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ABSTRACT

A porous calcium alginate/Ag nanoparticles (Ca-ALG/Ag) hydrogel film with superhydrophilic and
underwater superoleophobic properties is fabricated through an eco-friendly “soluble salt-template
method”. Taking advantage of the environmental stability of calcium alginate and the freestanding
porous structures, the Ca-ALG/Ag hydrogel film can selectively and effectively separate oil/water
mixtures in highly acidic, alkaline, and salty environments. The introduction of Ag nanoparticles
enhances the superoleophobicity, also provides antibacterial activities against Escherichia coli (Gram
negative bacterium) and Staphylococcus aureus (Gram positive bacterium). This Ca-ALG/Ag hydro-
gel film is stable, antibacterial, eco-friendly and reusable, which shows potential use for oil spill
cleanup and oily wastewater treatment in practical complex environments. Furthermore, the “soluble
salt-template method” brings a new strategy to prepare other hydrogel films with macro-porous

structures for oil/water separation.

Keywords: Underwater superoleophobicity; Oil/water separation; Hydrogel; Template method;
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1. Introduction

Recently, large amount of oily wastewater discharged
from our daily life and industries such as steel, food, tex-
tile, leather, petrochemical and metal finishing, has caused
serious environmental problems [1-3]. In addition, frequent
oil spill accidents have released millions tons of crude oil to
seas and rivers, threatening the environmental system and
leading to a waste of resources [4,5]. The environmental and
economic demands highlight the urgent need for functional
materials that can separate oil/water mixtures efficiently.
Since oil/water separation is an interfacial issue, designing
novel materials with special wettability is an effective strat-
egy [6-11]. In the past few years, there is an explosion in
the development of various materials based on this strategy;,
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which can be generally categorized into “oil-removing”
type and “water-removing” type [7-9]. The “oil-removing”
type of materials can selectively filtrate or absorb oil from
oil/water mixtures due to their superhydrophobic and
superoleophilic properties. This type of material is effective
especially in emergency management of oil spill accidents
[7,12-14]. However, the “oil-removing” type of materials
can be easily fouled or even blocked by oils due to their
oleophilic property, which significantly decrease the sepa-
ration capacity and limits the recycle times.

In recent years, the “water-removing” type of materials
has aroused wide attention for their superhydrophilic and
underwater superoleophobic properties [15-21]. The super-
oleophobicity protects materials from fouling by oils, and
thus can essentially overcome aforementioned problems,
which gives them better performance in recycling of oil and
reuse of materials. However, there are still some limitations.
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Most of the materials are fabricated by combining special
wettable coatings with porous substrates, such as stain-
less steel mesh, copper grid, polymer fabrics, etc [8,17,22].
The coating may shed off from the substrate after using for
long time, thus lost the separation capacity. Moreover, the
decomposing and corroding of metal substrates in acidic,
alkaline or salty solutions limit the application in complex
environments. Furthermore, the disposal of used materials
remains as a challenging task, because most of the materials
are non-degradable in natural environment. So far, the com-
mon treatment approaches are directly discarded or burnt,
which will cause soil contaminants and noxious gases,
accordingly resulting in secondary pollution. In addition,
there are a large number of pathogenic bacteria, viruses and
micro-organisms in practical oily wastewater, which make a
serious threat to the nature environment and human health
[1]. Nevertheless, the “water-removing” type of separation
materials with antibacterial properties is rarely reported.
Therefore, it is significant to develop separation materials
that are stable in highly acidic, alkaline or salty solutions,
eco-friendly and antibacterial for application in practical
complex environments.

Nature offers an inspiration to develop such multi-
functional materials. The surface of the seaweed Saccha-
rina japonica is covered with polysaccharides that exhibit
underwater superoleophobicity and antibiofouling behav-
ior in highly acidic, alkaline or salty environments [23].
Alginate, which is the main component of the seaweed, is a
linear, unbranched polysaccharide composed of repeating
(1,4)-linked B-D-mannuronic and o-l-guluronic acid. Algi-
nate can crosslink with polyvalent metal cations like Ca**
to produce strong hydrogels [24-29]. It is a renewable and
environmentally benign bioresource. Its low-cost, non-tox-
icity, good biocompatibility and biodegrability make it
ideal for fabrication of multifunctional separation materi-
als [30,31]. Moreover, the crosslinked network structures of
alginate hydrogel are propitious to load antibacterial mate-
rials [32-34]. To improve the stability in complex solution
environments, fabrication of free-standing porous hydrogel
film without other substrates is an effective way. So far, tem-
plate method is a common technique to prepare macro-po-
rous hydrogel films. In general, the templates are insoluble
in water but soluble in acidic or alkaline solutions, such as
CaCO, and silica particles [35,36], which have to be leached
out after the film gelation. The template-leaching process
consumes a large amount of acid or alkali solutions, which
will cause environmental pollution and make scale-up diffi-
cult. New preparation methods are needed to be developed.

In this work, through an eco-friendly “soluble salt-tem-
plate method”, we report the fabrication of a porous calcium
alginate/Ag nanoparticles (Ca-ALG/Ag) hydrogel film
with superhydrophilic and underwater superoleophobic
properties. Taking advantage of the environmental stability
of calcium alginate and freestanding porous structures, the
Ca-ALG/Ag hydrogel film can selectively and effectively
separate oil/water mixtures in highly acidic, alkaline, and
salty environments. The Ag nanoparticles embedded in the
film enhance the superoleophobicity, also provide antibac-
terial activities against Escherichia coli (Gram negative bacte-
rium) and Staphylococcus aureus (Gram positive bacterium).
This Ca-ALG/Ag hydrogel film is stable, antibacterial,
eco-friendly and reusable, which shows potential use for

oil spill cleanup and oily wastewater treatment in practical
complex environments.

2. Experimental
2.1. Materials

Sodium alginate, calcium chloride, silver nitrate,
sodium chloride, ascorbic acid were of analytical reagent
grade and obtained from Sinopharm Chemical Reagent Co.,
Ltd., China. Crude Oil was kindly provided from the China
Petroleum and Petrochemical Research Institute. Sea water
was collected from the Yantai sea area.

2.2. Preparation of the porous Ca-ALG/Ag hydrogel films

The Ca-ALG hydrogel film with macro-porous struc-
tures was fabricated by combining ionic cross-linking and
soluble salt-template method. The Ca-ALG/Ag hydrogel
film was fabricated through incorporating Ag nanopar-
ticles into alginate matrix by a simple reduction process
[30] as described in Fig. 1. The Sodium alginate (ALG) was
dissolved in deionized water and stirred for 2 h at 60°C
to form a transparent solution (3 wt.%). Then the solution
was spin-casted on clean glass slides at 500 rpm for 5 s and
1000 rpm for 30 s. NaCl crystals were chosen as templates,
which were grinded by a mortar and then sieved by stan-
dard sieves with different pore sizes (150-180 um, 100-150
pm and 75-100 pm). The mass ratio of NaCl templates and
the ALG solution is 0.5:1. The NaCl templates were sifted
on the ALG solution films. Then the ALG/NaCl compos-
ites were quickly immersed in CaCl, solution (5 wt.%) for
30 min, which was sonicated at the same time. During this
step, three processes happened simultaneously: (i) NaCl
crystals penetrated the film by ultrasonic concussion; (ii)
NaCl crystals dissolved in CaCl, solution; and (iii) ionic
crosslinking of ALG. The CaCl, immersion combined with
ultrasonic treatment led to ionic crosslinking of ALG, disso-
lution of the NaCl templates and, consequently, the forma-
tion of insoluble films with macro-pore structures. Then, the
as-prepared porous Ca-ALG hydrogel film was immersed
in a 0.1 M AgNO, solution for 1 h, then rinsed with deion-
ized water, and dried in a nitrogen flow. The loaded film
was treated with a 0.1 M solution of ascorbic acid (pH =
4) for 1 h to reduce the silver salt to metallic nanoparticles.

2.3. Oil/water separation experiment

The as-prepared porous Ca-ALG hydrogel film was
fixed between two glass tubes. The volume of upper tube
was 300 mL while the below conical flask was 250 mL.
Before the separation, the film was firstly wetted by water.
Then the oil/water mixture (V___/V , = 1:1) was poured
into the upper tube. The separation process was achieved
by the weight of the liquids. Flux was calculated based on

the water quantity permeating through the films.

2.4. Antimicrobial activity experiment

We determined the antibacterial property of the
Ca-ALG/Ag hydrogel film towards cultures of Escherichia
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Fig. 1. Schematic description of the preparation of the porous Ca-ALG/Ag hydrogel film.

coli (Gram negative bacterium) and Staphylococcus aureus
(gram positive bacterium). Lawns of E. coli and S. aureus
were established on Luria-Bertani (LB) agar plates. The
Ca-ALG/Ag and Ca-ALG hydrogel films were exposed
to UV light for 30 s for sterilization purposes. The samples
were placed on the bacteria lawns: one sample of Ca-ALG/
Ag hydrogel film (with Ag nanoparticles) and one sample
of Ca-ALG hydrogel film (without Ag nanoparticles). The
size of the samples is 1x1 cm. The agar plates were incu-
bated for 24 h at 37°C. The zones of inhibition are clearly
seen on the photographs in Fig. 6. Five parallel experiments
were carried out. Their sizes were measured using a ruler
and presented as mean values.

The antimicrobial effect of Ca-ALG/Ag hydrogel film
was also evaluated by the colony-counting method. A
diluted E. coli suspension at about 1.0x10° colony forming
units per milliliter (cfu/mL) concentration was prepared.
200 pL E. coli suspension was loaded onto the surface of
the Ca-ALG/Ag hydrogel film piece (1x1 c¢cm), and the
inoculum on the surface was then carefully covered with
another sterilized cover film in a sterilized glass-surface
vessel before it was placed in an incubator at 37°C and
relative humidity > 90%. Make sure the E. coli suspension
did not leak beyond the edges of the membranes. After 24
h, the whole E. coli suspension was collected and serially
diluted with sterilized water. 100 puL dilution was spread
on LB agar plate which is prepared by dissolving 1 wt.%
bacto-tryptone, 0.5 wt.% yeast extract, 1 wt.% NaCl, and
1.5 wt.% agar in sterilized water. The same procedure was
also applied to the Ca-ALG hydrogel film piece as a blank
control and the vessel (without any other materials) as a
negative control. Viable bacterial colonies were counted
after incubation at 37°C for 24 h. The reduction rate in the
number of bacteria was calculated using the following
expression [37,38]:

(B—A)x100

5 )

R=

where R is the antibacterial efficiency of the corresponding
sample, B and A are the number of colonies corresponding
to the blank control sample and the antibacterial sample,
respectively. Five parallel experiments were carried out.
The antibacterial activity for S. aureus was obtained by the
same process.

2.5. Instruments and characterization

Scanning electron microscopy (SEM) images were
obtained by a field-emission scanning electron microscope
(SU-8010, Hitachi Limited, Japan). The chemical compo-
sition was measured by energy dispersive spectroscopy
(EDS, X-Flash6/60, Bruker). The porosity was the statistics
of different pores in large scale. The contact angles and slid-
ing angles were investigated on a contact angle meter (JC
2000, Shanghai Zhongchen Digital Technology Apparatus
Co., Ltd.). For water and oil contact angle measurement in
air, liquid droplets were directly put on the film. For under-
water oil wetting performance measurement, the substrates
were firstly fixed in a quartzose container and full of water.
For 1, 2-dichloroethane with higher density than water, the
oil droplet was directly put on the film. For oils with lower
density than water, such as crude oil, the oil droplet was
released under the film through an inverted needle. The
average values were achieved by examining five points
on the identical film. The rolling angles were investigated
by tilting the film with a droplet (5 pL) that contact with
the film until the droplet started to slide. Photographs in
Figures were obtained on a camera (Canon 550D). The oil
concentration of the original oil/water mixtures and the
collected water after separation was measured by the infra-
red spectrometer oil content analyzer (OIL 480, China). CCl,
was used to extract oils from water. The absorbance at 2930
cm™?, 2960 cm™!, and 3030 cm™ were measured. The oil con-
tent was obtained by calculating the absorbance and the
correction coefficient.
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3. Results and discussion

In order to improve the traditional template-method, a
simple “soluble salt-template method” was adopted inno-
vatively. NaCl crystals were used as templates, which can
be easily removed by water. After the NaCl templates were
sifted on ALG solution films, the ALG/NaCl composites
were quickly immersed in CaCl, solution, which was son-
icated at the same time. During the Ca?*" crosslinking pro-
cess, the NaCl crystals pierced through the ALG film and
dissolved in water gradually, which generated macro-pore
structures (Fig. 1). This strategy combined gelation and
template-leaching process into one step. No other acidic
or alkaline solution is needed to dissolve the templates.
This one-step fabrication of porous Ca-ALG hydrogel film
is exceedingly simple, low-cost, eco-friendly, and easily
scale-up.

The as-prepared Ca-ALG hydrogel film is transparent
with thickness of approximately 45 pm under swelling
balance (Fig. 2a). Figs. 2b—d show the scanning electron
microscopy (SEM) images of the Ca-ALG hydrogel film.
Fig. 1b is a typical large-scale view of the Ca-ALG hydro-
gel film with an average pore size of 95.2 = 21.7 pm. The
pores distribute uniformly, which size can be controlled by
selection of different sizes of NaCl templates. (See details in
Experimental Section and Supporting Information Fig. S1).
The enlarged view of a single pore (Fig. 2c) shows trum-
pet-shaped pore structure, owing to the gradual dissolution
of NaCl templates. The higher magnification image of the
Ca-ALG hydrogel film shows a smooth surface (Fig. 2d).

In order to increase the roughness of the surface and
achieve antibacterial property, silver nanoparticles were
synthesized inside the Ca-ALG hydrogel film. A simple
ionic reduction process was adopted (See details in Experi-
mental Section and Fig. 1). The presence of the Ag nanopar-
ticles can be detected byEDS (Supporting Information Fig.
S2). The load of the Ag is approximately 5~6 wt.%. Owing
to the formation of embedded Ag nanoparticles, the as-pre-

pared porous Ca-ALG/Ag hydrogel film becomes black
and shows metallic luster under the light (Fig. 2e). The
macro-porous structures and pore size remain unchanged
before and after Ag nanoparticles embedded (Figs. 2f, 2d).
The pore can also be clearly observed from the cross-sec-
tional SEM image (Supporting Information Fig. S3). The
higher-magnification SEM image of the porous Ca-ALG/Ag
hydrogel film shows a rough surface with nanostructures.
Random embedded nanoparticles with size of 400-650 nm
can be clearly observed. The roughness of the Ca-ALG and
Ca-ALG/Aghydrogel film is approximately 1.09 and 1.38
respectively (See details in Supporting Information). The
rougher structures can amplify the surface wetting per-
formance as reported [39,40]. It is expected that particular
wetting performances can be observed on the Ca-ALG/Ag
hydrogel film.

The wetting properties of the obtained films were
investigated comprehensively by using a contact angle
measure meter. In air, the porous Ca-ALG/Ag film shows
superhydrophilic and superoleophilic properties (Fig. 3a
and Table S1 in the Supporting Information). After immer-
sion into water, as shown in Fig. 3b, an oil droplet (3 pL, 1,
2-dichloroethane) can stand on the film with a contact angle
of about 161°, indicating that the film is underwater super-
oleophobic. To further study the wetting change between
the Ca-ALG hydrogel films with and without Ag nanopar-
ticles, the underwater OCAs of Ca-ALG and Ca-ALG/Ag
hydrogel films for a series of oil droplets were measured
comprehensively (Fig. 3c). The typical photographs of the
oil droplets are shown as insets on the right in Fig. 3c. Com-
pared to the Ca-ALG hydrogel film with OCAs of about
150°, the OCAs of Ca-ALG/Ag hydrogel film increase obvi-
ously, which are all above 160°. The underwater superoleop-
hobicity becomes stronger due to the efforts of Ag with high
surface energy and the hierarchical micro/nano structures.
Meanwhile, the film shows low adhesion to the oil droplet
which can roll away from the film with an extremely low
sliding angle (less than 5°, Supporting Information Fig. 54).

Fig. 2. Photographs and SEM images of the porous Ca-ALG hydrogel films with and without Ag nanoparticles. a) The photograph
of the porous Ca-ALG hydrogel film. b) Large-area view, c) enlarged view of a single pore and d) higher-magnification SEM images
of the porous Ca-ALG hydrogel film. e) The photograph of porous Ca-ALG/Ag hydrogel film. f) Large-area view, g) enlarged view
of a single pore and h) higher-magnification SEM images of the porous Ca-ALG/Ag hydrogel film, in which the embedded Ag

nanoparticles can be clearly observed.
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Fig. 3. The as-prepared Ca-ALG/Ag hydrogel film shows supe-
rhydrophilic and underwater superoleophobic properties. a)
Photograph of a water droplet (3 uL) on Ca-ALG/Ag hydrogel
film in air. b) Photograph of an oil droplet (DCE, 3 pL) on Ca-
ALG/Ag hydrogel film in water. ¢) OCAs in water of Ca-ALG
and Ca-ALG/Ag hydrogel films. The inserts are the representa-
tive photographs of oil droplets on Ca-ALG (left) and Ca-ALG/
Ag (right) hydrogel films in water.

In order to further examine the oil-repellent ability of the
film, an oil droplet was used to contact the film and then
allowed to leave. Even the oil droplet was squeezed against
the surface with the maximum preload that the system can
supply, the oil droplet still left the film easily without any
residual (Supporting Information Fig. S5), indicating that
the Ca-ALG/Ag hydrogel film has an ultralow oil-adhesion
property.

Taking advantage of the superhydrophilic/underwater
superoleophobic properties and the porous structures of the
Ca-ALG/Ag hydrogel film, a series of oil-water separation
experiments were carried out. The separating process is dis-
playedinFig. 4. The Ca-ALG/ Aghydrogel film were pre-wet-
ted with water in advance, and then fixed between two glass
tubes. The mixture of crude oil and water was poured into
the upper tube. It can be seen that without external force,
water quickly permeated through the film and dropped into
the beaker below due to the superhydrophilicity of the film.
Meanwhile, crude oil was retained above the film because of
the underwater superoleophobic property (Figs. 4a, b). These
results indicate that using the as-prepared film, oil/water
mixture can be separated easily. Other mixtures of water and
oils, including gasoline, diesel, hexane, vegetable oil and sil-
icone oil, were also investigated. All these mixtures can be
separated successfully, indicating that the as-prepared film
will have a wide range of applications.

To determine the separation efficiency, the oil contents
before and after separation were measured on the infrared
spectrometer oil content analyzer. The oil contents after sep-
aration was shown in Supporting Information Fig. S6. The
separation efficiency can be obtained according to the fol-
lowing equation [17,41]:

R= ( - —j x100% 2)

where C and C_are the oil concentration of the original oil/
water mixture and the collected water after one time sepa-
ration, respectively. As shown in Fig. 4c, the separation effi-
ciency of the Ca-ALG/Ag hydrogel film for a selection of
oils was all above 98%. The flux was also calculated based
on the water quantity permeating through the films within
the calculated time. Flux rates of the Ca-ALG/Ag hydrogel
film are 3200-4000 L-m™h" for the above oil/water mix-
tures (Fig. 4c). The ultrafast flux is attributed to the mac-
ro-porous structures and superhydrophilicity of the film.
Furthermore, after separation, the film can be cleaned easily
for reuse. Taking the diesel/water mixture as an example,
the separation efficiency declined less than 0.1% after 40
cycles. The flux declined 5.9% after 20 cycles and 17.1% after
40 cycles. The separation efficiency and flux still maintains a
relatively high level (Fig. 4d). The as-prepared Ca-ALG/Ag
hydrogel film shows good stability and recyclability.

In practical applications, the environmental stability
of the separating film is important. As for these “water-re-
moval” type materials, because water will contact with
these films intimately during the separating process, the
stability of the film to corrosive liquid such as strong acid,
strong basic and hypersaline water solution is crucial.
Noticeably, the Ca-ALG/Ag hydrogel film in this work has
such particular anti-corrosive ability, which originates from
its rich content of polysaccharides and stability of three-di-
mensional interconnected network structure. To evaluate
the anti-corrosive ability, the film was firstly immersed into
aqueous solution with certain conditions (acid, basic or salt
solutions) for about 24 h, and then oil wetting performances
and separation efficiency of the film were examined. It can
be seen that for all these water solutions, the underwater
superhydrophobicity and low oil adhesions can still be pres-
ent (Fig. 5a), and corresponding separating efficiency retains
higher than 99% (Fig. 5b). The high separation efficiency of
the Ca-ALG/Ag hydrogel film under acidic, alkaline, and
salty conditions indicates its possible use for oil spill acci-
dents in seawater or separation of industrial wastewater.

There are large quantities of pathogenic bacteria,
viruses and micro-organisms in oily wastewater, which
make a serious threat to the nature environment and
human health [1]. In addition, the polysaccharides are
easy to breed bacteria,such as alginate and agar. This is
one of the biggest limitations for polysaccharides used in
the field of oil-water separation. Therefore, for the prac-
tical application, antimicrobial is an important property.
The introduction of anti-bacterial silver nanoparticles is
an effective way to enhance practicability. The stored sil-
ver nanoparticles release silver ions and, with this mech-
anism, enhance antimicrobial function [37,42]. We studied
the toxicity of the porous Ca-ALG/Ag and Ca-ALG hydro-
gel films to Escherichia coli (Gram negative bacterium)
and Staphylococcus aureus (Gram positive bacterium). The
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results (Fig. 6) clearly show that the Ca-ALG/Ag hydrogel effect of the Ca-ALG/Ag hydrogel film was also evalu-
film was inhibitory and bactericidal for the test organisms.  ated by the colony-counting method (See details in Exper-
The zones of inhibition were 2.1 + 0.2 mm for E. coli and  imental Section and Supporting Information Fig. S7). The
1.02 = 0.05 mm for S. aureus, whereas no inhibition zone antibacterial efficiency of the Ca-ALG/Ag hydrogel film
appeared for Ca-ALG hydrogel film. The antimicrobial is 100% for E. coli and 99.25 + 0.55% for S. aureus. These
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Fig. 6. Photographs of LB plates containing the Ca-ALG/Ag (left side of the dish) and Ca-ALG (right side of the dish) hydrogel film
after 24 h of incubation: a) cultures of Escherichia coli, b) cultures of Staphylococcus aureus.
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Fig. 7. Schematic illustration of wetting modes and studies of
intrusion pressure of the Ca-ALG/Ag hydrogel film. a) When
contacted with water, the film cannot sustain any pressure of
water (AP < 0), thus water can permeate the film spontaneously;
b) When contacted with oil, the film can support a certain oil
pressure (AP > 0). Oil cannot flow through the film below the in-
trusion pressure. c¢) Experimental values of intrusion pressures
for different oils (The pore size of the film is 95.2 + 21.7 pm). The
Ca-ALG/Ag hydrogel film shows higher intrusion pressures
than Ca-ALG hydrogel film, because of the rougher structures.

experiments further proved the antibacterial properties of
the Ca-ALG/Ag hydrogel film.

To better understand the process of oil/water separa-
tion, we modeled the water and oil wetting processes of the

Ca-ALG/Ag hydrogel film in Fig. 7. In theory, an intrusion
pressure has to be conquered before the liquid can wet the
pore bottom since the advancing contact angle 6, has to be
exceeded, which can be described by the Laplace law as fol-
lows [43]:

_2v_ lr(costn)
AP_R_ A (3)

where v is the surface tension; [ is the pore’s perimeter; R is
the meniscus’s radius; A is the pore’s area; 0, is the advanc-
ing contact angle on the film. The as-prepared Ca-ALG/
Ag hydrogel film is superhydrophilic, which means 6,<
90° (nearly 0°) and AP < 0, thus the film cannot support any
water pressure (Fig. 7a). When the water contacts with the
film, it will penetrate the film spontaneously because of grav-
ity. Before the separation process, the Ca-ALG/Ag hydrogel
film was firstly wetted by water to its balance state. When the
oils contact with the film, water will be trapped in the hierar-
chical rough structures. The underwater superoleophobicity
is achieved in such oil/water/solid three-phase system. In
this case, 8, > 90° (greater than 150°), AP > 0, thus the film can
support certain oil pressure (Fig. 7b).

Intrusion pressure is the maximum oil pressure that the
film can support, which is provided by the weight of oil.
Thus the experimental values of intrusion pressures were
obtained according to the following equation:

I exp — PSMmax 4)

where p is the density of the oil, g is acceleration of grav-
ity, h__ is the maximum height of oil the film can sup-
port. The intrusion pressures of the Ca-ALG/Ag and the
Ca-ALG hydrogel films were measured from 10 repeated
experiments for a series of oils (Fig. 7c). The Ca-ALG/
Ag hydrogel film shows higher intrusion pressures than
the Ca-ALG hydrogel film, because the roughness of
Ca-ALG/Ag (r = 1.38) is larger than Ca-ALG (r = 1.09).
The theoretical intrusion pressures (See details in Sup-
porting Information Fig. S8) were also calculated. It
can be seen that the theoretical intrusion pressures are
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obviously lower than the experimental values. That is
because the theoretical intrusion pressure is calculated
based on the hypothesis that the surface of the films are
absolutely smooth expect for the micrometer scale pores
[39,44]. In fact, the surfaces of Ca-ALG/Ag and Ca-ALG
hydrogel films are both rough, especially, the Ca-ALG/
Ag hydrogel film which owns much rougher surface. As
discussed above, water trapped among these rough struc-
tures helps to increase the intrusion pressure. As a result,
the experimental intrusion pressures of the Ca-ALG/Ag
hydrogel film are larger than the Ca-ALG hydrogel film;
the obtained experimental intrusion pressures are larger
than theoretical values. From the above, it is clear that the
superhydrophilicity allows the water permeate the film
while underwater superoleophobicity retains the oil on
the film, therefore, oil/water mixture can be separated
successfully on such superhydrophilic and underwater
superoleophobic film.

4. Conclusions

In summary, we fabricated a porous Ca-ALG/ Ag hydro-
gel film with superhydrophilic and underwater supero-
leophobic properties, through a novel and eco-friendly
“soluble salt-template method”. The as-prepared film is
stable in complex solution environments, thus can separate
oil/water mixtures in highly acidic, alkaline, and salty envi-
ronments effectively. The introduction of Ag nanoparticles
not only enhances the superoleophobicity, but also provides
antibacterial activities against Escherichia coli (Gram nega-
tive bacterium) and Staphylococcus aureus (Gram positive
bacterium). The Ca-ALG/Ag hydrogel film is stable, bio-
degradable, and reusable. The multifunctional film has a
wide range of applications including the cleanup of marine
oil spills and treatment of complicated oily wastewater.
Furthermore, other hydrogel films with macro-porous
structures can be prepared by this “soluble salt-template
method”, which enriches the preparation methods of sep-
aration materials.

Supporting information

SEM images with different pore size, EDS images, slid-
ing angle image, dynamic underwater oil-adhesion text,
cross-sectional SEM image, the study of the roughness, col-
ony counting method and the theoretical values of intrusion
pressures (PDF).
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Supporting Information

The study of the roughness of the Ca-ALG and Ca-ALG/
Ag hydrogel film

The roughness is the ratio of actual area to apparent
area. Through the cross-sectional SEM image of the Ca-ALG
and Ca-ALG/Ag hydrogel film, the ratio of actual area to
apparent area can be represented by the ratio of circum-
ference of section curve and apparent section length. 10
cross-sectional SEM images were counted. The roughness
of the Ca-ALG and Ca-ALG/Ag hydrogel film is approxi-
mately 1.38 and 1.09 respectively.

Table S1

Contact angles of water droplets (CA) and 1,2-dichloroethane
(OCA) on different surfaces in different systems. The pore size
of the film is about 95.2 + 21.7 ym

Systems surfaces CA OCA OCA
(inair) (inair) (in water)

Ca-ALG hydrogel film <5° <5° 152.2 £1.2°

Ca-ALG/Ag hydrogel film  <5° <5° 1614 +1.8°

Fig. S1. SEM images of the porous Ca-ALG hydrogel films with different pore size. The pore size are a) 287.9 + 47.5 um, b) 95.2 + 21.7

pm, ¢) 21.7 = 10.7 pum, respectively. The scale bar is 500 pm.

cps/eV

a) 2]

10 |

T A L N B R R I B R I
6 8 10 12 14
Energy [keV]
b) 12
10
8
6
4.
2
0 ] R ) TR e SN e S S R R
& 8 10 12 14
Energy [keV]

Fig. S2. EDS images of the a) Ca-ALG hydrogel film and b) Ca-ALG/Ag hydrogel film. The presence of Ag can be clearly observed.
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Fig. S3. The cross-sectional SEM image of the Ca-ALG/Ag hy-
drogel film. The cross section of a pore can be clearly observed.

Fig. S4. A typical image of an oil droplet slides away from the
surface of the Ca-ALG/Ag hydrogel film (5 pL, 1, 2-dichlo-

roethane). Fig. 57. The colony counting method for the Ca-ALG/Ag hydro-

gel film against a) E. coli and c) S. aureus. b) and d) are blank
control for E. coli (10) and S. aureus (107), respectively.
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Figure S5. Dynamic underwater oil-adhesion of the Ca-ALG/Ag 0.0
hydrogel film. An oil droplet (hexane, 3 pL) was used as the de- & > 5 & 5
tecting probe to contact the surface and then left. The Ca-ALG/ é;\‘ 65" ) F &
Ag hydrogel film exhibits excellent ultra low affinity to the oil & & < &
droplet. Even the oil droplet was squeezed against the surface &

with the maximum preload that the system can supply, the Ca-
ALG/Ag hydrogel film still showed stable ultra low oil-adhe-  Fig. S8. The theoretical values of intrusion pressure for a series
sion property, on which no residual oil can be observed. of oils.



