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Abstract: It has been proven that a versatile bio-glue, polydopamine, can firmly bind TiO2 (titanium
dioxide) nanoparticles on thin film composite (TFC) membranes. In this work, the anti-fouling
behaviour of this novel polydopamine-TiO2-modified membrane is evaluated, based on the static
bovine serum albumin (BSA) surface adhesion of the membranes and the relative flux decline.
The results show that the anti-fouling performance of this new membrane is significantly improved
in dark conditions when compared with the neat TFC membrane and the membranes only modified
by polydopamine or TiO2. When filtrating a 0.5 g·L−1 BSA solution in dark conditions, the flux
of the polydopamine-TiO2-modified membrane remains constant, at 95% of its pure water flux
after 30 min filtration for 8 h of the experiment. This indicates a significant increase in anti-fouling
performance when compared to the 25% flux decline observed for the neat TFC membrane, and to
the 15% flux decline of those only modified by polydopamine or TiO2. This remarkable anti-fouling
behaviour is attributed to an improved and uniform hydrophilicity, due to the presence of TiO2

and to the regular nanosized papillae structure of the polydopamine-TiO2 coating. Furthermore,
since dopamine-modified TiO2 has visible light-induced photocatalytic properties, the membrane’s
photocatalytic performance was also tested in light conditions. However an increase of flux and
decrease of retention were observed after 24 h of continuous illumination, indicating that light may
also affect the top layer of the membrane.
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1. Introduction

Through billions of years of evolution, creatures in nature have developed various remarkable
functions for adapting themselves to the environment. Green plants, for instance, have developed
photocatalysis, in order to utilize light energy to survive and thrive. Ruellia devosiana (a tropical plant)
has developed a successful method of reducing fouling caused by organisms through the use of leaves
with a superhydrophilic surface [1]. Inspired by these natural functions, advanced materials and
processes have been developed to improve human life.
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Mussels can attach themselves to almost any surface type such as rocks, pilings, aquatic plants,
and floating debris, by the help of strong adhesive byssal (or byssus) threads. This adhesive property
is attributed to a special chemical, dopamine [2]. Inspired by this function, dopamine was utilized
as a versatile coating material, and it has been proved that it can self-polymerize on most surfaces
of materials in base conditions [2]. Recently, it was demonstrated that dopamine polymerizes on
nanoparticles [3–7], which allows nanoparticles to connect with bulk materials. This versatile connection
may have a great potential for environmental applications, such as the immobilization of photocatalysts
in photo-reactors, or the coating of photocatalysts on substrates to reduce fouling in air or water.

Among photocatalytic materials, titanium dioxide (TiO2) is of interest for solar energy conversion
and environmental applications, because of its superhydrophilic and photocatalytic properties.
The combination of these two properties yields a material which has a good self-cleaning function on the
surfaces of TiO2. Similar to its function in Ruellia devosiana, the superhydrophilicity of TiO2 is capable of
letting water spread over the surfaces, forming an ultrathin water film which can significantly prevent
pollutants from attaching. When illuminated by UV (ultraviolet) light, TiO2 degrades organic pollutants
through photocatalytic reactions, and keeps the surface clean. This self-cleaning function enables TiO2 to
be used in a variety of environmental applications [8]. In membrane filtration, the incorporation of TiO2

nanoparticles into membrane matrixes or surfaces has received significant attention in recent years,
and has been shown to improve the membranes’ anti-fouling performance [9–20]. Several strategies
for integrating TiO2 into TFC membranes have been reported, including self-assembly [16,21–23],
entrapment [24], and chemical binding [25,26]. For the entrapment method, the entirely enfolded
TiO2 nanoparticles do not yield the same performance of high hydrophilicity and good photochemical
reactivity as the exposed bare nanoparticles, because of the shelter provided by the polymer matrix [24].
Furthermore, the higher concentration of TiO2 nanoparticles inside the thin film may decrease the
rejection of TFC membranes [24]. The chemical binding method can also improve the anti-fouling
performance of the membranes, but this method can only be applied to certain kinds of TFC membranes,
and it modifies the structure of the membrane surface [25]. When compared with these methods, the
self-assembly method yields the best anti-fouling or self-cleaning performance of TiO2, as the bare
nanoparticles can be exposed to the environment. However, the main drawback of this method is the
weak binding force between nanoparticles and membrane surfaces, which greatly limits the application
of this modification method [27]. In order to overcome this limitation, mussel-inspired polydopamine
has been used and has been reported to successfully bind TiO2 nanoparticles on the membrane
surface [28]. Additionally, this dopamine-modified TiO2 is reported to enable adsorption in the visible
light spectrum, and can be excited by visible light energies below 3.2 eV (~387.5 nm) [29]. These results
potentially enable this polydopamine binding method to achieve a visible light-induced photocatalytic
property, which is of possible interest to a variety of applications for achieving self-cleaning surfaces.

Although the robust binding force between the nanoparticles and membrane surfaces has been
proved, the key issue, i.e., the anti-fouling performance of the membranes modified by TiO2 using
this novel polydopamine binding method, has not yet been reported. In this work, we will present
a detailed study of the anti-fouling performance of membranes synthesised by this method, and
compare it with reference membranes (i.e., the neat TFC membrane, the polydopamine-modified
membrane, and the membrane modified by self-assembled TiO2). Furthermore, the performance of
the membrane modified by this method under visible light illumination is evaluated.

2. Theory

Hydraulic Resistance of Polydopamine and TiO2-Modified Membranes

The hydraulic resistance of porous or non-porous membranes can be calculated using the
following equation [10]:

Ri =
∆P
ηJw

=
∆P · t · a
η · V

(1)
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where Ri is the hydraulic resistance of the membrane (m−1), ∆P is the transmembrane pressure (Pa),
η is the feed solution viscosity (Pa·s), Jw is the pure water flux (m3·m−2·s−1), and V (m3) is the volume
of water collected within a time period t (s) using a membrane of area a (m2).

The modification procedures can influence the hydraulic resistance of the membranes. In order to
evaluate this influence, an extension of Equation (1) is used, as follows:

JpDA =
∆P

η(R0 + RpDA)
(2)

JTiO2_pDA =
∆P

η(R0 + RTiO2_pDA)
(3)

And
JTiO2_self-assembly =

∆P
η(R0 + RTiO2_self-assembly)

(4)

where JpDA is the pure water flux of a polydopamine-modified membrane, JTiO2_pDA is the pure water
flux of a membrane modified by TiO2 nanoparticles bound by polydopamine, and JTiO2_self-assembly
is the pure water flux of a membrane modified by TiO2 nanoparticles bound by the self-assembly
method. R0 is the hydraulic resistance of the unmodified commercial TFC membrane. RpDA, RTiO2_pDA,
and RTiO2_self-assembly are the hydraulic resistance of the polydopamine layer, the TiO2 layer bound
by polydopamine, and the TiO2 layer bound by self-assembly method, respectively. The hydraulic
resistance of each modification can be calculated by combining the equations above.

RpDA =
∆P
η

(
1

JpDA
− 1

J0

)
(5)

RTiO2_pDA =
∆P
η

(
1

JTiO2_pDA
− 1

J0

)
(6)

And

RTiO2_self-assembly =
∆P
η

(
1

JTiO2_self-assembly
− 1

J0

)
(7)

where J0 is the pure water flux of an unmodified commercial TFC membrane.

3. Materials and Methods

3.1. Materials

Desal51HL polyamide (Polypiperazineamide) thin film composite (TFC) membranes,
manufactured by GE Osmonics (Minnetonka, MN, USA), were used in this study. Titanium (IV)
oxide nanopowder (anatase, <25 nm, 99.7%) was provided by Sigma Aldrich (St. Louis, MO,
USA). Dopamine hydrochloride (98.5%), bovine serum albumin (BSA, lyophilized powder, 96%),
magnesium sulphate (MgSO4), and sodium chloride (NaCl), were obtained from Sigma Aldrich
(Schnelldorf, Germany). Tris (hydroxymethyl) aminomethane (99.8%) was supplied by Across Organics
(Geel, Belgium).

3.2. Surface Modification of a Thin Film Composite (TFC) Membrane

Desal51HL polyamide TFC membranes were used for all surface modification procedures. Prior to
each modification or test, the commercial TFC membranes were immersed in distilled water for
12 h [10]. Before using these membranes, they were all dried using compressed air for 5 min.
This short-term drying procedure does not affect the filtration performance of the membranes [28].
In most cases, the modification procedures took place in a dead-end container (with a diameter of
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100 mm), with a piece of dry Desal51HL membrane mounted on the bottom. If the modification was
carried out in other cells with different diameters, the specific conditions will be specified. After this
modification, the membranes were cut into a specific size for testing.

3.2.1. Polydopamine Modification

An aqueous dopamine solution was prepared by dissolving dopamine hydrochloride (2 mg·mL−1)
in Tris buffer solution (pH 8.5, 10 mM). A total of 40 mL of this fresh dopamine aqueous solution
was poured into the dead-end container. The degree of dopamine polymerization can be observed
from the change in color of the solution. The color becomes darker blue as the polymerization time
increases. After 30 min of deposition, the membrane was rinsed using distilled water for 5 min in
order to remove most of the residual unbound polydopamine.

3.2.2. Binding TiO2 Nanoparticles on TFC Membranes by Using Polydopamine

A TiO2 nanoparticles suspension of 0.05 w/v % was prepared by dispersing the commercial TiO2

nanopowder in a Tris buffer solution (pH 8.5, 10 mM). After 3 h of agitation at 1000 rpm, the TiO2

solution was further treated using ultrasound for 30 min in a water bath (20 ◦C), in order to obtain
a well-dispersed TiO2 nanoparticles suspension.

Prior to the binding of the TiO2 nanoparticles, the Desal51HL membranes were modified using
polydopamine, as described in Section 3.2.1. After pouring out the residual polydopamine solution,
40 mL of TiO2 nanoparticles suspension was added to the dead-end container for 1 h, and rinsed using
distilled water for 5 min.

3.2.3. Binding TiO2 Nanoparticles on TFC Membranes by Self-Assembly

The TiO2 suspension of 0.05 w/v % was prepared as described above. The suspension (40 mL)
was added to the dead-end container for 1 h, in order to allow the deposition of TiO2 nanoparticles on
the membrane surface. Following this, the membrane was rinsed with distilled water for 5 min.

3.3. Characterisation of the Membrane Surfaces

3.3.1. Scanning Electron Microscopy

The surface morphology of the membranes was characterized by scanning electron microscopy
(SEM), using a Philips XL30 FEG SEM (Eindhoven, The Netherlands). The dry membrane was cut into
small pieces and immersed in liquid nitrogen for around 1 min. The frozen fragments of the membrane
were broken and taped onto a holder with carbon glue. The samples were sputtered with gold and
vacuumed for 1 h before the measurement. The SEM measurements were taken under high vacuum
conditions at 30 kV.

3.3.2. Contact Angle Measurement

A contact angle measuring system G10 (Krüss, Hamburg, Germany) was utilized to analyze the
effect of the modification on the membrane hydrophilicity. A de-ionized water droplet of 2 µL was
placed on a dry flat homogeneous membrane surface and the contact angle was measured after 5 s.
Each measurement was taken at least 15 times and the average value was reported. The error was
controlled below 3◦.

3.3.3. UV-Visible Spectroscopy

A Shimadzu UV-1601 double beam spectrophotometer (SHIMADZU EUROPA GmbH, Duisburg,
Germany) was used to analyze the amount of BSA in the solution. The absorption spectra of BSA were
scanned in the range of 200–800 nm. The peak wavelength was located at 286 nm, which was used as
the test wavelength.



Appl. Sci. 2017, 7, 81 5 of 15

3.3.4. Static BSA Surface Adhesion Measurement

The resistance to protein adsorption on the membrane surfaces was investigated by using the
solution depletion method. In order to have a steady membrane surface, the membranes were rinsed
for 90 min before each test. The membranes were placed in dead-end cells, and then incubated with
20 mL of BSA with a concentration of 0.5 g·L−1. The dead-end cells were sealed in order to prevent
evaporation. The incubation time was 3 h. Before the measurement was taken, the cells were gently
swirled to return loosely deposited BSA to the solution. The UV absorption percentage of this solution
was tested, which indicated the amount of unabsorbed BSA. Each adsorption experiment was repeated
three times [11].

3.4. Performance under Dark Conditions

3.4.1. Filtration Experiments under Dark Conditions

The studied membranes were characterised based on intrinsic water permeability and salt
rejections (MgSO4) using a transparent plastic dead-end cell (Figure 1, Amicon, Denvers, MA, USA,
model 8200), of which the active area was 28.7 cm2 (a diameter of 63.5 mm). In order to avoid the
influence of light on the intrinsic membrane performance, the dead-end cell was carefully covered
by aluminum foil. To compare the filtration performance of the same membrane before and after the
modification, the filtration experiments were performed in two steps: first of all, the neat Desal51HL
membranes were evaluated and then, the performance of these TFC membranes after each modification
(i.e., polydopamine modification, binding TiO2 nanoparticles by polydopamine, and binding TiO2

nanoparticles by self-assembly method), was tested.
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Figure 1. Transparent plastic dead-end cell (Amicon, Denvers, MA, USA, model 8200).

The vessel was filled with 200 mL of solution (pure water, MgSO4 solution, or NaCl solution)
and tested at ambient temperature. Since the maximum pressure limitation of the plastic dead-end
cell was 5 bar, the transmembrane pressure was set at 4 bar. The permeate was collected when the
membrane system reached a steady state. The pure water flux (Jw) was obtained by dividing the
permeate volume by the membrane area and time. The pure water permeability (A) was calculated
by dividing the pure water flux (Jw) by the transmembrane pressure (∆P), A = Jw/∆P. After the pure
water flux measurement had been taken, the rejections of MgSO4 and NaCl were individually tested.
The concentration of the feed solution was 2000 ppm in all cases. The pH of the salt solution was close
to neutral (6.7–7.0). In order to reduce concentration polarization, the stirring speed was set at 700 rpm,
in which condition the conductivity along the entire depth of solution was identical [28]. The salt
rejections (R) were determined by measuring the conductivity of the permeate solution (cp) and the
concentrated solution (cc), R = 1 − cp/cc.

After testing the filtration performance of the neat TFC membranes, the membranes were washed
thoroughly with distilled water and dried under compressed air for 5 min. Following this, each
modification procedure (i.e., polydopamine coating, binding TiO2 by polydopamine, and binding
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TiO2 by self-assembly) was carried out inside the plastic dead-end modules, following the procedure
described in Section 3.2. Since the diameter of the plastic dead-end cell was 63.5 cm, the volume of
each solution used in the modification process was 14.35 mL. After further rinsing of the membranes
for 30 min, the pure water permeability and the salt rejections of the modified membranes were tested
again. Triplicates were performed for each modification procedure. Average values are reported.

3.4.2. Anti-Fouling Performance under Dark Conditions

In order to test the anti-fouling performance of the membranes in a relative long-term condition,
the fouling filtration experiments were carried out in a cross-flow apparatus (Figure 2, Amafilter, Test
Rig PSS1TZ), in which there was no light. The design of the experimental set-up is shown in Figure 2.
The diameter of the membrane is 9 cm and the effective filtration area is 0.0059 m2. As the system
recycles the retentate and the permeate stream to the feed tank, the concentration of the feed solution
was considered constant. A feed aqueous solution of 0.5 g·L−1 BSA was filtrated for 8 h at 20 ◦C.
Due to the minimum pressure limitation of this cross-flow filtration apparatus, the transmembrane
pressure was set at 5 bar instead of 4 bar. The cross-flow velocity was 2.032 m·s−1 (400 feet/min).
In order to shorten the length of the whole procedure, the membranes were only compacted for 30 min
before each test.
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Figure 2. Schematic representation of the cross-flow nanofiltration unit (1, module 1; 2, module 2;
3, feed tank; 4, pump; 5, flow meter).

3.5. Performance under Light Conditions

3.5.1. Effect of Photocatalysis on Filtration Performance

In order to understand the effect of photocatalysis of bare TiO2 and polydopamine-modified TiO2

on the filtration performance, the membranes modified by TiO2 using both binding methods were
tested before and after visible light illumination. The experiments were performed in the transparent
plastic dead-end cell. After each modification, the pure water permeability and salt rejections were
tested. Following this, these membranes were illuminated using a 60-W bulb for 24 h, and the filtration
performance was then tested again. The distance between the membrane surface and the bulb was
45 cm; at this distance, the heating of the light could be ignored, which was indicated by a thermometer
located beside the dead-end cell.

3.5.2. Effect of Photocatalysis on Fouling Performance

Since it was impossible to provide light inside the cross-flow apparatus, the fouling filtration
experiments in light conditions were performed in the transparent plastic dead-end cell. The illumination
conditions are the same as described in Section 3.5.1. A total of 0.5 g·L−1 of BSA solution was filtrated
at 4 bar and ambient temperature. Because the testing period was 2 h, a slow stirring speed of 250 rpm
was chosen to achieve a more obvious fouling condition, and the membranes were compressed for
90 min before each test. Triplicates were performed for each modification procedure. Average values
are reported.
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4. Results and Discussion

4.1. Characterisation of Membranes

4.1.1. Morphology of Unmodified and Modified Membranes

The surface morphology and roughness can influence liquid spreading and also further influence
the fouling resistance of membranes. The surface morphology of both the unmodified and modified
membranes is shown in Figure 3. It can be observed that the commercial TFC membrane has the
smoothest surface. All of the modifications considered in this study can thus increase the roughness of
the surfaces.
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Figure 3. SEM (scanning electron microscopy) images displaying the unmodified and modified
membranes: (a) unmodified commercial TFC (thin film composite) membranes; (b) TFC membranes
modified by polydopamine for 30 min; (c) TFC membranes modified by TiO2 nanoparticles
(polydopamine method); (d) TFC membranes modified by TiO2 nanoparticles (self-assembly method).

The mechanism of each modification has been reported [28,30–32]. The dopamine coating
formed loose and relatively regular rough structures with nanoscale narrow valleys, as shown in
Figure 3b. When the polydopamine layer made further contact with TiO2 nanoparticles in suspension,
nanoparticles filled all of the nanoscale valleys in the polydopamine surface, and the polydopamine
had a chance to grow around the nanoparticles. Consequently, nanosized papillae surface structures
are formed (Figure 3c), which is more uniform and flat than the structures shown in Figure 3b.

Compared with the surface morphology of the self-assembly binding method (Figure 3d),
the polydopamine layer maintains a relatively uniform, identical, and complete coverage of TiO2

nanoparticles on the membrane surfaces (Figure 3c). Generally, when the pDA-modified membrane
makes contact with the TiO2 suspension, the catechol/quinone groups on the polydopamine surface
immediately attract the TiO2 nanoparticles. Strong coordination bonds between the membranes and
the nanoparticles keep TiO2 nanoparticles in their initial position and prevent the nanoparticles from
forming big clusters. Since the aqueous environment is basic, the residual dopamine monomers have
a chance to polymerize between the nanoparticles and the membrane surface. As the immersion time
increases, the oligomers gradually link with each other and grow around the nanoparticles, and the
final structure is formed, as shown in Figure 3c. In the self-assembly method, when the membrane
surface makes contact with the TiO2 suspension, the coordination of Ti4+ to the electronegative group
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(i.e., oxygen), or the hydrogen bond between carbonyl group and the surface hydroxyl group of TiO2,

keeps an uniform layer of TiO2 nanoparticles on the surface in the initial stage. However, as the
deposition time increases, the uniform TiO2 nanoparticle layer tends to aggregate. Irregular, big TiO2

clusters are formed, and the membrane surface is covered incompletely (Figure 3d).

4.1.2. Hydrophilicity of Surfaces

Self-cleaning surfaces are either superhydrophobic or superhydrophilic, such as Nelumbo nucifera
(lotus leaves) and Ruellia devosiana. In water purification, hydrophilic surfaces are preferred, which can
be achieved by changing both the surface roughness and the surface free energy [33,34]. In order to
evaluate the hydrophilisation effect of the three modification methods, the water contact angle of the
membrane surfaces was measured after 5 s (Table 1).

Table 1. Water contact angle for the unmodified and modified membranes.

Membranes Neat Neat + pDA Neat + pDA + TiO2 Neat + TiO2

Contact angle 50.4 ± 2.3 59.3 ± 1.3 27.2 ± 2.9 24.5 ± 2.9

As shown in Table 1, the polydopamine coating slightly increases the contact angle of the
membranes, which is similar to what was shown in the work of Yun [34]. The reason for this is
probably related to a composite solid-liquid-air interface, formed between the water droplet and the
polyamide surface. When the nanoscale narrow valleys of the polyamide layer make contact with
water droplets, water may not penetrate into the surface cavities, which results in the formation of air
pockets and leads to a composite interface [35]. As discussed by Cassie and Baxter [36], the contact
angle increases for a hydrophilic surface with an increase of the fractional flat geometrical area of the
liquid-air interface under the droplet. Furthermore, the nanoscale asperities can pin water droplets and
thus prevent water from filling the valleys between the asperities [35]. Due to these reasons, the contact
angle of the polydopamine-modified membrane is larger than the one of the unmodified membrane.

When the polydopamine layers further combine with TiO2 nanoparticles, the surface free energy
is greatly increased. This high surface free energy results in a significant reduction of the contact angle.
For the self-assembly method, the TiO2 clusters show the same behaviour as aforementioned.

4.1.3. Static BSA Adhesion Resistance

The BSA adhesion performance of each membrane is shown in Table 2. The UV absorption
percentage indicates the amount of BSA in the solution after a 3 h incubation period. The larger value
refers to less BSA adhesion, and also to higher BSA adhesion resistance. The membranes modified by
TiO2 using both binding methods adsorb less BSA in comparison to the neat TFC membrane and the
membrane modified by polydopamine.

Table 2. UV (ultraviolet) absorption percentage of the BSA (bovine serum albumin) solution after a 3 h
incubation period.

Solutions Original BSA Solution Neat Neat + pDA Neat + pDA + TiO2 Neat + TiO2

UV absorption
percentage (%) 32.4 ± 0.7 19.3 ± 1.0 21.6 ± 1.2 29.7 ± 1.0 26.7 ± 1.4

This observation is in agreement with the fact that more hydrophilic surfaces adhere less protein
under the same adsorption conditions [11,37]. However, the hydrophilicity does not seem to be the
only factor that can influence the protein adhesion; the surface structures of the membranes and
the functional groups also contribute to the protein adhesion ability. For example, the membrane
modified by TiO2 using polydopamine binding is less hydrophilic than the membrane modified by
self-assembled TiO2. This less hydrophilic surface does not lead to more protein adhesion. Instead,
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it shows the best protein adhesion resistance. This is probably due to the relatively regular nanoscale
papillae structure and the uniform hydrophilicity throughout the membrane surface. Although the
surface roughness of the polydopamine-modified membrane is higher than the other membranes, the
protein molecules cannot easily attach on the membrane surfaces. As suggested by Han et al. [38],
the pore size of the polydopamine-modified surfaces is around 1.5 nm. The dimension of the prolate
ellipsoid BSA is 14 nm for the major axis and 4 nm for the minor axis [39], which is significantly larger
than the pore size of the polydopamine. Due to the larger size, BSA cannot settle into the pores of the
polydopamine. In addition, the hydrolyzed surface functional groups (i.e., hydroxyl, quinone, and
secondary amine groups), can repel the protein molecules, preventing them from attaching. These
properties of the polydopamine layer lead to a better protein adhesion resistance [37].

4.2. Performance under Dark Conditions

4.2.1. Filtration Performance under Dark Conditions

Generally, any additional layer will change the hydraulic resistance of a membrane and further
influence the filtration performance. The pure water permeability of the membranes before and after
the modification is shown in Figure 4. The additional hydraulic resistance caused by each modification
is summarized in Table 3. In order to assure that the differences in the performance for the modified
membranes are caused by the modification, rather than by experimental errors, all of the tests are
operated under exactly the same conditions.
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Figure 4. Filtration performance of the membranes before and after the modification. (a) Water
permeability (L·m-2·h-1·bar-1); (b) Rejection of MgSO4 (%); (c) Rejection of NaCl (5).

Table 3. Hydraulic resistance of the additional layers produced by different modification procedures.

Membranes pDA Modified RpDA pDA + TiO2 Modified RTiO2_pDA TiO2 Modified RTiO2_self-assembly

Hydraulic Resistance
(×1010 m−1) 40.28 4.47 25.27

As can be seen in Figure 4a, after each modification, the membrane modified by polydopamine
displays the most flux reduction, when compared to the other modified membranes, indicating that
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the polydopamine layer produces the highest hydraulic resistance (Table 3). This high hydraulic
resistance is probably caused by a pore blockage of the support membrane and transport hindrance
from polydopamine. When the dopamine contacts the membrane in the base aqueous condition,
the size of polydopamine oligomers increases with increasing deposition time. The nanosized
polydopamine oligomers presumably block the large pores of the membrane surfaces at the initial stage.
As the deposition time increases, the thickness of the polydopamine layer also increases. Therefore,
the hydraulic resistance of the final membrane increases and the pure water permeability is reduced
by 10.5%. In the case of TiO2 modification, less flux decline (6.99%) is observed. The performance of
TiO2 is a competition between hydrophilicity and a shelter effect. The large TiO2 clusters formed by
self-assembly can block the pores on the membrane surface. Moreover, the efficient surface area of these
coagulated particles was limited. Therefore, the shelter effect was dominant, which results in a modest
hydraulic resistance (Table 3). For the polydopamine binding method, the final composite layer
(polydopamine together with TiO2) yields a minimal flux decline (1.26%). When using this method,
the nanoparticles are minimally coagulated because the dopamine monomers act as a surfactant at the
initial stage. This good dispersion allows a relatively uniform layer of nanosized TiO2 to bind on the
membrane surfaces and provides a larger active surface area. This significantly larger surface area
maximises the hydrophilic performance of TiO2. In this case, the hydrophilicity of TiO2 nanoparticles
is dominant, and it greatly reduces the hydraulic resistance of the polydopamine layer (Table 3).

The rejection of MgSO4 and NaCl is presented in Figure 4b,c. The polydopamine coating slightly
increases the rejection of both salts. As previously mentioned, the nanosized polydopamine oligomers
may block or grow in the defects or larger pores of the TFC membrane surfaces at the early stage, which
possibly leads to a slight increase in the salt rejection. However, considering the rejection range and
the standard deviation, there seems to be no significant difference in salt rejections for the membranes
modified by TiO2 using both binding methods.

4.2.2. Anti-Fouling Performance under Dark Conditions

In order to investigate the anti-fouling performance of the membranes in relatively long-term and
dark conditions, each membrane was tested in the cross-flow apparatus. The fouling effect is quantified
by the relative flux (Ji/J0) and shown in Figure 5. It was found that, in the initial stage, the fluxes of the
neat membrane and the membrane modified by polydopamine, decrease more rapidly than the others.
This rapid flux decline is attributed to the relatively large contact angles. Following this, the flux of
each membrane reaches its equilibrium. The membrane modified by TiO2 using the polydopamine
binding method reaches an equilibrium value of 95% after 30 min of filtration. The fluxes of the
membranes modified by polydopamine and self-assembled TiO2 stabilize at around 85% of the initial
value after 2 h of filtration. After 8 h of filtration, the neat membrane retains around 75% of the initial
flux. This fouling behavior is following the trend in the static BSA adhesion test (Section 4.1.3, Table 2):
the membrane with good static BSA adhesion resistance has better anti-fouling filtration performance.
The reasons for the fouling behavior are also consistent with the discussion in Section 4.1.3.

When comparing the initial anti-fouling performance of the membranes modified by TiO2 with
both self-assembly and polydopamine methods, it can be found that the robust binding of TiO2,

as shown in our previous work [28], is crucial for maintaining a constant and good anti-fouling
performance. A large fraction of the self-assembled TiO2 can be removed by the water flow in the
first hour of filtration [40]. A lower quantity of TiO2 results in lower hydrophilicity and worse protein
adhesion resistance. Figure 5 shows that the unstable bound TiO2 cannot retain the same performance
when the filtration time increases, although the membrane modified by self-assembled TiO2 has a good
anti-fouling performance in the initial 30 min of filtration. When further increasing the filtration time,
the quantity of TiO2 gradually decreases [40], which leads to a reduction in hydrophilicity and the loss
of protein adhesion resistance. On the contrary, the polydopamine binding method can successfully
overcome this limitation, maintaining a constant and good anti-fouling performance.
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Figure 5. Relative flux of the unmodified (neat) and modified membranes as a function of time during
the filtration of BSA (bovine serum albumin) (0.5 g·L−1) in dark conditions.

4.3. Performance under Light Conditions

4.3.1. Effect of Photocatalysis on Filtration Performance

The membrane modified by TiO2 using the polydopamine binding method has a remarkable
anti-fouling performance in dark conditions—as described above. However, since TiO2 modified by
dopamine can be excited by visible light, the performance of this visible light-induced photocatalysis
is evaluated here. The membrane modified by polydopamine-TiO2 was tested before and after visible
light illumination. The pure water flux and salt rejections are shown in Figure 6a. It was found that
the flux was significantly higher (by 61.2%), and the salt rejections of MgSO4 and NaCl decreased by
43.9% and by 11.1%, respectively, after 24 h of illumination. To make sure that these changes were
caused by the polydopamine-modified TiO2, instead of the bare TiO2, the membrane modified by
bare TiO2 using the self-assembly method was tested as a reference. The filtration performance of
this self-assembly method was not significantly different (<2%) either before or after the illumination
(Figure 6b). When comparing the filtration performance of these two methods after illumination
(Figure 6a,b), the results indicate that the functional top layers (polydopamine and/or polyamide) of
the membrane modified by polydopamine-TiO2 was probably degraded by the visible light-induced
photocatalysis of the polydopamine-modified TiO2.
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The mechanism of this visible light-induced photocatalytic degradation is as follows. Modification
of TiO2 nanoparticles using dopamine or polydopamine promotes spatial separation charges.
Since holes localize on dopamine and electrons localize in the lattice of TiO2, the recombination of
charges is suppressed [29]. This dopamine (or polydopamine) modified TiO2 enables adsorption in the
visible light spectrum, and can be excited by visible light energies below 3.2 eV (~387.5 nm) [29]. In this
spectrum range, bare TiO2 cannot be excited, because the energy of these photons is not sufficient to
excite electrons from the valence band to the conduction band of TiO2. In this situation, the well-known
redox chemical reactions generated by photoexcitation of bare TiO2 cannot happen. For dopamine-
(or polydopamine) modified TiO2, the formation of reactive oxygen species can be produced by
multiple redox chemistries under visible light illumination. Dimitrijevic et al. [29] reported that the
spatial separation caused by the presence of dopamine does not affect the properties of photogenerated
electrons. The reduction of oxygen molecules and formation of superoxide anions as precursors for
some reactive oxygen species is not influenced. All of these reactive oxygen species produced by the
visible light excitation of dopamine- (or polydopamine) modified TiO2 results in the degradation of the
membrane surface. This degradation suggests that the TiO2-modified membranes using polydopamine
should be stored in dark conditions in order to maintain the filtration performance. Alternatively,
the membrane surface should be covered by a protective layer. If this polydopamine binding method
is utilized under light conditions (e.g., in photo-reactors), antioxidizing reagents should be added
inside and/or under the polydopamine layer.

4.3.2. Effect of Photocatalysis on Fouling Performance

In order to investigate the anti-fouling performance of the membrane modified by polydopamine-TiO2

under light conditions, the membranes were tested in the transparent dead-end cell, and the results
are shown in Figure 7.

After 90 min of compaction by stirring the pure water, the composition (i.e., TiO2) of the membrane
surfaces becomes stable. When these membranes make contact with the BSA solution, the fluxes
drop immediately, and approach their equilibrium. The neat membrane, the polydopamine coated
membrane, and the membrane modified by self-assembled TiO2, retain around 85%, 88%, and 88% of
their pure water fluxes, respectively, after 2 h of fouling experiment, and these membranes demonstrate
similar flux trends to the ones in the dark conditions (Figures 5 and 7). This similar anti-fouling
behaviour in the light and dark conditions indicates that the light has no significant influence on the
anti-fouling performance of the aforementioned membranes.
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Unlike these membranes, the membrane modified by TiO2 using polydopamine shows a different
anti-fouling behaviour between the light and dark conditions. Other than reaching an equilibrium
state in the dark conditions, the flux of the membrane modified by polydopamine-TiO2 drops to 91%
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of the pure water flux first, and then slowly increases to around 95%. Since it is difficult to track
the dynamic changes in the structures of the membrane surfaces, it can be assumed that this slight
increase of the flux in the light conditions is probably either caused by degradation of the top layers as
discussed in Section 4.3.1, or caused by the removal of the BSA layer from the surfaces.

The holes on the surfaces of dopamine-modified TiO2 are not capable of oxidizing water molecules
to OH radicals, and the major part of the reactive oxygen species formed by visible light illumination
in aqueous conditions, are superoxide anions [41]. As the illumination time increases, the superoxide
anions accumulate on the membrane surface. These actions might have two consequences: (1) the
superoxide anions degrade the top layer of the membrane; (2) these accumulated anions slowly
increase the surface charge and the hydrophilicity of the membrane surface, which helps to loosen
the attached BSA layer and also to avoid the BSA from attaching. The work suggests that the
visible light illumination has an effect on the fouling performance of the membrane modified by
this polydopamine-TiO2. However, the real mechanisms still need to be further explored in the future.

5. Conclusions

In this study, a biomimetic glue, polydopamine, is used to firmly bind TiO2 nanoparticles on the
surface of a TFC membrane, and this polydopamine-TiO2-modified membrane shows a remarkable
anti-fouling performance (i.e., low static BSA surface adhesion, low additional membrane resistance,
and less relative flux decline), when compared to the neat membrane and the membranes modified by
polydopamine or TiO2. When filtrating 0.5 g·L−1 of BSA solution for 8 h in dark conditions, the flux of
the membrane modified by polydopamine-TiO2 stabilizes at around 95% of its pure water flux value
after 30 min of filtration. The good anti-fouling performance of the polydopamine-TiO2- modified
membrane is attributed to: (1) the improved hydrophilicity; (2) the relatively uniform coverage of
TiO2 nanoparticles on the membrane surface; and (3) the special relatively regular nanosized papillae
surface structures. In addition to the good anti-fouling performance, the polydopamine-TiO2 modified
membrane can also maintain a similar filtration performance to the initial neat membrane in dark
conditions. However, for the membranes only modified by polydopamine or TiO2, the fluxes all
decrease because of the additional hydraulic resistance.

Since photocatalysis of polydopamine-modified TiO2 nanoparticles can be induced by visible
light, the effect of visible light photocatalysis on the filtration and performance was also investigated.
However, the results show that the visible light photocatalysis of the polydopamine-modified TiO2

can degrade the surface structures of the membranes. Due to these advantages and drawbacks, it is
suggested that this polydopamine binding method should be applied in dark conditions, in order to
achieve the best, long-term anti-fouling performance. If the function of photocatalysis is required,
an anti-oxidizing reagent should be added to the polydopamine solution or to the membranes, which
still needs to be systemically investigated.
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