in
tensile strength, and the strain–stress curves of the samples
with 5 and 10% FDCA were identical. This finding is
probably related to the tendency to form one-sided cross-
links and intramolecular crosslinks at high concentrations of
dicarboxylic acid, which do not have a favorable correlation
with the strength of crosslinked PVA [14]. In addition,
FDCA aggregation due to low solubility in PVA (as pre-
viously discussed) reduced crosslinking efficiency. Overall,
we confirm the efficiency of the crosslinking in the samples
formed by FDCA, and the mechanical properties are in
good agreement with the thermal properties.

Conclusion

The swelling behavior and thermal and mechanical
properties of biodegradable PVA were successfully tuned
by crosslinking with a biobased FDCA crosslinker. The
SD of PVA decreased from 98 to 36% at an FDCA
concentration of 10%. The thermal stability of PVA was
improved significantly, especially at low FDCA con-
centrations of 1 and 5%, where degradation maximums
occurred at 354 and 371 °C, respectively, compared to
267 °C for unmodified PVA. A twofold increase in tensile
strength for the biodegradable PVA was achieved by

Fig. 5 TGA curves of PVA and
PVA-crosslink-FDCA
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crosslinking with 5% FDCA. In addition, the elongation
at break remained constant compared to that of PVA. A
higher concentration of FDCA did not result in further
improvements in either the thermal or mechanical prop-
erties. Furthermore, lower concentrations of the cross-
linker are also expected to be beneficial in terms of the

biodegradation of PVA since a high crosslink density
distorts both the microstructure and morphology of the
polymer. In conclusion, we demonstrated that FDCA can
be a potential biobased crosslinking agent for PVA in an
attempt to improve the thermomechanical properties of
this biodegradable polymer.

Fig. 6 DTGA curves of PVA
and PVA-crosslink-FDCA

Fig. 7 Strain–stress curves of
PVA and PVA-crosslink-FDCA

Table 2 Young’s modulus,
tensile strength, and elongation
at break of PVA and crosslinked
PVA with various
concentrations of FDCA at 1, 5,
and 10%

Sample Elongation at break (%) Young’s modulus (MPa) Tensile strength (MPa)

PVA 273 ± 31 352 ± 15 25.5 ± 1.2

PVA-crosslink-FDCA 1% 268 ± 22 377 ± 24 33.0 ± 0.5

PVA-crosslink-FDCA 5% 282 ± 35 483 ± 27 48.2 ± 2.6

PVA-crosslink-FDCA 10% 275 ± 16 505 ± 18 49.1 ± 3.1
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