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The water-soluble phenolic resin (PF) and the poly(vinyl alcohol) (PVA) modified phenolic resin (PPF) were synthesized
by alkali catalysis method. Both were used as curing agents to blend with the polyvinyl acetate (PVAc) emulsion. The obtained PF,
PPF and blending emulsion were characterized by FT-IR, DSC, DLS, TEM, and viscosity analysis. The thermal stability of latex films
was enhanced after blending. When the PF and PPF content was up to 15 wt %, the peel strength of the blending emulsion increased
from 17.89 N/25 mm to 21.32 N/25 mm and 23.37 N/25 mm and the shear impact strength were 1.4 and 1.6 times that of unmodified emulsion adhesive, respectively. Moreover, the modification effect of PPF was better than PF due to its tough crosslinked network. Finally, layer cohesion played an increasingly important role in bonding forces with the increment of the PPF content by the
C 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46448.
glue residue analysis. V
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INTRODUCTION

The research of waterborne adhesives has increased in recent
years, because it is a natural polymer or synthetic polymer as a
binder and water as a solvent or dispersant, replacing the toxic
organic solvents and meeting the environmental regulations that
require the removal of volatile organic compounds.1–3 The
polyvinyl acetate (PVAc) emulsion is one of the major waterborne emulsion adhesives with high bonding strength, excellent
color retention, safe, pollution-free, extensive source of raw
materials, low production costs, and so on. It can be synthesized with high solid content by seeded semi-continuous emulsion polymerization and mainly used in wood processing,
packaging materials, fabric bonding, furniture assembly, construction, and other fields.4,5 However, PVAc emulsion also
exists some shortcomings, such as poor mechanical properties,
poor water resistance, low heat resistance, low cohesion, and
easy to creep. Therefore, the use of PVAc emulsion adhesive is
limited in many conditions due to these shortcomings.6 Lots of
researches have been done on the modification of the emulsion
adhesive and many modified methods have been put forward.
Khan et al.7 prepared composites of PVAc reinforced with solution exfoliated graphene. They observed the adhesive strength
and toughness of the composites were up to 4 and 7 times
higher than the pristine polymer on addition of 0.1 vol %
grapheme. Fang et al.8 synthesized acrylic pressure sensitive
adhesive via a starved monomer-seeded semi-continuous

emulsion polymerization process with the trifunctional monomer triallyl isocyanurate (TAIC), they found that the thermal
stability of the polymers was improved significantly with the
addition of TAIC. Moreover, the shear strength was improved
greatly while at the sacrifice of loop tack and peel strength.
Therefore, the emulsion adhesive is mainly modified by the
additive modification, copolymerization and blending modification in recent years.5,9–13 In addition, many waterborne adhesives need to undergo heating curing at the final stage and
PVAc emulsion adhesive is a very common thermosetting
adhesive. For thermosets, the proper crosslinking density and
structure provide thermosets with desirable mechanical properties and thermal stability and some significant researches has
been done.14–16 Zhao and Abu-Omar17 used three modification
methods, such as improved molecular weight, orientation, or
the number of functional groups, to increase the crosslinking
density of biobased epoxy networks based on 2-methoxy-4propylphenol and they found that networks with higher
crosslinking density exhibited greater mechanical and thermal
performance. Therefore, the design of crosslinked structure is
extremely important, thermosetting adhesives are no exception.6,18 Li et al.19 blended the soybean meal-based adhesive
with the modified sepiolite to form a united crosslinked network to compliment the water resistance. It is crucial to choose
a proper curing agent and form a suitable crosslinked structure
so that the comprehensive performance of the adhesive can be
improved during the curing process.

C 2018 Wiley Periodicals, Inc.
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The research and application of phenolic resin (PF) have been
around for over a hundred years. It has been widely used in military and civilian areas for its excellent mechanical properties,
high heat resistance, flammable retardance and electrical resistance. It is worth mentioning that phenolic resin is a very common thermosetting adhesive, which bond strength is developed
during the hardening or curing process.20,21 Before curing, the
phenolic resins are water-soluble small molecules that can be used
as a curing agent. Wang et al.22 prepared the water-soluble phenol-formaldehyde resin crosslinking agent by the technology of
two-step base catalysis with NaOH and Ba(OH)28H2O composite catalyst, they found that the movable gel prepared with this
crosslinking agent and polyacrylamide had good stability and
long shelf life through the performance evaluation experiment.
Nowadays, some researches on PF/PVAc blending adhesive have
been done. Using phenolic resin to enhance the mechanical properties of PVAc adhesives is an existing method in wood adhesive
industry. Francisco et al.23 used a phenol-formaldehyde resol
additive in PVAc emulsion to promote adhesive durability against
accelerated weathering by crosslinking the interparticle boundaries. The cure kinetic of PF/PVAc blending adhesives was also
studied. Wang et al.24 discussed the cure kinetics of PF/PVAc
blending adhesive and bond development in a multi-step hotpressing. The results indicated that cure kinetics of a PF/PVAc
blending adhesive would not significantly differ from neat PF
resin. However, on the one hand, the more addition of phenolic
resin will make the crosslinking density is too large to increase
brittleness, resulting in a decrease in mechanical properties. It is
very important to find a suitable addition amount. On the other
hand, it is hard to find a good balance between various performances, improving the bonding properties while reducing the thermal stability, or increasing the cohesive strength and leading to
the emergence of stress concentration thereby reducing the bonding strength, which is often seen in previous researches.8 The
above problems can be solved by modifying the PF with a tough
monomer and then mixing with the PVAc emulsion to form a
blending adhesive, which has not been studied before.
This study used PF and poly(vinyl alcohol) (PVA) modified
phenolic resin (PPF) as curing agents to modify the PVAc emulsion adhesive. The PF and PPF were synthesized by alkali catalysis method using NaOH as the catalyst, which can be fully
mixed with the PVAc emulsion. Moreover, some PVA flexible
segments were grafted onto the phenolic resin to form a tough
crosslinked network and reduce the crosslinking density after
curing, which can reduce the stress concentration to a certain
extent while improving the cohesive strength and the thermal
stability. With the increment of the PP and PPF content, the
particle size and the viscosity of the blending emulsion, the curing characteristics of PF and PPF, the thermal performance,
1808 peel strength and shear impact strength of the modified
adhesive were investigated. The latex particle morphology and
the glue residue were also observed, respectively.
EXPERIMENTAL

Materials
PVAc emulsion was synthesized by the laboratory (the solid
content is 60%, the viscosity is 563 mPas, the particle size is

Figure 1. Synthesis mechanism of PPF.

250 nm). PVA 1799 (degree of polymerization is 1700, degree of
alcoholysis is 98%–99%) and NaOH were purchased from
Shanghai Titan Technology, China. Phenol and formaldehyde
(37%–40% aqueous solution) were provided by Shanghai Lingfeng chemical, China. Dioctylsodiumsulfosuccinate (OT-75) was
offered by M.LAND Chemical Co., Ltd. (Shanghai, China). All
chemicals were analytical grade and used as received without
further purification.
Preparation of PF and PPF
The molar ratio of formaldehyde phenol to was determined to
be 1:2. 28.2 g phenol and 37.5 g formaldehyde were added to a
four-necked flask equipped with mechanical stirrer, thermometer, and nitrogen gas inlet at 50 8C and melt it into a liquid.
NaOH was weighted at 5 wt % of the amount of phenol and
prepared as an aqueous solution at a concentration of 30%.
Then the aqueous solution was added into and stirred for 30
min. After that, the temperature was raised to 70 8C and 9.3 g
formaldehyde was added to the reaction system and the reaction
was continued for 1 h. It can be observed that the color of the
liquid in the flask gradually became red wine from colorless and
transparent. Then, the temperature was raised again to 90 8C
and reacted for 1 h. After completion of the reaction, the PF
was cooled and poured out.
The PPF was obtained by PF modified with PVA and the specific synthesis mechanism was illustrated in Figure 1. PVA is a
water-soluble polymer containing a large amount of hydroxyl
groups and is easy to get dehydration polycondensation reaction
with hydroxymethyl groups in the phenolic resin. PVA was
weighted at 5 wt % of the total phenolic resin and prepared as
an aqueous solution at a concentration of 10% at 90 8C. After
PF reacted for 1 h at 90 8C, the aqueous solution was added
into it, and the reaction was continued for 1 h at 85 8C. The
PPF was then cooled to room temperature and poured out.
Preparation and Curing of the PVAc Blending Emulsion
Modified with PF and PPF
The addition amount of PVAc emulsion was constant and
added to the beaker and stirred quickly. The corresponding
mass of PP and PPF was slowly dripped to the beaker to be
thoroughly mixed with PVAc emulsion. PVAc emulsion and
phenolic resins were blended in five groups (5, 10, 15, 20, 25 wt
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Figure 2. Blending and curing processes of PF/PVAc and PPF/PVAc emulsions. [Color figure can be viewed at wileyonlinelibrary.com]

%), respectively. It could be observed that the emulsions were
still stable and not stratified. In order to ensure the emulsion
does not blister after blending, a small amount of OT-75 was
added to the system before blending. Then we poured the
blending emulsions onto a polyfluortetraethylene plate and
heating cured it to latex films. The specific curing condition is
60 8C/24 h, 130 8C/1 h, and 150 8C/3 h. Blending and curing
processes were shown in Figure 2. Due to PVA segments in PPF,
the crosslinking density of PPF/PVAc emulsion film was smaller
than PF/PVAc.
Characterization
The structure of PF and PPF were characterized by infrared
spectroscopy (FTIR) using thermo electron scientific instruments nicolet 6700 analyzer in KBr pellet technique and the resolution and number of scan were 0.09 cm21 and 32 times,
respectively. The particle size distribution of the emulsion before
and after blending modification was determined by MARLVEN
Zetasizer 3000HS particle size analyzer by dynamic light scattering (DLS) method. The reported diameter is an intensityweighted average particle size. The latex viscosity was measured
using a NDJ-8S rotational viscometer (Shanghai, China) at
25 8C with 1 # spindle and 30 rpm speed.
The morphologies of latex particles of the emulsion before and
after blending modification were visually studied by a JEM-1400
transmission electron microscopy (TEM, Japan). To perform the
measurement, the emulsion was diluted with deionized water at a
high dilution level. Then, a drop of the sample was deposited onto
a copper grid and stained with phosphotungstic acid before drying.

loss and temperature difference were recorded as a function of
temperature.
According to ASTM D3330, the blending emulsion adhesives
were coated with an AFA-II wire-rod coater (Shanghai, China)
onto glassine papers with a width of 25 mm strip to give a film
with a thickness of 50 lm and dried in a vacuum oven at 60 8C
for 10 min. The glassine strips of the adhesive-coated films were
laminated onto stainless steel plates with the help of a 2 kg
press roll. The press roll was passed through the glassine strips
front to back two times with a standard speed of 10 mm/s.
Then, the stainless steel plates were cured at 130 8C/1 h and
150 8C/3 h and placed at 23 8C for 24 h before tests. The 1808
peel strength tests were performed in tensile testing machine
(KJ-1065 A, China) with a peeling speed of 300 mm/min. The
average force per 25 mm required to peel the strip from the
substrate was recorded and reported as the 1808 peel strength,
and every result was an average of five parallel measurements.
According to ASTM D950-03, the shear impact strengths of the
blending emulsion adhesives were measured using pendulum
impact testing machine (VXMJJ-4, China) with a specific jig. The
test specimens were bonded by two metal blocks with a glue line
thickness of 0.5 mm, and the specific shape was shown in Figure
3. The specimens were cured at 60 8C/24 h, 130 8C/1 h, and
150 8C/3 h and placed at 23 8C for 24 h before tests. Every result
was an average of ten parallel measurements. The shear impact
strengths were calculated by the following method as25:
W1 2W2
Is 5
A

The curing processes of PF and PPF were carried out on the
differential scanning calorimetry (NETZSCH DSC 214 Polyma).
Before each DSC run, an uncured sample (7–10 mg) was sealed
into a Tzero Aluminum hermetic DSC pan. The experiments
were performed under a nitrogen flow of 50 mL/min and the
heating rate was 10 8C/min.
Thermal gravimetric analysis (TGA, NETZSCH TG 209F3) was
carried out to demonstrate the thermal stability of the modified
latex films. Film samples ranging from 5 to 15 mg were placed
in a platinum sample pan and heated from 30 to 800 8C, under
N2 atmosphere at a heating rate of 10 8C/min and the weight

Figure 3. Structure of shear impact specimens (dimensions in mm).
[Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. FTIR spectra of PF and PPF. [Color figure can be viewed at
wileyonlinelibrary.com]
2

Is, the shear impact strength (KJ/m ); W1, the impact damage
work of the specimen (J); W0, the inertial work of the specimen
(J); A, the glue bonding area (m2).
RESULTS AND DISCUSSION

FTIR Spectroscopy Analysis of PF and PPF
Figure 4 showed the FTIR spectra of PF and PPF. It can be seen
from PF that the strong and wide absorption band at
3384 cm21 was ascribed to AOH. The stretching vibration peak
at 1608 cm21 was related to C@C on the benzene ring skeleton.
The stretching vibration peaks appeared at 1214 and 1016 cm21
belonged to CAO on phenols and hydroxymethyl groups,
respectively. The absorption peak at 882 cm21 corresponded to
the ACHA external bending vibration peak of 1,2,4,6-tetrasubstituted benzene, indicating that the 1,2,4,6 position of the
benzene ring in the synthesized product had been replaced.
Roczniak et al.26 pointed out that the absorption peaks at 1500–
1400 cm21 were the characteristic absorption bands of the
ACHA bond deformation vibration in the ACH2A groups, and
some subtle differences indicated the structure of the methylene
bridge information, the absorption peak of the methylene bridge

Figure 5. DSC curves of PF and PPF. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 6. DSC curves of PF and PPF after curing. [Color figure can be
viewed at wileyonlinelibrary.com]

at 1450 cm21 was generated by the para–para connection, and
at 1460 cm21 was attributed to the ortho–ortho connection,
and at 1480 cm21 was assigned to the ortho–para connection.
Thus, the absorption peak appeared at 1479 cm21 indicated
that the phenolic rings in the phenolic resin were linked by
methylene groups in an ortho–para connection. The absorption
peaks of PPF is almost the same as that of PF, just after PF was
further modified with PVA, the stretching vibration peaks of
CAOAC appeared at 1140 cm21 and the relative intensities of
the peaks at 3384 and 2880 cm21 were increased obviously,
indicating that PVA was grafted onto the PF successfully.
Curing Performance Analysis of PF and PPF
The curing reactions of PF and PPF were studied by DSC tests
at heating rates of 10 8C/min as shown in Figure 5. Both curves
had an endothermic peak at 100 8C, which was caused by water
volatilization in the resins. There were two exothermic peaks on
each curve, the first exothermic peaks of PF and PPF started
from 115 8C, indicating that the resins began crosslinking curing
reaction, reaching the peak at 135 and 138 8C, respectively. It
means that the resins processed a significant degree of crosslinking curing reaction. The existence of second exothermic peaks

Figure 7. Effect of PF and PPF on the particle size of the blending emulsions. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 8. Effect of PF and PPF on the viscosity of the blending emulsions.
[Color figure can be viewed at wileyonlinelibrary.com]

indicated that the phenolic resins had further cured,20 and the
peak temperatures were 157 and 151 8C, respectively. The curing
reaction mainly belonged to the condensation reaction of the
hydroxymethyl groups in the phenolic resins. However, the second exothermic peak of PPF is stronger and wider than that of
PF. The reason is that the hydroxymethyl groups in phenolic
resin had bonded to the hydroxyl groups in PVA segments at
the final curing stage of PPF. In addition, the Tonset, Tpeak, and
Tend of the exothermic peaks of PF and PPF were almost same.
In order to prevent the blending emulsion curing reaction too
strong to orange skin and bubbling phenomenon, PF and PPF
were cured at 60 8C/24 h, 130 8C/1 h, and 150 8C/3 h. The DSC
curves of PF and PPF after cured were shown in Figure 6. It
can be seen that the curing exothermic peaks of PF and PPF
disappeared completely, indicating that both were fully cured.27
Thus, the curing condition of the blending emulsion was determined at 60 8C/24 h, 130 8C/1 h, and 150 8C/3 h in next work.
Effect of PF and PPF on the Particle Size and Viscosity of the
Blending Emulsions
The particle sizes of PVAc emulsion blended with PF and PPF
were shown in Figure 7. It can be seen that with the addition
amount of PF and PPF increased, the particle sizes of the

Figure 10. TGA curves of PVAc, PVAc/PF, and PVAc/PPF latex films.
[Color figure can be viewed at wileyonlinelibrary.com]

blending emulsions increased slightly. As the content of PF and
PPF increased to 25%, the particle sizes increased from 250 to
372 nm and 379 nm, respectively. It is well known that PF and
PPF have good water solubility due to the lower molecular
weight and the high content of hydroxyl groups, which makes
them very compatible with PVAc emulsion. Because of the
introduction of a large number of polar groups, such as hydroxymethyl groups and phenolic hydroxyl groups, the intermolecular forces of the blending emulsions were enhanced and the
latex particles were slightly aggregated, the particle sizes
increased correspondingly.21 Figure 8 showed the viscosity of
the PVAc emulsion blended with PF and PFF. It is clear that the
viscosity increased obviously with the increment of the PP and
PPF content. When the addition amount of PF and PPF
increased to 25%, the viscosity of the blending emulsions
increased to 192 and 213% of the basic emulsion, respectively.
It is possible that the PVAc emulsion before blending almost
was a linear polymer, whereas, with the addition of the phenolic
resins in emulsion, the fluidity and viscosity of blending emulsions increased as a result of the enhanced intermolecular
forces. At the same time, PPF contained PVA segments, resulting in the chain entanglement, which lead the viscosity of PPF/
PVAc emulsion was generally higher than PF/PVAc emulsion.

Figure 9. TEM morphologies of the PVAc emulsion (a) and the blending emulsion (b).
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Figure 11. Effect of PF and PPF on the peel strength of the blending
emulsions. [Color figure can be viewed at wileyonlinelibrary.com]

Morphologies of the PVAc Emulsion and the Blending
Emulsion
The TEM morphologies of the PVAc emulsion (a) and the
blending emulsion (b) were shown in Figure 9. It can be seen
that the particles were all spherical particles. As to the PVAc
emulsion, the particle sizes were between 200–300 nm and the
size distribution was homogeneous. Compared with the PVAc
emulsion, with the addition of PF or PPF, the distance between
the particles became smaller and the particle sizes also increased
slightly, which was consistent with the DLS results. It is mainly
attributed to the good water solubility of PF and PPF and the
enhancement of intermolecular forces.
Thermal Stability Analysis of PVAc, PVAc/PF, and PVAc/PPF
Latex Films
The thermal stability of PVAc latex films blended with PF and
PPF was evaluated using TGA. Figure 10 showed the weight loss
curves for the PVAc, PF/PVAc, and PPF/PVAc latex films with
the content of PF and PPF was determined to 15 wt % of PVAc
emulsion. All curves started with a thermal weight loss of about
5% due to some small molecules existed in the resin. The

Figure 12. Effect of PF and PPF on the shear impact strength of the blending emulsions. [Color figure can be viewed at wileyonlinelibrary.com]

weight loss of PVAc emulsion began to increase at 220 8C and
tended to be flat over 400 8C, which lead to a poor thermal stability. As can be seen, the initial degradation temperature of the
PVAc latex film was elevated obviously with the addition of PF
and PPF. This is probably because that polymer degradation at
high temperature is associated with the initiation of random
scission.28 And the initiation of this random process may be
slow after the addition of PF and PPF due to the crosslinked
network structure formed in the films.8,15 In addition, it can be
seen that there was still a certain degree of mass loss at the
450–550 8C stage of the PF and PPF weight loss curves, mainly
due to the decomposition of the resins, which was followed by
decomposition of the phenolic hydroxyl groups and then
decomposition of the overall structural. At the same time, the
initial degradation temperatures of PPF/PVAc and PF/PVAc
latex films were 280 and 310 8C, respectively. This phenomenon
was well known for the existence of PVA segments in PPF/PVAc
latex film, which reduced the degree of crosslinking and started
to decompose at 280 8C, it indicated that the addition of PVA
lost the thermal stability of the resin to some extent while
improving toughness.
Mechanical Properties Analysis of the Blending Emulsion
Adhesives
The results of experimental measurements of 1808 peel strength
of the PVAc emulsion blended with different amounts of the PF
and PPF were presented in Figure 11. It can be clearly seen that
the peel strength of the PF/PVAc emulsion increased from 17.89
N/25 mm to 21.32 N/25 mm while the PPF/PVAc emulsion
increased to 23.37 N/25 mm when the PF and PPF content was
up to 15 wt %. It is well known that the peel strength of an
adhesive is determined by the interactions of the adhesive layer
inside and the bonding interface (van der Waals interactions,
electrostatic forces, and hydrogen bonding), and the deformability and flow ability of adhesive. When PP and PPF were introduced, the number of polar groups at the adhesive layer and
interface was increased, resulting the interface adhesion and
layer cohesion had been enhanced.29–31 Thus, the peel strength
was enhanced to a certain extent by the increase in PF and PPF
content. However, with the PF and PPF content increased
higher than 15 wt %, the peel strength decreased to 16.19 N/
25 mm and 17.80 N/25 mm, respectively. This is probably
because that the viscosity of the blending emulsions increased
due to the excessive addition of phenolic resins, resulting that
lower deformability and flow ability of emulsion weakened the
bonding between the blending emulsion and substrate.8 On the
other hand, layer cohesion became too large and stress concentration occurred. In addition, it can be seen that the peel
strength of the PPF/PVAc emulsion was generally larger than
the PF/PVAc emulsion at the same addition level. The reason
might be that the PVA segments in PPF/PVAc emulsion
increased its toughness of the crosslinked network, avoiding
stress concentration to a certain extent while increasing the
cohesive strength, causing higher peel strength.
The shear impact strengths of the PVAc emulsion blended with
different amounts of the PF and PPF were presented in Figure
12. As the contents of PF and PPF increased, shear impact
strengths of the blending emulsion adhesives increased gradually
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Figure 13. Glue residue after the peel strength test with the PPF addition amount at 0, 5, 10, 15, 20, and 25 wt %. [Color figure can be viewed at
wileyonlinelibrary.com]

and reached the peak at 15 wt %. At the peak, its shear impact
strengths were 1.4 and 1.6 times that of unmodified emulsion
adhesive, respectively. Then there was a more substantial
decline. The impact behavior of the modified emulsion adhesive
can be explained that with the addition of a small amount of
PP and PPF, the amount of polar groups in the blending emulsions increased, and the contact with substrate was more sufficient. After curing, the cohesion of the adhesive layer was
improved and the impact resistance had been improved.32–34
Beside, since the PPF contained some PVA flexible segments,
the crosslinking density of the adhesive layer was lower than
that of PPF/PVAc, and it absorbed more energy when subjected
to impact. Thus the impact resistance was improved more obvious compared to that of modified with PF.35,36 However, with
the PF and PPF content increased higher than 15 wt %, the
crosslinking density of the adhesive layers became larger and
increased the brittleness. Moreover, the phenolic resins might
agglomerate slightly, resulting in inhomogeneous stress dispersion. Therefore, impact resistance of adhesives had a more substantial decline.
Figure 13 showed the glue residue on the stainless steel plates
after the peel strength test with PPF addition amount at 0, 5,
10, 15, 20, and 25 wt %. As can be seen, the glue was covered
with stainless steel plates fully at the beginning. Then the residual amount gradually decreased with the increment of the PPF
content. It is mentioned that the bonding force of the adhesive
mainly comes from the interfacial adhesion and layer cohesion.
The interfacial adhesion contributed more than layer cohesion
when the PPF content was small, so the first destruction happened inside the adhesive layer. As the content increased, layer
cohesion played an increasingly important role and some
destruction occurred at the interface between adhesive and
substrate.37

CONCLUSIONS

In this study, PF and PPF were successfully prepared by alkali
catalysis method. The influences of PF and PPF on the comprehensive properties of the PVAc blending emulsions and the latex
films were investigated. FTIR results ascertained the formation
of PF and PPF. DLS and viscosity test results showed that the
particle size increased slightly while the viscosity increased obviously with the increment of the PP and PPF content. The TEM
observation was consistent with the particle size results. DSC
compared the curing properties of the two phenolic resins to
determine the curing process conditions of the blending emulsions. TGA showed that the thermal stability of the modified
latex films was enhanced by increasing the PF and PPF content.
In a certain amount of addition, the blending emulsions could
be used as adhesives since the peel strength and shear impact
strength displayed well, and the modification effect of PPF was
better than PF due to its tough crosslinked structure. A good
balance between various performances was found by modifying
with PPF. With the increment of the PPF content, cohesion
played an increasingly important role in bonding forces.
ACKNOWLEDGMENTS

The authors would like to thank the financial support of East
China University of Science and Technology and DINGLI New
Materials Joint Research Center.

REFERENCES

1. Yu, S.; Kim, J.; Choi, Y.; Lim, C.; Seo, B. Macromol. Res.
2015, 24, 60.
2. Yan, Z.; Luo, Y.; Deng, Y.; Schork, J. J. Appl. Polym. Sci.
2010, 91, 347.

46448 (7 of 8)

J. APPL. POLYM. SCI. 2018, DOI: 10.1002/APP.46448

ARTICLE

WILEYONLINELIBRARY.COM/APP

3. Yuan, C.; Chen, M.; Luo, J.; Li, X.; Gao, Q.; Li, J. Carbohydr.
Polym. 2017, 169, 417.

19. Li, X.; Luo, J.; Gao, Q.; Li, J. RSC Adv. 2016, 6, 45158.

4. Paris, J. Int. J. Adhes. Adhes. 2000, 20, 89.

20. Li, C.; Ma, Z.; Zhang, X.; Fan, H.; Wan, J. Thermochim.
Acta. 2016, 639, 53.

5. Zhang, Y.; Gu, J.; Tan, H.; Shi, J.; Di, M.; Zuo, Y.; Qiu, S.
Appl. Surf. Sci. 2013, 276, 223.

21. Kandola, B. K.; Krishnan, L.; Deli, D.; Ebdon, J. R. Polym.
Degrad. Stab. 2015, 113, 154.

6. Lee, S. G.; Cheon, J. M.; Chun, J. H.; Lee, Y. H.; Rahman,
M. M.; Kim, H. D. J. Appl. Polym. Sci. 2016, 133, DOI:
10.1002/app.43758.

22. Wang, Z.; Gao, S.; You, J.; Yu, J.; Jiang, T.; He, D.; Gong,
H.; Zhang, T.; Wei, J.; Guo, S. IOP Conf. Ser.: Earth Environ.
Sci. 2017, 61, 012150.

7. Khan, U.; May, P.; Porwal, H.; Nawaz, K.; Coleman, J. N.
Acs Appl. Mater. Interfaces 2013, 5, 1423.

23. L
opezsuevos, F.; Frazier, C. E. Holzforschung 2006, 60, 313.

8. Fang, C.; Jing, Y.; Zong, Y.; Lin, Z. J. Adhes. Sci. Technol.
2016, 31, 858.

24. Wang, Y.; Yadama, V.; Laborie, M. P. J. Appl. Polym. Sci.
2010, 64, 603.

9. Fang, C.; Jing, Y.; Zong, Y.; Lin, Z. Int. J. Adhes. Adhes.
2016, 71, 105.

25. Sakuno, T.; Schniewind, A. P. J. Am. Inst. Conserv. 1990, 29, 33.

10. Ma, G.; Shen, Y.; Gao, R.; Wang, X. J. Polym. Res. 2017, 24, 36.

26. Roczniak, K.; Biernacka, T.; Skar_zy
nski, M. J. Appl. Polym.
Sci. 2010, 28, 531.

11. Brantseva, T. V.; Solodilov, V. I.; Antonov, S. V.; Gorbunova,
I. Y.; Korohin, R. A.; Shapagin, A. V.; Smirnova, N. M. J.
Appl. Polym. Sci. 2016, 133, DOI: 10.1002/app.44081.

28. Daraboina, N.; Madras, G. Ind. Eng. Chem. Res. 2008, 47,
1712.

12. He, X.; Lu, X.; Chen, Q.; Zhang, R. J. Appl. Polym. Sci.
2016, 133, DOI: 10.1002/app.43931.
13. Yuan, Y.; Zhang, Y.; Fu, X.; Kong, W.; Liu, Z.; Hu, K.; Jiang,
L.; Lei, J. J. Appl. Polym. Sci. 2017, 134, DOI: 10.1002/
app.45292.
14. Wu, B.; Chasse, W.; Peters, R.; Brooijmans, T.; Dias, A. A.;
Heise, A.; Duxbury, C. J.; Kentgens, A. P. M.; Brougham, D.
F.; Litvinov, V. M. Macromolecules 2016, 49, 6531.
15. Rybi
nski, P.; Janowska, G. J. Therm. Anal. Calorim. 2014, 117, 377.
16. Lewandowski, K.; Krepski, L. R.; Mickus, D. E.; Roberts, R.
R.; Heilmann, S. M.; Larson, W. K.; Purgett, M. D.;
Koecher, S. D.; Johnson, S. A.; McGurran, D. J.; Rueb, C. J.;
Pathre, S. V.; Thakur, K. A. M. J. Polym. Sci. Part A: Polym.
Chem. 2002, 40, 3037.
17. Zhao, S.; Abu-Omar, M. M. ACS Sustainable Chem. Eng.
2016, 4, 6082.
18. Li, P.; Nian, F.; Zhang, M.; Shen, M.; Dai, Y.; Pang, H.; Liao,
B. J. Appl. Polym. Sci. 2016, 133, DOI: 10.1002/app.42975

27. Zhang, L.; Rowan, S. J. Macromolecules 2017, 50, 5051.

29. Fang, C.; Huang, B.; Lin, Z. J. Appl. Polym. Sci. 2014, 131,
2540.
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