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Fenton photocatalytic sponges for rapid
separation of emulsified-oil/dyes†

Hongliang Zhanga and Zhiguang Guo *a,b

It is challenging to effectively and swiftly address oil and dye pollution. Herein, AM/MAA/HNTs/β-FeOOH

sponges with high adsorption performance and strong photocatalytic resistance to oil/dye pollution is

reported. β-FeOOH loading increases the specific surface area of the whole material in HNTs, which

improves the adsorption of dyes. Composites of HNTs/β-FeOOH of appropriate ratio can realize the

adsorption of dyes (C ≤ 20 mg L−1) in 3 min. In addition, due to the photocatalytic properties of

β-FeOOH, HNTs/β-FeOOH can also realize the photocatalytic degradation of methylene blue (C = 30 mg

L−1) in 30 min. The underwater superoleophobic properties of the AM/MAA/HNTs/β-FeOOH sponge is

attributed to improvements of roughness and hydrophilicity. The modified sponge with its special wett-

ability and good adsorption photocatalytic performance enables it to rapidly separate emulsion/dyes (C <

10 mg L−1). This study provides an alternative and effective solution for the problem of oil/dye contami-

nation in complicated wastewater.

1. Introduction

With the rapid development of industry, the human ecological
environment has been polluted. Typical pollutants include oil
(in water pollution) and refractory dyes.1 Compared with single
oil–water pollution, oil–water pollutants containing dyes, as
complex oil–water pollutants, are difficult to separate. Many
technologies have been applied to the treatment of complex
oil–water pollutants in industry, such as centrifugal separation
technology,2,3 electric separation technology,4 adsorption sep-
aration technology,5,6 air flotation separation technology,7 mem-
brane separation technology,8,9 and so on. However, most of
these techniques have the disadvantages of high energy con-
sumption and high cost. Superoleophilic/superhydrophobic
materials, with their special wetting state, exhibit excellent per-
formances in the separation of complex oil–water pollutants.10

However, as separation membranes, these materials are easily
clogged during the separation process, and it is difficult to clean
the highly viscous oil remaining on their surfaces after separ-
ation.11 In contrast, superhydrophilic/underwater superoleopho-
bic materials have the advantages of high separation efficiency,

low contamination, etc.12 Compared with two-dimensional mem-
brane materials, three-dimensional sponge materials have high
porosity, which makes them superior in separating high-viscosity
oil or complex oil–water pollutants. Therefore, there is an urgent
need to develop multifunctional superhydrophilic/underwater
superoleophobic sponges to purify complex oily wastewater.

Advanced oxidation processes (AOPs) are highly efficient in
water treatment and show great potential in degrading a wide
range of persistent organic pollutants.13–16 The non-homo-
geneous Fenton-like reaction is an effective and economical
AOP that mainly utilizes hydroxyl radicals or superoxide rad-
icals to degrade difficult-to-degrade organics.17,18 The combi-
nation of a Fenton photocatalyst and super hydrophilic/under-
water superhydrophobic materials can not only significantly
improve its antifouling performance, but also improve the
treatment effect of complex oily wastewater. β-FeOOH is a
promising non-homogeneous photo-Fenton catalyst, which
has the advantages of good photo-Fenton catalytic perform-
ance (band gap of about 2.12 eV), excellent adsorption per-
formance, is easy to synthesize, is low cost and has good
chemical stability.19,20 On the other hand, the abundance of
high-energy surface hydroxyl groups inherent in β-FeOOH con-
tributes to the trapping of water molecules and the formation
of a barrier layer, which can effectively prevent oil droplets
from contacting the membrane surface during the separation
process, thus enhancing the membrane’s resistance to con-
tamination.21 The assembly of a polyphenol (tannic acid, TA)-
poly(cationic) (polyethyleneimine, PEI)-metal ion (Fe3+) layer
by Yan’s group on the surface of polyphenylene sulfide (PPS)
substrates provided a double-crosslinked coating. The PPS/

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d5lp00070j

aMinistry of Education Key Laboratory for the Green Preparation and Application of

Functional Materials, School of Materials Science & Engineering and Hubei Key

Laboratory of Polymer Materials, Hubei University, Wuhan 430062, People’s

Republic of China. E-mail: zguo@licp.cas.cn
bState Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics,

Chinese Academy of Sciences, Lanzhou 730000, People’s Republic of China

916 | RSCAppl. Polym., 2025, 3, 916–925 © 2025 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
 1

40
4.

 D
ow

nl
oa

de
d 

on
 2

4/
11

/1
40

4 
08

:1
6:

56
 ..

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/rscapplpolym
http://orcid.org/0000-0002-4438-3344
https://doi.org/10.1039/d5lp00070j
https://doi.org/10.1039/d5lp00070j
https://doi.org/10.1039/d5lp00070j
http://crossmark.crossref.org/dialog/?doi=10.1039/d5lp00070j&domain=pdf&date_stamp=2025-07-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lp00070j
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP003004


TA-PEI/β-FeOOH composite membranes achieved excellent
separation of various oils-in-water (O/W) emulsions. The PPS/
TA-PEI/β-FeOOH membranes are super hydrophilic in air and
super oleophobic underwater. These PPS/TA-PEI/β-FeOOH
membranes have a strong photo-Fenton self-cleaning capacity
for different O/W emulsions, with a flux recovery of the con-
taminated membranes that exceeds 90.3% when cleaned with
visible light for 10 minutes.22 However, realizing the rapid sep-
aration of complex oily wastewater still needs further discus-
sion. Stable halloysite nanotubes have a strong adsorption
capacity for soluble pollutants due to their extremely large
specific surface area and electrical charge characteristics (posi-
tive/negative internal/external surface charge, respectively).23

Due to the photocatalytic properties of β-FeOOH and the
adsorption properties of halloysite nanotubes, these compo-
sites can be used for the removal of organic pollutants from
aqueous bodies. The electrons and holes generated by
β-FeOOH in the presence of light can trigger oxidation reac-
tions, while the halloysite nanotubes provide a large specific
surface area and numerous adsorption sites, which together
promote the degradation and removal of pollutants.24

In this paper, AM/MAA/HNTs/β-FeOOH was synthesized by a
hydrothermal method using a melamine sponge as a skeleton
(Fig. 1). The resultant AM/MAA/HNTs/β-FeOOH sponge can
realize the effective separation of various oil–water emulsions
and highly soluble pollutants, in addition to the rapid purifi-
cation of oil-containing wastewater with the simultaneous
effective separation of various oil–water emulsions and highly
soluble pollutants (e.g. MB). At the same time, the AM/MAA/
HNTs/β-FeOOH sponge shows good stability and high chemical
resistance to different corrosive media (acid/alkali).

2. Materials and methods
2.1 Materials

Melamine sponge (0.012 g cm−3) was purchased from a local
store. Ferric chloride (FeCl3, 99.0%) was obtained from Tianjin

Jinnan Chemical Reagent Yard. Acrylamide (AM, ≥99.0%) was
purchased from Aladdin. Methacrylic acid (MAA, 99.0%) was
acquired from Anhui Zesheng Technology Co. Halloysite nano-
tubes (HNTs, 95%, diameter 0.1–0.4 μm, length <0.5 μm) were
purchased from Xinlei Mineral Powder Processing Factory.
Potassium persulfate (KPS, 99.5%), sodium hydroxide (NaOH,
98%) and hydrochloric acid (HCl, 38%) were purchased from
Sinopharm Chemical Reagent Co.

2.2 Preparation of HNTs/β-FeOOH-x

The HNTs were first pretreated to remove impurities and water
from them and to increase the number of active sites on their
surfaces. A quantitative amount of FeCl3 was added to 100 mL
of deionized water, followed by ultrasonication for 5–10 min to
ensure it was well dispersed. A beaker containing 100 mL of
FeCl3 solution was placed in a water bath at 80 °C for 4 h and
then cooled to room temperature. Then, 10 mg mL−1 of HNTs
was added to the above solution, and the pH value of the solu-
tion was adjusted to 10 with 0.1 mol L−1 NaOH solution, and
the solution was fully reacted in a water bath at 80 °C for 2 h.
The solution was aged at room temperature for 2 days. The
powder was washed several times with deionized water and
anhydrous ethanol until the supernatant was neutral, centri-
fuged, dried in an oven at 55 °C, and ground through a sieve.
The obtained powder material was β-FeOOH-modified halloy-
site nanotubes (HNTs/β-FeOOH). The mass ratio of FeCl3 to
HNTs in the preparation process was defined as x. Modified
powders with different mass ratios were denoted as HNTs/
β-FeOOH-x.

2.3 Preparation of AM/MAA/HNTs/β-FeOOH-x

A polyurethane sponge was cleaned with deionized water and
ethanol, respectively, and was dried at 30 °C for 3 h and then
removed as a spare. Underwater superoleophobic sponges were
prepared using the one-pot method. Deionized water (125 mL)
was used to dissolve 6 wt% AM (relative to the total mass of
the precursor solution), 0.3 M MAA (relative to the volume of

Fig. 1 Flow chart of AM/MAA/HNTs/β-FeOOH preparation.
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the deionized water) and 2 wt% KPS (relative to the total mass
of AM and MAA). Finally, 2 mg mL−1 HNTs/β-FeOOH-x was
added to the AM/MAA/solution. The pretreated polyurethane
sponge was then placed into the above precursor solution. The
reaction was carried out at 60 °C for 2 h. The sponge was
removed and washed with deionized water.

2.4 Characterization

Contact angles were characterized by a contact angle meter
(Dataphysics, OCA25) with deionized water (10 μL) and di-
chloromethane (10 μL) used as probe liquids. The surface com-
position was analyzed using X-ray photoelectron spectroscopy
(Physical Electronics, PHI-5702; USA) and binding energies
were calibrated against contaminated carbon in air (C 1s:
284.8 eV). The crystallinity of the solid powders was deter-
mined by X-ray diffraction (XRD) on a Bruker D8 Advance diffr-
actometer at a scanning rate of 5° min−1 under CuKα radiation
(λ = 1.54 Å) at 40 kV and 40 mA. The potential values of HNTs
and HNTs/β-FeOOH-x were tested at different pH values on a
Zetasizer Nano ZS90 potential analyzer. The absorbance of the
dyes after adsorption or photodegradation was measured on a
UV-vis/NIR spectrophotometer (UV-vis/NIR, CLY21). The
powder specific surface area and pore size were tested on a
specific surface area and pore distribution meter (BET,
MIC-2460).

2.5 Emulsion separation

A surfactant-stabilized oil–water emulsion was used to simu-
late oily wastewater and was prepared as follows: an oil phase
(cyclohexane, dichloromethane, trichloromethane, soybean
oil), 50 mg of sodium dodecyl sulfate, and water (Vwater : Voil =
99 : 1) were combined and mechanically stirred for 6 h at 600
rpm. Immediately after preparation, it was subjected to separ-

ation. The emulsion particle size was characterized using a
nanoparticle size potential analyzer (Nano ZS 90). A vacuum
pump was used for the oil–water emulsion separation experi-
ments with a filtration pressure of 0.1 bar:

J ¼ V
Atp

ð1Þ

where V (L) represents the filtrate volume, A (m2) denotes the
effective area, p (bar) signifies the transmembrane pressure, t
(h) represents the operation time and J is the filtration flux
(L·m−2·h−1·bar−1). The filtrated water was collected, and its
residual oil content was detected using a UV-vis spectrophoto-
meter (TU1810). The separation efficiency (R) was calculated by
using the following equation:

R ¼ C0 � Cf

C0
� 100% ð2Þ

where C0 and Cf are the oil content in the O/W emulsion and
filtrate, respectively.

3. Results and discussion
3.1 Compositional analysis

The XRD patterns of β-FeOOH, HNTs and the PDF card for
β-FeOOH are shown in Fig. 2a. The diffraction peaks with 2θ
values of 11.8°, 16.7°, 26.7°, 35.1°, 39.2°, 46.4°, and 55.9°
correspond to the (110), (200), (310), (211), (301), (411), and
(521) crystal planes of β-FeOOH, respectively, which corres-
ponds to the PDF#34-1266.25 The XRD spectrum of HNTs
showed that pretreatment did not destroy the structure of the
HNTs.26 The elemental valence states of β-FeOOH, HNTs and
HNTs/β-FeOOH were further analyzed by XPS to verify the

Fig. 2 (a) XRD diffraction patterns and (b) full XPS spectra of β-FeOOH, HNTs and HNTs/β-FeOOH. (c) XPS Fe 2p spectra of HNTs/β-FeOOH. XPS
spectra of (d) Si 2p and (e) Al 2p of HNTs/β-FeOOH. (f ) XPS full spectrum of AM/MAA/HNTs/β-FeOOH.
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loading of β-FeOOH. As can be seen from Fig. 2b, the absorp-
tion peaks with binding energies located at 102.9 eV and 74.7
eV in the XPS spectrogram of HNTs/β-FeOOH are attributed to
Si 2p and Al 2p, respectively (Fig. 2d and e). The Fe 2p XPS
spectra of HNTs/β-FeOOH are shown in Fig. 2c. Two of the sat-
ellite peaks are characteristic peaks of mixed-valence Fe
materials located at 718.4 eV and 732.9 eV, respectively. The
fitted peaks located at 710.5 eV and 724.2 eV are attributed to
Fe2+. In addition, the fitted peaks located at 712.7 eV and
726.7 eV were attributed to Fe3+.27 These peaks confirm that
β-FeOOH was successfully loaded onto HNTs. Compared with
the spectral profile of the AM–MAA sponge, the AM/MAA/
HNTs/β-FeOOH profile showed characteristic absorption peaks
consistent with HNTs/β-FeOOH, which proved the successful
preparation of the AM/MAA/HNTs/β-FeOOH sponge (Fig. 2f).

3.2 Wettability and stability

It is well known that the antifouling property of a material is
related to the wettability of its surface.28 The gel produced by

the hydrothermal reaction of MAA and AM was used as a
binder to adhere HNTs/β-FeOOH. HNTs/β-FeOOH increased
the surface roughness of the material (Fig. S1†) while the
abundant hydroxyl groups on its surface increased the surface
energy.29 This makes AM/MAA/HNTs/β-FeOOH exhibit under-
water superoleophobicity with an underwater oil contact angle
of 153° (Fig. 3a). Usually the stability of the material is the
basis of the application. AM/MAA/HNTs/β-FeOOH was
immersed in aqueous solutions with different pH values to
test its stability in extreme environments. As shown in Fig. 3b,
the AM/MAA/HNTs/β-FeOOH sponge did not change color and
the acidic solution remained transparent and clear after it was
immersed in acid (pH = 2) for 18 h. In contrast, when the AM/
MAA/HNTs/β-FeOOH sponge was placed in an alkaline
environment, the solution became turbid after 18 h of immer-
sion, and fallen particles of HNTs/β-FeOOH powder were
visible at the bottom of the beaker. This is mainly attributed to
the fact that the copolymerization product of the reaction
between MAA and AM is resistant to acids but not bases.30

Fig. 3 (a) Oil contact angle of AM/MAA/HNTs/β-FeOOH sponge in air and underwater. (b) Photographs of the AM/MAA/HNTs/β-FeOOH sponge
immersed in aqueous solutions of different pH. (c) Surface wettability of the sponge after immersion in solutions of different pH. Surface wettability
of the AM/MAA/HNTs/β-FeOOH sponge after (d) immersion at different temperatures for 16 hours and (e) immersion in different ionic solutions
(20 mM) for 72 hours.
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This also led to a decrease in the underwater oil contact angle
after the chemical stability test, except for the acid-soaked
samples (Fig. 3c). In addition, temperature has a relatively
small effect on AM/MAA/HNTs/β-FeOOH (Fig. 3d). In order to
further cope with complex environments, its stability in
different ionic solutions (Cl−, SO4

2−, HCO3
−) was tested. After

soaking in HCO3
− solution for 72 hours, most of the HNTs/

β-FeOOH particles were completely detached, and the AM/
MAA/HNTs/β-FeOOH had turned white. After soaking in the
other two ionic solutions for 72 hours, the AM/MAA/HNTs/
β-FeOOH can still maintain its underwater oil-repellent state
(Fig. 3e). Overall, AM/MAA/HNTs/β-FeOOH exhibits good
stability.

3.3 Adsorption and photo-Fenton catalyzed degradation

For fast adsorption and photo-Fenton-catalyzed degradation,
we prepared HNTs/β-FeOOH-x powders with different mass
ratios of β-FeOOH to HNTs (x = 1, 0.8, 0.6, 0.4, 0.2). The
adsorption effect of different powders for MB was first dis-
cussed. The powders were put into cationic solutions of
methylene blue dye (MB: 20 mg L−1, pH = 8.6, HNTs/β-FeOOH-

x: 2 mg mL−1), and a stirring table was set to rotate the mix-
tures at a speed of 300 rpm. The adsorption of MB by the
different powders and their effect on the dye are shown in
Fig. 4a, revealing that the HNTs powder has a better adsorp-
tion effect on the methylene blue solution within 5 min, and
its MB removal rate is up to 53.1% (Fig. 4b). Three reasons can
be given to explain this phenomenon. (1) HNTs have a very
large specific surface area (20.0516 m2 g−1); (2) under an alka-
line environment, HNTs show negative electronegativity with a
zeta value of −37.933 mV (Table S2†), and there is a charge
attraction with the cationic MB. (3) The aromatic ring, and the
nitrogen and oxygen atoms of MB molecules are attracted to
the single bond OH group of the HNTs through hydrogen
bonding.31 The HNTs showed fast and then slow adsorption
during the adsorption process, specifically, the adsorption was
faster during the 0–1 min stage, and slowed down during the
1–5 min stage. The above phenomenon may be attributed to
the large number of adsorption sites on the surfaces of the
HNTs and the large concentration of methylene blue, which
led to the fast adsorption rate in the 0–1 min stage. With the
decrease of adsorption sites and MB concentration, the

Fig. 4 (a) Photographs of the adsorption effect of powder HNTs/β-FeOOH-x on MB solution (20 mg L−1) within 5 min. (b) Removal rate of MB by
HNTs/β-FeOOH-x. (c) Removal rate of MB by HNTs/β-FeOOH-0.4 from solutions (20 mg L−1) at different pH values. Langmuir adsorption fitting
curves for HNTs (d) and HNTs/β-FeOOH-0.4 (g). Adsorption–desorption curves for HNTs (e) and HNTs/β-FeOOH-0.4 (h). Pore sizes of HNTs (f ) and
HNTs/β-FeOOH-0.4 (i).
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adsorption rate decreased. In contrast, HNTs/β-FeOOH-x
adsorbed better than HNTs in the 0–1 min stage. In particular,
HNTs/β-FeOOH-0.4 and HNTs/β-FeOOH-0.2 can realize rapid
MB adsorption performances with a removal rate as high as
99% in as little as 1–2 min (Fig. 4b). The nitrogen adsorption–
desorption isotherms and pore size distributions of HNTs and
HNTs/β-FeOOH-0.4 are shown in Fig. 4e, f, h, and i. As can be
seen from Fig. 4e and h, the overall trend of adsorption–de-
sorption of HNTs and HNTs/β-FeOOH-0.4 is similar, with the
curve at the low-pressure end rising slowly; the curve in the
medium-pressure section rises more; and the high-pressure
section exhibits a clear hysteresis loop, which is in agreement
with the performance of typical V-band H3-type hysteresis
curves,32 confirming that the HNTs/β-FeOOH-0.4 consists of a
lax sheet-like structure of slit-like pores. As shown in Fig. 4d
and g, HNTs and HNTs/β-FeOOH-0.4 have a large number of
mesopores with pore diameters between 2 and 50 nm, and a
small number of macropores with pore diameters >50 nm.
Combined with the results in Table S1,† it can be seen that
after the β-FeOOH modification of HNTs, the pore size of

HNTs/β-FeOOH-0.4 decreased but the specific surface area
increased, and the total adsorption performance was further
improved. In summary, the very large specific surface area was
the main reason for the rapid adsorption of HNTs/
β-FeOOH-0.4 in the short term. In addition, the total adsorp-
tion amount of modified HNTs/β-FeOOH-0.4 was not
enhanced by fitting a Langmuir curve, and the maximum
adsorption amount was 32.581 mg g−1. The possible reason
for this phenomenon is that the pore volume of modified
powder HNTs/β-FeOOH-0.4 is extremely small.24 With respect
to the adsorption of MB in different pH environments, the
adsorption of MB by HNTs/β-FeOOH-0.4 in an alkaline
environment was significantly better than that in an acidic
environment. This was due to the different zeta potentials.33

The AM/MAA/HNTs/β-FeOOH-0.4 sponge was selected to
continue the subsequent tests considering the photo-Fenton
reaction. As shown in Fig. 5a–d, the porous substrate sponges
showed adsorption at 500 rpm, and the removal of MB was
49%, 32%, and 18% at concentrations of 10 mg L−1,
20 mg L−1, and 30 mg L−1, respectively. The AM/MAA/HNTs/

Fig. 5 UV-vis absorption spectra for different concentrations of MB in the presence of a pristine sponge and an AM/MAA/HNTs/β-FeOOH-0.4-
modified sponge. (a) 10 mg L−1 MB, (b) 20 mg L−1 MB, (c) 30 mg L−1 MB. (d) Adsorption removal rate of MB using different types of sponges. (e) UV-
vis absorption spectra during photocatalytic degradation of MB solution (30 mg L−1 MB) by AM/MAA/HNTs/β-FeOOH-0.4. (f ) Degradation rate of
MB. (g) Diagram of the photo-Fenton-catalyzed degradation mechanism.
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β-FeOOH-0.4 sponge showed a decrease in the removal of MB
from 95% to 88% with the increase in the concentration of
MB. With HNTs/β-FeOOH-0.4, the adsorption of MB by the
AM/MAA/HNTs/β-FeOOH-0.4 sponge decreased. This may be
due to the fact that the powder has a greater chance of contact-
ing MB molecules in a short period of time than the block
sponge at the same stirring speed. MB dye was chosen to
analyze the photodegradation ability of AM/MAA/HNTs/
β-FeOOH-0.4 sponges. After waiting until the adsorption equi-
librium of AM/MAA/HNTs/β-FeOOH-0.4 in a dark environment,
the MB solution was almost completely degraded within
30 min after turning on the visible light equipment (Fig. 5f).
The UV-vis absorption spectra of the MB solution under
different irradiation times are shown in Fig. 5e, from which it
can be seen that the MB solution has a strong absorbance at
664 nm, which has almost completely disappeared within
30 min of light exposure. In addition, with the prolongation of
the degradation time, the MB solution gradually became trans-

parent, which indicated that the conjugated chromophore
structure of the MB dye was destroyed. It was completely
degraded to organic or inorganic small molecules or ionic pro-
ducts, and its photocatalytic mechanism is shown in Fig. 5g.34

3.4 Emulsion separation

In order to better realize the separation of emulsions, an AM/
MAA/HNTs/β-FeOOH-0.4 sponge was cut into thin slices with a
thickness of 3 mm. A circular separation membrane was
formed by the extrusion of an emulsion separation device
(Fig. S2b†). The emulsion was turbid before separation and
colorless and transparent after separation. The average particle
size of the cyclohexane oil-in-water emulsion was 421 nm
(Fig. 6a). The AM/MAA/HNTs/β-FeOOH-0.4 sponge showed
good adsorption of methylene blue. As shown in Fig. S3,† the
AM/MAA/HNTs/β-FeOOH-0.4 sponge as the separation mem-
brane could effectively separate the methylene blue solution
(CMB < 10 mg L−1). Therefore, an oil-in-water emulsion

Fig. 6 (a) Oil-in-water emulsion particle size distribution. (b) MB emulsion particle size distribution. (c) Separation efficiency and flux of different
types of oil-in-water emulsions. (d) Continuous separation of the cyclohexane oil-in-water emulsion and separation efficiency of Fenton photocata-
lysis. (e) Diagrams of the emulsion separation mechanism.
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(average particle size of 1226 nm) was prepared with an
aqueous solution of methylene blue (CMB = 5 mg L−1). The
separation process is shown in Fig. S2a.† The membrane was
contaminated by methylene blue after separation. Its separ-
ation effect was good, and the solution was colorless and
transparent after separation. The separation fluxes of cyclo-
hexane emulsion, dichloromethane emulsion, trichlorometh-
ane emulsion, and soybean oil emulsion were 3510.6 L m−2

h−1 bar−1, 3200.9 L m−2 h−1 bar−1, 3106.5 L m−2 h−1 bar−1 and
601.3 L m−2 h−1 bar−1, respectively. The separation efficiency
for all is greater than 96%, with the highest value reaching
98.9% (Fig. 6c). The flux decreased when increasing the
number of emulsion cycle separations, and the flux recovered
after the separation membrane was catalyzed by the photo-
Fenton reaction (Fig. 6d). The superior wetting selectivity
and photo-Fenton catalysis enabled the AM/MAA/HNTs/
β-FeOOH-0.4 membrane to achieve significant oil–water separ-
ation.35 The mechanism of emulsion separation is shown in
Fig. 6e. The hydrophilic AM/MAA/HNTs/β-FeOOH-0.4 sponge
has strong water absorption performance, which makes it
possible to form a stable water–solid interface before contact
of oil droplets. The stable water–solid interface can effectively
prevent oil droplets from adhering to the sponge surface, and
the rolling oil droplets eventually form an oil layer.36

According to Laplace theory,37 the critical osmotic pressure of
oil on the membrane surface is calculated by eqn (3):

Δp ¼ �2γ
cos θ

R
ð3Þ

where Δp is the critical osmotic pressure, γ is the oil–water
interfacial tension, θ is the contact angle of droplets on the
surface of the AM/MAA/HNTs/β-FeOOH-0.4 sponge, and R is
the pore size of the modified AM/MAA/HNTs/β-FeOOH-0.4
sponge.

The AM/MAA/HNTs/β-FeOOH-0.4 sponge surface showed
good oil repellency after water infiltration, and the θ value of
oil droplets was greater than 90°. When Δp > 0, the AM/MAA/
HNTs/β-FeOOH-0.4 sponge wetted by water has a capillary
repulsion effect on the dispersed phase of the emulsion. In
contrast, due to the super-hydrophilicity of the sponge, the
critical permeability of water in the membrane when Δp < 0
indicates that the composite membrane has a capillary
pumping effect on water and can realize rapid pressure-driven
molecular water transport.38

4. Conclusion

In summary, we treated a polyurethane sponge with β-FeOOH
and HNTs to obtain underwater oleophobic AM/MAA/HNTs/
β-FeOOH-0.4. The sponge has good chemical resistance and
cycling stability. The adsorption and photocatalytic properties
of the HNTs/β-FeOOH composite material enable rapid adsorp-
tion and degradation of MB (30 mg L−1) within 30 minutes.
Underwater oleophobic wettability makes it excellent in separ-
ating emulsions. Its maximum flux can reach 3510.6 L m−2

h−1 bar−1, and the separation efficiency can reach 98.9%. This
work introduces a new method for treating complex wastewater
using photocatalytic materials.
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