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ABSTRACT: Thermo and pH dual-controllable oil/water separation
materials are successfully fabricated by photo initiated free radical
polymerization of dimethylamino ethyl methacrylate (DMAEMA). The
PDMAEMA hydrogel coated mesh shows superhydrophilicity and
underwater superoleophobicity at certain temperature and pH. Due to
the double responsiveness of PDMAEMA hydrogel, the as-prepared
mesh can selectively separate water from oil/water mixtures and make
water and oil permeate through the mesh orderly and be collected
separately by adjusting the temperature or pH. Water can pass through
the as-prepared mesh under 55 °C (pH 7) and pH less than 13 (T = 25 °C) while oil is kept on the mesh. When the temperature
is above 55 °C or pH is larger than 13, the water retention capacity of PDMAEMA hydrogel is significantly reduced and the
swelling volume is decreased. Therefore, oil can permeate through the mesh and be collected in situ. Additionally, this material
has excellent potential to be used in practical applications and has created a new field for water/oil separation in which the
process can be diversified and more intelligent.
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1. INTRODUCTION

Stimulus-responsive (SR) polymers have attracted broad
attention and been widely studied over the recent years
because of their promising potential in fabricating intelligent
controllable materials. SR polymers can display controlled
changes in response to physical or chemical changes of the
external environment, such as temperature, pH, light,
electricity, and magnetism.1−7 In the biomedical field, the SR
polymers have numerous applications, for example, light-, pH-,
and temperature-responsive dendrimer systems with different
chemical compositions and architecture can be used to
encapsulate and release drugs.8−10 SR polymers also have
potential application in many other fields like sensors, enzyme
immobilization, and changing wettability. For example, some
typical SR polymers are chosen to build smart surfaces with
reversibly switchable wettability including poly (N-isopropyla-
crylamide) (PNIPAAm) has been used for fabricating
thermosensitive surfaces that can change from superhydrophilic
to superhydrophobic by heating.11 The electroresponsive
polyaniline (PANI) nanowire film with reversible super-
oleophobicity has achieved controlled transport of tiny volume
of liquid.12

Oil/water separation has always been an important and
urgent issue because of the discharge of oily wastewater from
industries and frequent oil spill accidents.13−16 Special
wettability to solve this problem has become the focus of
research in recent years.17−20 Generally, there are three types of
separation materials which can be concluded as: “oil-removing”
type materials with superhydrophobicity and superoleophilicity,
“water-removing” type materials with superhydrophilicity and

superoleophobicity, and the smart controllable separation
materials.21−26 Compared with the other two types of materials,
the smart controllable separation materials have more
advantages in simplifying separation devices, accelerating
separation rate, and reducing energy use.27−29 However, up
to now, only a few works have reported smart controllable
separation materials, such as mixing Fe3O4 with oil absorption
substance (magnetic control)30,31 and synthesizing block
copolymer comprising pH-responsive poly(2-vinylpyridine)
and oleophilic/hydrophobic polydimethylsiloxane blocks (pH
control).32

In this work, a thermo and pH double controllable oil/water
separation material has been developed through photo initiated
free radical polymerization. The stainless steel mesh as
substrates was coated with poly (dimethylamino) ethyl
methacrylate (PDMAEMA) hydrogel by simple immersion in
a mixed pregel solution. It contains DMAEMA monomer,
N,N′-methylene bisacrylamide (BIS) as the chemical cross-
linker, and polyacrylamide (PAM) as thickener (Figure 1a).
The stainless steel mesh was then drawn out horizontally from
the solution and exposed under UV-light for in situ free radical
polymerization. PDMAEMA, as one of the most promising SR
polymers, has been extensively researched for its thermo and
pH dual-responsive characteristic. The lower critical solution
temperature (LCST) of PDMAEMA is ranging from 30 to 50
°C with different pH, molecular weight, and salt concen-
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tration.11 By simply adjusting the pH of the aqueous solution of
PDMAEMA, the phase separation temperature can easily be
turned. Because the protonation degree of the tertiary amine
group in PDMAEMA varies depending on pH of the aqueous
solution, hydrophilicity/oleophilicity of PDMAEMA will be
diverse at different pH.
As shown in Figure 1b, the as-prepared mesh is super-

hydrophilic and underwater superoleophobic that can selec-
tively separate water from oil/water mixtures. Water can pass
the mesh but oil cannot at less than 55 °C (pH 7) and pH less
than 13 (T = 25 °C). When the temperature is greater than 55
°C or pH is larger than 13, oil can permeate through the mesh
since the water retention capacity of PDMAEMA hydrogel is
significantly reduced and the swelling volume is decreased. The
change in water retention capacity and volume is the
macroscopic performance of transition of intra- and inter-
molecular hydrogen bonds in PDMAEMA hydrogel. Depend-
ing on the dual-responsive characteristic, oil and water can
sequently permeate through the mesh, thus we can in situ
collect them separately by adjusting temperature and pH.

2. EXPERIMENTAL SECTION
2.1. Materials and Measurements. Dimethyl amino ethyl

methacrylate and N, N′-methylene bisacrylamide purchased from
J&K and 2, 2′-diethoxyacetophenone purchased from Alfa Aesar were
used as received. All other agents and solvents were purchased from
Sinopharm Chemical Reagents and used directly without further
purification. SEM images of the PDMAEMA hydrogel coated mesh
were obtained using a field-emission scanning electron microscope
(JSM-6700F, Japan). Contact angles were measured on an OCA20
machine (Data-Physics, Germany) at ambient temperature. The oil
droplets (DCE, 2 μL) were dropped onto the prepared mesh under
water. The average value of five measurements performed at different
positions on the same sample was adopted as the contact angle. TGA
analysis were carried out using a TA Instrument (TGA Q50) in air
atmosphere (flow rate 60 mL/min) at a heating rate of 5 °C/min from
room temperature to 110 °C and kept isothermal for 15 min.
2.2. Electrodeposition of Copper on the Substrate. Stainless

steel mesh with pore size approximately 40 μm was chosen as
substrates. Cu electrodeposition was carried out on mesh surface at a
constant potential (1.5 V) for 400 s twice at room temperature and the
electrolyte was an aqueous solution of 0.5 mol/L CuSO4. The working

electrode was copper mesh and cathode were stainless steel mesh.
After the deposition, the samples were rinsed with deionized water and
dried.

2.3. Preparation of PDMAEMA Hydrogel-Coated Mesh.
Dimethyl amino ethyl methacrylate (DMAEMA), N, N′-methylene
bisacrylamide (BIS), 2, 2′-diethoxyacetophenone (DEOP), and PAM
(number average molecular weight Mn = 3 000 000), as the precursor,
cross-linker, initiator, and adhesive agent (38:1:0.0.5: (7 × 10−5) by
mole) were dissolved in deionized water and stirred for 12 h to form a
homogeneous solution. The stainless steel mesh was immersed in the
mixed pregel solution, then slowly taken out with the sticky solution
adhered on the surface of steel wires. The mesh with pregel solution
was placed under the 365 nm UV light for 120 min to form
PDMAEMA hydrogel coated mesh. Pregel solutions contained
different mole ratios of monomer and crosslinker have been prepared
to observe the effects of different crosslinking degree on oil/water
separation process (see details in the Supporting Information).

2.4. Separation of Oil/Water Mixtures. The as-prepared mesh
stored in water before separation was fixed between two Teflon
fixtures. Both of the fixtures were attached with glass tubes and placed
vertically. The diameter of the tube was 25 mm. The oil/water
mixtures (30 v/v%) were poured onto the as-prepared mesh. The
separation was achieved by the weight of the liquids. The separation
efficiency was determined by testing the content of the oil before and
after separation and calculated by oil rejection coefficient (R (%))
according to
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where Co and Cp are the oil concentration of the original oil/water
mixture and the collected water after the first separation. The oil
content was measured by the infrared spectrometer oil content
analyzer (CY2000, China)

3. RESULTS AND DISCUSSIONS

3.1. Mesh Morphology. Figure 2 shows the scanning
electron microscopy (SEM) images of PDMAEMA hydrogel
coated mesh. Figure 2a is a typical image of stainless steel mesh
as a substrate with pore diameter of approximately 40 μm (400

Figure 1. Schematic description of the preparation of PDMAEMA
hydrogel coated mesh and the opposite wettability of the mesh when
contacted with oil. (a) The stainless steel mesh as substrates was
coated with PDMAEMA hydrogel which polymerized by DMAEMA
monomer, N,N′-methylene bisacrlamide (BIS) as the chemical cross-
linker, and polyacrylamide (PAM) as thickener under UV light. (b)
Under 55 °C (pH 7) and pH less than 13 (T = 25 °C), oil cannot
permeate though the mesh, whereas when the temperature is above 55
°C or pH is larger than 13, oil can pass through the mesh easily.

Figure 2. SEM images of the as-prepared mesh: (a) the stainless steel
mesh as substrates with an average diameter of approximately 40 μm;
(b) the substrates after electro-deposition of copper and rectangular
pyramid-shaped copper can be observed which intended to increase
the surface roughness; (c) large-area view of the PDMAEMA
hydrogel-coated mesh; (d) the high-magnification image of hydrogel
coated mesh, in which the nanostructured papillae can be clearly seen.
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mesh size). The surface of the substrate is clean and smooth.
Figure 2b is the image of the substrate after electro-deposition
of copper which is intended to increase the surface roughness.
The electrodeposition was achieved under potentiostatic and
thermostatic control at 1.5 V for 400 s twice (see details in the
Experimental Section). The electro-deposited copper can be
observed in the shape of rectangular pyramid which could
continue to pile up to form larger cluster. Both form of copper
help store the pregel solution for better polymerization on the
mesh. Figure 2c demonstrates that the PDMAEMA hydrogel
coatings cover the steel uniformly and a few of hydrogel exists
in the pores of the mesh which has less influence on the pass of
water through the as-prepared mesh. A rough surface with
nanostructured papillae can be clearly observed on the enlarged
view of a single wire (Figure 2d).
3.2. Mesh Wettability. The wettability and oil-adhesion

properties of the PDMAEMA hydrogel coated mesh were
characterized by the contact angle measurement. Figure 3a

displays the shape of a 1,2-dichloroethane droplet on the mesh
underwater, and in this case the oil contact angle (OCA) is
about 151.0 ± 0.8°. Water can be absorbed by hydrogel and
trapped in the rough nanostructure, resulting in great decrease
of the contact area between oil droplet and the mesh.
Therefore, the mesh shows underwater superoleophobic
property in the oil/water/solid three-system. The triple-phase
contact line (TCL) is not continuous in this composite contact
mode so that oil droplet can easily roll off the mesh.12 Figure 3b
illustrates the photograph of a 1,2-dichloroethane droplet on
the as-prepared mesh with a sliding angle of 3.0 ± 0.8° that
indicates the oil-adhesion of the mesh is quite low in neutral
solution at ambient temperature. The oil contact angles under
aqueous solutions at different pH value have been presented in
Figure S2 in the Supporting Information.
3.3. Thermoresponsive Controllable Separation. The

PDMAEMA-coated mesh shows different wettability with oil at
different temperature and pH since PDMAEMA is a thermo-
and pH sensitive polymer. A series of proof-of-concept studies
have been carried out to test the controllable oil/water
separation capacity. The oil/water separation procedure was
performed as shown in Figure 4. The mesh was fixed between
two Teflon fixtures. Both of the fixtures were attached with a
glass tube and placed vertically. When pouring the mixture of
gasoline and water, water passed through the mesh rapidly
while gasoline was repelled and kept in the upper glass tube.
During the separation, no external force was used except their
own weight (Figure 4a−c). After the separation, the water was
collected in the beaker below for further analysis. Meanwhile,
we in situ heated the mesh with a 1000 W hair dryer for 2.5
min. When PDMAEMA reached its LCST, the coated mesh’s

water retention capacity was significantly reduced and the
swelling volume of the hydrogel was greatly decreased (see
details in the separation video in the Supporting Information).
Then gasoline could permeate and be collected afterward
(Figure 4d, e).
Thermogravimetric analysis (TGA) of PDMAEMA hydro-

gel-coated mesh has been made to confirm the different ability
of holding water. Samples were taken out from different water
bath with temperature of 25 and 55 °C and hung up in the air
for 5 min. As shown in Figure 5a, the water content of the
coated mesh from a room temperature water bath is 18.6%
while only 0.02% in the mesh from a 55 °C water bath.
Moreover, we made some bulletlike PDMAEMA hydrogel to
test the swelling property. After immersed in water bath at
different temperature (25 and 55 °C), there is no visible change
on the high-temperature hydrogel in contrast to an obvious
swelling on the low temperature hydrogel (Figure 5c). With the
two characteristics above, the as-prepared mesh can selectively
separate water from oil/water mixtures at room temperature
and let oil permeate after heating. Therefore, water and oil can
pass through the mesh in turn and be collected separately
simply by adjusting the temperature, implying the achievement
of controllable oil/water separation. As shown in Figure 4f, the
separation efficiency of gasoline can be up to 99.97 ± 0.01%.

3.4. pH-Responsive Controllable Separation. To study
the pH responsiveness of the PDMAEMA hydrogel coated
mesh, a set of oil/water mixtures with different pH have been
prepared. The aqueous solution was dyed by cresol red, which
displays red in the solution with pH below 1.8, yellow between
1.8 to 8.0, and purple above 8.0. Before each separation, the as-
prepared mesh has been immersed in the corresponding
solution were respectively 0.1 M HCl solution, deionized water,

Figure 3. As-prepared mesh shows special wettability with both
underwater superoleophobic and low oil-adhesion characteristics in
oil/water/solid three-phase system: (a) the photograph of a 1,2-
dichloroethane droplet (2 μL) on the coated mesh in water with a
contact angle of 151.0 ± 0.8° and (b) sliding angle of 3.0 ± 0.8°.

Figure 4. Studies of the temperature-controllable oil/water separation.
(a) The mesh was fixed between two Teflon fixtures. Both of the
fixtures were attached with a glass tube and placed vertically. A mixture
of gasoline and water was poured into the upper glass tube. (b) Water
passed through the mesh quickly, while the gasoline was kept in the
upper glass. (c) The separation was accomplished and water was
collected in the beaker below for further analysis. (d) The mesh was in
situ heated by a hair dryer until PDMAEMA hydrogel reached its
LSCT. Then gasoline started to permeate the mesh and (e) was
collected in another beaker. (f) The separation efficiency for gasoline
and water mixtures.
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and 1 M NaOH solution with pH of 1.0, 7.0, and 14.0. In
Figure 6a, b, as pouring the mixtures of gasoline/0.1 M HCl
solution and gasoline/water, water passed through the mesh
quickly while gasoline was kept in the upper glass tube. It also
indicated the mesh can be fully recovered after the thermo-
responsive controllable separation process. However, the
gasoline/1 M NaOH solution mixture permeated through the
mesh altogether (Figure 6c). The different wettability of oil on
the mesh is also caused by different water retention capacity
and swelling volume. The water content of a coated mesh from
0.1 M HCl solution is 15.0 and 1.0% for the mesh from 1 M
NaOH solution.(Figure 5b) Besides, the protonation degree of
the tertiary amine group in PDMAEMA decreased from low
pH to high pH solution. The bulletlike hydrogel gets a clear
swell after immersed in the 0.1 M HCl solution while there is
almost no change in volume in the 1 M NaOH solution.
(Figure 5d). Therefore, the as-prepared mesh is confirmed to
be pH responsive in oil/water separation.

4. CONCLUSIONS
In summary, a novel thermo- and pH dual-responsive
PDMAEMA hydrogel coated mesh was successfully fabricated
in an oil/water/solid three-phase system. The as-prepared
superhydrophilic and underwater superoleophobic mesh has
realized controllable oil/water separation with high separation
efficiency. It can selectively separate water from oil/water
mixtures and make water and oil permeate through the mesh
orderly and be collected separately by adjusting the temper-

ature or pH. This material has excellent potential to be used in
practical applications because of its thermo- and pH dual-
responsive property and biocompatibility. Moreover, this
material has created a new field for water/oil separation in
which the process can be diversified and more intelligent.
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