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ABSTRACT: A novel Hg*" responsive oil/water separation mesh with
poly(acrylic acid) hydrogel coating is reported. The mesh can separate oil
and water because of the superhydrophilicity of the poly(acrylic acid)
hydrogel coating on the mesh, and switch the wettability based on the
chelation between Hg** and poly(acrylic acid) . The reversible change in
oil contact angle of as-prepared mesh is about 149° after immersion in
Hg*" solution. This mesh is an ideal candidate for oil-polluted water
purification, especially for water that contains Hg*" contaminant.
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n October 10, 2013, a global effort to address mercury

(Hg) was the addressed at the Minamata Convention on
Mercury.'~* Hg is a notorious heavy metal with significant health
and environmental effects.>® Hg and its various compounds lead
to a wide range of serious health problems including brain and
neurological damage, particularly among the young.”® Polluted
water is the main carrier of anthropogenic mercury contaminants,
which generally contains insoluble oil and other soluble
pollutants during the global industrial production.”'® Therefore,
several strategies, including mercury contaminant detection and
oil/water separation, are in demand for sewage treatment.
Accordingly, a novel material that could not only selectively
detect Hg”* but also effectively separate the mixtures of oil and
water will be a wise choice for future industrial wastewater
treatment.

Hg“ is an excellent chelate metal ion, and a large sum of
sensors can effectively detect Hg** with fluorescence or color
changes based on chelation."* For example, thodamine, '
naphthalimide,13 4,4-difluoro-4-bora-3a, 4a-diaza-s-indancene
(BODIPY),"* anthracene,"® acridine,'® porphyrin,'” p-cyclo-
dextrin,'® thymine-rich DNA,""™ namoparticles,24 and their
derivatives are common functional groups on sensors. However,
studies with mercury mainly concentrate on fluorescent,
colorimetric detection and cold vapor atomic adsorption
spectrometry; there are few studies on the other areas of mercury.

To date, the majority of Hg** detection and oil/water
separation have been performed separately. Our group made
efforts to the wettability of material, including superhydro-
phobic and superoleophilic polytetrafluoroethylene (PTFE)
coated mesh,” photoresponsive and photodegradable TiO,-based
mesh® and et al”’ > Recently, we developed a polyacrylamide
hydrogel-coated mesh, and the superhydrophilicity of this mesh
makes it an outstanding oil/water separation material***" Tt is
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known that poly(acrylic acid) is a hydrophilic material and can
chelate many metal ions including mercury. Herein, we have
developed a new material for industrial wastewater treatment via
combining polydopamine coated mesh (PDA mesh) with linear
poly(acrylic acid) (LPAA), which can separate oil and water
because of the hydrophilicity of LPAA, and switch the wettability
of the mesh based on chelation between mercury and LPAA
(Scheme 1). This novel mesh is hydrophilic and oleophobic in the
absence of Hg”* (Hg(NO,;),, mercuric nitrate, 40.48 mg/mL),
resulting in that water can permeate through the mesh while oil is
blocked (Scheme 1d). However, the mesh changes to oleophilic
and hydrophobic in the presence of Hg** to make that oil can go
through the mesh whereas water is obstructed (Scheme 1d’). Such
kind of mesh is an ideal candidate for oil-polluted water
purification, especially that contains Hg?* contaminant.

Scheme la—c illustrate the fabrication of LPAA-PDA mesh.
First, PDA mesh is manufactured by dopamine self-polymer-
ization on the surface of stainless steel mesh in Tris solution
(10 mmol/L, pH 8.5, Scheme 1b, see the experimental details
in the Supporting Information).”> ** PDA mesh possesses high
reaction activity with thiol and amino groups due to the
unsaturated ketone groups of polydopamine (PDA).>**® In
NaOH solution (pH >12), thiol groups are obtained from the
hydrolysis of chain transfer agent (CTA, Scheme 2), which is
the active chain end of reversible addition—fragmentation chain
transfer (RAFT) polymerized LPAA chain. Then, LPAA-PDA
mesh is obtained via Michael reaction between the thiol group
of LPAA and the unsaturated ketone group of PDA in NaOH
solution (pH >12), followed by the hydrolysis (Scheme 1c).
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Scheme 1. Diagram of Preparation, Oil/Water Separation, and Wettability Transition of Mussel-Inspired Hydrogel Coated
Mesh: (a) Stainless Steel Mesh; (b) Polydopamine-Coated Mesh (PDA mesh); (c) Linear Polyacrylic Acid Grafted to PDA
Mesh (LPAA-PDA mesh); (d) Oleophilic and Hydrophobic Properties of LPAA-PDA Mesh in the Presence of Hg**; (d’)
Hydrophilic and Oleophobic Properties of LPAA-PDA Mesh in the Absence of Hg*"
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The scanning electron microscope (SEM) images of the
original stainless steel mesh, PDA mesh, LPAA-PDA mesh and
LPAA-PDA mesh after immersed in saturated Hg** solution are
shown in Figure 1. Stainless steel mesh with 1000 mesh size is
chosen as a substrate because stainless steel owns high
compressive strength and is not readily corroded, rusted, or
stained with water compared to ordinary steel. Figure la
illustrates the smooth surface of stainless steel with a diameter
about 50 ym, while “island shape” polymers (red circle) appear
on the surface after PDA conjugates to the stainless steel mesh
(Figure 1b). Similarly, there are “island shape” polymer
mixtures on the surface of LPAA-PDA mesh and LPAA-PDA
mesh after immersed in saturated Hg*" solution (Figure lc, d).

Surface constituent elements of each meshes have been
measured by X-ray photoelectron spectroscopy (XPS), which
can reflect the chemical modification of the mesh and the
chelation between Hg®* and poly(acrylic acid) . Figure 2a
elucidates three essential elements including nitrogen (N), carbon
(C) and mercury (Hg) on the spectra that were surveyed by
scanning binding energy from 0 to 500 eV. The three main peaks
at 399.8, 284.8, and 105.8 eV were respectively labeled as N 1s,
C 1s and Hg 4f5 (Figure 2a). In Figure 2b, the peak at 399.8 eV
originates from sp3-hybridized nitrogen atoms. Compared to
original stainless steel mesh, N content of PDA mesh increases,
implying the conjugation of polydopamine to mesh. Similarly, it
indicates the intensity enhancement of C 1s peak to contrast
LPAA-PDA mesh with PDA mesh in Figure 2¢, because the LPAA
contains carbon, whereas LPAA was grafted to the PDA mesh via
Michael addition reaction.® Furthermore, the strong Hg 445
peak was observed at 105.8 eV binding energy in Figure 2d after
LPAA-PDA mesh immerses in saturated Hg*" solution, suggesting
that the chelation between Hg** and poly(acrylic acid) produce
mercury polyacrylate.

To characterize the surface wettability transition of as-
prepared meshes, the water contact angle in the air (WCA) and
oil contact angle under the water (OCA) of each mesh has
been determined. Figure 3 displays the morphologies of water
droplets in air and oil droplets under water on these meshes. It
is observed that the WCA of original stainless steel mesh is

Figure 1. SEM images of the as-prepared mesh: (a) Stainless steel
mesh. (b) Polydopamine-coated mesh (PDA mesh). (c) Linear
poly(acrylic acid) grafted to PDA mesh (LPAA-PDA mesh). (d)
LPAA-PDA mesh after immersion in saturated Hg?* solution.

1319 + 1.1°, and the OCA is 129.3 + 3.2° (Figure 3A). As
stainless steel mesh is modified by PDA, the WCA decreases to
67.0 + 5.8° and the OCA increases to 143.5 + 2.5° to make
this PDA mesh a highly oleophobic mesh (Figure 3B). After
hydrophilic LPAA was grafted to PDA via Michael addition
reaction, the LAPP-PDA mesh becomes a superhydrophilic
(0°) and highly oleophobic (149.0 + 2.4°) mesh while the
water droplet can quickly spread this mesh (Figure 3C). Next,
the hydrophilic LPAA-PDA mesh converts to hydrophobic
mesh that the WCA of LPAA-PDA meshes increase from 0° to
1219 + 34%t0 1214 + 2.7° (Figure 3C—E), because the
complexation between poly(acrylic acid) and Hg** induces the
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Figure 2. XPS spectra of the as-prepared mesh: (a) Survey scans the spectral region from 0 to 500 eV. (b—d) high-resolution XPS N 1s, C 1s, and
Hg 4fS narrow scans as a function of electron binding energy. (b) Content of N increases after dopamine self-polymerization on stainless steel mesh.
(c) Conjugation of LPAA and PDA mesh leads to the increase of C content. (d) Mercury element is observed after LPAA-PDA mesh immersion in

saturated Hg** solution.
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Figure 3. Contact angle images illustrate the wettability transition of as-prepare meshes: (A) Hydrophobic and underwater oleophobic stainless steel
mesh. (B) Underwater highly oleophobic PDA mesh. (C) Superhydrophilic and underwater oleophobic LPAA-PDA mesh. (D) Hydrophobic and
under water oleophobic LPAA-PDA mesh after soaking in 1 mg/mL Hg** solution for 5 min. (E) Hydrophobic and under water oleophilic LPAA-
PDA mesh after soaking in a saturated Hg** solution for 5 min. Hg®" results in wettability transition of LPAA-PDA mesh due to the chelation
between Hg*" and poly(acrylic acid) . W, water contact angle; O, oil contact angle.

anionic poly(acrylic acid) change to neutral mercury poly- of LPAA-PDA meshes demonstrates that the as-prepared
acrylate (Figure 3D, E).>” Consequently, the oil contact angle meshes are oleophobic except the LPAA-PDA mesh immersed
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Scheme 2. Reversible Addition—Fragmentation Chain Transfer (RAFT) Polymerization and Hydrolysis of Linear Polyacrylic

Acid (LPAA)

i N\)<CN
+ %
Ay v N

AA AIBN

o
\/s\n,sWOH
NC
s 0” "OH
LPAA

Hydrolysns
NaOH (aq)

o
s. .8 RAFT
e o o
s NC Methanol, 60°C, N,
CTA
W
OH

n=1000

in saturated Hg®* solution (Figure 3C—E). With increasing of
the Hg** concentration, the meshes turn to more oleophilic
from 149.0 + 2.4° to 138.1 + 4.1° to 0° because of the
generation of more neutarl mercury polyacrylate. The
concentration of Hg’* is so high in saturated Hg** solution
that generates plenty of neutral mercury polyacrylate to achieve
wettability transition of LPAA-PDA mesh. Therefore, the
mechanism for Hg’*-induced wettability of LPAA-PDA meshes
is caused by the polarity varition of LPAA. LPAA is polar and
negative while mercury polyacrylate is nonpolar and neutral
after LPAA-PDA meshes soaking in a saturated Hg** solution.
And this transition process might relate to the conformation
change of LPAA chains in the presence of mercury ions.
Besides, Na*, Ca**, Ni**, and Cd>" are tested as responsive ions,
but the WCA data do not show a change (see the Supporting
Information, Figure S2).The difference is caused by the polarity

Figure 4. Oil/water separation studies of LPAA-PDA meshes. (a)
LPAA-PDA mesh,. (b) LPAA-PDA mesh after soaking in 1 mg/mL
Hg*" solution, (c) LPAA-PDA mesh after soaking in a saturated Hg**
solution. Red, petroleum ether with oil red; colorless, water.

of sodium polyacrylate and calcium polyacrylate but the
nonpolarity of mercury polyacrylate.

The Hg®" responsive wettability transition of LPAA-PDA
mesh implies that this mesh can be utilized to oil/water
separation under the conditions of different Hg** concen-
tration. A series of studies to separate oil and water were
performed as showed in Figure 4. LPAA-PDA mesh was fixed
between two glass tubes. Mixtures of petroleum ether (dyed by
oil red) and water (50% v/v) were poured onto the LPAA-PDA
mesh. Water quickly permeated through the mesh and dropped
into the beaker below (Figure 4a, see the Supporting
Information, Movie S1). Meanwhile, oil was retained above
the mesh because of the underwater superoleophobic and low
oil-adhesion properties of the poly(acrylic acid) hydrogel. No
external force but their own weight was employed during the
separation process, which indicates this water-removing hydro-
gel-coated mesh is a good candidate in industrial oil-polluted
water treatments and oil spill cleanup. After soaking in 1 mg/mL
Hg“ solution and dried, both water and oil can go through
the meshes because that the poly(acrylic acid) hydrogel has
been destroyed by the generated neutral mercury polyacrylate
(see Figure 4b that Supporting Information, Movie S2). When
enough mercury polyacrylate replaces poly(acrylic acid), the
hydrophilic hydrogel-coated mesh turns oleophilic, and oil can
readily permeate through the mesh (Figure 4c, see the
Supporting Information, Movie S3).

B CONCLUSIONS

We successfully developed a new method to achieve wettability
response to Hg”* with a linear poly(acrylic acid) hydrogel. This
novel mesh achieves effectively oil/water separation on account
of the hydrophilicity of linear poly(acrylic acid) , and switches
the wettability of the mesh based on chelation between mercury
and poly(acrylic acid) , which makes it a good candidate in
industrial oil-polluted water treatments and oil spill cleanup. In
the future, more heavy metal ions, such as Pb**, Cr**, Ag*, Au*,
etc, will have ideal wettability response factors besides light,
temperature, pH, electric field, and pressure. The applied
research including oil/water separation, emulsion separation,
stability, and reusability of ion-induced wettability will be a new

research area.
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Material and characterization; experimental details of LPAA-
PDA mesh; contact angle of LPAA-PDA meshes after soaking
in saturated Na*, Ca**, Ni**, Cd*, and Hg*"; and oil/water
separation videos of the as-prepared mesh, etc. This material is
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CTA, chain transfer agent
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