
1. Introduction
Thermoplastic vulcanizate (TPV) is produced by in-
corporating rubber pre-blend into thermoplastic resin
through dynamic vulcanization, usually resulting in
a two-phase microstructure where the resin phase
and the rubber phase is the continuous phase and the
dispersed phase, respectively [1, 2]. The microstruc-
ture enables the TPV to exhibit the plasticity behav-
ior at the elevated temperatures while maintaining
the thermoplastic property at room temperature. The
TPV offers the advantages such as low production
cost, straightforward manufacturing process and
simple equipment; moreover, the resulting product
can be tailored for a wide range of characteristics [3].
The wettability of the solid surface plays a crucial role
in both theoretical and application [4]. In the recent
years, the research on the superhydrophilic surface

and superhydrophobic surface of solid materials has
obtained the significant attention [5]. Regulating the
contact angle of the material surface or adjusting the
difference between the surface energy (SFE) of the
material surface and the surface tension of the liquid
can effectively achieve the desired wettability [6].
The characteristic of superhydrophobicity is that
water does not adhere to the surface [7]. By studying
and imitating the superhydrophobic phenomenon in
nature, people have developed biomimetic superhy-
drophobic materials with the advantages such as
self-cleaning [8], oil repellency [9] and low adhesion
[10], which have broad application prospects in
petrochemicals [11], environmental protection [12],
biomedicine [13] and other fields. The common
methods for preparing superhydrophobic surfaces in-
clude increasing surface roughness and reducing
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SFE, such as electrospinning [14], electrochemical
methods [15] and layer-by-layer methods [16]. The
characteristic of superhydrophilicity is that water
spreads completely on the surface [7]. Generally, su-
perhydrophilic materials are defined as the materials
with the solid-liquid contact angles less than 10.0°
or close to 0.0° [17]. In 1997, Wang et al. [18] firstly
reported the superhydrophilic surface of titanium
dioxide with the contact angle approaching 0.0°. Due
to their unique wetting properties, the superhydro -
philic surfaces offer the distinct advantages, includ-
ing self-cleaning [19, 20], anti-fogging [20] and ef-
ficient heat conduction [21]. These properties have
the significant applications in the areas such as anti-
fouling, anti-fogging and oil-water separation [22,
23]. Currently, several methods for preparing super-
hydrophilic surfaces have been reported, including
sol-gel method [24], vapor deposition [25], templat-
ing [26], phase separation [27] and layer-by-layer
self-assembly [28]. Among these methods, the tem-
plate method is the highly favored for its simplicity,
high efficiency, scalability, cost-effectiveness and
practicality [29].
Superhydrophilic surface technology, as a branch of
biomimetic nanomaterials technology, has made the
significant progress in both the theoretical research
and the practical application [30]. However, there
has been relatively little research on the polymer-
based superhydrophilic materials. Polymer-based
materials typically exhibit the surface inertness and
the hydrophobicity, making it challenging to achieve
the superhydrophilic modification. Literatures on the
superhydrophilic modification based on the polymer
matrix surfaces primarily employ several main meth-
ods, including plasma treatment [31], nanocoating
[32], surface grafting modification [33], physical
surface roughening and diverse modification ap-
proaches. Classic wetting theories propose that con-
structing a superhydrophilic surface comprises two
essential aspects: creating surface rough structures
and modifying the hydrophilic functional groups.
The key to constructing a superhydrophilic surface
lies in building the rough surface microstructure.
Tsougeni et al. [34] achieved the superhydrophilicity
by employing anisotropic oxygen plasma etching on
the surfaces of poly(methyl methacrylate) and poly
(ether ether ketone). However, the plasma treatment
method leads to the high costs and the durability of
the treated surface is generally moderate. Zheng et al.
[35] embedded CaCO3 nanoparticles into the surface

of low-density polyethylene using a hot-pressing
technique and created a polymer based superhydro -
philic surface. However, its superhydrophilic prop-
erties have not been thoroughly explored, lacking
further research results. Usha  et al. [36] transformed
the biaxially hydrophobic polypropylene film into a
permanent superhydrophilic film with underwater
superoleophobic using corona discharge treatment
and grafting method. This superhydro philic film can
be used for gravity separation. However, the grafting
method is time-consuming and expensive, making it
unsuitable for large-scale industrial production appli-
cations. Chen et al. [37] prepared an underwater su-
peroleophobic/superhydro philic film with oil-water
separation and self-cleaning properties by electro-
chemically oxidizing lignin sulfonate-doped poly -
pyrrole. However, the limitations of electrode mate-
rials have long restricted the use of the electrochem-
ical method in industrial applications due to its low
current efficiency and high energy consumption, par-
ticularly in the challenging degradation of organic
compounds.
Ethylene-vinyl acetate copolymer (EVA) is a ther-
moplastic polymer composed of polar vinyl acetate
and non-polar ethylene units. Compared to the most
thermoplastic materials, EVA offers the several ad-
vantages, including excellent biocompatibility, good
melt processability, outstanding oil resistance, low-
temperature flexibility and high polarity [38, 39]. Ni-
trile-butadiene rubber (NBR) is a polar rubber syn-
thesized from butadiene and acrylonitrile monmers,
renowned for its excellent oil resistance, heat resist-
ance and adhesive properties. It has the extensive ap-
plications in automotive, aerospace, petroleum and
photocopying [40, 41]. In general, materials with
higher polarity exhibit the better hydrophilicity; and
there is potential to create the superhydrophilic sur-
face based on the EVA/NBR TPV. Currently, there
have been no discoveries of superhydrophilic poly-
mer materials based on TPV. Many superhydrophilic
materials are characterized by complex preparation
methods and high production costs, making them un-
suitable for large-scale industrial production. Con-
sequently, there is an urgent need for a new type of
superhydrophilic material that can be economically
and produced efficiently.
In this research, EVA/NBR TPV was utilized as the
matrix material while the various types of sheet pa-
pers were used as the templates. A compression
molding method was employed to create the rough
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microstructure in the EVA/NBR TPV surface. The
research aimed to verify the feasibility of construct-
ing superhydrophilic surfaces in the TPV surface and
explored the potential applications for the prepared
superhydrophilic TPV surface.

2. Experimental
2.1. Materials
EVA (3135SB), vinyl acetate mass fraction 12%, a
product of DuPont Co., Ltd., Wilmington, United
States. NBR (N41), combined with 29% mass frac-
tion of acrylonitrile, a product of PetroChina Lanzhou
Petrochemical Co., Ltd., Lanzhou, China.
Bis(1-(tert-butylperoxy)-1-methylethyl)-benzene
(BIPB), triallyl isocyanurate (TAIC), N-phenyl-2-
naphthylamine (antioxidant D), organic modified
montmorillonite (OMMT) and other agents are all
commonly used industrial grade commercially avail-
able products. TAIC comprises 30% by mass of white
carbon black and 70% by mass of triallyl isocyanu-
rate. “Xili” brand water/dry paper sheets (No. 400,
No. 1000 and No. 1500), abrasive particle (aluminum
oxide, Al2O3) size is 37, 15 and 10 µm, respectively,
a product of Hubei Yuli Abrasive Belts Group Co.,
Ltd., Xianning, China. Cyclohexane (AR), a product
of Tianjin Fuyu Fine Chemical Co., Ltd., Tianjin,
China. Dodecane (AR), a product of Tianjin Kermel
Analytical Reagent Co., Ltd., Tianjin, China. Ethyl-
ene glycol (AR), a product of Yantai Sanhe Chemical
Reagent Co., Ltd., Yantai, China.

2.2. Specimen preparation
The peroxide crosslinked system is utilized in the
NBR crosslinking formulation, which consists of the
following constituents: 100 phr (per hundred rubber
weight, the same as below) NBR, 3.0 TAIC, 1.3 BIPB
and 1.0 antioxidant D.
In order to prepare the EVA/NBR TPV, firstly, the
NBR and compounding agent were mixed in an open
double roll mill (X [S] K-160, Qun Yi Rubber Ma-
chinery Co., Ltd., Shanghai, China) at room temper-
ature to obtain NBR pre-blend. EVA particles were
then melted and plasticized on an open double roll
mill (SY-6215-AL1, Shi Yan Precision Instrument
Co., Ltd., Dongguan China) at 165°C and NBR pre-
blend was put into for 8 min to obtain the dynami-
cally vulcanized EVA/NBR compound. The rotor
speed of the mixer was maintained at 43 rpm, while
the EVA/NBR TPV mass ratio was fixed at 20/80.
The cooled EVA/NBR compound was placed in a

mold, preheated for 6 min on a plate vulcanizing ma-
chine (50 T, Qun Yi Rubber Machinery Co. Ltd.,
Shanghai, China) at 165 °C, exhausted for 3 times,
hot pressed for 8 min and cold pressed for 8 min at
a pressure of 10 MPa to obtain EVA/NBR TPV spec-
imen.
The EVA/NBR TPV specimen was placed on the
paper sheet and preheated for 10 min at 165 °C by a
plate vulcanizing machine (HY4016M, Anhui Hua -
biao Instrument Co., Ltd., Hefei, China). After pre-
heating, it was hot-pressed at 165 °C and 3 MPa for
3 min. Subsequently, it was transferred to another
flat vulcanizing machine and cold-pressed at room
temperature for 5 min at a pressure of 2 MPa. The
rough surface of the EVA/NBR TPV was obtained
after removing the paper sheet.

2.3. Characterization
2.3.1. Fourier transform infrared spectroscopy

(FT-IR) analysis
FT-IR (TENSOR II, Bruker Daltonics GmbH & CO.
KG, Bremen, Germany) was used for infrared test-
ing of the specimens, with a scanning range of 400–
4000 cm–1 and a resolution of 4 cm–1. The OMMT
powder was uniformly ground with KBr for testing
in transmission reflectance (TR) mode. Solid speci-
mens were made into 2 mm films and tested in at-
tenuated total reflectance (ATR) mode.

2.3.2. Mechanical properties
The stress-strain behaviors of dumbbell-shaped
EVA/NBR TPV at room temperature was deter-
mined on a universal material testing machine (TCS-
2000, GoTech Testing Machines Inc., Taiwan, China)
under a crosshead speed of 500 mm/min.

2.3.3. Static contact angle analysis
The contact angle between the rough surface of
EVA/NBR TPV and deionized water was measured
using a surface analyzer (LSA100, LAUDA Scien-
tific, Lauda-Königshofen, Germany). Five different
points were selected on each specimen and a mi-
crosyringe was used to dispense 5.0 μL of deionized
water onto a single point of the specimen for testing.

2.3.4. SFE analysis
A surface analysis instrument was used to measure
the static contact angles between a series of prepared
rough surfaces of EVA/NBR TPV and deionized
water, ethylene glycol and dodecane. Five points on
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each specimen were selected and 5.0 μL of liquid
was dispensed onto a single point using a microsy-
ringe for testing. The SFE of each specimen was ob-
tained by the surface analyzer in “Direct Input
Mode”.

2.3.5. Microscopic morphology analysis
Under the vacuum condition, a layer of platinum was
sprayed onto the surface of the EVA/NBR TPV. The
surface microstructure was then observed using a
field emission scanning electron microscope
(FE-SEM, JSM-6700F, JEOL Co., Ltd., Tokyo,
Japan).

2.3.6. Self-cleaning behavior test
The dust particles were remained on the specimen
surface for 30 min. Subsequently, the surface was
cleaned using blowing air, water droplets and oil
droplets, respectively.

2.3.7. Critical pressure test
Critical pressure (Pm) testing used for the exploration
of oil-water and oil-oil separation were conducted
using a self-designed separation apparatus [42]. Pm
represents the external pressure value of the liquid
that can flow accurately into the flask. A particular
length of TPV film was wound to form a columnar
structure and the required length of the TPV film
was calculated according to Equation (1): 

(1)

where L represents the required length of the TPV
film; D stands for the inner diameter of the direct
suction pressure-responsive valve; d denotes the di-
ameter of the base column of the direct suction pres-
sure-responsive valve; h1 signifies the thickness of
the molded TPV film; h indicates the gap between
wound TPV films.
In this research, the direct suction pressure-respon-
sive valve had an inner diameter of 13 mm. The TPV
film measured 700 μm in thickness and 22 mm in
width. The TPV film, measuring 190 mm in length,
was wound into a cylinder and cautiously inserted
into the valve while ensuring a controlled film gap
of 50 μm for the liquid flow.

3. Results and discussion
3.1. FT-IR analysis of OMMT, EVA and NBR

vulcanizates
Figure 1 shows the FT-IR spectra of OMMT, EVA
and NBR vulcanizates. Figure 1 reveals that in the
spectrum of OMMT, a bending vibration absorption
peak corresponding to the Si–O–Si bond is observed
at 453 cm–1, while absorption vibration peaks asso-
ciated with the Si–O bond of OMMT are observed
at 1027 and 1120 cm–1, respectively. The character-
istic absorption peaks of C–H symmetric and asym-
metric stretching vibrations are observed at 2848 and
2921 cm–1, indicating the presence of C–H bonds in
the interlayer of OMMT after organic modification,
with the insertion of organic carbon chains. There is
also a band at 1612 and 1639 cm–1, which can be at-
tributed to the vibration absorption peak of the am-
monium salt. The hydroxyl stretching vibration peak
is observed at 3449 cm–1.
In the infrared spectrum of NBR, the characteristic
absorption peaks of the 1,2-vinyl double bond in the
butadiene unit and the 1,4-double bond are observed
at 914 and 966 cm–1, respectively. The characteristic
peak of –CH2 is observed at 1455 cm–1. Moreover,
the stretching vibration peaks of the C–H bond in
groups such as methyl and methylene are observed
at 2837 and 2917 cm–1. Notably, the spectrum fea-
tures a stretching vibration absorption peak at
2240 cm–1, which corresponds to the –CN group in
the NBR.
The infrared spectrum of NBR/6.25OMMT (mass
ratio 100/6.25) vulcanizate shows absorption peaksL h h
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Figure 1. FT-IR spectra of OMMT, EVA and NBR vulcan-
izates.



at positions and intensities similar to that of NBR
vulcanizate; moreover, the bending vibration absorp-
tion peak of the Si–O–Si bond appears at 462 cm–1,
indicating the presence of OMMT.
In the EVA spectrum, a strong –CH3 stretching vi-
bration peak is observed near 2916 cm–1 and char-
acteristic peaks at 2847 and 1464 cm–1 confirm the
stretching vibration of –CH2. In addition, stretching
vibration peaks of C=O and C–O–C are observed
near 1738 and 1236 cm–1, respectively. Stretching
vibration peaks of C–C and bending vibration peaks
of C–H are observed at 1014 and 603 cm–1, respec-
tively, which are in agreement with the chemical
structure of EVA. It is worth noting that a weak char-
acteristic peak is observed at 1100 cm–1, which can
be attributed to the ester in EVA.

3.2. Mechanical properties of series of
EVA/NBR TPV

Table 1 shows the mechanical characteristics of the
series EVA/NBR TPV. Here, the M signifies OMMT,
the E denotes OMMT which was incorporated into
the EVA phase, the N indicates OMMT which was
incorporated into the NBR phase while the T repre-
sents OMMT which was added directly into the
EVA/NBR TPV blend during the dynamic vulcan-
ization process; moreover, the numbers 5, 7, 9 and
11 represent the OMMT dosage compared to that of
the EVA/NBR TPV. For instance, 5ME, 5MN and
5MT refer to 5 phr OMMT which was added into the
EVA phase, NBR phase and EVA/NBR TPV, respec-
tively. It can be seen from Table 1 that for the TPV
specimen where OMMT was incorporated in the
NBR pre-blend, the tensile strength, elongation at
break, tear strength and hardness of TPV initially in-
creased and then decreased with the increasing
OMMT dosage. Notably, the TPV exhibited optimum
mechanical properties when the OMMT dosage was
9 phr.

From Table 1, we can also observe the improvement
in mechanical properties due to the reinforcing ef-
fects of OMMT. The macromolecular chains of NBR
are able to intercalate within the OMMT layers,
where the OMMT effectively restricts the mobility
of the NBR chains. This restriction acts as the phys-
ical crosslinking points within the NBR matrix, en-
hancing the interaction forces within the rubber’s
crosslink network. Consequently, the mechanical
properties of NBR are improved, which enhances the
overall mechanical property of the TPV. When the
OMMT dosage was increased to 11 phr, the TPV
specimen exhibited a significant decline in tensile
strength, elongation at break and tear strength. The
reduction in mechanical properties is primarily at-
tributed to the self-agglomeration of OMMT at high-
er concentrations, which would lead to the poor dis-
persion within the NBR matrix. Furthermore, com-
pared with that of TPV where OMMT was added in
EVA and NBR, the tensile strength, tear strength and
hardness were the highest where OMMT was added
during the dynamic vulcanization of TPV.

3.3. Contact angle and SFE of EVA and a
series of NBR

Table 2 shows the contact angle and SFE of EVA and
a series of NBR vulcanizates. It can be seen from
Table 2 that EVA has the highest contact angle and
the lowest SFE. Compared with that of EVA, NBR
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Table 1. Mechanical properties of series of EVA/NBR TPV.
EVA/NBR/OMMT

(mass ratio)
Tensile strength

[MPa]
Elongation at break

[%]
Tear strength

[kN·m–1] Shore A hardness

20/80/0 2.39 571.9 16.50 39
20/80/5ME 2.84 334.3 21.59 47
20/80/5MT 3.37 383.2 22.85 52
20/80/5MN 2.24 541.5 17.97 45
20/80/7MN 2.83 571.2 20.58 46
20/80/9MN 2.91 584.9 21.54 50
20/80/11MN 2.68 555.5 17.95 50

Table 2 Contact angle and SFE of EVA and a series of NBR.

Specimen
(mass ratio)

Contact angle
[°]

SFE
[mN·m–1]

EVA 100.4±0.90 16.92±1.0
NBR 98.4±1.1 17.96±1.3
NBR/6.25OMMT 95.3±1.5 18.61±1.8
NBR/8.75OMMT 90.1±1.4 19.90±1.6
NBR/11.25OMMT 88.9±1.3 19.92±1.9
NBR/13.75OMMT 86.1±1.6 19.44±1.5



has a lower contact angle and a higher SFE, indicat-
ing that it is more hydrophilic than that of EVA. In-
creasing OMMT powder content in NBR, the con-
tact angle of NBR/OMMT gradually decreases and
the SFE gradually increases, demonstrating the en-
hancement of NBR’s hydrophilicity by OMMT.

3.4. Hydrophilicity behavior of the EVA/NBR
TPV surfaces molded with paper sheet

Figure 2 illustrates the contact angle and SFE for
EVA/NBR TPV surfaces (mass ratio 20/80) molded
with the series paper sheets. From Figure 2a, it can
be found that the contact angle between the untreated
TPV surface and the deionized water changes over
time. The initial contact angle when the droplet’s
point of contacts with the TPV surface is approxi-
mately 102.8°; subsequently, the contact angle de-
creases to around 77.2°, followed by a stable period.
However, for the TPV surface molded with No. 400
paper sheets, the initial contact angle is approximate-
ly 100.2° and there is a rapid and continuous de-
crease in the contact angle; moreover, the contact
angle is 0.3° at 47.4 s, indicating the superwettability
behavior. The similar superwettability phenomenon
could also be observed on TPV surfaces molded with
No. 1000 and No. 1500 paper sheets, where the water
droplets could ultimately spread, confirming the re-
markable superwettability behavior. Comparing with
the superhydrophilic behavior of the TPV surfaces
molded with the series paper sheets, it is obvious that
the TPV surface molded with No. 1000 paper sheets
could achieve the final contact angle of 0.2° within

16.0 s, which was much shorter than that of the
No. 400 (47.4 s) and No. 1500 (43.5 s) sandpaper-
molded surfaces. The surface molded with No. 1000
paper sheets demonstrates the pronounced superwet-
tability behavior. The distinct shapes of the three
curves in Figure 2a could be attributed to variations
in the uniformity of the TPV surface at the points of
contact with the droplets. The heterogeneity in the
micro region induces the water droplet movement,
imparting the dynamic ultra-wettability to the mold-
ed TPV surface and exhibiting the Marangoni effect
of droplet movement [43, 44]. Different locations on
the surface may have different surface tension dif-
ferences, leading to inconsistent changes in the con-
tact angle [6]. Compared to the surfaces of TPV mold-
ed with No. 400 and No. 1500 paper sheets, the sur-
face molded with No. 1000 sandpaper may exhibit
the greater uniformity. Consequently, droplets are
more likely to initially contact areas of the surface
where the difference in surface tension is most pro-
nounced, thereby enhancing the superhydrophilic ef-
fect observed [17, 45].
Figure 2b shows the SFE of EVA/NBR TPV surfaces
(mass ratio 20/80) molded with the series paper
sheets. It is evident that the SFE of the series TPV sur-
faces prepared in this experiment is higher compared
to the SFE of traditional non-polar polymer surfaces,
while the SFE values are close to 30.0 mN·m–1.
Compared with the specimens in Figure 2b, the SFE
of the surface molded with No. 1000 paper sheets is
relatively high (29.1 mN·m–1), indicating the good
superhydrophilic property.
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Figure 2. Hydrophilicity behavior of the series EVA/NBR TPV (mass ratio 20/80) surfaces molded with No. 400, No. 1000
and No. 1500 paper sheets and the unmolded TPV surface a) variation of contact angle over time; b) SFE of TPV
surfaces.



Figure 3 shows the FE-SEM image of the series
EVA/NBR TPV (mass ratio 20/80) surfaces molded
with the series paper sheets. As shown in Figure 3a,
the unmolded TPV surface is not smooth and only
exhibits the slight roughness, and water droplets can-
not spread completely on the surface. Figure 3b
shows the surface morphology molded by No. 400
paper sheet where the incomplete tearing strips re-
sults in the scattered rough structure. Usually, the
tearing strips are mainly formed by the EVA matrix,
leading to the heterogeneous surface. The unique
heterogeneous microstructure and the difference in
the surface polarity between NBR and EVA lead to
the SFE gradient in the micro-region. Along the hor-
izontally interface, water in the region with the low
SFE will move to the area with the high SFE under
the driving force brought by the SFE difference in
the micro-region. When the water droplets contacted
with the molded TPV surface, water droplets prefer-

entially expand to the NBR phase due to its rich po-
larity and the higher SFE. Accompanied by the con-
tinuous movement of water droplets, they will even-
tually completely diffuse in the molded TPV surface.
The unique microstructure reduces the hydro -
phobicity of the TPV surface, potentially explaining
why the water droplets can effectively diffuse in the
molded TPV surface. Figure 3c depicts the surface
molded by No. 1000 paper sheets, showing a similar
microstructure to that of the No. 400 while with a
more precise roughness and evident tearing strips,
which enhances the phase separation between the
rubber and the thermoplastic, creating a more notice-
able SFE gradient. This also contributes to the in-
creased hydrophilicity compared to that of the No.
400 paper sheets. Figure 3d shows the EVA/NBR
TPV surface molded by No. 1500, exhibiting a sim-
ilar microstructure to that molded by No. 400 and
No. 1000 paper sheets.
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Figure 3. FE-SEM images of the series EVA/NBR TPV (mass ratio 20/80) surfaces: a) unmolded; b) molded with No. 400
paper sheet; c) molded with No. 1000 paper sheet; d) molded with No. 1500 paper sheet.



3.5. Hydrophilicity behavior of the EVA/NBR/
OMMT TPV surface

Figure 4 illustrates the influence time on the contact
angle and the SFE of the series OMMT-modified
EVA/NBR TPV surfaces molded with the No. 1000
paper sheet. Figure 4a shows the influence of incor-
poration method of OMMT in EVA/NBR on the con-
tact angel of the molded TPV surface. Surprisingly,
the introduction of OMMT in the rubber phase of
TPV demonstrates a significant enhancement in the
superhydrophilic property. It is observed that the in-
tial contact angle of the molded TPV surface where
OMMT powder was incorporated into the NBR pre-
blend is lower than that of the molded TPV surface
where the OMMT powder was incorporated into the
EVA matrix and the TPV blend. The difference is at-
tributed to the polarity difference between the NBR
phase and the EVA phase in the prepared TPV blends.

The cyano group in the NBR phase exhibits the
strong polarity, while the vinyl acetate (VA) in the
EVA phase has the relatively weak polarity. Howev-
er, the OMMT powder itself possesses the strong po-
larity. When OMMT was added into the NBR pre-
blend, the polarity of the NBR phase will be in-
creased greatly, leading to the greater polarity differ-
ence between the EVA phase and the NBR phase in
the TPV. This will inevitably result in the increasing
SFE difference and the pronounced Marangoni ef-
fect, leading to the increased superhydrophilic be-
havior and the rapid diffusion of water droplet in the
surface of the molded EVA/NBR TPV surface.
Figure 4b shows the influence of the OMMT dosage
in the NBR phase of EVA/NBR/MN TPV on the con-
tact angle of the molded surface. The contact angle
testing on the series of molded surfaces of EVA/
NBR TPV reveal that all surfaces ultimately achieve
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Figure 4. Series EVA/NBR/OMMT TPV (mass ratio 20/80) surfaces molded with No. 1000 paper sheets a) the influence of
OMMT incorporation method on the contact angle of the molded TPV surface; b) the influence of OMMT dosage
in NBR pre-blend on the contact angle of the molded TPV surface; c) SFE of series EVA/NBR/OMMT TPV molded
surfaces.



the superhydrophilicity behavior. Notably, the exis-
tence of 7 phr OMMT results in the shortest super-
hydrophilic response time (5.5 s), compliant with the
standard for superhydrophilic surfaces and showing
the obvious superhydrophilic behavior. Increasing
OMMT dosage in the NBR phase of EVA/NBR/MN
TPV, the polarity difference between the EVA and
NBR phases is increased, amplifying the Marangoni
effect and thereby enhancing the superhydrophilic
response rate. The research results of Chandran and
coworker [46, 47] indicate that the inorganic powder
is more prone to migrate into the plastic phase with
higher fluidity. Increasing the OMMT dosage, the
OMMT particles will be likely to migrate to the in-
terface of the EVA/NBR dual phases due to the high
fluidity of EVA melt. The migration will reduce the
polarity difference between the EVA and NBR phase,
resulting in the decreasing rate of superhydrophilic
response. The variations in the shapes of the four
curves in Figure 4b, similar to those observed in
Figure 2b, may be attributed to differences in surface
tension across various parts of the surface.
Figure 4c presents the SFE data of the prepared
EVA/ NBR TPV surface molded with No. 1000
paper sheets where the OMMT dosages and incor-
poration method were different. It can be seen that
form Figure 4c that the SFE of the EVA/NBR TPV

specimen where 7 phr OMMT was incorporated in
the NBR pre-blend is the highest (35.6 mN·m–1),
which is relatively closed to the surface tension of
water (75.8 mN·m–1).
Figure 5 shows the FE-SEM images of the molded
and unmolded TPV surfaces with different OMMT
incorporation method and OMMT dosage. It is be-
lieved that the distinctive two-phase microstructure
in TPV induces a difference in surface tension be-
tween the EVA and NBR phases, contributing to the
obvious hydrophilic behavior. As can be seen from
the Figure 5a–5c, we can find the tearing strips in
the 5ME and 5MT specimen surface; however, the
tearing strips in the 5MN specimen surface is denser
and significantly than that in the 5ME and 5MT
molded surfaces. The dense tearing strips play a sig-
nificant role in the superhydrophilic behavior in the
EVA/NBR TPV surface. The increasing tearing strips
directly correlates with a conspicuous separation phe-
nomenon between the NBR and EVA interface, en-
hancing the diffusion rate of water droplets in the
molded TPV surface and the Marangoni effect.
Figure 5d–5f shows the SEM images of the unmold-
ed surfaces of 5ME, 5MN and 5MT. It is obvious
that all the surfaces exhibit the relatively flat surface,
distinguishing them from the SEM images of that of
the molded TPV surfaces.
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Figure 5. FE-SEM of series EVA/NBR/OMMT TPV (mass ratio 20/80) surface a) 5ME surface molded with No. 1000 paper
sheet; b) 5MN surface molded with No. 1000 paper sheet; c) 5MT surface molded with No. 1000 paper sheet;
d) 5ME unmolded surface; e) 5MN unmolded surface; f) 5MT unmolded surface.



3.6. Critical pressure test for different liquid
Figure 6 is a schematic of the device which can be
used for Pm testing and oil-water separation. The de-
vice enables the continuous oil-water and oil-oil sep-
aration through the pressure response of the valve.
The oil-water and oil-oil separation method is car-
ried out by the direct suction pressure response oil-
water or oil-oil separation device, which differs from
the traditional gravity-driven process and offers the
high separation efficiency [48].
Table 3 shows the Pm data of several liquids where
the suction force can exactly provide the driving
force for the liquid to pass through the gap of the
winded EVA/NBR/7MN TPV (mass ratio 20/80/7)
film. The superhydrophilic EVA/NBR TPV film pre-
pared exhibits the significantly different Pm for
water and different oils, indicating its potential for
use in oil-water separation applications.

3.7. Self-cleaning behavior of the
EVA/NBR/OMMT TPV surface

During the oil-water separation process and in daily
application, granular pollutants such as oil residue

and dust often remain in the surface of the TPV film.
This would decrease the superhydrophilicity and re-
duce the efficiency of oil-oil separation. In the daily
life, the superhydrophilic surface can exhibit the
ability to clear the accumulated pollutants when ex-
posed to water and oil droplets environment, main-
taining the dust-free state and showing the material’s
self-cleaning characteristics. In order to confirm the
self-cleaning behavior of the prepared superhy-
drophilic EVA/NBR TPV film, dust was used as a
pollutant material, and the self-cleaning behavior of
the film’s surface was assessed using air, water and
oil (dodecane). Figure 7 reflects the self-cleaning be-
havior of the superhydrophilic TPV surface. It can
be seen that the wind sweeping, water and oil (do-
decane) droplets can enhance the self-cleaning be-
havior of the superhydrophilic surface, effectively
solving the potential pollution issues in both daily
life and industrial applications.

3.8. Durability of the EVA/NBR/OMMT TPV
surface

Although the great progress has been achieved in the
development and preparation of superhydrophilic
materials, there are still some key problems and chal-
lenges in the basic research and the industrial appli-
cation. One of the major issues is the durability of
the superhydrophilic materials. Most literature re-
ports indicated the relatively short experimental pe-
riods and there is a significant gap in the industrial
use cycle. Excessive sample storage time may cause
the material to separate from the matrix surface or
alter the surface microstructure, leading to the loss
of its superhydrophilic properties. In order to assess
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Figure 6. Schematic diagram of critical pressure testing and continuous oil-water separation device through the direct suction
pressure response oil-water separation valve.

Table 3. Pm data of several liquids where the suction force
can provide the driving force for the liquid to pass
through the gap of the winded EVA/NBR/7MN
TPV (mass ratio 20/80/7) film molded with
No. 1000 paper sheets (film gap 50 μm).

Type of the liquids Pm
[kPa]

Water 2.65
Cyclohexane 1.85
Dodecane 0.90
Ethylene glycol 6.35
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Figure 7. Self-cleaning behavior of EVA/NBR/7MN TPV (mass ratio 20/80/7) superhydrophilic surface molded with
No. 1000 paper sheets a), c), e) surface with dust; b) cleaning surface using air; d) cleaning surface using water;
f) cleaning surface using oil (dodecane).



the durability of the surface of the prepared super-
hydrophilic EVA/NBR TPV film, durability testing
was conducted.
Figure 8 shows the influence of placement time on
the contact angle of the superhydrophilic EVA/NBR
TPV surface. Notably, even after 30 days of place-
ment, the time required for the contact angle to reach
0.0° remains virtually unchanged. Furthermore, the
contact angle for the TPV film placed for 60 days
can still reach 0.0° with a slight increase in response
time. The test demonstrated that the superhydro -
philic EVA/NBR TPV film has the excellent stability
and durability, and its superhydrophilic behavior can
remain even over a longer period of time.

4. Conclusions
In this research, a simple templating method was
used for the first time to construct the superhydro -
philic surface of EVA/NBR TPV by molding with
No. 1000 paper sheets and the rate of superhydro -
philic response was further optimized with the intro-
duction of OMMT. Experimental evidence has
shown that the EVA/NBR TPV surface molded with
No. 1000 paper sheets exhibited the fastest superhy-
drophilic response rate. The mechanism of the su-
perhydrophilic surface of EVA/NBR TPV was pro-
posed, which is attributed to the Marangoni effect.
OMMT powder was incorporated into the EVA
phase, NBR phase and EVA/NBR TPV, respectively.
The results confirmed that the EVA/NBR/MN TPV
surface displayed the fast superhydrophilic response
time, affirming the involvement of the Marangoni
effect. Surprisingly, the superhydrophilic response

time of the EVA/NBR/7MN TPV molded surface
was significantly improved by incorporation of 7 phr
OMMT in the NBR phase, reaching an angle of ap-
proximately 0.0° within 5.5 s. The results of self-
cleaning behavior, critical pressure test and durabil-
ity testing indicated that EVA/NBR/7MN TPV sur-
face molded with the No. 1000 paper sheets has the
excellent self-cleaning property and the outstanding
durability. Moreover, the significant difference in the
Pm of different liquids indicate its potential applica-
tion prospects in oil-water and oil-oil separation. The
experimental results have expanded the preparation
methods and application scenarios of superhydro -
philic surfaces based on polymers. Compared with the
other superhydrophilic polymer materials, the pre-
pared superhydrophilic EVA/NBR/7MN TPV film
has the advantages of low cost, simple preparation
method and good durability, which is beneficial for
large-scale applications in production and daily life
[34–37].
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