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ABSTRACT: Immobilization of photo-Fenton catalysts on porous materials is crucial
to the efficiency and stability for water purification. Here we report polydopamine
(PDA)-coated porous substrates as a platform for in situ mineralizing -FeOOH
nanorods with enhanced photocatalytic performance under sunlight. The PDA coating
plays multiple roles as an adhesive interface, a medium inducing mineral generation,
and an electron transfer layer. The mineralized S-FeOOH nanorods perfectly wrap
various porous substrates and are stable on the substrates that have a PDA coating. The
immobilized f-FeOOH nanorods have been shown to be efficient for degrading dyes
in water via a photo-Fenton reaction. The degradation efficiency reaches approximately
100% in 60 min when the reaction was carried out with H,O, under visible light, and it
remains higher than 90% after five cycles. We demonstrate that the PDA coating
promotes electron transfer to reduce the electron—hole recombination rate. As a result,
the f-FeOOH nanorods wrapped on the PDA-coated substrates show enhanced
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photocatalytic performance under direct sunlight in the presence of H,0,. Moreover, this versatile platform using porous
materials as the substrate is useful in fabricating f-FeOOH nanorods-based membrane reactor for wastewater treatment.
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1. INTRODUCTION

Advanced oxidation processes (AOPs), including electro-
chemical catalysis," semiconductor photocatalysis,” and Fen-
ton/photo-Fenton reactions,” have shown great potential in
wastewater treatment. Among them, heterogeneous photo-
Fenton reaction is an effective and commonly used method to
degrade organic pollutants in wastewater." However, this
reaction is usually carried out with heterogeneous photo-
catalysts suspended in slurry reactors. The suspended photo-
catalysts are relatively insufficient to harvest light energy,
resulting in low photocatalytic activity.” They also need to be
recycled with additional processes for continuous use, and may
leak out and cause secondary pollution.

The photo-Fenton catalysts can be immobilized on
inorganic6 or organic substrates”® for practical applications.
Immobilization of photocatalysts on separation membranes by
surface engineering strategies is very promising for photo-
catalytic membrane reactors toward wastewater treatment.”
The membranes play multiple roles through harvesting light for
effective photo-Fenton reaction and purifying water by
filtration. For example, Nafion membrane was exchanged with
Fe ion and used to degrade nonbiodegradable azo dye in the
presence of H,0,."> However, polymer membranes are usually
hydrophobic, inert, and nonadhesive for catalyst immobiliza-
tion. Preprocesses, such as UV grafting'' and plasma
treatment,”>™'* must be used to activate the membrane
surfaces, which generally affect the porous structure, separation
performance, and mechanical strength of the membranes. On
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the other hand, the heterogeneous photocatalysts usually have
low efficiency because the electron—hole recombination rate is
too high in a photo-Fenton reaction."> Some strategies,
including metal/nonmetal doping16 and semiconductor!’ or
electron acceptor coupling,'® were developed to reduce the
electron—hole recombination rate, and then to enhance the
catalytic efficiency. Nevertheless, they are not facile to be
integrated on/in polymer membranes and membrane reactors
for wastewater treatment. Therefore, it remains a major
challenge for rationally designing a universal approach to stably
immobilize photocatalysts on membrane surfaces, to effectively
reduce the electron—hole recombination rate, and then to
efficiently enhance the photocatalytic activity in a photo-Fenton
reaction.

Dopamine has been used as a versatile chemical for the
surface engineering of polymer membranes in recent years.'*~>!
It is very interesting that polydopamine (PDA) can be used as
an intermediary for surface mineralization to generate and
immobilize nanosized minerals on the membrane surfaces.”>”>*
These nanosized minerals do not impact the porous structures
of polymer membranes for microfiltration. They endow the
membranes with superhydrophilicity, underwater superoleo-
phobicity, high water permeation flux, and high separation
efficiency for oil/water mixtures. Most recently, it has been
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found that PDA is able to act as an electron acceptor to
promote electron transfer,”>*® which will be advantageous for
photo-Fenton reactions. In this work, therefore, we report the
in situ mineralization of #-FeOOH nanorods using PDA-coated
porous substrates as a platform, which include porous meshes
and microfiltration membrane, and demonstrate the application
in water purification under sunlight. f-FeOOH is a rather
promising heterogeneous photo-Fenton catalyst because it has
a band gap of 2.12 eV to effectively harvest sunlight.””>* Our
approach results in highly uniform and stably immobilized f-
FeOOH nanorods on the platform surfaces, providing as many
photocatalytic sites as possible to degrade dyes in wastewater
via the photo-Fenton reaction in the presence of H,0,. The
PDA-mediated f-FeOOH nanorods show greatly enhanced
photocatalytic performance and excellent recyclability for dye
degradation under sunlight. To the best of our knowledge, this
is the first time to use PDA as an adhesive interface, a medium
inducing mineral generation, and an electron transfer layer to
form an effective platform for in situ mineralizing nanosized
catalysts on porous materials.

2. EXPERIMENTAL SECTION

Materials. Commercial porous materials were used as the
substrates, which include polypropylene nonwoven (PPNW),
polypropylene microfiltration membrane (PPMM), nylon
mesh, and polyester cloth. All substrates were cut into disks
with a diameter of 45 mm, washed by acetone overnight to
remove impurities, and then dried in a vacuum oven at 30 °C.
Dopamine hydrochloride was purchased from Sigma-Aldrich.
Other reagents, such as ironchloride hexahydrate, tris-
(hydroxymethyl) aminomethane, methyl orange, rhodamine
B, methyl blue, methylene blue, ethanol, and hydrochloric acid,
were received from Sinopharm Chemical Reagent Co., Ltd. and
used without further purification. Water used in all experiments
was deionized and ultrafiltrated to 18.2 M with an ELGA
LabWater system (France).

Preparation of PDA-Coated Porous Substrates. Dop-
amine hydrochloride (2 mg/mL) was dissolved in Tris buffer
solution (pH 8.5, SO mM). Porous substrates were prewetted
by ethanol and then immersed in the buffer solution with
shaking in the air oscillator for 8 h at 25 °C. Subsequently, the
PDA-coated substrates were washed by water for 4 h and dried
in a vacuum overnight at 30 °C.

Mineralization of f-FeOOH Nanorods on PDA-Coated
Substrates. FeCl;-6H,0 (0.067 M) was added to a mixed
solution of deionized water (20 mL) and hydrochloric acid (10
mL, 0.01 M), in which the PDA-coated substrates were
immersed and kept at 60 °C for 24 h. The samples were taken
out, washed with deionized water for 4 h, and dried in a vacuum
at 30 °C for another 4 h.

Characterization. Morphology of the samples was
observed by field emission scanning electron microscope
(FESEM, Hitachi $4800, Japan). X-ray photoelectron spectra
were collected by a spectrometer (XPS, PerkinElmer, Waltham,
MA) with Al Ka excitation radiation (1486.6 eV). FT-IR/ATR
spectra were conducted on an infrared spectrophotometer
(Nicolet 6700) equipped with an ATR accessory (ZnSe crystal,
45°). UV—vis diffuse reflectance spectra (DRS) were recorded
with a UV—vis spectrophotometer (\UV-2401, Shimadzu,
Japan) by using BaSO, as the reference. UV—vis absorption
of the solutions was measured with an ultraviolet spectro-
photometer (UV 2450, Shimadzu, Japan). Photoluminescence

spectrometer (FLS920, Edinburgh instruments) with Xe lamp
(450 W, 325 nm) was used as the excitation source.

Photocatalysis Measurement. The photocatalytic per-
formance of the f-FeOOH nanorods wrapped substrates was
evaluated by degrading different dyes in water under visible
lights generated by a 500 W Xe lamp equipped with a cutoff
filter of 420 nm or under sunlight (30 °C and 15% RH). Before
visible light or sunlight irradiation, the S-FeOOH nanorods
wrapped platforms were added to an aqueous solution of dye
(25 mL, 20 mg/L, pH 3), and shaken in the dark for 30 min to
reach an adsorption—desorption equilibrium. After measuring
the initial concentration (Cy), H,O, (9.8 mM) was immediately
added into the solution. During visible light irradiation, 1 mL of
the solution was taken out and diluted to 3 mL to measure the
dye concentration (C,) at different times. For the experiments
under sunlight, the concentrations of the dyes (15 mL, 20 mg/
L, pH 3) were measured before and after the photo-Fenton
reaction to calculate the degradation efliciency.

3. RESULTS AND DISCUSSION

Figure 1 illustrates the process of mineralizing and immobiliz-
ing B-FeOOH nanorods using PDA-coated substrates as a

Dopamine FeCl,*6H,0
—_— —_—
/ pH=8.5 Hydrolysis, 60°C
PDA-coated substrate

Nascent substrate FeOOH-wrapped substrate

Figure 1. Schematic illustration for the fabrication process of f-
FeOOH nanorods on PDA-coated substrates.

platform. First, porous substrates, such as PPNW, PPMM,
polyester cloth, and nylon mesh, were immersed in dopamine
solution at room temperature to form uniform PDA coating on
their surfaces. The substrates turn to brown or black after 8-h
deposition without major changes in their morphologies and
structures (Figure S1 in the Supporting Information (SI)).
Then, yellow FeOOH nanorods were mineralized on the PDA-
coated substrates by a hydrolysis reaction. The PDA coating
plays a crucial role during this process because the iron ions are
captured via catechol chelation to form nucleation sites for
mineralization and immobilization.>** The mineralized FeOOH
nanorods are relatively stable on the substrates after 112 h
washing with deionized water at a shaking rate of 90 rpm in an
oscillator (Figure S2, SI). This strategy is available to other
porous or dense materials such as silicon, glass, and ceramics,
because PDA has been demonstrated to be able to form
coatings on various substrates.”"

FESEM was used to characterize the mineralized FeOOH on
the PDA-coated substrates. FeOOH nanorods can be
synthesized by using some shape-control agents including
dopamine.*” Compared to those on the nascent PPNW without
PDA coating (Figure S3, SI), FFOOH nanorods wrap the PDA-
coated platforms uniformly (Figure 2), which can protect the
polymer substrates from degradation during the photo-Fenton
reaction.”® FeOOH nanorods gradually wrap the fibers (Figure
S4, SI) and the mineral content increases from 5% to 11%
(Figure SS, SI) with the increase of mineralization time from 6

DOI: 10.1021/acsami.5b02530
ACS Appl. Mater. Interfaces 2015, 7, 11567—11574


http://dx.doi.org/10.1021/acsami.5b02530

ACS Applied Materials & Interfaces

Research Article

Figure 2. FESEM images (%30 000) of the mineralized f-FeOOH nanorods on different PDA-coated substrates. (a,b) PPNW, (c,d) polyester cloth,
(e,f) nylon mesh, and (gh) PPMM. The insets are digital images of the samples.

to 24 h. The properties of the substrates slightly affect the size
and morphology of FeOOH nanorods. For example, the size of
FeOOH nanorods increases from 180 X 60 + 20 X 8 nm to
400 X 140 + 22 X 10 nm with the fiber radius of PPNW,
polyester cloth, and nylon mesh (Table S1, SI). Moreover,
some nanorods aggregate on the fiber surface. For PPMM, on
the other hand, the nanorods are mainly decorated on the outer
surface because the membrane pores (~200 nm) are smaller
than the mineralized nanorods (370 X 110 + 30 X 15 nm). The
resulted small pores are advantageous for water purification by
filtration. On the other hand, the mineralized nanorods have
slight effect on the tensile strength but markedly decrease the
break elongation as compared to the nascent PPMM (Figure
S6, SI). These results indicate that the porous substrates
become fragile after mineralization.

XRD, FT-IR and XPS were used to analyze the chemical
structures and crystal phase of the mineralized FeOOH
nanorods on the porous substrates. Diffraction peaks appear
at 12° (110), 26.9° (310), 35.4° (211), 39.4° (301), and 56.2°

(521) (Figure 3A), revealing f-FeOOH (JCPDS No. 34—
1266). FT-IR spectra (Figure 3B) show a broad peak between
3500 and 3100 cm™" attributed to the stretching vibrations of
N-H and O—H in the PDA coating, which also has a weak
absorption peak at 1608 cm™' for the C=C stretching
vibration of aromatic ring.*® Peaks at 3340 and 837 cm™ are
due to the O—H and Fe—O stretching vibrations in f-FeOOH,
respectively.** The chemical composition was also revealed by
XPS spectra (Figure 3C and D). Two signals appear from O,
and Ny, at the PDA-coated platform surfaces, and the N/O
ratio is 0.4 (the theoretical value is 0.5). Signals at 724.2 and
710.8 eV are the characteristic peaks from Fe,;;/, and Fe, 3/, in
p-FeOOH.>® All the results indicate that f-FeOOH nanorods
have been mineralized on the PDA-coated substrates. It is well-
known that f-FeOOH can be used as a heterogeneous photo-
Fenton catalyst for dye degradation.”” > As a result, the
nanorods wrapped PDA-coated porous substrates should
combine the photocatalytic performance with the filtration
characteristics.
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Figure 3. (A) XRD patterns, (B) ATR/FT-IR spectra, (C) XPS spectra of the nascent (a), PDA-coated (b), and -FeOOH wrapped (c) PPNW.

(D) XPS spectrum of core-level Fe 2p.
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Figure 4. (a) Photocatalytic performance of the -FeOOH nanorods wrapped PPNW for the degradation of methyl blue under visible light (4 > 420
nm) and in the dark at room temperature: (M) f-FeOOH nanorods wrapped PPNW under visible light, (®) H,O, under visible light, (V) f-
FeOOH nanorods wrapped PPNW + H,0, under dark, and (A) #-FeOOH nanorods wrapped PPNW + H,0, under visible light. (b) Reusability of
the f-FeOOH nanorods wrapped PPNW in the photo-Fenton reaction. H,0, was 9.8 mM at the beginning.

Methyl blue was degraded under visible light (1 > 420 nm)
to evaluate the photocatalytic performance of the -FeOOH
nanorods wrapped substrates. Typical results are shown in
Figure 4a. It can be seen that the f-FeOOH nanorods wrapped
PPNW themselves can hardly degrade the dye under visible
light within 60 min. Similarly, the degradation efficiency in
visible light is only 13% even H,O, was added. Nevertheless, it
increases to approximately 100% when the reaction was carried
out with H,0, under visible light. In this case, a photo-Fenton
process takes place, and the synergistic effect of H,O, and
visible light promotes the generation of tremendous amount of
-OH radicals,®® which contribute to the degradation of methyl
blue. The results also demonstrate that the f-FeOOH nanorods
wrapped substrates are very efficient photo-Fenton catalysts

11570

under visible light. Some FeOOH-based materials have been
reported for the photodegradation of organics in the presence
of H,0,. For example, the degradation efficiency of 17p-
estradiol (222 ug/L) reached 99.5% within 8 h irradiation in
the presence of 5 g/L -FeOOH/resin.”® In addition, 90% of
orange II (0.2 mM) was photodegraded within 7 h irradiation
by copolymer-Fe,0,.>” Our results are very promising
considering the much short degradation time (~60 min),
although direct comparison is not reasonable between the
reported materials with the present photocatalysts because they
are different in composition and shape. They have excellent
reusability and stability to degrade methyl blue in the same
condition. Figure 4b shows that the degradation efficiency
maintains 90% after five cycles of photo-Fenton reaction. At the

DOI: 10.1021/acsami.5b02530
ACS Appl. Mater. Interfaces 2015, 7, 11567—11574


http://dx.doi.org/10.1021/acsami.5b02530

ACS Applied Materials & Interfaces

Research Article

1.6 1.2
14 _- Il by H,0, only i
i [l by B-FEOOH nanorods wrapped PPNW + H,0, 1.0 4
1.24
)l 0.8 -
- 1.0+
2 el g
(IJQ 7] C.; 0.6
€ 064 o
4 0.4
0.4
0.2 0.2
0.0 - 0.0
3 3 e X \\ N\
o o «° o & « o® o
e.'&* o & &° g =¥
0((\% © & o Q°\*
(A) (€)
methyl blue (40‘ ;ﬁin) methylene blue (55 min) )
- hv 140 min

P
rhodamine B (65 min)

(B)

methyl orange (70 min)

Dye
solution

RNl -

Colorless
water

Membrane

Pump reactor

(D)
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time is 70 min. (D) An intermittent membrane reactor for the degradation of methyl orange within 140 min under sunlight.

same time, the PDA-coated substrates are still completely
wrapped by the f-FeOOH nanorods with stable morphology
and crystal structure (SEM image in Figure S7 and XRD
pattern in Figure S8 in the SI). The photocatalytic performance
declines slightly with the increase of the cycle number of reuse.
A possible reason is the deactivation of some photocatalytic
sites.”® As a whole, the S-FeOOH nanorods wrapped
substrates show good stability in the process of photo-Fenton
reaction.

In general, pH value, H,O, concentration and catalyst
content play key roles in the photo-Fenton reaction. The
photocatalytic performance of f-FeOOH nanorods wrapped
PPNW was measured at different pH values and H,O,
concentrations (Figure S9, SI). It can be seen that the property
declines with the increase of pH value because little -OH
radicals are produced at high pH during the photo-Fenton.*’
The photocatalytic performance is enhanced when the H,O,
concentration increases from 3.9 to 9.8 mM. However, further
increasing the concentration to 15.7 mM leads to a sharp
decrease of the photocatalytic performance, which is due to the
well-known hydroxyl radicals scavenging effect.*""** In addition,
the content of f-FeOOH nanorods has a great influence on the
photocatalytic performance (Figure S10, SI). The results show

11571

that long mineralization time results in increased catalytic
nanorods and hence high photocatalytic performance.

The f-FeOOH nanorods wrapped substrates were also used
to degrade other dyes, which are difficult to be eliminated from
wastewater by traditional methods,**** via the photo-Fenton
reaction under direct sunlight. Figure SA indicates that the
degradation efficiency is higher than 97% within 40 min for
methyl blue by the f-FeOOH nanorods wrapped PPNW. In
fact, most of the dyes can be effectively degraded (Figure SB),
and the wastewater with methylene blue, rhodamine B or
methyl orange, turns to colorless in S5, 65, and 70 min,
respectively. Figure SC shows that other f-FeOOH nanorods
wrapped substrates have similar photocatalytic activity toward
the studied dyes (Figure S11 in the SI).

It is well-known that slurry photocatalytic reactors have
usually been designed and used, in which the photocatalysts
must be recycled through filtration or flocculation. It is a cost-
and time-consuming process, which hinders the large-scale
application of the reactors. The substrates used in this work
have porous structures for water filtration; therefore, an
intermittent membrane reactor was designed to decompose
dyes in wastewater (Figure SD). Methyl orange (80 mlL, 20
mg/L, pH 3) and H,0, (9.8 mM) were mixed into the
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Figure 6. (A) UV—vis diffuse-reflectance spectra of the nascent (a), PDA-coated (b), andf-FeOOH nanorods wrapped (c) PPNW. (B) Plot of
(ahv)? versus hv for the f-FeOOH nanorods wrapped PPNW. (C) Photoluminescence emission spectra of (a) f-FeOOH powders, (b) f-FeOOH
nanorods wrapped PPNW, and (c) f-FeOOH nanorods wrapped PPNW with further deposition of PDA. (D) Suggested mechanism for the
enhanced photocatalytic performance of the f-FeOOH nanorods wrapped substrates with PDA as the intermediary layer.

membrane reactor and placed under direct sunlight for 140
min. Colorless water can be filtrated through the porous
substrates, and analyses indicate methyl orange has been
removed completely.

The photocatalytic performance is also compared between f3-
FeOOH powders and the immobilized nanorods in the same
condition (Figure S12, SI). The degradation efficiency of the -
FeOOH nanorods wrapped substrates is much higher than that
of the powders. UV—vis diffuse-reflectance results show that
the PDA-coated PPNW has much stronger absorption than the
nascent one in the UV and visible region (Figure 6A), which is
in accordance with the previous reports.45 It is worth noting
that the f-FeOOH nanorods wrapped PPNW exhibits strong
absorption in the visible region from 400 to 600 nm. This
means that it has excellent photocatalytic performance in the
visible region. The band gap can be acquired for the
photocatalyst according to the following equation:**

ahv = A(hv — Eg)"/2 )
where a, v, h, E, and A are absorption coeflicient, light
frequency, Planck’s constant, band gap, and a constant,
respectively. In this equation, n can be determined by the
type of the transition in a semiconductor (n = 1 for direct
transition such as FeOOH" and n = 4 for indirect transition).
The f-FeOOH nanorods wrapped PPNW has an direct band
gap of 1.96 eV by plotting (ahv)? versus hv (Figure 6B), which
is less than the reported value of 2.12 €V for f-FeOOH.” >
This decrease may be caused by the presence of char§e-transfer
complexes in which PDA plays a critical role.” It is a
noteworthy phenomenon that narrow band gap will promote

11572

the absorption of visible light and hence improve the
photocatalytic performance. In addition, the migration and
separation efficiency of photoexcited electron is crucial to the
photocatalytic performance.*” In other words, an excellent
photocatalyst should possess high efficiency of charge transfer
to decrease the electron—hole recombination rate. Photo-
luminescence spectra were further used to analyze these
phenomena (Figure 6C). The f-FeOOH nanorods wrapped
PPNW has a weaker intensity compared with the spectrum of
the S-FeOOH powders. It indicates that the S-FeOOH
nanorods wrapped substrates have low electron—hole recombi-
nation rate. The possible reason is that PDA plays an important
role in electron transfer.'* To reveal the role of PDA, we
analyzed the photoluminescence spectra of the B-FeOOH
nanorods wrapped PPNW with another 5 h PDA coating,
which shows much weaker intensity than the S-FeOOH
nanorods wrapped PPNW. It means the photogenerated
electrons are easy to inject from the f-FeOOH nanorods into
the PDA coating. Therefore, in our cases, PDA can act as an
electron acceptor to tune the charge transfer rate and reduce
the electron—hole recombination rate.’® These functions
accelerate the kinetics of photocatalytic processes. Figure 6D
illustrates a possible mechanism behind the enhancement of
photocatalytic performance of the S-FeOOH nanorods on
PDA-coated substrates. As we know, -FeOOH nanorods can
react with H,O, to produce -OH radicals as a photo-Fenton
catalyst>’ In addition, they also produce photogenerated
electron—hole pairs under direct sunlight. Then, the
electron—hole pairs are separated by the PDA coating which
acts as an electron transfer layer. The electrons are rapidly
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captured by H,0, to form tremendously -OH radicals,”> which
can decompose the organic dyes. This mechanism endows the
P-FeOOH nanorods wrapped substrates higher photocatalytic
performance than the f-FeOOH powders.

4. CONCLUSION

In conclusion, we have demonstrated a novel strategy to
fabricate f-FeOOH nanorods by a mineralization process using
various PDA-coated porous materials as a platform. This
strategy takes the advantages of PDA coatings such as strong
interfacial adhesion, multiple functional groups, and facilitated
electron transfer. As a result, the mineralized f-FeOOH
nanorods are stably immobilized on the porous substrates,
acting as a supported photo-Fenton catalyst. Dyes in water can
be efficiently degraded with enhanced photocatalytic perform-
ance under direct sunlight. In particular, the photo-Fenton
reaction is facilely conjugated with an intermittent membrane
reactor for wastewater treatment, which is beneficial for
practical application. This work provides an environmentally
friendly, energy-saving, and universal method to fabricate
photocatalytic materials with high performance.
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