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Abstract. Waterborne acrylic resin is widely available in architectural coatings, road adhesives, etc. Its nontoxicity, non-irritating odour, and low cost are characteristics that have received increasing attention in recent
years. Concerning the water-resistance of the resin, this review introduces the effect of inorganic materials
like silane coupling agents, fluorine silicone, and copolymers on the hydrophobic properties of aqueous
acrylic resins, analyses and discusses the mechanism of action of various methods and their factors affecting
hydrophobic properties, such as the formation of cross-linked structures and micro-convex structures on the
surface, also points out the problems and challenges in the water-resistance modification of aqueous acrylic
resins.

1. Introduction
Water-based resin is a resin system with water as a
dispersion medium. Low volatile organic compounds
(VOC) and good film-forming properties are outstanding
advantages as functional materials cite coatings,
adhesives, and sealants. [1-3]. Many water-based resins
serve as epoxy resin, polyurethane, alkyd resin, acrylic
resin, etc. [4-8]. In specific industrial applications, the
cost needs to be comprehensively considered. And
performance advantages to choose from. Waterborne
acrylic resin is one of the fastest-growing resins. It is
synthesized with acrylate or methacrylate as the main
monomer [9]. It has intense light, thermal and chemical
stability [10]. It is used as coatings for interior and exterior
walls in the construction industry, adhesives for colored
pavements in the road industry, etc. However, we found
that water-based acrylic resins have defects from specific
applications, including low water resistance, high filmforming temperature, and inadequate corrosion resistance.
[9, 11, 12], which are limited in specific applications.
Water-resistance refers to the resistance of the paint film
to water. However, whether in the construction or road
industry, water damage is a significant problem for waterbased acrylic resins when used as coatings and adhesives.
It is determined by the chemical structure of the resin, as
proof of weak molecular polarity in the resin structure, the
high surface energy of the film after film formation,
insufficient self-crosslinking, etc. These factors will make
it easier for water molecules to attack the resin coating. It
increases its water absorption rate, thereby affecting its
water resistance.
The water resistance of water-based acrylic resins is
improved by two commonly used modification methods:
physical modification and chemical modification.
Physical transformation is to mechanically and physically
*

blend two or more inorganic/organic substances with
acrylic resin. It is described as convenient and
straightforward, but the modification effect of resin is
generally inadequate. Due to the system's poor
compatibility to single physical blending, remarkable
substances undergo nucleation and growth phase
separation, showing an "island structure, " which affects
the modification effect. However, the chemical method
achieves molecular level compatibility between various
substances through copolymerization or cross-linking
between the modified importance and the acrylic resin by
illustrating the formation of covalent bonds, grafting
points, etc. The resin has outstanding advantages in
performance, thus showing ethical application value in the
follow-up.
This paper reviews different modifiers for water
resistance modification of waterborne acrylic resins,
namely silane coupling agents, fluorine and silicone
substances, resin copolymerization, and analyses. It
discusses the effects and characteristics of the different
modification methods.

2. Water-based
methods

resin

modification

2.1 Physical modification
Modification of aqueous resins is a standard modification
method achieved by simple physical blending. To obtain
a matte surface for acrylic resins, Ou et al. [13] prepared
acrylic resin/micro-SiO2/polymethylurea (AC/ SiO2/PMU)
composites by physically blending acrylic resin emulsions
(AC), polymethylurea resins (PMU) and modified silica
(SiO2). This blended composite has increased interfacial
tension between polymer and inorganic, committing
phase separation in the AC/ SiO2/PMU composite system,
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e.g., nucleation of SiO2 particles on account of
aggregation of particles through weak compatibility with
the polymer. Aqueous acrylic coatings with a matte
surface are obtained.
It is possible to see that physical modification has its
unique advantages in obtaining certain specific properties
of aqueous resins and can be used in synergy with
chemical modification methods to achieve maximum
transformation of the properties of aqueous resins.

was formed between KH-550 and the resin. Increased
crosslink density and the addition of the curing agent
reduced the surface tension, lowered the surface energy,
and enlarged the contact angle [18].

2.2 Chemical modification
The chemical approach is to achieve molecular
compatibility between the various substances utilizing
copolymerization between the modifier and the aqueous
resin, etc. Pablo J. Peruzzo et al. [14] We have synthesized
polyurethane/acrylic resin composites with a cross-linked
structure by emulsion polymerization of acrylic
monomers with preformed polyurethane chains with
polymerizable terminal vinyl—a polyurethane-acrylic
resin blend dose preparation. The polyurethane/acrylic
resin composite with a cross-linked structure performed
significantly better than the polyurethane-acrylic resin
blend. Physical or chemical modifications of aqueous
resins have benefits and shortcomings.
Physical blending is convenient and straightforward.
Chemical changes are stable and long-lasting and provide
more significant performance improvements. In addition,
waterborne resins have high water resistance
requirements for coating applications, so it is crucial to
prepare waterborne resins with high hydrophobicity by
chemical modification. At the same time, it has excellent
application value.

Figure 1. (a) Influence of the GMA amount on the
contact angle for different amount of
KH-550. (b) Influence of the KH-550 amount on the
contact angle for different amount of GMA.
Guo et al. [19] applied aminopropyltriethoxysilane (KH550) as a curing agent to cure the GMA-modified resin
and then modified the aqueous acrylic resin with the
GMA-modified resin. The data in Fig. 1 showed that the
increase in both GMA and KH550 content brought forth
a more extensive water contact angle of the resin film,
which resulted from the cross-linking reaction between
KH550 and the system, altering the physicochemical
properties of the coating [20, 21]. Wu et al. [22]
synthesized
multi-walled
carbon
nanotubes
(CNTs)/waterborne acrylic resin nanocomposite coatings
using 3-aminopropyltriethoxysilane (KH-550) coupling
agent as a curing agent by a solution mixing method. The
synthesis mechanism in Fig. 2 and the contact angles
between the CNTs/WA nanocomposite coatings with
different CNTs loadings and water droplets in Fig. 3. As
a result of the small particle size and large specific surface
area of CNTs, they are not compatible with water droplets.
The resin changes its internal structure after mixing [23].
And the surface energy of the coating of the water-based
wax decreases. Hence, the contact angle of the coating
shows an increasing trend with the increase of the CNTs
content, but when the carbon nanotube content increases
from 6wt% to 10wt%, The ordered dispersion state results
in a slow rise in the contact angle. It can be deduced that
when the carbon nanotube content continues to increase,
the effect on the contact angle will tend to a stable value.

3. Water-resistant modification of waterbased acrylic resins
3.1 Water-resistance modification of aqueous
acrylic resins by silane coupling agents
Silane coupling agents can cross-link with aqueous
acrylic resins or other substances to amend the chemical
structure of the resin, thereby improving its water
resistance. Jiao et al. [15] operate 2-(3,4epoxy)ethyltriethoxysilane (KH567) to modify aqueous
acrylic resins, and KH567 underwent a grafting reaction
with the acrylic resin, changing the molecular chain
structure of the resin. The migration of the KH567 sidechain structure in the aqueous acrylic resin to the film
surface resulted in a reduction in the surface energy of the
resin film [16], consequently improving its water
resistance. However, excessive amounts of silane
coupling agent can introduce more -OH groups, which
worsens the water resistance, and the dose should
generally control between 10-15 wt%. Zheng et al. [17]
utilized 2-butoxyethanol, cellulose acetate butyrate, and
acrylic acid monomer as raw materials, N, N dimethylethanolamine as a neutralizing agent, and γaminopropyltriethoxysilane (KH-550) as curing agent to
prepare a new waterborne acrylic resin modified with
cellulose
acetate
by
homogeneous
solution
polymerization. A three-dimensional network structure

Figure 2. Mechanism of CNTs/WA nanocomposite
synthesis.
The relationship between the contact angle and the
equilibrium of the three-phase boundary forces does
investigate by utilizing Young's equation [24]. Where
𝛾𝛾�� 、𝛾𝛾�� 、𝛾𝛾�� and θ represent the surface free energy,
solid-liquid interfacial tension, liquid-vapor interfacial
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Table 1. The change of WA water contact angle
KH5 KH550/
KH550/
KH550/
67
CAB
GMA
CNTs
Contact
angle
before
84.7
65.1
87.7
81.32
modificati
on(°)
Contact
angle after
90.4
79.1
99.5
90.0
modificati
on(°)
Rate of

tension, and contact angle of the solid-vapor interface,
respectively.
(1)
𝛾𝛾�� � 𝛾𝛾�� � 𝛾𝛾�� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
The Newman equation of state can yield the surface
energyn [25]:
�
𝛾𝛾�� � 𝛾𝛾�� � 𝛾𝛾�� � ��𝛾𝛾�� 𝛾𝛾�� 𝑒𝑒 ����������� (2)
Simultaneous (1) and (2):
�
(3)
���� � �� � ��𝛾𝛾�� /𝛾𝛾�� 𝑒𝑒 �����������
Combined with the equations and the analysis of the test
results, it is clear that the surface energy tends to decrease,
and the hydrophobicity improves as the loading of carbon
nanotubes increases. Nanocomposites containing 10wt%
carbon nanotubes have the lowest surface energy (28
mN·m-1), much lower than some other resins [26-28]. Low
surface energy coatings are widely used for antifouling
based on their hydrophobicity and have potential
applications for non-toxic antifouling coatings.
Aiming at the water resistance modification of waterbased acrylic resin by different silane coupling agents and
other modifiers, the change law of its water contact angle
makes the comparison, as shown in Table 1. By
comparing the three groups of KH567, KH550/GMA, and
KH550/CNTs, It can be seen from the water contact angle
data of the pure WA resin coating that the contact angle
of the pure WA resin coating is above 80 before the
modification and the contact angle increases after the
conversion. The KH550/GMA and KH550/CNTs
modified WA resins. The rise in the contact angle of the
coating film is above 10, while that of KH567 is relatively
weak. In addition, the KH550/CAB modified system has
a relatively significant change in the contact angle of the
WA resin coating film, with a growth rate of 21.4%. Still,
the water contact angle itself is relatively low, 65.1° and
78.1° before and after modification, respectively,
indicating that the system Compared with the other three
scenarios, the hydrophobicity of the WA resin coating
film is relatively weak. The hydrophobic type of the
KH550/GMA modified system is the greatest.

change(％

6.7

21.4

13.4

10.7

)
In summary, silane coupling agents ameliorate the waterresistance of waterborne acrylic resins can be summarized.
Silane coupling agents can cross-link with the resin to
form a stable three-dimensional network structure,
thereby increasing the cross-link density and reducing the
surface energy of the coating [29-32]. There are some
differences in the effect of silane coupling agents for
different modification systems, However, all have
improved the water-resistance of the waterborne acrylic
resin.
3.2 The effect of fluorine and silicones on the
water-resistance of aqueous acrylates
Inorganic materials mixed with polymers to form
composites will to some extent, improve the performance
of polymer-based composites, e.g., fluorine and silicones
in aqueous acrylates can have a positive effect on the
water-resistance of resin coatings. Yang, Du, Li et al. [3335] all used silane-based substances to pretreat SiO2
particles, and then the modified SiO2 particles were then
mixed with WA. the water-resistance properties were
characterized. Yang et al. modified SiO2particles with 3(methacrylate)propyltrimethoxysilane and prepared
fluorinated acrylic acid/ SiO2 composite emulsions (F1)
by emulsion polymerization, as shown in Fig. 4. The
results showed a significant increase in the water contact
angle of the resin film, e.g., S2b (modified SiO2)
compared to S2 (unmodified SiO2), the water contact
angle of the resin film increased from 93° to 100°. With
increasing fluorine content, as in S4-S7, the water contact
angle remained steady at nearly 110°. In addition, the
surface roughness (Rq) of the resin film was explored by
characterizing its AFM/nm. Du et al. modified the nanoTiO2/ SiO2composite particles with a silane coupling
agent (KH-570) and a titanate coupling agent (NDZ-101)
and then embedded them into the acrylic resin by a coblending method to obtain a nano-TiO2/ SiO2 composite
modified acrylic resin (F2), probably due to the addition
of nano-TiO2/ SiO2 composite particles and the
hydrophobic effect of the coupling agent, thus forming a
nano-convex structure on the surface of the acrylic resin
coating. As a result, the water absorption of the nano-

Figure 3. Influence of the CNT amount on the contact
angle.
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TiO2/ SiO2 acrylic resin was less than 5%, and the waterresistance of the resin material was improved.

A common rule was found by analyzing F1, F2, and F3.
Through the treatment of SiO2functionalization, the
internal reason for changing the water-resistance of WA
film is the degree of influence on the micro-convex
structure on the surface of the film, and the micro-convex
network is dense. And the larger the number, the rougher
the surface of the film and the better the water resistance.
The surface roughness (Ra, Rq) of F1 and F3 in Table 2
goes without saying that F3 has a tremendous advantage
in water resistance over the F1 system.
Table 2. F1、F3 Surface roughness
F1
Rq(nm)
F3
Ra(nm)
1.45

0％SiO2

1.92

S1b

1.75

1％SiO2

3.13

S2

1.86

2％SiO2

4.0

S2b

3.33

3％SiO2

6.02

S4

0.426

4％SiO2

6.91

S1
Figure 4. Water contact angle of films.
From the analysis in F2, it can speculate that the reason
for the change of the water contact angle in F1 is that the
functionalized SiO2forms a nano-convex surface in the
resin film, and the hydrophobic effect of the fluorine
substance itself also has a certain degree of influence on
the system. It increases the hydrophobicity of the system.
Similarly, Li et al. prepared functionalized SiO2-modified
aqueous fluorinated acrylate emulsions (F3) using KH570 for surface treatment of SiO2 nanoparticles, and the
water absorption and water contact angle of the resin films
in Fig. 5. Overall, the water absorption of the films
decreased gradually with increasing SiO2content, with the
SiO2content at 3 %. To further investigate the intrinsic
reason for the effect of SiO2content on water absorption,
the surface morphology of the resin film was also
characterized by AFM, as shown in Fig. 6. From the 3D
image in Fig. 6(a), there is no doubt that the unmodified
SiO2corresponds to The surface morphology of the resin
film is relatively flat. As the SiO2content increases, the
raised structure on the film surface gradually increases,
with the most significant number of micro-convex
facilities appearing at 3% SiO2 content. When the
SiO2content continues to grow, as shown in Fig. 6(e), due
to aggregation and combined with the above data on water
absorption and contact angle, this reduces its water
resistance, as shown in Fig. 6(b). The water absorption,
water contact angle, and AFM analysis show that the
amount of functionalized SiO2 affects the surface
microconvex structure of the resin film and thus the
hydrophobic ability of the film.

Organic or inorganic substances containing fluorine,
silicon, etc., which are inherently hydrophobic, strengthen
the water-resistance of aqueous resins to a certain extent.
Li et al. [36] prepared aqueous organic/inorganic hybrids
by dispersing superhydrophobic SiO2 nanoparticles in
acrylate copolymers, and the water contact angle of the
original hybrid coating reached 164°. As shown in Fig.
6(a), the SiO2 nanoparticles were more uniformly
dispersed in the acrylate copolymer. The nanoparticles
showed a specific raised structure, which was closely
related to the superhydrophobic nature of the coating, Fig.
6(d-f) shows the surface of the layer after a certain number
of cycles of wear. Hao et al. [37] prepared a fluorosilicone
propylene emulsion using 2,2,3,4,4-hexafluorobutyl
acrylate (HFBA) and vinyltriethoxysilane (VTES) for
emulsion polymerization with acrylic acid monomers
liquid and the magnitude of water absorption of resin
coatings with 10%F, 10%Si, and 10%F/Si additions were
measured, respectively, as shown in Fig. Fig. 7. It can see
that the water absorption of 10%F films grew more
rapidly with time. The water absorption of 10%Si films
was significantly lower than that of others. In addition, the
water absorption of the 10% F/Si film is 8% due to the
cross-linking reaction of silicon in the system, forming a
three-dimensional cross-linked network, which is similar
to the role of silane coupling agents in the resin
modification above, and the synergistic

Figure 5. Comparative analysis of water absorption and
contact angle.

Figure 6. SEM images of an original superhydrophobic
hybrid coating surface (a), and the
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surfaces of superhydrophobic hybrid coating after 50(b),
100(c), 200(d), 250(e) and 300(f) cycles of abrasion, the
insets are the corresponding CAs of the corresponding
surfaces.
effect of fluorine. It is identical to the position of silane
coupling agents in the resin modification above. The
synergistic effect of fluorine contributes to the
outstanding advantages of the films in terms of water
resistance over single fluorine or silicon modifications.
Xiong et al. [38] synthesized an acrylic copolymer
emulsion containing fluorine, silicone, and epoxy resin.
The surface tension decreased due to the aggregation of
fluorine chains on the film's surface, resulting in a more
hydrophobic modified film. F. Sbardella et al. [39]
synthesized a waterborne acrylic resin coating of silicacoated polymer particles. They coated it on Carrara
marble and Lecce stone, where the water penetration rate
was slowest at 10% SiO2 content. Due to differences in
the internal pore size of Carrara marble and Lecce stone,
the water penetration rate was also inconsistent.

type. It is due to hydrophobic alkyd species [41, 42]. The
change of the contact angle with time was also
qualitatively studied. It can see from Fig. 8(b) that with
the increase of the alkyd content, the decreasing trend of
the water contact angle is more and more gentle. When
the alkyd content

Figure 8. (a) Water contact angles of the acrylic-alkyd
copolymer films at 0 s, and (b) the change of water
contact angles of the acrylic-alkyd copolymer films.

Figure 9. (a) Water diffusion coefficients of the acrylicalkyd copolymer films, and (b) water uptake of the
copolymer films at room temperature.
is 25 %, the decreasing trend tends to the level, indicating
that the hydrophobicity of the copolymer film at this time
has a higher level.
In addition, the pattern of variation of the water diffusion
coefficient and water absorption of the acrylic-alcoholic
acid copolymer is also consistent with the results of the
above analysis, as shown in Fig. 9(a), where the water
diffusion coefficient changes from 6.71×10-9 mm2⋅s-1 to
1.70×10−9mm2⋅s-1 as the alkyd content increases. And the
water absorption is also significantly lower, as shown by
the results in Fig. 9(b). This lower water diffusion
coefficient and water absorption rate will help improve
the copolymer film's corrosion resistance [43].
The crosslinking density of the acrylic copolymer can be
changed by the esterification synthesis method that can
enhance the water resistance of the coating. Esterified the
epoxy resin with methacrylate in the first step by Duan et
al. [44]. Then added acrylamide to the esterification
reaction product, obtaining the bisphenol A epoxy resin
modified acrylic resin in

Figure 7. Water absorption of the films.
By analyzing the effect of substances such as fluorine and
silicon on the water-resistance of waterborne acrylic resin,
it is pretty clear that the principle of its modification of
waterborne acrylic resin is forcing the roughness of the
film surface. When such substances are mixed with the
resin by physical or chemical, the fluorine substances will
act on the resin surface, making the raised structure of the
coating surface more evident than before the modification.
In addition, the cross-linking effect of silicon will
physically build upon the coating surface, which will also
affect the roughness of the coating surface, making the
water absorption of waterborne acrylic resin decrease and
water resistance increase.
3.3 Resin copolymer modified aqueous acrylate.
The resin copolymerization method can give full play to
the advantages of each polymer in specific properties to
achieve the purpose of modification. Ji et al. [40]
synthesized acrylic acid-alkyd copolymer by free radical
polymerization and studied its water resistance and alkyd
acid. Resin content. As shown in Fig. 8(a), when the alkyd
content is 10%, the water contact angle of the copolymer
reaches more than 90°, and when the content is 25%, the
water contact angle keeps at about 95°. From the point of
view of contact angle alone, the range of alkyd will have
a specific influence on the hydrophilicity of acrylic acidalkyd copolymer. When the content of alkyd is 10%, the
acrylic acid-alkyd copolymer has a specific hydrophobic
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Figure 10. The schematic diagram for the two-step
esterification process.
the end. Liu et al. [45] synthesized the waterborne epoxyacrylic graft copolymer resin by a two-step esterification
method. The synthesis method in Fig. 10.
Both of the above synthesis methods are used to change
the internal structure of aqueous acrylic resins, forming a
cross-linked network with a specific strength that can
hinder the attack of water molecules. As in the case of
acrylic resins modified with bisphenol epoxy resins, a
cross-linked structure is formed between the O-H and
amide groups in acrylamide and polar groups such as
epoxy and carboxyl groups; Concerning waterborne
epoxy-acrylic graft copolymer resins, the molecular
weight of the resin and the carboxyl group content affect
the degree of cross-linking of the coating, thus affecting
the water-resistance of the layer.
Similarly, crosslinking agents can also chemically modify
water-based acrylic resins. Shen et
al. [46] added aziridine crosslinking agents to crosslink
with carboxyl groups in acrylic resins, thereby reducing
the content of carboxyl groups and making them
hydrophilic The groups are facilitated, and the waterresistance of the water-based polish is improved. Pi et al.
[47] used adipic acid dihydrazide (ADH) as the
crosslinking agent to synthesize a room temperature selfcrosslinking acrylic resin by solution polymerization. The
content of the diacetone acrylamide (DAAM) monomer
affects the crosslinking density. The water absorption of
the film was reduced from 37.14% to 9.2%. Sumit Parvate
et al. [48] used butyl acrylate (BA), styrene, acrylic acid
(AA), acrylamide,

Figure 11. ΔL versus immersion time in water (hours).
and allyl acetoacetate (AAA) as monomers and
hexamethylenediamine (HDA) as the crosslinking agent.
A stable one-component room temperature-curing
copolymer was synthesized by seed emulsion
polymerization. The degree of crosslinking between AAA
and HAD affects the water absorption of the film. By
testing the degree of whiteness of binder film as a function
of the time of the resin, it is clear that when the content of
AAA is 2%, the ΔL value is relatively low, and the film
has the best water resistance at this time, as shown in Fig.
11. It is because too much AAA will introduce more
amide-based hydrophilic groups. It can see from the
comparison with 0% AAA that this effect is more
dominant than the promotion effect of cross-linking on the
water resistance. The above modification of the resin
utilizing cross-linking is similar to the modification
principle of the silane coupling agent above, both of
which form a specific cross-linked network structure,
thereby improving the hydrophobicity of the resin film.

4. Conclusion
Waterborne acrylic resins are widely used in architectural
coatings, road adhesives, and other applications as
environmentally friendly materials. To prolong the life of
the material, different modifiers play a role in waterborne
acrylic resins for the water-resistance aspect of the wax,
and waterborne materials with excellent water resistance
are obtained.
Silane coupling agents can crosslink with resin to form a
stable three-dimensional network structure, thereby
increasing the crosslinking density, reducing the surface
energy of the coating, and achieving the purpose of
hydrophobic modification of the resin. The resin
copolymerization modification method also has a similar
effect. The principle of improvement of water-based
acrylic resin with fluorine, silicon, and other substances is
mainly focused on the impact of surface roughness. When
such substances are physically or chemically mixed with
the resin, the fluorine substances will make the surface of
the resin convex. The degree of modification is changed.
In addition, the chemical crosslinking reaction of silicon
substances or the physical accumulation on the surface of
the coating also affects the surface roughness of the layer,
which reduces the water absorption rate of water-based
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acrylic resin and increases water resistance. These
modification methods have played a positive role in the
water-resistance modification of water-based acrylic
resins. However, in specific industrial applications, such
as when used as road adhesives, the cost will directly
affect the possibility of the resin application. Therefore,
based on the above-mentioned various research methods,
it is necessary to consider the dosage ratio of a specific
modifier or use a variety of modifiers to modify the resin
to achieve low cost while maintaining performance:
development and application. Additionally, there are still
some problems and challenges in the water-resistant
modification of water-based acrylic resins, such as the
influence of the crosslinked structure of the modified resin
on the resin film-forming temperature, the relationship
between the solid content of the water-based polish and
its water resistance, etc. are questions that need to be
researched. It is hoped that the water-based acrylic resin
will continue to develop in a green and sustainable
direction while maintaining excellent application
performance.
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