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The need to improve the environmental friendliness and achieve the recycling of resins is an ongoing

process for hot-melt adhesive technology. In this work, a new type of thermoreversible crosslinking hot-

melt adhesive-based Diels Alder (DA) reaction was prepared. The critical idea was to efficiently initiate

the esterification to yield furoic acid (FA)-grafted poly(vinyl alcohol) (PVA-g-FA), and then PVA-g-FA was

mixed with N,N0-(4,40-methylenediphenyl)dimaleimide (MDI) to finally obtain the thermoreversible

crosslinking adhesive (PVA-g-FA/MDI). The experimental results indicated that the reversibility of the DA

reaction between the furan rings and the maleimide groups allowed PVA-g-FA/MDI to be dynamically

crosslinked. It was able to crosslink at a temperature of 80 �C and decrosslink at 120 �C. Moreover, the

performances of hot-melt adhesive were investigated. The PVA-g-FA/MDI had a better peeling strength

(43.33 N mm�1), bond strength (11.84 MPa), and thermal conductivity (0.263 W m�1 K�1) than PVA resins.

The light-transmittance and haze value were 52.8% and 12.24&, respectively. The PVA-g-FA/MDI resin

could be reused more than two times.
1. Introduction

Heat-seal adhesives (HSAs) are widely used in all aspects of life,
such as textiles, furniture, home appliances, cultural relics
protection, packaging and medical consumables.1–5 The exist-
ing thermoplastic and thermoset HSAs have certain shortcom-
ings. The adhesion strength and solvent resistance of
thermoplastic-HMAs are relatively poor owing to their linear
structure. Thermoset-HMAs are non-reworkable and unrecy-
clable with low initial adhesion strength. Thermoset-HMAs are
a popular choice of adhesives on account of their high perfor-
mance, durability and versatility.6 However, irreversibly cross-
linked polymer networks do not facilitate the re-use or recycling
of materials.

There was a growing interest in the re-use or recycling of
HMAs, which comprise chemical crosslinks that were dynamic
under specic stimuli, potentially enabling recyclability. These
dynamic crosslinking bonds included transesterication using
ester/hydroxyl groups,7,8 transesterication using boronic
esters,9 the dynamic exchange of thioesters with thiols,10,11 and
others.12–17 However, while these recyclable adhesives were
recyclable and degradable, their heat resistance andmechanical
properties were reduced. For example, the former are unstable
aer 1 hour at 90 �C due to side reactions, whereas the latter are
unstable above 120 �C due to thioester decomposition.9
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The (retro-) Diel–Alder reaction (DA reaction) between the
maleimide and furan groups had been used in the re-use or
recycling of HMAs. For example, L. M. Sridhar6 synthesized
maleimide-functional telechelic prepolymers and polyfunc-
tional furan crosslinkers via facile techniques. Then, they were
mixed with solvent-free polyester and poly(ester urethane) at
moderate temperatures to prepare reusable HSAs. The reusable
HSAs were shown to be thermally stable up to 150 �C. The
adhesive and bonded substrates could be re-used repeatedly
without the use of solvents. M. Y. Wu18 synthesized a poly-
urethane hot-melt adhesive (CDI-PUR-DA) via the introduction
of a thermally reversible covalent Diels–Alder adduct into the
polyurethane main chain. CDI-PUR-DA also exhibited good
adhesive properties even aer 3 times adhesion. In the study of
appeal, the Diels–Alder functional groups were involved in the
resin in the form of monomers or end groups. As a result, most
of the reusable HSAs were linear products with uncontrollable
molecular weight, poor mechanical properties, heat resistance
and solvent resistance. Therefore, the development of new HSAs
with high molecular weight and intermolecular reversible
crosslinking had become a hot spot.

Traditional hot-melt adhesives such as ethylene vinyl acetate
(EVA) are based upon thermoplastic resins, which could be
cured by peroxide initiators to form thermoset HSAs. Aer
curing, the mechanical properties and heat resistance of EVA
were greatly improved. Inspired by EVA HSAs and DA reac-
tion,19–21 we designed a new thermoreversible crosslinked hot-
melt adhesive. The critical idea was to create a DA derivative-
based thermoreversible crosslinked resin by taking poly(vinyl
alcohol) macromolecular resin as a matrix, and introducing
RSC Adv., 2021, 11, 32565–32572 | 32565
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functional groups into the side chain as crosslinking points.22,23

The developed thermoreversible crosslinked hot-melt adhesive
could be reused, and the adhesive exhibits excellent thermo and
mechanical properties.

2. Experimental section
2.1 Materials and reagents

Poly(vinyl alcohol)-1799 (PVA-1799, alcoholysis degree 98–99%),
furoic acid (FA, AR, 99%), ditin butyl dilaurate (DBD, CP, 95%),
N,N0-dimethyformamide (DMF, AR, 99%), N,N0-dicyclohex-
ycarbodiimide (DCCD, AR, 99%) and ethyl acetate (AR, 99%)
were purchased from Aladdin Chemical Reagent Co, Ltd.,
Shanghai, China. N,N'-(4,40-Methylenediphenyl)dimaleimide
(MDI, AR, 99.0%) was supplied by Honghu City Shuangma New
Material tch Co., Ltd (China).

2.2 Synthesis of PVA-g-FA

PVA-g-FA was synthesized by the esterication reaction (Scheme
1). PVA (5.0 g) was completely dissolved in 50 mL DMF at 120 �C
in a 150 mL three-neck round-bottom ask. Aer cooling down
to 100 �C, FA (5.0 g) and N,N0-dicyclohexycarbodiimide (1.0 mL,
as dehydrating agent) were added under stirring. Then, the
catalyst di-butyl dilaurate was added dropwise into the ask.
The reaction lasted for 24 h at 88 �C under a nitrogen atmo-
sphere. The excess solvent was removed by a rotary evaporator.
Finally, the raw product (light brown viscous liquid) was
extracted and puried by ethyl acetate, and dried in a vacuum at
60 �C for 24 h.

2.3 Preparation of the PVA-FA/MDI resins

PVA-g-FA was completely dissolved in 50.0 mL DMF at 100 �C in
a 150 mL three-neck round-bottom ask. Then, the MDI was
added under stirring. The mixing lasted for 0.5 h under
a nitrogen atmosphere. The mixed solution was poured into
a silicone mold. The excess solvent was removed by a rotary
evaporator. Finally, the product was extracted and puried by
ethyl acetate, and dried in a vacuum at 60 �C for 24 h.

2.4 Characterizations

Samples of PVA and PVA-g-FA/MDI were prepared in the form of
a lm (0.20 mm thick). A ThermoFisher IS10 Fourier trans-
formation infrared spectrometer was used to record Fourier
transform infrared (FT-IR) spectra. The spectra were obtained in
the range of 4000–525 cm�1. The number of scans was 32 at the
Scheme 1 Synthesis of PVA-g-FA.

32566 | RSC Adv., 2021, 11, 32565–32572
resolution of 2 cm�1. 1H NMR spectra of the samples were
measured by a VARIAN Mercury-Plus 300 (300 MHz) with
dimethyl sulfoxide (DMSO-d6) as the solvent. Differential
scanning calorimetry (DSC) measurements were performed on
a TA Instruments DSC 2500 (at a heating rate of 10 �C min�1,
a nitrogen purge, and an empty aluminum pan as the refer-
ence). Thermogravimetric analysis was examined by a TA
Instruments DSC 2500 (at a heating rate of 10 �C min�1,
nitrogen purge) and using a nitrogen purge.

To trace the thermoreversible crosslinking reaction of PVA-g-
FA/MDI, the gel contents (CR%) of the PVA-g-FA/MDI resin were
tested by DMF extraction method (technically equivalent to the
standard ISO 16152 and ASTM D5492), and calculated accord-
ing to the following eqn (1):

GC% ¼ (W1 � W2)/W1 � 100% (1)

In the equation,W1 was the weight of the PVA-g-FA/MDI resin
before extraction, and W2 was the weight of the resin aer
extraction.

For a quantitative description of the performance for the hot-
melt adhesive, (1) the adhesion strength of the PVA-g-FA/MDI
resin in the glass/resin system was performed on a universal
testing machine, model H10K-S (Hounseld, the United
Kingdom) according to ISO 8510-2 at a crosshead speed of 5
cm min�1. Each value obtained represented the average of nine
samples. (2) To determine the bond strength of the PVA adhe-
sive samples, the dry adhesive strength of the PVA samples was
determined using block shear tests of the dry glued samples
according to ASTM D905-98. (3) The light transmittance and
haze value of the light reversible crosslinking resin were tested
on a transmittance haze meter, model LH-206 (China) accord-
ing to ASTM D-1003. (4) The thermal conductivity was tested by
a thermal conductivity tester (DRM-2, China). The sample size
was at least 20 mm � 20 mm � 3 mm. (5) The electrical insu-
lation properties of resin were tested by a high-resistance meter
(Agilent 4339B, United States of America). The sample size was
at least 20 mm � 20 mm � 3 mm. The wide measurement
range was 103 U cm�1 to 1.6 � 1016 U cm�1 with a 10 ms high-
speed measurement.
3. Results and discussion
3.1 Synthesis of PVA-g-FA

PVA-g-FA was synthesized by esterication reaction under the
catalysis of dith-butyl dilaurate. FTIR and 1H NMR measure-
ments were used to conrm the esterication gra reaction.
The FTIR spectra For PVA are shown in Fig. 1a. The two peaks at
1459 and 1333 cm�1 suggested the presence of –CH2 in the
backbone. The peaks at 2927 and 2838 cm�1 represented –CH2

in the backbone stretching vibrations absorption. In addition,
the peak at 3329 cm�1 represented the –OH group in the
backbone stretching vibrations absorption. For PVA-g-FA
(Fig. 1b), the most striking difference with the PVA sample was
the appearance of a peak at 1711 cm�1, which represented the
ester C]O absorption (including the contribution of a con-
jugative effect of phenyl), and that at 1661 cm�1 was related to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FTIR spectra of PVA and PVA-g-FA.
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the C]C of phenyl absorption. The peaks at 1380, 1182 and
1107 cm�1 represented the C–O–C absorption in the furan
group of PVA-g-FA. The changes in the FTIR spectra proved that
PVA-g-FA was synthesized successfully by esterication
reaction.24–27

1H NMR measurements were conducted to further investi-
gate the synthesis of PVA-g-FA. The results of the 1H NMR
Fig. 2 1H NMR spectra of PVA (a), FA (b) and PVA-g-FA (c).

© 2021 The Author(s). Published by the Royal Society of Chemistry
measurements are shown in Fig. 2. As shown in Fig. 2a, the
protons of the PVA backbone were correlated to peaks at 1.20,
1.23, 1.30 and 1.45 ppm, the protons of –CH2-OH were assigned
to peaks at 3.33 ppm, and the protons of –OH were observed at
2.48 ppm. For the samples, the protons of the furan rings in FA
(Fig. 2b) were related to peaks at 6.61, 7.16 and 7.88 ppm, while
the protons of the carbonyl were observed at 11.10 ppm. For the
samples of PVA-g-FA, characteristic peaks of FA (such as protons
of aromatic rings at 6.39, 7.08 and 7.91 ppm) were found in the
1H NMR spectra of PVA-g-FA. Therefore, a conclusion could be
drawn that PVA-g-FA was synthesized successfully by esteri-
cation reaction under the catalysis of dith-butyl dilaurate.22–25
3.2 Thermo analysis

Fig. 3 presents the TG experimental results of PVA and PVA-g-
FA. For PVA (a), which had the best thermal stability, its initial
decomposition temperature (IDT) was about 230 �C. A signi-
cant mass loss occurred within the temperature range of 230–
350 �C with a mass loss rate of 82.2%. This decomposition was
due to the pyrolysis of PVA. The weight loss observed in this
temperature range was related to some volatile products, such
as carbon dioxide, other lower aldehydes and ketones.23 For
PVA-g-FA (e), the IDT was about 200 �C and a signicant mass
loss occurs within the temperature range of 200–375 �C with
a mass loss ester group and backbone in PVA-g-FA. The
RSC Adv., 2021, 11, 32565–32572 | 32567
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Fig. 3 TG curves of PVA and PVA-g-FA.
Fig. 4 DSC curves of PVA, PVA-g-FA and PVA-g-FA/MDI.

Scheme 2 Thermo-reversible crosslinking reaction of PVA-FA/MDI.
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decomposition temperature of the ester group was generally
lower than 300 �C. It was the pyrolysis of the ester group
between 265–300 �C. The weight loss rate, that was, the graing
rate of PVA-g-FA, was 34%. Then, the decomposition of the
ethylene unit and ungraed vinyl acetate unit occurs within the
temperature range of 375–488 �C. TG analysis showed that PVA-
g-FA was thermally stable up to 265 �C. This behaviour far
exceeds the thermal stability reported for epoxy adhesives from
Diels–Alder networks comprising maleimide/furan functional
groups28 and acrylic polymers from hetero-Diels–Alder networks
based on thioesters.29

In addition, the graing reaction of the resin was optimized
by TG analysis. It could be seen from Fig. 3 that the lower
temperature (at 80 �C, Fig. 3b) was not conducive to the graing
reaction. The graing rate of the resin was improved by
increasing the temperature to 88 �C and prolonging the reaction
time. The highest graing rate was 34% at 88 �C and 24 hours
(Fig. 3e). Further prolonging the reaction time aggravates the
reverse reaction, and reduces the graing rate (Fig. 3f). Higher
graing rate means higher crosslinking degree. Therefore, we
could optimize the best graing reaction conditions (as show in
2.2. Synthesis of PVA-g-FA).

The DSC melting endotherms corresponding to the second
heating scans for PVA and PVA-g-FA are shown in Fig. 4. Con-
cerning the second heating scan of PVA, the melting endo-
therms occurred at 100–110 �C with an endothermic peak. This
phenomenon was caused by strong hydrogen bond interac-
tions, both inter and intra-molecular, as well as successive self-
nucleation, which reduced the free volume of the polymer
chains. For a sample of PVA-g-FA, the melting endotherms at
100–110 �C disappeared, and were replaced by an endothermic
peak at about 60 �C and an endothermic platform at about 0–
10 �C. These correspond to the melting temperature and glass
transition temperature of PVA-g-FA, respectively, indicating that
FA was graed into the backbone of PVA successfully. For
a sample of PVA-g-FA/MDI, the DSC curves showed a completely
different trend. There was an exotherm peak at 80 �C that
appeared aer the melting endothermic peak of PVA-g-FA at
60 �C, implying the crosslinking of PVA-g-FA/MDI.
32568 | RSC Adv., 2021, 11, 32565–32572
Simultaneously, an endothermic peak at 120 �C indicated the
decrosslinking of PVA-g-FA/MDI. Therefore, the conditions of
thermo-reversible crosslinking reactions (Scheme 2) could be
optimized with the temperature of crosslinking at 80 �C and the
temperature of decrosslinking at 120 �C.22–25

In order to further optimize the conditions of the thermo-
reversible crosslinking reaction, the gel content of the samples
was calculated by N,N-dimethylformamide (DMF) extraction
method. Table 1 shows the inuence of the N,N0-4,40-diphenyl-
methane bismaleimide (MDI) amount on the gel content of PVA-
g-FA/MDI. It could be seen from the table that the gel contents of
the PVA-g-FA/MDI resin increase with the content of MDI. When
the ratio of PVA-g-FA : MDI was 2.0 g : 0.4 g, the gel content of the
resin reached a maximum of 83.2%. Then, the gel content of the
resin decreased with increasingMDI. Therefore, the optimal ratio
of PVA-g-FA : MDI was 2.0 g : 0.4 g.

Table 2 shows the gel contents of PVA-g-FA/MDI, which
showed a trend of increasing with crosslinking time under
80 �C.When the crosslinking time was 1 h, the gel content of the
PVA-g-FA/MDI resin reached a maximum of 82.1%. Because the
thermoreversible crosslinking was partially reversible,30–33 aer
decrosslinking at 120 �C for 2 h, a portion of the PVA-FA/MDI
resin was converted into the linear polymer. The gel content
of the PVA-g-FA/MDI resin was reduced to approximately 4.3%.
In summary, the optimal condition of the thermoreversible
crosslinking reaction was PVA-g-FA : MDI of 2.0 g : 0.4 g and
a crosslinking time of 2 h at 80 �C.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The influence of the MDI content on the gel content of PVA-g-FA/MDI

PVA-g-FA : MDI
Gel content of PVA-g-FA/MDI
crosslinked at 80 �C

Gel content of PVA-g-FA/MDI
decrosslinked at 120 �C

2.0 g : 0.2 g 65.9% (�1.20%) 3.2% (�0.22%)
2.0 g : 0.4 g 82.2% (�0.81%) 5.4% (�0.14%)
2.0 g : 0.6 g 74.2% (�0.52%) 4.3% (�0.17%)
2.0 g : 0.8 g 72.1% (�0.66%) 4.1% (�0.25%)
2.0 g : 1.0 g 62.9% (�0.83%) 3.6% (�0.24%)

Table 2 The influence of the curing time for the gel content of PVA-g-FA/MDI

PVA-g-FA/MDI (2.0 g:0.4 g) 0.5 h 1 h 1.5 h 2 h 2.5 h 3 h

Gel content of PVA-g-FA/MDI crosslinked
at 80 �C

65.3% (�0.98%) 73.6% (�0.65%) 77.5% (�0.73%) 82.1% (�0.68%) 81.9% (�0.85%) 81.2% (�0.75%)

Gel content of PVA-g-FA/MDI
decrosslinked at 120 �C

3.2% (�0.33%) 3.9% (�0.27%) 4.2% (�0.18%) 4.3% (�0.22%) 4.4% (�0.11%) 4.3% (�0.32%)

Table 4 Peeling strength of PVA and PVA-g-FA/MDI

Sample Mean (N mm�1)
Std. deviation
(%)

PVA 23.22 0.89275
PVA-g-FA/MDI 43.33 1.04403
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3.3 Reusability

The reusability of PVA-g-FA/MDI was also tested by extraction
method. The DMF extraction results of the PVA-g-FA/MDI
samples of different reuse times are shown in Table 3. It
could be seen from Table 3 that PVA-g-FA/MDI undergoes
crosslinking aer heating at 80 �C, and the crosslinking degree
of the sample was 82.1%. When the recovered samples were
used for the rst time, the degree of cross-linking drops to
73.2%. These values were reduced to 70.4% and 63.1% for the
samples used for the second time and third time, respectively. If
the critical service condition was 70% crosslinking degree, the
crosslinking degree of the resin decreased greatly aer being
reused twice, which needs further improvement.

3.4 Adhesive performance

The bonding property was one of the most important properties
of the heat-seal adhesive,26 which could be directly reected by
the peel strength.27 For samples of PVA-g-FA/MDI, the peel
strength increased to 43.33 N mm�1, which was 94.8% higher
than that of PVA (Table 4). This bond strength was higher than
that of themodied PVA recorded in the relevant literature (10.3
MPa),34 and is also signicantly higher than that of similar
reversible crosslinking hot-melt adhesives (7.3 MPa).18

The bond strength increased to 11.84 MPa, which was 49.5%
higher than that of PVA (Table 5). The improvement of adhesion
could be attributed to the high polarity of PVA-g-FA/MDI. The furyl
Table 3 Crosslinking degree of the reused PVA-g-FA/MDI

PVA-g-FA/MDI (2.0 g : 0.4 g)

Reused times

0 1

Crosslinking degree (%) 82.1 (�0.61%) 7
Decrosslinking degree (%) 5.1 (�0.46%) 7

© 2021 The Author(s). Published by the Royal Society of Chemistry
groups that were graed into the molecular chain, as well as MDI,
lead PVA-g-FA/MDI to a stronger polar polymer (Fig. 5).26,27 It is
shown in Fig. 4 that the contact angle of PVA with water was 90.50�

and 32.53� with diiodomethane. The contact angles of PVA-g-FA/
MDI decreased to 25.34� withwater and 37.72� with diiodomethane.

To verify the analysis from the viewpoint of thermody-
namics, the surface energies, g, of the related materials were
measured, in which gd and gp represent the dispersion and
polar parts, respectively.21 Accordingly, the work of adhesion,W,
can be calculated from:

WAB ¼ 2

ffiffiffiffiffiffiffiffiffiffiffi
gd
Ag

d
B

q
þ 2

ffiffiffiffiffiffiffiffiffiffiffi
g
p
Ag

p
B

q
(2)

where the subscripts A and B denote the material pairs in
contact. From the data in Table 6, the work of adhesion between
glass and PVA was 79.1 mJ m�2, while the work of adhesion
between glass and PVA-g-FA/MDI was 101.6 mJ m�2. Evidently,
a large amount of energy was consumed when breaking the
2 3

3.2 (�0.46%) 70.4 (�0.58%) 63.1 (�0.87%)
.5 (�0.29%) 8.3 (�0.31%) 10.2 (�0.25%)

RSC Adv., 2021, 11, 32565–32572 | 32569
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Table 5 Bond strength of PVA and PVA-g-FA/MDI

Sample Mean (MPa)
Std. deviation
(%)

PVA 7.92 0.76335
PVA-g-FA/MDI 11.84 0.89532

Fig. 5 Contact angle of (a) PVA with water; (b) PVA with diiodo-
methane; (c) PVA-g-FA/MDI with water; (d) PVA-g-FA/MDI with
diiodomethane.

Fig. 6 Thermal conductivity of PVA and PVA-g-FA/MDI.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
O

ct
ob

er
 2

02
1.

 D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
5:

16
:2

1 
PM

. 
 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
joint of glass/PVA-g-FA/MDI apart. This means that the resin
provided good adhesion to the polar substrates.
3.5 Optical property

The light transmittance and haze value of PVA-g-FA, PVA-g-FA/
MDI were tested and the results are shown in Table 7. For the
sample of PVA-g-FA, the light transmittance and haze value were
Table 6 Components of the surface free energies of PVA and PVA-g-
FA/MDI

Materials g (mJ m�2) gd (mJ m�2) gp (mJ m�2)

Glass 46.10 31.01 15.09
PVA 43.72 43.14 0.58
PVA-g-FA 59.32 24.92 34.40

Table 7 Light transmittance and haze value of PVA, PVA-g-FA and
PVA-g-FA/MDI

Samples PVA-g-FA PVA-g-FA/MDI

Light transmittance (%) 56.9 52.8
Std. deviation (%) 1.12114 1.23318
Haze value (&) 8.56 12.24
Std. deviation (%) 0.78823 0.84931

32570 | RSC Adv., 2021, 11, 32565–32572
56.9% and 8.56&, respectively. The light transmittance and
haze value of PVA-g-FA/MDI decreased to 52.8%, and 12.24&,
respectively. This could be due to the graed furyl group and
added bismaleimide, which has a strong absorption of ultravi-
olet light, affecting the optical property of resins.

3.6 Thermal conductivity

Because hot-melt adhesives were widely used in electronic
packaging, medical problems, and other applications, proper-
ties such as thermal conductivity and electrical insulation were
very important for the heat-seal adhesive. Fig. 6 shows the
thermal conductivity of therma-reversible crosslinked PVA-g-FA/
MDI. The thermal conductivity of the PVA-g-FA/MDI resin was
0.263 W m�1 K�1. In heat transfer, conduction (or heat
conduction) was the transfer of thermal energy between regions
of matter due to a temperature gradient. Heat always ows from
a region of higher temperature to a region of lower temperature,
and results in the elimination of temperature differences by
establishing thermal equilibrium.35,36 In solids, it is due to the
combination of vibrations of the molecules in a lattice or
phonons with the energy transported by free electrons. Side
chains of furyl groups, which were considered as heat transfers,
were graed into themolecular chain of PVA-g-FA. However, it is
difficult for the spaced-apart furyl groups to form an effective
electron transmission channel. Thus, the thermal performance
of PVA-g-FA/MDI improved, but it was difficult to achieve
excellent thermal conductivity.

3.7 Electrical insulation property

Table 8 lists the bulk electrical resistivity of PVA and PVA-g-FA/
MDI resin. For a sample of PVA, this value was 3.18 � 1015
Table 8 Bulk electrical resistivity of PVA, PVA-g-FA and PVA-g-FA/
MDI

Samples Mean (U cm�1)
Std. deviation
(%)

PVA 3.18 0.03911
PVA-g-FA/MDI 2.92 0.04225

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Tensile performance of PVA-g-FA/MDI

Samples

Uncrosslinked PVA-g-
FA/MDI

Crosslinked PVA-g-
FA/MDI

Mean Std. deviation Mean Std. deviation

Tensile strength (MPa) 14.22 1.36 15.05 1.55
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U cm�1. The bulk electrical resistivity of PVA-g-FA/MDI was 2.92
� 1015 U cm�1. This could be due to the introduction of a furyl
group in the molecular chain. However, it was fortunate that the
electrical insulation performance of PVA-g-FA still met the
requirements of 1015 U cm�1 for practical application.

3.8 Tensile performance

The tensile strengths of PVA-g-FA/MDI before and aer cross-
linking were compared. The test result was the average of ve
repeated tests. According to the test results in Table 9, the
tensile strength of uncrosslinked PVA-g-FA/MDI was 14.22 MPa.
Meanwhile, for the sample of crosslinked PVA-g-FA/MDI, the
tensile strength was 15.05 MPa. This showed that PVA-g-FA/MDI
had better mechanical properties. Crosslinking improved the
mechanical properties of the resin.37

4. Conclusion

From the original intention of environmental protection, a new
type of thermoreversible crosslinking hot-melt adhesive (PVA-g-
FA/MDI) was prepared based on Diels–Alder reaction. Speci-
cally, furoic acid (FA) was graed into PVA successfully, and
then mixed with MDI. The thermo-reversible crosslinking
reaction was veried by DSC, showing that the resin was
crosslinked at a temperature of 80 �C and decrosslinked at
120 �C. The optimal condition of the thermoreversible cross-
linking reaction was PVA-g-FA : MDI of 2.0 g : 0.4 g and cross-
linking time of 2 h at 80 �C. Performances of PVA-g-FA/MDI for
the hot-melt adhesive were also investigated. Without any
additives, PVA-g-FA/MDI had a better peeling strength (43.33 N
mm�1), bond strength (11.84 MPa), and thermal conductivity
(0.263Wm�1 K�1) than PVA resins. The light-transmittance and
haze value of PVA-g-FA/MDI are 52.8% and 12.24&, respectively.
The bulk electrical resistivity is 2.92 � 1015 W cm�1. The tensile
strength reaches 15.05 MPa. This research provides a new idea
for exploring the recycling technology of the hot-melt adhesive.
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