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ARTICLE INFO ABSTRACT
Keywords: The preparation of superhydrophobic porous materials using 3D printing technology has attracted extensive
Direct ink writing attention in numerous fields. Herein, a magnetically active PDMS/cobalt powder (PDMS/Co) porous membrane
Magnetically responsive with superwettability was prepared by direct ink writing (DIW) 3D printing. The structural parameters of the
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porous membrane with different Co powder contents were adjusted by controlling printing parameters, such as
printing speed, air pressure and filament spacing, and the variation range of the structural parameters enabling
the porous membranes exhibit superhydrophobic properties was finally determined. Owing to the magnetic
activity of the Co powder, remotely directional collection of floating oil in water was achieved by manipulating a
permanent magnet. In addition, the chemical stability and mechanical stability of the porous membrane were
investigated. The method presented here is expected to be applied to remote control of oil adsorption, providing
a new strategy for solving the pollution problem caused by oily wastewater.
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1. Introduction

Superwetting surfaces in nature have inspired the creation of a large
number of biomimetic materials with superwetting properties, which
have a wide range of applications in numerous industries [1-3]. Among
them, superhydrophobic/ superoleophilic materials are a class of ma-
terials that are extremely repellent to water but prefer to absorb oil,
usually consisting of special surface micro- and nano-roughness struc-
tures and low surface energy chemicals [4,5]. Noteworthy, porous ma-
terials with superwetting properties have an important application in
the field of water filtration and selective oil/water separation because of
their advantages such as low density, high porosity and high oil ab-
sorption [6-9]. However, the current preparation methods for super-
hydrophobic porous materials typically require an additional process, i.
e., the construction of a new coating with micro-nanostructures on the
pristine surface of the porous material, such as spraying [10], chem-
ical/laser/plasma etching [11,12], electrodeposition [13,14], and dip-
ping [15,16]. The preparation process of these methods is relatively
complicated, and the prepared materials are prone to lose the original
superhydrophobic  properties due to the damage of the
micro-nanostructures on the surface.

As an emerging technique, 3D printing, also called as additive
manufacturing, has the significant advantages of rapid and precise
prototyping, which can be used to help mimicking bionic structures and
produce various complex architectures [17-20]. Importantly, 3D
printing technology allows for on-demand customization of pore sizes,
providing tremendous flexibility in the fabrication of superhydrophobic
porous structures [21,22]. For printing methods that can reach micro-
and nano-levels of precision, such as two-photon polymerisation, it is
possible to directly build the printed material into superhydrophobic
porous structures with micro- and nano-structures [23-26]. Whereas,
for other 3D printing methods, i.e., Fused Deposition Modeling (FDM),
Direct Ink Writing (DIW), Digital Light Projection (DLP), etc., it is
feasible to attach coatings on pre-printed porous structures through
post-processing, but there are still issues with the uniformity and dam-
age resistance of the coatings [27-31]. In contrast, by uniformly mixing
nanoparticles in a matrix system with low surface energy, porous
structures and surface micro-nano-structures can be simultaneously
constructed during the printing process, which simplifies the tedious-
ness of the manufacturing process for surface wettability [32,33].
3D-printed superhydrophobic porous structures without post-processing
have demonstrated manoeuvrability in water treatment and oil-water
separation applications [34-36]. Unfortunately, superhydrophobic
porous structures fabricated by 3D printing do not yet have
stimulus-responsive properties, meaning that porous membranes cannot
be manipulated remotely.

Herein, we prepared super-wetting PDMS/cobalt powder (PDMS/
Co) porous membranes consisting of vertically interlaced filaments with
magnetically responsive properties using pneumatic assisted DIW 3D
printing technology. By programming the printing parameters, such as
printing speed, printing air pressure and filament spacing, the structural
parameters of porous membranes with different Co powder contents can
be modulated without the need for other physical or chemical treat-
ments, thereby manipulating the surface wetting properties to achieve
the superhydrophobic behaviour without the need of any other physical
or chemical treatments. Afterwards, the chemical and mechanical sta-
bility of the superhydrophobic properties of the porous membrane were
verified. In addition, owing to the magnetic activity conferred by the
incorporation of Co powder, the directional collection of floating oil was
achieved by manipulating the movement of the porous membranes in
the oil-water mixture through a remote magnetic field.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 682 (2024) 132965
2. Experimental
2.1. Materials

The polydimethylsiloxane (PDMS, SE1700) base elastomer and
curing agent were purchased from Dow Corning Corporation, USA. Co
powder was provided by Hebei Robo Metal Material Technology Co.,
Ltd. (China), with diameter of approximately 2—-4 um. Petroleum ether,
n-hexane and toluene were provided by Guomao Group Chemical Re-
agent Co., Ltd. Petrol and vacuum pupm oil was obtained from local
market.

2.2. Ink preparation

Firstly, 10 g of PDMS and 1 g curing agent were pre-mixed in a
beaker. Subsequently, different amount Co power was added into the
previous beaker, and mechanically stirred for 10 min under ice bath
conditions. Among that, the X:1 was used to distinguish ink formula, i.e,
PDMS: Co powder=X:1, X represented the mass ratio of PDMS in each
formula system. Then, the printing ink was transferred to the syringe,
centrifuging at 1200 r/min for 10 min to remove air bubbles, which
should be prepared fresh and used at room temperature.

2.3. 3D printing of PDMS/Co porous membranes

In this study, a homemade pneumatic assisted direct ink writing
(DIW) 3D printer with a computer-controlled X-Y-Z axis movement
platform was used to print PDMS/Co porous membranes. The typical 3D
printing process was consisting of building a three-dimensional model,
slicing, generating G code and extrusion deposition. The slicing process
performed using the open-source software slic3r programmed the
printing speed, printing path and layer thickness, etc. As shown in Fig. 1,
according to the set printing parameters, the micro-nozzle with an inner
diameter of 310 ym moved along the X and Y axes and extruded the ink
onto the glass substrates, forming the pre-designed patterns. During the
printing process, before printing the filaments in the Y-axis direction to
form the next layer, the micro-nozzle was lifted up by 0.24 mm along the
Z axis. As a result, the ordered porous membranes were composed of 2—4
vertically staggered layers of materials, with a thickness of 0.4-0.8 mm.
Among that,

a=L-w

In which, a is the side length of the printed pores. L is the filament
spacing, controlled by changing the filling ratio in the slice setting. The
filling rate set in this research ranged from 25% to 80%, and the cor-
responding filament spacing was as shown in Table 1. w is the filament
width, controlled by the coordinated configuration of two parameter
variables, printing speed and air pressure. The variable range of air
pressure was from 400 KPa to 700 KPa, and the speed varied from
1 mm/s to 6 mm/s.

Finally, the printed PDMS/Co porous membranes were peeled off
from the glass substrate after curing at 95 °C for 2 h, reserved for the
next tests and characterization.

2.4. Rheological measurement

The RSO Oscillatory Rheometer (AMETEK Brookfield, USA) was used
to characterize the rheological properties of as-prepared inks in different
proportions, which were performed at a temperature of 25 °C (Peltier
temperature control). The relationship between the viscosity and shear
rate for different inks were analyzed at a shear rate range of 0.1-100 s~ L.
Moreover, the oscillation sweep experiment was to perform an ampli-
tude sweep test under a frequency of 1 Hz and an oscillatory stress range
of 10-10000 Pa, so as to observe the changes in the storage modulus (G’)
and loss modulus (G”) of the inks.
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Fig. 1. The schematic diagram of 3D printing process of superwetting PDMS/Co porous membrane. The left is an optical image of the printed PDMS/Co

porous membrane.

Table 1

Correspondence between filament spacing and filling rate.
Filling rate (%) 25 26.5 29 32 36 42 50 60 70 80
Filament spacing (mm) 1.278 1.111 1.015 0.921 0.818 0.701 0.589 0.491 0.421 0.368

2.5. Characterization

The scanning electron microscope (SEM, EVO18, ZEISS) and laser
confocal scanning microscope (LCSM, OLS3000) were used to measure
the surface morphologies. The surface wettability of the specimens was
evaluated via a contact angle meter (Kruss DSA25S, Germany). The
water contact angles (WCAs) were performed for at least three times at
different locations of the specimen. The Fourier-transform infrared
spectrophotometer (FTIR, JASCO, Japan) was used to characterize the
chemical component. The magnetic properties of porous membranes
were measured using a Tesla meter (TD8620).

2.6. Oil or solvent adsorption capacity tests

The adsorption property of samples was measured by weighing the
porous membranes before and after the absorption of oil or organic
solvent, which was according to the following equation:

q = (m - mp)/my

a
—— PDMS
10* 5
«
[\
S
> 10° 4
B
o
[&]
2
> 102 4
10 . T r T
0.1 1 10 100
Shear rate (1/s)

where g was the capacity of the porous membrane; m and my were
the weight of the porous membranes after and before the oil adsorption,
respectively.

3. Results and discussion
3.1. Rheological property

The rheological behavior of PDMS inks with different Co powder
content and the effects on the printed results were shown in Fig. 2. The
pure SE 1700 PDMS presented the rheological properties of a non-
Newtonian fluid and could be directly used for DIW 3D printing
(Fig. 2a). When added the hydrophobized Co powder in pure PDMS, i.e.,
8:1, 5:1 or 2:1, along with the increasing content, the viscosity of ink
gradually increased under the same shear rate. Meanwhile, with the
acceleration of the shear rate, the inks with different proportions of Co
powder showed the nature of shear thinning, indicating that the
formulated inks were a pseudo-plastic fluid, which were suitable for
material extrusion 3D printing. Although the change in the content of Co
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Fig. 2. Rheological properties and printability of PDMS/Co inks. (a) Apparent viscosities of four inks with different Co power as a function of shear rate. (b) The
storage modulus (G") and loss (G’’) modulus of four inks as a function of shear stress.
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powder changed the viscosity of the ink, the shear thinning behavior
didn’t change significantly. Afterwards, the effects of the addition of Co
powder on the printing performance will be analyzed in the next.

Meanwhile, the oscillatory shear test in Fig. 2b was implemented to
assess the shape retention ability of the Co/PDMS inks in the 3D printing
process. No matter the pure PDMS or loading the various Co powder, the
storage modulus (G) of inks were all over 10° Pa, which was more than
loss modulus (G’’) in the low shear stress region. Moreover, with the
increase of Co powder content, the storage modulus and loss modulus
were increased compared with pure PDMS. It showed that the addition
of Co powder further improved the shape retention of the material,
which was beneficial to the extrusion of ink. In addition, with the in-
crease of shear stress, both the storage modulus and the loss modulus
showed a decreasing trend. The faster drop in storage modulus allowed
the two curves to intersect, indicating a gradual increase in the fluidity
of the materials. Hence, the prepared ink had the properties of a gel,
which presented a viscoelastic solid state.

3.2. Design and fabrication of the porous membrane surface

The setting of printing parameters will have an influence on the
extrusion of filament, including printing speed and air pressure, so as to
affect the wettability of porous PDMS/Co membrane. Therefore, we
investigated the relationship between the width of the extruded filament
with different Co powder content and the printing speed under different
air pressure conditions, which were shown in Fig. 3a-d. It can be
concluded that higher air pressure or slower speed can result in an in-
crease in the filament width. Moreover, with the increase of Co powder
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content, the width of the extruded line gradually decreased under the
same air pressure and speed. This is because the addition of Co powder
increased the viscosity of the ink, and the total volume of the extruded
material per unit time decreased accordingly. As a result, the filament
width showed a decreasing trend. In order to facilitate the investigation
of the influence of pore size on the hydrophobic properties of the porous
membranes, it is necessary to ensure that the filament widths of different
inks are as consistent as possible. Therefore, we selected four sets of
parameters with the filament width around 0.4 mm, which were marked
in the Fig. 3a-d, namely pure PDMS (500 KPa, 4 mm/s), 8:1 (500 KPa,
3mm/s), 5: 1 (500 KPa, 3mm/s) and 2:1 (600 KPa, 3 mm/s),
respectively.

Meanwhile, due to the importance of porous structures in surface
superwetting performance, the influences of the pore size on the
wettability changes of membrane surface were discussed. For PDMS inks
with different Co powder contents, porous membrane surface specimens
with different pore sizes were 3D printed by adjusting the filling rate
ranging from 25% to 80%, so as to resulting in the corresponding vari-
ation of filament spacing from 0.3 to 1.3 mm. As can be seen from Fig. 4,
the pores formed by the vertical filaments of the upper and lower layers
of materials exhibited a square shape. With the gradual increase of the
filling rate, the filament spacing became significantly smaller, and the
side length of the square hole also gradually decreased, which was a
linear regression relation. At 70% filling rate, the pores tend to disap-
pear and disappeared at 80% filling rate (as shown in Fig. 4). While the
printed filament was fixed, the filament spacing could affect the side
length of square pore. The statistical results showed that the side length
of square pore of all porous membranes increased with the increasing of
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Fig. 3. The relationship of printing speed and air pressure on the filaments for different inks, (a) pure PDMS, (b) 8:1, (c) 5:1, (d) 2:1.
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Fig. 4. The optical microscope images of porous membranes printed with different inks under the different filling rates, (a) pure PDMS, (b) 8:1, (¢) 5:1, (d) 2:1.
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Fig. 5. WCA testing of porous membranes. Relationship between WCAs of porous membranes and filament spacing (a) and pore size (b). (c) Images of WCAs of
different porous membranes with a filament spacing of 0.701 mm.
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filament spacing, which was a linear regression relation (as shown in
Fig. S1). Because of the effect of ink collapse, the pores of PDMS/Co
membranes (8:1, 5:1, or 2:1) were also bigger than the pure PDMS
membrane at the similar filament spacing, thus affecting the surface
wettability, which will be discussed in the next.

3.3. Wettability property

The wettability of all porous membranes in Fig. 4 were investigated
to probe the correlation between WCAs and structural parameters of the
pores. As shown in Fig. 5, for the pure PDMS material with lower surface
energy (the intrinsic contact angle of 106°), the values of WCAs can also
be significantly increased by configuring it into porous structures with
different pore sizes via DIW 3D printing. While with printed filament of
0.701 mm and side width of 0.302 mm, the pure PDMS membrane
surface exhibited superhydrophobic property with a WCA of exceeding
150°, indicating that the gridded structural treatment had a certain ef-
fect on the roughness of the membrane surface. Therefore, the material
property of low surface energy and rough structure endowed the porous
PDMS membrane with superhydrophobicity.

Along with the increase of addition content of Co powder, the hy-
drophobicity of porous PDMS/Co membranes had been enhanced to
some extent (Fig. 5a, b). Fig. 5¢c showed the WCA measurements of four
different superhydrophobic membranes with a filament spacing of
0.701 mm as follows, 151.5°, 154.3°, 156.2° and 160.5°. Specifically, as
for the addition content of 8:1, the porous membrane exhibited super-
hydrophobic property while the filaments and the side lengths are in the
range of 0.491-0.921 mm and 0.178-0.569 mm, respectively. As the
addition of Co powder increased to 5:1, the filaments within range of
0.491-0.701 mm and the side lengths of 0.154-0.330 mm could achieve
the superhydrophobic membranes. While the Co powder content up to
2:1, the filaments of the porous membrane with superhydrophobic
property are in the range of 0.491-0.818 mm, and the corresponding
pore side length were 0.225-0.519 mm. Hence, it can be concluded that,
for 3D printed PDMS/Co porous membranes, the pore side length
required to achieve superhydrophobic property was between 0.2 and
0.6 mm. Therefore, when performing the subsequent performance
analysis of the porous membrane, the side length of the pores of the
printed filament was set in the range of 0.3-0.5mm, and the
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corresponding filament spacing was in the range of 0.5-0.9 mm. In
addition, the WCA values of porous membranes with different contents
of Co powder all showed a trend of firstly increasing and then decreasing
with the increase of filament spacing or side length of pore. Therefore,
the results proved that both the filament spacing and ink property could
affect the wettability of the porous membrane.

3.4. Morphology analysis

The characterization of the microscopic morphology is favorable to
reveal the superhydrophobic mechanism of flexible PDMS/Co porous
membranes. The results of optical microscope demonstrated that, the
printed porous membranes exhibited a smooth and flat state (Fig. 6a).
However, according to the further investigation by SEM images in
Fig. 6¢-f, expect for the pure PDMS porous membrane surface, the
micron particles in the surface exhibited a gradual increase with the
addition of Co powder. However, since the vast majority of Co powders
were wrapped by PDMS colloids, the surface morphologies didn’t show
an obvious micro-nano hierarchical microstructure. Furthermore, com-
bined with the investigation of laser confocal scanning microscope
(Fig. §2), the surface roughness values (Ra) of pure PDMS, PDMS/Co
(8:1, 5:1 and 2:1) were 3.243 ym, 17.948 ym, 21.085pum and
30.571 um, respectively. Meanwhile, based on the FTIR results in
Fig. 6b, the obvious characteristic peak at 2964 cm ™! was ascribed to
the stretching vibration of C-H in -CHg, and the characteristic peaks at
1007.6 and 786.3 cm ™! were resulted from Si-O-Si group, which are the
main functional groups of PDMS and also belong to the hydrophobic
functional groups.

Based on the above results, it indicated that DIW 3D printing could
effectively control the formation of the roughness of the membrane
surface by combining inks with different filler contents with the
adjustment of the pore size of the porous membrane, thereby influencing
the wettability. Following the principles of high efficiency and economy,
the PDMS/Co ink with 5:1 radio was selected in the follow-up, along
with an air pressure of 500 KPa, a printing speed of 3 mm/s, and a
printing filling rate of 50%, so as to carry out the performance and
application research of porous membranes.

Fig. 6. The SEM image (a) and FT-IR spectra (b) of the surface of printed porous membrane. And the magnifying SEM images porous membrane surface of different

inks, (c) pure PDMS, (d) 8:1, (e) 5:1, (f) 2:1.
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3.5. Stability

Surface stability is the key to determining the use value of materials.
As a flexible elastomer, the porous PDMS membrane has good me-
chanical stability. As shown in Fig. 7a and b, the printed super-
hydrophobic PDMS/Co membrane was tested by multiple stretching and
bending deformations. Even though with more than 600 times of
stretching-releasing cycles with a strain of 50% and multiple irregular
folding, the WCA values of the printed membrane remained above 150°.
The results demonstrated the printed superhydrophobic membrane has
good elasticity and excellent mechanical stability, should be attributed
not only to the conformability of the flexible matrix material, but also
the advantage of 3D printing technology, which directly transformed
PDMS/Co ink into superhydrophobic surfaces with a porous structure.
By comparison with traditional coating method, this method can effec-
tively solve the weak interfacial adhesion between the two materials and
avoid the detachment of Co particles from the surface during force-
induced deformation. In addition, for the solutions with different pH
values shown in Fig. 7¢, no matter acid or alkaline solution, the WCA
values of the printed PDMS/Co porous membrane also were greater than
150°, showing superhydrophobic property. Moreover, the porous
membrane can maintain superhydrophobicity for a period of time in air
(Fig. 7d).

3.6. Magnetic response on-demand oil-absorption

In view of the hydrophobic and oil absorption properties of PDMS,
the oil absorption capacity of the 3D printed porous membrane also was
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investigated. As shown in Fig. 8a, while pure PDMS was immersed in
petroleum ether solution, the volume expanded in a linear expansion
rate of about 35%. As for the printed PDMS/Co porous membrane with
5:1 content (filament spacing was about 0.59 mm), it also exhibited oil-
absorbing swelling capacity with a similar linear expansion rate. In
addition, we have conducted tests on the adsorption capacity of the two
membranes for different types of solvents and oils. As shown in Fig. 8b,
the PDMS and PDMS/Co membranes exhibited different oil-adsorption
capacities depending on the density of the adsorbed oil. Overall, due
to the addition of Co powder, the adsorption capacity of PDMS/Co
membranes has decreased compared to PDMS membranes, but they still
possess considerable oil adsorption performance. Specifically, for high-
density oils such as vacuum pump oil and petrol, the adsorption ca-
pacity of the two membranes was less than 100 g/g. As for low-density
solvents such as n-hexane, toluene, and petroleum ether, the adsorption
capacity of PDMS membrane ranged from 142.4 g/g to 172.9 g/g,
whereas the adsorption capacities of the PDMS/Co membranes
decreased, with values ranging from 82.4 g/g to 109.1 g/g. Moreover,
the presence of Co powder endows the PDMS/Co porous membrane with
magnetically responsive properties of 0.03-0.05 mT (8:1), 0.09-0.11 mT
(5:1), and 0.15-0.17 mT (2:1) as measured by a Tesla meter, which al-
lows the porous membrane to produce controlled motion in response to
the magnetic field. Utilizing the dual characteristics of the oil absorption
and magnetic response of PDMS/Co porous membranes, the adsorption
and collection of oil in the oil-water mixture can be realized concur-
rently. As shown in Fig. 8c, the movement of the porous membrane can
be controlled by manually manipulating the position of an external
magnet to achieve directional collection of floating oil in water, with
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Fig. 8. The adsorption test of PDMS and PDMS/Co porous membranes with 5:1 content. (a) Images of the PDMS and PDMS/Co membranes before and after
absorbing petroleum ether. (b) Adsorption capacity of the PDMS and PDMS/Co membranes for various solvents and oils. (¢) Directional collection of floating oil in

water in response to magnetic field.

non-contact and remote oil absorption characteristics. Moreover, after
cleaning with alcohol, the PDMS/Co membrane could quickly return to
the initial state, achieving the use of recycled.

4. Conclusion

Via a facile and environment-friendly approach, we prepared super-
wetting PDMS/Co porous membranes with on-demand oil-absorption
property utilizing pneumatic assisted DIW 3D printing technology. By
adjusting printing parameters such as ink ratio, printing speed, air
pressure and filament spacing, the structural porous membranes with
superhydrophobicity could be obtained easily without further physical
or chemical treatment. For low surface energy materials of PDMS, the
filament spacing and the amount of Co powder added jointly affected the
wettability of the porous membranes. Especially, the pore size of porous
membranes can be adjusted and designed via parameter settings. The
results demonstrated that the pore size ranges from 0.2 to 0.6 mm to
achieve superhydrophobicity. In addition, the porous membranes
exhibited excellent chemical stability and mechanical stability. Owing
to the magnetic activity of the Co powder, remotely directional collec-
tion of floating oil in water was achieved by manipulating a permanent
magnet. This provides a novel and high degree of freedom for the
preparation technology of superhydrophobic surface, which could have
a wide range of potential applications.
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